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Energy Scale

fluorescence yield in air:
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energy scale uncertainty:

The Energy Scale of the Pierre Auger Observatory
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December 2012. The number of showers above 3× 1018

eV is 1475. The fit takes into account the resolutions of
both EFD and S38 (see table 2). The resolution of EFD is
determined using all uncorrelated uncertainties described
above. The fit yields: A = (0.190±0.005)×1018 eV and
B = 1.025± 0.007 and with a correlation coefficient of -
0.98. The root-mean-square deviation of the distribution of
AS

B

38/EFD is about 18.5%. It is dominated by low-energy
showers and is compatible with the expected resolution
obtained from the quadratic sum of all the uncertainties
listed in table 2 (18% at 3×1018 eV).

Uncertainties entering into the SD calibration fit

Aerosol optical depth 3%÷6%

Horizontal uniformity 1%

Atmosphere variability 1%

Nightly relative calibration 3%

Statistical error of the profile fit 5%÷3%

Uncertainty in shower geometry 1.5%

Invis. energy (shower-to-shower fluc.) 1.5%

Sub total FD energy resolution 7%÷8%

Statistical error of the S(1000) fit [3] 12%÷3%

Uncert. in lateral distrib. function [3] 5%

shower-to-shower fluctuations [3] 10%

Sub total SD energy resolution 17%÷12%

Table 2: Uncertainties uncorrelated between different show-

ers and affecting the SD energy estimator.

The large number of hybrid showers detected over 9 years
has allowed several consistency checks [24]. The SD energy
estimator (ESD = AS

B

38 for a given value of S38) has been
studied by making calibration fits to data collected during
different time periods and/or under different conditions. We

Systematic uncertainties on the energy scale

Absolute fluorescence yield 3.4%

Fluor. spectrum and quenching param. 1.1%

Sub total (Fluorescence yield - sec. 2) 3.6%

Aerosol optical depth 3%÷6%

Aerosol phase function 1%

Wavelength depend. of aerosol scatt. 0.5%

Atmospheric density profile 1%

Sub total (Atmosphere - sec. 3) 3.4%÷6.2%

Absolute FD calibration 9%

Nightly relative calibration 2%

Optical efficiency 3.5%

Sub total (FD calibration - sec. 4) 9.9%

Folding with point spread function 5%

Multiple scattering model 1%

Simulation bias 2%

Constraints in the Gaisser-Hillas fit 3.5% ÷ 1%

Sub total (FD profile rec. - sec. 5) 6.5% ÷5.6%

Invisible energy (sec. 6) 3%÷1.5%

Stat. error of the SD calib. fit (sec. 7) 0.7%÷1.8%

Stability of the energy scale (sec. 7) 5%

Total 14%

Table 3: Systematic uncertainties on the energy scale.

have found that ESD is stable within 5%, significantly above
the statistical uncertainties. Even though these variations of
ESD are consistent with the quoted systematic uncertainties,
we use them conservatively to introduce another uncertainty
of 5%.

The FD uncertainties correlated between different show-
ers should be propagated to the SD energy scale by shift-
ing all FD energies coherently by their uncertainties. This
means that the correlated uncertainties propagate entirely to
the SD energies. Table 3 lists all uncertainties on the Auger
energy scale. Most of them have a mild dependence on en-
ergy. When this dependence is non-negligible, we report
the variation of the uncertainty in the energy range between
3×1018 eV and 1020 eV. The total uncertainty is about 14%
and approximately independent of energy. We stress that
we have made a significant improvement by comparison
with the total 22% uncertainty reported previously [3].
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Abstract

The energy spectra of ultra-high energy cosmic rays reported by the AGASA, Fly’s Eye, Haverah Park, HiRes, and Yakutsk
experiments are all shown to be in agreement with each other for energies below 1020 eV (after small adjustments, within
the known uncertainties, of the absolute energy scales). The data from HiRes, Fly’s Eye, and Yakutsk are consistent with the
expected flux suppression above 5× 1019 eV due to interactions of cosmic rays with the cosmic microwave background, the
Greisen–Zatsepin–Kuzmin (GZK) suppression, and are inconsistent with a smooth extrapolation of the observed cosmic-ray
energy spectrum to energies> 5 × 1019 eV. AGASA data show an excess of events above 1020 eV, compared to the predicted
GZK suppression and to the flux measured by the other experiments.
 2003 Published by Elsevier Science B.V.

