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Menu…

•Primary goal of HE-Astroparticle Physics: Find Sources of UHECRs 

- Which messenger is the best? 
- Photons? 
- Neutrinos? 
- or UHECR, or all together? 

•Reminder: Unexpected surprises in UHECR observations 
 → Seeing Emax of UHECR accelerators! 

•What are the next logical steps science wise? 

•How do we address the next (UHECR) challenges experimental wise? 

- Taking shape: AugerPrime, TA*4 
- Go to space? POEMMA, EUSO… 
- Other dreams at ground 
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The High Energy Cosmic Messengers

�4

proton

CRs

⌫
<latexit sha1_base64="+LMkvRoxUpqKKfPEJkGkxch+Jv8="></latexit><latexit sha1_base64="/QdjqZKEgD3SXSIOGuCPjFzoqls="></latexit><latexit sha1_base64="/QdjqZKEgD3SXSIOGuCPjFzoqls="></latexit><latexit sha1_base64="/QdjqZKEgD3SXSIOGuCPjFzoqls="></latexit><latexit sha1_base64="gXM9M8kQ40YV8inWtIY/47cf+8I="></latexit>

�
<latexit sha1_base64="mRptv6+WF7vr6PsfbCZoUFPY2I8="></latexit><latexit sha1_base64="jWikFBmrirA99WulGNbARfOwlGY="></latexit><latexit sha1_base64="jWikFBmrirA99WulGNbARfOwlGY="></latexit><latexit sha1_base64="jWikFBmrirA99WulGNbARfOwlGY="></latexit><latexit sha1_base64="zvU5le4TB3A00bIppCE6slLM9aA="></latexit>

pCR +matter ! ⇡± + ⇡0 +X
<latexit sha1_base64="qiugRU69i4DzKwmPPykAvbqBKoM="></latexit><latexit sha1_base64="dynDkRnBqxOZXMXilLkqSqNdZq4="></latexit><latexit sha1_base64="0BB/WksZHjMxW5ivYQo+ZI5bURY="></latexit><latexit sha1_base64="0BB/WksZHjMxW5ivYQo+ZI5bURY="></latexit><latexit sha1_base64="0BB/WksZHjMxW5ivYQo+ZI5bURY="></latexit><latexit sha1_base64="Ct43+/ZXWLKDLg/aNUcRAkeuJsk="></latexit>

µ+ ⌫µ + ⌫e
<latexit sha1_base64="15R6hq13GbYhCrvhAsBfOPw7wUM="></latexit><latexit sha1_base64="tTTUtTEvgI24FofR73geFXmjmfc="></latexit><latexit sha1_base64="pqYCGaMB/xYBQQS62EVB+oKQPuA="></latexit><latexit sha1_base64="pqYCGaMB/xYBQQS62EVB+oKQPuA="></latexit><latexit sha1_base64="pqYCGaMB/xYBQQS62EVB+oKQPuA="></latexit><latexit sha1_base64="4f3EWm/um+09GiVQvuJMYx4uKIk="></latexit>

� + �
<latexit sha1_base64="fTXtaGUzIuerKG6Bm8lNpgH2g7U="></latexit><latexit sha1_base64="cgr+ylWS+E7r9/qwud0deAMLU4I="></latexit><latexit sha1_base64="xEGByAb8pEKJKkvBadzz9tO6ias="></latexit><latexit sha1_base64="xEGByAb8pEKJKkvBadzz9tO6ias="></latexit><latexit sha1_base64="xEGByAb8pEKJKkvBadzz9tO6ias="></latexit><latexit sha1_base64="F8eZLrMcKy4e8AkBhIM5lxWMFSI="></latexit>

a/o radiation fields



Cosmic Coincidence or Grand Unified Picture ?
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LETTERS NATURE PHYSICS

with a halo mass of M =  1014 M14 M⊙, where M⊙ is the mass of the Sun, 
has a virial radius ~ . ∕r M1 2 Mpcvir 14

1 3 . The distribution of thermal 
gas is often described using the β model as nICM(r) ∝  [1 +  (r/rc)2]−3β/2, 
where β ≈  0.8 and rc ≈  0.1 rvir is the core radius24. Turbulent magnetic 
fields in the ICM, which are probably induced by accretion shocks 
and other cluster dynamics, typically have a strength of a few micro-
gauss in the cluster centre24. Assuming flux conservation and that 
the field traces the baryon distribution, we adopt a magnetic field 
profile B(r) =  B0[1 +  (r/rc)2]−β with B0 ≈  5 μ G.

Cosmic rays leaving the acceleration site and lobe enter the ICM 
of the host cluster (which functions as a cosmic-ray reservoir10,11). 
The highest-energy ions travel in a straight line through the ICM. 
Particles reaching an energy Ec ≈  2 ×  1019 Z B−6(lc/20 kpc) eV have 
a gyro-radius comparable to the typical scales of magnetic field 
fluctuations in massive clusters, with lc about 1–10% of the virial 
radius24. Ions with energies well below Ec propagate diffusively in 
the turbulent magnetic field of the cluster. The confinement, which 
could last for roughly 1–10 Gyr depending on the particle energy, 
leads to efficient interactions of cosmic-ray nuclei with baryons 
and infrared background photons in the cluster, producing pions 
that decay into neutrinos and γ -rays via ̄ ̄π ν ν ν ν→ + + +μ μ

± ±( ) ee e  
and π0 →  2γ , respectively. Finally, particles that leave the cluster 
propagate to the Earth through the intergalactic medium and 
extragalactic magnetic fields. UHECRs from sources beyond the 
energy-loss horizon are depleted via photodisintegration, pho-
tomeson production and Bethe–Heitler pair production processes 
with the CMB and the EBL, producing cosmogenic neutrinos  
that peak around EeV energies and γ -rays that cascade down to 
GeV–TeV energies.

