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Physics of ultra-high-energy cosmic rays (UHECRs)
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

Need accelerator of size of Mercury´s orbit 
to reach 1020 eV with LHC technology

(Unger, 2006)

Hillas plot (1984)

Emax ⇠ bs Z BR

(Kotera & Olinto, ARAA 2011)

(MX ~ 1023 - 1024 eV)

QCD: ~ E-1.5 energy spectrum

QCD+SUSY: ~ E-1.9 spectrum 

X particles from:

• topological defects

• monopoles

• cosmic strings

• cosmic necklaces

• .....

X

Particle physics beyond 
the reach of colliders

Sources of UHECR 
and astrophysics

Propagation of UHECR 
(including mag. fields)

Space-time properties (LIV)



UHECRs – how to get them to Earth
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Measurement of nucleus disintegration
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Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

e�
e+

CMB
Photo-pion production
(mainly Δ resonance)

Local Scales Effect Highest Energies: 
Analytic Treatments 
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Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

CMB

Proton Iron

(Hooper, Taylor et al.,  PRD 2008)

Photo-dissociation  
(giant dipole resonance)

p+
n
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Global picture – energy density & multi-messenger physics
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The multi-messenger view at highest energies
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Importance of random component

Protons, E ≥ 56 Eev, 0 / 100% random field
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Figure 8:

Schematic representation of magnetized regions intervening in UHECR propagation. Their

approximative characteristic length scales are indicated in grey.

flux of secondary particles (pioneered by Berezinsky & Gazizov 1993). Numerical Monte-

Carlo methods are best suited to model inhomogeneous distribution of sources, calculate

secondary emissions, and treat the complex processes intervening in the propagation of

nuclei in the intergalactic medium. Among the existing propagation codes that have been

developed for this purpose, one might refer to the public code CRPropa (Armengaud et al.

2007) and to the complete nuclei propagation tool by Allard et al. (2006).

The calculated spectra are in very good agreement with the observed spectra for a variety

of chemical compositions, Galactic to extragalactic transition models, source evolution his-

tories, and injection spectrum indices between 1.6� 2.7, for a fixed maximum acceleration

energy, Emax (see, e.g., Figure 2). Kachelriess & Semikoz (2006) demonstrate that relaxing

the assumption of a single maximum acceleration energy and introducing a power-law dis-

tribution of Emax leads to a change in the overall propagated spectrum slope. A key region

for models to fit is the ankle around a few EeV where the spectral slope changes (see Section

4). The precise shape of the GZK feature depends on the local source density and on the

transient or continuously emitting natures of the sources (see, e.g., Aloisio & Boncioli 2010;

Berezinsky et al. 2006; Blasi et al. 1999; Medina Tanco 1998; Miralda-Escudé & Waxman

1996). For instance, if Emax � 100 EeV a recovery of the spectrum at high energies can be

observed by future detectors.

3.2 The e↵ects of Magnetic fields

The absence of powerful astrophysical counterparts in the arrival directions of UHECRs

is probably related to the e↵ect of cosmic magnetic fields that deflect and delay particles

during their propagation. Charged particles are subject to the influence of magnetic fields

14 Kotera & Olinto
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Question 3: What are the sources of ultra-high-energy cosmic rays ?



Rigidity dependence

E ≥ 56 Eev, 100% random field
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Status of the field 12 years ago – particle flux

 8

Energy      (eV/particle)
1310 1410 1510 1610 1710 1810 1910 2010

)
1.

5
 e

V
-1

 s
r

-1
 s

ec
-2

 J
(E

)  
 (m

2.
5

Sc
al

ed
 fl

ux
   

E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy 
210 310 410 510 610

RHIC (p-p)
-p)γHERA (

Tevatron (p-p)
LHC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (QGSJET 01)
KASCADE (SIBYLL 2.1)
KASCADE-Grande (prel.)
Akeno

HiRes-MIA

HiRes I

HiRes II

AGASA

HiRes Fly´s Eye: longitudinal shower profile 
                           (fluorescence telescopes)

AGASA: particles at ground 
               (scintillator array)

• Flux data contradictory 
• Composition: protons ? 
• Apparent isotropy

Does GZK sup- 
pression exist ?

(RE, Nijmegen Summer School, 2006)



Arrival Direction Distribution 

of EHE cosmic rays

>4x1019eV

>1019eV

Status of the field 12 years ago – arrival direction distribution
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 9(RE, Nijmegen Summer School, 2006)



Building and operating a big observatory …
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Pending decisions 

Pierre Auger Project Schedule Chart
Updated 26-OCT-07
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MAGIC, H.E.S.S., IceCube, Auger – similar time scales



The Pierre Auger Observatory 

4 fluorescence detectors 
(24+3 telescopes in total)

High elevation 
telescopes

 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina  11

Surface array: 1664  
particle detectors





Particle detectors 
10 m2 area, 1.20 m high  
12 tons of water

Fluorescence telescopes



PMT camera with 
440 pixels, 1.5° FoV 
per pixel, 10 MHz 

3.4 m segmented mirror 
(aluminum alloy, glass)

UV transmitting 
filter, corrector 
lens, safety curtain





Telescope Array (TA)

Northern hemisphere: Utah, USA

~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities

507 surface detectors: 
double-layer scintillators
(grid of 1.2 km, 680 km2)

3 fluorescence detectors  
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

ELS Operation

LIDAR
Laser facility

FD Observation
Sep.3rd.2010   Beam Shot into the Sky, and Observed by FD

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30(UTC)

Energy : 41.1MeV 

Charge : 50pC/pulse

����

Beam Operation            :  Sep.2nd -4th

Beam shot into the Sky :   Sep. 3rd and 4th

# of Shot into the Sky�1800 pulses

Output power = 41.4MeV�40�140pC/pulse�0.5Hz

�	�����
���

Electron light 
source (ELS): 
~40 MeV

Infill array and high
elevation telescopes

Test setup for 
radar reflection
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Pierre Auger Observatory and Telescope Array
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Pierre Auger Observatory 
Province Mendoza, Argentina  
1660 detector stations, 3000 km2 
27 fluorescence telescopes

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

Fig. 2. The exposure of the Pierre Auger and Telescope Array experiments as a function of declination. The
vertical and inclined spectra of Auger, and the total exposure are shown, as are the TA exposures for zenith
angle limits of 45◦ and 55◦.