1. Introduction

We analyze the observed spectrum of ultra-high
energy cosmic rays. We find two main results: (i) The
energy spectra reported by the AGASA, Fly’s Eye,
Haverah Park, HiRes and Yakutsk experiments are all
in good agreement for energies below 1020 eV, and
(ii) All the data are consistent with a GZK suppression
except for the AGASA points above 1020 eV. Our
principal conclusion from these two results is that
standard physics, including the GZK suppression, is
sufficient to explain all of the existing data on UHE
cosmic rays.

E-mail addresses: jnb@sns.ias.edu (J.N. Bahcall),
waxman@wicc.weizmann.ac.il (E. Waxman).

For any theoretical model in which the GZK
suppression is present, the assumed intrinsic spectrum
produced by the UHE cosmic-ray sources influences
the energy spectrum predicted by the model. Our
conclusion that the data are consistent with a GZK
suppression implies that the observed spectrum is
consistent with model predictions for a plausible
intrinsic energy spectrum. In particular, we show
that the observed spectrum is consistent with that
expected for a GZK suppression of the flux produced
by a simple cosmological distribution of sources, each
source producing high energy protons with a spectrum
dN/dEp ∝ E−2

p characteristic for collisionless shock
acceleration.

Before entering into any details, we will summarize
and compare in this introduction the data that are
available from different collaborations that measure
the spectrum of ultra-high energy cosmic rays.

0370-2693/03  2003 Published by Elsevier Science B.V.
doi:10.1016/S0370-2693(03)00105-9

Open access under CC BY license.

Open access under CC BY license.
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On astrophysical solution to ultrahigh energy cosmic rays

Veniamin Berezinsky
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and Institute for Nuclear Research of the RAS, Moscow, Russia
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We argue that an astrophysical solution to the ultrahigh energy cosmic ray (UHECR) problem is viable.
The detailed study of UHECR energy spectra is performed. The spectral features of extragalactic protons
interacting with the cosmic microwave background (CMB) are calculated in a model-independent way.
Using the power-law generation spectrum / E��g as the only assumption, we analyze four features of the
proton spectrum: the GZK cutoff, dip, bump, and the second dip. We found the dip, induced by electron-
positron production on the CMB, to be the most robust feature, existing in energy range 1� 1018–4�
1019 eV. Its shape is stable relative to various phenomena included in calculations: discreteness of the
source distribution, different modes of UHE proton propagation (from rectilinear to diffusive), local
overdensity or deficit of the sources, large-scale inhomogeneities in the universe, and interaction
fluctuations. The dip is well confirmed by observations of the AGASA, HiRes, Fly’s Eye, and Yakutsk
detectors. With two free parameters (�g and flux normalization constant) the dip describes about 20
energy bins with �2=d:o:f: � 1 for each experiment. The best fit is reached at �g � 2:7, with the allowed
range 2.55–2.75. The dip is used for energy calibration of the detectors. For each detector independently,
the energy is shifted by factor � to reach the minimum �2. We found �Ag � 0:9, �Hi � 1:2, and �Ya �
0:75 for the AGASA, HiRes, and Yakutsk detectors, respectively. Remarkably, after this energy shift the
fluxes and spectra of all three detectors agree perfectly, with discrepancy between AGASA and HiRes at
E> 1� 1020 eV being not statistically significant. The excellent agreement of the dip with observations
should be considered as confirmation of UHE proton interaction with the CMB. The dip has two
flattenings. The high energy flattening at E � 1� 1019 eV automatically explains ankle, the feature
observed in all experiments starting from the 1980s. The low-energy flattening at E � 1� 1018 eV
reproduces the transition to galactic cosmic rays. This transition is studied quantitatively in this work.
Inclusion of primary nuclei with a fraction of more than 20% upsets the agreement of the dip with
observations, which we interpret as an indication of the acceleration mechanism. We study in detail the
formal problems of spectra calculations: energy losses (the new detailed calculations are presented), the
analytic method of spectrum calculations, and the study of fluctuations with the help of a kinetic equation.
The UHECR sources, AGN and GRBs, are studied in a model-dependent way, and acceleration is
discussed. Based on the agreement of the dip with existing data, we make the robust prediction for the
spectrum at 1� 1018–1� 1020 eV to be measured in the nearest future by the Auger detector. We also
predict the spectral signature of nearby sources, if they are observed by Auger. This paper is long and
contains many technical details. For those who are interested only in physical content we recommend the
Introduction and Conclusions, which are written as autonomous parts of the paper.

