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Themes of UHECR Physics
•Cosmic Particle Acceleration 

- How and where are cosmic rays accelerated? 
- Does Nature impose any energy limits? 
- How do CRs propagate through space? 
- What is their impact on the environment? 

•Probing Extreme Environments 

- Processes close to supermassive black holes or GRBs?  
- Processes in relativistic jets, winds and radio-lobes?  
- Exploring cosmic magnetic fields 

•Physics Frontiers – beyond the SM 

- Lorentz invariance violation; Smoothness of Space-Time 
- Particles beyond SM ? 
- New particle physics at √s=150 TeV ?

5Karl-Heinz Kampert – University Wuppertal



Karl-Heinz Kampert - University of Wuppertal Colloquium DESY, 21.+22.02.20186

SNR509 
(50 kpc)

Cygnus A 
(250 Mpc)

NRAO/AUI

Supernova Remnants AGN and their Jets/Lobes

E < 1015 eV

E ~ 1020 eV ?

Putative 

Cosmic Particle Accelerators

X-ray (Chandra) + optical (Hubble)

M82 (3.5 Mpc)

particle acceleration at shock waves E ~ 1019 eV ?

Starburst Galaxies



Active Galactic  
Nuclei (AGN)

LHC
AGN-Jets

Colliding Galaxies

Requirement: B × Size ≳ 1 Gauss × 1 parsec
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Hillas Diagramm

Realistic constraints more severe 

• small acceleration efficiency 
• synchrotron & adiabatic losses 
• interactions in source region

Hillas Diagramm
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Hillas Diagramm

Realistic constraints more severe 

• small acceleration efficiency 
• synchrotron & adiabatic losses 
• interactions in source region
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Source Luminosity vs Source Density
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UHECR 
Observations



Observation of UHECR

11Karl-Heinz Kampert - University of Wuppertal Colloquium DESY, 21.+22.02.2018

Particle-density and
-composition at ground 

light trace
at night-sky
(calorimetric)

Also: 
Detection of Radio- & Microwave-Signals

Fluorescence light 

Primary particles initiate 
     extensive air showers 
            to be observed by…

extremely high        
energy nuclear 

collisions
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Pierre Auger Observatory

12

3000 km
2

~65 km

~6
5 k

m

Coihueco
HEAT

BLS

CLF

XLF

Loma Amarilla

Los 
Morados

Los Leones

1660 detector 
        stations
on 1.5 km grid

27 fluores. 
     telescopes
at periphery

153 radio
      antennas
over 17 km2

Province Mendoza, Argentina



Karl-Heinz Kampert - University of Wuppertal 13 Colloquium DESY, 21.+22.02.2018

3000 km2 area, Argentina 
27 fluorescence telescopes plus 
153 Radio Antennas

...1660 Water Cherenkov tanks

Auger Hybrid Observatory
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Event Example in Auger Observatory

12 km

~ 20 km

 OBSERVATORY 
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Pierre Auger Collaboration
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Associated

OBSERVATORY

☀

Full members
Associate members

☀

New members are welcome!

Peru  
Bolivia

Colombia 
Belgium

EoI

~450 Collaborators; 92 Institutions, 18 Countries: 
Argentina Poland  UK 

Australia Portugal  USA 

Brazil  Romania 

Czech Republic Slovenia  

France Spain  

Germany  

Italy  

Mexico 

Netherlands  

Aachen
Bonn

Hamburg
KIT

Siegen
Wuppertal
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Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
~700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

4

3 com. towers

14 telescopes

12 telescopes

12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

CLF

ELS

2014/3/20 H. Sagawa @ VHEPA2014 FD and SD: fully operational
since 2008/May

to be upgraded
to 2800 km2  

with coarser 
spacing 
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UHE Exposure in Comparison

17

Auger	Anisotropy	ICRC2017:	9.0×104	km2	sr	yr	

Auger	Spectrum	ICRC2017:	6.7×104	km2	sr	yr	

TA	Spectrum 
ICRC2017:	
0.8×104	km2	sr	yr	

AGASA	
0.18×104	
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Combined Auger and TA cover full sky

18

Pierre Auger Observatory 
Province Mendoza, Argentina  
1660 detector stations, 3000 km2 
27 fluorescence telescopes

Telescope Array (TA) 
Delta, UT, USA 
507 detector stations, 680 km2 
36 fluorescence telescopes 

same
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UHECR 
Energy Spectrum
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 OBSERVATORY 

 

End of the CR-Spectrum (0°-80°)

302 000 events

combined from: infill+hybrid+vertical+inclined events

arXiv:1708.06592
Update from: PRL 101, 061101 (2008), Physics Letters B 685 (2010) 239

p+ �CMB ! � ! p+ ⇡0

A+ �CMB ! (A� 1) + n...

