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Ultra High Energy Cosmic Rays:
Experimental status and Future 
Observations



• The Pierre Auger Observatory and Telescope Array
• Experimental status: Highlights of the recent results
• AugerPrime: The Upgraded Pierre Auger Observatory
• The Next Generation: GRAND

Outline
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The Pierre Auger Observatory
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4 fluorescence detectors 
(24 telescopes up to 30°)

 Sub-array of 750 m 
(63 stations, 23.4 km2)

AERA - Auger Engineering Radio Array

World’s largest radio experiment for
CR-physics.

Profiting from 3 other nearby CR-detectors:
(! high quality data, ext. trigger, ...).

100% duty cycle.

Energy threshold ⇠ 1017 eV.

2/16

1665 surface detectors: 
water-Cherenkov tanks 

(grid of 1.5 km, 3000 km2)

Radio antenna array 
(153 antennas, 17 km2)

  More than 400 members, 
  98 institutes, 17 countries 

LIDARs and laser facilities

Pierre Auger Observatory 
Province Mendoza, Argentina

Southern hemisphere: Malargue, 
Province Mendoza, Argentina

Water-Cherenkov
detectors and
Fluorescence 
telescopes

Underground muon 
detectors (24+)

(Christoph Schäfer)
(Andrew Puyleart)

High elevation telescopes (3)

Links to contributions at ICRC
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The Pierre Auger Observatory

Ralph Engel, ICRC2021
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Air shower observables (hybrid observation)

3

The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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100% duty cycle

Erec = f (S1000,q)

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

1. Heavy particles interact earlier than light  
—> Depth of the shower maximum (Xmax) is probe 
for cosmic-ray mass. 

2. MHz radio signals from: 
 
 
 
 
 
 
 
 
 

3. Radio emission footprint on the ground is sensitive 
to Xmax.  
 

4. Compare measured footprint to footprint from 
CORSIKA air shower simulation  
—> minimise for Xmax of measured shower.  

Introduction: Depth of the shower maximum (Xmax) as ‘mass composition’ 
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Bjarni Pont [Pierre Auger Collaboration] — July 2021 — ICRC2021 — CRI | Cosmic Ray Indirect

Ecal =
Z •

0

✓
dE
dX

◆

obs
dX

Fluorescence Detector (FD): 
15% duty cycle

Radio Detector (RD): 
100% duty cycle
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Observables Pierre Auger Observatory

Ralph Engel, ICRC2021
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Telescope ArrayMap  o f  theTA site

Fluorescence Detectors(FDs)
Middle Drum(MD) : 14 telescopes
+ TA Low energy Extension (TALE) 10 FDs

Surface detectors(SDs)
• 507 scintillation detectors
• 2 layers, 3m2 each
• 1.2km spacing
• total coverage ~700km2

FDs
Long Ridge(LR) station  
12 telescopes

3 communication towers
For the SD array

Central Laser Facility

FDs
Black Rock Mesa(BRM) station  
12 telescopes

2 0 k m

Border of  FD station FOV

ICRC 2021 5

Grigory Rubtsov, 
ICRC 2021
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The Energy Spectrum
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Calibration of SD events

SD 1500 m vertical – S
38

- S(1000)+CIC

- threshold 2.5 EeV

SD 750 m – S
35

- S(450)+CIC

- threshold 0.1 EeV

SD 1500 m inclined – N
19

- scaling parameter

- threshold 4 EeV

SD data are calibrated to FD energies

- common energy scale

Paris, July 11, 2022Charles Timmermans

SD Energy Calibration

Vladimir Novotny 
ICRC2021
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Exposure

SD – from active hexagon cells

- geometrical calculation

- flat above threshold

FD – realistic MC simulations

- light from EAS

- atmospheric conditions

- detector status

- evolves with energy

contributions to tolal exposure @ 1019 eV:

    SD 1500 m vertical 74.8%

    SD 1500 m inclined 21.6%

    SD 750 m   0.1% 

    hybrid   3.4%

    Cherenkov      0%

Paris, July 11, 2022Charles Timmermans

Exposure

Vladimir Novotny 
ICRC2021
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Spectral features

E
01

 = (2.8 ± 0.3 ± 0.4) x 1016 eV

E
12

 = (1.58 ± 0.05 ± 0.2) x 1017 eV

E
23

 = (5.0 ± 0.1 ± 0.8) x 1018 eV

E
34

 = (1.4 ± 0.1 ± 0.2) x 1019 eV

E
45

 = (4.7 ± 0.3 ± 0.6) x 1019 eV

γ
0
 = 3.09 ± 0.01 ± 0.10

γ
1
 = 2.85 ± 0.01 ± 0.05 

γ
2
 = 3.283 ± 0.002 ± 0.10

γ
3
 = 2.54 ± 0.03 ± 0.05

γ
4
 = 3.03 ± 0.05 ± 0.10

γ
5
 = 5.3 ± 0.3 ± 0.1

low energy ankle

2nd knee

ankle

instep

suppression

J
0
 = (8.34 ± 0.04 ± 3.40) x 10-11 km-2 sr-1 

                                                  yr-1 eV-1

fit parameters (± stat. ± syst.)

Paris, July 11, 2022Charles Timmermans

Vladimir Novotny ICRC2021; Eur. Phys. J. C. (2021) 81:966 

Cosmic Ray Energy Spectrum
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TA SD Energy Calibration
TA: Energy look-up table (S800, θ) -> E 

8

ESD-EFD Correlation

TAAuger

Confirmed agreement with 
CIC-based method within 3%

9

the statistical uncertainties from the 
calibration fit is below 1%

Yoshiki Tsunesada, ICRC2021
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Comparison Auger-TA
Auger & TA Energy Spectrum

● Energy resolution: ~10% at 1019eV
● Energy systematic uncertainty:

○ 14% for Auger, 21% for TA

9%

10

Auger & TA Energy Spectrum (energy ±4.5% rescaled)

Previous WG value: 10.4% (±5.2%)

(whole sky)

11

Yoshiki Tsunesada, ICRC2021
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Impact of the Fluorescence Yield Model
● Auger: AirFly result (Astropart. Phys. 42 90 2013, 3.6% uncertainty)
● TA: Kakimoto et al. (NIM-A, 372 527 1996, 11% uncertainty) + FLASH spectrum
● 14% difference

18
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Comparison Auger-TA: Fluorescence 
Yield

Yoshiki Tsunesada, ICRC2021
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Energy spectrum – comparison with other data

10

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
submitted to Eur. Phys. J. C (2021)

Auger 2021, preliminary

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

GAMMA (2014)
Tibet-III (2008)
KAS. Gr. QGSII-04 (2015)
KAS. Gr. EPOS-LHC (2015)
Ice Top (2019)
Yakutsk (2015)
TUNKA-133 (2020)
TA TALE (2018)
TA SD (2019)
Auger (2021)

Auger-TA comparison: 
see presentation of joint 
working group (Tsunesada et al.)

