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GRK 2149 and HE-Astroparticle Physics

•Strong Interactions ⬄ HE Cosmic Rays 

- Galactic and Intergalactic Propagation 
- Understanding of Extensive Air Showers 
- Forward Physics at LHC, pp cross-sections, etc. 

•Weak Interactions ⬄ HE Neutrinos 

- Neutrino-Nucleon cross-section  
- Oscillations from Atmospheric Neutrinos 
- Mass Hierarchy, … 

•Dark Matter ⬄ HE Neutrinos, Photons, CRs 

- DM annihilation in the Sun  
- WIMP - proton cross-sections (spin dependent & independent) 
- Super-Heavy DM searches in CRs, … 
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GRK 2149:Strong and Weak Interactions - from Hadrons to Dark Matter
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Further Themes of HE-APP

•Cosmic Particle Acceleration 

- How and where are cosmic rays accelerated? 
- What is their impact on the environment? 

•Probing Extreme Environments 

- Processes close to neutron stars massive black holes?  
- Processes in relativistic jets, winds and radio-lobes?  
- Exploring cosmic magnetic fields 

•Physics Frontiers – beyond the SM 

- Lorentz invariance violation? 
- Smoothness of Space-Time? 
- New particle physics at √s=450 TeV ?
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Cas A 
(3.4 kpc)

Cygnus A 
(250 Mpc)

Fornax A (20 Mpc)

NRAO/AUI

1.4 , 5, & 8.4 GHz

Supernova Remnants AGN and their Jets/Lobes

E < 1016 eV

E ~ 1020 eV ?

Putative 

Cosmic Particle Accelerators



beyond LHC 
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Cosmic Ray Spectrum at Earth
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courtesy R. Engel
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Probes of the High-Energy Universe

Charged CRs: 
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⊕ direct probe. MeV≤E≤ZeV 
⊕ mass composition provides vital information 
⊖ get deflected in magnetic fields  
 don’t point back to their source, unless E ≳ 5⋅1019 eV  
 (This has been the obstacle in identifying sources!)

⊕ do point back to their sources!  Emax~100 TeV 
⊖ but origin remains ambiguous because of leptonic  
 processes: Bremsstrahlung, synchrotron radiation, 
 inverse Compton scattering 
    smoking gun: p + p → X + π0 → X + γγ

Photons:

⊕ do point back to their sources. Emax~2 PeV 
⊕ can only arise from hadronic processes 
⊖ need large detector volumes

Neutrinos:

CRs, γ’s, and ν’s start to provide complementary information 
since experiments have reached similar sensitivities!



Karl-Heinz Kampert – Universität Wuppertal

TeV γ-detection
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TeV γ-detection
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induced air shower
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MAGIC (La Palma)H.E.S.S. (Namibia)

H.E.S.S., MAGIC, VERITAS
H.E.S.S. (Namibia)

MAGIC (La Palma)

Two telescopes, 
mirror: Ø=17 m

HESS-I: Ø=12 m (4 telescopes) 
HESS-II: Ø=28 m (1 telescope) 

30 GeV < Eγ < 10 TeV 

Veritas (USA)
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A new branch of astronomy has emerged
157 sources known by now (130 of which were discovered in last 10 yrs)

large variety of sources types and mechanisms 
(PWN, starbursts, globular clusters, SNR, AGN, molec. clouds, XRB, …)

tevcat.uchicago.edu/ 
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SNR Morphologies: TeV vs X-ray

11

RX J0852.0-4622 RCW 86 RX J1713.7-3946SN1006

1% of Crab
H.E.S.S. 2007 H.E.S.S. 2009 H.E.S.S. 2009 H.E.S.S. 2006

Rosat XMM XMM ASCA

Very similar morphologies in TeV and X-Ray 
Open Key Question: are these the sources of galactic cosmic rays ?  

Note: TeV photons may result from inverse Compton at TeV electrons!
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X-ray images pin down acceleration sites

12

The Astrophysical Journal Letters, 728:L28 (5pp), 2011 February 20 Eriksen et al.

(a)

(b)

(d)

(c)

Figure 1. Chandra X-ray 4.0–6.0 keV image of the Tycho supernova remnant, smoothed with a ∼0.′′75 Gaussian and displayed with an arcsinh scaling, showing
various regions of striping in the nonthermal emission. Clockwise from the upper right: (a) the main western stripes discussed in this Letter; (b) a fainter ensemble of
stripes; (c) a previously known bright arc of nonthermal emission, with our newly discovered streamers; and (d) filaments of “rippled sheet” morphology common in
optical observations of middle-aged SNRs.

of plasma and field, enclosed by “wandering filaments” of
high density and frozen-in field. One goal of observations is
to discover evidence for structure in SNR shocks on this spatial
scale.

