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Summary

๏History

๏Astrophysics of cosmic rays

๏Extended Air Showers

๏Detection of Cosmic Rays

๏The Pierre Auger Observatory

๏The HAWC Observatory

๏Auger Open Data
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History



Radiation in the Universe

— Electromagnetic and particles —
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Microwave 

Background

Gamma rays

Cosmic Rays

28 orders of magnitud



Unkown ionizing radiation

Early 20th century:

The puzzle of the 
electroscopes


๏ Loss of charge without 
ionizing sources 

๏ Unknown ionizing radiation

๏ What type of radiation?

๏ Where does it come from?
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Victor Hess, 1912

๏Balloon flights

๏Reached 5 km


๏Scientific payload: 
2 electroscopes


๏Determine if 
radiation emitted by 
earth
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Radiation from space

๏Measured: density of 
ion pairs

๏ Increases with altitude


๏Conclusio: 
Extraterrestrial 
origin


๏Nature unknown

๏ Gamma rays?

๏ Charged radiation?

๏ Sign of charge?
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Charged particles in vicinity of the Earth

๏Charged particles in 
the Earth magnetic 
field: 
Numerical simulation 
of trajectories


๏Sandoval-Vallarta, 
1932 (Princeton)
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The East-West Effect

๏First observed in   
Mexico City

๏ Effect stronger closer 

to the equator


๏ Luis Alvaréz, 1932 
(Then student of 
Compton)


๏Proves: 
The cosmic radiation 
consists 
predominantly of 
positively charged 
particles
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Extended Air Showers: Pierre Auger, 1938

๏Detectors up to 300m apart

๏Observed rate higher than predicted

๏ Correlated, extended flux


๏Estimated energy: 1015 eV = 1PeV
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N1 N2

"and"

N1, N2: local rate, τ: coincidence window

<latexit sha1_base64="ttdEkS9O+6L0SVfjGBHNQLQmCzg="></latexit>

Random coincidence: 2N1N2t



The spectrum of cosmic rays

๏ spans 12 orders of 
magnitude


๏Non-thermal, 
power-law


๏Galactic origin up to  
1016 eV


๏Ultra High Energy 
Cosmic Rays: Energy 
above 1018 eV o 1019 
eV

๏ Extra-galactic origin
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Knee

UHECRs



Sources of Cosmic Rays



The Fermi Mechanism

๏Cosmic Ping-Pong

๏Particle confined in plasme

๏Gains energy in each crossing of shock front

๏Observed in interplanetary medium
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partícula confinada
por campo magnético

frente de choque
plasma magnético

Particle confined in

magnetic field

Shock front
Magnetized plasma



Femi acceleration: spectrum

๏ Energy gain in crossing


๏ Initial energy E0, after  
n crossings:


๏ Probability to escape 
source in one turn: Pesc. 
After n crossings:


๏ Number of crossings 
needed to get to 
energy E:


๏ Fraction of particles 
with energy larger than 
E:


๏ Power law spectrum 
(non-thermal): 
 
 
with 
 
 
 
for the integral 
spectrum
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DE = xE

En = E0(1 + x)n

P(n) = (1 � Pesc)
n

n = log(E/E0)/ log(1 + x)

N(� E) µ
•

Â
m=n

(1 � Pesc)
m =

(1 � Pesc)n

Pesc

N(� E) µ (Pesc)
�1(E/E0)

�g

g = � log(1 � Pesc)/ log(1 + x)

⇡ Pesc/x = x�1 Tcycle/Tesc



Properties of the Fermi mechanism

๏Power-law spectrum


๏Spectral index for thin shock: γ ≈ 1


๏Maximum energy depends on accelerator

๏ size and magnetic field

๏ Lifetime of the source


๏Propagation changes spectral index 
➯ Source value not directly observable
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N(> E) µ E�g (int.), N(E) µ E�g�1 (dif.)



