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The first cosmic particle of ultra-high energy
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 Scintillator 
E = 1020 eV

Energy conservation,

overall energy

estimate robust

Cascade of secondary particles: 
extensive air shower

E0

E = E0/2n



Cosmic rays of 1020 eV energy exist !
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 Scintillator 



Flux of cosmic rays
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Mass composition at low energy

Energy spectrum of all-particle flux
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Fermi acceleration – a simplified view
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First order Fermi acceleration 
at large-scale shock fronts 

(shown is second order 
Fermi acceleration)

dNinj

dE
⇠ E�2



Does nature accelerate particles to 1020 eV?
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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 orbit 
to reach 1020 eV with LHC technology

(Unger, 2006)

Large Hadron Collider (LHC),  
27 km circumference, 
superconducting magnets

Maximum energy: Hillas plot (1984)
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Examples of source scenarios
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Fact sheet: sources

AGNs, GRBs, ...
( ☆ )

Young pulsars
( ☆☆ )

X particles
( ☆☆☆ )

Z-bursts
( ☆☆☆☆ )

Process

Diffuse shock 
acceleration

EM acceleration

Decay & particle 
cascade

Z0 decay & 
particle cascade

Distribution

Cosmological

Galaxy & halo

(a) Halo (SHDM)
(b) Cosmological

Cosmological &
clusters

Injection flux

p ... Fe

mainly Fe

!, "-rays and p

!, "-rays and p

Astrophysical shock fronts 
exist in many objects

Big Bang: 
super-heavy particles, 
topological defects: 
MX ~ 1023 - 1024 eV

X particles from:

• topological defects

• monopoles

• cosmic strings

• cosmic necklaces

• .....

large fluxes of 
photons and 
neutrinosQCD: ~ E-1.5 energy spectrum


QCD+SUSY: ~ E-1.9 spectrum 

  

SBGs and AGNs in our vicinity

Active galaxies or AGN

e.g. Cen A, close to an Auger hotspot

AGNs from the 2FHL Catalog 
(Fermi-LAT, > 50 GeV)

within 250 Mpc

Ackermann+ 16

more distant (90% of Bux < 100 Mpc)

Star-forming or starburst galaxies

e.g. M82, close to the TA hotspot

'Starbursts' from Fermi-LAT search list 
(HCN survey) within 250 Mpc

with radio Bux > 0.3 Jy

Gao & Salomon 05

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

Jonathan Biteau | MIAPP | 2018-03-19 |  Page 4/22            
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Acceleration scenarios and source candidates

9

Gamma ray 
bursts (GRBs)

dNinj

dE
⇠ E�2

Active Galactic Nuclei

(in jets or in radio lobes)

dNinj

dE
⇠ E�1

✓
1+

E
Eg

◆�1

Vereinigung von Schweren Löchern

  

Figure 6 The radio galaxy NGC326 and its merger. Source Lecture S. Britzen
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Inductive acceleration

Rapidly spinning neutron stars

Single (relativistic) reflection

Tidal disruption events (TDEs)

Emax ⇠ G2 Einj
<latexit sha1_base64="j+8znow4V9siqbnR7jm6CppN9Cg="></latexit><latexit sha1_base64="j+8znow4V9siqbnR7jm6CppN9Cg="></latexit><latexit sha1_base64="j+8znow4V9siqbnR7jm6CppN9Cg="></latexit><latexit sha1_base64="j+8znow4V9siqbnR7jm6CppN9Cg="></latexit>

Spin flip of BH in AGN

One-shot acceleration by re-connection 
Wake-field acceleration in plasma jets

Diffusive shock acceleration



Closest Active Galactic Nucleus: Centaurus A

Moon for comparison of apparent size 10



The Pierre Auger Observatory
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4 fluorescence detectors 
(24 telescopes up to 30°)

 Sub-array of 750 m 
(63 stations, 23.4 km2)

AERA - Auger Engineering Radio Array

World’s largest radio experiment for
CR-physics.

Profiting from 3 other nearby CR-detectors:
(! high quality data, ext. trigger, ...).

100% duty cycle.

Energy threshold ⇠ 1017 eV.

2/16

1665 surface detectors: 
water-Cherenkov tanks 

(grid of 1.5 km, 3000 km2)

Radio antenna array 
(153 antennas, 17 km2)

  More than 400 members, 
  98 institutes, 17 countries 

LIDARs and laser facilities

Pierre Auger Observatory 
Province Mendoza, Argentina

Southern hemisphere: Malargue, 
Province Mendoza, Argentina

Water-Cherenkov
detectors and
Fluorescence 
telescopes

Underground muon 
detectors (24+)

High elevation telescopes (3)





1.5 km



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





Surface detector measurement of particles

17





The energy spectrum from surface detector data (I)
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Fluorescence telescopes: longitudinal shower profile

19

Camera image 
(10 million pictures per second)



Air shower observables (hybrid observation)
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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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Surface Detector (SD)
100% duty cycle

Erec = f (S1000,q)

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

1. Heavy particles interact earlier than light  
—> Depth of the shower maximum (Xmax) is probe 
for cosmic-ray mass. 

2. MHz radio signals from: 
 
 
 
 
 
 
 
 
 

3. Radio emission footprint on the ground is sensitive 
to Xmax.  
 

4. Compare measured footprint to footprint from 
CORSIKA air shower simulation  
—> minimise for Xmax of measured shower. 

Introduction: Depth of the shower maximum (Xmax) as ‘mass composition’ 

3/11

Lighter (p, …) Heavier (Fe, …)
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Bjarni Pont [Pierre Auger Collaboration] — July 2021 — ICRC2021 — CRI | Cosmic Ray Indirect
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Fluorescence Detector (FD): 
15% duty cycle

Radio Detector (RD): 
100% duty cycle



All-particle flux (energy spectrum)
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Energy spectrum 2013 and GZK suppression

22

Proton dominated flux 
Suppression: delta resonance 
Ankle: e+e– pair production

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

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

dNinj

dE
⇠ E�g exp

✓
� E

Ecut

◆

π

GZK secondaries

- Photons

- Neutrinos



Energy spectrum 2021
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17

Combined spectrum – systematic uncertainty

PRELIMINARY

13

Combined spectrum

likelihood of combination fit = exposure shifts x energy calibration shifts x forward-folding

description of data sets by model

fit function:

14

Spectral features

E
01

 = (2.8 ± 0.3 ± 0.4) x 1016 eV

E
12
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14

Spectral features

E
01

 = (2.8 ± 0.3 ± 0.4) x 1016 eV

E
12

 = (1.58 ± 0.05 ± 0.2) x 1017 eV

E
23

 = (5.0 ± 0.1 ± 0.8) x 1018 eV

E
34

 = (1.4 ± 0.1 ± 0.2) x 1019 eV

E
45

 = (4.7 ± 0.3 ± 0.6) x 1019 eV

γ
0
 = 3.09 ± 0.01 ± 0.10

γ
1
 = 2.85 ± 0.01 ± 0.05 

γ
2
 = 3.283 ± 0.002 ± 0.10

γ
3
 = 2.54 ± 0.03 ± 0.05

γ
4
 = 3.03 ± 0.05 ± 0.10

γ
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Ankle

Instep

2nd Knee
Toes 

(Suppression)

The quest for UHECR origins 
Auger, PRL (2020)

Ultra-high energy cosmic rays (UHECR)
Long thought to be of extragalactic origin > 5 EeV (0.8 J!), marking the ankle

Observed spectral features: instep at 10-15 EeV, toe at 40-50 EeV
→ markers of Peters cycle (acceleration) and UHECR horizon (propagation) 
     based on joint spectral-composition modeling

Spectral and composition observables integrated over the sphere  
→ help constrain source distance distribution & source escape spectrum

Anisotropy observables 
→ break down the flux (and composition) vs arrival direction: pinpoint sources?

Credits: Jorge Cham & Daniel Whiteson
2

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
Eur. Phys. J. C (2021) 966

Auger 2021, preliminary

Simple fit with power-law spectrum 
at source and one primary mass 
does not work anymore



Mass sensitivity and fraction of photons
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Basics of extensive air showers
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Decay of neutral pions feeds em. shower component
Decay of charged pions (~30 GeV) feeds muonic component Animation of shower of lower energy (1014 eV)



Particles of an iron shower
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Particles of an proton shower
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Particles of a gamma-ray shower

28



Mass composition from longitudinal shower profile

Example: event measured by Auger Collab. 29
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  Mariangela Settimo for the Multi-messenger Working group,UHECR 2014, Springdale, 15 Oct 2014                                             
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Photon identification with EAS

- Deep shower development 
(i.e.large Xmax)

other connected observables: 

- radius of curvature 
- time spread of particles at ground - Poor muon content 
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CORSIKA and Sibyll



  Mariangela Settimo for the Multi-messenger Working group,UHECR 2014, Springdale, 15 Oct 2014                                             

Photon diffuse limits (E > 1 EeV): current status

TA vs Auger: efficiency + geometrical exposure

✓ top-down models disfavored

✓ GZK flux region within reach

18

No UHE photons 

identified so far!! 

