
Constraints of hadronic interactions in 
extensive air showers with the Pierre 

Auger Observatory

João Espadanal* for the Pierre Auger Collaboration
LIP , Lisbon

MESON 2016, Krakow 02/06/2016



MESON 2016        João Espadanal Krakow, 2 June 2016 /20

Ultra High Energy Cosmic Rays

?

UHECR

UHECRs
Opportunity to understand 

high-energy Universe
• Production (sources; 

acceleration mechanisms…)
• Propagation (Magnetic fields…)

Opportunity to investigate
particle physics at energies
above the LHC
• High-energy interactions 
• Different kinematic regimes
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Extensive Air Showers

Extensive Air Showers
 For UHECR: billions of particles
Secondary hadrons (mostly pions)
Electromagnetic cascade (𝜋𝜋0 decay)
Muons (𝜋𝜋±, 𝐾𝐾 ... decay)

Longitudinal 
development

Lateral profile
On ground

3

Scheme of an extensive 
air shower
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Pierre Auger Observatory

UHECR
flux: ~1𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 km−2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑦𝑦−1

Located in the Pampa Amarilla, 
Mendoza, Argentina
Altitude: 1400 m a.s.l.

Fluorescence detector FD
 4 Fluorescence Detectors 

overlooking the SD array
 6 x 4 Fluorescence Telescopes

Surface detector array
1660 water-Cherenkov detectors
 3000 km2
1500 m spacing , 𝐸𝐸 > 3 ⋅ 1018eV

Low energy extension
Infill - 750m spacing (23.5 km2 area)

• 𝐸𝐸 > 3 ⋅ 1017eV

HEAT- 3 additional FD telescopes with a high 
elevation FoV.

Plus: calibration and monitoring systems…
Laser, cloud cameras, drones, LIDARS…
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What is measured?

5

longitudinal profile with THE FD
Direct observation of 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
and longitudinal evolution
average composition from 1st and 2nd moments of 
the 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distribution abundances of masses from 
fit of the 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distribution
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What is measured?

6

longitudinal profile with THE FD
Direct observation of Xmax
and longitudinal evolution

Muon counting with the SD
It measures both e.m. and muonic particles!
Muon density at ground
Temporal structure of SD traces

One Tank
time signal

Lateral profile 
on ground

Complementarity
Better geometry
Energy scale of the ground array
constrain hadronic interaction models
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Observing the longitudinal profile with
THE FD (telescopes)

𝑿𝑿𝒎𝒎𝒎𝒎𝒎𝒎 measurement
A. Porcelli for the Pierre Auger Coll., ICRC 2015
The Pierre Auger Coll., Phys. Rev. D 90, 122005 (2014)

Mass composition implications
The Pierre Auger Coll., Phys. Rev. D 90, 122006 (2014)
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Dominated by the electromagnetic cascade
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Depth of shower maximum

8
ICRC2015 arXiv:1509.03732

Data better described with a
break line than with a linear fit.

Elongation rate

Average 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎(𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚)

http://arxiv.org/abs/arXiv:1509.03732


MESON 2016        João Espadanal Krakow, 2 June 2016 /20

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 interpretation in mass composition

pure

50:50
p:Fe

Iron

50:50
p:Fe

V(lnA) measures the purity of the sample

Superposition
model
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Average composition Pure or mixed composition?

proton

Unreal values!!!
Not Possible with the model!
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Are the moments of the Xmax distribution 
enough?

The 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distribution is compared to MC predictions formed varying nuclear fractions.
A binned maximum-likelihood discriminator is used to choose the best fit fractions.

Same 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜎𝜎 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 but different mixtures

10
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Interpretation of fitting the 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distributions

Reasonable agreement with data. EPOS-LHC describes better the data
Composition with Pr:Fe and Pr:Fe:N does not reproduce data
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No Iron

Some N 
with EPOS

Transition from 
p to He !?
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Proton-air Cross‐section

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distribution tail is sensitive to the 
primary cross-section 
 If  there is enough proton it is possible to 

measure the p-air cross-section at very high 
energies
Using Glauber theory is possible to translate 

this result into p-p cross‐section
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Cosmic 
Ray 𝚲𝚲𝟎𝟎

Interaction

Cosmic 
Ray

𝚲𝚲𝟎𝟎

Interaction

p-air

p-p
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Muon counting with SD

Several indirect measurements:
Muon density at ground with horizontal showers (zenith > 60º)

L.Collica for the Pierre Auger Coll., ICRC 2015;
The Pierre Auger Coll., Phys. Rev. D 91, 032003 (2015)

Muon Production Depth based on the temporal structure of SD traces
L.Collica for the Pierre Auger Coll., ICRC 2015;
The Pierre Auger Coll., Phys. Rev. D 90, 012012 (2014)

Comparison of SD and FD signals in hybrid events (zenith < 60º)
L.Collica for the Pierre Auger Coll., ICRC 2015; paper to be published
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Muon content in air showers

Muon EAS content is directly related with the 
hadronic shower component 
Through  inclined showers is possible to 

measure directly the muon content (𝑅𝑅𝜇𝜇) in 
the SD 

• Electromagnetic shower component gets 
attenuated

Inclined hybrid events  
(62° < 𝜃𝜃 < 80° and 4 < E[EeV] < 50)

EM component very suppressed at these angles.
SD signals mainly due to muons.