2. OBSERVATIONS

We observed Tycho in 2009 April with the Chandra X-ray Ob-
servatory Advanced CCD Imaging Spectrometer imaging array,
as part of a Cycle 10 Large Program (LP), using the four ACIS-I
front-side illuminated CCDs, operated in faint mode. The total
program was split into nine individual ObsIDs, which we repro-
cessed with CIAO version 4.1, using the gain tables and charge
transfer inefficiency correction in CALDB 4.1.3. Examination
of the light curves revealed no significant background flares.
The registration of the individual pointings was improved using
the measured relative positions of background point sources,
though the necessary shifts were typically ≪1′′. For imaging
analyses, the registered event lists were merged using the stan-
dard CIAO tools and have a total average livetime of ∼734.1 ks.
For spectroscopy, counts were extracted and RMFs and ARFs
were generated for each individual ObsID, which we fit jointly
in XSPEC version 12.6.0.

In Figure 1 we show the image from the 4 to 6 keV band,
which is dominated by the synchrotron component of the X-ray
spectrum. Apart from the well-known limb-brightened shell,
a number of bright regions are seen toward the projected
interior of the remnant. While the strongest of these features
are visible in earlier Chandra data (Warren et al. 2005) our
deeper observation reveals a striking pattern of nearly regularly
spaced stripes. The brightest group, centered ∼30′′ interior to
the western limb (see Figure 2), has a peak surface brightness
twice that of the brightest sections of the rims and is the
primary subject of this communication. A second, fainter pattern
extends east–west, 55′′–75′′ inside the southern rim, and there is
evidence for several other regions of striping near the detection
limit. Comparison with a shallower 2004 Chandra observation
reveals no statistically significant change in the brightness of

the stripes, ruling out any dramatic flux variability like that
observed in the non-thermal X-ray filaments of the SNR RX
J1713.7−3946 (Uchiyama et al. 2007). Our preliminary proper
motion measurements for the stripes are consistent with the
overall expansion of the blast wave and, in particular, show no
evidence for non-radial flow. There are no obvious counterparts
to these features in the radio (Reynoso et al. 1997) nor in the
mid-IR.

3. ANALYSIS

3.1. Location of the Stripes

Before investigating the nature of the stripes, we first must
locate them within the three-dimensional volume of the remnant.
The canonical picture of a young SNR consists of three distinct
fluid discontinuities: the blast wave, which marks the shock
propagating into the ambient medium, a Rayleigh–Taylor (R–T)
unstable contact discontinuity (CD) at the ejecta-interstellar
material boundary, and a reverse shock that propagates into
the stellar remains. Warren et al. (2005) set an upper limit for
the azimuthally dependent projected radius of the reverse shock
in Tycho using the location of the Fe Kα emission. Adopting
their center of expansion, the western stripes peak at a radius of
220′′, well outside the 190′′ position of the reverse shock at that
azimuth. While the position of the stripes does coincide with
the Warren et al. estimate of the CD, the regularly spaced, linear
morphology of the non-thermal stripes does not correspond to
any features in the R–T plumes of thermal emission tracing the
ejecta boundary, nor is the CD a prominent feature elsewhere in
the 4–6 keV band. Conversely, the blast wave is a bright source
of 4–6 keV emission, and we identify the stripes as projected
features of this forward shock.

Tycho’s blast wave is traced by a very thin shell of X-ray
emission, with a typical thickness only 1%–2% of its radius
(Warren et al. 2005). Since the stripes are seen in projection
away from the rim, their line-of-sight path length through the
shell is small. Thus, their intrinsic emissivity must be high

2

Chandra X-ray image of Tycho SNR (d=4 kpc, vs=5700 km/s); Kristoffer et al, ApJ 728 (2011) L28

non-thermal
X-ray spectra

observed

unshocked 
medium
(Interstellar/
intergalactic 
space)

shock front

shocked
medium

CRv>vsound

Mechanism of shock acceleration well established 
Magnetic field amplification by particle 
acceleration

stripes due to
plasma
instabilities ?
 
separation ≙
gyro-radius of
Ep~1015 eV
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First glimpse of hadron acceleration?
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Seeing the π0 hump: pCR + pmedium → X + π0 → X + γγ

IC 443 W44Bremsstrahlung

π0-decay

Gal
pr

op
Ackermann et al. (Fermi-LAT collaboration), Science 339 (2013) 807

1 GeV0.1 GeV 1 GeV0.1 GeV
γ Energy        γ Energy        

Is this a rock solid proof for a 100 year old problem? 
Neutrinos may provide the final proof