GZK - pr I (Gelmini ’07)

Most exotic source models excluded

30

Super-heavy 
particles

large fluxes of 
photons and 
neutrinos



Search for SHDM particles 16
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Figure 3: Constraints on the mass and lifetime and SHDM particles as obtained from the upper
limits on photons.

from the interactions of UHECRs with the matter in the Galactic disk [Bérat et al., 2021] or
with the background photon fields in the Universe [Bobrikova et al., 2021]. Clearly, reaching
this ceiling requires a significant increase in exposure to UHE photons in the future. The
ceiling is observed to affect mass values up MX ' 1011 GeV, reflecting the cut-off of the
cosmogenic fluxes. Below MX ' 1010 GeV, the ceiling region is most constrained by the
photon flux expected from interactions with dust in the Galactic disk. For larger masses,
on the other hand, the constraints obtained from the cosmogenic photon flux inferred in
Ref. [Bobrikova et al., 2021] take over. The sharp increase just above MX = 1011 GeV reflects
the sharp drop of the cosmogenic photon fluxes for energy thresholds above a few times
1019 eV, leaving a large region of the phase space unaffected by the ceiling.

5.2 Constraints on perturbative decays
The generic constraints on the particle lifetime are intuitive, but they do not provide direct

constraints on particle physics models. Following the approach of a low-energy effective
theory, however, we have seen in §3.1 that it is possible to know the generic expression of
the width of the particles, and thus of their lifetimes. We therefore use Eqn. 14 to probe the
constraints that the coupling constants must satisfy simultaneously with the dimensions of
the interaction operators.

We explore the constraints by fixing the energy scale LUV to three values, namely LUV =
1016 GeV (GUT energy scale), LUV = 1014 GeV (see-saw mechanism), and LUV = 1012 GeV.
For each energy scale, the upper limit on the coupling constant gX can be calculated as

Limits on super-heavy dark matter models

31

Super-heavy 
particles

Search for SHDM particles 15

 (eV)E

17
10

18
10

19
10

20
10

)
-1

y
r

-1
sr

-2
) 

(k
m

>
E

(
D

M
,s

ec
J

-4
10

-3
10

-2
10

-1
10

1

10 Photons 95% C.L.

Anis 90% C.L.

Neutrinos 90% C.L.

Figure 2: Upper limits on secondaries produced from the decay of hypothetical SHDM particles.

The most stringent constraints are obtained from the limits on Jg(E). For a specific upper
limit, a scan of the value of the mass MX is carried out so as to infer a lower limit of the
tX parameter. This defines a curve. By repeating the procedure for each upper limit on
Jg(E), a set of curves is obtained, reflecting the sensitivity of a specific energy threshold
to some range of mass. The union of the excluded region is shown in red in Fig. 3. This
updates previous studies with Auger data [Kalashev and Kuznetsov, 2016]. It is seen that
particles are required to be stable more than a few 1022 yr for a wide range of masses. The
hatched region corresponds to a “ceiling” induced by cosmogenic photon fluxes expected

Anchordoqui, Deligny et al. Astropart.Phys. 132 (2021) 102614



Large uncertainty of model predictions for shower observables
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(RE, Pierog, Heck, ARNPS 2011)
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The importance of LHC
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LHC and its experiments (Eequiv ~ 1017 eV)

34

ATLAS CMS

LHCbALICE



10

of the charged yield. ALICE does not correct for this contribution, whereas CMS does. We have removed
this small contribution from all our model predictions by counting only the produced charged hadrons.

IV. DATA VERSUS MODELS

A. Particle pseudorapidity densities

The dNch/d!|!=0 distributions of charged hadrons measured in NSD collisions at the LHC (0.9, 2.36
and 7.0 TeV) by ALICE and CMS (as well as by UA5 at 900 GeV) are shown in Fig. 2 compared to
two pythia 6.4 tunes, pythia 8 and to phojet. In the pythia case, the NSD predictions are obtained
switching o! the single-di!ractive contributions6, without any hadron-level trigger. Since the e!ects of the
LHC MB-selections have been corrected for by the experiments themselves using pythia (and phojet as
a cross-check), this is a consistent comparison.
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FIG. 2: Pseudorapidity distributions of charged hadrons, h± ! (h+ + h!)/2, measured in NSD p-p events at the
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Protons:  Elab = 3 x 1016 eV

Models for air showers typically better in agreement with LHC data
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Challenge of limited phase space coverage
Relevance of Collider Experiments
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How relevant are specific
detectors at LHC for air
showers?

! Simulate parts of shower
individually.
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(data from all LHC experiments, CMS shown as example)



Cross section measurements at LHCInelastic Proton-Proton Cross-Section
Standard Glauber conversion + propagation of modeling uncertainties
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LHCf: very forward photon production at 7 TeV

(LHCf Collab., Phys. Lett. B 703, 2011)
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Fig. 5. Comparison of the single photon energy spectra between the experimental data and the MC predictions. Top panels show the spectra and the bottom panels show the
ratios of MC results to experimental data. Left (right) panel shows the results for the large (small) rapidity range. Different colors show the results from experimental data
(black), QGSJET II-03 (blue), DPMJET 3.04 (red), SIBYLL 2.1 (green), EPOS 1.99 (magenta) and PYTHIA 8.145 (yellow). Error bars and gray shaded areas in each plot indicate the
experimental statistical and the systematic errors, respectively. The magenta shaded area indicates the statistical error of the MC data set using EPOS 1.99 as a representative
of the other models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

LHCf detectors by two methods; first by using the distribution of
particle impact positions measured by the LHCf detectors and sec-
ond by using the information from the Beam Position Monitors
(BPMSW) installed ±21 m from the IP [24]. From the analysis of
the fills 1089–1134, we found a maximum !4 mm shift of the
beam center at the LHCf detectors, corresponding to a crossing an-
gle of !30 µrad assuming the beam transverse position did not
change. The two analyses gave consistent results for the location
of the beam center on the detectors within 1 mm accuracy. In
the geometrical construction of events we used the beam-center
determined by LHCf data. We derived photon energy spectra by
shifting the beam-center by 1 mm. The spectra are modified by
5–20% depending on the energy and the rapidity range. This is
assigned as a part of systematic uncertainty in the final energy
spectra.

The background from collisions between the beam and the
residual gas in the vacuum beam pipe can be estimated from the
data. During LHC operation, there were always bunches that did
not have a colliding bunch in the opposite beam at IP1. We call
these bunches ‘non-crossing bunches’ while the normal bunches
are called as ‘crossing bunches.’ The events associated with the
non-crossing bunches are purely from the beam-gas background
while the events with the crossing bunches are mixture of beam-
beam collisions and beam-gas background. Because the event rate
of the beam-gas background is proportional to the bunch inten-
sity, we can calculate the background spectrum contained in the
crossing bunch data by scaling the non-crossing bunch events. We
found the contamination from the beam-gas background in the fi-
nal energy spectrum is only !0.1%. In addition the shape of the

energy spectrum of beam-gas events is similar to that of beam-
beam events, so beam-gas events do not have any significant im-
pact on the beam-beam event spectrum.

The collision products and beam halo particles can hit the beam
pipe and produce particles that enter the LHCf detectors. However
according to MC simulations, these particles have energy below
100 GeV [10] and do not affect the analysis presented in this Let-
ter.

5. Comparison with models

In the top panels of Fig. 5 photon spectra predicted by
MC simulations using different models, QGSJET II-03 (blue) [22],
DPMJET 3.04 (red) [21], SIBYLL 2.1 (green) [25], EPOS 1.99 (ma-
genta) [20] and PYTHIA 8.145 (default parameter set; yellow) [26,
27] for collisions products are presented together with the com-
bined experimental results. To combine the experimental data of
the Arm1 and Arm2 detectors, the content in each energy bin was
averaged with weights by the inverse of errors. The systematic un-
certainties due to the multi-hit cut, particle identification (PID),
absolute energy scale and beam center uncertainty are quadrati-
cally added in each energy bin and shown as gray shaded areas in
Fig. 5. The uncertainty in the luminosity determination (±6.1% as
discussed in Section 2), that is not shown in Fig. 5, can make an
energy independent shift of all spectra.