We numerically simulate the propagation of cosmic rays in the 
magnetized ICM and from the source to the observer. We assume 
that a jetted source as a cosmic-ray accelerator can be anywhere in 
the core of a cluster with equal probability. We inject five representa-

tive groups of elements: hydrogen (1H), helium (4He), nitrogen (14N), 
silicon (28Si) and iron (56Fe) according to the abundances of elements 
in Galactic cosmic rays (see Supplementary Information for details), 
and let each group follow the same power-law spectrum with a cut-
off above the maximum rigidity, ∕ ∝ − ∕−N R R R Rd d exp( )s

inj max
acc ,  

where R =  E/Ze is the rigidity, sacc =  2.3 and Rmax =  2 ×  1021/26 V. 
We assume that ions are confined up to tinj =  2 Gyr, given that the 
peak period of AGN activity effectively lasts for around 2–3 Gyr 
(see Supplementary Information for discussions on model uncer-
tainties and details). The redshift evolution of the source density is 
taken to be F(z) =  (1 +  z)3 up to zc =  1.5, but its moderate variations 
barely impact our results. The cumulative flux10 is obtained by:
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where n is the halo number density, dn/dM is the halo mass func-
tion, H(z) is the Hubble parameter at redshift z, ̇ ∕ ′N Ed d  is the 
production rate of neutrinos (or propagated cosmic rays) from a 
given cluster with a redshifted energy E′  =  (1 +  z) E. We consider 
clusters with a halo mass above Mmin =  5× 1013 M⊙ (corresponding 
to ~1011 M⊙), which present higher radio-loud AGN fractions23. For 
the intergalactic propagation, we assume that cosmic rays from a 
galaxy cluster have 50% chance of encountering magnetic structures 
with an average strength of 2 nG and a coherence length of 1 Mpc.

Figure 1 shows the integrated spectra of UHECRs and neutrinos 
from overdense regions with black hole jets. The normalization of 
the spectra is determined by a combined fit to the Auger spectral and 
Xmax  data above 1018.45 eV, and the IceCube data above 2 ×  1014 eV. 

The goodness fit results in χ2 =  44.5 for 30 degrees of freedom, cor-
responding to a P value of 0.043 for this fiducial case. The cosmic-
ray confinement in the lobe and the host cluster makes the injection 
spectrum harder below the second knee10,13. The spectral shape 
is in agreement with measurements by both Auger and TA above 
1018 eV. Primary and secondary cosmic-ray particles received by the 
observer are divided into two composition groups: light (including 
H and He) and intermediate/heavy (including CNO, Si, Mg, Fe), 
with the two crossing around 1019.5 eV. The mean of the maximum 
depth of an air shower, Xmax , which depends on the mass of the 
UHE nucleon or nucleus, is shown in Fig. 2. The trend follows the 
Xmax  data measured by Auger. Below 1018 eV, accounting for a 

Galactic contribution with Φ ∝  E−3.4, the predicted cosmic-ray spec-
trum matches the light component of the KASCADE-Grande data16.

The neutrino spectrum is composed of two parts. Between 
1014 eV and 1017 eV, it is mostly contributed by particle interac-
tions in the ICM. It agrees with the IceCube measurements above 
1014 eV. The low-energy neutrino spectrum is harder than that of 
accelerated cosmic rays, and the spectral steepening above 1015 eV 
results from the faster escape of higher-energy cosmic rays. Above 
1018 eV, the neutrino flux is dominated by the cosmogenic neutrinos 
produced when UHECRs interact with the CMB and the EBL, and 
is consistent with the IceCube constraints at extremely high ener-
gies18. Likewise, the observed sub-TeV γ -rays are produced both in 
the ICM and during intergalactic propagation2. Thanks to the hard 
injection spectrum, the total γ -ray flux largely originates from elec-
tromagnetic cascades, and is consistent with the non-blazar com-
ponent of the EGB15. In addition to the hard γ -ray spectrum, our 
model also predicts a dominance of low-mass clusters, and the γ -ray 
and radio limits from individual clusters25 can be satisfied.

The chance of previously or currently having active jets in a 
cluster, fjet, and the average cosmic-ray luminosity of contained 
active galaxies per cluster, LCR, are left as free parameters. Assuming 
LCR ~ 1044–1045 erg s−1, we obtain fjet ~ 10–100%. This is consistent 
with duty cycles of the accretion-driven evolution of black holes26. 
The number density of clusters and groups with a mass above 
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Fig. 1 | Extragalactic multi-messenger (UHECR, high-energy neutrino and 
γ-ray) background spectra. Measurements from the KASCADE-Grande16, 
Telescope Array and Telescope Array Low Energy extension (TALE)5, Pierre 
Auger Observatory4 (with Auger energy scaled up by 5% and TA energy 
scaled downed by 9% to match the two measurements28), IceCube8,9 and 
Fermi Gamma-Ray Space Telescope14,15 are used for comparison. The total 
cosmic-ray spectrum (solid red) is decomposed into two composition groups: 
light (dashed red; H and He) and medium-heavy (dotted red; CNO, Si, Fe). 
PeV neutrinos (solid blue) are produced by interactions between cosmic rays 
and the ICM (dashed blue), and by UHECRs interacting with the CMB and EBL 
during their intergalactic propagation (dash-dotted blue). The upper bound 
on the neutrino flux of UHECR nuclei (for sacc!= !2.3) is shown for reference 
(dashed grey)29. The γ -ray counterparts (solid black for the total flux and dash-
dotted black for γ -rays produced in the ICM) are comparable to the non-blazar 
component of the EGB measured by the Fermi Gamma-Ray Space Telescope15.
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10 orders of magnitude 
in energy, but
E2·Φ  is about the same 
→ energy generation 
     rates per decade in E
     are the same