Supernovae

๏Termination 
shock with 
interstellar 
medium
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Active Galactic Nuclei

๏Plasma jet 
with 
internal 
shocks


๏Terminal 
shock of jet 
in 
intergalactic 
medium
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Gamma Ray Bursts

๏Hypernovae

๏Collision of neutron stars
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Extended Air Showers



Extended Air Shower schematic

๏Particle cascades 
in the 
atmosphere

๏ Hadrons

๏ Electro-magnetic 

EM: e+, e-, γ

๏ Muons

๏ Decays of π±


๏ neutrinos

๏ invisible


๏EM cascades 
without hadronic 
core
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6/30/15, 11:37 
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Air shower snapshot

๏Shower front travels 
at the speed of light


๏Curved because of 
distance to first 
interaction


๏Delayed particles 
because of

๏ Speed less than c

๏ Geometry of path
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A hadronic air shower in numbers

๏Particles at the shower 

๏ 99.88% EM

๏ 0.1% muons

๏ 0.02% hadrons


๏Energy

๏ from 100% in hadrons

๏ to 90% EM + 10% muons


๏Converts energy to particles

๏ We see E=mc2 in action

๏ Count particles to determine energy of primary

22



Observable: longitudinal development

๏Number of 
particles as 
function of depth


๏Extract 

๏ depth of 

maximum


๏ Fluctuations
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T. Pierog, KIT - 4/51Corsika School – 2014

Heitler Muon puzzleHadronic observables Particles at ground

Extensive Air Shower Observables

Lateral distribution function (LDF)

particle density at ground vs distance to the impact 
point (core)

can be muons or electrons/gammas or a mixture of 
all.

Longitudinal Development

number of particles vs depth 

Larger number of particles at 
Xmax

For many showers

mean : <Xmax>

fluctuations : RMS Xmax

Xmax

X = Ú
h

•
dz (z)

X =
R •

h dzr(z)

Xmax

hXmaxi

[g/cm2]



Electro-magnetic Heitler model

๏ In each interaction: 
particle generates 2

๏ γ: pair production

๏ e±: γ emission in  

bremsstrahlung


๏ Interaction length: λ

๏ particle type


๏Terminates when:


๏Attenuation for 
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λ

N(X) = 2X/l

E(X) = Ec

E(X) = E0/N(X)

N(Xmax) = E0/E

Xmax = l
log(E0/E)

log 2

E > Ec



Extended Heitler model (J. Matthews)

๏Hadronic primary

๏ Fixed interaction length

๏ Uniform energy re-

distribution

๏ Particle types:

๏ hadrons 

including decay into muons 
when reaching Edec (π±)


๏ Electro-magnetic 
(π0 decay)
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Heitler Muon puzzleHadronic observables Particles at ground

Using a simple generalized Heitler model to 
understand EAS characteristics :

fixed interaction length

equally shared energy

2 types of particles : 

N
had

 continuing hadronic cascade until decay at 

E
dec

 producing muons (charged pions).

N
em

 transferring their energy to electromagnetic 

shower (neutral pions).

N tot=N hadN em

Toy Model for Hadronic Cascade

Primary particle :
hadron

J. Matthews, Astropart.Phys. 22 
(2005) 387-397

Ntot = 2 for original Heitler model

N(n) = Nn
had E(n) = E0/Nn

tot

Edec = E0/Nnmax
tot nmax = ln(E0/Edec)

ln(Ntot)

ln(Nµ) = ln(N(nmax)) = nmax ln(Nhad)

doi.org/10.1016/j.astropartphys.2004.09.003



Observable: Lateral Distribution (LDF)

๏Number of particles as function of distance 
from core
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Heitler Muon puzzleHadronic observables Particles at ground

Extensive Air Shower Observables

Lateral distribution function (LDF)

particle density at ground vs distance to the impact 
point (core)

can be muons or electrons/gammas or a mixture of 
all.

Longitudinal Development

number of particles vs depth 

Larger number of particles at 
Xmax

For many showers

mean : <Xmax>

fluctuations : RMS Xmax

Xmax

X = Ú
h

•
dz (z)



Superposition model

๏Primary with mass A and energy E: 
equivalent to A proton showers with energy 
 E/A


๏Nuclei generate more muons than pure 
protons
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Nµ(A) = A
✓

E0/A
Edec

◆a

a ⇡ 0.925

Nµ(A) = Nµ(p)A1�a



Number of muons in simulations

๏Number of muons goes down with E: 
π± interact before decaying


๏Fe produces more muons than p

๏Differences between models: systematics in simulations
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Heitler Muon puzzleHadronic observables Particles at ground

Simulations confirm A, α and R dependence
  

Total Number of Muons

2 times less baryons = 35 % less muons
(~difference between proton and iron)