In the MC simulations, 1.0 " 107 inelastic collisions were gen-
erated and the secondary particles transported in the beam pipe.
Deflection of charged particles by the D1 beam separation dipole,
particle decay and particle interaction with the beam pipe are
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LHCf detectors by two methods; first by using the distribution of
particle impact positions measured by the LHCf detectors and sec-
ond by using the information from the Beam Position Monitors
(BPMSW) installed ±21 m from the IP [24]. From the analysis of
the fills 1089–1134, we found a maximum !4 mm shift of the
beam center at the LHCf detectors, corresponding to a crossing an-
gle of !30 µrad assuming the beam transverse position did not
change. The two analyses gave consistent results for the location
of the beam center on the detectors within 1 mm accuracy. In
the geometrical construction of events we used the beam-center
determined by LHCf data. We derived photon energy spectra by
shifting the beam-center by 1 mm. The spectra are modified by
5–20% depending on the energy and the rapidity range. This is
assigned as a part of systematic uncertainty in the final energy
spectra.

The background from collisions between the beam and the
residual gas in the vacuum beam pipe can be estimated from the
data. During LHC operation, there were always bunches that did
not have a colliding bunch in the opposite beam at IP1. We call
these bunches ‘non-crossing bunches’ while the normal bunches
are called as ‘crossing bunches.’ The events associated with the
non-crossing bunches are purely from the beam-gas background
while the events with the crossing bunches are mixture of beam-
beam collisions and beam-gas background. Because the event rate
of the beam-gas background is proportional to the bunch inten-
sity, we can calculate the background spectrum contained in the
crossing bunch data by scaling the non-crossing bunch events. We
found the contamination from the beam-gas background in the fi-
nal energy spectrum is only !0.1%. In addition the shape of the

energy spectrum of beam-gas events is similar to that of beam-
beam events, so beam-gas events do not have any significant im-
pact on the beam-beam event spectrum.

The collision products and beam halo particles can hit the beam
pipe and produce particles that enter the LHCf detectors. However
according to MC simulations, these particles have energy below
100 GeV [10] and do not affect the analysis presented in this Let-
ter.

5. Comparison with models

In the top panels of Fig. 5 photon spectra predicted by
MC simulations using different models, QGSJET II-03 (blue) [22],
DPMJET 3.04 (red) [21], SIBYLL 2.1 (green) [25], EPOS 1.99 (ma-
genta) [20] and PYTHIA 8.145 (default parameter set; yellow) [26,
27] for collisions products are presented together with the com-
bined experimental results. To combine the experimental data of
the Arm1 and Arm2 detectors, the content in each energy bin was
averaged with weights by the inverse of errors. The systematic un-
certainties due to the multi-hit cut, particle identification (PID),
absolute energy scale and beam center uncertainty are quadrati-
cally added in each energy bin and shown as gray shaded areas in
Fig. 5. The uncertainty in the luminosity determination (±6.1% as
discussed in Section 2), that is not shown in Fig. 5, can make an
energy independent shift of all spectra.

In the MC simulations, 1.0 " 107 inelastic collisions were gen-
erated and the secondary particles transported in the beam pipe.
Deflection of charged particles by the D1 beam separation dipole,
particle decay and particle interaction with the beam pipe are
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Combined CMS and TOTEM measurements
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Examples of tuning interaction models to LHC data
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• Very forward photon production (LHCf, Feynman-x)

3.3 Predicted air shower properties

Old and new models (two stacked plots):

• Xmax vs. shower energy

• Muon number vs. shower energy

• Muon energy spectrum
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• Very forward photon production (LHCf, Feynman-x)

3.3 Predicted air shower properties

Old and new models (two stacked plots):

• Xmax vs. shower energy

• Muon number vs. shower energy

• Muon energy spectrum

8

(Pierog 2013, 2014) 40



Mass composition (LHC-tuned models)
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di�erent mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. E�ect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin a�ect both the energy and the -max mea-
surements. The uncertainty on the energy scale is assumed to be �⇢/⇢ = 14% in the whole
considered energy range [18]. For the -max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm�2 [13]. An additional systematic e�ect could also
arise from the uncertainties on the -max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

�-max �⇢/⇢ ⇡� ⇡-max ⇡

-14% 52.5 578.3 630.9
�1fsyst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1fsyst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The e�ect on the deviance of the
±1 fsyst shifts in the energy and -max scales.

.

Following the same approach used in [2], we take
into account the uncertainty on the energy scale and on
the -max scale by shifting all the measured energies and
-max values by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their e�ect on the deviance value is sum-
marised in Tab. 3. The dominant e�ect in terms of predic-
tions at Earth is the one arising from the -max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly a�ects only

Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the e�ect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
-max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent the maximal variations induced
by considering all the possible combinations of shifts. The shaded area in the right plot indicates the region where the
-max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by di�erent physical parameters.
Even if this scenario exhibits a lower deviance, the di�erence is comparable to the systematic
uncertainties e�ect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to
their mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).
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Figure 2: The first two moments of the -max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Figure 2: The first two moments of the -max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Data description by previously shown fit Data description after modifying proton-air interactions

Required change from 1018.5 eV to 1019 eV
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Comparison of longitudinal and lateral shower profiles
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of sec!.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
"2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
!

FADC bin i

(x
i+1 ! x

i

)
" #$ %

jump

I {x
i+1 ! x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
# = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict # and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N |FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, $,%, &) =

exp

&

$ + % log
r

1000m
+ & log

' r

1000m

(2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and $, %, and & are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, $, %, and &, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the
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Energy scaling: em. particles and muons

Muon scaling: hadronically produced muons 
and muon interaction/decay products

E ≈ 1019 eV

G.R. Farrar et al., Muon content of hybrid PAO CRs
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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.

(Auger, ICRC 2013, PRL 2016) Rescaling factors 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Muon number in inclined showers (θ > 60°)
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FIG. 7. Average logarithmic muon content, hlnRµi, as a function of the average shower depth, hXmaxi.

D. Number of muons and its fluctuations

The average number of muons in a proton shower of energy E has been shown in simulations to scale as

N⇤
µ(E) = C E�

where � ' 0.9 (see main text for references).

If we assume all the secondaries from the first interaction produce muons following the same relation as given for

protons above, we obtain the number of muons in the shower as

Nµ(E) =

mX

j=1

C E�
j = N⇤

µ(E)

mX

j=1

x�
j = N⇤

µ(E) ↵1 , (1)

where index j runs over m secondary particles which reinteract hadronically and xj = Ej/E is the fraction of energy

fed to the hadronic shower by each. In this expression the fluctuations in Nµ are induced by ↵1 in the first generation

which fluctuates because the multiplicity m and the energies xj of the secondaries fluctuate.

Consider a “toy“ interaction producing only pions, all with the same energy and only a fraction f of them are

charged and contribute to the hadron cascade. This model has no fluctuations and should by construction give

↵1 = 1, which follows from Eq. (1) if we identify the average number of muons for proton showers with N⇤
µ(E) which

coincides with our definition. This incidentally implies a condition for � = log(m)/ log(m/f) which is the same as

that obtained by Matthews and by Kampert et al. (� ' 0.90 for f = 2/3 and m ⇠ 50). In a more realistic scenario

↵1 fluctuates because the particles do not have the same energy and f (the ratio of charged pions) and m fluctuate.

The probability of hybrid events h!E" (product of the
energy spectrum of cosmic rays and the efficiency of
detection) can be obtained from the data, as explained in
and [10,24,26]. The rhs of Eq. (2) depends on the
parameters a and b via Eq. (1). To obtain the energy
dependence of the fluctuations, we parametrize ! by six
independent values such that !!E" # !̂k · hR"i!E", where
the constants !̂k are the relative fluctuations in the kth
energy bin with limits $Ek!1; Ek%, where k runs from one to
six. In Eq. (2), k # 0 corresponds to the contributions from
the interval $0; Ethr%, where the SD is not fully efficient. The
fluctuations here are assumed to take the value of the first
fitted bin !̂0 ! !̂1.
The sum over the index i in Eq. (2) (the usual sum over

the log-likelihoods of events) includes only events above
the energy threshold of 4 ! 1018 eV. The function C!E" is
the normalization factor from the double Gaussian. The
result of the fit for the parameters a and b are shown in
Fig. 1. The fluctuations are shown in Fig. 2. The distri-
bution of the number of muons and the PDF in the
individual energy bins can be found in the Supplemental
Material [17].
The dominant systematic uncertainties of ! come from

the uncertainties in the resolutions sE and s". For s" we
estimate the uncertainty using simulations and data. In
simulations, the uncertainty was estimated by the spread in
a sample of simulated showers, where each shower is
reconstructed multiple times, each time changing only the
impact point at the ground. For data, we reconstruct the
same event multiple times, leaving out the signals from one
of the detector stations. The average relative resolution

hs"=R"i and its systematic uncertainty is thus !10& 3"%
at 1019 eV.
We verified the values of sE by studying the difference in