Bremsstrahlung

π0-decay
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IceCube Antares

Baik
al
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High-Energy Neutrino-Astronomy
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TeV Neutrino Detection
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Neutrino Detection (principle)

16

Alexander Kappes, EPS HEP 2009, Krakow 16. July 2009

Principle of neutrino detection

muon

!µnuclear
reaction

cascade

2

43°

!µ

µ
Time & position of hits

! (~ ") trajectory Energy

PMT amplitudes

Water or Ice
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Discovery of HE extraterrestrial neutrinos
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37 events in 3 yrs IceCube sample 
color: arrival time  ;   blob  size: no. of photons

track like pattern from νµ → µ 
(CC interaction) 

cascade like pattern from e.g. νe → e  
(NC interaction) 

IceCube-Collaboration, Phys. Rev. Lett. 111, 021103 (2013).



Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.

49

Karl-Heinz Kampert – Universität Wuppertal

Energy Spec & Declination dependence
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IceCube Collaboration: 
Phys. Rev. Lett. 113 (2014) 101101; ICRC2015

Atmospheric and
astrophysical neutrino fluxes

Data consistent with 
(fe,fµ,fτ)=(1:1:1)
flavor ratio at Earth

atmosph. ν

atmosph. µ

> 5 σ excessObservation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 4: Arrival angles of events with Edep > 60TeV compared to predictions. Colors as in Fig. 2.

the fourth year of data (see gray dashed line in Fig. 3). The variable spectral index fit results in a
best-fit spectral index of �2.58± 0.25, softer than the corresponding best-fit index of �2.3± 0.3
obtained with three years of data. The new fit is compatible with the 3-year result within errors
(see Fig. 5); however, the lack of PeV-energy events in the fourth year of data in combination with
the comparatively high yield of events in that year has resulted in a much steeper spectral fit.

Fig. 6 shows a fit of the spectrum using a more general model, parameterizing the astrophysical
flux as a piecewise function of neutrino energy instead of an unbroken single power law. The new
dataset presented here is also used in a global fit of several IceCube analyses, presented in these
proceedings [7].

5. Spatial Clustering

A maximum-likelihood clustering method [3] was used to look for any neutrino point source
in the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right as-
cension. As before, the analysis was run twice, once with all events and once with only shower-like
events in the sample. We removed events #32 (two coincident muons from unrelated air showers)
and #28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering analyses.
This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.

We also performed a galactic plane clustering test using a fixed width of 2.5� around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.

50
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Neutrino Sky-Map
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+: Shower like events
x: Track like events

IceCube Collaboration: 
Phys. Rev. Lett. 113 (2014) 101101

No significant clustering seen (p=84%)

Galactic coordinates

cross correlations to catalogs ➾ no signal yet
                      … to UHECRs ➾ may be…
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Constraints from Neutrino-Isotropy
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Figure 5. Figure 4 with additional constraints on steady point sources added. The figure shows
the additional sources: Flat Spectrum Radio Quasars, Bl Lacs, Fanaro↵-Riley II galaxies, Galaxy
Clusters, Fanaro↵-Riley I and Starburst galaxies (see caption of Fig. 4 for more explanation).

to match the observed di↵use flux, and the neutrino flux emitted by the total population is
normalized to the observed di↵use flux. The simulation allows to predict the number of neutrino
muliplets expected to be seen by IceCube (including e↵ective areas and Poisson fluctuations due
to low count rates). By requiring consistency with the observed number of neutrino multiplets,
i.e. no triplet of neutrinos within 100 seconds [28], one obtains a lower bound on the source
density. For a di↵use power-law flux matching the IceCube flux of Eq. 3, the bound on the
source density derived from the non-observation of neutrino triplets or higher multiplicities in
three years of IceCube data corresponds to ⇢ > 2 · 10�6Mpc�3yr�1 [28]. The bound is broadly
consistent with a recent sensitivity estimate [29] and depends only weakly on the evolution of
the GRB density as a function of redshift and on the luminosity function. However, it does
depend on the assumed spectral shape, which has been assumed to follow a power-law over
the full energy range that IceCube is sensitive to. Fig. 4 illustrates the current constraints on
transient sources. The bound from the non-observation of multiplets is shown as a vertical line.
As one can see, GRBs, being very rare, are excluded as the dominant sources of the observed
di↵use neutrino flux.

On the other hand, core collapse supernovae are still plausible candidates. They possess all
the right ingredients for being extraordinary neutrino factories: a) they have been shown to
produce ejecta with 1050 ergs kinetic energy, capable of e�ciently accelerating CRs and b) they
provide abundant amounts of target material for neutrino production, e.g. the stellar envelope
or the circumstellar medium (CSM). The shock acceleration can happen at non-relativistic shock
fronts [30, 31] or within (mildly) relativistic jets [32]. Other scenarios consider the spin down
of rapidly rotating newborn pulsars producing large electromagnetic fields, a model that can
explain also the highest energy CR [33]. The fact that the most promising SNe types (e.g. IIn,
Ib/c or hypernovae) are rare and transient by nature puts them within reach of IceCube.

