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The Pierre Auger Observatory | Ultra-high-energy cosmic rays
Fluorescence Detector (FD)

Surface Detector (SD)

27 telescopes distributed between 4 locations

1660 water-Cherenkov detectors

1500 m, 750 m, and 433 m grids

Location: 
Height: 
Atm. Depth: 
Energy Threshold:

Malargüe, Mendoza, Argentina

1450 meters

860 g/cm2


1016.7 eV

1.5 km
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Physics data taking since 2004



Surface Detector 
~100% duty cycle

Fluorescence Detector 
15% duty cycle


(cloudless nights, low moon fraction)
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Air shower observables (hybrid observation)
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The energy spectrum from surface detector data (I)
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Example: event observed with Auger Observatory
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
wi. The weights, wi , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Figure 2: Energy spectrum combined from measurements shown in Fig. 1. Changes in the intensity
of cosmic rays are visually enhanced by multiplying by the third power of the energy. The dashed line
corresponds to the broken-power-law fit with smooth transitions. Positions of the breaks are listed in the
text. Systematic uncertainty shown by the gray band is driven by the energy scale uncertainty of 14%.
Data come from Ref. [3].

Figure 3: Energy spectrum of cosmic rays derived from the SD 433m measurement compared with the
SD 750m and SD 1500m values [5]. Position of the 2nd knee is marked by the vertical dashed line.

we mostly rely on the determination of Xmax, while the AugerPrime upgrade will incorporate the mea-
surement of the muon content. The most clear way of the Xmax determination is a direct detection of the
longitudinal profile using the FD. This method, while restricted in exposure and thus also in maximum

A couple of Phase I Results
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Combined spectrum – systematic uncertainty

PRELIMINARY

Energy spectrum of Auger Observatory (2021)

13
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Combined spectrum

likelihood of combination fit = exposure shifts x energy calibration shifts x forward-folding

description of data sets by model

fit function:
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horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.

TABLE IV. Integral intensity above 8 × 1018 eV in the three
declination bands considered.

Declination band Integral intensity [km−2 yr−1 sr−1]

−90.0° ≤ δ < −42.5° ð4.17% 0.04Þ × 10−1

−42.5° ≤ δ < −17.3° ð4.11% 0.04Þ × 10−1

−17.3° ≤ δ < þ24.8° ð4.11% 0.04Þ × 10−1
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FIG. 13. Left: Energy spectra in three declination bands of equal exposure. Right: Ratio of the declination-band spectra to that of the
full field-of-view. The horizontal lines show the expectation from the observed dipole [47]. An artificial shift of %5% is applied to the
energies in the x-axis of the northernmost/southernmost declination spectra to make it easier to identify the different data points.
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Declination dependence of spectrum
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Lines: Expectation from observed dipole

The quest for UHECR origins 
Auger, PRL (2020)

Ultra-high energy cosmic rays (UHECR)
Long thought to be of extragalactic origin > 5 EeV (0.8 J!), marking the ankle

Observed spectral features: instep at 10-15 EeV, toe at 40-50 EeV
→ markers of Peters cycle (acceleration) and UHECR horizon (propagation) 
     based on joint spectral-composition modeling

Spectral and composition observables integrated over the sphere  
→ help constrain source distance distribution & source escape spectrum

Anisotropy observables 
→ break down the flux (and composition) vs arrival direction: pinpoint sources?

Credits: Jorge Cham & Daniel Whiteson
2

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
Eur. Phys. J. C81 (2021) 966 

Auger 2021

Uncertainty dominated by 14% sys. energy scale

Instep not compatible with 
source models dominated by 
single mass group (p, …, Fe)

2nd knee

ankle
instep

suppression
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horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.

TABLE IV. Integral intensity above 8 × 1018 eV in the three
declination bands considered.