Suggests again a 
common / related 

origin

extragalactic 
    CRs

extragalactic Neutrinosextragalactic gamma ray 
background
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A „Best“ Messenger ??
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A. De Angelis  et al.
MNRAS 432, 3245–3249 (2013)
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⊕ straight lines
⊕ unexplored at >1017 eV
⊖ UHE Horizon < 10 Mpc
⊖ no clean probe of 
    hadron acceleration

HE-Neutrino Sky

IceCube, EPJ 2019 (arXiv:1811.07979)

⊕ straight lines
⊕ clean hadronic probe
⊖ Horizon = Hubble ⇒ isotropic
⊖ point sources could be difficult, 
    unless flaring sources

UHECR Sky
above 40 EeV

Auger & TA Working Group at UHECR2018

⊕ the only direct probe
⊕ probes extreme accelerator
⊕ chemical composition
⊕/⊖ Horizon some 100 Mpc
⊖ deflection in magnetic fields
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂

s

= 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂

s

E

2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13
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H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13

No clear winner: Competition and Multi-Messenger Cooperation

UHECR: unique probe of ZeVatrons !
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Menu…

•Primary goal of HE-Astroparticle Physics: Find Sources of UHECRs 

- Which messenger is the best? 
- Photons? 
- Neutrinos? 
- or UHECR, or all together? 

•Reminder: Unexpected surprises in UHECR observations 
(see Michael Ungers talk of yesterday) 

•What are the next logical steps science wise? 

•How do we address the next (UHECR) challenges experimental wise ? 

- Taking shape: AugerPrime, TA*4 
- Go to space? POEMMA, EUSO… 
- Other dreams at ground 

�8Karl-Heinz Kampert – University Wuppertal
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UHECR before Auger UHECR in 2019

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

proton!

mixed!

cutoff?
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multipletsmultiplets

dipole! hot spot?

A+ γ ankle?
e+e− dip!

GZK orEmax?GZK!
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End of the CR-Spectrum (0°-80°)
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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

ΔE/E=14%

all protons

cut-off? 
GZK!

e+e– dip

Before Auger…
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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  ?? ?



GZK-effect or Sources running at their limits?

�13Karl-Heinz Kampert - University of Wuppertal ISAPP @ Auger, 08.03.19

17.5 18.0 18.5 19.0 19.5 20.0
lg( E /eV )

1037

1038

E3
J(
E
) /

eV
2
km

−
2
sr

−
1
yr

−
1

Auger (ICRC 2017)

γ1 = 3.293 ± 0.002 ± 0.05
γ 2 =

2.53
± 0.02

± 0.1

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

γ2 =
2.53

± 0.02
± 0.1

γ1 = 3.293± 0.002± 0.05

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

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

1910

2010

 d
N/

dE
/d

t [
a.

u.
]

0
  n2 E

   injected

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

1910

2010

 d
N/

dE
/d

t [
a.

u.
]

0
  n2 E

 injected

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)
0

10

20

30

40

50

60

70

80

3610×

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

Auger 2017

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

  [
a.

u.
]

τ
c 

interaction
escape

) = -6.00 Fe19
esclg(R
 = -0.500escδ

0.007± = -2.47
inj
γ

/eV) = 22.0 p
maxlg(E

 = -1.00galf
 = -2.00

gal
γ

lg(f(UHEp)) = -200.
=-2β=1.5, α = 0.11 eV, 0ε

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 604.975/142χ
spec: 604.975/15, lnA: 7771.37/24, VLnA: 474.76/24

evolution: SFR2, IRB: CRPropaG12

f(1)  = 1.0e+00

(56)= 1.0e+00galf

 = 2.1e+4517ε
 yr3Mpc

erg

proton fraction > 60 EeV: 100.%

17 18 19 20

lg(E/eV)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

〉
ln

 A
〈

 EPOS-LHC
*

Auger 2017

17 18 19 20

lg(E/eV)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V(
ln

 A
)

GZK- 
effect

p-sources

Fe-sources

Combined fit of Pierre Auger spectrum and composition data Armando di Matteo

γ
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/V
)

cu
t

(R
1
0

lo
g

18

18.5

19

19.5

20

20.5

0

2

4

6

8

10

12

γ

-1 0 1 2

200

250

300

350

min
D - D model SPG best fit 2nd local min

J0 [eV�1 Mpc�3 yr�1] 7.17⇥1018 4.53⇥1019

g 0.94+0.09
�0.10 2.03

log10(Rcut/V) 18.67±0.03 19.84
pH 0.0+29.9% 0.0%
pHe 62.0+3.5

�22.2% 0.0%
pN 37.2+4.2

�12.6% 94.2%
pFe 0.8+0.2

�0.3% 5.8%
D/n 178.5/119 235.0/119
D (J), D (Xmax) 18.8, 159.8 14.5, 220.5
p 2.6% 5⇥10�4

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

limited UHECR 
    acc. energy

p
He

N

Fe

Emax

Z / Z ⇥ Emax

p

Ep = 8·1018 eVmax

Energy spectrum alone cannot tell origin 
of the cut-off, need mass composition in addition
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations no of particles
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th

<Xmax> <Xmax>



Mass Fractions
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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

limited source energy ?

p
He

N

Fe

remember….
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Emax of Sources vs GZK-Energy losses
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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 the observed anisotropies!
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Independent test of seeing 
Emax of sources vs GZK suppression

�17

⇒ cosmogenic neutrino & photon fluxes 
sensitive to origin of flux suppression

Flux suppression above 5∙1019 eV due to…

p+ �CMB ! � ! p+ ⇡0! �
! n+ ⇡+! ⌫

smoking 
gun…

• GZK-effect            • Emax of sources

no cosmogenic 
neutrinos or photons
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ντ$