Kowalski; 1411.4385

High level of Isotropy ➾ source density must be fairly high
Integral Flux F=ρ·L is known ➾ Mean Luminosity per source must be low

Assumption: 
steady point sources

allowed 
region

Numbers compare well to UHECRs !
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UHECR-Neutrino correlations?
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Correlation between the UHECRs measured by Auger and TA and ns from IceCube G. Golup
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Figure 1: Distribution of UHECR deflections in two models for the regular component of the galactic
magnetic field, PT2011 [13] and JF2012 [14], for a rigidity E/Z = 100 EeV.

and Jansson and Farrar [14] and assuming these are protons with E = 100 EeV. The distributions83

of the obtained deflections are different for each model (Fig. 1), but the median values for both are84

2.7�. We have then chosen an average value of 3�. The values of 6� and 9� are also considered85

to account for larger deflections that could arise from other light CR components (Z = 2,3) or a86

stronger than predicted strength of the intervening magnetic fields.87

3.1 UHECR correlation analyses with high-energy cascades and high-energy tracks88

Figure 2: Aitoff-Hammer projection of the sky in galactic coordinates showing the arrival directions of the
IceCube high-energy cascades (plus signs) and high-energy tracks (crosses), and the UHECRs detected by
Auger (circles) and TA (triangles). The dashed line indicates the Super-galactic plane.

The arrival directions of the high-energy tracks and high-energy cascades in IceCube, and of89

the UHECRs measured by Auger and TA are shown in Fig. 2 in galactic coordinates. Two different90

analyses are performed with this data set: a cross-correlation and a stacking likelihood analysis.91

The cross-correlation method consists of computing the number of UHECR-n pairs as a func-92

tion of their angular separation a , np(a), and comparing it to the expectation from an isotropic93

distribution of arrival directions of CRs. The angular scan performed in this case is between 1� and94

30� with a step of 1� and, due to this scan, the method does not rely on any assumption about the95

exact value of the strength of the magnetic deflections, unlike the likelihood method.96

4

△ TA >57EeV  ;  ○ Auger >52EeV;  ⨉  IceCube cascades   ;  + IceCube tracks

IC+ Auger+TA-Coll., arXiv:1511.02109

cascade events: smallest pre-trial value for 22°: 575 pairs observed, 490 expected
⇒ post-trial p-value of 5·10-4 (8.5·10-3 ) assuming isotropic CRs (ν’s) 

Potentially interesting, will be monitored

cross correlation and stacking analysis was performed
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Observation of Extensive Air Showers
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particle density and composition
measured at ground

light trace
(calorimetric)

Also:  
Observation of radio signals
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3000 km2 area, Argentina 
27 fluorescence telescopes plus

...1660 Water Cherenkov tanks, 10 m2

Auger Hybrid Observatory



700  km2,  Utah  (USA)  
3  m2  Scintillator  Detectors  
on  a  1.2  km  square  grid

Telescope Array

14  (12)  telescopes  @  
station  
256  PMTs/camera



UHECR spectrum with the Pierre Auger Observatory Inés Valiño
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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
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 OBSERVATORY 

 

End of the CR-Spectrum

γ1=3.29±0.07 γ2=2.60±0.03
Eankle=4.82·1018 eV

* *

E50% = 
4.2·1019 eV

190 000 events

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

g g

29

Is this the GZK-effect... ?

combined from: infill+hybrid+vertical+inclined events

Update from: PRL 101, 061101 (2008), Physics Letters B 685 (2010) 239 
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threshold: EpEγ > (mΔ
2 - mp2)

⇒ EGZK ≈ 6·1019 eV
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Greisen-Zatsepin-Kuz‘min (1966)

GZK-Effect: Energy losses in CMB

p

CMB

p
π 

A

CMB

➙ GZK-Horizon ~ (nγσΔ)-1 ~ 60 Mpc

p+ �CMB ! � ! p+ ⇡0
photo-pion production

A+ �CMB ! (A� 1) + n...
photo disintegration
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The GZK - Horizon
Expect strong anisotropies for 
protons at E>1019 eV ~60 Mpc



UHECR spectrum with the Pierre Auger Observatory Inés Valiño
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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%,
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p-sources

Fe-sources

GZK-Effect or Exhausted Sources?