energy spectra even by observing the same region of the sky1.
Hereafter, we design an alternative way to measure the spectrum, so as to obtain an estimate in-

sensitive to the shape of the directional exposure of a given experiment. In this way, the energy spectra
measured in the same region of the sky should be compatible within the uncertainties, irrespective
of the anisotropies that might be imprinted upon the flux of cosmic rays – especially at the highest
energies. The starting point is to consider that anywhere the function ω(n) is non-zero, the differential
flux can be locally estimated as

J(n, E) =
1

ω(n)

d2N

dn dE
. (2)

Then, an alternative way to recover the energy spectrum, denoted as J1/ω, is to consider the differential
flux averaged over the observed region ∆Ω of the sky:

J1/ω(E) ≡ ⟨J(n, E)⟩∆Ω =
1

∆Ω

∫

∆Ω

dn

ω(n)

d2N

dn dE
. (3)

In this way, the energy spectrum J1/ω(E) is now an observable quantity that should be the same for
any experiment with non-zero f.o.v. in the region ∆Ω of the sky. In practice, with N events with
energies between E and E + ∆E, it can be estimated as

J1/ω(E) =
1

∆Ω∆E

N
∑

i=1

1

ω(ni)
, (4)

with, assuming Poisson statistics, uncertainties scaling to first order2 as

∆J1/ω(E) =
1

∆Ω∆E

√

N

ϵ

∫

dn

ω(n)
. (5)

1Note that an experiment with a uniform full-sky coverage would obviously not be affected by this effect, given that
∫

dn Janis = 0 by construction.
2This estimation of the uncertainties is obtained neglecting the effect of Janis.

4

Together full sky coverage

TA:

8.1 x 103 km2 sr yr (spectrum)

8.6 x 103 km2 sr yr (anisotropy)

Auger:

6.7 x 104 km2 sr yr (spectrum)

9 x 104 km2 sr yr (anisotropy)

AGASA:  1.6 x 103 km2 sr yr
HiRes I (mono) ~ 5 x 103 km2 sr yr @ 1020 eV



UHECRs: How to detect them
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The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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Example: event observed with Auger Observatory
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HL 1: The flux is strongly suppressed for E > 1019.6 eV
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Combined Energy SpectrumCombined Energy Spectrum
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DE/E = 14%Auger

24 Sep 2004 Ralph Engel, Forschungszentrum Karlsruhe 14

Events per year
(based on AGASA spectrum)

SD only SD + ≥1 FD

> 6 x 1017 eV 0           45000
>       1018 eV 0           30000
> 3 x 1018 eV 15000             4700
>       1019 eV 5150               515
> 2 x 1019 eV 1590               159
> 5 x 1019 eV 490                 49
>       1020 eV 103                10
> 2 x 1020 eV 32                  3
> 5 x 1020 eV 10                  1

FD *2 tanks with 4 VEM and 
10% duty cycle

SD *5 tanks with each 4 VEM 

zenith angle >60°:  + 50%

Events per year
(based on Fly‘s Eye spectrum)
Energy with GZK without GZK

> 1 x 1019eV        2983 3067
> 3 x 1019eV 377 470
> 6 x 1019eV 35 143
> 1 x 1020eV 3 60

Expected statistics

3 years

(RE, Nijmegen Summer School, 2004)

Expected 1100, have now 14 events
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Energy spectrum: comparison with theory predictions
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Proton dominated flux 
Suppression: delta resonance 
Ankle: e+e– pair production

Iron dominated flux 
Suppression: giant dipole resonance 
Ankle: transition to galactic sources

(Dip model of Berezinsky et al.)

Auger ICRC 2013, preliminary

Photo-dissociation  
(giant dipole resonance)

Measurement of nucleus disintegration

5

Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

CMB, IR

Photo-pion production
(mainly Δ resonance)

Measurement of nucleus disintegration

5

Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

CMB

Greisen-Zatsepin-Kuzmin 
(GZK) effect



Directional dependence of flux (energy spectrum) ?
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Combined Energy SpectrumCombined Energy Spectrum
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Eankle = (5.08 ± 0.06 ± 0.8) EeV
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E1/2 = (23 ± 1 ± 4) EeV
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Auger and TA Surface Detector 
Spectra

• Ankle at ~3 EeV, cutoff at ~40 to 60 EeV

• ~10% energy scale difference around ankle region

• Large discrepancy in shape at E > ~1019.4 eV

• Systematic uncertainties, reconstruction biases?

• Anisotropies?

~10%

6

Rescale Auger and TA energies

• Constant rescaling factor of 
5.2%

• From fitting ratio of fluxes 
Auger/TA into a unity in 
the ankle region

• Auger energies raised by 
5.2%

• TA energies lowered by 
5.2%

• Agree in the ankle region 
1018.4 eV < E < 1019.4eV after 
rescaling

• Difference above 1019.4 eV 
persists after locking energy 
scales of experiments

8

(Auger-TA Spectrum Working Group)

DE/E = 14%

DE/E = 21%

Auger

TA
Sys. uncertainty

of energy scale



Are the energy spectra consistent with each other?
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Entire Sky Spectra

10

Common Declination Band

Better agreement between TA and Auger 
in the common declination band

11

All sky

Common

declination

band

Better agreement if only common declination band considered – anisotropy ?

Fig. 2. The exposure of the Pierre Auger and Telescope Array experiments as a function of declination. The
vertical and inclined spectra of Auger, and the total exposure are shown, as are the TA exposures for zenith
angle limits of 45◦ and 55◦.

energy spectra even by observing the same region of the sky1.
Hereafter, we design an alternative way to measure the spectrum, so as to obtain an estimate in-

sensitive to the shape of the directional exposure of a given experiment. In this way, the energy spectra
measured in the same region of the sky should be compatible within the uncertainties, irrespective
of the anisotropies that might be imprinted upon the flux of cosmic rays – especially at the highest
energies. The starting point is to consider that anywhere the function ω(n) is non-zero, the differential
flux can be locally estimated as

J(n, E) =
1

ω(n)

d2N

dn dE
. (2)

Then, an alternative way to recover the energy spectrum, denoted as J1/ω, is to consider the differential
flux averaged over the observed region ∆Ω of the sky:

J1/ω(E) ≡ ⟨J(n, E)⟩∆Ω =
1

∆Ω

∫

∆Ω

dn

ω(n)

d2N

dn dE
. (3)

In this way, the energy spectrum J1/ω(E) is now an observable quantity that should be the same for
any experiment with non-zero f.o.v. in the region ∆Ω of the sky. In practice, with N events with
energies between E and E + ∆E, it can be estimated as

J1/ω(E) =
1

∆Ω∆E

N
∑

i=1

1

ω(ni)
, (4)

with, assuming Poisson statistics, uncertainties scaling to first order2 as

∆J1/ω(E) =
1

∆Ω∆E

√

N

ϵ

∫

dn

ω(n)
. (5)

1Note that an experiment with a uniform full-sky coverage would obviously not be affected by this effect, given that
∫

dn Janis = 0 by construction.
2This estimation of the uncertainties is obtained neglecting the effect of Janis.