Declination band Integral intensity [km−2 yr−1 sr−1]

−90.0° ≤ δ < −42.5° ð4.17% 0.04Þ × 10−1

−42.5° ≤ δ < −17.3° ð4.11% 0.04Þ × 10−1

−17.3° ≤ δ < þ24.8° ð4.11% 0.04Þ × 10−1
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right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.
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Lines: Expectation from observed dipole

The quest for UHECR origins 
Auger, PRL (2020)

Ultra-high energy cosmic rays (UHECR)
Long thought to be of extragalactic origin > 5 EeV (0.8 J!), marking the ankle

Observed spectral features: instep at 10-15 EeV, toe at 40-50 EeV
→ markers of Peters cycle (acceleration) and UHECR horizon (propagation) 
     based on joint spectral-composition modeling

Spectral and composition observables integrated over the sphere  
→ help constrain source distance distribution & source escape spectrum

Anisotropy observables 
→ break down the flux (and composition) vs arrival direction: pinpoint sources?

Credits: Jorge Cham & Daniel Whiteson
2

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
Eur. Phys. J. C81 (2021) 966 

Auger 2021

Uncertainty dominated by 14% sys. energy scale

Instep not compatible with 
source models dominated by 
single mass group (p, …, Fe)

Martin Schimassek – AugerPrime

Results of Phase I

 - largest ever exposure of >80 000 km² x sr x yr: spectrum over 4 decades in energy
 - -rst >5sigma anisotropy result (dipole)
  → see as well: A. Yushkov (this conference)
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Unprecedented exposure of more than 
80,000 km2 sr yr

For more: contribution by Vitor de Souza from Aug. 28 Dipole



‣ Rigidity factors into large, medium, and point 
source anisotropy studies


‣ Source of flux suppression at highest energies 
still unclear

Re-analyze Phase I data

(iv) The biases of the method estimated from the
MC-MC tests (see Appendix B for the results of
these tests).

Since the Xmax systematic uncertainty is strongly corre-
lated with the modification ΔXmax, its effect on the nuclei
fractions is nearly cancelled out by the corresponding
change of ΔXmax. In general, the nuclei fractions, and
therefore the inferences on the mass composition, are
weakly sensitive to all experimental systematic errors
due to the simultaneous fitting of ΔXmax and Rhad in the
method. To explore the effect of those systematics, and as a
simplifying ansatz, the total systematic uncertainties on the
fit parameters are obtained by summing all four contribu-
tions in quadrature (see Appendix E for the size of
individual contributions).
One can also note, that within systematic errors no

significant dependence of Rhad on the zenith angle was
found. The difference between RhadðθminÞ and RhadðθmaxÞ
shows a tight correlation with the uncertainty on the energy
scale. However, given all the experimental uncertainties in
the case of QGSJet-II-04, the measured data prefers within the
method rather flatter attenuation of the hadronic signal at
1000 m than predicted by the model, indicating too hard
spectra of muons predicted by this model.

The systematic uncertainties on the parameters B, D, β,
used in Eqs. (1) and (2) for the energy correction of S, X, as
well as corrections of the long-term performance and other
effects related to the operation of the SD and FD, have a
negligible contribution to the systematic uncertainties. We
could not identify any significant dependencies of the
results on the zenith angle or energy in the studied ranges.

D. Significance of improvement in data description

In Fig. 9, the results of our method for ΔXmax and
RhadðθÞ applying also all possible combinations of the
systematic uncertainties on EFD, Xmax, and Sð1000Þ are
shown with the full points. These points are located
approximately in a plane, contour outlined with a dashed
line, due to a correlation between the modification param-
eters through the mass composition describing the data (see
the left panels of Figs. 6 and 7, e.g., increase ofΔXmax leads
to a heavier fitted mass composition and consequently to a
decrease of Rhad). The plane is tilted with respect to the
[RhadðθminÞ, RhadðθmaxÞ] plane. It is a consequence of the
effect of ΔXmax on the ground signal S at different zenith
angles, see Eqs. (B1)–(B5) in Appendix B, and conse-
quently on the fitted RhadðθminÞ, RhadðθmaxÞ. The color of

FIG. 7. Left: Correlations between ΔXmax and Rhadðθmin ≈ 28°Þ modifications of the model predictions obtained from the data fits.
Right: Correlation between Rhadðθmax ≈ 55°Þ and Rhadðθmin ≈ 28°Þ. The contours correspond to 1σ, 3σ, and 5σ statistical uncertainties.
The gray rectangles are the projections of the total systematic uncertainties.