Inclined+showers++
&+UHE+neutrinos+

•  Protons+&+nuclei+ini?ate+showers+
high+in+the+atmosphere.++
–  Shower+front+at+ground:++

•  mainly+composed+of+muons+
•  electromagne?c+component+
absorbed+in+atmosphere.+

•  Neutrinos+can+ini?ate+“deep”+
showers+close+to+ground.+
–  Shower+front+at+ground:+

electromagne?c+++muonic+
components+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

EeV Neutrinos detectable 
in inclined air showers hadronic induced shower 

at large zenith angles 
→ no em-component 
    („old“ shower)

tau-neutrino in Earth 
skimming event 
produces 
up-going young shower

neutrino induced shower 
at large zenith angles 
→ normal em-component 
    („young“ shower)
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ντ$
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

EeV Neutrinos detectable 
in inclined air showers

young / old showers 
identified by signal trace 
in water Ch-detectors

5

• Induce Time-over-Threshold (ToT) 
triggers in the SD stations

and/or

• Have large Area-over-Peak value
(AoP� 1 muonic front)

Trace example: ToT trigger & large AoP

Definition of Area-over-Peak (AoP)

From the observational point of view, 
signals due to electrom. component
are extended in time:

Searching for neutrinos ⇒
Searching for inclined showers with stations with large values of Area-over-Peak

Identifying neutrinos in data collected at Auger
Surface Detector

Auger, PRD 91, 092008 (2015)

Typical signal trace of an 
em-rich (young) shower

5

• Induce Time-over-Threshold (ToT) 
triggers in the SD stations

and/or

• Have large Area-over-Peak value
(AoP� 1 muonic front)

Trace example: ToT trigger & large AoP

Definition of Area-over-Peak (AoP)

From the observational point of view, 
signals due to electrom. component
are extended in time:

Searching for neutrinos ⇒
Searching for inclined showers with stations with large values of Area-over-Peak

Identifying neutrinos in data collected at Auger
Surface Detector

Auger, PRD 91, 092008 (2015)

Define Area-over-Peak (AoP)

Data unblinding: Earth-Skimming channel

2/10/18 7

Distribution of mean Area-over-Peak <AoP> in highly inclined events

No neutrino candidates in the Earth-Skimming channel
Large n-selection efficiency => sensitivity dominated by exposure, NOT by background

PRELIMINARY

Auger
data up to 
30 June 
2018

background free measurement !



1

Inclined shower in Auger SD
CERN Courier 
July 25 2006

MC simulation of an
event with the same 
angle and energy.

Ricardo A. Vázquez

2-lobed footprint on the ground due to muon deflection by the geomagnetic field

Signal (VEM)

~ 3
0 k

m !!

Example of an inclined event seen in Auger
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EeV Neutrino Limits challenge protons suffering GZK-losses
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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



EeV Photon Limits challenge protons suffering GZK-losses
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Auger photon searches Marcus Niechciol
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Figure 3: Upper limits on the integral photon flux derived in the analysis presented here (blue arrows,
Hy 2016) [5]. The limits obtained when the detector systematic uncertainties are taken into account are indi-
cated by the light-blue dashed boxes around the blue arrows. Also shown are the limits previously published
by the Pierre Auger Observatory (Hy 2011 and SD 2015) and other experiments (Telescope Array, Yakutsk,
AGASA, Haverah Park). The shaded regions and the lines give the predictions for photon fluxes from GZK-
based models and several top-down models (Z-burst, topological defects, super-heavy dark matter). For a
full list of references, see [5].

The upper limits derived in the analysis presented here are shown in Fig. 3 in comparison94

to previous results and predictions from several theoretical models. The new results lower the95

upper limits on the photon fraction by up to a factor 4 compared to previously published limits96

(Hybrid 2011 in Fig. 3), due to the larger dataset used in this analysis and the improvements in97

the background rejection. The robustness of the results has been tested against several sources98

of systematic uncertainties, for example uncertainties on the energy scale, or uncertainties in the99

determination of the discriminating observables. The impact of the systematic uncertainties on the100

upper limits are indicated in Fig. 3. The current upper limits impose tight constraints on current101

top-down scenarios proposed to explain the origin of UHE cosmic rays. The achieved sensitivity102

allows testing photon fractions of about 0.1% and exploring the region of photon fluxes predicted103

in some astrophysical scenarios (indicated by the shaded areas in Fig. 3).104

3. Targeted search for point sources of photons105

In the analysis described in the previous section, the search for UHE photons has been per-106

formed without using the reconstructed arrival direction of the recorded air shower events. Since107

photons, unlike charged cosmic rays, are not deflected by galactic and extragalactic magnetic fields,108

they point back to their production site. Since the production mechanisms for UHE photons are109

closely tied to UHE cosmic rays, a search for point sources of UHE photons could also help to110

pinpoint the sources of UHE cosmic rays. In the data, a photon point source would be detectable111

through an excess of photon-like events from a certain direction in the observed sky. Previously,112

the Pierre Auger Collaboration published a blind search for photon point sources [11]. No evidence113

4

Similarly, photon upper limits start to constrain
cosmogenic photon fluxes of p-sources

Auger Collaboration, JCAP04 (2017) 009

Photons can be identified by deep Xmax  
and low muon number

 M. Niechciol (Uni Siegen), Diss. N. Krohm / P. Papenbreer (BUW)

γ p 

data 

expectations for
proton sources
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… yet, no observation of cosmogenic neutrinos and   
   photons

�23

…but not all of parameter space tested, yet

→ wish to improve sensitivities even further 
   (more later)

…could be a guaranteed source of UHE neutrinos 
  for doing particle physics

Emax of Sources  
Consequences to Neutrinos
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… 1020 eV proton beam is at least subdominant