4

(Auger-TA Spectrum Working Group, 
TA, arXiv:1801.07820)



Composition from longitudinal shower profile

Example: event measured by Auger Collab.

Average Shower Maximum

Telescope Array Collaboration, 64 (2014) 49
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Xmax Distributions
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(Auger ICRC2017)  23

Average Xmax and Xmax-fluctuationsAverage Xmax and Xmax-fluctuations
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lines: air shower simulations using post-LHC hadronic interaction models
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Change of model predictions thanks to LHC data
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DXmax =�10g/cm2 +8g/cm2
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HL 2: Unexpected change of mass composition
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Composition based on fluorescence telescope data (15%  duty cycle)

LHC-tuned interaction models

Fit quality not always good

No iron needed for interpretation

Large proton fraction below ankle

No obvious scaling with rigidity

Data cover only range up to 1019.5 eV

(p-He-N-Fe)-fit of Xmax Distributions(p-He-N-Fe)-fit of Xmax Distributions
FD data: (compatible with TA distributions, see WG report, V. de Souza et al., CRI167, Tuesday, 14:45)

lg(E/eV) = 17.2 . . . 18.1 lg(E/eV) = 17.8 . . . > 19.5

Examples of 4-component fit:
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FIG. 5: Xmax distribution of the fits for energy bin E = 10
17.8�17.9

eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 10
19.0�19.1

eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di�erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di�erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the

18
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FIG. 7: Xmax distribution of the fits for energy bin E > 10
19.5

eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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(p-He-N-Fe)-fit of Xmax Distributions(p-He-N-Fe)-fit of Xmax Distributions
FD data: (compatible with TA distributions, see WG report, V. de Souza et al., CRI167, Tuesday, 14:45)

lg(E/eV) = 17.2 . . . 18.1 lg(E/eV) = 17.8 . . . > 19.5

Examples of 4-component fit:
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are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 10
19.0�19.1

eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di�erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di�erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).

19

p He N Fe

Xmax [g/cm2 ] [14 of 30]

(Bellido ICRC 2017)



Mass composition at sources (model dependent)

 26

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

With EGMF

1036

1037

1038

1039

E
3
J
/[

km
�

2
yr

�
1
sr

�
1
eV

2 ] (a) All A
A = 1

2 � A � 4
5 � A � 22

23 � A � 38
Pierre Auger
Observatory data

700

750

800

850

900

�X
m

ax
�/

[g
cm

�
2 ] Proton

Iron

(b)

1018 1019 1020

E/eV

10

20

30

40

50

60

70

�
(X

m
ax

)/
[g

cm
�

2 ]

Iron

Proton

(c)

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

� 1.61 0.61 0.87

log10(Rcut/eV) 18.88 18.48 18.62

fH 3 % 11 % 0 %

fHe 2 % 14 % 0 %

fN 74 % 68 % 88 %

fSi 21 % 7 % 12 %

fFe 0 % 0 % 0 %

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

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

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

Results for different model scenarios (CRpropa), m=0

Very hard index of power law at injection

Suppression of flux dominated by maximum injection energy

Mainly primaries of the CNO and Si group injected, 
no Fe, very little p, p produced by spallation

(Wittkowski ICRC 2017)
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Super-heavy dark matter 
Topological defects

  Mariangela Settimo for the Multi-messenger Working group,UHECR 2014, Springdale, 15 Oct 2014                                             
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = 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, d , 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

[16 of 30]

(Niechciol, Auger ICRC 2017)

Photon showers penetrate 
deeper in the atmosphere, 
contain almost no muons Exotic (to-down) source models strongly disfavored
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Fig. 1. Left panel: Illustration of a neutrino converting after distance x into a tau lepton inside the Earth with radius R Earth and crossing the layer of the Sea towards the 
MAGIC telescopes. Right panel: the horizon seen from the MAGIC telescopes. The region with azimuth φ in the range from −20 ◦ to −100 ◦ and zenith angle θ from ∼ 90 ° to 
∼ 95 ° can be used to point toward the sea. The region with azimuth from −20 ◦ to 0 ° is excluded, due to shadowing by the telescopes access towers. 
less energy while it travels through matter and which can be ef- 
ficiently detected by IACTs and discriminated against background. 
Thus the earth-skimming method is suitable for the detection of 
tau neutrinos. 5 

To detect neutrino-induced showers with an IACT system, it 
needs to be pointed towards the ground, e.g. the side of a moun- 
tain or the sea surface [6,11–14] . 

In this paper we present limits on the flux of tau neutrinos 
from the MAGIC telescopes. MAGIC is located at the Roque de los 
Muchachos Observatory at an altitude of about 2200 m above sea 
level (28.8 ° N, 17.9 ° W), in the Canary Island of La Palma (Spain). 
The observatory consists of two telescopes placed at a distance of 
85 m from one another. The MAGIC telescopes have a mirror of 
17 m diameter and a field of view (FOV) of 3.5 °. They have been 
built to detect cosmic γ -rays in the energy range from ∼ 50 GeV 
to ∼ 50 TeV [15] . For this search, MAGIC was used as a neutrino 
detector, in order to look for air showers induced by tau neutri- 
nos ( τ -induced showers) in the PeV to EeV energy range. Here we 
report final results of our preliminary studies presented in [16,17] . 

The search of tau neutrinos with MAGIC is performed pointing 
the telescopes in the direction of ντ which escape the Earth crust 
and later cross the ocean (see Fig. 1 , left). The telescopes can point 
up to 6 ° below the horizontal plane, covering an azimuthal range 
of 80 ° (see Fig. 1 , right). The location of MAGIC contains the right 
distance of the telescope to the average point of the tau lepton de- 
cay vertex. This distance should be at least a few tens of times 
larger than the decay length of the tau lepton. At 10/10 0 0 PeV 
the tau decay length is about 0.5/50 km. If such a condition is 
not fulfilled, the induced air-shower is not fully developed, lead- 
ing to a too small amount of produced Cherenkov light reaching 
the Cherenkov telescopes. 