2 times less baryons = 35 % less muons
(~difference between proton and iron)

antiproton/pion



Longitudinal development
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Heitler Energy depositHadronic observables X
max

Mean AND Fluctuations

RMS
m

e
a

n

X
max

Both mean and fluctuations of 
X

max
 are important for mass 

composition measurements

Both mean and fluctuations of 
X

max
 are important for mass 

composition measurements

๏Mean and fluctuations of  
Xmax are important 
observables

γp

Fe



Gold standard for simulations: CORSIKA

๏Universally used

๏ Replaced private codes used in collaborations

๏ Comparison of results simplified


๏Different interaction models

๏Atmospheric profile configurable


๏CONEX: semi-analytic code

๏ MC for first interactions: fluctuations

๏ analytic cascade equations (1d, 3d)

๏ MC close to ground 

๏ Faster than full simulations

๏ Lateral distribution complicated


๏CORSIKA 8 under development 
re-write in C++
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https://www.iap.kit.edu/corsika/



Interaction models in CORSIKA

31
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Heitler Muon puzzleHadronic observables Particles at ground

Hadronic Interaction Models in CORSIKA

 (HDPM)

 SIBYLL 2.1 (QGSJET01  DPMJET 2.55  VENUS)    (<2001)

NEXUS 
3.97

(QGSJET II-03) (EPOS 1.99)

Old generation :

All Glauber based

But differences in hard, 
remnants, diffraction …

Attempt to get 
everything described 
in a consistent way 

(energy sharing)

LHC tuned :

Motivation :

- Hard Pomeron-
Pomeron connexion

Motivation :

- binary scaling in hard 
probes

semi-hard

soft

(DPMJET III) (2005-2012)

QGSJET II-04 EPOS LHC (2013-)

New generation :

EPOS 3 (2015-)
QGSJET IIISIBYLL 2.3LHC inspired :

Motivation :

- update with latest 
LHC results in 
simple model

Ostapchenko

Engel et al.

Pierog & Werner
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Heitler Muon puzzleHadronic observables Particles at ground
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The Observatories



Our instruments at high energies
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Pierre Auger 

Observatory

HAWC

Observatory



HAWC located at Volcán Sierra Negra

Pico de Orizaba
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HAWC located at Volcán Sierra Negra

Pico de Orizaba

HAWC

4100m

GTM/LMT

4560m

Highway Puebla-Veracruz

Orizaba

Pico de Orizaba

5636m
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HAWC located at Volcán Sierra Negra

Pico de Orizaba

HAWC

4100m

GTM/LMT

4560m

Highway Puebla-Veracruz

Orizaba

Pico de Orizaba

5636m
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HAWC

300 WCD

Service Building

(HUB)

Counting House



A big Cherenkov Detector

35

Height: 4.5 m

Diameter: 7.3m



A big Cherenkov Detector
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Height: 4.5 m

Diameter: 7.3m



Expansion

๏Additional WCD (outriggers)

๏ Smaller size

๏ Expand area for high energy observations

๏ Increase sensitivity above 10 TeV


๏Detector of 2500l
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2 

460 collaborators 
110 institutions  from 17 countries 

 
Argentina – Australia – Brazil – Colombia – Czech Republic  – 
France – Germany – Italy – Mexico –  Netherlands –  Poland – 
Portugal –  Romania –  Slovenia – Spain –  United Kingdom – 
United States 
 

The Pierre Auger Collaboration 

The Pierre Auger Collaboration
17 countries , ≈460 collaborators


Argentina – Australia – Bolivia – Brazil – Colombia – 
Czech Republic – France – Germany – Italy – Mexico – 

Netherlands – Poland – Portugal – Romania – Slovenia – 
Spain – United Kingdom – United States
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The Auger Site

38

1660 surface detector 
stations, 1.5 km spacing

Infill: 750m spacing 
+ buried μ detectors

4 Fluorescence detector 
sites


6 telescopes each

+3 elevated


27 telescopes in total

Full coverage of the 
surface array

Capability to detect 
stereo events

Quadruple events 
seen

Low Energy Extensions

Radio Detectors



The Auger Site

38

1660 surface detector 
stations, 1.5 km spacing

Infill: 750m spacing 
+ buried μ detectors

4 Fluorescence detector 
sites


6 telescopes each

+3 elevated


27 telescopes in total

Full coverage of the 
surface array

Capability to detect 
stereo events

Quadruple events 
seen

Low Energy Extensions

Radio Detectors

'air' calorimeter:  3000km2,  ≈2.5∙1
010 T



A surface detector station
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A surface detector station