ΔE/E=14%

Is this GZK cut-off  ?? ?
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,

14

p-sources

Fe-sources

GZK-Effect
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GZK- 
effect

Energy spectrum alone cannot 
tell origin of the cut-off

Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
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D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable

106

exhausted 
    sources

p
He

N

Fe

Emax
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p

Ep = 8·1018 eVmax

 or Exhausted Sources?
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Auger-TA Working Group 
@ ICRC2017

TA/Auger Spectrum Working Group Report Dmitri Ivanov

uses events with zenith angles below 45° (seen in Figure 1), while the measurement that starts at
1019 eV uses events up to 55° in zenith angle (seen in Figures 3, and 5). The Auger and TA SD
energy spectra are shown in the left panel of Figure 1, multiplied by energy cubed to emphasize the
changes in the power law. Both Auger and TA clearly see the ankle and the suppression. Evidently,
there is an overall energy scale difference between the two measurements, as well as (possibly)
energy-dependent differences: if fitted to a broken power law shape, the Auger second break point
occurs at 1019.62±0.02 eV, while the corresponding break in TA is seen at 1019.78±0.06 eV, a factor
of 1.4 ± 0.2 higher.
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Figure 1: Energy spectrum measurements by the Auger [8] and TA [9] surface detectors. Left:
Using energy scales of Auger and TA. Right: TA energy scale is reduced by 5.2% while Auger
energy scale is increased by 5.2%.

As pointed out in Section 1, although the TA and Auger techniques of reconstructing SD
event energies are very similar, there do exist differences in their respective instruments and the
methods of how the final primary energies are assigned. The systematic uncertainty in the overall
energy scale is 14% for Auger and 21% for TA, while the uncertainties due to the exposure and
the unfolding of the effects of the resolution are subdominant. As the right panel of the Figure 1
shows, the Auger and TA spectra are in a good agreement in the ankle region (from 1018.4 eV to
' 1019.4 eV), when the Auger energies are increased by +5.2% and the TA energies are reduced by
5.2%. Such shifts are well within the stated uncertainties in the energy scales of both experiments.
A large difference remains above ' 1019.5 eV, in the region of the suppression.

The sources of differences in the energy scales of both experiments, as well as the exposure
and resolution unfolding calculations, have been cross-checked in the UHECR-2014 meeting. In
the WG report of UHECR-2016, and in this work, we focus on the remaining difference in the
region of the high energy suppression. To determine whether this difference is an instrumental or
an astrophysical effect, we have performed a comparison of Auger and TA spectra in the common
declination band, a range of declination values that is in the field of view of both experiments:
�15.7° < d < 24.8°. In this work, we use the Auger and TA analyses with upper limits on the
event zenith angles of 60° and 55°, respectively. Moreover, for the purposes of this comparison,
we use a new spectrum calculation technique that takes into account the details of the Auger and
TA exposure dependence on the declination [3].
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Figure 5: TA surface detector spectra for two declination bands: common declination band (in red)
and over the rest of the northern hemisphere (in black).

Figures 4, 5 used traditional Auger and TA methods, cross-checks have been made [8, 9], and it
was shown that the 1/w method produced similar results [3].

4. Summary

We have reviewed and compared the results of the UHECR spectra measured by the Pierre
Auger and Telescope Array experiments. It was established that scaling the energies of Auger
and TA by +5.2% and -5.2%, respectively, brings the two measurements into a good agreement
around the ankle region from 1018.4 eV to ' 1019.4 eV. Energy scaling of 5.2% is well within the
systematic uncertainties stated by the experiments. At the energies around the suppression region,
on the other hand, we have found that even after restricting the comparison to the region of the sky
that is observed by both experiments, despite a noticeable improvement in the agreement of the
spectra, statistically significant differences were still present. We have not identified the sources of
the remaining discrepancies at this time.
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Need  
Mass Composition 
to disentangle GZK-suppression  
from maximum energy scenario
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Figure 3: Xmax distributions for different energy intervals from the HeCo (top) and Standard-FD (bottom)
datasets. The number of events in each energy bin is indicated.

Standard-FD telescopes. The Xmax distributions after applying quality and fiducial selection cuts
are shown in Fig. 3. These distributions still include effects of the detector resolution and the
detector acceptance. The total number of events that passed all cuts (quality and FoV cuts) is
16778 and 25688 for HeCo and Standard-FD respectively.

The hXmaxi difference between HeCo and the Standard-FD datasets is on average ⇠2.3 g/cm2

for overlapping energy bins. This small offset is within the uncorrelated systematics of the two
analyses. Consequently, for the combination of the datasets the HeCo hXmaxi is shifted accordingly
and the resulting hXmaxi and s(Xmax) as a function of energy are shown in Fig. 4. These Xmax

moments are in good agreement with those in our previous publications [6, 2] and they can be
compared directly with expectations from hadronic models. These is because we have removed all
detector effects, such as the detector resolution and the non homogeneous Xmax acceptance within
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Figure 4: The mean (left) and the standard deviation (right) of the measured Xmax distributions as a function
of energy compared to air-shower simulations for proton and iron primaries.

the tails of the Xmax distributions.
Between 1017.2 and 1018.33 eV the observed elongation rate (rate of change of hXmaxi) is

(79±1) g/cm2/decade (Fig. 4, left). This value, being larger than that expected for a constant mass
composition (⇠60 g/cm2/decade), indicates that the mean primary mass is becoming lighter with
increasing energy. At 1018.33±0.02 eV the elongation rate becomes significantly smaller ((26± 2)
g/cm2/decade) indicating that the composition is becoming heavier with increasing energy. The
fluctuations of Xmax (Fig. 4, right) decrease above 1018.3 eV, also indicating a composition becom-
ing heavier with increasing energy.