In [18] , the effective area for up-going tau neutrino observa- 
tions for MAGIC was calculated analytically and found to reach 
5 · 10 5 m 2 at 100 EeV. An analytical approximation results in tau 
neutrino effective areas from ∼ 10 3 m 2 (at 100 TeV) to 6 × 10 4 m 2 
(at 300 PeV) for an observation angle of about 1.5 ° below the hori- 

5 The flux of µ leptons produced due to charged current interaction of νµ is more 
than one order of magnitude lower than for τ leptons [78,79] . 

zon, 6 rapidly diminishing with larger inclination. However, the sen- 
sitivity for diffuse neutrinos was found to be very poor compared 
to the IceCube or Pierre Auger experiments due to the limited FOV, 
and the shorter observation times with MAGIC. 

In the case the telescopes are pointed to flaring or disrupting 
point sources such as gamma ray bursts (GRBs) or active galactic 
nuclei (AGNs), one can expect to observe a signal from neutrinos. 
Indeed, it was shown by the Ashra (All-sky Survey High Resolution 
Air-shower detector) team [11] and by [18] , that Cherenkov tele- 
scopes can be sensitive to close-by GRBs ( z < 0.1). It is also known 
that a large amount of rock surrounding the site, like mountains, 
can lead to a significant enhancement of the tau lepton flux, see 
for example [13] . However, in the case of the MAGIC site, the 
mountain is too close to the telescopes, and the possible τ -leptons 
emerging from the mountain would not have sufficient time to cre- 
ate the electromagnetic showers before reaching the telescopes. 

It is worth to mention that this kind of observations can be per- 
formed during the presence of high clouds above the detector. In 
such a case, the regular MAGIC gamma-ray observations are not 
possible, but such conditions allow to perform horizontal obser- 
vations for tau neutrinos. The amount of observation time varies 
from one to another MAGIC observation season, but amounts to 
about 100 h per year [19] . 

The structure of this paper is the following: Section 2 describes 
the recent MAGIC observation at very large zenith angles ( > 85 °) 
and presents the Monte Carlo (MC) simulation chain. In Section 3 , 
we study the properties of shower images on the camera focal 
plane from τ -induced showers, and we show that MAGIC can dis- 
criminate τ -induced showers from the background of large-zenith 
angle cosmic-ray (CR) induced showers. In Section 4 and 5 details 
of the acceptance calculations are presented, together with the ex- 
pected event rates and the MAGIC sensitivity for tau neutrinos. Fi- 
nally, in Section 6 , a short summary is given. 

MAGIC (APP 102, 2018)
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = k E�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, d , 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-

68

(Zas, ICRC 2017)

Diffuse flux limits
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Fig. 9. The geometrical area opened by the FOV of the MAGIC telescopes. 

Fig. 10. 90% C.L. upper limit on the tau neutrino flux obtained with the MAGIC 
telescopes with 30 h of observation (red solid line) assuming Flux-5 (see Fig. 5 ). 
The expected upper limit with 300 hrs of observations assuming Flux-4, is shown 
as the red dashed line. The results are compared to the 90% C.L. upper limit on 
the single flavour neutrino flux from Pierre Auger [63] , IceCube [61] and LUNASKA 
2008 [76] . The predicted fluxes for two theoretical models of ultra high neutrinos 
production in the jets [74] and close to the core of Centaurus A [77] are also shown 
for comparison. Plots adopted from [63] . (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
the 90% C.L. upper limit on the single flavor neutrino flux from the 
Pierre Auger experiment [63] from the active galaxy Centaurus A. 
The expected MAGIC limit could be improved in the case of 300 h 
of observations during a strong flare as in Flux-4, where a limit of 
E 2 ντ

#ps (E ντ ) < 8 . 4 × 10 −6 GeV cm −2 s −1 can be obtained. This ex- 
pectation is shown in Fig. 10 as the dashed red line, and is only a 
factor 3.4 worse than the Pierre-Auger “down-going” analysis. 
6. Summary 

In this paper, a search for tau neutrinos of astrophysical ori- 
gin in the energy range between 1 PeV and 3 EeV with the 
MAGIC telescopes is presented. The data was collected during a 
special pointing of the telescopes below the horizon, to detect 

Earth-skimming tau-lepton induced showers. These observations 
can take place during periods of high clouds, which prevent stan- 
dard gamma ray observations. A 90% C.L. upper limit on the tau- 
neutrino flux of E 2 ντ

#ps (E ντ ) < 2 . 0 × 10 −4 GeV cm −2 s −1 was ob- 
tained, with 30 h of observation. The limit is not competitive with 
other experiments, however to our knowledge this is first time that 
is has been calculated with realistic assumptions and using back- 
ground data collected by MAGIC. Thus our search gives a realis- 
tic illustration of the potential of the Cherenkov technique for this 
present active topic of research. The presented results can also be 
important for future Cherenkov experiments like for example the 
Cherenkov Telescope Array. This next generation ground-base ob- 
servatory can have a much better possibility to detect tau neutri- 
nos, given its a larger FOV (e.g. in extended observation mode) and 
much larger effective area 
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Large-scale anisotropy (Auger data)

24

Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

E [EeV] events amplitude r phase [deg.] P (� r)

4-8 81701 0.005+0.006
�0.002 80 ± 60 0.60

> 8 32187 0.047+0.008
�0.007 100 ± 10 2.6 ⇥ 10

�8

significant modulation at 5.2� (5.6� before penalization for energy bins explored)

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08
 1.1

 0 60 120 180 240 300 360
N

or
m

al
iz

ed
 R

at
e

Right Ascension [deg]

data E>8 EeV
first harmonic

 

0.38

0.42

0.46

k
m

-2
 sr

-1
 y

r
-1

-90

90

360 0

 

0
.3

8

0
.4

2

0
.4

6

km-2 sr-1 yr-1

-9
0

9
0

1
8

0
-1

8
0

2
M

R
S 5

 E
eV

2
 E

eV

3-d dipole above 8 EeV:

(6.5
+1.3
�0.9)% at (↵, �) = (100

�
, �24

�
)

[22 of 30]

Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

E [EeV] events amplitude r phase [deg.] P (� r)

4-8 81701 0.005+0.006
�0.002 80 ± 60 0.60

> 8 32187 0.047+0.008
�0.007 100 ± 10 2.6 ⇥ 10

�8

significant modulation at 5.2� (5.6� before penalization for energy bins explored)