�24

…cms-energies for doing particle physics is limited

… still, there are some indications for a small 
   fraction O(10%-20%) of protons at the highest 
   energies 
→ wish to identify those event-by event

Emax of Sources  
Consequences to particle physics
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… seeing the sources of UHECR is more difficult 
   than we had hoped

�25

…more source candidates possible because of 
  relaxed constraints at sources

→ if light primaries could be selected at highest 
   energies, proton-astronomy still possible

Emax of Sources  
Consequences to UHECR astronomy



All-Particle Flux Map above 8 EeV
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Auger Collaboration, Science 357 (2017) 1266

Galactic centre

equatorial coordinates

galactic plane

smoothed with 60° top-hat

A = 6.5+1.3
�0.9 % ; ↵d = (100± 10)� ; �d = (�24+12

�13)
�

5.7σ 



Evolution with Energy: 4-8 EeV
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Auger Collaboration, ApJ 868 (2018) 1

map smoothed with 45° top-hat
Galactic coordinates

all maps with identical color scale
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Evolution with Energy: 16-32 EeV
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Evolution with Energy: >32 EeV
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Evolution with Energy: >39 EeV
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Auger: ApJL 853:L29 (2018)

map smoothed with 15° top-hat
Galactic coordinates
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Evolution with Energy: >60 EeV
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Auger: ApJL 853:L29 (2018)

map smoothed with 7° top-hat
Galactic coordinates
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The Full (-sky) Picture: TA and Auger

flux map:

Results above 40/53.2 EeV: #ux & signiDcance maps

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

Flux reconstruction

Flux, ∑
events

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

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

Local signiDcance reconstruction

Li & Ma, with ON = top-hat window, OFF = rest of the sky, α = exposure ratio
→ to )rst order σ ∝ √Φ ω (larger exposure → easier to detect signi?cant @ux excess)

Features “by eye”

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

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

• post-trial 2.2/1.3 σ

• aligned along super-galactic
plane?

significance map:

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

Full-Sky picture of TA and Auger
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Auger-TA Anisotropy Working Group
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What can we conclude from seeing 
increasingly more structures 
towards higher energies ??

… apparently E grows faster than Z ! 

Remember:
deflection / Z ·B

E
<latexit sha1_base64="SpSiTN0Y31XxvBjCJQxvosOJdtg="></latexit><latexit sha1_base64="oXDkn9SIPYRpFi/+xQnthqWLQ6E="></latexit><latexit sha1_base64="B93Dc4ihJ/UClbpMJ10huZd0y8o="></latexit><latexit sha1_base64="B93Dc4ihJ/UClbpMJ10huZd0y8o="></latexit><latexit sha1_base64="B93Dc4ihJ/UClbpMJ10huZd0y8o="></latexit><latexit sha1_base64="YHqUZ56dUWJ0FDpl7EKFtzuNqas="></latexit>
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 OBSERVATORY 

 M. Unger

Rigidity ≃ E/Z continues to increase with energy despite increasing mass
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Menu…

•Primary goal of HE-Astroparticle Physics: Find Sources of UHECRs 

- Which messenger is the best? 
- Photons? 
- Neutrinos? 
- or UHECR, or all together? 

•Reminder: Unexpected surprises in UHECR observations 
(see Michael Ungers talk of yesterday) 

•What are the next logical steps science wise ? 

•How do we address the next (UHECR) challenges experimental wise ? 

- Taking shape: AugerPrime, TA*4 
- Go to space? POEMMA, EUSO… 
- Other dreams at ground

�36Karl-Heinz Kampert – University Wuppertal
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… more statistics is always nice :-) 
   in fact, TA suffers most from statistics → TA*4

�37

… combine improved statistics with improved 
   performance → AugerPrime

→ we can gain a lot by composition enhanced  
   anisotropy studies

Just improve statistics…?



TA*4
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SD: 700 ➔ 2800 km2 
• 500 new SD stations on 2.08 km spacing 
• 2 new FD stations 
• Optimized for UHECR above cutoff  
  (fully efficient above ~60 EeV) 
→ hot spot verification

To study more about the highest energies and 
clarify the implication obtained by TA

500 new SDs with 2.08 km spacing
and TA SDs cover
4×TA SD detection area (~3000 km2)

Construction is ongoing.

2 new Fluorescence Detector (FD) stations       
(4+8 HiRes Telescopes)

First light was observed by north FD station

Construction of south FD station is ongoing.

Spacing: 1.2 km

Configuration of 
Detectors

First stations are 
now being deployed

☜ prime goal

go for size

This is not a picture 
from an end-time movie



TA*4 Deployment
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Construction of SDs Next Year
• Deploy SDs with helicopters.
• Communication towers will be 

constructed.
• Communication b/w SDs and comm. 

tower will be tuned.
→ start DAQ from SDs!

12

Pictures below: deployment of TALE SDs last year.

Comm. Tower
at TALE site



Expectation of SD Array

9

57 EeV

SD array: square grid with 2.08 km spacing
E > 57 EeV: 
• Reconstruction efficiency > 95% 
• Angular resolution: 2.2°
• Energy resolution: ～25% 

10 EeV

TA*4 Energy Threshold        
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Science Goals of AugerPrime

!41

1. Elucidate the origin of the flux suppression, 
    i.e. GZK vs. maximum energy scenario 

- fundamental constraints on UHECR sources 
- galactic vs extragalactic origin 
- reliable prediction of GZK ν- and -γ fluxes 

2. Search for a flux contribution of protons up to 
    the highest energies at a level of ~ 10% 

- proton astronomy up to highest energies 
- prospects of future UHECR experiments 

3. Study of extensive air showers and hadronic 
    multiparticle production above √s=70 TeV 

- particle physics beyond man-made accelerators 
- derivation of constraints on new physics phenomena 

go for 

even more 

Quality
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Key Elements of AugerPrime

!42

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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Muons measurements may even 
outperform Xmax at highest energies !
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µ-number
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Xmax

Increasing  
Mass



Technical Realisation
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100% duty cycle

15% duty cycle
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Scintillators more sensitive to electrons
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Matrix-based muon reconstruction
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40 CHAPTER 3. EXPECTED PHYSICS PERFORMANCE

18

Proton
Iron

Figure 3.10: Reconstruction bias (solid symbols) and resolution (open symbols) of the muonic signal
contribution for individual detector stations. The results for proton and iron showers are shown in
red and blue, respectively. The number of detector stations analyzed for the different lateral distance
intervals is also given.

pected that the resolution can be improved for large lateral distances by using the constraint
that the detector signal is dominated there by muons.