DOI: 10.1103/PhysRevD.74.043005 PACS numbers: 98.70.Sa, 96.50.sb, 96.50.sd, 98.54.Cm

I. INTRODUCTION

The systematic study of ultrahigh energy cosmic rays
(UHECR) started in the late 1950s after the construction of
Volcano Ranch (USA) and Moscow University (USSR)
arrays. During the next 50 years of research, the origin of
UHE particles, which hit the detectors, was not well under-
stood. At present, due to the data of the last generation
arrays, Haverah Park (UK) [1], Yakutsk (Russia) [2],
Akeno and AGASA (Japan) [3,4], Fly’s Eye [5], and
HiRes [6] (USA), we are probably very close to under-
standing the origin of UHECR. The forthcoming data of

the Auger detector (see [7] for the first results) will un-
doubtedly shed more light on this problem.

On the theoretical side, we have an important clue to
understanding the UHECR origin: the interaction of extra-
galactic protons, nuclei, and photons with the cosmic
microwave background (CMB), which leaves the imprint
on UHE proton spectrum, most notably in the form of the
Greisen-Zatsepin-Kuzmin (GZK) [8,9] cutoff for the
protons.

We shortly summarize the basic experimental results
and the results of the data analysis, important for the
understanding of UHECR origin (for a review see [10]).

PHYSICAL REVIEW D 74, 043005 (2006)
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3. Conclusion

The HiRes detector has observed the Ankle and has evidence for a suppression at higher energies above
�
�8����� �

eV. The energy for this high energy suppression agrees with what is expected from the GZK suppression
according to the  � � � test. The observed spectra are well fit by a USM-plus-Galactic model, which finds
an input spectral slope for extragalactic protons of )`"z132 9Aa{* � 2 � 9Mc���e�gXhIgm b* � 2 � 9���eni3e�gm , and an evolution
parameter ^z"`1:2 cMc|* � 2;1Ac���e�gXhNgK }* � 2 9 � �fe�i3e�gK .
This work is supported by US NSF grants PHY-9321949, PHY-9322298, PHY-9904048, PHY-9974537, PHY-
0098826, PHY-0140688, PHY-0245428, PHY-0305516, PHY-0307098, and by the DOE grant FG03-92ER407
32. We gratefully acknowledge the contributions from the technical staffs of our home institutions. The
cooperation of Colonels E. Fischer and G. Harter, the US Army, and the Dugway Proving Ground staff is
greatly appreciated.
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UHE Exposure
Auger Anisotropy ICRC17: 9.0×104 km2 sr yr

Auger Spectrum ICRC17: 6.7×104 km2 sr yr

TA Spectrum ICRC17:
0.8×104 km2 sr yr

AGASA
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Auger Energy Spectra
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Combined Energy Spectrum
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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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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

• first interaction ⟨X1⟩: λp

• shower development: ⟨∆X⟩: ∝ lnE

• ⟨Xmax⟩p = λp +D lnE

• superposition model: nucleus (E, A) ≡ A nucleons (E/A, 1)

• ⟨Xmax⟩A = λp +D ln(E/A)

E : primary energy, λp : proton interaction length,D : elongation rate,A :mass number

[14 of 47]
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why
⟨Xmax⟩A = λp +D ln(E/A)

and not
⟨Xmax⟩A = λA +D ln(E/A)

?

→ Semi-superposition theorem J. Engel et al., PRD (1992)

If the number of participating nucleons scales as

⟨npart⟩ = A
λA

λp

then the inclusive distribution of depths of nucleon interactions is

f(X) = 1/λp exp(−Xint/λp)

(independently of how the spectators fragment!)