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08
 1.1

 0 60 120 180 240 300 360

N
or

m
al

iz
ed

 R
at

e

Right Ascension [deg]

data E>8 EeV
first harmonic

 

0.38

0.42

0.46

k
m

-2
 sr

-1
 y

r
-1

-90

90

360 0

 

0
.3

8

0
.4

2

0
.4

6

km-2 sr-1 yr-1

-9
0

9
0

1
8
0

-1
8
0

2
M

R
S 5

 E
eV

2
 E

eV

3-d dipole above 8 EeV:

(6.5
+1.3
�0.9)% at (↵, �) = (100

�
, �24

�
)

[22 of 30]

Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

E [EeV] events amplitude r phase [deg.] P (� r)

4-8 81701 0.005+0.006
�0.002 80 ± 60 0.60

> 8 32187 0.047+0.008
�0.007 100 ± 10 2.6 ⇥ 10

�8

significant modulation at 5.2� (5.6� before penalization for energy bins explored)

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08
 1.1

 0 60 120 180 240 300 360

N
or

m
al

iz
ed

 R
at

e

Right Ascension [deg]

data E>8 EeV
first harmonic

 

0.38

0.42

0.46
k

m
-2

 sr
-1

 y
r

-1

-90

90

360 0

 

0
.3

8

0
.4

2

0
.4

6

km-2 sr-1 yr-1

-9
0

9
0

1
8

0
-1

8
0

2
M

R
S 5

 E
eV

2
 E

eV

3-d dipole above 8 EeV:

(6.5
+1.3
�0.9)% at (↵, �) = (100

�
, �24

�
)

[22 of 30]

Combination of vertical and inclined showers

 

0.38

0.42

0.46

km
-2 sr

-1 yr
-1

-90

90

180 -180

2MRS

5 EeV

2 EeV

gal. coordinates

(l,b) = (233�,�13�)

Expected if cosmic rays diffuse to Galaxy from 
sources distributed similar to near-by galaxies 
(Harari, Mollerach PRD 2015, 2016) 

Deflection of dipolar pattern due to  
Galactic magnetic field 

Strong indication for extragalactic origin

E > 8⇥1018 eV

Arrival directions follow mass distribution of 
near-by galaxies: extragalactic origin of sources

6.5% dipole at 5.2 sigma 
Science 357 (2017) 1266 

Galactic center

!"#$%&!'%()*%! %+,+-%./%0.&#.123!"4%3"%56#61231%765".231%&3.#04%8.1!7.%

#.44%296"%6%&.:%0.5'..4%6"0%;<%642'!"!7$%1!=#0%8.1!7.%&.6438#.

6"5=#6'%'.4!#=23!"%!&%>=5.'%&!'%.?."24%:329%@A%42623!"4B%8.22.'%296"%,C-!%

6"0%8.22.'%296"%,CA!%68!?.%D,%(./%

E4%;!4731%<6$%642'!"!7$%F!4438#.G

"#!
! "

!$#

$

%&'

"%#$
#%
()

* &+

Estimated deflection in 
galactic mag. field



Transition from galactic to extragalactic cosmic rays
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Figure 11. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary Galactic
sources distributed in the disk are also shown for various assumptions on the cosmic-ray composition. The fluctuations of the amplitudes due to the stochastic nature
of the turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands (see the text).
(A color version of this figure is available in the online journal.)

Table 3
Summary of the Dipolar Analysis (ℓmax = 1) Reported in Section 5.2,

Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E N r δ α UL
(EeV) (%) (◦) (◦) (%)

1–2 360132 1.0 ± 0.4 − 15 ± 32 342 ± 20 1.5
2–4 88042 1.6 ± 0.8 − 46 ± 28 35 ± 30 2.8
4–8 19794 2.7 ± 2.0 − 69 ± 30 25 ± 74 5.8
>8 8364 7.5 ± 2.5 − 37 ± 21 96 ± 18 11.4

simulation of showers. Both the systematic uncertainties asso-
ciated with the different interaction models and primary masses
and the statistical uncertainties related to the procedure used to
extract g1 and g2 constitute a source of systematic uncertainties
on the anisotropy parameters.

To quantify these systematic uncertainties, we repeated the
whole chain of analysis on a large number of modified data
sets. Each modified data set is built by randomly sampling the
coefficients αP , αρ, and βρ (or g1 and g2 when dealing with
geomagnetic effects) according to the corresponding uncertain-
ties and correlations between parameters through the use of a
Gaussian probability distribution function. For each new set of
correction coefficients, new sets of anisotropy parameters are
then obtained. The rms of each resulting distribution for each
anisotropy parameter is the systematic uncertainty that we as-
sign. Results are shown in Figure 10, in terms of the dipole
and quadrupole amplitudes as a function of the energy. Bal-
anced against the statistical uncertainties in the original analysis
(shown by the bands), it is apparent that both sources of system-
atic uncertainties have a negligible impact on each reconstructed
anisotropy amplitude.

7. UPPER LIMITS AND DISCUSSION

From the analyses reported in Section 5, upper limits on
dipole and quadrupole amplitudes can be derived at 99% CL
(see Appendices C and D). All relevant results are summarized
in Tables 3 and 4. The upper limits are also shown in Figure 11
accounting for the systematic uncertainties discussed in the
previous section: in the last two energy bins, the upper limits
are quite insensitive to the systematic uncertainties because all
amplitudes lie well within the background noise.

Below we illustrate the astrophysical interest of these upper
limits by calculating the anisotropy amplitudes expected in a toy
scenario in which sources of EeV cosmic rays are stationary,

Table 4
Summary of the Quadrupolar Analysis (ℓmax = 2) Reported in Section 5.3,
Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E λ+ β UL (λ+) UL (β)
(EeV) (%) (%) (%) (%)

