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2016	Physics	Result:	Anisotropy	
Needlet	analysis:	

Energy range (EeV) j = 0 j = 1 j = 2 j = 3 j = 4 j = 5

4 - 8 51% 57% 73% 94% 57% 80%
≥ 8 0.0008% 58% 15% 71% 87% 83%

Table 2: Percentage of equally or more significant isotropic sky maps of the individual needlet scales. A
look into the individual needlet scales shows that only the needlet scale j = 0 at energies E ≥ 8 EeV

deviates from isotropy, pointing towards an anisotropy compatible with a dipolar one.

Figure 5: Reconstructed SNT
j=0 needlet scale in Galactic coordinates for E ≥ 8 EeV.

built from Monte-Carlo simulations of dipolar skies, the needlet parameters can be converted
into the spherical harmonics ones by adding the constraint that the dipole direction points
towards the position of the pixel with the maximum significance. In this way, a dipole amplitude
d = (6.8 ± 1.6)% is derived pointing to a right ascension α and declination δ of (α, δ) = (97◦ ±
16◦, −39◦ ± 17◦), where the statistical uncertainties are estimated using Monte-Carlo dipolar
skies with the reconstructed parameters as inputs. These results are in very good agreement
with the reconstructed amplitude d = (7.3±1.5)% and direction (α, δ) = (97◦ ±16◦, −39◦ ±17◦)
reported in [20] and based on the same data-set. Likewise the results are in also in good
agreement with a joint Auger and Telescope Array analysis reported in [22], where a slightly
higher energy threshold was used for the Auger data set. The corresponding reconstructed S0k

sky map is shown in Figure 5 in Galactic coordinates, where the reconstructed Galactic latitude
b and longitude l of the dipole directions are (b, l) = (−21◦, 247◦).

5 Conclusions

We presented the results of two multi-resolution searches for anisotropies in the arrival direc-
tions of events detected at the Pierre Auger Observatory from January 2004 up to December
2013 with zenith angles up to 80◦. We evaluated the angular power spectrum under stationarity
conditions and performed a needlet analysis in two energy bins above full detection efficiency:

17

Hint	for	dipolar	
anisotropy	above	8	EeV.	
	
Probability	to	agree	with	
isotropic	distribuWon:	
0.0008	%		
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InterpretaWon:	Gradient	in	extragalacWc	cosmic	rays	
But…	the	mechanism	to	create	this	is	not	evident	



Combining	parWcles	and	fluorescence	
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•  FD	and	SD	combined	(hybrid)	
analyses:	
–  Depth	of	shower	maximum	
–  Lateral	distribuWon	
–  Number	of	tanks	

•  Disadvantage:	staWsWcs	
•  Advantage:	Event	quality	

4

Ultrahigh energy cosmic ray air showers probe particle physics at energies beyond the reach of
accelerators. Here we introduce a new method to test hadronic interaction models without relying on
the absolute energy calibration, and apply it to events with primary energy 6-16 EeV (E

CM

= 110-170
TeV), whose longitudinal development and lateral distribution were simultaneously measured by the
Pierre Auger Observatory. The average hadronic shower is 1.33±0.16 (1.61±0.21) times larger than
predicted using the leading LHC-tuned models EPOS-LHC (QGSJetII-04), with a corresponding
excess of muons.

PACS numbers: Pierre Auger Observatory, ultrahigh energy cosmic rays, muons, hadronic interactions

INTRODUCTION

For many years there have been hints that the num-
ber of muons in ultrahigh energy cosmic ray (UHECR)
air showers is larger than predicted by hadronic inter-
action models, e.g., [1]. Most recently, the Pierre Auger
Observatory [2] compared the muon number in highly in-
clined events to predictions using the two leading LHC-
tuned hadronic event generators (HEGs) for air showers,
QGSJet-II-04 [3, 4] and EPOS-LHC [5, 6]. The observed
number of muons for 1019 eV primaries was found [7] to
be 30%-80% higher than the models predict assuming the
primary composition inferred from the depth-of-shower-
maximum distribution for each given model [8, 9], but the
significance of the inferred muon excess is limited due to
the uncertainty in the absolute energy calibration.