- Other experiments shown 
without sys. uncertainties


- Auger has smallest sys. 
uncertainty on energy 
scale (14%)

(Yoshiki Tsunesada)(Vladimir Novotny)

Paris, July 11, 2022Charles Timmermans

Cosmic Ray Spectra
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The Cosmic Ray Composition
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Cosmic Ray Composition –Auger ResultsMass composition results

11

Number of charged particles

Depth X  (g/cm2)
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sX1,Fe ⇠ 10g/cm2Important: LHC-tuned interaction models used for interpretation
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Ralph Engel, 
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Comparison of Xmax data of Auger and TA

34

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

Field of 
view

Telescope

Shower size

(1)

(2)

Work in progress: 
data consistent in energy range with sufficient statistics

(Auger-TA Xmax Working Group, UHECR 2018)

(MIAPP review, 
Front. Astron. Space Sci. 2019)

Paris, July 11, 2022Charles Timmermans

Comparison Auger-TA Composition
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Interpretation Spectrum and Composition

Eleonora Guido, ICRC2021
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Interpretation Spectrum and Composition

Eleonora Guido, ICRC2021
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Cross Section
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The Telescope Array detector configuration. The 
filled squares are the 507 SD scintillators on a 
1.2 km grid. The SD scintillators are enclosed by 
three fluorescent detectors shown in filled 
triangles together with their field of view in solid 
lines. The northernmost fluorescence detector is 
called Middle Drum while the southern 
fluorescence detectors are referred to as Black 
Rock Mesa and Long Ridge. The filled circle in 
the middle equally spaced from the three 
fluorescence detectors is the Central Laser 
Facility used for atmospheric monitoring and 
detector calibration. 

Measurement of the Proton-Air Cross Section with 
Telescope Arrays Black Rock, Long Ridge, and Surface 

Array in Hybrid Mode. 
R. Abbasi(a), W. Hanlon(b) for the TA collaboration

(a)Department of Physics, Loyola University Chicago rabbasi@luc.edu
(b)The Smithsonian Astrophysical Observatory

ABSTRACT:

K-Factor Technique: Proton-air cross section :

Proton-Proton cross section:

Future outlook:

Acknowledgments:
The authors would like to acknowledge support from the Office
of United States National Science Foundation.

The value of K obtained vs. energy in 
Log10(eV) for simulated data sets 
using CONEX 6.4 with the high energy 
model QGSJET II.4, for the energy 
range of the data, between 1018.2 and 
1019.0 eV. 

To confirm the validity of the obtained K 
values, for each of the generated data 
sets, for each of the high energy 
models, λp−air is reconstructed using 
the K-Factor method and compared to 
the  λp−air provided by the 

corresponding high energy model. 

The proton-air cross section result of this work, 
including the statistical (thin) and systematics 
(thick) error bars, in comparison to previous 
experimental results. In addition, the high energy 
models (QGSJET II.4, QGSJET01, SIBYLL 2.3, 
EPOS-LHC) cross section predictions are shown. 

Future cross section results, using TA�4 will allow us to 
report on the proton air cross section with greater 
statistical power. Moreover, including data from the 
Telescope Array Lower Extension  would allow the 
measurement from 1017−1019 eV with high statistical 
power and at several energy intervals. This would allow 
us to make a statement on the functional form of the 
cross-section energy dependence. 

The elastic slope B in ((GeV/c)−2) vs. 
σp−p total in mb. The solid line is the 
allowed σpptotal values from the σip−air 
inelastic. Its statistical errors reported in 
this work. The dashed line is the BHS fit 
prediction. While the gray shaded area 
is the unitarity constraint. 

A compilation of the proton-proton cross 
section vs. the center of mass energy 
result of this work, including the 
statistical (thin) and systematics (thick) 
error bars, in addition to previous work 
by cosmic rays detectors in addition to, 
the recent result from LHC by TOTEM at
curve is the BHS fit and the dashed 
black curve is the fit by the COMPETE 
collaboration. 

Ultra High Energy Cosmic Ray (UHECR) detectors have been 
reporting on the proton-air cross section measurement beyond the 
capability of particle accelerators since 1984. The knowledge of 
this fundamental particle property is vital for our understanding of 
high energy particle interactions and could possibly hold the key to 
new physics. The data used in this work was collected over eight 
years using the hybrid events of Black Rock (BR) and Long Ridge 
(LR) fluorescence detectors as well as the Telescope Array Surface 
array Detector (TASD). The proton-air cross section is  determined 
at √ ! = 73 TeV by fitting the exponential tail of the "#$%
distribution of these events. The proton-air cross section is then 
inferred from the exponential tail fit and from the most updated 
high energy interaction models. &inel p-air is observed to be 520.1 
� 35.8 [Stat.] +25.3 −42.9  [Sys.] mb.  

Measuring the Attenuation Length 
Λ!:

The number of events per Xmax bin (∆Xmax) vs. 
Xmax (g/cm2) for BRM and LR fluorescence 
detectors and the Telescope Array surface detector 
in hybrid mode. The line is the exponential fit to the 
slope using the unbinned likelihood method 
between 790-1000 g/cm2. The final Λ# reported by 
the TA detector at an average energy of 1018.45 eV 
is found to be Λ# = 55.9 � 3.8 [Stat.]. Note that 
Λ# is directly derived from the data and is model 
independent. Therefore, it can be used at a later 
time to calculate the inelastic proton-air cross 
section independent of the method or the UHECR 
models used here.

Model K σinel (mb) 
p−air 

QGSJET II.4 1.17 ± 0.01 505.4 ± 34.8 
QGSJET01 1.19 ± 0.01 514.1 ± 35.4 
SIBYLL2.3 1.24 ± 0.01 535.6 ± 36.9 
EPOS-LHC 1.22 ± 0.01 527.0 ± 36.3 
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New TA cross section measurement
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1.2 km grid. The SD scintillators are enclosed by 
three fluorescent detectors shown in filled 
triangles together with their field of view in solid 
lines. The northernmost fluorescence detector is 
called Middle Drum while the southern 
fluorescence detectors are referred to as Black 
Rock Mesa and Long Ridge. The filled circle in 
the middle equally spaced from the three 
fluorescence detectors is the Central Laser 
Facility used for atmospheric monitoring and 
detector calibration. 
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The value of K obtained vs. energy in 
Log10(eV) for simulated data sets 
using CONEX 6.4 with the high energy 
model QGSJET II.4, for the energy 
range of the data, between 1018.2 and 
1019.0 eV. 