1–2 2.0 ± 0.7 1.7 ± 0.6 3.0 2.9
2–4 5.0 ± 1.7 4.2 ± 1.3 6.3 6.1
4–8 1.6 ± 2.0 1.9 ± 1.8 10.0 9.4
>8 4.0 ± 3.4 3.9 ± 2.7 14.5 13.8

densely and uniformly distributed in the Galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain
a large-scale regular component and a small-scale turbulent
one, both having a local strength of a few microgauss (see,
e.g., Beck 2001). While the turbulent component dominates in
strength by a factor of a few, the regular component imprints
dominant drift motions as soon as the Larmor radius of cosmic
rays is larger than the maximal scale of the turbulences (thought
to be in the range 10–100 pc). We adopt in the following a
recent parameterization of the regular component obtained by
fitting model field geometries to Faraday rotation measures of
extragalactic radio sources and polarized synchrotron emission
(Pshirkov et al. 2011). It consists in two different components:
a disk field and a halo field. The disk field is symmetric with
respect to the Galactic plane and is described by the widely
used logarithmic spiral model with reversal direction of the
field in two different arms (the so-called BSS-model). The
halo field is anti-symmetric with respect to the Galactic plane
and purely toroidal. The detailed parameterization is given in
Pshirkov et al. (2011) (with the set of parameters reported in
Table 3). In addition to the regular component, a turbulent field
is generated according to a Kolmogorov power spectrum and is
pre-computed on a three-dimensional grid periodically repeated
in space. The size of the grid is taken as 100 pc, so as the
maximal scale of turbulences, and the strength of the turbulent
component is taken as three times the strength of the regular one.

To describe the propagation of cosmic rays with energies
E ! 1 EeV in such a magnetic field, the direct integration of
trajectories is the most appropriate tool. Performing the forward
tracking of particles from Galactic sources and recording those
particles which cross the Earth is, however, not feasible within
a reasonable computing time. So, to obtain the anisotropy of

16

(Auger, ApJ 203, 2012, 
Giacinti et al. JCAP 2012, 2015)

Simulation: Sources in galactic plane
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Anisotropy – Correlation with catalogs (Auger data)
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Result of the scan: the starburst indication!

Starforming galaxies

> 39 EeV: N~900 events, TS~25 

 α=10%, θ=13° 

 2 free par. + E-scan → 4.0σ

Active galaxies

> 60 EeV: N~180 events, TS=15

 α=7%, θ=7°

 2 free par. + E-scan → 2.7σ

Jonathan Biteau | MIAPP | Page 11/14 

 Hints for sources or source regions?
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nearby (90% of Bux < 10 Mpc)

Assumption: UHECR 2ux ∝ non-thermal photon 2ux

Note: inspired from Pierre Auger Collaboration 2011
but di�ers from most past UHECR studies:

doesn't assume that sources are 'standard' candles
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HL 7: Proton-proton interactions “normal” up to 50 TeV c.m.s.
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HL 7: Proton-proton interactions “normal” up to 50 TeV c.m.s.

log Energy [E/eV]

   
 [m

b]
P-

ai
r

σ

200

300

400

500

600

700

800

EPOS-LHC

QGSJETII-04

SIBYLL-2.1

 Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al.1984
H. Mielke et al.1994
Honda et al.1999
Knurenko et al.1999
Belov et al.2007
I. Aielli et al.2009
Aglietta et al.2009
Telescope Array 2015
Auger PRL2012
This Work 2015

Energy    [eV]
1310 1410 1510 1610 1710 1810 1910 2010

    [TeV]ppsEquivalent c.m. energy 
-110 1 10 210

Number of charged particles

point of  
first interaction

Depth X  (g/cm2)

DX1

X1

DXmax

dP
dX1

=
1

lint
e�X1/lint

sp�air =
hmairi
lint

Difficulties
• mass composition 
• fluctuations in shower development  

(model needed for correction) 

(Auger PRL 109, 2012; Telescope Array PRD 92, 2015)  37
 (P

ro
to

n-
Pr

ot
on

)  
  [

m
b]

in
el

σ

0

20

40

60

80

100

120

    [GeV]s
310 410 510

Auger (Glauber)
ATLAS
CMS
ALICE
TOTEM
UA5
CDF/E710

QGSJet01
QGSJetII.3
SIBYLL2.1
SIBYLL2.3c
Epos1.99
PYTHIA 6.115
PHOJET
QGSJetII.4
EPOS-LHCproton-proton



HL 8: Muon discrepancy in air showers & particle physics
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2.1. SCIENTIFIC RESULTS FROM THE PIERRE AUGER OBSERVATORY 11
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Figure 2.7: Proton-proton cross section derived from the proton-air cross section measured with the
Pierre Auger Observatory [24]. The Auger result is shown together with collider measurements and
model extrapolations.
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s2

i, j = s2
rec,i +s2

sim,i, j +s2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

54

Figure 2.8: Left: Mean number of muons Rµ relative to that of proton reference showers, and depth
of shower maximum at 1019 eV. The Auger data point [26], where the muon number is derived from
inclined showers, is compared with predictions obtained from different interaction models. Right:
Muon discrepancy [25] observed in showers of 1019 eV. Shown are the phenomenological scaling
factors RE and Rµ for the primary energy and the hadronic (primarily muonic) component of the
shower that would be needed to bring a model calculation into agreement with Auger data, see text.

at the same time as the Auger measurement was published. An unexpected, rapid increase
of the cross section directly above the LHC energy is not evident.

The muonic component of air showers is sensitive to hadronic particle interactions at
all stages in the air shower cascade, and to many properties of hadronic interactions such
as the multiplicity, elasticity, fraction of neutral secondary pions, and the baryon-to-pion
ratio [71, 94]. Currently the number of muons can only be measured indirectly [95] except
at very large lateral distances [68, 96] and in very inclined showers [26, 97], where muons
dominate the shower signal at ground level, and for which the electromagnetic component
due to muon decay and interaction is understood [98].

Results on muon number of showers  
still not understood, important effect 
missing in models?

(Auger, PRD 91, 2015)

Example of power of muon measurement
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Figure 2.15: Discrimination power of the event-by-event correlation between the muonic signal at
ground and the depth of shower maximum Xmax [82]. Left panel: Relative number of muons at
1000 m from the shower core and Xmax for EPOS 1.99 and QGSJET II.04 and modified versions of
it (see text). The Auger data are also shown as derived from showers of 1019 eV with zenith angles
smaller (larger) than 60�. Right panel: Mean shower-by-shower correlation of the number of muons
and Xmax for different exotic interaction model scenarios. The scenarios are CSR – chiral symmetry
restoration, PPS – pion production suppression, PDS – pion decay suppression, and PPS-HE – pion
production suppression at high energy [122].
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Figure 2.16: Expected sensitivity on the flux of photons and neutrinos. In addition to the conservative
estimates based on the increase of statistics, also the projected photon sensitivity for the ideal case of
being able to reject any hadronic background due to the upgraded surface detector array is shown.

• The statistics of the events available for determining the limits will triple relative to the
data collected by the end of 2012.