In the following we will use constant values for d and g. Including the dependence of
the coefficients on lateral distance and zenith angle, even if it is small, will help to improve
the results and is foreseen once enough data is available to characterize the SSD response to
the electromagnetic and muonic shower particles in more detail.

3.5.1 Event-based observables and merit factors

It is convenient to parameterize the discrimination power between the primary particles i
and j in terms of the merit factor, defined as

fMF =
|hSii � hSji|q
s(Si)2 + s(Sj)2

. (3.1)

Merit factors of 1.5 or higher allow a comfortable separation of the respective elements.

Single station estimate

The simplest, but at the same time least powerful method for distinguishing different pri-
maries is the use of the muon density measured in individual detectors in a given lateral dis-
tance range. Due to the limited resolution of the matrix inversion method the corresponding
merit factors for distinguishing between proton and iron primaries are only about 0.9 for
stations at a lateral distance of 800 m from the core and shower energies E > 1019.5 eV.

Muon lateral distribution

Fitting first a lateral distribution function (LDF) to the signals of the scintillator detectors in
an event allows the estimate of the muon density at a given distance with very much reduced

Sµ,WCD = aSWCD + bSSSD

(i) Single station analysis (ii) Lateral distribution analysis
3.5. PRIMARY PARTICLE IDENTIFICATION WITH SURFACE DETECTOR 41

Figure 3.11: Left: Simulated showers for deriving the mean lateral distribution of the scintillator
detectors. Right: Example of the LDFs of one iron shower using the shape parameters derived before.
Both the results for the WCD and the SSD are shown. The horizontal dashed line indicates the single
station trigger threshold and the vertical line the range up to which stations are used in the LDF fit.

statistical uncertainty. In the following we have used simulated showers (50% proton and
iron primaries) to first derive a parameterization of the LDF for the SSD. The slope of this
parameterization,

LDF(r) = C
⇣ r

800 m

⌘b
✓

r + 700 m
800 m + 700 m

◆g

, (3.2)

is kept fixed in the subsequent analysis of another, independent set of Monte Carlo gener-
ated showers. Only the normalization is fitted on an event-by-event basis. The showers were
selected from a sample simulated with a continuous energy distribution and the energy de-
rived from S(1000) using the standard energy conversion of the Auger Observatory. The
Monte Carlo data for deriving the LDF for SSD and its application to one example event are
shown in Fig. 3.11.

The matrix inversion algorithm is then applied to the LDF values for the WCD and SSD
to calculate the muonic signal expected in a water-Cherenkov detector at 800 m core distance,
Sµ(800). A reconstruction resolution of the muonic signal of, for example,

s[Sµ(800)]

hSµ(800)i

����
proton

⇡ 22% and
s[Sµ(800)]

hSµ(800)i

����
iron

⇡ 14% (3.3)

is reached at E ⇡ 1019.8 eV and q = 38�. Using Sµ(800) as composition estimator, the ob-
tained merit factors for distinguishing between proton and iron primaries are above 1.5 at
high shower energies (E > 1019.5 eV) and small zenith angles.

Universality and multivariate analyses

A universality-based analysis, or a sophisticated multivariate analysis, allows one to corre-
late the detector signals at different lateral distances and also takes advantage of the arrival
time (shower front curvature) and temporal structure of the signal measured in the detec-
tors. At this stage we are only at the beginning of developing a reconstruction using all these
observables. Nevertheless, some results are given in the following, but it should be kept in

Figure of merit
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Assume 155 events above energy threshold (e.g. 55 EeV) with ƒp proton and (1-ƒp) iron fraction
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Jörg R. Hörandel, UHECR, Paris 2018 �4

Precision shower physics (for vertical showers)
in dense region of Pierre Auger observatory

Hörandel Part B2 Auger-Horizon 
 

 4 

The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. 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. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 

direct verification of deconvolution matrices 
(SSD/WCD) with measured showers

study hadronic interactions

water Cherenkov detector —> e/m + muons
underground muon detector (AMIGA) —> muons

radio detector—> e/m
scintillator (SSD) —> e/m + muons

clean separation of shower components

Each SD Station will be complemented with
a radio antenna

Motivation: extend composition enhanced 
                  anisotropy studies to inclined showers

Note: scintillators offer little X-section 
to inclined showers

Jörg R. Hörandel, UHECR, Paris 2018
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   electron/muon ratio 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Figure 1: (a) Muon-radio mass estimator versus zenith angle for showers with a primary energy of 1
EeV. The lines show the mean values µi and the shaded areas depict the standard deviations �i. (b)
Mass separation power of di↵erent mass estimators, represented by the figure of merit (FOM). The
indices signify proton (P) and iron nuclei (Fe). No uncertainties from detector e↵ects are included.