TABLE III. Modifications of the model predictions and primary fractions in the energy range 1018.5 eV to 1019.0 eVwith statistical and
systematic uncertainties for the best data fits and the p-values obtained using MC-MC tests.

RhadðθminÞ RhadðθmaxÞ ΔXmax=ðg=cm2Þ fp (%) fHe (%) fO (%) fFe (%) p-value (%)

Epos-LHC 1.15# 0.01þ0.20
−0.16 1.16# 0.01þ0.14

−0.10 22# 3þ11
−14 21# 3þ14

−11 20# 4þ15
−6 44# 5þ15

−6 15# 4þ7
−15 10.6

QGSJet-II-04 1.24# 0.01þ0.22
−0.19 1.18# 0.01þ0.15

−0.12 47þ2
−1

þ9
−11 16# 2þ8

−10 11# 4þ20
−7 36# 5þ21

−5 37# 5þ6
−22 19.8

SIBYLL 2.3d 1.18# 0.01þ0.21
−0.17 1.15# 0.01þ0.15

−0.11 29# 2þ10
−13 13# 2þ18

−5 15# 4þ15
−12 40# 5þ22

−5 32# 5þ3
−25 32.6

A. ABDUL HALIM et al. PHYS. REV. D 109, 102001 (2024)
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Figure 6: Elementary fractions as fitted to the FD Xmax distributions [10, 11]. Taken from Ref. [12].
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Unveiled complexity
Composition getting heavier with energy Inadequacies in hadronic interactions models

‣ Complicates composition measurements

For more: contribution by Tobias Schulz from Aug. 29
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Mass Observables for Surface Detector

K.H. Kampert, M. Unger

Heavier primaries induce showers with 
larger hadronic component and therefore 
more muons
Showers from light primaries develop deeper 
in the atmosphere which are less attenuated at 
Auger’s observation height and therefore have 
more electrons 

AugerPrime | Introduction
Goals: 
- Understand nature and origin of UHECR

- Unravel origin of flux suppression

- Search for UHE photons and neutrinos

- Constrain/understand hadronic interactions at UHE

- Look for indications of BSM physics

Need access to primary 
mass on event-by-event 

basis with large exposure
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Mass Observables for Surface Detector

K.H. Kampert, M. Unger

Heavier primaries induce showers with 
larger hadronic component and therefore 
more muons
Showers from light primaries develop deeper 
in the atmosphere which are less attenuated at 
Auger’s observation height and therefore have 
more electrons 

Goals: 
- Understand nature and origin of UHECR

- Unravel origin of flux suppression

- Search for UHE photons and neutrinos

- Constrain/understand hadronic interactions at UHE

- Look for indications of BSM physics

Need access to primary 
mass on event-by-event 

basis with large exposure

Radio Detector (RD)

Scintillator Surface 
Detector (SSD)

Water-Cherenkov 
Detector (WCD)

Provides composition sensitivity for 
near full sky with 100% duty cycle

AugerPrime | Introduction



μ±
e±/γ
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We need money plots for the review (iii)

14

(Max Stadelmaier et al.)

Universality reconstruction with SSSD/SWCDUniversality reconstruction without SSSD

Need to reconstruct Xmax, muon number *and* energy
Muon number directly correlated 
with energy estimator S1000
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(Max Stadelmaier et al.)