• In 2013 two new trigger algorithms (ToTd and MoPS) have been added to the local sta-
tion software of the water-Cherenkov stations to lower the trigger threshold, in partic-
ular for signals dominated by the electromagnetic component. As a result, there will be
more stations contributing to the typical shower footprint, improving the reconstruc-
tion and, for example, photon/hadron separation at low energies in particular. New
station electronics, as foreseen for the upgrade (see Sec. 4.3), will allow us to improve
the triggering algorithms further.
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Figure 2.15: Discrimination power of the event-by-event correlation between the muonic signal at
ground and the depth of shower maximum Xmax [82]. Left panel: Relative number of muons at
1000 m from the shower core and Xmax for EPOS 1.99 and QGSJET II.04 and modified versions of
it (see text). The Auger data are also shown as derived from showers of 1019 eV with zenith angles
smaller (larger) than 60�. Right panel: Mean shower-by-shower correlation of the number of muons
and Xmax for different exotic interaction model scenarios. The scenarios are CSR – chiral symmetry
restoration, PPS – pion production suppression, PDS – pion decay suppression, and PPS-HE – pion
production suppression at high energy [122].
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Figure 2.16: Expected sensitivity on the flux of photons and neutrinos. In addition to the conservative
estimates based on the increase of statistics, also the projected photon sensitivity for the ideal case of
being able to reject any hadronic background due to the upgraded surface detector array is shown.

• The statistics of the events available for determining the limits will triple relative to the
data collected by the end of 2012.

• In 2013 two new trigger algorithms (ToTd and MoPS) have been added to the local sta-
tion software of the water-Cherenkov stations to lower the trigger threshold, in partic-
ular for signals dominated by the electromagnetic component. As a result, there will be
more stations contributing to the typical shower footprint, improving the reconstruc-
tion and, for example, photon/hadron separation at low energies in particular. New
station electronics, as foreseen for the upgrade (see Sec. 4.3), will allow us to improve
the triggering algorithms further.

Correlations between 
Xmax and muon density

(Allen & Farrar, 1307.7131)

Figure 4 shows the one-sigma statistical uncertainty ellip-
ses in the RE − Rhad plane; the outer boundaries of
propagating the systematic errors are shown by the gray
rectangles.
The values of Rhad needed in the models are comparable

to the corresponding muon excess detected in highly
inclined air showers [7], as is expected because at high
zenith angle the nonhadronic contribution to the signal
(shown with red curves in Fig. 3) is much smaller than the
hadronic contribution. However, the two analyses are not
equivalent because a muon excess in an inclined air shower
is indistinguishable from an energy rescaling, whereas in
the present analysis the systematic uncertainty of the
overall energy calibration enters only as a higher-order
effect. Thus, the significance of the discrepancy between
data and model prediction is now more compelling,
growing from 1.38 (1.77) sigma to 2.1 (2.9) sigma,
respectively, for EPOS-LHC (QGSJet II-04), adding stat-
istical and systematic errors from Fig. 6 of Ref. [7] and
Table I, in quadrature.
The signal deficit is smallest (the best-fit Rhad is the

closest to unity) with EPOS-LHC and mixed composition.
This is because, for a given mass, the muon signal is ≈15%
larger for EPOS-LHC than QGSJet-II-04 [26], and in
addition the mean primary mass is larger when the
Xmax data are interpreted with EPOS rather than with
QGSJet-II [9].
Within the event ensemble used in this study, there is no

evidence of a larger event-to-event variance in the ground
signal for fixed Xmax than predicted by the current models.
This means that the muon shortfall cannot be attributed to
an exotic phenomenon producing a very large muon signal
in only a fraction of events, such as could be the case if
microscopic black holes were being produced at a much-
larger-than-expected rate [27,28].
Summary.—We have introduced a new method to study

hadronic interactions at ultrahigh energies, which

minimizes reliance on the absolute energy determination
and improves precision by exploiting the information in
individual hybrid events. We applied it to hybrid showers of
the Pierre Auger Observatory with energies 6–16 EeV
(ECM ¼ 110 to 170 TeV) and zenith angle 0°–60°, to
quantify the disparity between state-of-the-art hadronic
interaction modeling and observed UHECR atmospheric
air showers. We considered the simplest possible charac-
terization of the model discrepancies, namely, an overall
rescaling of the hadronic shower, Rhad, and we allow for a
possible overall energy calibration rescaling, RE.
No energy rescaling is needed: RE ¼ 1.00" 0.10 for the

mixed composition fit with EPOS-LHC, and RE ¼ 1.00"
0.14 for QGSJet II-04, adding systematic and statistical
errors in quadrature. This uncertainty on RE is of the same
order of magnitude as the 14% systematic uncertainty of
the energy calibration [14].
We find, however, that the observed hadronic signal in

these UHECR air showers is significantly larger than
predicted by models tuned to fit accelerator data. The best
case, EPOS-LHC with mixed composition, requires a
hadronic rescaling of Rhad ¼ 1.33" 0.16 (statistical and
systematic uncertainties combined in quadrature), while for
QGSJet II-04, Rhad ¼ 1.61" 0.21. It is not yet known
whether this discrepancy can be explained by some
incorrectly modeled features of hadron collisions, possibly
even at low energy, or may be indicative of the onset of
some new phenomenon in hadronic interactions at ultra-
high energy. Proposals of the first type include a higher
level of production of baryons [26] or vector mesons [29]
(see Ref. [30] for a recent review of the many constraints to
be satisfied), while proposals for possible new physics are
discussed in Refs. [28,31,32].
The discrepancy between models and nature can be

elucidated by extending the present analysis to the entire
hybrid data set above 1018.5 eV, to determine the energy
dependence of RE and Rhad. In addition, the event-by-event
analysis introduced here can be generalized to include other
observables with complementary sensitivity to hadronic
physics and composition, e.g., muon production depth [33],
risetime [34], and slope of the LDF.
AugerPrime, the anticipated upgrade of the Pierre Auger

Observatory [35], will significantly improve our ability to
investigate hadronic interactions at ultrahigh energies, by
separately measuring the muon and EM components of the
ground signal.