For a given primary energy and mass, the number of
muons is sensitive to hadronic interactions. Typically
about 25% of the final state energy in each hadronic in-
teraction is carried by ⇡0’s, which immediately decay to
two photons and thus divert energy from the hadronic
cascade, which is the main source of muons, to the elec-
tromagnetic (EM) cascade. The hadronic cascade termi-
nates when the energy of charged pions drops low enough
that they decay before interacting, O(100 GeV). If the
average fraction of EM energy per interaction were in-
creased or decreased, or there were more or fewer gen-
erations of hadronic interactions in the cascade (which
depends on the primary mass and properties of the fi-
nal states such as multiplicity), the muon ground signal
would be lower or higher. Therefore, a significant dis-
crepancy between observed and predicted muon ground
signal would indicate that the description of hadronic in-
teractions is inaccurate, assuming that the composition
can be properly understood.

There has been excellent recent progress in compo-
sition determination [8–10], which provides a valuable
“prior” for modeling individual showers. Here we comple-
ment that progress with a new, more powerful approach
to the muon analysis which removes the sensitivity to
the absolute energy calibration. It is applicable to the
entire data set of hybrid events: those events whose lon-
gitudinal profile (LP) is measured by the Pierre Auger
Observatory’s fluorescence detector (FD) [2, 11] at the
same time the ground signal is measured with its surface
detector (SD) [2, 12].

J. ALLEN et al. INTERPRETATION OF AUGER OBSERVATORY SURFACE DETECTOR SIGNAL
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of secθ.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
χ2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
!

FADC bin i

(x
i+1 − x

i

)
" #$ %

jump

I {x
i+1 − x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
η = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict η and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N | FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, ν,β, γ) =

exp

&

ν + β log
r

1000m
+ γ log

' r

1000m

(2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and ν, β, and γ are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, ν, β, and γ, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the

18

FIG. 1. Top: The measured longitudinal profile of an illus-
trative 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 sig-
nals 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.

The ground signal of an individual shower of a CR of
given energy and mass, depends primarily on the zenith
angle and the depth-of-shower-maximum, X

max

, because
together these determine the path length and thus atten-
uation of the electromagnetic and muonic components at
ground. In order to most simply characterize a possible
discrepancy between the predicted and observed prop-
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2016	Physics	Result:	Hadronic	physics	
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TABLE I. RE and R
had

with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE R
had

QII-04 p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QII-04 Mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11
EPOS p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS Mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

RESULTS AND DISCUSSION

Table I gives the values of RE and R
had

which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of X

max

, E
FD

and S(1000) are propagated through
the analysis by shifting the reconstructed central values
by their one-sigma systematic uncertainties. Figure 4
shows the one-sigma statistical uncertainty ellipses in the
RE�R

had

plane; the outer boundaries of propagating the
systematic errors are shown by the gray rectangles.

The values of R
had

needed in the models are com-
parable to the corresponding muon excess detected in
highly inclined air showers [7], as is expected because at
high zenith angle the nonharonic contribution to the sig-
nal (shown with red curves in Fig. 3) is much smaller
than the hadronic contribution. However the two anal-
yses are not equivalent because a muon excess in an
inclined air shower is indistinguishable from an energy
rescaling, whereas in the present analysis the system-
atic uncertainty of the overall energy calibration enters
only as a higher-order e↵ect. Thus the significance of
the discrepancy between data and model prediction is
now more compelling, growing from 1.38 (1.77) sigma to
2.1 (2.9) sigma, respectively, for EPOS-LHC (QGSJet II-
04), adding statistical and systematic errors from Fig. 6
of Ref. [7] and Table I, in quadrature.

The signal deficit is smallest (the best-fit R
had

is the
closest to unity) with EPOS-LHC and mixed composi-
tion. This is because, for a given mass, the muon signal
is ⇡ 15% larger for EPOS-LHC than QGSJet-II-04 [27],
and in addition the mean primary mass is larger when
the X

max

data are interpreted with EPOS rather than
with QGSJet-II [9].

Within the event ensemble used in this study, there
is no evidence of a larger event-to-event variance in the
ground signal for fixed X

max

than predicted by the cur-
rent models. This means that the muon shortfall cannot
be attributed to an exotic phenomenon producing a very
large muon signal in only a fraction of events, such as
could be the case if micro-black holes were being pro-
duced at a much-larger-than-expected rate [28, 29].
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FIG. 4. Best-fit values of RE and R
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for QGSJet-II-04 and
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composition (open circle/square). The ellipses and gray boxes
show the 1-� statistical and systematic uncertainties.