Universality reconstruction with SSSD/SWCDUniversality reconstruction without SSSD

Need to reconstruct Xmax, muon number *and* energy
Muon number directly correlated 
with energy estimator S1000

“Vertical” events | θ < 60°

T. Schulz: Probing hadronic interactions at the highest energies with the Pierre Auger Observatory 28.08.202414

Outlook

● Modification of diEerent characteristics of 

hadronic interactions

(see talk by Jakub Vicha on 03.09.24)

● More tests at colliders

p-O collisions @ LHC Run 3

● AugerPrime with additional detectors

● Scintillator surface detector
● Underground muon detector
● Radio antenna

I better discrimination of hadronic signal

    (see talk by David Schmidt on 03.09.24)
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μ±

e±/γ

The Pierre Auger Observatory

atmosphere radio emission

muonic component

electromagnetic
component

cosmic ray

hadronic component

ground

Figure 3.12: Schematic view of an inclined air shower When the shower reaches the ground,
the electromagnetic component is completely absorbed in the atmosphere. Solely
muons reach the ground and can be detected by particle detectors. The radio emission
is induced by the charged electromagnetic component and can be detected from radio
antennas at the ground.

models used for air-shower simulations.
To increase the mass separability of the Surface Detector, each water-Cherenkov

detector will be equipped with a plastic scintillator on top, forming the Surface
Scintillator Detector (SSD) (see Fig. 3.11). The design of the scintillators is inspired
by the MD scintillator detectors. The water-Cherenkov detectors and the scintillators
feature different responses to electromagnetic particles and muons. The two signals
are deconvolved to determine the particle numbers. For the calibration of the SSD
and for fine-tuning of the method, all 61 stations of AMIGA will be equipped with
underground muon detectors. The electronics of the SD undergoes a major upgrade
to be capable of processing both SD and SSD data, and to improve the data quality
and the capabilities for the trigger logic, processing, calibration and monitoring.
This will likely improve the Xmax resolution of SD, although this needs experimental
verification. In addition, the duty cycle of the Fluorescence Detector will be increased
by ª50 % by operating during higher night-sky brightness with a reduced PMT gain
by lowering the high voltage.

For the next improvement after the current upgrade, investigations are ongoing to
equip every Surface Detector station also with a radio antenna. This will increase the
zenith angle range for separate measurements of the electromagnetic and muonic
component. The effective detection area of the SSD for inclined events gets small. In-
clined showers travel a larger distance through the atmosphere and reach the ground
at a later development state (see Fig. 3.12). For inclinations of µ ∏ 60° almost only
muons reach the ground. These muons are detected by the water-Cherenkov detec-
tors, which are sensitive to inclined shower due to their 3-dimensional design. The
footprint of the radio emission grows to diameters in the kilometer range [141], which
enables the detection with a sparse array of 1500 m spacing. Thus, the combination
of the SD with radio antennas allows for separate measurements of the muonic and
electromagnetic shower components. The mass separability for the combination
of muon and radio detectors is investigated in this thesis, for less inclined showers
detected with the existing AERA and AMIGA Unitary Cell stations.

49

Ewa Holt, PhD thesis, 2018
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RD expected physics contributions

Figure 55: Integrated number of cosmic-ray shower events expected to be detected with the Radio
Detector (RD) for a measurement period of 10 years. Blue points denote all detected events, red points
only those in bins of energy and zenith angle for which the detection efficiency is at least 97%. For
comparison, the number of inclined air showers measured within Phase I simultaneously with the
WCDs and FDs is shown with a green square [53], and the total statistics of air showers measured
with FDs worldwide at energies of 1019.4 eV and higher is shown in with a yellow arrow [62].

Observatory. Unprecedented sensitivities to UHE photons and neutrinos were thus an
important design goal. Still, the observation of photons or neutrinos above ⇠100 EeV would
imply the existence of either completely new physical phenomena, or particle acceleration
mechanisms heretofore never seen or imagined. However, there are also good arguments for
dark matter (DM) to be superheavy, such as the value of the instability energy scale in the
SM that ranges between 1010 and 1012 GeV [159, 160]. The SM can therefore be extrapolated
without encountering inconsistencies that would make the electroweak vacuum unstable
up to such energy scales where new physics could arise, giving rise to a mass spectrum
of superheavy particles. As final decay byproducts of such particles, UHE photons and
neutrinos could therefore provide evidence for superheavy DM.