“Galactic” (Allard-type) scenario: fixed k = 5

γ log10 Ecut(Fe) J0 H(%) He(%) N(%) Si(%) Fe(%) χ2 /dof
k=5, 4 m 1.25 19.9 40.4 74.3 14.8 8.8 - 2.0 57.19/29

colour code for the spectrum plots:
“4 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 26 (green) and 27 ≤ A ≤ 56 (red)
“5 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (violet), 39 ≤ A ≤ 56 (red)
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Decomposition of Xmax-Distributions
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we seem to see the exhaustion of sources!
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Smoking Gun of GZK-effect

Cosmogenic+neutrinos+

4+

Detec?on+in+EeV+range+may+provide+complementary+informa?on+to+direct+UHECR+
detec?on+on:++UHECR+nature+(p,+mixed,+Fe),+origin+(evolu?on+of+the+sources,+
maximum+energy+a^ainable,…)+
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! p+ ⇡0! �EeV! n+ ⇡+! ⌫EeV

GZK-p

GZK-Fe

GZK-p

GZK-Fe

TopDown models

KHK, Unger, APP 35 (2012)

Cosmogenic Neutrinos and Photons 
– a guaranteed signal in presence of GZK –
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Figure 6: Upper limits to the diffuse flux of
UHE neutrinos at 90% C.L. in integrated (hor-
izontal lines) and differential form. Limits de-
scribed in this work (red lines) are compared
with cosmogenic neutrino models [16, 17, 18],
the Waxman-Bahcall bound [19], and limits
from IceCube [20] and ANITA [21]. All neu-
trino limits and fluxes are converted to single-
flavour.
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(Y) [24], Haverah Park (HP) [25], AGASA (A)
[26] and predictions from several top-down [27,
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evolution and model for the transition from galactic to extragalactic cosmic-rays [18]. A 10-fold
increase in the exposure will be needed to reach the most optimistic predictions in case of a pure
iron composition at sources, out of the range of the current configuration of the observatory.

3.2 Limits to the integrated photon flux

The upper limits on the integral flux of photons, for E
g

> E0, are defined as:

FCL
g

(E
g

> E0) =
NCL

g

hE i (3.3)

where E
g

is assigned according to the photon energy reconstruction; NCL
g

is the Feldman-Cousins
upper limit to the number of photon events computed at a confidence level CL in the hypothesis of
no background event expected; hE i is the spectrum-weighted average exposure in the energy range
E

g

> E0. In the period of data taking considered, the value of hE i is 5200, 6800, 6300 km2 sr yr,
for E

g

>10, 20, 40 EeV respectively. The limits to the integral flux are:

F95%
g

(E
g

> 10, 20, 40 EeV)< 1.9, 1.0, 0.49⇥10�3 km�2 yr�1 sr�1. (3.4)

The limits to the diffuse flux of photons obtained with the Auger Observatory are the most stringent
currently available above 1 EeV (Fig. 7). Top-down models of photon production from the decay
of heavy primordial particles [27, 28] are strongly disfavoured. Preliminary limits derived in this
work for E

g

> 10 EeV start constraining the most optimistic predictions of cosmogenic photon
fluxes in the assumption of a pure proton composition at the sources [27]. Cosmogenic models
using a primary spectral index of -2 and maximum energy of 1021 eV at the sources [17] predict an
integrated photon flux above 10 EeV ⇠4 times lower than the current limits in the case of proton
primaries, ⇠2 orders of magnitude lower if iron nuclei are injected at the sources.
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Experimental Upper Limits (photons)

GZK

Photon upper limits rule out Top-Down Models
and start to constrain GZK-fluxes

 OBSERVATORY 

 

2 orders of magnitude 
improvement during last 
10 years!

Auger @ ICRC2015:  
arXiv1509.03732
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Fig. 10.— Celestial map of photon flux upper limits in
h
photons
km2·yr

i
illustrated in Galactic

coordinates.

The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with579

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source580

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in581

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong582

in EeV photons is observed from any target direction, including directions of TeV sources583

such as Centaurus A or the Galactic center region. This flux would have been detected with584

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and585

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least586

5� for median exposure targets. If we make the conservative assumption that all detected587

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.588

This result for median exposure targets is independent of the assumed photon spectral589

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with590

5� significance.591

28

Search for EeV γ-point sources
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Energy flux of 0.25 eV/cm2s  would yield a 5σ excess (assuming E–2 spectr.)  
Note, some Galactic TeV sources exceed 1 eV/cm2s !

Auger, ApJ, 789, 160 (2014)

TeV EeV

γ flux

E–2

TeV γ-sources

u.l.