The mean value of lnA, hlnAi, and its variance, s2
(lnA), determined from Eqs. (1.1) and (1.2),

are shown in Fig. 5. For the parameters hXmaxip, fE and hs 2
shi, the EPOS-LHC [7], QGSJetII-

04 [8] and Sibyll2.3 [9] hadronic interaction models are used. The unphysical negative values
obtained for s2

(lnA) result from the corresponding hadronic model predicting s(Xmax) values (for
pure compositions) that are larger than the observed ones. An average value of s2

(lnA) ' 1.2 to
2.6 has been estimated in [10] using the correlation between Xmax and S1000 (the signal recorded
at 1000 m). This range for s2

(lnA) is valid for the three hadronic models and for the energy
range lg(E/eV) = 18.5 to 19.0. The average s 2

(lnA) from Fig. 5, for the same energy range, is
(0.8±0.4) for EPOS-LHC, (�0.7±0.4) for QGSJetII-04, (0.6±0.4) for Sibyll2.3. The QGSJetII-
04 and Sibyll2.3 models failed to provide consistent interpretation, and EPOS-LHC is marginally
consistent.

For the three models, similar trends with energy for hlnAi and s 2
(lnA) are observed. The

primary mass is decreasing with energy reaching minimum values at 1018.33±0.02 eV, and then
it starts to increase again towards higher energies. The spread of the masses is almost constant
until ⇡ 1018.3 eV after which it starts to decrease. Together with the behavior of hlnAi, this is an
indication that the relative fraction of protons becomes smaller for energies above ⇡1018.3 eV.

The expected Xmax distributions for p, He, N and Fe have been parametrized [11] using a
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Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable

106

exhausted sources ?

p
He

N

Fe

remember….



Combined Fit of Spectrum and Xmax Distributions
rigidity-dependent cutoff at source: Emax = Rcut Z, power law injection E�� ,
propagation with CRPropa3, Gilmore12 EBL, Dolag12 LSS
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Astrophysical Model of maximum source rigidity describes 
energy spectrum and mass composition , and anisotropy!

rigidity-dependent 
cutoff at source: 
Emax = Rcut×Z,

power law injection E−γ,

mass fractions ƒA.

propagation with 
CRPropa 3,

Gilmore12 EBL,

Dolag12 LSS

p He

CNO
Fe

Combined Fit of Spectrum and Xmax Distributions
rigidity-dependent cutoff at source: Emax = Rcut Z, power law injection E�� ,
propagation with CRPropa3, Gilmore12 EBL, Dolag12 LSS
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Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

Best-fit parameters

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

1

� 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

Strong influence of the EGMF on reconstructed source properties

Assuming an EGMF leads to softer �

Dominated by intermediate-mass nuclei

1Homogeneous source distribution, see [A. Aab et al., JCAP 2017, 038 (2017)]
David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 10 / 17

[17 of 36]

EGMF → Fermi-like w/o need for strong local overabundance of sources

Wittkowski (Auger ) 
@ ICRC2017
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Zhang, Murase, et al.,
arXiv:1712.09984

LL GRBs with Si-rich progenitor LL GRBs + HL GRBs

Low and High Luminosity GRBs
as sources of UHECR
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Auger data and all these models suggest  
seeing exhausting sources  

⇒ Strongly Suppressed Cosmogenic 
Neutrino FluxesRecall: 

• If flux suppression above 5∙1019 eV 
  is due to GZK-effect:  
  expect cosmogenic neutrinos & photons 
 

 
• If due to source exhaustion: 
  neutrinos & photons strongly suppressed

p+ �CMB ! � ! p+ ⇡0! �
! n+ ⇡+! ⌫ smoking 

gun…
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Auger Collaboration, PRD 91, 092008 (2015); update ICRC2017

Neutrino upper limits start to constrain
cosmogenic neutrino fluxes of p-sources

Would have expected to see 1-7 GZK neutrinos (for different models), have seen none

expected cosmogenic fluxes 
 if GZK would cause cut-off in spectrum

Auger upper limits
IceCube upper limits
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6 HEINZE, BONCIOLI, BUSTAMANTE & WINTER

Figure 3. Best-fit UHECR spectra for 3D scan (solid curve) and 2D scans
(dashed/dotted curves), superimposed on the TA 7-year data (Jui 2015;
Ivanov, D. et al. [Telescope Array Collaboration] 2015). The energy scale
of the data points is fixed, while that of the models is for each one shifted by
the best-fit value of �E .

Figure 4. All-flavor flux of cosmogenic neutrinos predicted by the 3D fit to
the TA 7-year UHECR spectrum reported in Section 3. The IceCube upper
limit is from Ishihara (2015).