To confirm the validity of the obtained K 
values, for each of the generated data 
sets, for each of the high energy 
models, λp−air is reconstructed using 
the K-Factor method and compared to 
the  λp−air provided by the 

corresponding high energy model. 

The proton-air cross section result of this work, 
including the statistical (thin) and systematics 
(thick) error bars, in comparison to previous 
experimental results. In addition, the high energy 
models (QGSJET II.4, QGSJET01, SIBYLL 2.3, 
EPOS-LHC) cross section predictions are shown. 

Future cross section results, using TA�4 will allow us to 
report on the proton air cross section with greater 
statistical power. Moreover, including data from the 
Telescope Array Lower Extension  would allow the 
measurement from 1017−1019 eV with high statistical 
power and at several energy intervals. This would allow 
us to make a statement on the functional form of the 
cross-section energy dependence. 

The elastic slope B in ((GeV/c)−2) vs. 
σp−p total in mb. The solid line is the 
allowed σpptotal values from the σip−air 
inelastic. Its statistical errors reported in 
this work. The dashed line is the BHS fit 
prediction. While the gray shaded area 
is the unitarity constraint. 

A compilation of the proton-proton cross 
section vs. the center of mass energy 
result of this work, including the 
statistical (thin) and systematics (thick) 
error bars, in addition to previous work 
by cosmic rays detectors in addition to, 
the recent result from LHC by TOTEM at
curve is the BHS fit and the dashed 
black curve is the fit by the COMPETE 
collaboration. 

Ultra High Energy Cosmic Ray (UHECR) detectors have been 
reporting on the proton-air cross section measurement beyond the 
capability of particle accelerators since 1984. The knowledge of 
this fundamental particle property is vital for our understanding of 
high energy particle interactions and could possibly hold the key to 
new physics. The data used in this work was collected over eight 
years using the hybrid events of Black Rock (BR) and Long Ridge 
(LR) fluorescence detectors as well as the Telescope Array Surface 
array Detector (TASD). The proton-air cross section is  determined 
at √ ! = 73 TeV by fitting the exponential tail of the "#$%
distribution of these events. The proton-air cross section is then 
inferred from the exponential tail fit and from the most updated 
high energy interaction models. &inel p-air is observed to be 520.1 
� 35.8 [Stat.] +25.3 −42.9  [Sys.] mb.  

Measuring the Attenuation Length 
Λ!:

The number of events per Xmax bin (∆Xmax) vs. 
Xmax (g/cm2) for BRM and LR fluorescence 
detectors and the Telescope Array surface detector 
in hybrid mode. The line is the exponential fit to the 
slope using the unbinned likelihood method 
between 790-1000 g/cm2. The final Λ# reported by 
the TA detector at an average energy of 1018.45 eV 
is found to be Λ# = 55.9 � 3.8 [Stat.]. Note that 
Λ# is directly derived from the data and is model 
independent. Therefore, it can be used at a later 
time to calculate the inelastic proton-air cross 
section independent of the method or the UHECR 
models used here.

Model K σinel (mb) 
p−air 

QGSJET II.4 1.17 ± 0.01 505.4 ± 34.8 
QGSJET01 1.19 ± 0.01 514.1 ± 35.4 
SIBYLL2.3 1.24 ± 0.01 535.6 ± 36.9 
EPOS-LHC 1.22 ± 0.01 527.0 ± 36.3 

Rasha Abbasi, ICRC2021
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Simulations

center-of-mass reference frame of the UHECR and air
nucleon, far above the LHC energy scale.
Figure 2 shows the ratio of Sð1000Þ, the ground signal

size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(Xmax) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
Xmax distribution [8,9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated Sð1000Þ evident in Fig. 2 is striking, at
all angles and for both HEGs, and for both the mixed
composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and Rhad to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with secðθÞ, so that to reproduce the
rise seen in Fig. 2, the hadronic component must be

increased with little or no modification of the EM compo-
nent. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0°–60° range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-angle
dependence in the normalization of the FD signal follows
from the zenith-angle independence of EFD=ESD of indi-
vidual hybrid events.
Production of simulated events.—The first step of the

analysis is to generate a set of Monte Carlo (MC) events, to
find simulated events matching the LPs of the data events.
The MC air-shower simulations are performed using the
SENECA simulation code [17], with FLUKA [19] as the low-
energy HEG. Simulation of the surface detector response is
performed with GEANT4 [20] within the software frame-
work Offline [21] of the Auger Observatory. We produce
showers matching each data event, with both HEGs and for
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FIG. 1. Top: The measured longitudinal profile of an illustrative
air shower with its matching simulated showers, using QGSJet-II-
04 for proton (red solid) and iron (blue dashed) primaries.
Bottom: The observed and simulated ground signals for the
same event (p: red squares, dashed-line, Fe: blue triangles, dot-
dash line) in units of vertical equivalent muons; curves are the
lateral distribution function (LDF) fit to the signal.

FIG. 2. The average ratio of Sð1000Þ for observed and
simulated events as a function of zenith angle, for mixed or
pure proton compositions.
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center-of-mass reference frame of the UHECR and air
nucleon, far above the LHC energy scale.
Figure 2 shows the ratio of Sð1000Þ, the ground signal

size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(Xmax) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
Xmax distribution [8,9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated Sð1000Þ evident in Fig. 2 is striking, at
all angles and for both HEGs, and for both the mixed
composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and Rhad to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with secðθÞ, so that to reproduce the
rise seen in Fig. 2, the hadronic component must be

increased with little or no modification of the EM compo-
nent. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0°–60° range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-angle
dependence in the normalization of the FD signal follows
from the zenith-angle independence of EFD=ESD of indi-
vidual hybrid events.
Production of simulated events.—The first step of the

analysis is to generate a set of Monte Carlo (MC) events, to
find simulated events matching the LPs of the data events.
The MC air-shower simulations are performed using the
SENECA simulation code [17], with FLUKA [19] as the low-
energy HEG. Simulation of the surface detector response is
performed with GEANT4 [20] within the software frame-
work Offline [21] of the Auger Observatory. We produce
showers matching each data event, with both HEGs and for
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FIG. 2. The average ratio of Sð1000Þ for observed and
simulated events as a function of zenith angle, for mixed or
pure proton compositions.