Mass separation power

The ratio of the muons and the radio emission, represented by observables as measured in AMIGA
and AERA, is shown in Fig. 1a. The size of the muonic component is proportional to the muon
density ⇢600

µ at a distance of 600 m to the shower axis, which is used here as the observable. The square
root of the radiation energy S ⇢✓RD , which is the energy contained in the radio emission, represents an
observable for the radio emission. Here, the observables are true values without any uncertainties
arising from detector responses, background and reconstruction methods. The error band depicts the
standard deviation due to shower-to-shower fluctuations. The ratio ⇢600

µ /
p

(S⇢✓RD) is clearly separated for
proton and iron nuclei for all zenith angles. It is constant until a zenith angle of 55�, which corresponds
to the measurement range of AMIGA. It decreases for larger zenith angles, at which a fraction of the
muons decay before reaching the ground.

Fig. 1b shows the mass separation power of the novel mass estimator in form of the figure
of merit (FOM). In addition, the figure of merit is shown for the ratio of muons and electrons,
and the shower maximum Xmax, which are classical mass estimators. At large zenith angles, the
electromagnetic component is absorbed in the atmosphere, which diminished the mass separation
power when combining muons and electrons. Xmax is subject to shower-to-shower fluctuations, in
particular for proton showers. On the contrary, the atmosphere is transparent for the radio emission and
hence the emission is approximately constant at the ground for all zenith angles. In addition, it su↵ers
less shower-to-shower fluctuations. Therefore, considering true observables without measurement
uncertainties, the muon-radio combination shows a superior mass separation power compared to some
classical estimators, in particular for large zenith angles.

Application to AMIGA and AERA measurements

We applied the novel mass estimator to coincident measurements of AMIGA and AERA. Therefore,
we first studied the influence of the measurement uncertainties by adding the detector responses and
measured radio background to the simulations. The reconstructed observables including the detectors
are shown in Fig. 2a. The figure of merit is reduced by about 0.5 compared to the pure air-shower
simulations due to measurement and reconstruction uncertainties. However, this is still su�cient for
mass composition studies.

E. Holt et al, ARENA 2018

good separation power up to 
high zenith angles

radio antennas will see em-part and water Cherenkov 
detectors will see µ-part of inclined showers



Karl-Heinz Kampert - University of Wuppertal �47 ISAPP @ Auger, 08.03.19

Jörg R. Hörandel, UHECR, Paris 2018 �8

Tim Huege, KIT5
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Science Expections by 2030

!48

• Origin of the flux suppression will be known 

• Simple astrophysical scenarios will be discriminated 

• If proton fraction > 15%, it will be noted, and … 

• if > 20%, realistic prospects for point source identification 

•  TA Hot Spot will either be proven or falsified 

•  UHECR source classes and source candidates will be identified 

• Neutrino and photon limits will be improved only by factor 2-3 

• Basic particle physics at √140 TeV will have been done 

• LIV and BSM parameters will be improved significantly
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Karl-Heinz Kampert  
Bergische Universität Wuppertal      

UHECR  Future
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GRAND: The Giant Radio Array for Neutrino Detection 
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Goal:
Explore the E>1017eV neutrinos is uncharted territory

could also do some UHECR physics
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Idea: Deploy - in a simple way - a huge number of antennas 
          and search for Earth skimming neutrinos 

GRAND 200k: 
200,000 km2



Planned Sensitivities for cosmogenic neutrinos
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Cosmogenic fluxes may be of reach
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POEMMA: Probe of Extreme Multi-Messenger Astrophysics
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POEMMA: Probe of Extreme Multi-Messenger Astrophysics

A V. Olinto,1 J. H. Adams,2 R. Aloisio,3 L. A. Anchordoqui,4 D. R. Bergman,5 M. E.
Bertaina,6 P. Bertone,7 F. Bisconti,8 M. Casolino,9 M. J. Christl,7 A. L. Cummings,3 I.
De Mitri,3 R. Diesing,1 J. Eser,10 F. Fenu,6 C. Guepin,11 E. A. Hays,12 E. G. Judd,13

J. Krizmanic,12 E. Kuznetsov,2 S. Mackovjak,14 J. McEnery,12 J. W. Mitchell,12 A.
Neronov,15 F. Oikonomou,16 A. N. Otte,17 E. Parizot,18 T. Paul,4 J. S. Perkins,12 G.

Prévôt,18 P. Reardon,2 M. H. Reno,19 M. Ricci,20 F. Sarazin,10 K. Shinozaki,6 J. F. Soriano,4

F. Stecker,12 Y. Takizawa,9 M. Unger,21 T. Venters,12 L. Wiencke,10 and R. M. Young7

1The University of Chicago, Chicago, IL, USA
2University of Alabama, Huntsville, AL, USA
3Gran Sasso Science Institute, L’Aquila, Italy

4City University of New York, Lehman College, NY, USA
5University of Utah, Salt Lake City, Utah, USA

6Universita’ di Torino, Torino, Italy
7NASA Marshall Space Flight Center, Huntsville, AL, USA

8INFN, Section of Turin, Turin, Italy
9RIKEN, Wako, Japan

10Colorado School of Mines, Golden, CO, USA
11Sorbonne Universités, Institut dAstrophysique de Paris, Paris, France

12NASA Goddard Space Flight Center, Greenbelt, MD, USA
13Space Sciences Laboratory, University of California, Berkeley, CA, USA

14Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia
15University of Geneva, Geneva, Switzerland

16European Southern Observatory, Garching bei München, Germany
17Georgia Institute of Technology, Atlanta, GA, USA
18APC, Univ Paris Diderot, CNRS/IN2P3, CEA/Irfu,

Obs de Paris, Sorbonne Paris Cité, France
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Stereoscopic Observations from Space

30 km



POEMMA Camera
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TABLE I: POEMMA Specifications:

Photometer Components Spacecraft
Optics Schmidt 45� full FoV Slew rate 90� in 8 min

Primary Mirror 4 m diam. Pointing Res. 0.1�

Corrector Lens 3.3 m diam. Pointing Know. 0.01�

Focal Surface 1.6 m diam. Clock synch. 10 nsec
Pixel Size 3 ⇥ 3 mm2 Data Storage 7 days
Pixel FoV 0.084� Communication S-band