SUMMARY

We have introduced a new method to study hadronic
interactions at ultrahigh energies, which minimizes re-
liance on the absolute energy determination and improves
precision by exploiting the information in individual hy-
brid events. We applied it to hybrid showers of the Pierre
Auger Observatory with energies 6-16 EeV (E

CM

= 110
to 170 TeV) and zenith angle 0��60�, to quantify the dis-
parity between state-of-the-art hadronic interaction mod-
eling and observed UHECR atmospheric air showers. We
considered the simplest possible characterization of the
model discrepancies, namely an overall rescaling of the
hadronic shower, R

had

, and we allow for a possible over-
all energy calibration rescaling, RE .
No energy rescaling is needed: RE = 1.00 ± 0.10 for

the mixed composition fit with EPOS-LHC, and RE =
1.00± 0.14 for QGSJet II-04, adding systematic and sta-
tistical errors in quadrature. This uncertainty on RE is
of the same order of magnitude as the 14% systematic
uncertainty of the energy calibration [14].
We find, however, that the observed hadronic signal

in these UHECR air showers is significantly larger than
predicted by models tuned to fit accelerator data. The
best case, EPOS-LHC with mixed composition, requires
a hadronic rescaling of R

had

= 1.33±0.16 (statistical and
systematic uncertainties combined in quadrature), while
for QGSJet II-04, R

had

= 1.61±0.21. It is not yet known
whether this discrepancy can be explained by some in-
correctly modeled features of hadron collisions, possibly
even at low energy, or may be indicative of the onset of
some new phenomenon in hadronic interactions at ultra-
high energy. Proposals of the first type include a higher
level of production of baryons [27] or vector mesons [30]
(see Ref. [31] for a recent review of the many constraints
to be satisfied), while proposals for possible new physics
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RaWo	of	the	measured	to	
expected	amount	of	energy	in	
the	hadronic	part	of	the	
shower	(SD)	

RaWo	of	the	measured	to	expected	amount	of	energy	in	the	EM	part	of	the	shower	(FD)	
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where N

0.95
� is the Feldman-Cousins upper limit at 95% CL on the number of photon

candidates assuming zero background events and E� is the integrated exposure above the
energy threshold E

0

, under the assumption of a power law spectrum E

�� (if not differently
stated � = 2 as in previous publications [17]):

E� =
1

cE

Z

E�

Z

T

Z

S

Z

⌦

E

��

� ✏(E� , t, ✓,�, x, y) dS dt dEd⌦ (6.2)

with ✏ being the overall efficiency for photons as a function of energy (E�), time (t), zenith
angle (✓), azimuth (�) and position (x,y) of the impact point at ground. cE is a normalization
coefficient: cE =

R
E

��

dE. ⌦ is the solid angle and the area S encloses the array and
corresponds to the generation area used for the simulations. The hybrid exposure after
photon selection criteria is shown in Fig. 5 (left).

Using equation 6.1 and the analysis trained on photon and proton QGSJET-II-04 sim-
ulations, with spectral index � = 2, upper limits to the integral photon flux are set to 0.027,
0.009, 0.008, 0.008, 0.007 km�2 sr�1 yr�1 for energy thresholds of 1, 2, 3, 5 and 10 EeV. They
are derived under the conservative choice that the expected background is zero (relevant here
only for E

0

= 1 EeV) which makes the limits more robust against hadronic interaction and
mass composition assumptions. Rescaling the photon flux limits by the measured all-particle
spectrum [5] results in photon fraction limits of 0.1%, 0.15%, 0.33% 0.85% and 2.7% for the
same threshold intervals.

The robustness of the results is tested against several sources of systematic uncertainties.
Some of them (see table 3) are related to the detector knowledge and the data reconstruction.

– 10 –

2016	Physics	Result:	Photon	Limits	
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Photon	expectaWons…	
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2016	Physics	Result:	Mixed	
composiWon	at	3-10	EeV	

This requirement does not introduce a mass composition bias since in the energy
and zenith ranges considered the surface detector is fully e�cient to hadronic
primaries [19, 20]. Selecting energies of lg(E/eV) = 18.5�19.0 and zenith angles
<65�, the final data set contains 1376 events. The resolution and systematic
uncertainties are about 8% and 14% in primary energy [21], < 20 g cm�2 and
10 g cm�2 in X

max

[9], and < 12% and 5% [22] in S(1000), respectively.
The simulations were performed with CORSIKA [23], using EPOS-LHC,

QGSJetII-04 or Sibyll 2.1 as the high-energy hadronic interaction model, and
FLUKA [24] as the low-energy model. All events passed the full detector simu-
lation and reconstruction [25] with the same cuts as applied to data. For each
of the interaction models the shower library contains at least 10000 showers for
proton primaries and 5000 � 10000 showers each for helium, oxygen and iron
nuclei.