 0

 10

 20

 30

 40

 50

 1  1.2  1.4  1.6  1.8  2

S
 [V

E
M

]

sec(θ)

Total
Pure Muon

Pure EM
EM from µ Decay
EM from Had. Jet
µ from Photprod.

FIG. 3. The contributions of different components to the
average signal as a function of zenith angle, for stations at
1 km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJet-II-04.

PRL 117, 192001 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
4 NOVEMBER 2016

192001-5

QGSJet II-04 simulations, 
10 EeV Proton-Air
1 km from shower core

Vertical
60 degrees
Muon dominated

PRL 117, 192001 (2016)

| 22



Paris, July 11, 2022Charles Timmermans

Energy dependence
PoS(ICRC2019)214

WHISP: Working group in Hadronic Interactions and Shower Physics Lorenzo Cazon

generation models with most cross-calibrated data points in this study. Subtracting zmass is expected
to remove the effect of the changing mass composition. An energy-dependent trend in Dz remains.

2.2 Energy-dependent trend

Figure 4: Dz = z� zmass for EPOS-LHC and QSGJet-II.04. The function Dzfit = a+ b log10(E/1016eV)
was fitted assuming a correlation coefficient a = 0.5 within each data-set, resulting in b = 0.34± 0.04 for
EPOS-LHC and b = 0.30± 0.03 for QGSJetII.04. The inset shows the average residual per data set with
respect to the fitted line, Dz�Dzfit, as a function of the minimum energy of muons at the production point
high in the atmosphere, Eµ prod . (See text for explanations).

To quantify the observed trend in Dz as a function of energy, the function

Dzfit = a+b log10(E/1016eV), (2.2)

is fitted to the data shown in Figure 4, with free parameters a and b. The uncertainty of b scales
with the uncertainties of the data. The error bars of most data points are dominated by systematic
uncertainties, which are correlated for data points from a single set. The exact amount of correlation
is not known. We work around this problem by repeatedly fitting the data under different correlation
assumptions. We use the least-squares method assuming a correlation factor a between points
belonging to the same data set and 0 otherwise. The fit was repeated for values of a from 0 to 0.95.
To adjust for over- or underestimated uncertainties in the input, the raw result was rescaled with
the c2 value and the degrees of freedom ndof of the fit, sb = s raw

b

p
c2/ndof [23]. For EPOS-LHC

the slope ranges from b = 0.29±0.04 up to b = 0.35±0.04 for a = 0 and a = 0.95 respectively.
For QGSJet-II.04, it ranges from b = 0.22± 0.03 up to b = 0.31± 0.04 for a = 0 and a = 0.95
respectively. In both cases, the significance is always larger than 8-sigma.

As previously mentioned, each experiment has a shielding material DXdet above the actual
detector volume, which effectively translates into an energy threshold for muons Eµmin(q) =
dEµ
dX DXdet sec(q) = Eµmin sec(q) due to energy loss dEµ

dX ' 2 MeV / g cm�2, above the detector.
Energy losses in the atmophere are also taken into account. Most of the muons are produced ap-
proximately at the maximum of the muon production depth distribution, around2 ⇠ 400 g cm�2.

2In [24], the observed value is ⇠ 475 g cm�2 above 2⇥1019 eV. The elongation rate for proton and iron simulations

6
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shower axis, and energy threshold Eµ,min of the detectors for muons. The parameter space covered
by each experiment is shown in Figure 1. A direct comparison of the muon measurements is not
possible, due to the very different conditions and techniques which were used. Instead, we com-
pare each experiment to air shower simulations in the same observation conditions by means of a
data/MC ratio.

According to the type of shower energy and muon density reconstruction, we can classify the
experiments into three groups:

Shower energy and muon density The Pierre Auger Observatory (including its muon detector
AMIGA), Telescope Array, and the Yakutsk experiment are all capable of measuring the
shower energy, Ecal, using Cherenkov or fluorescence light, which can be converted into the
primary energy, E, with little model dependence. These experiments come close to measur-
ing the primary cosmic-ray energy, E, independently of the muon density at the ground.

The IceCube Neutrino Observatory can also be classified under this category, although it does
not observe the air shower optically. It can measure the shower energy with low model de-
pendence thanks the detector being close to the average depth of the shower maximum [20].

Muon and electron density KASCADE-Grande and EAS-MSU measure signals from electrons
and muons separately. These experiments compute the data/MC ratio for showers in the same
electron-density interval, which can contain different primary energies, compensated by the
attenuation produced by differences in the depth of the shower maximum.

Muon density only NEVOD-DECOR and SUGAR are pure muon detectors, without a separate
energy estimator. The flux of showers is measured in intervals of muon density, which is
then compared with a simulated flux, computed from an external model. NEVOD-DECOR
uses an average cosmic-ray flux computed from multiple experiments, while SUGAR uses
the flux measured by the Pierre Auger Observatory.

While most of the shower parameters can be easily matched in simulation and experiment, the
cosmic-ray energy, E, is difficult to match. The number of muons scales as Nµ µ A1�b Eb , with
b ' 0.9 [18]. This could cause two experiments with an energy-scale offset of 20 % to have a 18 %
additional offset in the data/MC ratios. If we take the cosmic ray flux as a universal reference, and
assuming that all deviations in measured fluxes between different experiments arise from energy-
scale offsets, a relative energy-scale ratio Edata/Eref can be found for each experiment so that the
all-particle fluxes overlap. This approach is well-known and has been applied successfully in other
work [21, 22].

The cross-calibration factors used in this report are given in Table 1, and are summarized in
[6]. We assume that the resulting overall energy-scale has an uncertainty of at least 10 %.

2.1 Combined measurements

To compare all the measurements, we introduce the z-scale

z =
ln(Nµ

det)� ln(Nµ
det
p )

ln(Nµ
det
Fe )� ln(Nµ

det
p )

, (2.1)