[15 of 47]
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Standard Deviation of Xmax Distribution
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Average Xmax Fluorescence Detector
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Average Xmax Fluorescence and Surface Detector
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Standard Deviation of Xmax Distribution (FD)
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Xmax Moments vs. Air Shower Simulations
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(p-He-N-Fe)-fit of Xmax Distributions
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FIG. 5: X
max

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-

17

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.004

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.605

Fe
N

He
p

Auger

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.001

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.064

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.781

 

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.819

FIG. 6: X
max

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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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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Combined Fit of Spectrum and Xmax Distributions

minimal astrophysical model
Pierre Auger Coll., JCAP 1704 (2017) no.04, 038

• Emax = Rcut Z

• power law injection E−γ

• five mass groups: p, He, N, Si

• source evolution (1 + z)m

• 1D propagation with CRPropa3

• Gilmore+12 EBL photon field

extended model
D. Wittkowski for the Pierre Auger Coll., ICRC15

• local large scale structure
(Dolag+12)

• extragalactic magnetic field
(Sigl+03)

• 4D propagation with CRPropa3

[24 of 47]



Combined Fit of Spectrum and Xmax Distributions
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Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

Best-fit parameters

Source properties 4D with EGMF 4D no EGMF 1D no EGMF1

γ 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

Strong influence of the EGMF on reconstructed source properties
Assuming an EGMF leads to softer γ

Dominated by intermediate-mass nuclei
1Homogeneous source distribution, see [A. Aab et al., JCAP 2017, 038 (2017)]

David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 10 / 17

[25 of 47]



Combined Fit of Spectrum and Xmax Distributions
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Searching for the Sources of UHECRs
(a) Large-scale Anisotropy



The Local Large Scale Structure

Y.Hoffman et al, Nat.Astron. 2 (2018) 680
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Observation of a Dipolar Anisotropy of UHECR (E> 8 EeV)

 

0.38

0.46

k
m

-2
 sr

-1
 y

r
-1

-90

90

180 -180

 

0
.3

8

0
.4

2

0
.4

6

km-2 sr-1 yr-1

-9
0

9
0

1
8

0
-1

8
0

2
M

R
S 5

 E
e
V

2
 E

e
V

Pierre Auger Coll., Science 357 (2017) 1266 (smoothed at 45◦)

amplitde: 6.5+1.3-0.9 %, significance: 5.2 σ
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UHECRs from Galaxy?
stellar distribution fromWeber&deBoer10, coherent and random JF12 field

WB10, 8 EV

12

WB10, 4 EV

11

WB10, 1 EV

9

8 EV∼ p→

4 EV∼ He→

← 1 EV∼ N

[28 of 47]



Dipolar Anisotropy and Large Scale Structure
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Energy Dependence of UHECR Dipole
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Energy Dependence of UHECR Dipole
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Searching for the Sources of UHECRs
(b) Intermediate-scale Anisotropy



Intermediate-scale Anisotropy
test for isotropy using catalogues of extragalactic γ-ray sources

  

AGNs and Starbursts in our vicinity

Star-forming or starburst galaxiesActive galaxies or AGN

e.g. M82, close to the TA hotspote.g. Cen A, close to an Auger hotspot

AGNs from the 2FHL Catalog 
(Fermi-LAT, > 50 GeV)

within 250 Mpc

Ackermann+ 16

'Starbursts' from Fermi-LAT search list 
(HCN survey) within 250 Mpc

with radio flux > 0.3 Jy

Gao & Salomon 05

Assumption: UHECR flux ∝ non-thermal photon flux

Analysis: unbinned maximum-likelihood analysis vs isotropy
Sky model: [α×sources + (1-α)×isotropic] ⊗ Fisher(θ)

Note: inspired from Pierre Auger Collaboration 2011 but differs from most
past UHECR studies: doesn't assume that sources are 'standard' candles

Jonathan Biteau | MIAPP | Page 8/14 

Pierre Auger Coll., ApJ. Lett. 853 (2018) L29, slide from J.Biteau (Auger Coll.) MIAPP 2018
[32 of 47]



Intermediate-scale Anisotropy

  

Result of the scan: the starburst indication!