4. Results

The observed values of X⇤
max

vs. S⇤
38

are displayed in Fig. 1. As an illus-
tration, proton and iron simulations for EPOS-LHC are shown as well, but one
should keep in mind that in this analysis we do not aim at a direct comparison of
data and simulations in terms of absolute values. In contrast to the correlation
analysis such a comparison needs to account for systematics in both observables
and su↵ers from larger uncertainties from modeling of hadronic interactions.
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Figure 1: Left: measured X⇤
max

vs. S⇤
38

for lg(E/eV) = 18.5 � 19.0. Right: the same
distribution for 1000 proton and 1000 iron showers simulated with EPOS-LHC.

In Table 1, the observed r
G

(X⇤
max

, S⇤
38

) is given along with simulated r
G

values for pure compositions (�(lnA) = 0) and for the maximum spread of
masses 0.5 p � 0.5Fe (�(lnA) ' 2) for all three interaction models. For the
data, a negative correlation of r

G

(X⇤
max

, S⇤
38

) = �0.125± 0.024 (stat) is found.
For proton simulations correlations are close to zero or positive in all models.
Pure compositions of heavier primaries show even more positive correlations
(r

G

� 0.09) than for protons. Hence, observations cannot be reproduced by any
pure composition of mass A � 1, irrespective of the interaction model chosen.

8
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Table 1: Observed r
G

(X⇤
max

, S⇤
38

) with statistical uncertainty, and simulated r
G

(X⇤
max

, S⇤
38

)
for various compositions using di↵erent interaction models (statistical uncertainties are⇡0.01).

data �0.125± 0.024 (stat)

EPOS-LHC QGSJetII-04 Sibyll 2.1
p 0.00 0.08 0.06
He 0.10 0.16 0.14
O 0.09 0.16 0.17
Fe 0.09 0.13 0.12

0.5 p � 0.5Fe -0.37 -0.32 -0.31

0.8 p � 0.2He 0.00 0.07 0.05
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Figure 2: Dependence of the correlation coe�cients r
G

on �(lnA) for EPOS-LHC (left) and
QGSJetII-04 (right). Each simulated point corresponds to a mixture with di↵erent fractions
of protons, helium, oxygen and iron nuclei, the relative fractions changing in 0.1 steps (4
points for pure compositions are grouped at �(lnA) = 0). Colors of the points indicate hlnAi
of the corresponding simulated mixture. The shaded area shows the observed value for the
data. Vertical dotted lines indicate the range of �(lnA) in simulations compatible with the
observed correlation in the data.

In the proton dip model, even small admixtures of heavier nuclei, such as
a 15� 20% helium fraction at the sources, were shown to upset the agreement
of the pair-production dip of protons with the observed flux [1, 2, 26, 27]. The
values of r

G

in simulations for a mixture at Earth of 0.8 p � 0.2He are added in
Table 1. They are essentially unaltered compared to the pure proton case and
equally inconsistent to the observed correlation.

Further, the correlation is found to be non-negative r
G

(X⇤
max

, S⇤
38

) & 0 for
all p � He mixtures. Thus, the presence of primary nuclei heavier than helium
A > 4 is required to explain the data.

We also checked the case of O � Fe mixtures, i.e. a complete absence
of light primaries. A minimum value of r

G

⇡ �0.04 is reached for mixtures
produced with EPOS-LHC for fractions close to 0.5O � 0.5Fe. With smaller
significance, light primaries therefore appear required as well to describe the

9
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with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which

2

5 frank.schroeder@kit.edu
Institut für Kernphysik

KIT Campus North

09 Mar 2014 AERA-AMIGA hybrid analysis

AMIGA unitary cell
≥10 m² installed at each location

Three detectors at one site: SD + MD + RD

23 stations
since August 2010

1 km

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~

B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz/ sin2(↵) for each
measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger
30�80MHz/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz/ sin2(↵)
is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

6

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~

B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz/ sin2(↵) for each
measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger
30�80MHz/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz/ sin2(↵)
is determined from the scatter of points in Fig. 2. It
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2.2. OPEN QUESTIONS AND GOALS OF UPGRADING THE OBSERVATORY 15

part of the observed suppression of the all-particle flux would be related to the details of
the upper end of source spectra. And, of course, new particle physics would be needed to
describe the Xmax data with a proton-dominated flux.