the energy reconstruction of events measured independently
by two or more FD stations. The width of the distribution of
these energy differences is found to be compatible with sE.
We therefore take the statistical 1-! uncertainties of this
cross check as a conservative upper limit of the systematic
uncertainty of sE [27]. The average relative energy reso-
lution hsE=Ei is about !8.4& 2.9"% at 1019 eV. We have
further confirmed that there are no significant contributions
to the fluctuations from differences between the individual
FD stations, neither related to the longtime performance
evolution of the SD and FD detectors.
Any residual electromagnetic component in the signal

would affect the lower zenith angles more. We therefore
split the event sample at the median zenith angle (66°) and
compare the resulting fluctuations. We find no significant
difference between the more and the less inclined sample.
In another test, we do find a small modulation of hR"i

with the azimuth angle (<1%), which we correct for. This
modulation is related to the approximations used in the
reconstruction, which deal with the azimuthal asymmetry
of the muon densities at the ground due to the Earth’s
magnetic field [3]. Finally, we have run an end-to-end
validation of the whole analysis method described in this
Letter on samples of simulated proton, helium, oxygen, and
iron showers.
Because of the almost linear relation between R" and E,

the systematic uncertainty on ! due to the uncertainty of the
absolute energy scale of 14% [25] practically cancels out in
the relative fluctuations. The systematic uncertainty in the
absolute scale of R" of 11% [5] drops out for the same
reason. The systematic effects for the bin around 1019 eV
are summarized in Table I. Over all energies, the systematic
uncertainties are below 8%.
Results and discussion.—The best-fit value for the

average relative number of muons at 1019 eV (parameter a)
is hR"i!1019eV"#1.86&0.02!stat"'0.36

!0.31!syst". For the
slope (parameter b) we find dhlnR"i=d lnE # 0.99&
0.02!stat" '0.03

!0.03!syst". These values are consistent with
the values previously reported [5,17].

FIG. 2. Measured relative fluctuations in the number of muons
as a function of the energy and the predictions from three
interaction models for proton (red) and iron (blue) showers.
The gray band represents the expectations from the measured
mass composition interpreted with the interaction models.
The statistical uncertainty in the measurement is represented
by the error bars. The total systematic uncertainty is indicated by
the square brackets.

TABLE I. Contributions to the systematic uncertainty in the
relative fluctuations around 1019 eV (1018.97–1019.15 eV). The
central value is !=hR"i # 0.102& 0.029!stat" & 0.007!syst".

Source of uncertainty Uncertainty (%)

E absolute scale hEi <0.1
E resolution sE 4.6
R" absolute scale hR"i 0.5
R" resolution s" 5.2
R" azimuthal modulation hR"i!#" 0.5

Total systematics 7.0

PHYSICAL REVIEW LETTERS 126, 152002 (2021)

152002-6
(Phys. Rev. Lett. 126 (2021) 152002)

24 4. Properties of the FD photomultipliers

(a) (b)

Figure 4.1.: (a) Schema of a PMT. The names of the different components are indicated as well
as the the first stages of the electron multiplication process. Taken from [50]. (b)
Measured quantum efficiency Q as function of the wavelength for two Hamamatsu
models of newer generation of PMTs with a super-bialkali photocathode, i.e. higher
quantum efficiency, as well as of a Photonis XP 3062 PMT. For the latter, Q is about
(29.5 ± 1)% at 375 nm. Taken from [51].

first dynode by an electric field between the photocathode and the first dynode.
By hitting the latter, they kick out further electrons, which again are accelerated
thanks to an electric field between the first and second dynode. This process is
repeated at every dynode resulting in a multiplication process of electrons. At
the end, the electrons hit the anode producing an electric current which can be
amplified, converted and measured.

The gain G is the multiplication factor of a PMT, i.e. how many electrons arrive
at the anode for one photoelectron produced at the photocathode. In other words

G =
nK
nA

=
IK
IA

, (4.1)

where nK is the number of produced photoelectrons at the cathode and nA the
number of electrons reaching the anode. IK and IA are the corresponding cur-
rents at the cathode and anode induced by these electrons. The whole am-
plification process will be explained in the following paragraph similar to the
explanations given in [52].

If the number of photoelectrons that strike the first dynode is nf and the gain
of the first dynode is g1, the number of resulting secondary electrons is nf g1.
If the second dynode has a gain g2, the number of emitted electrons from the
second dynode is then nf g1 g2. The repetition of this process for N dynodes
leads to the final number of electrons at the anode

nA = nf

N

’
i=1

gi. (4.2)

The initial photoelectrons have to be focused on the first dynode. The efficiency
of this process is given by the input system collection efficiency h. Thus, the

PMT analogy of air shower

Muon fluctuations driven by first interactions

Hybrid events and inclined showers

Discrepancy in number of muons 
Relative fluctuations as expected

(Phys. Rev. Lett. 117 (2016) 192001, 
 Phys. Rev. D91 (2015) 032003)



Direct measurement of muons at lower energy
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In range 3x1017 eV to 2x1018 eV simulations don’t reproduce muon densities
38% (53%) increase in <Nμ> at 1018 eV needed for EPOS-LHC (QGSJetII-04)

Underground muon detectors 
(2.3 m soil for shielding)

(Auger, Eur. Phys. J. C80 (2020) 751)



Muon production at large lateral distance

Energy distribu9on of last interac9on 
that produced a detected muon

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air ! !/K + X
"

µ+ "µ
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2

Muon observed at 1000 m from core

µ+

π+

ν

π+

(Maris et al. ICRC 2009)

Typically 8-10 
interac9ons

Ep±,dec ⇠ 30GeV
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Importance of hadronic interactions at different energiesSensitivity of Air Showers to Interactions
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Muons in air showers are sensitive to the hadronic cascade over all
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Sensitivity of Air Showers to Interactions
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Muons:  8 – 12 generations,
majority of muons produced  
in ~30 GeV interactions

Shower particles produced in 100 
interactions of highest energyElectrons

Muons

Electrons/photons: 
high-energy interactions

Muons/hadrons: 
low-energy interactionsLow-energy 

interactions

(Ulrich APS 2010) 53



Muon production in hadronic showers

54

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions:  

• cascade stops at 

• each hadron produces one muon 

Epart = Edec

Nµ =
�

E0

Edec

⇥�

� =
lnnch

lnntot
� 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005)

E0/(ntot)
n

E0/(ntot)
2

E0/ntot

E0
ntot = np0 +nch

(nch)
2

(nch)
n

nch

o 
o 
o 
o

Pion decay energy ~30 GeV, 
Typically 8-12 generations



Muon production depends on hadronic energy fraction

p+

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-An@baryon pair produc@on   (Pierog, Werner 2008) 
• Baryon number conserva9on 
• Low-energy par9cles: large angle to shower axis 
• Transverse momentum of baryons higher 
• Enhancement of mainly low-energy muons

Baryon 
sub-shower

Meson 
sub-shower

Decay of 
leading par9cle

(Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

2 Leading par@cle effect for pions    (Drescher 2007, Ostapchenko 2016) 
• Leading par9cle for a π could be ρ0 and not π0 
• Decay of ρ0 to 100% into two charged pions

3 New hadronic physics at high energy   (Farrar, Allen 2012) 
• Inhibi9on of π0 decay (Lorentz invariance viola9on etc.) 
• Chiral symmetry restaura9on

30% chance to have
π0 as leading particle

55

Core-Corona model (Pierog et al.)



06/28/16 Felix Riehn - Auger Analysis Meeting 2016 6

Leading vector mesons

Pion - Proton Pion - CarbonCrossing not described

Rho production in π-p interactions (Sibyll 2.1 ➞ Sibyll 2.3)

56(Riehn et al., ICRC 2015)

xF = pk/pmax

Elab = 250GeV

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

06/28/16 Felix Riehn - Auger Analysis Meeting 2016 8

Leading vector mesonsLeading particle production



NA61 experiment at CERN SPS

57(NA61, EPJ 77, 2017)

p�C ! p̄ X
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Fig. 3 An example of a !! + C interaction at 158 GeV/c measured in the NA61/SHINE detector (top view). The measured points (green dots)
are used to fit tracks (red lines) to the interaction point. The black dots show the noise clusters and the red dots show matched Time of Flight hits
(not used in this analysis)

Detector parameters were optimised using a data-based
calibration procedure which also took into account their time
dependences. Minor adjustments were determined in consec-
utive steps for:

(i) detector geometry and TPC drift velocities and
(ii) magnetic field map.

Each step involved reconstruction of the data required to
optimise a given set of calibration constants and time depen-
dent corrections followed by verification procedures. Details
of the procedure and quality assessment are presented in
Ref. [39].

The main steps of the data reconstruction procedure are:

(i) finding of clusters in the TPC raw data, calculation of
the cluster centre-of-gravity and total charge,

(ii) reconstruction of local track segments in each TPC sep-
arately,

(iii) matching of track segments into global tracks,
(iv) fitting of the track through the magnetic field and deter-

mination of track parameters at the first measured TPC
cluster,

(v) determination of the interaction vertex using the beam
trajectory fitted in the BPDs and the trajectories of
tracks reconstructed in the TPCs (the final data anal-
ysis uses the middle of the target as the z-position,
z = !580 cm) and

(vi) refitting of the particle trajectory using the interaction
vertex as an additional point and determining the par-
ticle momentum at the interaction vertex.