⇒ Galactic TeV sources don’t stick out to EeV energies
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&+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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Sensi?vity+to+all+flavours+&+channels+
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EeV neutrino limits start to constrain GZK
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Neutrino upper limits start to 
constrain GZK-fluxes

Auger neutrino and photon limits Carla Bleve
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Figure 7: Upper limits at 95% C.L. to the diffuse
flux of UHE photons derived in this work (black)
shown together with previous results from the
Pierre Auger Observatory with hybrid (Hyb) and
SD data [22], Telescope Array (TA) [23], Yakutsk
(Y) [24], Haverah Park (HP) [25], AGASA (A)
[26] and predictions from several top-down [27,
28] and cosmogenic photon models [27, 17].

evolution and model for the transition from galactic to extragalactic cosmic-rays [18]. A 10-fold
increase in the exposure will be needed to reach the most optimistic predictions in case of a pure
iron composition at sources, out of the range of the current configuration of the observatory.

3.2 Limits to the integrated photon flux

The upper limits on the integral flux of photons, for E
g

> E0, are defined as:

FCL
g

(E
g

> E0) =
NCL

g

hE i (3.3)

where E
g

is assigned according to the photon energy reconstruction; NCL
g

is the Feldman-Cousins
upper limit to the number of photon events computed at a confidence level CL in the hypothesis of
no background event expected; hE i is the spectrum-weighted average exposure in the energy range
E

g

> E0. In the period of data taking considered, the value of hE i is 5200, 6800, 6300 km2 sr yr,
for E

g

>10, 20, 40 EeV respectively. The limits to the integral flux are:

F95%
g

(E
g

> 10, 20, 40 EeV)< 1.9, 1.0, 0.49⇥10�3 km�2 yr�1 sr�1. (3.4)

The limits to the diffuse flux of photons obtained with the Auger Observatory are the most stringent
currently available above 1 EeV (Fig. 7). Top-down models of photon production from the decay
of heavy primordial particles [27, 28] are strongly disfavoured. Preliminary limits derived in this
work for E

g

> 10 EeV start constraining the most optimistic predictions of cosmogenic photon
fluxes in the assumption of a pure proton composition at the sources [27]. Cosmogenic models
using a primary spectral index of -2 and maximum energy of 1021 eV at the sources [17] predict an
integrated photon flux above 10 EeV ⇠4 times lower than the current limits in the case of proton
primaries, ⇠2 orders of magnitude lower if iron nuclei are injected at the sources.
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CRs and cosmogenic neutrinos & photons
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Auger CR spectrum with
GZK interpretation

calculated  cosmogenic 
neutrino flux

calculated  cosmogenic 
photon flux

IceCube 
PeV neutrinos

Auger upper 
   limits on ν-flux

Fermi LAT 
     GeV photons

G. Sigl, arXiv:1407.6577

• GZK also constrained by Fermi-LAT data
• IceCube ν’s are no GZK-neutrinos
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UHECR Sky surprisingly isotropic
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Weak excess of events around Cen A
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Auger/TA: small/intermediate-scales
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2. Auger/TA: small/intermediate-scales

Peter Tinyakov in Brussels
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Themes of HE-Astroparticle Physics
•Cosmic Particle Acceleration 

- How and where are cosmic rays accelerated? 
- How do they propagate? 
- What is their impact on the environment? 

•Probing Extreme Environments 

- Processes close to neutron stars massive black holes?  
- Processes in relativistic jets, winds and explosions?  
- Exploring cosmic magnetic fields 

•Physics Frontiers – beyond the SM 

- What is the nature of Dark Matter? How is it distributed?  
- Lorentz invariance violation? Smoothness of Space-Time? 
- New particle physics at √s=450 TeV ?

40Karl-Heinz Kampert – University Wuppertal GRK 2149 Symposium, Telgte, Nov. 24-26, 2015
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Data: 1018 eV < E < 1018.5 eV

In practice: σp-Air  by tuning models 
to describe Λ seen in data

X1: point of 1st interaction
ΔX1

ΔXmax≈ ΔX1

Difficulties: 
• mass composition can alter Λ
• fluctuations in Xmax

• experimental resolution ~ 20 g/cm2

Λint

top of atmosphere
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties

 (P
ro

to
n-

Pr
ot

on
)  