39

Communications 
antenna

GPS antenna

Solar Panel

ElectronicsBatteries

Container with 12 m3 of water

3 Photomultipliers
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Auger upgrade: scintillators above each detector

62

fp,Fe =
|hSFei�hSpi|p

s2Fe +s2p

micro-ASCII installed and running

10 of 18

 7
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 400  500  600  700  800  900  1000  1100  1200  1300
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Proton QGSJet
Proton EPOS
Iron QGSJet

Iron EPOS

1019 eV

3x1019 eV

1020 eV
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Telescopes

LIDAR

Comms tower

A Fluorescence Detector Site

41



Telescopes

LIDAR

Comms tower

UV 

Schmidt telescope: 
Aperture with 
corrector lens

A Fluorescence Detector Site

41

HEAT: High Elevation Auger Telescopes
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• 3 ``standard´´ Auger telescopes tilted to cover 30 - 60° elevation

• Custom-made metal enclosures

• Also prototype study for northern Auger Observatory 11

Field of 

view
Telescope

Shower size

(1)

(2)

HEAT

standard 
telescopes



Telescopes

LIDAR

Comms tower

UV 

Schmidt telescope: 
Aperture with 
corrector lens

A Fluorescence Detector Site

41

Schmidt telescope: mirror

HEAT: High Elevation Auger Telescopes
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Camera with 440 PMTs

Telescopes

LIDAR

Comms tower

UV 

Schmidt telescope: 
Aperture with 
corrector lens

A Fluorescence Detector Site

41

Schmidt telescope: mirror

HEAT: High Elevation Auger Telescopes
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Reconstruction of

basic quantities



Air shower detection

43

Fluorescence:

longitudinal

development


(clear nights)

Surface:

lateral distribution



Time ➯ Direction

๏Velocity and time 
⇒ distance


๏Perpendicular plane 
⇒ direction

44

d = ct



Surface detector Energy Determination

45

S(1000) ∝ E

Lateral density 
distribution

SD

E ∝ Area under curve

Longitudinal 
profile

FD

Hybrid Events are used to

calibrate the 


SD energy estimator 

from the 


FD calorimetric energy

Xmax



Surface detector Energy Determination

45

S(1000) ∝ E

Lateral density 
distribution

SD

E ∝ Area under curve

Longitudinal 
profile

FD

Hybrid Events are used to

calibrate the 


SD energy estimator 

from the 


FD calorimetric energy

Xmax

Similar techniques used to calibrate


other SD observables



Surface detector Energy Determination

45

S(1000) ∝ E

Lateral density 
distribution

SD

E ∝ Area under curve

Longitudinal 
profile

FD

Hybrid Events are used to

calibrate the 


SD energy estimator 

from the 


FD calorimetric energy

Xmax

Other experiments calibrate with


Monte Carlo simulations



๏Combine 
results 
from  
different 
techniques 
and 
detectors

Combined spectrum
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๏Combine 
results 
from  
different 
techniques 
and 
detectors

Combined spectrum

46

 [eV]E
1910 2010
]1

 e
V

-1
 sr

-1
 y

r
-2

 [k
m

2
E ×) 

E(J

1710

1810

1910

]
-1

 d
ex

-3
En

er
gy

 d
en

si
ty

 [e
rg

 M
pc

5210

5310

5410

83
14

3

47
50

0

28
65

7

17
84

3

12
43

5

87
15

60
50

41
11

26
20

16
91

99
1

62
4

37
2

15
6

83

24
9

6

 [eV]E
1910 2010

]2
 e

V
-1

 sr
-1

 y
r

-2
 [k

m
3

E ×) 
E(J

3710
sysσ ± statσ ±spectral index 

 0.10± 0.02 ± = 3.29 
1
γ

 0.05± 0.03 ± = 2.51 
2
γ

 0.10± 0.05 ± = 3.05 
3
γ

 0.1± 0.3 ± = 5.1 
4
γ

1
2

3

4

Spectral parameters:

 E12  =   5 ± 0.1 ± 0.8 EeV

 E23 = 13 ± 1 ± 2 EeV 

 E34 = 46 ± 3 ± 6 EeV 

J(E) =J0

✓
E

1018.5 eV

◆�g1

⇥

3

’
i=1

2

41 +

 
E

Eij

! 1
wij

3

5
(gi�gj)wij

<latexit sha1_base64="tPZRfFv2W5LIBO2hth2vqtVePyY="></latexit>

wij = 0.05

<latexit sha1_base64="++IcXGjKAukFh9O6lPwpEBiZhYQ="></latexit>



Photon Identification



Gamma: Smooth

Most signal in reference

circle 

Protón: Rough front 

Detector with large signal

outside reference circle

HAWC Gamma-Hadron separation

48

47 TeV Hadron Shower7 TeV Gamma Shower

hi
t 

tim
e 

[n
s]

circle size = light collected 
(measures local E)

core region

core region

circle size = light collected 
(measures local E)

Machine Learning



Gamma: Smooth

Most signal in reference

circle 

Protón: Rough front 

Detector with large signal

outside reference circle

HAWC Gamma-Hadron separation

48

47 TeV Hadron Shower7 TeV Gamma Shower

hi
t 

tim
e 

[n
s]

circle size = light collected 
(measures local E)

core region

core region

circle size = light collected 
(measures local E)

relatively smooth, 

low light levels

clumpy with lots of

light far from core

Machine Learning



Gamma: Smooth

Most signal in reference

circle 

Protón: Rough front 

Detector with large signal

outside reference circle

HAWC Gamma-Hadron separation

48

47 TeV Hadron Shower7 TeV Gamma Shower

hi
t 

tim
e 

[n
s]

circle size = light collected 
(measures local E)

core region

core region

circle size = light collected 
(measures local E)

relatively smooth, 

low light levels

clumpy with lots of

light far from corecompactnesscompactness

Machine Learning



Gamma: Smooth

Most signal in reference

circle 

Protón: Rough front 

Detector with large signal

outside reference circle

HAWC Gamma-Hadron separation

48

47 TeV Hadron Shower7 TeV Gamma Shower

hi
t 

tim
e 

[n
s]

circle size = light collected 
(measures local E)

core region

core region

circle size = light collected 
(measures local E)

relatively smooth, 

low light levels

clumpy with lots of

light far from core

Ri
Ri+1

PINCness

PINCness compactnesscompactness

Machine Learning



E
lab

 (eV)  

<
X

m
a
x
>

 (
g

 c
m

-2
)

proton

iron

photon

photon
with preshower

QGSJET 01

QGSJET II

SIBYLL 2.1

Fly´s Eye
HiRes-MIA
HiRes 2004
Yakutsk 2001
Yakutsk 2005
CASA-BLANCA
HEGRA-AIROBICC
SPASE-VULCAN
DICE
TUNKA

400

500

600

700

800

900

1000

1100

1200

10
14

10
15

10
16

10
17

10
18

10
19

10
20

10
21

Auger FD photon discrimination

49



(1000)
1/2

Deviation of t
-10 -8 -6 -4 -2 0 2 4 6 8 10

D
e
v
ia

ti
o
n

 o
f 

R

-10

-8

-6

-4

-2

0

2

4

6

8

10

MC Photons

MC Hadrons

Auger SD photon discrimination

50

Deeper shower:

larger curvature

ΔH gives Δt:

deeper shower has


slower signals

Parametrize with simulations

Principal component analysis 

on deviation



Auger Photon limit

51
 [eV])0(E10log

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

Auger neutrino and photon limits Carla Bleve

 [eV]νE
1710 1810 1910 2010 2110

 ]-1
 s

r
-1

 s
-2

 d
N

/d
E 

 [ 
G

eV
 c

m
2 E -910

-810

-710

-610

-510
Neutrino single flavour limits (90% C.L.)

 [eV]νE
1710 1810 1910 2010 2110

 ]-1
 s

r
-1

 s
-2

 d
N

/d
E 

 [ 
G

eV
 c

m
2 E -910

-810

-710

-610

-510
IceCube 2013 (x 1/3)

Auger (2013)

ANITA-II 2010 (x 1/3)

 modelsνCosmogenic  
p, Fermi-LAT best-fit (Ahlers '10)
p, Fermi-LAT 99% CL band (Ahlers '10)
p, FRII & SFR (Kampert '12)
Fe, FRII & SFR (Kampert '12)
p or mixed, SFR & GRB (Kotera '10)
Waxman-Bahcall '01

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.