Table 1
Expected number of cosmogenic neutrino events after 6 years in IceCube,
corresponding to the 7-year UHECR TA best-fit, and to the minimal fluxes

within the 68.3%, 95.4%, 99.7% C.L.

⌫ events
Best fit 180.6
68.3% C.L. min flux 62.7
95.4% C.L. min flux 12.4
99.7% C.L. min flux, TA fit min 4.9

Berezinsky et al. (2011) for discussion. Since the production
of ⇡0 and ⇡± are closely correlated, so are the injections into
electromagnetic cascades and cosmogenic neutrinos. There-
fore, the diffuse gamma-ray data can help constrain the max-
imal allowed neutrino flux and the corresponding parameter
space. Parameter sets leading to low neutrino flux are typi-
cally not affected by the Fermi bound. While we do not take
the gamma-ray constraint into account explicitly in this work,
we note that, since we are interested in the minimal allowed
neutrino flux, we do not expect our conclusions to be sig-
nificantly affected if this additional constraint were imposed.
However, the fit regions in Fig. 2 may be significantly reduced
where large neutrino fluxes are produced.

5. SUMMARY AND CONCLUSIONS

The features of the UHECR energy spectrum are known
to high precision, but their origin remains a mystery. The
unprecedented sensitivity to the predicted flux of cosmogenic
neutrinos can be used as a tool to solve the mystery.

In this work, we have tested the cosmic ray proton dip
model, in which UHECRs above 109 are mainly protons of
extragalactic origin. We have used the UHECR spectrum
recently reported by the Telescope Array using 7 years of
data (Jui 2015; Ivanov, D. et al. [Telescope Array Collabo-
ration] 2015) and the recent upper limit on cosmogenic neu-
trinos reported by IceCube (Ishihara, A. et al. [IceCube Col-
laboration] 2015; Ishihara 2015).

We have performed a 3D parameter space scan in terms of
spectral injection index, maximal proton energy, and source
redshift evolution. The fit to TA data has qualitatively differ-
ent features compared to 2D scans previously performed in
the literature, due to multi-parameter correlations. An inter-
pretation of the data in terms of hard spectra, strong source
evolution, and low maximal proton energy is slightly favored
over the conventional GZK cutoff scenario – at the expense of
a large systematic shift of the energy scale.

We have also computed the associated cosmogenic neutrino
fluxes in the 3D scan. We have identified the minimal allowed
neutrino flux (“TA fit min”), corresponding to the 99.7% C.L.
region allowed by the fit to cosmic ray data. It is in tension
with the IceCube upper limit at more than 95% C.L.

As a result, the conventional proton dip model is challenged
for any possible parameter combination of the 3D scan. Our
result is a test of the proton dip model completely independent
from composition data.

We have also shown the robustness of our results with dif-
ferent sets of assumptions. The only possible caveat is an
injection cutoff at z & 1, which leads to lower neutrino fluxes
but hardly affects UHECRs. The corresponding minimal neu-
trino flux would require about five times more statistics for
detection, which should be within reach of the volume up-
grade IceCube-Gen2 (Aartsen et al. 2014a). Detection of this
flux –though challenging– in combination with verification of
proton composition at the highest energies would be a unique
test of cosmic-ray injection beyond the local universe.

Our result implies that the dip in the cosmic ray spectrum
cannot come from pair production in a pure proton model.
An obvious interpretation is that the composition of cosmic
rays is heavier than protons at the highest energies, which the
Auger composition measurements indicate (Porcelli, A. et al.
[Pierre Auger Collaboration] 2015). Alternatively, the tran-
sition to a flux dominated by extragalactic cosmic rays could
occur at a higher energy than the ankle, while the highest ener-
gies are still proton-dominated. Because few events have been
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to GZK-effect
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Jonas Heinze et al., ApJ 2016

Pure proton with GZK suppression challenged by 
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 
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Figure 3: Distribution of the ratio between the reconstructed SD
and FD energy, ESD and EFD. Ratios are obtained from data and
QGSJet-II.03 simulations [26] (see text).

The energy spectra obtained from the three SD datasets
are shown in Fig. 4. Due to the calibration with events
observed by the FD, the SD energies share the uncertainty of
the FD energy scale of 14%, which will be further explained
in the next section.

3 Flux measurements with the hybrid
detector

The hybrid approach is based on the detection of showers
observed by the FD in coincidence with at least one station
of the SD array. Although a signal in a single station does
not allow an independent trigger and reconstruction in SD,
it is a sufficient condition for a very accurate determination
of the shower geometry using the hybrid reconstruction.

To ensure good energy reconstruction, only events that
satisfy strict quality criteria are accepted [13]. In particular,
to avoid a possible bias in event selection due to the
differences between shower profiles initiated by primaries
of different mass, a shower is retained only if its geometry
would allow a reliable measurement of any shower profile
that occurs in the full data set. A detailed simulation of
the detector response has shown that for zenith angles less
than 60�, every FD event above 1018 eV passing all the
selection criteria is triggered by at least one SD station,
independent of the mass or direction of the incoming
primary particle [13].