  [
m

b]
in

el
σ

30

40

50

60

70

80

90

100

110

    [GeV]s
310 410 510

ATLAS 2011
CMS 2011
ALICE 2011
TOTEM 2011
UA5
CDF/E710
Auger ICRC 2011

QGSJet01
QGSJetII.3
Sibyll2.1
Epos1.99
Pythia 6.115
Phojet

σinel
pp =

[

90 ± 7stat (+9
−11)sys ± 1.5Glauber

]

mb
√
spp = [57 ± 6] TeV

The 1.5mb do not reflect the total theoretical uncertainty, since there are other

models available for the conversion.
Ralf Ulrich (ralf.ulrich@kit.edu) Measurement of the Proton-Air Cross-Section with the Pierre Auger Observatory 12 / 19

p-Air and pp Cross section @ √s=57 TeV
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Highlights from the Pierre Auger Observatory Piera Luisa Ghia
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Figure 9: Left: The sp�air-measurement compared to previous data and model predictions. Right: 90% C.L. upper
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13�). This finding is robust both assuming that the flux of cosmic rays is purely dipolar or purely302

dipolar and quadripolar (see also [26]). Assumptions on the shape of the angular distribution can303

be avoided by analyzing it over the full sky. This has been done through a spherical harmonic304

analysis of Auger and Telescope Array data [27] and updated in the presentation from O. Deligny.305

No deviation from isotropy at discovery level is found at any multipoles. The largest deviation306

from isotropy, with a p-value of 5⇥10�3, occurs for the dipolar moment. The amplitude, 0.065307

± 0.019, and the direction, (a,d ) = (93� ± 24�,�46� ± 18�) are in agreement with that found308

with Auger-only data. The sky maps of the fluxes, in equatorial coordinates, in Fig. 8, offer a309

visualization of the dipolar patterns resulting from the two analyses. It is interesting to remark that310

out of the study of the declination dependence of the all-particle spectrum, reported by I. Valiño’s,311

the ratio of fluxes from the southern sky to the northern one is compatible with that expected from312

the described dipolar modulation. Such an anisotropy, if confirmed with additional data, might be313

reflective of the diffusive propagation of UHECRs in the extragalactic magnetic fields and/or of the314

inhomogenoeus distribution of the sources in our neighbourhood. The observed dipolar amplitudes315

would in particular correspond to expectations in case of the presence of heavier nuclei [28, 29],316

suggested too by the inferences on mass composition drawn through Xmax data.317

4. Beyond ultra-high energy cosmic rays318

Besides studies on UHECRs, the Collaboration has presented a series of contributions that319

are complementary to those both in terms of reach and of energy. On the one hand, UHECRs320

reach energies that are far larger than any Earth-based accelerator would ever achieve, so that321

they represent a unique opportunity to access particle interactions in domains, also kinematical,322

that cannot be explored otherwise. On the other hand, the versatility of the instruments of the323

Observatory makes the study of the flux cosmic rays possible down to GeV-TeV energies and put324

it in relation to the dynamics of the heliosphere and the Sun activity.325

The measurement of the p-air cross-section, illustrated by R. Ulrich, is emblematic of the326

Observatory capability to access particle physics. The work extends, in number of events and327

energy, the previous one [30], where the measurement was performed in one energy bin only, 1018 �328
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Interaction Models lack Muons in EAS
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Auger Collaboration, Phys. Rev. D 91, 032003 (2015); editors suggestion
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nach Gandhi et al., Fermilab-Pub-98-087-T
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Bounds on LIV and Smoothness of Class. Space-Time

46

Klinkhamer/Risse; PRD77 (2008) 016002; 117901; Klinkhamer, AIP Conf.Proc.977:181-201,2008

• Conservative limit on any small-scale structure of space:  
LEP/LHC: ℓ≤10-19 m ≈ ℏc/(1 TeV).

• Use published 27 Auger events + 1 AGASA + 1 Fly‘s-Eye  
↪ single scale classical space-time foam at  

UHECRs: b ≤ 10-26 m ≈ ℏc/(2·1010 GeV)  

 
 

• Conjecture: fundamental length scale of quantum space time may be 
different from Planck length and may be linked to cosmological constant

Observation of 1020 eV events 
proofs absence of  Vacuum Cherenkov-Radiation 
➙ Provides limits on smoothness of space & LIV-effects

by far best (3 to 8 orders of magn.!) existing bounds of Standard Model 
Extension parameters of nonbirefringent modified Maxwell theory

Results complemented by TeV γ-rays

34th International Conference on High Energy Physics, Philadelphia, 2008

Figure 2: Sketch of a static classical spacetime-foam manifold.

5. DISCUSSION

Calculations [15] of standard photons and Dirac particles propagating in simple classical spacetime-foam models

reproduce a restricted (isotropic) version of model (1)–(2):

2 κ̃tr =
(
b̃
/

l̃
)4

, (κ̃o+)mn = (κ̃e−)mn = 0 , (8)

for randomly orientated defects with an effective size b̃ and an average separation l̃ (cf. Fig. 2). The heuristics of

the result is well understood, as the type of Maxwell solution found for the classical spacetime foam is analogous to

the solution from the so-called “Bethe holes” for waveguides [16]. In both cases, the standard Maxwell plane wave

is modified by the radiation from fictitious multipoles located in the holes or defects. But there is a difference: for

Bethe, the holes are in a material conductor, whereas for us, the defects are “holes” in space itself.