3
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Adding the second moment

The measured relative fluctuations as a function of the
energy are shown in Fig. 2. We note that the measurement
falls within the range that is expected from current hadronic
interaction models for pure proton and pure iron primaries
[28–36]. To estimate the effect of a mixed composition, we
take the fractions of the four mass components (proton,
helium, nitrogen, and iron) derived from the Xmax mea-
surements [8,37,38] and, using the simulations of the pure
primaries, calculate the corresponding fluctuations in the
number of muons. The gray band in Fig. 2 encompasses
the predicted σ=hRμi of the three interaction models
QGSJET II-04, EPOS-LHC, and Sibyll 2.3d given the
inferred composition mix for each [17].
In Fig. 3, the effects of different composition scenarios

on both the fluctuations and the average number of muons
can be shown by drawing, at a fixed primary energy of
1019 eV, the relative fluctuations σ=hRμi against the
average number of muons hRμi. Given any one of the
interaction models, any particular mixture of the four
components p, He, N, and Fe falls somewhere within
one of the areas enclosed by the corresponding colored
lines. The points of pure composition in this contour are
labeled accordingly. For each model, the expected values
for σ=hRμi and hRμi given the composition mixture
obtained from the Xmax measurements [8] is indicated
within each contour by the correspondingly colored star
marker. The shaded areas surrounding the star markers

indicate the statistical and systematic uncertainties inher-
ited from the Xmax measurements [39]. Finally, our meas-
urement with statistical and systematic uncertainty is
shown by the black marker.
Within the uncertainty, none of the predictions from the

interaction models and the Xmax composition (star markers)
are consistent with our measurement. The predictions from
the interaction models QGSJET II-04, EPOS-LHC, and
Sibyll 2.3d can be reconciled with our measurement by an
increase in the average number of muons of 43%, 35%, and
26%, respectively. For the fluctuations, no rescaling is
necessary for any model.
Taken together, the average value and fluctuations of the

muon flux constrain the way hadronic interaction models
should be changed to agree with air shower data. To see
this, we briefly discuss the origin of the fluctuations.
The average number of muons in a proton shower of

energy E has been shown in simulations to scale as
hN!

μi ¼ CEβ, where β ≃ 0.9 [12,13,22,23]. If we assume
all the secondaries from the first interaction produce muons
following the same relation as given for protons above, we
obtain the number of muons in the shower as

Nμ ¼
Xm

j¼1

CEβ
j ¼ hN!

μi
Xm

j¼1

xβj ¼ hN!
μiα1; ð3Þ

where index j runs over m secondary particles which
reinteract hadronically and xj ¼ Ej=E is the fraction of
energy fed to the hadronic shower by each [41]. In this
expression, the fluctuations in Nμ are induced by α1 in the
first generation, which fluctuates because the multiplicitym
and the energies xj of the secondaries fluctuate [13].
We can continue this reasoning for the subsequent

generations to obtain

Nμ

hN!
μi

¼ α1α2 % % % αi % % % αn; ð4Þ

here the subindex i runs over n generations, until the
cascade stops. We note that, for the calculation of α2, in the
second generation, there are m particles contributing.
Assuming the distributions of the α’s for each one are
similar, when adding up the muons produced by each, the
fluctuations produced by one are statistically likely to be
compensated by another. In other words, the α2 distribution
is narrower by a factor ∼1=

ffiffiffiffi
m

p
. The deeper the generation,

the sharper the corresponding αi is expected to be. As a
result, the dominant part of the fluctuations comes from the
first interaction. This has also been observed with simu-
lations. The model can be generalized for primary nuclei
with mass A using the superposition model and fixing the
number of participants to A protons, which reduces the
different contributions to the fluctuations by a factor
∼1=

ffiffiffiffi
A

p
.

FIG. 3. Data (black, with error bars) compared to models for the
fluctuations and the average number of muons for showers with a
primary energy of 1019 eV. Fluctuations are evaluated in the
energy range from 1018.97 to 1019.15 eV. The statistical uncer-
tainty is represented by the error bars. The total systematic
uncertainty is indicated by the square brackets. The expectation
from the interaction models for any mixture of the four compo-
nents p, He, N, Fe is illustrated by the colored contours. The
values preferred by the mixture derived from the Xmax measure-
ments are indicated by the star symbols. The shaded areas show
the regions allowed by the statistical and systematic uncertainties
of the Xmax measurement [39].

PHYSICAL REVIEW LETTERS 126, 152002 (2021)

152002-7

Phys. Rev. Lett. 126, 152002 (2021)
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Dipole reconstruction

4

was 1.4 × 10EX (ApJ 2020) and 
2.6 ×10E[ (Science 2017)

Corresponds to 6.6\

Smoothed by a top-hat window with 45o of radius

Dipole points ~115°
away from the GC

Paris, July 11, 2022Charles Timmermans

Dipole Reconstruction

Rogerio de Almeida, ICRC2021
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Dipole as function of energy

Rogerio de Almeida, ICRC2021

Dipole reconstruction

5No clear trend in the evolution of dipole direction with energy 

Galactic coordinates

Corresponds to 6.6\

was 1.4 × 10EX (ApJ 2020) and 
2.6 ×10E[ (Science 2017)
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“High” energy anisotropies
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4

pergalactic planes, by counting the number of events257

within an angle  from these structures, and an auto-258

correlation study exploited the number of pairs of events259

separated by less than  . The analyses were repeated260

above energy thresholds ranging from 40 to 80EeV. An261

additional scan on the maximum distance of the sources262

was performed for analyses against catalogs of candidate263

host galaxies. Both scans in energy threshold and max-264

imum distance were motivated by the limited horizon265

from which UHECR can reach Earth, although the de-266

termination of its observational value remains hindered267

by uncertainties on UHECR composition.268

In this Section, we update the results presented in269

Pierre Auger Collaboration (2015a), with the exception270

of the search for correlation with catalogs, which is per-271

formed in Section 4.272

3.1. Search for localized excesses273

The first analysis is a blind search for excesses over the274

fraction of the sky covered with the Observatory. The275

number of UHECRs detected in circular windows on the276

sky (Nobs) is compared to that expected, in the same277

window, from an isotropic distribution of events (Nexp).278

This search is performed over the entire field of view,279

which covers about 85% of the sky. The search windows280

are centered on a HEALPix grid (HEALPix v3.70, Górski281

et al. 2005), defined by the parameter nSide = 64, which282

sets the size of the pixels to be of the order of the angu-283

lar resolution of the Observatory. Events are counted284

within search windows of radius  , ranging from 1�285

to 30� in 1� steps. Similarly, the search is performed286

by selecting events above energy thresholds, Eth, rang-287

ing from 32 EeV to 80 EeV in 1 EeV steps. For each288

window and energy threshold, we estimate the binomial289

probability of obtaining by chance Nobs or more events290

from an isotropic distribution of data. The computa-291

tion of Nexp is performed by simulating events with co-292

ordinates distributed according to the sum of the ver-293

tical and inclined exposures, weighted in proportion to294

the observed number of events at energies above 32 EeV295

(see Section 2). For each realization of the simulated296

data set, the number of events is of the same size as297

observed across the field of view. Simulated events fol-298

low the same energy distribution as the observed events.299

Performing the analysis on simulated isotropic data sets300

allows us to take into account the trial factors for having301

tested di↵erent directions, radii and energy thresholds.302

We consider as post-trial probability the fraction of these303

simulations with an equal or lower local p-value than the304

best one obtained with the observed data set.305

We also compute the local Li-Ma significance (equa-306

tion (17) in Li & Ma 1983) for each point in the sky,307

Figure 1. Local Li-Ma significance map at energies above
41 EeV and within a top-hat search angle  = 24� in Galac-
tic coordinates. The supergalactic plane is shown as a gray
line. The significance is not evaluated in windows whose
centers lie outside of the field-of-view of the Observatory, as
indicated by the white area.

