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Ultra High Energy Cosmic Rays and Neutrinos

Which are the sources?

How are accelerated?

New fundamental physics?

Iron
proton

neutrino
gamma

- UHECRs: Charged and deflected in magnetic fields, probe the nearby Universe at 1020 eV

- Neutrinos: Straight path and no energy losses, probe the entire Universe
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UHECRs with full sky coverage and complementary techniques

Telescope Array
Delta, Utah, USA

Pierre Auger Observatory
Province of Mendoza,
Argentina

Combining the data from the two largest observatories.
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Telescope Array

Fluorescence telescopes

Surface detectors

680 km2(507 scintillators), 36 telescopes
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Pierre Auger Observatory
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Fluorescence Telescopes

Surface detectors

3000 km2 (1660 water Cherenkov detectors), 27 telescopes
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Pierre Auger Observatory
Fluorescence Telescopes

Surface detectors

3000 km2 (1660 water Cherenkov detectors), 27 telescopes
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Indirect measurements of UHECRs via the air-showers
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dE/dX+ invisible energy correction, σE ≈ 8%, σsys ≈ 15%

ESD = f (θ,S1000), σE ≈ 10%@10EeV
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Indirect measurements of UHECRs via the air-showers
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Energy spectrum
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Combined energy spectrum
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Auger (ICRC 2017)

1018 1019 1020
E /eV

γ1 = 3.293± 0.002± 0.05 γ2 = 2.53± 0.02± 0.1

Eankle = (5.08± 0.06± 0.8) EeV

Es = (39± 2± 8) EeV
E1/2 = (23± 1± 4) EeV
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Combined energy spectrum
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Comparison with Telescope Array
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⇒ difference above 40 EeV (caused by different sky coverages?)

8



Comparison with Telescope Array
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Looking at the same part of the sky
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Sensitivity to mass composition with FD and SD
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Sensitivity to mass composition with FD and SD
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Average Xmax with Fluorescence Detector
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Average Xmax with Fluorescence Detector
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Average Xmax with Fluorescence and Surface Detector
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Average Xmax and Xmax-fluctuations
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Mass composition at sources
rigidity-dependent cutoff at source: Emax = Rcut Z , power law injection E−γ

no EGMF

Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

With EGMF
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David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 8 / 17

Introduction Dependence on EGMF Dependence on source evolution Summary and conclusions Backup

Best-fit parameters

Source properties 4D with EGMF 4D no EGMF 1D no EGMF1

γ 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

Strong influence of the EGMF on reconstructed source properties
Assuming an EGMF leads to softer γ

Dominated by intermediate-mass nuclei
1Homogeneous source distribution, see [A. Aab et al., JCAP 2017, 038 (2017)]

David Wittkowski for the Pierre Auger Collaboration Reconstruction of the properties of the UHECR sources 10 / 17

Suppression of the flux dominated by max. injection
energy

Very hard index of power law at injection

Mainly primaries of the CNO and Si group injected, no
Fe, very little p (spallation)
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Searches for cosmogenic photons and neutrinos

p + γCMB → p + π0

↘
γγ

p + γCMB → n + π+

↘
e+ + 3ν

 [eV]0E
1810 1910 2010

] 
 -1

 y
r

-1
 s

r
 -2

 [ 
km

0
 >

 E
γ

 In
te

gr
al

 p
ho

to
n 

flu
x 

E

3−10

2−10

1−10

1 GZK proton I 
GZK proton II

Hy 2011

+syst.Hy 2016

Y 2010

 TA 2015

SD 2015

upper limits 95% CL

HP 2000
A 2002

Z-burst
TD
SHDM I
SHDM II

upper limits 95% CL

UHE neutrinos at Auger Enrique Zas

 [eV]νE
1710 1810 1910 2010 2110

 ]
-1

 s
r

-1
 s

-2
 d

N
/d

E
  [

 G
eV

 c
m

2
E

9−10

8−10

7−10

6−10

5−10

Single flavour, 90% C.L.
 = 1 : 1 : 1τν : µν : eν

IceCube (2015) (x 1/3)

ANITA-II (2010) (x 1/3)

Auger 1 Jan 04 - 31 Mar 17

 modelsνCosmogenic  
 eV (Ahlers '10)19=10

min
p, Fermi-LAT, E

 eV (Ahlers '10)17=3 10
min

p, Fermi-LAT, E
p, FRII & SFR (Kampert '12)
p or mixed, SFR & GRB (Kotera '10)
Fe, FRII & SFR (Kampert '12)

Astrophysical sources

 (Murase '14)νAGN 

Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEν = kE−2 given as
a normalization, k, (straight red line), and differential upper limit (see text). Limits are quoted for a single
flavor assuming equal flavor ratios. Similar limits from ANITAII [8] and IceCube [9] are displayed along
with prediction for several neutrino models (cosmogenic [10, 11, 12], astrophysical [13].)