In the next decade, the upgraded Observatory will be uniquely powerful in searching
for UHE photons and neutrinos that could lead to a serendipitous discovery of DM. The
current flux upper limits can be converted into lower limits on the particle lifetime �X as a
function of its mass "X. In this way, the filled gray region in Fig. 56 corresponding to the
exclusion region in the plane (�X ,"X) is obtained. The hatched blue area is a projection
of the region of the parameter space that will be explored with the cumulative sensitivity
by 2035. The large gain for "X . 1011 GeV is expected from the completion of the UMD
array that will enhance significantly the sensitivity to photons between 1016 to 1017 eV. Also
shown in Fig. 56 as the hatched red region is the “ceiling” due to UHE photons produced
from cosmic ray interactions in the galactic disk that may mask photons from DM decay [33].
The ceiling corresponds to values of �X beyond which the scotogenic photon fluxes would be
overwhelmed by cosmogenic ones.

The search for photons at the highest energies also makes it possible to test different
models of Lorentz-invariance breaking. Processes that are classically forbidden might instead
be allowed in the case of Lorentz symmetry breaking, e.g. vacuum Cherenkov radiation,
spontaneous photon emission, or electron-positron pair production. The last process is
particularly interesting for Auger since the distances traveled by high-energy photons in
extragalactic space can change in the case of LIV. In the subluminal scenario the mean free path
would increase, and consequently the expected cosmogenic flux at the top of the atmosphere

77

integrated # of cosmic rays

Figure 45: Expectation for the measurement quality when combining data from the RD and WCDs
over 10 years assuming the mass composition scenario in Ref. [19]. Expectations for the mean number
of muons (upper panel) and their fluctuations (lower panel) are represented with open markers and are
based on Monte Carlo simulations (error bars are statistical uncertainties only). The simulated result
for the mean number of muons is also shown with an ad-hoc scaling factor to match the muon excess
as measured by Auger in [51] and Supplemental material, and not reproduced by the simulations.
For comparison, the green solid markers represent measurements from Phase I with the FD and the
WCDs. Statistical (systematic) uncertainties of the FD+WCD measurements are represented by the
error bars (square brackets).

Using the increase in statistics, the positions of the breaks in the elongation rate [9]
and whether they coincide with features in the energy spectrum can be investigated. This
is shown in Fig. 46 right. The expected significance of the breaks in the elongation rate
is expected to reach above 5� (red). Additionally, the significance for identifying the last
break at 30 EeV, possibly connected to the cut-off, will rise (blue). Considering the increased
sensitivity obtained with AugerPrime when re-analyzing Phase I data and the improved
hybrid calibration of the SD due to the increase in hybrid statistics, the discovery of the
potential third break is within reach in the period up to 2035 (green).

Arrival directions including information on the primary mass. The correlation of UHECR
arrival directions with the flux pattern expected from the catalogs of host galaxies can be
evaluated for AugerPrime, taking into account the continued operation of the WCD array.
The growth of the signal in the Centaurus region, quantified by the excess of events with
respect to the isotropic expectation, and the growth of the test statistic of the starburst model
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measurement quality
combining RD & WCD

Tim Huege <tim.huege@kit.edu>13

Expected mass composition sensitivity

UHECR2022

see also proof of principle study with
AERA, PoS(ARENA2022)

mass separation

Tim Huege <tim.huege@kit.edu>13

Expected mass composition sensitivity

UHECR2022

see also proof of principle study with
AERA, PoS(ARENA2022)

“Inclined” events | θ > 60°
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Surface Scintillator Detector

PMT

not to scale

Extruded plastic scintillator 
bars w/ 2 holes

Wavelength shifting (WLS) 
Gbers and routersFiber U-bend

48 scintillator bars of 160 
cm length split between 
two wings

Access tube

Photomultiplier tube

Photomultiplier tube
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Engineering Array

 Deployed September 2016
 12 prototype detectors
 Test bed for
- Scintillator module design
- Upgrade electronics
- WCD small PMT
- Etc.