where the ON-region is centered on each point of the308

HEALPix grid and the OFF-region is defined as the re-309

mainder of the field of view. The local significance map310

is displayed in Galactic coordinates in Figure 1. The311

most significant excess, with 5.4 � local significance, is312

found above an energy threshold of 41 EeV within a313

top-hat window of 24� radius centered on equatorial co-314

ordinates (↵, �) = (196.3�,�46.6�), which corresponds315

to Galactic coordinates (l, b) = (305.4�, 16.2�). At this316

position of the parameter space, 153 events are observed317

when 97.7 are expected from isotropy. The local p-value318

in this position is 3.7 ⇥ 10�8, resulting in a post-trial319

p-value of 3%.320

3.2. Autocorrelation321

Another model-independent approach to assess the322

clustering of events is the search for autocorrelation, i.e.323

counting pairs of events separated by a given angular324

distance. This approach is particularly e↵ective if the325

events form multiple clusters on similar angular scales326

in di↵erent directions in the sky.327

Following Pierre Auger Collaboration (2015a), we328

count the number of event pairs, Nobs, above energy329

thresholds ranging from 32 to 80 EeV, that are sepa-330

rated by less than an angle  ranging from 1� to 30� in331

steps of 0.25� up to 5� and of 1� above. We compute the332

expected number of pairs, Nexp, by analysing simulated333

isotropic event sets of the same size as the observed data334

set. For each  and Eth, we consider as local p-value335

the fraction of simulated data sets, f(Eth, ), for which336

Nexp � Nobs. The values of f are shown in Figure 2(a)337

and the best results are shown in Table 1.338
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The datasets

Telescope Array (TA) data
2008 May 11–2019 May 10 (11 years)
strict (spectrum) cuts, � < 55°
14 000 km2 yr sr e�ective exposure

315 events with E � 40.8 EeV

Pierre Auger Observatory (Auger) data
2004 Jan 01–2020 Dec 31 (17 years)
� < 80°, with di�erent cuts and
reconstructions for � < 60° and � � 60°
120 000 km2 yr sr e�ective exposure

2 625 events with E � 32 EeV
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Post-trial significance

2.9� for the all-galaxy catalog 4.2� for the starburst galaxy catalog
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Post-trial significance

2.9� for the all-galaxy catalog 4.2� for the starburst galaxy catalog
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The cross-calibration of energy scales

�ere is a mismatch between the Auger
and TA energy spectrum measurements
in the common declination band, which
we need to correct for.
We convert TA energies to the Auger scale
according to

EAuger
10 EeV = 0.857�

ETA
10 EeV�

0.937

ETA
10 EeV = 1.179�

EAuger
10 EeV�

1.067

(see talk by Peter Tinyakov for details).
N���: �is conversion only ��ed to ETA � 10 EeV

— do not extrapolate to lower energies!
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�ere is a mismatch between the Auger
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in the common declination band, which
we need to correct for.
We convert TA energies to the Auger scale
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10 EeV = 1.179�

EAuger
10 EeV�

1.067

(see talk by Peter Tinyakov for details).
N���: �is conversion only ��ed to ETA � 10 EeV

— do not extrapolate to lower energies!
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 6 / 16

catalog Emin (Auger) Emin (TA) � equiv. top-hat radius f TS
all galaxies 41 EeV 53 EeV 24°+13°�8° 38°+21°�13° 38%+28%

�14% 16.2
starburst galaxies 38 EeV 49 EeV 15.5°+5.3°�3.2° 24.6°+8.4°�5.1° 11.8%+5.0%

�3.1% 27.2
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 11 / 16

Full sky flux maps in 3 energy bins

Flux averaged over 45� top-hat window

Reconstructed dipole + quadrupoleDipole direction better constrained, compatible with Auger-only result

Large angular scales
Catalog correlation searches

(Peter Tinyakov)
(Armando di Matteo)
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4-pi anisotropy
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Neutrals and Multi Messenger
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Mostly Sensitive to Tau neutrinos
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Photon searches 11
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2019), U.L. at 95 % C.L.
KASCADE(-Grande) (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.

GZK proton (Kampert et al. 2011)
GZK mixed (Bobrikova et al. 2021)
SHDM I (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

 interactions in halo (Kalashev & Troitsky 2014)pp

CR interactions in Milky Way (Berat et al. 2022)
Single source without cutoff

Figure 5. Upper limits (at 95% C.L.) on the integral photon flux above 2⇥1017 eV determined here (red circles). Shown are also
previous upper limits by various experiments: Pierre Auger Observatory (hybrid: blue circles, taken from Savina & Pierre Auger
Collaboration (2021); SD: cyan circles, taken from Rautenberg & Pierre Auger Collaboration (2019)), KASCADE/KASCADE-
Grande (orange triangles, taken from Apel et al. (2017)), EAS-MSU (magenta diamonds, taken from Fomin et al. (2017))
and Telescope Array (green squares, taken from Abbasi et al. (2019)). The red band denotes the range of expected GZK
photon fluxes under the assumption of a pure-proton scenario (Kampert et al. 2011). The green band shows the expected GZK
photon flux assuming a mixed composition that would fit the Auger data (Bobrikova et al. 2021). In addition, the expected
photon fluxes from the decay of super-heavy dark matter particles are included (decay into hadrons: dashed violet line, based
on Kalashev & Kuznetsov (2016); decay into leptons: dot-dashed gray line, based on Kachelriess et al. (2018); the exact lines
have been obtained through personal communication with one of the authors). The photon fluxes that would be expected from
pp interactions in the Galactic halo (Kalashev & Troitsky (2014), olive-green line) or from cosmic-ray interactions with matter
in the Milky Way (Bérat et al. (2022), blue band) are shown as well. Also included is the expected flux of photons from a single,
putative source without a cuto↵ in its spectrum (dotted turquoise line, modeled after HAWC J1825-134, Albert et al. (2021),
where we extrapolated the measured flux to the highest energies), ignoring its directionality as if its flux were distributed over
the full sky.