 [eV]0                                                    E
1810 1910 2010

 ]-1
 s

r
-1

 y
r

-2
 [k

m
0

>E γ
In

te
gr

al
 p

ho
to

n 
flu

x 
E

-510

-410

-310

-210

-110

1
SHDM
SHDM'
TD
ZB

GZK p (Gelmini '08)
GZK p (Kampert '12)
GZK Fe (Kampert '12)

Y
Y

Y A

AHyb

SD 2008

SD 2015

TA

(preliminary)

Photon limits 95% C.L.

HP

HP

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� > E0, are defined as:

FCL
� (E� > E0) =

NCL
�

�E � (3.3)

where E� is assigned according to the photon energy reconstruction; NCL
� 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; �E � is the spectrum-weighted average exposure in the energy range
E� > E0. In the period of data taking considered, the value of �E � is 5200, 6800, 6300 km2 sr yr,
for E� >10, 20, 40 EeV respectively. The limits to the integral flux are:

F95%
� (E� > 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� > 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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FIGURE 5. Left: Upper limits at 95 % C.L. to the di↵use flux of UHE photons derived from Auger SD and hybrid data (for
References see [8]). Right: Upper limits to the di↵use flux of UHE neutrinos at 90 % C.L. in integrated (horizontal lines) and
di↵erential form. Limits from Auger (red lines) are compared with cosmogenic neutrino models (for References see [25]). All
neutrino limits and fluxes are converted to a single-flavour.

neutrinos can travel to the observer with no interaction or deflection. The expected cosmogenic fluxes depend on the
composition and maximum energy of CRs at the sources and the emissivity, distribution, and cosmological evolution
of the acceleration sites. Thus, observing UHE photons or neutrinos, can pose constraints on the UHECR origin and
properties of the sources.

UHE Photons: Showers induced by photons are characterised by a lower content of muons and larger average
depth of maximum of longitudinal development (Xmax) than showers initiated by nuclei with the same energy. This is
due to the radiation length being more than two orders of magnitude smaller than the mean free path for photo-nuclear
interaction, causing a reduced transfer of energy to the hadron/muon channel, and to the development of the EAS
being delayed by the typically small multiplicity of electromagnetic interactions. The Landau-Pomeranchuk-Migdal
(LPM) e↵ect becomes important beyond 10 EeV [39] and is accounted for in the CORSIKA [40] simulations. The
CORSIKA output is then injected to the Auger detector simulation package O✏ine [41] to study the detector response
to photon induced EAS. Searches for photons at E > 10 EeV are performed both by hybrid data and by data from the
SD only. The latter data set has more statistical power but less discrimination per event as compared to the hybrid data.
For this reason, the upper limits derived from the hybrid data-set reach down to lower photon energies while the limits
derived from the SD data set dominate at the higher energies. Recent updates of the di↵use flux limits of photons
derived from Auger data are presented in Fig. 5 (left) together with expected di↵use photon fluxes originating from
the GZK-process or from particle physics motivated top-down models [8]. These photon limits are the most stringent
ones currently available above 1 EeV and they disfavour top-down models most strongly and also start to constrain
the parameter space for cosmogenic photons in case of pure proton sources [35].

UHE Neutrinos: The complementary search for neutrinos exploits their extremely small cross-section with mat-
ter. At large zenith angles (✓ > 60�) the thickness of the atmosphere traversed is large enough to absorb almost
completely the electromagnetic component of EAS initiated by nucleons or even photons, leaving their signal dom-
inated by muons. EAS initiated by neutrinos very deep in the atmosphere, on the other hand, have a considerable
amount of the electromagnetic component remaining (“young” showers). Two types of neutrino-induced showers are
considered: (1) Earth-Skimming (ES) showers (90� < ✓ < 95�, induced by ⌫⌧ travelling upward with respect to the
vertical at the ground) can skim the crust of the Earth and interact close to the surface, producing a ⌧-lepton which
can decay in flight in the atmosphere close to the SD. At 1018 eV the mean decay length of the ⌧-lepton is ⇡ 50 km.
(2) Downward-Going (DG) showers (60� < ✓ < 90�) initiated by neutrinos of all flavours interacting in the atmosphere
close to the SD through neutral current or charged current interactions, as well as showers produced by ⌫⌧ interacting
in the mountains surrounding the observatory.