The UHECR bound (6c) implies that a single-scale
(
b̃ ∼ l̃

)
classical spacetime foam is ruled out. This conclusion

holds, in fact, for arbitrarily small defect size b̃ , as long as a classical spacetime makes sense. That is, down to

distances at which the classical-quantum transition occurs, possibly of order lPlanck ≡
√

! GN/c3 ≈ 1.6 × 10−35 m.

This result is really like having a null experiment and there is an analogy with the Michelson–Morley experi-

ment [17]: theorists expect novel effects which are not seen by experimentalists.

In turn, this suggests the need for radically new concepts. Then, there was the “relativity of simultaneity”

introduced by Einstein [18]. Now, regarding the quantum origin of spacetime, there is . . . (alas, margin too narrow!)
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WIMP-proton cross section limits
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with other experimental limits [28–37]. We assume a stan-
dard DM halo with a local density of 0:3 GeV=cm3 [25]
and a Maxwellian WIMP velocity distribution with an
rms velocity of 270 km=s. We do not include the detailed
effects of diffusion and planets upon the capture rate, as the
simple free-space approximation [2] included inDarkSUSY
is found to be accurate [38]. Limits on the WIMP-nucleon
scattering cross section can also be deduced from limits
on monojet and monophoton signals at hadron colliders,
but these depend strongly on the choice of the underlying
effective theory and mediator masses [39–41] and are
consequently not included in Fig. 2.

In conclusion, we have presented the most stringent
limits to date on the spin-dependent WIMP-proton cross

section for WIMPs annihilating intoWþW" or !þ!" with
masses above 35 GeV=c2. With this data set, we have
demonstrated for the first time the ability of IceCube to
probe WIMP masses below 50 GeV=c2. This has been
accomplished through effective use of the DeepCore sub-
array. Furthermore, we have accessed the southern sky for
the first time by incorporating strong vetoes against the
large atmospheric muon backgrounds. The added live time
has been shown to improve the presented limits. IceCube
has now achieved limits that strongly constrain dark matter
models and that will impact global fits of the allowed dark
matter parameter space. This impact will only increase in
the future, as analysis techniques improve and detector live
time increases.
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FIG. 2 (color online). 90% C.L. upper limits on "SI;p (top
figure) and "SD;p (bottom figure) for hard and soft annihilation
channels over a range of WIMP masses. Systematic uncertainties
are included. The shaded region represents an allowed minimal
supersymmetric standard model parameter space (MSSM-25
[42]) taking into account recent accelerator [43], cosmological,
and direct DM search constraints. The results from Super-K [28],
COUPP (exponential model) [29], PICASSO [30], CDMS
[31,32], XENON100 (limits above 1 TeV=c2 from the
XENON100 Collaboration) [36], CoGeNT [35], Simple [37],
and DAMA [33,34] are shown for comparison.
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few large telescopes 
for lowest energies ~km2 array of

medium-sized
telescopes

large 7 km2 array of 
small telescopes,

4 LSTs
~70 SSTs

~25 MSTs plus

~24 SCTs extension


In-depth understanding 
of known objects and  
their mechanisms 

Expected discoveries 
of new object classes 

Gammas
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Neutrinos
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Figure 5: The left figure shows overhead and side views of the baseline 40-string PINGU detector. It also
shows the surrounding IceCube and DeepCore strings, and vertical spacings for DeepCore and PINGU
modules. In the side view only some of the strings are shown for clarity. Like DeepCore, the PINGU
modules will all house high quantum e�ciency (HQE) PMTs. The leftmost plot along the side of the
figure delineates the dust concentration in the ice and shows that PINGU occupies the clearest ice. The
top right figure shows an enlarged top view of the baseline 40-string geometry. The bottom right figure
provides a sketch of a contained ⌫µ CC event (signal) and a throughgoing muon bundle from a cosmic-ray
air shower (one type of background, rarely coincident with neutrinos but shown this way for simplicity).
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UHECRs
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AugerPrime: mass composition
with ground array

origin of the flux suppression

hadronic interactions
beyond LHC

Global Cosmic Ray Observatory
few sites in N+S, 90 000 km2

p-astronomy of sources
source physics
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Summary & Conclusion
•Major break throughs and discoveries made 

during last years 

•Multi-Messenger observations have become real 
and improve our understanding further 

•Besides Astrophysics, also key observations in 
fundamental physics and in BSM (B-LHC) 

•Major new projects under construction and in 
preparation 

•Exciting years & thesis topics for GRK2149
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