of the UHECR flux, and the mass composition. The719

limits obtained in this study improve previous ones in720

the energy range of interest to probe such a flux; yet721

they remain between two and three orders of magnitude722

above the expectations.723

The cosmogenic fluxes just mentioned can be seen as724

floors above which increased sensitivity to photons could725

reveal unexpected phenomena. To exemplify such a po-726

tential, we explain below the four curves that correspond727

to fluxes from putative sources in the Galactic disk or728

to patterns that could emerge from proton-proton inter-729

actions in the halo of the Galaxy or from the decay of730

super-heavy dark matter (SHDM).731

The recent observation of photons above 2⇥1014 eV732

from decaying neutral pions from the J1825-134 source733

reported in Albert et al. (2021), in a direction coincident734

with a giant molecular cloud, provides evidence that cos-735

mic rays are indeed accelerated to energies of several736

1015 eV, and above, in the Galaxy. Interestingly, the737

flux of this source could extend well beyond 2⇥1014 eV,738

as no cuto↵ is currently observed in its energy spectrum739

measured up to this energy. As an example of the dis-740

covery potential with increased exposure, we show as741

the green curve the flux from such a putative source ex-742

trapolated to the highest energies. Note that this flux,743

which is directional in essence, is here for simplicity cal-744

culated by converting it to a di↵use one, assuming the745

flux were distributed over the full sky. We observe that746

the extrapolated flux for this source is higher than the747

cosmogenic ones below 1018 eV. The upper limits deter-748

Accepted ApJS (May 2022), ArXiv:2205.14864
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Multi-Messenger

Selection of photon-like events 
between 30 and 60 degrees

| 34

Close and well localized GW events

No candidates,  
upper limits set

Philip Ruehl, ICRC2021

1,76 mm

-92,10 °

2,54 mm

179,85 °

Follow-up Search for Ultra-High-Energy Photons from Gravitational Wave Sources
with the Pierre Auger Observatory

Philip Ruehla on behalf of the Pierre Auger Collaborationb
aUniversity of Siegen, Walter-Flex-Str. 3, Siegen, Germany bObservatorio Pierre Auger, Av. San Mart́ın Norte 304, 5613 Malargüe, Argentina

Take-Home Message
• Multimessenger astronomy of transient events relies on neutral

messengers.

• The surface detector (SD) of the Pierre Auger Observatory [1]
has a unique exposure to ultra-high-energy (UHE) photons beyond
1019 eV.

• A high sensitivity to any UHE photon signal from a GW source can
be achieved with the SD, allowing for a detection beyond the 5�
level.

• First constraints on UHE photons from GW sources are presented
here by the Pierre Auger Collaboration.

Search for UHE Photons
• The bulk of data received at the Pierre Auger Observatory originates

in cosmic rays of hadronic origin [2].

• No photon has been identified so far. ) upper limits on the di↵use
photon flux above 2 ⇥ 1017 eV [3].

• The SD covers an area of about 3000 km2 and comprises 1660
water Cherenkov detectors on a triangular grid with a spacing of
1.5 km.

• A high separation power between primary photons and hadrons
can be achieved with the SD for primary photons between 1019.0 eV
and 1020.5 eV and zenith angles 30�  ✓ < 60�.

• Almost 100% duty cycle
) e�cient study of transient events like GWs.

• Photon discrimination
method [3]: two photon-
discriminating observables

I gLLDF

I g�.

are sensitive to the delayed
shower development poor
muon content respectively
of photon-induced air show-
ers as compared to hadron-
induced showers (see Fig. 1).

• Observables combined in
a principal component anal-
ysis to maximize the sep-
aration power.

Figure 1: A set of SD training data (blue)
and simulated photon events in the space of
the photon discriminating air shower observ-
ables [3]. The red line indicates the principal
component axis of the combined distribution
and the black line represents the photon can-
didate cut in the observable space.

Selection of
Gravitational Wave Events
• Isotropic background from hadronic cosmic rays is non-zero.

) background reduction necessary to maintain a high sensitivity to a pos-
sible photon signal.

I Limit search region to the 50%-confidence GW localization.

I Limit observation period: two mutual exclusive time windows of±500 s
around the GW event time and 1 d after the GW observation

• In addition: favor close and/or well localized sources.

• Three classes of accepted GW events are defined in the space of source
localization ⌦50% and luminosity distance DL (see Fig. 2).

• The selected GW events contain

I 2 binary black hole mergers (GW170818 [4] and GW190701 203306 [5])

I 1 binary neutron star merger (GW170817 [4])

I 1 black hole - neutron star merger candidate (GW190814 [6]).

• Host galaxy of GW170817 identifed as NGC 4993 through electromag-
netic follow-up observations
) directional uncertainty of the source is negligible.

2

1

3

Figure 2: All GW events from GWTC-1 [4] (green dots) and GWTC-2 [5]
(blue squares) in the space of source distance DL and localization ⌦50%.
The shaded regions define the set of accepted events and the circles mark
those which could additionally be observed with the SD.

Figure 3: The instantaneous

field of view (FoV) of the SD at each

event time of the selected GWs and their

localization.

GW170817
(binary neutron star merger)
DL = 41.0 ± 3.1Mpc [7]

GW170818
(binary black hole merger)
DL = 1060+420

�380 Mpc

GW190701
(binary black hole merger)
DL = 2060+760

�730 Mpc

GW190814
(black hole - neutron star
merger candidate)
DL = 240+40

�50 Mpc

Results
• Exposure to UHE photons within one day: function of declination �

(see Fig. 4).

• Three GW events are fully covered by the field of view.

• Localization contour of GW170818 is only partly covered.

Figure 5: Upper limits
on the spectral fluence
for the 4 selected GW
sources. Uncertainties
imposed by the sky lo-
calization of the sources
and a variation of the
spectral index are in-
dicated by the shaded
bars.(preliminary)

Figure 4: The spec-
trum-weighted exposure
for an aperture A =
2.4 ⇥ 1013 cm2. The
bars indicated the dec-
lination band and the
most likely direction of
each of the four selected
GW events. The red
lines correct the expo-
sure for the actual time-
dependence of A. 80− 60− 40− 20− 0 20 40 60 80
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• No coincident photon candidate event in the data.
) upper limits at 90% CL on the UHE photon fluence (see Fig. 5).

• Systematic uncertainties from variations of the energy spectrum
) variations of the upper limits ⇠ ±20%.

• Variations of the upper limits as caused by the finite source localization
strongly depend on the mean declination.

Sensitivity
• Non-zero rate of false-positive detections ) interpretation of a possible

signal?