3.2 Limits to point-like sources of UHE neutrinos

The Earth-skimming channel is very effective at converting the tau neutrinos into exiting tau
leptons when the arrival direction is very close to the horizontal. It can be shown that over 90%
(∼ 100%) of the ES exposure is obtained for zenith angles between 90◦ and 92.5◦ (95◦). As a result
the sky coverage provided by these interactions reaches declinations between −54.5◦ and 59.5◦.
The DG selections enhance the visible declination band towards the south all the way to −84.5◦

covering a large fraction of the sky. The exposure as a function of zenith can be converted to an
average exposure for a given declination integrating in right ascension. It displays strong peaks for
the ES selection close to two extreme declinations apparent in the obtained bounds.

The non-observation of neutrino candidates is cast into a bound on point sources which is
calculated as a function of declination, δ , also assuming a flavor ratio of 1:1:1. The results are
displayed in Fig. 3, for the first time combining the three searches and for data that have an increase
of about seven years of full exposure over previous results [15].

3.3 Targeted searches for correlations with the GW events

The reported detection of gravitational wave events produced by bynary Black Hole (BH)
mergers by the Advanced Ligo Collaboration has triggered a targeted search for coincidence events
that would complement these observations. BH mergers could accelerate cosmic rays to the high-

4

Current limits start reaching the GZK expectations
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Large-scale anisotropy
Harmonic analysis in right ascension α

Significant dipolar modulation (5.2σ) above 8 EeV: (6.5+1.3
−0.9)% at (α, δ) = (100◦,−24◦)
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Hot/warm spots with combined data (about 3σ)

Dots: 2MASS catalogue (D<45 Mpc)

Naive superposition of the highest energy data!
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AugerPrime Telescope Array x 4

Water Cherenkov detectors with 4m2 scintillators

Enhance the sensitivity of the surface detectors

Increase the surface detector by a factor 4!

Mass composition with surface detectors (AugerPrime) and increased statistics
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IceCube neutrino observatory

Full operation since 2011

18



Types of neutrino events
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Astrophysical neutrinos

82 events
(expected background 15.6+11.4

−3.9 )

energy > 30 TeV

spectral index: 2.92+0.33
−0.29
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Point sources: clustering of astrophysical neutrinos?
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Point sources: clustering of astrophysical neutrinos?

Lowering the required energy still no significant clustering
22



Realtime alerts and transient sources

- Astrophysical Multimessenger Observatory Network (AMON) and Gamma-ray Coordination
Network (GCN)

- Understand the Universe with photons, neutrinos, UHECRs and gravitational waves

- Principle: seen something interesting → alert fast the community
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Neutrinos and gamma rays

Supernova PS16cgx descovery triggered by a high energy neutrino

PAN-Starrs followed up IceCube HESE alert on
2016-04-27 and found a recent supernova at z=0.3

GEMINI: Optical spectroscopy

Chance probability: < 1% if Ic
< 10% if Ia
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Neutrinos and UHECRs

Auger (231 events) TA (109 events) IceCube(58+ 49 events)

No significant correlation (< 3σ)
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Multimessenger astronomy: GW, gamma rays and neutrinos

GW170817 about 40 Mpc away (NCG4993)
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UHECRs and neutrinos: plans and future

Heading towards particle astronomy

- Important Belgian contribution in the multimessenger astrophysics (phenomenology and
experimental)

- Ultra High Energy Cosmic Rays: towards mass composition and high statistics (AugerPrime, TA
upgrade)

- Neutrinos: increase the statistics of high energy neutrinos (IceCube-Gen2)

APPEC:” To improve understanding of our Universe, APPEC identified as a very high priority those
research infrastructures that exploit all confirmed high-energy messengers (cosmic particles that can
provide vital insights into the Universe and how it functions). These messengers include gamma rays,
neutrinos, cosmic rays and gravitational waves. “
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