An example of a reconstructed !! + C interaction at
158 GeV/c is shown in Fig. 3. Amongst the many tracks
visible are five long tracks of three negatively charged and
two positively charged particles, with momentum ranging
5!50 GeV/c.

A simulation of the NA61/SHINE detector response is
used to correct the measured raw yields of resonances. For the
purposes of this analysis, the Epos 1.99 model was used for
the simulation and calculation of correction factors. DPM-
Jet 3.06 [40] was used as a comparison for estimation of
systematic uncertainties. The choice of Epos was made due
to both the number of resonances included in the model, as
well as the ability to include the intrinsic width of these res-
onances in the simulation. Epos 1.99 rather than Epos LHC
was used as it is better tuned to the measurements at SPS
energies [41].

The simulation consists of the following steps:

(i) generation of inelastic !! + C interactions using the
Epos 1.99 model,

(ii) propagation of outgoing particles through the detec-
tor material using the Geant 3.21 package [42] which
takes into account the magnetic field as well as rel-
evant physics processes, such as particle interactions
and decays,
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Fig. 12 Scaled xF-spectra of !0 mesons, xF dn/dxF, in "! + C pro-
duction interactions at 158 (left) and 350 GeV/c (right). The error bars
show the statistical, the bands indicate systematic uncertainties. The

lines depict predictions of hadronic interaction models: dashed red –
Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
green – QGSJet II- 04, red – EposLHC, black – Sibyll 2.3
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Fig. 13 Scaled xF-spectra of # (left) and K"0 (right) mesons,
xF dn/dxF, in "! + C production interactions at 158 GeV/c. The error
bars show the statistical, the bands indicate systematic uncertainties.

The lines depict predictions of hadronic interaction models: dashed red
– Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
red – EposLHC, black – Sibyll 2.3

ment with the measurement only at xF ! 0.6. Sibyll 2.3 and
Sibyll 2.1 predict a too low number of K"0 mesons at all xF
values.

The ratio between combinations of the three meson mea-
surements are shown in Fig. 21 in Appendix E, where it can
be seen that no model can consistently describe the results.

The comparison between results from this analysis to mea-
surements of other experiments are presented in Fig. 14 for
!0 and # mesons. The two other experiments shown are
NA22 [17] and LEBC-EHS (NA27) [57], both of which used
a hydrogen target. NA22 had a "+ beam at 250 GeV/c while
LEBC-EHS had a "! beam at 360 GeV/c. The results from
NA22 and LEBC-EHS are scaled by their measured inelastic
cross sections: 20.94 ± 0.12 mb for NA22 [61] and 21.6 mb
for LEBC-EHS [57]. There is good agreement between the
previous measurements with proton targets and the results

from this analysis for xF < 0.6. At larger xF the !0 yields
measured in this analysis show a decrease that is not present
in the "+p data and could thus be an effect of the nuclear
target used for the measurement presented here. The com-
parison of the measurements of the # multiplicities shows
no significant differences between the other experiments and
results from this analysis.

5 Summary

This article presents experimental results on !0, # and K"0

xF-spectra in "! + C production interactions at 158 GeV/c
and the!0 spectra at 350 GeV/c from the NA61/SHINE spec-
trometer at the CERN SPS. These results are the first "! + C
measurements taken in this energy range and are important
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Figure 3: Spectra of p±, K± and p (p̄) as a function of p, integrated over pT, for the 350 GeV/c data set.
The statistical uncertainties are represented by bars and the systematic ones by gray bands.

butions of the difference between two methods to determine the combinatorial background, differ-
ences on the correction factors computed with different hadronic interaction models and differences
due to variations on the track and event selection criteria.

5. Summary and conclusions

Selected results of particle production in pion-carbon collisions measured by NA61/SHINE
experiment were presented in this proceeding. First we have shown the spectra of p±, K± and p
(p̄), obtained by means of a particle identification analysis based on the dE/dx. Second, we have
shown the spectra of r0, w and K⇤0, obtained by means of a template fit method applied to the
invariant mass distribution of p+p�. The most relevant sources of systematic uncertainties were
estimated and presented with the final spectra.
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Figure 2: Spectra of p±, K± and p (p̄) as a function of p, integrated over pT, for the 158 GeV/c data set.
The statistical uncertainties are represented by bars and the systematic ones by gray bands.

The fitted yields were then corrected for the limited detector acceptance, selection efficiency,
detector trigger efficiency, fitting bias and feed-down from re-interactions. Simulations using
EPOS 1.99 were used to compute the corresponding correction factors. Finally, the average multi-
plicity was obtained by dividing the corrected yields by the total number of target interactions. The
complete analysis description and results can be found in Ref. [22].

In Fig. 4, the spectra of r0, w and K⇤0 are shown and compared to the predictions of EPOS 1.99,
DPMJET 3.06, SIBYLL 2.1, SIBYLL 2.3 [23], QGSJET II-04 and EPOS LHC. While the r0 spec-
tra are shown for beam energies of 158 and 350 GeV/c, the w and K⇤0 spectra are limited to the
158 GeV/c data set because of the large uncertainties obtained at 350 GeV/c. Additionally, the r0

spectrum at 350 GeV/c is limited to xF < 0.5 because of the limited acceptance of the detector at
this beam energy.

The systematic uncertainties on the spectra were estimated by taking into account the contri-

5

Dedicated cosmic ray runs 
(π-C at 158 and 350 GeV)

p�C ! r0 X ! p+p� X
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Cosmic ray physics with the IceCube Neutrino Observatory

Coincident analysis:

IceTop stations detect the electromagnetic
component (and low-energy muons):
sensitive to the energy of the shower.

High-energy muon bundles travel down to the
IceCube detector:

I Minimal muon energy:

⇠ 275 GeV.

I Multiplicity: 1 - 1000s.

I Created high in the

atmosphere.

I Typical radius: ⇠ 20� 50 m

I Ionization + radiative,

stochastic energy loss.

Sam De Ridder (Ghent University) CR composition with IceCube September 22, 2015 4 / 18
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Low-energy 
enhancement 
due to baryon 
pair production

Charm particles 
(only Sibyll 2.3, 
 and Sibyll 2.3c)

Rho-0 production
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Correlation of low 
energy muons 
(surface) and in-ice 
muon bundles

Muon energy spectrum in EAS rela@ve to that of Sibyll 2.1



Constraining LIV using muon content of EAS Caterina Trimarelli

16.5 17 17.5 18 18.5 19 19.5
(E/eV)

10
log

0

0.05

0.1

0.15

0.2

0.25

0.3>
µ

<N
σ

-610⋅=-5.95η90.5% CL for 
-610⋅=-9.2η95.45% CL for 

-510⋅=-8.2η99.7% CL for 
 [-15, -3] H-Fe epos-LHC LIV∈|) η(|

10
 for log>µ<N

σ αmax
data

 H-Fe epos-LHC>µ<N
σ αmax

16.5 17 17.5 18 18.5 19 19.5

0.05

0.1

0.15

0.2

0.25

Example of palette with empty histogram

16−

14−

12−

10−

8−

6−

4−

)
η

lo
g(

-
log

10
(! �

! )

Figure 4: Maximum with respect to U of the mixed relative fluctuations obtained using the parameterizations
in the standard case (dashed curve) and in the presence of LIV considering [ in the range [�10�3,�10�15]
(coloured curves) as a function of the primary energy. Each color corresponds to a di�erent violation
strength (right axis). The black points with error bars (statistical uncertainties) represent the measured
relative fluctuations in the number of muons.

the mixed relative fluctuations at three di�erent CLs obtained considering all the experimental data
are highlighted. The blue curve, corresponding to [ = �8.2 · 10�5, refers to 99.7% CL. The green
(black) one corresponds to 95.45% (90.5%) with a LIV parameter [ = �9.2·10�6 ([ = �5.95·10�6).
As a consequence, the new bound for [ (1) is [�5.95 · 10�6, 10�1] at 90.5% of CL.

It can be noticed that if the discrepancy in the reconstruction of the energy in the presence of
LIV and the one in the standard scenario was included, a net shift of the experimental data towards
the higher energies would be observed. However, this bias between the primary energy estimated
if the events are treated in LIV case and in standard one is lower than the 5% for all the considered
[ parameters and, if implemented, it would lead to a further improvement of the parameter bound.