The measurement of the flux of cosmic rays using hybrid
events relies on the precise determination of the detector
exposure that is influenced by several factors. The response
of the hybrid detector strongly depends on energy and
distance from the relevant fluorescence telescope, as well
as atmospheric and data taking conditions. To properly
take into account all of these configurations and their time
variability, the exposure has been calculated using a sample
of simulated events that reproduce the exact conditions of
the experiment [13]. The total systematic uncertainty on the
calculation of the exposure ranges from 14% at 1018 eV to
below 6% above 1019 eV [13]. The current hybrid exposure
as a function of energy is shown in Fig. 1 compared with
the exposures of the surface detectors.

The energy spectrum reconstructed from hybrid events
will be presented at the conference and in the updated ver-

Figure 4: Energy spectra, corrected for energy resolution, derived
from SD and from hybrid data.

sion of this paper. Data taken in the time period given in Ta-
ble 1 are included. The main systematic uncertainty is due
to the energy assignment which relies on the knowledge of
the fluorescence yield (3.6%), atmospheric conditions (3%-
6%), absolute detector calibration (9%) and shower recon-
struction (6%) [23]. The invisible energy is calculated with
a new, simulation-driven but model-independent method
with an uncertainty of 1.5%-3% [27].

4 Combined energy spectrum
The hybrid spectrum extends the SD 1500 m spectrum
below the energy of full trigger efficiency of 3⇥1018 eV
and overlaps with the spectrum of the 750 m array above
1018 eV. The latter is fitted up to 3⇥1018 eV and extends
the measurement of the energy spectrum below 1018 eV.
The spectrum of inclined events contributes above its full
efficiency threshold of 4⇥1018 eV and provides an indepen-
dent measurement in this energy range. We combine these
measurements into a single energy spectrum.

The SD measurements are affected by uncertainties due
to the energy calibrations (see Table 1). These uncertain-
ties are taken into account by minimizing the energy cali-
bration likelihoods together with the smearing corrections
due to bin-to-bin migrations. In this combined maximum-
likelihood fit, the normalizations of the different spectra are
allowed to vary within the exposure uncertainties as stated
in Table 1.

The combined energy spectrum is shown in Fig. 5 to-
gether with the number of observed events within each bin.
To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g1, g2 are the spectral indices below/above the ankle at Ea.
E1/2 is the energy at which the flux has dropped to half
of its peak value before the suppression, the steepness of
which is described with log10 Wc.

The resulting spectral parameters are given in Table 2. To
match the energy spectra, the SD 750 m spectrum has to be
scaled up by 2%, the inclined spectrum up by 5% and the hy-
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Figure 3: Distribution of the ratio between the reconstructed SD
and FD energy, ESD and EFD. Ratios are obtained from data and
QGSJet-II.03 simulations [26] (see text).

The energy spectra obtained from the three SD datasets
are shown in Fig. 4. Due to the calibration with events
observed by the FD, the SD energies share the uncertainty of
the FD energy scale of 14%, which will be further explained
in the next section.

3 Flux measurements with the hybrid
detector

The hybrid approach is based on the detection of showers
observed by the FD in coincidence with at least one station
of the SD array. Although a signal in a single station does
not allow an independent trigger and reconstruction in SD,
it is a sufficient condition for a very accurate determination
of the shower geometry using the hybrid reconstruction.

To ensure good energy reconstruction, only events that
satisfy strict quality criteria are accepted [13]. In particular,
to avoid a possible bias in event selection due to the
differences between shower profiles initiated by primaries
of different mass, a shower is retained only if its geometry
would allow a reliable measurement of any shower profile
that occurs in the full data set. A detailed simulation of
the detector response has shown that for zenith angles less
than 60�, every FD event above 1018 eV passing all the
selection criteria is triggered by at least one SD station,
independent of the mass or direction of the incoming
primary particle [13].

The measurement of the flux of cosmic rays using hybrid
events relies on the precise determination of the detector
exposure that is influenced by several factors. The response
of the hybrid detector strongly depends on energy and
distance from the relevant fluorescence telescope, as well
as atmospheric and data taking conditions. To properly
take into account all of these configurations and their time
variability, the exposure has been calculated using a sample
of simulated events that reproduce the exact conditions of
the experiment [13]. The total systematic uncertainty on the
calculation of the exposure ranges from 14% at 1018 eV to
below 6% above 1019 eV [13]. The current hybrid exposure
as a function of energy is shown in Fig. 1 compared with
the exposures of the surface detectors.

The energy spectrum reconstructed from hybrid events
will be presented at the conference and in the updated ver-

Figure 4: Energy spectra, corrected for energy resolution, derived
from SD and from hybrid data.

sion of this paper. Data taken in the time period given in Ta-
ble 1 are included. The main systematic uncertainty is due
to the energy assignment which relies on the knowledge of
the fluorescence yield (3.6%), atmospheric conditions (3%-
6%), absolute detector calibration (9%) and shower recon-
struction (6%) [23]. The invisible energy is calculated with
a new, simulation-driven but model-independent method
with an uncertainty of 1.5%-3% [27].