10

Martin Schimassek – AugerPrime

AugerPrime: RD

 - deploy SALLA antennas on every SD-station

 - measurement possible for very inclined showers

 - extinction of EM-component allows muon-measurement
   With the SD  EM + muons with RD + WCD→
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Realization | Scintillator Surface Detector (SSD)

Active area of 3.84 m2

Constructed and tested at 5 locations across Europe
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Jörg R. Hörandel - Auger Malargüe - April 2024 3

Transport to position

Jörg R. Hörandel - Auger Malargüe - April 2024 10

The near future

4

Plans 
• Self-triggering tests region  

(pending firmware agreement)

• SDEU teams deploy digitizers

• Current RD team deployment  

(ongoing)

• Landowner agreement 

reached 
(going together with SSD)


• As long as rain doesn’t flood it 
(if not working at 1 or 2)


• When temperatures go down  
(sand is burning hot) 

• Pending landowners…1
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Radio Detector deployment (I)
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Realization | Radio Detector (RD)



Improved timing/signal resolution 
- 120 MHz sampling (previously 40 MHz)

- 5 ns GPS resolution (previously 8 ns)

- 12 bits (previously 10 bits)
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Martin Schimassek – AugerPrime

AugerPrime: Upgraded WCD

 - upgraded WCD: higher dynamic range + higher bandwidth electronics, more CPU-power
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Upgrade electronics (UUB)

Improved dynamic range 
- small area PMT

- allows for measurement 200 m at 100 EeV 

(previously saturated ~500 m)

Figure 2: Schematic view of the hexagon with doublet stations used for compatibility studies.
Each doublet has one station with UUB and the other with UB. Their separation is approxi-
mately 11 m and the grid spacing is 1500 m. The numbers indicate the identification number
of the stations.

PMTs2 are presented. The three PMTs present normal distributions which are similar between
each other in both UB and UUB. This reinforces the robustness of the new algorithm. The station-
to-station variations, which make up the distribution, can be understood as stemming mainly
from differences in high voltage of the PMTs, which are set during the calibration procedure of
the local stations. They are about 15% and 19% for UB and UUB, respectively. These values do
not indicate inconsistencies in the calibrations, it merely describes the different conditions of the
stations which require different values of VEM charge to properly calibrate the PMTs.

To, indeed, assess the consistency of the VEM charge values provided by the histogram-
fitting algorithm, we calculated, for individual PMTs, the standard deviation of their VEM charge
relative to their mean value. The resulting distributions are presented in the right column of
Fig. 1. For the WCD PMTs, 68% of the PMTs present a relative VEM charge deviation of around
7.6% and 6.7% for UB and UUB, respectively. It is worth mentioning that, again, the behaviour
of the distributions for the three PMTs is similar. This not only shows that the new algorithm
is consistent for the WCD PMTs of UUB stations, but also that we have a better performance
compared to the UB ones.

The bottom row of Fig. 1 displays the corresponding plots for the SSD PMTs. The qualitative
part of the discussion for WCD PMTs holds for the calibration of the SSD. However, the station-
to-station variation of the MIP charge is about 5.7%3 and a relative MIP-charge variation of 7.2% is
observed for the 1-� quantile. The outliers identified in this analysis were attributed to a limited
subset of stations. Importantly, this occurrence is not indicative of any deficiencies within the
calibration algorithm itself, but rather points towards specific characteristics associated with the
operation of these local stations. We believe that a reset of these stations holds the potential to
restore a more uniform and consistent behaviour, as this restorative potential was reported in
other occasions during the commissioning phase of the upgraded detectors. To summarise, we
conclude that the histogram-fitting algorithm is also consistent for the SSD PMTs.

2For sake of clarity, here we mean the large PMTs (LPMT) of the WCDs. The calibration of the small PMT follows a
different procedure, as described in Ref. [2].

3The difference with respect to the WCDs could be the result of the selection done on the high voltage for the SSD
PMTs.
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1500 m

saturation
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Engineering Array

 Deployed September 2016
 12 prototype detectors
 Test bed for
- Scintillator module design
- Upgrade electronics
- WCD small PMT
- Etc.