In conclusion, we have found a new lower bound of the [ parameter range of values using the
maximum relative fluctuation for a mixed initial proton-iron composition for LIV at first order. In
particular, we have obtained [ (1) > �5.95 · 10�6 at 90.5% of CL. A similar approach using the
minimum of the relative fluctuation with respect to U could lead to the definition of a negative upper
bound of the LIV parameter. Previous works found limits to the LIV parameter at first order by
studying the e�ects of Lorentz invariance violation on the photon propagation in the universe [14].

Future prospects will provide for an extension of the overall procedure to the e�ects produced
by LIV at second order. Moreover, limits on [ parameter could be found through a combined
analysis considering simultaneously the relative fluctuations of the number of muons and the mass
composition derived from the -max measurements given by the Pierre Auger Observatory.
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Figure 1: Neutral pion mean lifetime as a function of energy for the Lorentz invariant case and for di�erent
strengths of LIV.

increase/decrease with respect to the LI case producing modifications in the EAS development
which depends both on the energy and the strength of the violation. As an example, the c0 lifetime
as a function of the energy for the standard case and for di�erent values of the LIV parameters
is shown in Fig. 1. For negative values of [, the mean lifetime increases up to a critical energy,
corresponding to the point at which the phase space reduces to zero (i.e. <2

LIV ! 0) and the particle
becomes stable (i.e. W ! 1). The energy at which the lifetime evolution deviates from the standard
LI case depends both on the order and the strength of the violation. To have a qualitative idea of
what one should expect, let us consider the simple model [15] where a primary hadron interacting
in the atmosphere produces 2/3 of charged pions c± and 1/3 of c0B. In the standard case, charged
pions decay producing muons and neutrinos while the neutral ones suddenly decay in two photons
producing an electromagnetic sub-shower. Otherwise, in the presence of LIV and for negative
values of [ (=) , the c0 lifetime grows and the probability to interact before decaying increases. The
re-interacting c0s will behave as the source of a hadronic sub-showers like those initiated by the
primary cosmic ray particle. As the energy decreases in the further shower generations, c0s will
start again to produce a standard electromagnetic sub-shower. The consequence is a modification
of the shower development in the atmosphere. The amount of energy deposited in the atmosphere
will be reduced (i.e. invisible energy going to neutrinos will grow) leading to an underestimation
of the primary energy if the event is treated as a standard physics one. Moreover, the position of
the shower maximum (-max) [16] will be slightly modified with respect to the standard LI case. In
addition, as the muon content correlates with the energy of the hadronic component of the shower,
we can predict that the number of muons produced in the EAS will increase and the physical
fluctuations will decrease, as almost all the energy is kept into the hadronic component after the first
stages of the shower developement, with little room for stochastic leakage to the electromagnetic
component [17]. On the other hand, for positive values of the [ parameter the lifetime becomes
smaller with respect to the standard LI case as the energy increases. In these cases, the lifetime
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1. Introduction

Violations of Lorentz Invariance could a�ect the energy threshold of photo-hadronic inter-
actions; in particular, depending on the composition of the UHECRs at the highest energies, the
attenuation length of photo-meson production or photo-disintegration may become extremely large
and suppress particle interaction during propagation in the extragalactic space [1–4]. As a conse-
quence, the existing evidence of the suppression of the flux at the highest energies [5] can be used to
put a limit on LIV. In particular, LIV can be tested by searching the best description of the UHECR
observables, under LIV assumptions, as already done for instance in [6–10]. However, the scenario
is complicated by the fact that the best description of the UHECR spectrum and composition is
found corresponding to values of maximum energy at the source smaller than or comparable to the
typical threshold energy for photo-meson or photo-disintegration reactions [11]. For this reason,
the sensitivity of the deviations from LI in UHECR propagation is smaller than expected, and
alternative approaches need to be investigated.

2. Lorentz Invariance Violation framework

One possibility to constrain LIV models is that, depending on the strength of the violation, the
high energy available in the collision of cosmic rays with the atmosphere1 can lead to modifications
of the shower development with respect to the standard LI case. A well established phenomenolog-
ical approach to introduce LIV e�ects [12, 13] consists of adding e�ective terms in the dispersion
relation of particles as:

⇢2 � ?2 = <2 + 5 ( Æ?,"Pl; [) (1)

where < is the particle mass at rest, ⇢ its energy, and 5 represents the contribution of violation
due to the quantum gravity e�ects. In this approach the violation depends on the momentum of
the particle Æ? and on the Planck mass "Pl through the LIV parameter [, a dimensionless constant
coe�cient to be constrained. At ? ⌧ "Pl, the factor 5 can be expanded and considering only the
leading order of the expansion, Eq. 1 becomes:

⇢2 � ?2 = <2 + [ (=)
?=+2

"=
Pl

(2)

Previous works found limits to the LIV parameter by studying the e�ects of Lorentz invariance
violation on cosmic ray propagation at first order [ (1)W > �1.2 · 10�10 [14] in the photon sector in
the astrophysical scenario, which best describes UHECR data, and at second order �10�3 < [ (2)c <

10�1 [2] in the case of the neutral pion decay. Interpreting the right-hand side of the Eq. 2 as an
energy dependent mass, <2

LIV = <2 + [ (=) ?
=+2

"=
Pl

, the Lorentz factor for a LI violating particle at
energy ⇢ can be defined as:

WLIV = ⇢/<LIV (3)

Depending on the value assumed by [ (=) , the lifetime of the considered particle g = W!�+ g0

will change accordingly. For negative/positive values of [ (=) the lifetime of the particle should

1As an example a proton at 1019 eV hitting the atmosphere corresponds to a 0.1 PeV collision in the center of mass
frame.
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Comparison of model simulations with 
data on muon number fluctuations 
Limits on LIV parameter η

(Auger, ICRC 2021)



Upgrade of the Observatory – AugerPrime
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Physics motivation 

- Composition measurement 
up to 1020 eV


- Composition selected anisotropy

- Particle physics with air showers

- Much better understanding of 

new and old data

Components of AugerPrime 

- 3.8 m2 scintillator panels (SSD)

- New electronics (40 MHz -> 120 MHz)

- Small PMT (dynamic range WCD)

- Radio antennas for inclined showers

- Underground muon counters 

(750 m array, 433 m array)

- Enhanced duty cycle of fluorescence tel.

radio

μComposition sensitivity
with 100% duty cycle

(AugerPrime design report 1604.03637)



Progress of AugerPrime deployment
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130 new stations are taking data 



AugerPrime: New quality of data – multi-hybrid measurements
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Summary
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- Pierre Auger Observatory has very rich data set


- All-particle spectrum does not follow simple GZK suppression


- Flux suppression most likely superposition of maximum energy of injected 
particles and energy losses (GZK secondaries as tracers of composition)


- LHC data of fundamental importance for interpretation of cosmic ray data

- Only p-p data for far, p-O considered for Run 3 
- Need pion-proton and pion-oxygen data too (LHCf+ATLAS) 

- Very moderate increase of proton-air and proton-proton cross sections favored 
up to 1018.3 eV – conservative extrapolations favored


- Either unexpected (i.e. not predicted) source scenario for highest energies or 
very exotic particle physics (Auger will be like Münchhause)


- Apparently serious problem with muon production in air showers – new 
physics?


- Multiplicity fluctuations in first interactions seem to be “normal”


- Upgrade AugerPrime will increase sensitivity to mass composition and particle 
physics observables up to very highest energies



Zoom photograph of the Pierre Auger Collaboration
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Science, Fun & Adventure
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Searches: Ultra-high energy neutrinos

67(Michael Schimp)
JCAP10(2019)022

Figure 6. Pierre Auger Observatory upper limit (90% C.L.) to the normalization k of the di↵use flux
of UHE neutrinos �⌫ = k E�2

⌫ as given in eqs. (4.2) and (4.3) (solid straight red line). Also plotted
are the upper limits to the normalization of the di↵use flux (di↵erential limits) when integrating
the denominator of eq. (4.2) in bins of width 0.5 in log10 E⌫ (solid red line — Auger all channels
and flavours; dashed red line — Auger Earth-skimming ⌫⌧ only). The di↵erential limits obtained
by IceCube [35] (solid green) and ANITA I+II+III [34] (solid dark magenta) are also shown. The
expected neutrino fluxes for several cosmogenic [20, 60–62] and astrophysical models of neutrino
production, as well as the Waxman-Bahcall bound [63, 64] are also plotted. All limits and fluxes are
converted to single flavor.

nuclei in the CMB. The highest fluxes of cosmogenic neutrinos are then expected for injec-
tion of protons, while those expected for injection of iron nuclei are down typically by about
an order of magnitude [20, 23, 24] (cf. figure 6). We note, however, that the possibility of
pure proton (or iron) primaries in the energy range of interest is disfavored by recent results
on the composition of UHECR [12, 13, 66–68]. Instead, a gradually increasing fraction of
heavier primaries is observed with increasing energy up to at least E ⇠ 5⇥ 1019 eV [66]. In
addition to this, adopting a simple astrophysical model fitting the energy spectrum and the
mass composition suggests that the observed flux suppression is primarily an e↵ect of the
maximum rigidity of the sources of UHECR rather than only the e↵ect of energy losses in
the CMB and EBL [73, 74]. In consequence, cosmogenic neutrino fluxes would be reduced
much further and may escape detection for the foreseeable future [21, 22, 75]. Thus, fluxes
of cosmogenic neutrinos provide an independent probe of source properties and of the origin
of the UHECR flux suppression at the highest energies.