4 Combined energy spectrum
The hybrid spectrum extends the SD 1500 m spectrum
below the energy of full trigger efficiency of 3⇥1018 eV
and overlaps with the spectrum of the 750 m array above
1018 eV. The latter is fitted up to 3⇥1018 eV and extends
the measurement of the energy spectrum below 1018 eV.
The spectrum of inclined events contributes above its full
efficiency threshold of 4⇥1018 eV and provides an indepen-
dent measurement in this energy range. We combine these
measurements into a single energy spectrum.

The SD measurements are affected by uncertainties due
to the energy calibrations (see Table 1). These uncertain-
ties are taken into account by minimizing the energy cali-
bration likelihoods together with the smearing corrections
due to bin-to-bin migrations. In this combined maximum-
likelihood fit, the normalizations of the different spectra are
allowed to vary within the exposure uncertainties as stated
in Table 1.

The combined energy spectrum is shown in Fig. 5 to-
gether with the number of observed events within each bin.
To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g1, g2 are the spectral indices below/above the ankle at Ea.
E1/2 is the energy at which the flux has dropped to half
of its peak value before the suppression, the steepness of
which is described with log10 Wc.

The resulting spectral parameters are given in Table 2. To
match the energy spectra, the SD 750 m spectrum has to be
scaled up by 2%, the inclined spectrum up by 5% and the hy-
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 
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Figure 3: Distribution of the ratio between the reconstructed SD
and FD energy, ESD and EFD. Ratios are obtained from data and
QGSJet-II.03 simulations [26] (see text).

The energy spectra obtained from the three SD datasets
are shown in Fig. 4. Due to the calibration with events
observed by the FD, the SD energies share the uncertainty of
the FD energy scale of 14%, which will be further explained
in the next section.

3 Flux measurements with the hybrid
detector

The hybrid approach is based on the detection of showers
observed by the FD in coincidence with at least one station
of the SD array. Although a signal in a single station does
not allow an independent trigger and reconstruction in SD,
it is a sufficient condition for a very accurate determination
of the shower geometry using the hybrid reconstruction.

To ensure good energy reconstruction, only events that
satisfy strict quality criteria are accepted [13]. In particular,
to avoid a possible bias in event selection due to the
differences between shower profiles initiated by primaries
of different mass, a shower is retained only if its geometry
would allow a reliable measurement of any shower profile
that occurs in the full data set. A detailed simulation of
the detector response has shown that for zenith angles less
than 60�, every FD event above 1018 eV passing all the
selection criteria is triggered by at least one SD station,
independent of the mass or direction of the incoming
primary particle [13].

The measurement of the flux of cosmic rays using hybrid
events relies on the precise determination of the detector
exposure that is influenced by several factors. The response
of the hybrid detector strongly depends on energy and
distance from the relevant fluorescence telescope, as well
as atmospheric and data taking conditions. To properly
take into account all of these configurations and their time
variability, the exposure has been calculated using a sample
of simulated events that reproduce the exact conditions of
the experiment [13]. The total systematic uncertainty on the
calculation of the exposure ranges from 14% at 1018 eV to
below 6% above 1019 eV [13]. The current hybrid exposure
as a function of energy is shown in Fig. 1 compared with
the exposures of the surface detectors.

The energy spectrum reconstructed from hybrid events
will be presented at the conference and in the updated ver-

Figure 4: Energy spectra, corrected for energy resolution, derived
from SD and from hybrid data.

sion of this paper. Data taken in the time period given in Ta-
ble 1 are included. The main systematic uncertainty is due
to the energy assignment which relies on the knowledge of
the fluorescence yield (3.6%), atmospheric conditions (3%-
6%), absolute detector calibration (9%) and shower recon-
struction (6%) [23]. The invisible energy is calculated with
a new, simulation-driven but model-independent method
with an uncertainty of 1.5%-3% [27].

4 Combined energy spectrum
The hybrid spectrum extends the SD 1500 m spectrum
below the energy of full trigger efficiency of 3⇥1018 eV
and overlaps with the spectrum of the 750 m array above
1018 eV. The latter is fitted up to 3⇥1018 eV and extends
the measurement of the energy spectrum below 1018 eV.
The spectrum of inclined events contributes above its full
efficiency threshold of 4⇥1018 eV and provides an indepen-
dent measurement in this energy range. We combine these
measurements into a single energy spectrum.

The SD measurements are affected by uncertainties due
to the energy calibrations (see Table 1). These uncertain-
ties are taken into account by minimizing the energy cali-
bration likelihoods together with the smearing corrections
due to bin-to-bin migrations. In this combined maximum-
likelihood fit, the normalizations of the different spectra are
allowed to vary within the exposure uncertainties as stated
in Table 1.

The combined energy spectrum is shown in Fig. 5 to-
gether with the number of observed events within each bin.
To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g1, g2 are the spectral indices below/above the ankle at Ea.
E1/2 is the energy at which the flux has dropped to half
of its peak value before the suppression, the steepness of
which is described with log10 Wc.