To identify neutrinos we search for very inclined “young” showers. Inclined showers are identified by: (i) a large
ratio length/width (L/W) of the major/minor axis of the ellipse encompassing the footprint of the EAS and (ii) the
distribution of apparent speeds of the trigger time between stations being required to have an average value close to

Limits exotic

particles as

source of 

UHECR.
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Neutrino followup of Gravitational Wave events
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periods of time after either GW event. The average (root-
mean squared) number of active stations during the search
periods of the GW150914 and GW151226 events and of
the LVT151012 candidate amount, respectively, to ∼97.5%
(∼1.5%), ∼95.6% (∼5.5%), and ∼94.0% (6.5%) of the total
number of stations in the SD array.
The arrival directions of cosmic rays are determined in

Auger from the relative arrival times of the shower front in
the triggered stations. The angular accuracy depends on the
number of triggered stations, on the energy and on the
zenith angle of the shower. Studies of cosmic-ray-induced
showers below 80° zenith angle have revealed that the
angular resolution is better than 2.5°, improving signifi-
cantly as the number of triggered stations increases [28,29].
Similar results are expected for neutrino-induced showers.
Unfortunately the field of view of the ES channel did

not overlap within !500 s of the time of coalescence of

event GW150914 with the 90% C.L. contour enclosing its
position; see the top panel of Fig. 2. However there is a
significant overlap in the case of GW151226 as can be
seen in the bottom panel of Fig. 2 and also in the case
of LVT151012. Also GW150914, GW151226, and
LVT151012 are visible in the DGH angular range
75° < θ < 90° within !500 s of occurrence—see Fig. 2.
In all cases a significant portion of the inferred position of
the source is visible for a fraction of the time in 1 day after
the corresponding GW event, as the Earth rotates and the
field of view of the ES and DGH analyses moves through
the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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the corresponding GW event, as the Earth rotates and the
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.

-90

-70

-50

-30

-10
 0

 10

 30

 50

 70

 90

 0  2  4  6  8  10  12  14  16  18  20  22  24

Sky visible with 90o < θ < 95o at time of GW
Sky visible with 75o < θ < 90o at time of GW

90% CL position of GW150914

D
ec

lin
at

io
n 

[d
eg

]

RA [h]

-90

-70

-50

-30

-10
 0

 10

 30

 50

 70

 90

 0  2  4  6  8  10  12  14  16  18  20  22  24

Sky visible with 90o < θ < 95o at time of GW
Sky visible with 75o < θ < 90o at time of GW

90% CL position of GW151226

D
ec

lin
at

io
n 

[d
eg

]

RA [h]

 

FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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GW170817 / GRB170817A: NS-NS merger

๏NS-NS merger seen in Gravitational Waves

๏Confirmed as short GRB (Fermi GBM, Integral) 

๏ Fermi LAT, H.E.S.S., HAWC observer region much later
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Neutrino Followup: IceCube, Antares, Pierre Auger Observatory

๏At time of GW trigger: 
Event in region of maximum sensitivity for Auger
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GW170817 Neutrino Limits

๏Time windows: 
500 sec, 14 days


๏Only optimistic 
model constraint 
by observations


๏Consistent with

๏ GRB observed off-

axis

๏ Low luminosity GRB
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Incorporation of data for outreach in preparation 
(mid 2021)


Notebooke in kaggle.com

https://www.auger.org/opendata/


https://www.auger.unam.mx/opendata/

https://www.auger.org/opendata/
https://www.auger.unam.mx/opendata/


Topics not mentioned

๏More on Multi-Messenger studies

๏Cosmic ray sources

๏Cosmic magnetic fields

๏Dark matter

๏Fundamental physics

๏ Lorenz Invarianz Violation (relativity!)

๏ Magnetic monopoles

๏ proton-Air cross section

๏ models of hadronic interactions
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Thank you

https://www.auger.org/

https://www.auger.org/opendata/

https://www.auger.unam.mx/opendata/

https://www.auger.org.ar/

https://www.hawc-observatory.org/

https://www.auger.org/
https://www.auger.org/opendata/
https://www.auger.unam.mx/opendata/
https://www.auger.org.ar/
https://www.hawc-observatory.org/