In table 2, we show the expected number of events in the present lifetime of the Ob-
servatory for several cosmogenic neutrino models and the associated Poisson probability of
observing no events. Scenarios assuming sources that accelerate only protons and that have

– 13 –

nt

n

nt

p

muons

electromagnetic
particles

Auger Observatory

Neutrino search using inclined air showers

Aperture comparable to IceCube if direction of source is favorable 
Multi-messenger: searches for neutrinos in coincidence with GW events 
Phase II: lowering of detection threshold (new electronics)

(JCAP 10 (2019) 022, 
JCAP 11 (2019) 004)

(UHECR 2018, updated)

https://icrc2021-venue.desy.de/video/Combined-Search-for-UHE-Neutrinos-from-Binary-Black-Hole-Mergers-with-the-Pierre-Auger-Observatory/1106f049cb6bca8d2165d63d67a60170


Searches: Upward-going events motivated by ANITA
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ANITA anomalous events

The Auger FD is sensitive to these events → upward-going showers simulated and reconstructed 
within the Offline Framework → exposure calculation for upward-going showers

● The ANITA experiment detected two anomalous 
events with non-inverted polarity → consistent with 
upward-going showers observed directly by ANITA

○ E1,2 ≳ 0.2 EeV ≈ 1017.8 eV  
○ β1 ≈ 27° and β2 ≈ 35°

● If those events are due to 𝜈𝜏 they appear challenging 
to reconcile with the predictions of the standard 
model

M. Mastrodicasa for the Pierre Auger Collaboration Search for upward-going showers with the Fluorescence Detector of the Pierre Auger Observatory      2
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Signal simulation

- Primaries: protons → adaptable to other scenarios 
→ I. A. Caracas, PoS(ICRC2021)913

- Energy range: log10(Ecal/eV) ∊ [16.5, 18.5]
- Zenith angle range: θzenith ∊ [110 , 180]°

downward-going simulation upward-going simulation 

M. Mastrodicasa for the Pierre Auger Collaboration Search for upward-going showers with the Fluorescence Detector of the Pierre Auger Observatory      3

● Using the exponential fit and the cut l > 0.55, the expected number of background events is:

Results

nbkg = 0.45 土 0.18

Using Rolke the integral upper limit for log10(Ecal/eV)>17.5 with nbkg = 0.45 土 0.18 
and nobs = 1 is: 

➔ 3.6x10-20 cm-2 sr-1 yr-1 if exposure is weighted with E-1

➔ 8.5x10-20 cm-2 sr-1 yr-1 if exposure is weighted with E-2

M. Mastrodicasa for the Pierre Auger Collaboration Search for upward-going showers with the Fluorescence Detector of the Pierre Auger Observatory      9

We intend to compare these results with ANITA I and III observations

● After the unblinding of the data 1 event has been observed to pass all the selection criteria. This 
number is consistent with the expected number of background events

Likelihood ratio based variable distribution

● Variable l = atan(-2log(Ldown/Lup,down)/50)/(π/2) defined between 0 and 1

more likely upward-going event

cut value on l has 
been tuned by 

minimizing the 
upper limit

M. Mastrodicasa for the Pierre Auger Collaboration Search for upward-going showers with the Fluorescence Detector of the Pierre Auger Observatory      7

background simulation 
weighted to burn 
sample → good 

agreement between 
burn sample and 

background simulation
Ecal > 1017.5 eV● Using the exponential fit and the cut l > 0.55, the expected number of background events is:

Results

nbkg = 0.45 土 0.18

Using Rolke the integral upper limit for log10(Ecal/eV)>17.5 with nbkg = 0.45 土 0.18 
and nobs = 1 is: 

➔ 3.6x10-20 cm-2 sr-1 yr-1 if exposure is weighted with E-1

➔ 8.5x10-20 cm-2 sr-1 yr-1 if exposure is weighted with E-2
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We intend to compare these results with ANITA I and III observations

● After the unblinding of the data 1 event has been observed to pass all the selection criteria. This 
number is consistent with the expected number of background events

Auger results: 
Background 0.45 ± 0.18 expected 
One event observed 
Flux limits on anomalous events 

(ANITA, Phys. Rev. Lett. 121 (2018) 161102)

A tau scenario application to a search for upward-going showers with the Fluorescence Detector of

the Pierre Auger Observatory

Executive Summary

Ioana Alexandra Caracas
0

for the Pierre Auger Collaboration
1

0
Bergische Universität Wuppertal, Department of Physics, Gaußstraße 20, Wuppertal, Germany

1
Observatorio Pierre Auger, Av. San Martín Norte 304, 5613 Malargüe, Argentina

What is this contribution about?

Upper flux limits have been set in the context of steeply up-going air showers induced by �-leptons using the Fluorescence Detector (FD) of the Pierre Auger Observatory.

Why is it relevant/interesting?
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Recent observations of two coherent radio pulses by the ANITA detector can be interpreted as steeply

upward-going cosmic-ray showers and remain unexplained. Several Beyond Standard Model (BSM)

interpretations resulting in the creation of �-leptons have been proposed. The Pierre Auger Observatory

allows to verify the ANITA observation and to test the proposed interpretations

What has been done?

�-leptons have been simulated using the NuTauSim code as a base, in order to obtain the distribution of

possible �-induced air showers in the field of view of the FD, in terms of shower energy and height of

first interaction. The resulting distribution is folded together with the double differential exposure of the

Observatory to up-going events to obtain the observatory’s exposure to up-going �-induced air showers.

This is further used to calculate limits on the flux of steeply up-going � showers at the Earth’s surface.

What is the result?

A single event passed all selection criteria, which is consistent with the expected experimental background of 0.5 events. Therefore, upper flux limits to up-going �-induced air

showers have been set, which account for the observed event. As a result we find energy dependent flux limits as low as 9.82 · 10
�10

GeV cm
�2

s
�1

sr
�1

for a � primary energy in the

range of lg E0/eV 2 [18.75, 18.875].

Tau scenario

Uniform distribution

(Massimo Mastrodicasa)(Ioana Caracas)

(Eva Santos)

https://icrc2021-venue.desy.de/video/Search-for-upward-going-showers-with-the-Fluorescence-Detector-of-the-Pierre-Auger-Observatory/d300edf7673ff71e4f01e18d32c5b0b6
https://icrc2021-venue.desy.de/video/A-tau-scenario-application-to-a-search-for-upward-going-showers-with-the-Fluorescence-Detector-of-the-Pierre-Auger-Observatory/8838b8b688e5a06a2f1e5cb99f9166a5
https://icrc2021-venue.desy.de/video/Monte-Carlo-simulations-for-the-Pierre-Auger-Observatory-using-the-VO-Auger-grid-resources/ca6af2de399dae4e39c87442731287cb
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Figure 1. Scintillator signals showing SLP, identified 
by event serial number and, following the hyphen, 
channel number. Also shown are a typical 
bandwidth-limited test pulse (BWL) and a typical train 

5216-1 
5216-5 A 

5216-13 * 
5280-6 
1 MHz >**‘**‘P of 1 MHz timing pulses. 

Catalogue. Tracings are shown in figure 1 ,  together with tracings of a typical bandwidth- 
limited (BWL) pulse and a typical train of 1 MHz timing pulses. 

In order to rule out instrumental effects such as photomultiplier after-pulsing as the 
source of delayed pulses, the following tests were made. 

(1) All 1962-3 AS signals in the same size range as signals preceding the SLP in 
figure 1 were examined for the presence of delayed pulses. (The pulses preceding the SLP 
have integrated charge values 4 4 0  times the average for a vertical minimum ionising 
muon.) In 132 cases out of 1648 the prompt pulse was followed after 3-lops by a well 
defined delayed pulse (DP). It was determined that the fraction of DP was the same within 
statistical errors for all 19 channels corresponding to the 19 scintillators that made up the 
Volcano Ranch array. 

(2) The 1648 DP candidates were then sorted according to shower size, using bins 
a factor of two in width. It was determined that the showers in the two lowest-sized bins 
(41 candidate pulses) had no DP, and that showers in the next higher bin (shower size 
(2-4) x lo7 particles, 169 candidates) had only three DP. The fraction of DP belonging 
to larger showers steadily increased as shown in figure 2, reaching a value of about 
0.2 for the highest three bins. 