The resulting spectral parameters are given in Table 2. To
match the energy spectra, the SD 750 m spectrum has to be
scaled up by 2%, the inclined spectrum up by 5% and the hy-
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 
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The Usual UHECR Source Suspects
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Swift-BAT 2MRS SGB γAGN VCV

Adapted from
M. Unger

• Swift-BAT X-ray-selected galaxies, D < 250 Mpc, � Φ > 1:3×10-11 erg/(cm2 s), w: 14-195 keV
• 2MRS IR-selected galaxies, D > 1 Mpc, w: K-band
• SBG: 23 nearby starburst galaxies, � Φ > 0.3 Jy, w: radio at 1.4 GHz 
• γAGN: 17 2FHL blazars and radio galaxies, D < 250 Mpc, w:  γ-ray 50 GeV - 2 TeV



Understanding the UHECR Sky
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Assume, starburst galaxies produce
UHECR with LUHECR ∼ Lγ @ 1.4 GHz

    smear sources to account for B-field deflections

…maximises degree of correlation with observed UHECR sky

Starburst Galaxy Model

Add isotropic background (allow background sources a/o 
larger deflections by heavy primaries), such that model map…

Sources assumed to emit UHECR spectrum and composition 
according to results from combined fit. 
Propagation effects (attenuation) fully accounted for.

Auger: ApJL 853:L29 (2018)

Auger data map at E>39 EeV

all in galactic coordinates



Test Statistics & 2D-Profiles
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Result: SBG-model fits data 
better than isotropy at 4σ 

Result: γAGN-model fits data 
better than isotropy at 2.7σ 

Auger: ApJL 853:L29 (2018)

Two free parameters: 
smearing angle, anisotropic fraction 



UHECR data map @ E> 60 EeV

Understanding the UHECR Sky
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γAGN sky assuming 
UHECR with LUHECR ∼ Lγ
select radio loud AGN within 250 Mpc

Auger: ApJL 853:L29 (2018)

γAGN Model

isotropic background added…

Result: γAGN-model fits data 
better than isotropy at 2.7σ 

all in galactic coordinates



UHECR data map @ E> 39 EeV

Understanding the UHECR Sky
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AGN sky assuming 
UHECR with LUHECR ∼ Lγ
Sources with F>13.4×10-12 erg/cm2/s within 250 Mpc

Auger: ApJL 853:L29 (2018)

Swift-BAT Model

Result: Swif-BAT model fits data 
better than isotropy at 3.2σ 

isotropic background added…

all in galactic coordinates



UHECR data map @ E> 38 EeV

Understanding the UHECR Sky
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AGN sky assuming 
UHECR with LUHECR ∼ LK-band
Sources within 250 Mpc, exclude local group

Auger: ApJL 853:L29 (2018)

2MRS Model

Result: 2MRS-model fits data 
better than isotropy at 2.7σ 

isotropic background added…

all in galactic coordinates



Understanding the UHECR Sky
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Assume, starburst galaxies produce
UHECR with LUHECR ∼ Lγ @ 1.4 GHz
select 23 brightest SBG from Fermi-LAT catalogue and smear sources

Starburst Galaxy Model

Auger: ApJL 853:L29 (2018)

isotropic background added…

UHECR data map @ E> 39 EeV

Result: 2MRS-model fits data 
better than isotropy at 4.0σ 

Adding data f
rom Northern Sky (T

A) next logica
l ste

p

?

all in galactic coordinates



TA Hot Spot (M82) may fit into the SBG (2MRS) picture
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The Astrophysical Journal Letters, 790:L21 (5pp), 2014 August 1 Abbasi et al.

(a) (b)

(c) (d)

Figure 1. Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV
is defined as the region above the dashed curve at decl. = −10◦. (a) The points show the directions of the UHECRs E > 57 EeV observed by the TA SD array,
and the closed and open stars indicate the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color contours show the number of observed
cosmic-ray events summed over a 20◦ radius circle; (c) number of background events from the geometrical exposure summed over a 20◦ radius circle (the same color
scale as (b) is used for comparison); (d) significance map calculated from (b) and (c) using Equation (1).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼20%, where that of the inner array events is
∼15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼150◦, and declination
∼40◦, with a diameter of ∼30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)

3

equatorial coordinates galactic coordinates 

TA-collaboration, ApJ 790:L21 (2014)
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Summary of Results
Spectrum, composition, secondaries 
• Strong UHECR flux suppression observed 
• Increasingly heavy mass composition observed: 
 light at ankle, mixed at UHE 
• Proton dominated sources constrained by ν & γ  
• Data compatible with rigidity-dependent Emax 

Hadronic Interactions 
• standard UHE cross sections 
• muon deficit in models 
Anisotropies 
• Observation of dipole like anisotropy 
• Indications for intermediate scale anisotropies
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Eankle = ( 5.08 ± 0.06 ± 0.8) EeV

E s = ( 39± 2 ± 8) EeV

E1/2 = ( 23± 1 ± 4) EeV

E ankle = ( 5.08± 0.06± 0.8) EeV
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γ1 = 3.293± 0.002± 0.05