PFC MAPMT (1µs) 126,720 pixels Wet Mass 3,450 kg
PCC SiPM (20 ns) 15,360 pixels Total Power 880 W
Photometer (One) Mission (2 Observatories)

Mass 1,550 kg Lifetime 3 year (5 year goal)
Power 590 W Orbit 525 km, 28.5� Inc
Data < 1 GB/day Orbit Period 95 min

Observatory Sep. ⇠25 - 1000+ km

Each Observatory = Photometer + Spacecraft; POEMMA Mission = 2 Observatories

4

light Schmidt optics 45° fov,
like Auger telescopes

Ø 4 m diameter mirror

Ø 3.3 m corrector lens

Ø 1.6 m focal area 
    (MAPMTs for fluorescence 
     SiPMs for Cherenkov)



Exposures by 2030 and beyond….
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and the fluctuations about the mean of the maximum �max for energies well past current
leading observations by Auger.

FIG. 3: The range of POEMMA’s exposure growth as compared to current ground-based UHECR
experiments depending on observation modes: from the nadir to limb observations. The figure
from [29] shows the 5� confirmation of current hints for source location: the TA hotspot [25, 26]
and the Auger correlation with starburst galaxies and gamma-ray emitting active galaxies (�AGN)
[27].

In addition to spectral and composition measurements, a crucial step in unveiling the
origin of UHECRs is the localization of sources in the sky distribution of their arrival
directions. Since UHECRs are charged and magnetic fields fill the Galactic and extra-
galactic media, pointing to sources is best achieved at the highest energies (or rigidities).
The typical deflection of a UHECR of energy E and charge Z (in units of proton charge)
in an extragalactic magnetic field B ⇠ 1 nG [20] is �✓ ⇡ 1.5� Z (10 EeV/E), for a source at 4
Mpc and a magnetic field coherence length of about 100 kpc [21, 22]. The deflections when
crossing the Galaxy can be somewhat larger [23] �✓ ⇠ 1� Z (100 EeV/E), depending on the
UHECR arrival path. These deflections suggest that large statistics of events above 10s of
EeV is necessary for small-scale anisotropies to be observed around source positions in
the sky.

To date the only high-significance departure from an isotropic sky distribution of
UHECRs is a dipole anisotropy reported by the Auger collaboration above 8 EeV with
an amplitude A = (6.5+1.3

�0.9)% pointing in the direction (l, b) = (233�,�13�) ± 10� in Galactic
coordinates [24]. This important milestone confirms the expectation that the sources of
UHECRs are extragalactic, as the dipole shows no correlation with the Galactic plane.
Hints of clustering in the sky distribution have been reported for energies above ⇠ 40
to 60 EeV: a hotspot reported by TA [25, 26] and Auger reports a significant correlation
with starburst galaxies (SBG) and a weaker association with gamma-ray emitting active
galactic nuclei (�AGN) [27]. These hints can reach 5� significance with a dramatic increase

7

Nadir observations: 
high-resolution fluorescence, 
optimised for stereo

Limb observations: 
high-resolution fluorescence, 
optimised for stereo

Nadir-Mode

Limb-Mode



POEMMA: expected statistics & Xmax-resolution
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Figure 1: Number of UHE events detected by POEMMA for five years of data taking in nadir
(blue) and limb (red) operational mode respectively. For comparison, the current event statis-
tics of the Pierre Auger Observatory and the expected number of events from AugerPrime are
indicated by black lines.
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Figure 2: Capability of POEMMA to measure hXmaxi and s(Xmax) for composition studies at
UHE. The width of the blue band illustrates the expected statistical uncertainties given the num-
ber of events per 0.1 in logarithm of energy in five year nadir operation, the Xmax resolution and
efficiency from Fig. 3 for q < 70� and intrinsic shower-to-shower fluctuations of 40 g/cm2. The
band spans the energy range for which more than 10 events are within a 0.1 dex bin.

2

FIG. 5: Left: UHECR spectrum as measured by Auger and TA. POEMMA will contribute above 20
EeV when the statistical reach from ground arrays are limited. Right: Number of UHE events de-
tected by POEMMA for five years of observations in nadir (blue) and limb (red) operational mode
respectively. For comparison, the current event numbers of the Auger fluorescence observations
indicated by black lines.
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FIG. 6: Capability of POEMMA to measure hXmaxi and �(Xmax) for composition studies at UHE.
The width of the blue band illustrates the expected statistical uncertainties given the number of
events per 0.1 in logarithm of energy in five year nadir operation, the Xmax resolution and e�ciency
for ✓ < 70� and intrinsic shower-to-shower fluctuations of 40 g/cm2. The band spans the energy
range for which more than 10 events are within a 0.1 dex bin (assuming the Auger spectrum).
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The fine angular resolution leads to accurate 3-dimensional EAS reconstruction with

energy resolution of ⇠ 20% and Xmax resolution of ⇠ 20 g/cm2 above ⇠ 50 EeV. The
⇠ 20 g/cm2 Xmax resolution allows POEMMA to decompose a four-component nuclear
composition model, assuming su�cient event statistics [64]. In addition, if hot-spots in
the sky are observed with more than 20 events, POEMMA will be able to discriminate the
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• Present Auger-FD statistics will be enlarged by factor 20
• Present Auger-SD statistics will be enlarged by factor 1.5
• Xmax resolution not much worse than that of Auger 
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UHECR before Auger UHECR in 2019
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Sandro Boticelli: The Birth of Venus (1494-1486)

UHECR in 2030

a shining source will be identified 
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Domenichino: Diana and her Nymphs (1616)

UHECR in 2030+
source hunting  season has been opened
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Thank you for your attention! 
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