• Measure for the sensitivity: “photon significance” := the highest CL at
which the lower bound of the Feldman-Cousins [9] confidence interval for
an assumed photon candidate is not compatible with zero.
) a photon significance beyond the 5�-level is possible for a photon
candidate detection within a 1000 s time window.

• For the four events that pass the GW selection, the individual photon sig-
nificance in the 1 d time window lies between 4.8� and 5.0�.
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• No coincident photon candidate event in the data.
) upper limits at 90% CL on the UHE photon fluence (see Fig. 5).

• Systematic uncertainties from variations of the energy spectrum
) variations of the upper limits ⇠ ±20%.

• Variations of the upper limits as caused by the finite source localization
strongly depend on the mean declination.

Sensitivity
• Non-zero rate of false-positive detections ) interpretation of a possible

signal?

• Measure for the sensitivity: “photon significance” := the highest CL at
which the lower bound of the Feldman-Cousins [9] confidence interval for
an assumed photon candidate is not compatible with zero.
) a photon significance beyond the 5�-level is possible for a photon
candidate detection within a 1000 s time window.

• For the four events that pass the GW selection, the individual photon sig-
nificance in the 1 d time window lies between 4.8� and 5.0�.
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AugerPrime: An Upgraded Observatory
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[    /30]25

Improve the sensitivity to the 
composition at UHE : 

disentagle the electromagnetic and  
muonic components

➡ study the origin of the suppression

➡ select light primaries for charged particle 
astronomy

➡ provide better estimates of the neutrino and 
! flux, as such establishing the potential of 
future CR experiments 

➡ better measure the shower components to 
deepen the  study of hadronic interactions at 
UHE and look for non standard physics

Extend operations to >2025,  
increasing the statistics

The Science case for the Upgrade

Paris, July 11, 2022Charles Timmermans | 36

The Science case for Auger Prime

Castellina, ICRC2019



AugerPrime: Upgrade
0∘ < θ < 60∘Vertical

Scintillator:

ne + nμ

Water Cherenkov  
Detector:  Ee+γ + nμ

Radio Antenna: ne

Combination of Scintillators + WCD  
to disentangle muonic and 
electromagnetic component

60∘ < θ < 85∘Horizontal
WCD “only” muons  
Radio “only” 
electromagnetic

RD

SSD (housing 10% 
produced in Nijmegen)

SD

Status of deployment SSD: 
•  SSD placed on >75% of stations

•  >20% fully equipped  

•  Finalise installation this year

•  In 2023 only AugerPrime 

Paris, July 11, 2022Charles Timmermans | 37

The new Detectors of AugerPrime

Schoorlemmer, Nikhef 2022
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27Felix Schlüter  -  felix.schlueter@kit.edu 

Add measured noise

Expected performance of the AugerPrime Radio Detector

CORSIKA/CoREAS 
simulations

RD Detector
simulation

Station signal 
reconstruction

Mass composition 
analysis

Detection efficiency /
Event statistics:
- Nearly full efficient θ ≥ 70°

- N(10y, lgE>19) = 3381 

The Radio Upgrade

Schlueter, ICRC2021

Needs Radio and Muons 
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GRAND: A Next generation Observatory
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Martineau, 
ARENA 2022
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Not 
contractual!

• Sizable effort for end-to-end simulation on a 
10000 antennas hotspot (GRAND10k)

è Sensitivity in IceCube2015 range.
• Go for x20!! è Network of o(20) subarrays of 

o(10000) antennas with sparse density
(1/km²) at various favorable locations around
the world (« hotspots »)

10 000km² 
HotSpot1 

n CC interaction

t decay

Trigged antennas

En = 2 1019eV; q = 93°
A simulated neutrino event in a GRAND 
hotspot

GRAND PROPOSAL

Martineau, 
ARENA 2022
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GRAND STAGES
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GP35 GP300
GRAND 
10K

GRAND

2018                     2022                                       2028                                                     203X

Few km2 Radio
+
particle 
detection 
in China

300 km2

Standalone radio
+
particle detection 
in China

10,000 km2

Standalone radio
in China

200,000 km2

Standalone 
radio
Worldwide

Detector budget:1.5 M€
Development:
• Mechanics
• Electronics
• Power system
• DAQ
• Reconstruction tools

Detector budget:20 M€

Cost Reduction:
• Scale
• Integration (board)

Neutrino and Multi-
Messenger physics!

Detector budget:150 M€

Cost Reduction:
• Industrial Scale
• Integration (Chip)

Full physics potential
Paris, July 11, 2022Charles Timmermans



The Antenna Design
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GRAND Digitizer Unit § 2-level amplification

§ LNA

§ Variable gain amplifier/attenuator

§ Filtering 50-200MHz

§ ADC  (14-bit 500 million samples per second)

Analog front end

§ ADC § Receiver & ADC

Digital electronics - FPGA
ARM 
CPU

ARM CPU

500 mill. 
samples per s

GPS 1PPS; RX

§ L2 Triggering (optional)

§ Buffers 400 events

Central DAQ
§ L3 Triggering • Compares triggered events timestamps 

from individual detection units

Triggered event 
timestamps 

Control

Control

Triggered event 
& metadata

Set of buffered 
triggered events
& metadata

WiMAX Bulletto central DAQ

§ Notch filters – reduce noise levels and narrow 

band interfering signals

§ L1 Triggering

• Time-over-Threshold 

• No preceding pulse

• No succeeding pulse 

train

§ Buffers 2 events (2 𝜇s event window)

Control

Sensors data

Radio

Sensors GPS

Paris, July 11, 2022Charles Timmermans | 45
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Nançay: A test station in France
H7T1D100

Entries  1024
Mean    990.7
Std Dev     476.1
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Some first pulses indicating basic functionality!
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GRAND@Auger: A proposal 
• Subarray of 10 GP300 units within PAO array

• Test GRAND units & trigger system in a different radio 
environment

• Cross calibration & analysis of Auger (radio) & GRAND 
data

• Site selection in November 2022, deployment mid 2023 
(pending approvall).
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The GP300 Site: China

• Subei county, Gansu province:
– Remote mountain area in the Gobi desert
– Excellent radio background & topography ideal for 

deployment
– Within boundaries of a Nature Reserve 
– Deployment authorization pending approval

Martineau, 
ARENA 2022
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• Current detectors produced a lot of results

• Questions remain
• What are the sources of UHECR?
• What is the composition of UHECR?

• New topics have come up:
• UHECR Multi-messenger physics
• Can we do particle physics beyond LHC energies?

• Upgrades may provide parts of the answers

• A much larger detector will be needed 
• Preparations are well under way

Conclusions