Es = ( 39± 2± 8) EeV
E1/ 2 = ( 23± 1± 4) EeV

Xmax above 1017.2 eV, Measurements and Composition Implications Jose Bellido

Figure 4: The mean (left) and the standard deviation (right) of the measured Xmax distributions as a function
of energy compared to air-shower simulations for proton and iron primaries.

the tails of the Xmax distributions.
Between 1017.2 and 1018.33 eV the observed elongation rate (rate of change of hXmaxi) is

(79±1) g/cm2/decade (Fig. 4, left). This value, being larger than that expected for a constant mass
composition (⇠60 g/cm2/decade), indicates that the mean primary mass is becoming lighter with
increasing energy. At 1018.33±0.02 eV the elongation rate becomes significantly smaller ((26± 2)
g/cm2/decade) indicating that the composition is becoming heavier with increasing energy. The
fluctuations of Xmax (Fig. 4, right) decrease above 1018.3 eV, also indicating a composition becom-
ing heavier with increasing energy.

The mean value of lnA, hlnAi, and its variance, s2
(lnA), determined from Eqs. (1.1) and (1.2),

are shown in Fig. 5. For the parameters hXmaxip, fE and hs 2
shi, the EPOS-LHC [7], QGSJetII-

04 [8] and Sibyll2.3 [9] hadronic interaction models are used. The unphysical negative values
obtained for s2

(lnA) result from the corresponding hadronic model predicting s(Xmax) values (for
pure compositions) that are larger than the observed ones. An average value of s2

(lnA) ' 1.2 to
2.6 has been estimated in [10] using the correlation between Xmax and S1000 (the signal recorded
at 1000 m). This range for s2

(lnA) is valid for the three hadronic models and for the energy
range lg(E/eV) = 18.5 to 19.0. The average s 2

(lnA) from Fig. 5, for the same energy range, is
(0.8±0.4) for EPOS-LHC, (�0.7±0.4) for QGSJetII-04, (0.6±0.4) for Sibyll2.3. The QGSJetII-
04 and Sibyll2.3 models failed to provide consistent interpretation, and EPOS-LHC is marginally
consistent.

For the three models, similar trends with energy for hlnAi and s 2
(lnA) are observed. The

primary mass is decreasing with energy reaching minimum values at 1018.33±0.02 eV, and then
it starts to increase again towards higher energies. The spread of the masses is almost constant
until ⇡ 1018.3 eV after which it starts to decrease. Together with the behavior of hlnAi, this is an
indication that the relative fraction of protons becomes smaller for energies above ⇡1018.3 eV.

The expected Xmax distributions for p, He, N and Fe have been parametrized [11] using a
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Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable
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Results
spectrum, composition, secondaries:

I high-exposure study of UHE flux
! strong flux suppression

I FD/SD composition studies
! light composition at ankle
!mixed composition at UHE
! Galactic Fe around 1017.2 eV?

I constraints on p-dominated sources via ⌫/�

I compatible with rigidity-dependent Emax

hadronic interactions:

I standard UHE cross section

I muon deficit in models

arrival directions:

I indication for intermediate-scale anisotropy

I observation of dipolar anisotropy
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 
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Open Key Questions
• Origin of the flux suppression ? 

• Proton fraction at the highest energies ? 

• Composition enhanced anisotropy  

• Can we do proton astronomy ? 

• Hadronic Physics above √s = 140 TeV 

→ Need large exposure with 
                         composition sensitivity !
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Open Questions

I Origin of the flux suppression?

I Proton fraction at UHE?

I Rigidity-dependence of anisotropies?

I Hadronic physics above
p
s =140 TeV?

need large-exposure detector with
composition sensitivity!

The Pierre Auger Observatory Upgrade

“AugerPrime”

Preliminary Design Report

The Pierre Auger Collaboration
April, 2015

OBSERVATORY

Observatorio Pierre Auger,
Av. San Martı́n Norte 304,
5613 Malargüe, Argentina
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AugerPrime
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Scintillators on top of each Water Cherenkov Tank
(non invasive, fast to install, robust technology, relatively inexpensive)

Measure primary mass with 10 times better statistics

• 3.8 m2 scintillators (SSD) on each 
  1500 m array stations improve e/µ discr.

• upgrade of station electronics

• additional small PMT to increase 
  dynamic range

• buried muon counters in 750 m array 
  (AMIGA)

• increased FD uptime
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CERNCOURIER
I N T E R N A T I O N A L  J O U R N A L  O F  H I G H - E N E R G Y  P H Y S I C S

NA62
The kaon factory  
will take data  
until 2018 
p24

SIXTY YEARS 
OF JINR 

Celebrating the institute’s  
past, present and future p37

CERN’s IT faces 
the challenges  
of Run 2 
p16

COMPUTING

Cosmic collisions

Time line
engineering array 09/2016 

construction has started 

deployment to start end 2018 

data taking into 2025

do composition enhanced 
anisotropy 

p-astronomy: proof of principle 

particle physics beyond LHC 

….

Extremely exciting times 
with 

great prospects for the near future!

Thank you !

AugerPrime