While it is not quite true that pulses of a given size from large showers are identical to 
pulses of the same size from smaller ones, the differences there are, in average pulse 
duration, fail to account for the shower size dependence seen in figure 2. Ignoring the 
differences in duration, I take it that the fraction of DP in small-shower pulses gives an 
upper limit for the percentage of DP that might be instrumental (spurious). I conclude that 
no more than 10% of the DP in large showers (size N > 10’) are permitted by this test to be 
instrumental (plus accidental). 

J. Linsley 
(J. Phys. G: Nucl. Phys. 10 (1984) L191)

- Sub-luminal pulses with a delay of at least 3µs

- Sometimes several pulses observed

- Typically 1 km from core, high-energy showers

- Greisen: neutrons as sub-luminal particles

Reconstruction of Events David Schmidt

Figure 2: Left: Sample traces measured by a WCD and SSD. The black, dashed vertical lines indicate the
integration window as determined from traces of the three WCD PMTs alone. Merging of the signal windows
independently determined for the WCD and SSD PMTs resulted in an integration window with a stop bin
(dashed pink line) approximately 800 ns later. Right: Relative increase of the SSD signal as calculated with
the merged integration window as compared with the window determined from the PMTs of the WCD alone.

causally connected to the event. An elaborate algorithm determining whether adjacent segments
of traces with signal are causally connected was developed for application to the traces measured
by the three WCD PMTs [7]. At present, this algorithm is applied as is to the additional trace of
the SSD PMT. If the segment of the SSD trace determined to have signal related to the shower in
question has its start prior to or its finish after the integration window of the WCD, the merged
window from the SSD and WCD PMTs is used to calculate the SSD signal. Signals significantly
after those of the WCD are observed in SSD traces, examples of which are shown in Fig. 2 (left),
and SSD signals calculated using the merged window are on average approximately 10% larger
than when using the window determined using exclusively measurements of the WCD PMTs for
measurements where the WCD signal is less than 10 VEM (see Fig. 2 (right)). The magnitude of
these additional contributions to the SSD signal decrease relative to the total signal with increasing
signal size and amount to less than 1% on average for measurements where the WCD signal is
greater than 60 VEM. Studies on the impact of using the merged integration window to calculate
the WCD signal were also performed to determine if the additional information from the SSD aids
in picking up on sub-threshold signals in the WCD, but no significant changes were observed. The
algorithms for the WCD making use only of the WCD PMTs were therefore kept for compatibility
with WCD measurements prior to the AugerPrime era.

Uncertainties in signal measurement The signal measured by an SSD derives from a sample
of the lateral distribution of particles at the ground and therefore has an associated uncertainty.
Traditionally, this uncertainty is measured with so-called “multiplet” stations, which are two or
more detectors separated by ⇠10 m, which sample essentially the same position in the shower plane
for a given shower. In the case of the SSD, for which measured showers were initially scarce, so-
called pseudo-doublets were simulated. These consisted of pairs of stations, each at the same lateral
distance of 1000 m in the shower plane and on laterally opposite sides of the shower axis (see Fig. 3
(left)). Two SSDs simulated at a distance of 10 m from one another could not be used to derive signal
uncertainties as the thinning algorithms used in air shower simulations would result in a distortion

4

D. Schmidt, Pierre Auger Collaboration 
(this conference)

- Late signals seen in scintillators (SSD)

- Late pulses have no coincident signal 

in water-Cherenkov detectors (WCD)

- Similar height distribution of late pulses?

Vulcano Ranch (1962-63)

AugerPrime (2020-21)

10 µs



Air shower results: time delay distribution
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                  slow (thermal) neutrons up to 100 ms

(RE & Ferrari et al. ICRC 2021)



Air shower results: muons vs. neutrons at large distance
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Close to shower maximum: neutrons as abundant as muons Past shower maximum: neutrons much less abundant than muons
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Do we learn anything from sub-luminal neutrons?
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Neutrons 
• Interesting sub-luminal particles

• Feature-rich and very wide energy spectrum

• Notoriously difficult to detect 

• Very difficult to simulate accurately (environment)

• Expected to produce late pulses in scintillators

Scaling observations 
• Energy scaling of production similar to muons

• Primary dependence of production like muons

• Attenuation (neutron removal) length 80 … 200 g/cm2

• Very wide lateral distribution, wider than muons

• Typical delay in arrival time ~ 1 … 20 µs (Ekin > 20 MeV)

• Thermal neutrons up to ~ 100 ms

Iron

Proton

Depth

Neutrons
(shower energy fixed)

1016 eV

Depth

Neutrons

(same primary particle)

1015 eV

Reduced composition sensitivity?

Scaling faster than ~ E 0.9

Observation level

Observation level

(RE & Ferrari et al. ICRC 2021)



Empirical scaling of relative particle yields
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FIG. 1: Hadron-to-pion yield ratios as a function of the charged
particle multiplicity in pp, pPb, PbPb, and XeXe collisions at
the LHC. The predictions of post-LHC hadronic interaction
models (top-to-bottom, pp

p
s = 7 TeV, pp

p
s = 13 TeV, NNp

sNN = 12 TeV) are compared to data reported by the ALICE
Collaboration: � pp at

p
s = 7 TeV, • pp

p
s = 13 TeV, ⇧ pPb

at
p

sNN = 5.02 TeV, 2 PbPb at
p

sNN = 5.02 TeV, ⌅ XeXe atp
sNN = 5.44 TeV [10]. (We have corrected a factor of two which

is missing in the labeling of �⇤⇤̄ in Fig. 6 of [10], Fig. 4 of [11],
Fig. 1 of [12], and Fig. 1 of [13].)

run 106 collisions for each of the models, pair of primary
particles, and center-of-mass energy. In analogy with the
analyses presented by the ALICE Collaboration, we se-
lect those collisions containing at least one charged par-
ticle within the central (|⌘| < 1) pseudorapidity region.

For those collisions, we first select the charged particles
at midrapidity (|⌘| < 0.5). To estimate the observable⌦
dNch/d⌘

↵
|⌘|<0.5, we write it as

⌦
dNch/d⌘

↵
|⌘|<0.5 =

R
|⌘|<0.5

dNch

d⌘
d⌘

R
|⌘|<0.5 d⌘

= Nch(|⌘| < 0.5)

⌘ Nc
ch , (6)

the total number of charged particles at midrapidity
which, for the i-th collision, is denoted by Nc

ch,i. For
this collision, we measure the total number of particles
N↵,i of several groups of species ↵, as described in Table I.
Armed with (6), we obtain the ratios to charged pions as

�↵,i ⌘
N↵,i
N⇡,i
. (7)

In Fig. 1 we show the average ratios �↵ ⌘
⌦
�↵,i
↵

to all the
collisions with the same Nc

ch for the six species listed in
Table I as reported by the ALICE Collaboration. For com-
parison, we also show the predictions of EPOS-LHC and
SIBYLL 2.3c for the above mentioned species (other than
�) considering pp collisions

p
s = 7 TeV and

p
s = 13 TeV,

as well as NN collisions at
p

sNN = 12 TeV. We note, how-
ever, that the particles that play a role on the evolution
of UHECR showers are pions, kaons, protons, neutrons,
lambdas (and the corresponding antiparticles). For the
simulations run with QGSJET, we only display predic-
tions for the relevant secondaries driving the shower
evolution. Overall, we conclude that none of the models
correctly reproduce the main tendencies of ALICE data,
especially for the description of multi-strange hadron
production. For pp collisions, all hadronic interaction
models seem to reproduce quite well �pp̄ and �K0

S
, but fail

to reproduce �⇤⇤̄. For NN collisions, EPOS-LHC reaches
a good enough standard to pass the test in predicting the
number of secondary kaons and lambdas as a function
of the charge multiplicity. However, �pp̄ is overproduced
by roughly 25%. SIBYLL 2.3c provides a good descrip-
tion of �pp̄, but fails to predict the number of kaons and
lambdas. Finally, QGSJET slightly overproduces �pp̄ and
fails to predict �K0

S
and �⇤⇤̄. All in all, EPOS-LHC pro-

vides the best description of the hadron-to-pion yield ra-
tios as a function of the charged multiplicity relevant in
the modelling of UHECR shower evolution. Of course,
if QGP e↵ects are correctly implemented in the mod-
els they should describe the aforementioned features as
seen in data.

We end with three observations:
• Over the last year there has been a tremendous

amount of progress in modeling UHECR interac-
tions with EPOS-LHC [22]. In particular, the new
EPOS-QGP has been properly tuned to reproduce
the particle to pion ratio for the ⌦ baryon versus
multiplicity at mid-rapidity as reported by the AL-
ICE Collaboration [23, 24]. It will be interesting
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(Anchordoqui et al., Phys. Lett. B 810 (2020) 135837)

Data: ALICE Coll. 2019 
p-p, p-Pb and Pb-Pb at LHC