Starforming galaxies

> 39 EeV: N~900 events, TS~25 

 α=10%, θ=13° 

 2 free par. + E-scan → 4.0σ

Active galaxies

> 60 EeV: N~180 events, TS=15

 α=7%, θ=7°

 2 free par. + E-scan → 2.7σ

Jonathan Biteau | MIAPP | Page 9/14 

Pierre Auger Coll., ApJ. Lett. 853 (2018) L29, slide from J.Biteau (Auger Coll.) MIAPP 2018
[33 of 47]



Intermediate-scale Anisotropy

starburst galaxies (E > 39 EeV, , 9.7%, 12.9◦, 4.0 σ)

γAGN (E > 60 EeV, 6.7%, 6.9◦, 2.7 σ)

Pierre Auger Coll., ApJ. Lett. 853 (2018) L29

CenA

M82



The Full (-sky) Picture: TA and Auger

flux map:

Results above 40/53.2 EeV: flux & significance maps

J. Biteau et al., on behalf of the Telescope Array and Pierre Auger Observatory Collaborations  | 2018-10-10 |  Page 9/12      

Flux reconstruction

Flux, ∑
events

1/ω(δ), in top-hat windows of radius R, centered on a ~ 1°×1° grid

→ above 40/53.2 EeV, top-hat “smoothing” on R = 20° angular scale

Local significance reconstruction

Li & Ma, with ON = top-hat window, OFF = rest of the sky, α = exposure ratio
→ to first order σ ∝ √Φ ω (larger exposure → easier to detect significant flux excess)

Features “by eye”

Most noticeably, flux enhancements around (RA, Dec) ≈ (180°,±50°) 
→ appears brighter in the North, smaller exposure ⇒ comparable significance in the South 

• two “warm spots” with
4.7/4.2 σ local significance

• post-trial 2.2/1.3 σ

• aligned along super-galactic
plane?

significance map:

TA/Auger Anisotropy Working Group, UHECR18 [35 of 47]



Particle Physics at UHE



Particle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHEParticle Physics at UHE

ATLAS@LHC Pierre Auger Observatory∗

• Ebeam = 6.5 TeV

•
√
s = 13 TeV

• 7 kt detector

• Ebeam > 1× 108 TeV

•
√
s > 400 TeV∗∗

• 20 kt water-Cherenkov

• 25 Gt air calorimeter

∗to scale but stacked, actual area: 3000 km2

∗∗ for p+air (> 60 TeV for Fe+air)
[36 of 47]



LHC and UHECR Luminosity
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Hadronic Interactions at UHE
(a) Cross Section



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



Proton+Proton Cross Section at
√
s = 39 and 66 TeV
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Hadronic Interactions at UHE
(b) Muons in Air Showers



Muon Studies with Inclined Hybrid Events (62◦-80◦)

event 201114505353, θ = 75.6◦ ,E = 15.5 EeV
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proton, EPOS-LHC, E=10

[41 of 47]



Rµ vs. EFD Pierre Auger Coll., PRD D91 (2015) 3, 032003
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stdev 0.20± 0.01

QGSJetII-03, p, E = 1019 eV→ Rµ = 1
[42 of 47]



⟨Rµ ⟩/EFD vs. EFD
Pierre Auger Coll., PRD D91 (2015) 3, 032003
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Muon Scale vs. Xmax (FD)
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Hybrid Events, Data vs. Simulation

example:

ratio of S(1000) data/MC:
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Hybrid Events, Data vs. Simulation

Combined fit of energy scale RE and had. component rescaling Rhad
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Systematic Uncert.
QII-04 p

QII-04 Mixed
EPOS-LHC p

EPOS-LHC Mixed

model RE Rhad

QGSJetII-04, p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QGSJetII-04, mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11

Epos-LHC, p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
Epos-LHC, mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

Pierre Auger Coll. PRL 117 (2016) 192001
[46 of 47]
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UHECR before Auger UHECR in 2019

Las Meninas by Diego Velazquez 1656 Las Meninas by Pablo Picasso 1957
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Thanks!