Deployment Status

Phase I station
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The AugerPrime Upgrade - Deployment Status

6

March 2024

Pre-upgrade station 

Stations with UUB - Complete

Stations with SSD + UUB - Complete

Stations with RD + UUB - ~65% 

Stations with RD + SSD + UUB - ~65% 

Not shown: UMD - ~58%

Stations w/ UUB (deployment complete)

Stations w/ UUB + SSD (deployment complete)

Stations w/ UUB + RD

Stations w/ UUB + SSD + RD

UUB + SSD deployment 
completed in mid-2023

RD deployment to be completed 
on timescale of weeks
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A #rst glimpse: RD-data

 - also RD-data taking is on-going: -rst events for commissioning are there
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Event at 84.7 degree
36 +- 3 EeV
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Event at 84.7 degree
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A #rst glimpse: RD-data

 - also RD-data taking is on-going: -rst events for commissioning are there
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Event at 84.7 degree
36 +- 3 EeV

Coming online | Sample “inclined” event
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Coming online 

Sample  
“vertical” 

event

  

34/48

SSD pre-production array event



  

47/48

Underground Muon Detector

 Buried scintillator detectors for direct 
muon counting

 Counter and integrator modes
 Cover an area of  23.5 km2
 Provides valuable cross check on 
WCD+SSD muon reconstruction

Plastic scintillator + WLS Gbers

2.3 m
550 g/cm2

3 x 10 m2

 2

 Layout SD-750 SD-433

UMD-750

23.5 km2

61 Stations
1.9 km2

19 Stations

UMD-433

2.3m

10.2m2

sensitive

area

9m

1.4m

● 15 radiation lenghts 
underground

● Highly segmented 
(64 strips)

● Direct access to 
muon component of 
showers (both 
density & timing)

Optimal for composition studies in 
the range 1016.5 – 1018.5 eV
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 Deployment rate

● 8 days
● 4 positions/month

30m2 (3 buried modules):

Martin Schimassek – AugerPrime

AugerPrime: UMD

 - in in-lled region (750 m / 433 m spacing): deploy under ground muon detectors

 - 30 m² of scintillators buried 2.3 m 
    → shield EM-components

  → direct measurement of muon component at 
     ~ 10¹⁸ eV
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AugerPrime: UMD

 - in in-lled region (750 m / 433 m spacing): deploy under ground muon detectors

 - 30 m² of scintillators buried 2.3 m 
    → shield EM-components

  → direct measurement of muon component at 
     ~ 10¹⁸ eV
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Underground Muon Detector (UMD)
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AugerPrime Review - 8 Nov 2023 2

Improve the sensitivity to the composition at UHE 
Extend operations by 10 years, increasing the statistics

Prologue : the AugerPrime science case

Phase II

• Understand the nature and origin of UHECR 
• Unravel the origin of the flux suppression 
• Search for UHE photons and neutrinos 
• Constrain and understand hadronic interactions at UHE (muon puzzle, cross-section, …) 
• Look for BSM effects (SHDM, LIV,…)

Martin Schimassek – AugerPrime

Commissioning Status

 - data collection with AugerPrime for commissioning started with deployment

 - currently last steps in commissioning the new components are on-going

 - physics data taking to commence 
   at latest beginning 2025
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Current activities 
• Finalizing trigger commissioning and calibration procedures

• Finalizing data processing and reconstruction pipelines

• Working on first physics results with AugerPrime

Summary & Outlook
• AugerPrime upgrade combines composition sensitivity with 

massive aperture of surface detector array

• AugerPrime will operate until at least 2035

• Auger remains largest observatory for next decade

• Deployment is reaches its conclusion

Next decade: 
• Reduced systematics in hadronic interaction models

• Composition sensitivity in the region of flux suppression

• Enhanced sensitivity to UHE photons and neutrinos

• Composition enhanced anisotropy studies

• Search for new phenomena in hadronic interactions

• Test bed for next generation observatories 

(For more: contribution by Sonja Mayotte today)



Supplementary material
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