The successful installation, commissioning, and oper-
ation of the Pierre Auger Observatory would not have been
possible without the strong commitment and effort from the
technical and administrative staff in Malargüe.
We are very grateful to the following agencies and

organizations for financial support: Comisión Nacional
de Energía Atómica, Agencia Nacional de Promoción
Científica y Tecnológica (ANPCyT), Consejo Nacional
de Investigaciones Científicas y Técnicas (CONICET),
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Figure 8:

Schematic representation of magnetized regions intervening in UHECR propagation. Their

approximative characteristic length scales are indicated in grey.

flux of secondary particles (pioneered by Berezinsky & Gazizov 1993). Numerical Monte-

Carlo methods are best suited to model inhomogeneous distribution of sources, calculate

secondary emissions, and treat the complex processes intervening in the propagation of

nuclei in the intergalactic medium. Among the existing propagation codes that have been

developed for this purpose, one might refer to the public code CRPropa (Armengaud et al.

2007) and to the complete nuclei propagation tool by Allard et al. (2006).

The calculated spectra are in very good agreement with the observed spectra for a variety

of chemical compositions, Galactic to extragalactic transition models, source evolution his-

tories, and injection spectrum indices between 1.6� 2.7, for a fixed maximum acceleration

energy, Emax (see, e.g., Figure 2). Kachelriess & Semikoz (2006) demonstrate that relaxing

the assumption of a single maximum acceleration energy and introducing a power-law dis-

tribution of Emax leads to a change in the overall propagated spectrum slope. A key region

for models to fit is the ankle around a few EeV where the spectral slope changes (see Section

4). The precise shape of the GZK feature depends on the local source density and on the

transient or continuously emitting natures of the sources (see, e.g., Aloisio & Boncioli 2010;

Berezinsky et al. 2006; Blasi et al. 1999; Medina Tanco 1998; Miralda-Escudé & Waxman

1996). For instance, if Emax � 100 EeV a recovery of the spectrum at high energies can be

observed by future detectors.

3.2 The e↵ects of Magnetic fields

The absence of powerful astrophysical counterparts in the arrival directions of UHECRs

is probably related to the e↵ect of cosmic magnetic fields that deflect and delay particles

during their propagation. Charged particles are subject to the influence of magnetic fields

14 Kotera & Olinto
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(b) Composition at Earth

FIG. 2: Spectrum and composition at Earth. Dots are data from the Pierre Auger Observatory [10, 32], error bars denote
the statistical uncertainties and the shaded boxes in the red figure illustrate the experimental systematic uncertainties of the
composition. The composition estimates are based on an interpretation of air shower data with Epos-LHC. The lines denote
the predictions of our model.

source parameters
power law index of injected nuclei � fix -1
mass number of injected nuclei A1 free 28
maximum energy Ep

max free 1018.5 eV
cosmic ray power density, E ° 1017.5 eV

.
✏17.5 free 8.2 ˆ1044 erg

Mpc3 yr

evolution ⇠pzptqq fix star formation rate [37]

source environment
energy of maximum of photon field density "0 fix 50 meV
power law index of photon spectrum (" † "0) ↵ fix ` 5

2
power law index of photon spectrum (" • "0) � fix ´2
power law of escape length � fix ´1
ratio of interaction and escape time RFe

19 free 275

propagation to Earth
infra-red photon background – fix Kneiske04 [36]

spectrum of Galactic cosmic rays
power law index at Earth �gal free -4.2
mass number of Galactic nuclei Agal fix 56
flux fraction at 1017.5 eV fgal free 56%

TABLE I: Parameters of the fiducial model.

from Kaskade-Grande [38].

The resulting fit is shown in comparison to data in
Fig. 2. There is a good overall agreement between the
model and the data. The shape of the spectrum is de-
scribed well, including the ankle and the flux suppres-
sion. The model also qualitatively reproduces the in-
crease of the average logarithmic mass with energy and

the decrease of its variance. Normalizing this model to
the observed flux at Earth, we infer a comoving energy
injection rate in CRs at z “ 0 and above 1017.5 eV of
.
✏17.5 “ 8.2 ˆ 1044 erg

Mpc3 yr .

The neutrino signals of our model are shown in Fig. 3.
Details of the calculation are given in Appendix C. The
predicted anti-neutrino flux from neutron �-decay agrees

(Unger et al. 2015)

(Globus et al. 2015)

(Fang & Murase 2017)

• Complicated and unexpected picture of UHECR emerging  
(More composition and anisotropy data needed) 

• Source models have to be more sophisticated than simple power laws  
(environment+escape, local large-scale structure, different sources) 

• We seem to start seeing an anisotropic sky  
(composition at highest energies matters) 

• Multi-messenger data key for making progress 

• Further progress in modeling hadronic interactions  
required for reliable composition studies  
(LHC data for p-nuclei needed) 

• Upgrade of Auger Observatory and TA
(Taylor et al. 2015)

(Aloisio et al. 2014)



Upgrade of Auger Observatory: AugerPrime
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15% duty cycle

100% duty cycle

(AugerPrime design report 1604.03637)
 0

 10

 20

 30

 40

 50

 60

 70

-410 -400 -390 -380 -370 -360 -350
Discriminant [a.u.]

1020 EeV    EPOS

co
un

ts

Proton

Iron

0       100     200     300    400     500     600     700
          t/ns

0       100     200     300    400     500     600     700
          t/ns

Si
gn

al
/M

IP
Si

gn
al

/M
IP

25

15

5

10

5

0

Water-Cherenkov detector (WCD)

- Scintillators (3.8 m2) on top of each 
array detector 

- Composition measurement 
up to 1020 eV 

- Composition selected anisotropy 

- Particle physics with air showers

Scintillation detector (SSD)

Deployment fast: ~ 5 -10 stations per day

2016-09-15: first station in field



Production and shipping of upgrade detectors in full swing

 41
First container: 25 Apr 2018 in Malargue

Lecce (top loading)

Karlsruhe 
(standard loading)

Production sites 
Aachen and KIT (Germany)

Grenoble (France)

Krakow (Poland)

Nijmegen (Netherlands)

Lecce (Italy)
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12

TA SD (~3000 km2):  Quadruple area
Approved in Japan 2015 
500 scintillator SDs
2.08 km spacing
3 yrs construction, first 173 SDs have 
arrived in Utah for final assembly, next 77 
SD to be prepared at Akeno Obs. (U.Tokyo) 
2017‐08 and shipped to Utah 

2 FD stations (12 HiRes Telescopes)  
Approved US NSF 2016
Telescopes/electronics being prepared at 
Univ. Utah
Site construction underway at the 
northern station. 

Get 19 TA‐equiv years of SD data by 2020
Get 16.3 (current) TA years of hybrid data

TAx4 Project

(Kido, Matthews ICRC 2017)