500

It should be noted that both the maximum-energy and the photo-dissociation scenarios
require a composition of the particles injected by the sources that is heavier than the com-
position of Galactic cosmic rays. While the fraction of heavy elements in the source flux has
to be enhanced by a factor of a few in the case of the maximum-energy model [103, 114],
essentially only nuclei of the nitrogen or silicon groups have to be injected by the sources to 505

describe the Auger data within a photo-disintegration scenario [37,115]. In other words, the
Auger data require a very unusual metallicity of the sources, or a change of the properties of
hadronic interactions at the highest energies [117].

We have presented here very different scenarios for interpreting the Auger data. Of
course, a steady transition between these models, as well as a superposition of them, is possi- 510

ble. For example, by adjusting the maximum injection energy of the sources, the importance
of energy losses during propagation relative to that of the rigidity-dependent cutoff of the
source spectra can be changed. In general, it is likely that both the maximum-energy effect
and the energy loss processes are important for shaping the flux, composition, and arrival
direction distribution observed at Earth. 515

There are many other scenarios which we will not discuss here. These include, for ex-
ample, models that place transient sources in the Galaxy [118], scenarios in which Galactic
and extragalactic neutron stars are the sources [108, 119], or Cen-A [120] (scaling of fluxes
of individual elements proportional to Z), and models of vacuum Cherenkov radiation that
lead to a flux scaling which is proportional to the particle velocity and, hence, mass number 520

A [64].
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of the
maximum-energy scenario (left panel) and one photo-disintegration scenario (right panel). The colors
for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron – red. The
model calculations were done with SimProp [30], very similar results are obtained with CRPropa [29].

Representative examples of descriptions of the latest Auger flux data within the maximum-
energy and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-

16 CHAPTER 2. SCIENTIFIC ACHIEVEMENTS AND GOALS

ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources525

injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources,
and the source composition were free parameters. Even after accounting for the system-
atic uncertainties, it is difficult, if not impossible, to obtain a satisfactory description of the
flux composition data of the Auger Observatory with these approximations. The best de-530

scription is obtained for a steep source spectrum dN/dE ⇠ E�1 and a low cutoff energy
of Ecut ⇠ 1018.7 eV for protons at the source. The cutoff energies of the other primaries are
taken to scale in proportion to their charge. This parameter set corresponds to a good ap-
proximation to a “maximum-energy scenario.” A somewhat better description of the Auger
data, in particular the Xmax fluctuations at high energy, can be obtained if an additional light535

component is assumed to appear in a limited energy range.
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Figure 2.11: Two-dimensional projection of the parameter space illustrating the goodness of data
description. The minimum Dmin for a four-component source composition is shown as function of
the injection index g and the maximum rigidity Rmax above which an exponential suppression of the
source flux is assumed.

The quality of data description, Dmin, is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
of possible parameter combinations, and given the simplifications of the source model, one
should not over-interpret the numerical values of the parameters nor the actual values of540

Dmin. It is interesting to note that there is a second local minimum, although disfavored
in this simple model scenario, which corresponds to an injection index compatible with
dN/dE ⇠ E�2, i.e. Fermi acceleration. The second minimum is an example of the “photo-
disintegration scenario.”

We conclude from these considerations that the origin of the flux suppression observed in545

the all-particle spectrum is not understood. Furthermore, anisotropy and composition data
are compatible with the hypothesis of an additional proton component appearing at very
high energy (E > 4⇥1019 eV), but mainly due to the lack of composition data no conclusion
can be drawn.
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An	upgraded	detector:	AugerPrime	
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13.11.2016 A  rst look at data from the SSD-EA 21

Example event with two EA UUB (40144520)An	upgraded	detector:	AugerPrime	

13.11.2016 A  rst look at data from the SSD-EA 21

Example event with two EA UUB (40144520)

120	MHz	electronics,	scinWllator	detector:	
All	works	within	the	Auger	infrastructure	
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Conclusion	
•  Auger	had	a	very	producWve	year	

•  Nikhef	makes	impact	with	a	small	group	in	
•  Radio		(analysis)	(JH,	SdJ,	OS,		AvV,	FC,	CT)	
•  SD	composiWon	analysis	(AvV,	AA,	GdM,	CT)	
•  Upgrade	(SdJ,	CT)	

•  Field	tests	for	the	upgraded	detector	AugerPrime	
have	successfully	started		
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