Reconstruction based on muon density 
templates

14
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Muon content in air showers

More muons in data than in simulations.
Muon deficit in simulations (from 30% to 80% @ 1019 eV 

depending on models)

Combination of the 𝑹𝑹𝝁𝝁 with 𝑿𝑿𝒎𝒎𝒎𝒎𝒎𝒎 shows 
tension between data and all hadronic 

interaction models

Muon EAS content is directly related with the 
hadronic shower component 
Mean muon number compatible with iron 

showers within systematic uncertainties

Energy dependence Muon scale vs FD Xmax

15
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Muon content in air showers

Number of muons not consist with 
composition coming from longitudinal 

electromagnetic 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

Energy evolution of muons (elongation rate)
Not compatible with evolution from 

electromagnetic 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

From Xmax From Xmax
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Muon Production Depth (MPD)

Muons at ground carry information 
about their production point

2 assumptions about muons:
Produced along the shower axis 

+ Travel following straight lines at c

Longitudinal muon 
production profile!

Total time delay 
measured in SD 

stations
𝝉𝝉[𝐧𝐧𝐧𝐧] z[𝐦𝐦] 𝑿𝑿𝝁𝝁[𝐠𝐠/𝐜𝐜𝐦𝐦𝟐𝟐]

muons

17
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Muon Production Depth

Muon production depth is sensitive to 
composition
Mean 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

𝜇𝜇 should give  the 
same average mass composition
EPOS-LHC fails to provide a consist 

solution

18

Average composition from muons and e.m.
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Muon “Grandparents”

Muons come mainly from pions
There are differences on the muon 

production energy from high and low 
energy models

Differences in low and 
high energy models

Origin of the muons All produced 
muons

19

Ratio to EPOS 
proton 



MESON 2016        João Espadanal Krakow, 2 June 2016 /20

Summary 

Xmax measurement with FD
 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 elongation rate shows a change in the 
slope from light to heavy composition.
Data better compatible with Epos-LHC1

Muon content
Muon deficit in simulations

Its possible to test EAS models, comparing both 
contents at the same time

Inconsistency between 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜇𝜇 results

Inconsistency in the composition evolution

Electromagnetic and muonic development 
not consistent between data and models

20

Upgrade: Auger PRIME
Measure independently the e.m. and muonic
component at ground 

Electromagentic

muonic
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Thank you

21



Backup slides
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Interpretation of fitting the 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 distributions

Reasonable agreement with data. EPOS-LHC describes better the data
Composition with Pr:Fe and Pr:Fe:N does not reproduce data

23

No Iron

Som N with 
EPOS

Transition from 
p to He !?
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Review

24

 Spectrum  𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and RMS

mass composition Muon content
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝒆𝒆𝒆𝒆



MESON 2016        João Espadanal Krakow, 2 June 2016 /2025

R. Ulrich (KIT) with Sibyll model and PAO data @ 1019 eV

From T. Pierog, Rencontres de Moriond, VHEPU, La Thuille, March 2013; 
and doi:10.1088/1742-6596/409/1/012008

http://dx.doi.org/10.1088/1742-6596/409/1/012008
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ratio

High uncertainty in the pion+air
interactions…
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See T. Pierog, Rencontres de Moriond,
VHEPU, La Thuille, March 2013;
doi:10.1088/1742-6596/409/1/012008

Similar Xmax results for 
the new models

http://dx.doi.org/10.1088/1742-6596/409/1/012008
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High uncertainty in the pion+air
interactions…
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Pedro Facal ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1107.4804v1
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Pierre Auger Collaboration arXiv:1208.1520v2 ;   Ralf Ulrich  ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1208.1520v2
http://arxiv.org/abs/1107.4804v1
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Pierre Auger Collaboration arXiv:1208.1520v2 ;   Ralf Ulrich  ICRC2011 arXiv:1107.4804v1

At 57 TeV
𝜎𝜎𝑝𝑝−𝑎𝑎𝑎𝑎𝑎𝑎 = 505 ± 22 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −36

+28 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚

𝜎𝜎𝑝𝑝−𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 92 ± 7 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −11
+9 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ± 7(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)𝑚𝑚𝑚𝑚

http://arxiv.org/abs/1208.1520v2
http://arxiv.org/abs/1107.4804v1
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At 57 TeV
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𝜎𝜎𝑝𝑝−𝑎𝑎𝑎𝑎𝑎𝑎 = 505 ± 22 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −36
+28 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚

𝜎𝜎𝑝𝑝−𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 92 ± 7 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −11
+9 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ± 7(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)𝑚𝑚𝑚𝑚

Pierre Auger Collaboration arXiv:1208.1520v2 ;   Ralf Ulrich  ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1208.1520v2
http://arxiv.org/abs/1107.4804v1
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𝜎𝜎𝑝𝑝−𝑎𝑎𝑎𝑎𝑎𝑎 = 505 ± 22 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −36
+28 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚

𝜎𝜎𝑝𝑝−𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 92 ± 7 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −11
+9 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ± 7(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)𝑚𝑚𝑚𝑚

At 57 TeV
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Distribution of Xmax

40

Pedro Facal ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1107.4804v1
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Shape of Xmax

41

Pedro Facal ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1107.4804v1
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Xmax

42

 Recent Xmax results:

Xmáx

 Only with hybrid 
events

ICRC 2013, arXiv:1307.5059v1

Cross section?
Or Composition?
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Pierre Auger Collaboration arXiv:1208.1520v2 ;   Ralf Ulrich  ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1208.1520v2
http://arxiv.org/abs/1107.4804v1
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Pierre Auger Collaboration arXiv:1208.1520v2 ;   Ralf Ulrich  ICRC2011 arXiv:1107.4804v1

http://arxiv.org/abs/1208.1520v2
http://arxiv.org/abs/1107.4804v1
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𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜇𝜇

47

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚Inflection point 𝐿𝐿

𝜋𝜋0
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋0

𝜇𝜇
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜇𝜇

𝜋𝜋±

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋±

𝜇𝜇
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜇𝜇

𝜇𝜇 with higher energy

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜇𝜇

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋±

𝜋𝜋±
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Heitler model
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Electromagnetic part
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Modied Heitler model

49

Pion part
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Direct Measurement of muons

50

 Vertical Showers  Inclined Showers

Ground

Very inclined events:
Almost all particles are 

muons

Vertical events:
Have a big EM 

component

Ground signal as function of 
the cosmic ray angle
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Muonic contribution in hybrid events

51

Idea: Re-simulate measured hybrid events(FD+SD)
● Match longitudinal FD light profile
● Rescale ground signal to match SD data
● Contributions of EM and muon component vary 
with zenith angle

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑅𝑅𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸 + 𝑅𝑅𝐸𝐸𝛼𝛼𝑅𝑅𝜇𝜇𝑆𝑆𝜇𝜇

We don’t have the expected signal on the 
ground (LDF-Lateral distribution Function)

From hybrid events:
Longitudinal Profile (~𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
Lateral Profile (LDF)

Choose an Energy bin 1018.8 < 𝐸𝐸 < 1019.2 𝑒𝑒𝑒𝑒
𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 = 10𝐸𝐸𝐸𝐸𝐸𝐸 → 𝐸𝐸𝐶𝐶𝐶𝐶 = 137 𝑇𝑇𝑇𝑇𝑇𝑇

Cosmic ray inclination 0° < 𝜃𝜃 < 60°

 Atmosphere -> FD -> Longitudinal Profile 

 Ground -> SD ->LDF (Lateral distribution Function)

G. Farrar ICRC2013 arXiv:1307.5059v1

http://arxiv.org/abs/1307.5059v1
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Muonic contribution in hybrid events

52

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑅𝑅𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸 + 𝑅𝑅𝐸𝐸𝛼𝛼𝑅𝑅𝜇𝜇𝑆𝑆𝜇𝜇

Muon number in simulations is too low by 
at least a factor of 1.3
Beware: Fixing models with two factors is 
probably not the end of story

 Energy Rescaling  EM rescaling:

 Ground Signal from MC
have different EM/muon component

G. Farrar ICRC2013 arXiv:1307.5059v1

http://arxiv.org/abs/1307.5059v1
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N19

Muon counting: Muon scale from very inclined air showers

53

Very inclined air showers
● Long distance to ground, only muons survive
● First and most direct measurement of muon scale

Rμ = Nμ(event) / (E/10^19) 

I. Valino ICRC2013 arXiv:1307.5059v1

N19

http://arxiv.org/abs/1307.5059v1


54
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Light Detected in the Telescope

57

One typical event:

Time signal in one pixel

Fluorescence rich event Cherenkov rich event

Shower Length in Time

2. Extensive Air Showers structure
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FD event

58
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SD calibration with 
electromagnetic signal

 FD energy directly correlated with the electromagnetic signal

 Better resolution in the energy estimator (with the 
electromagnetic component.

 Energy evolution independent from muons

 Recover Xmax from 
𝑆𝑆1000,𝐸𝐸𝐸𝐸
𝑆𝑆1000,𝑀𝑀𝑀𝑀

with resolution ~43g/cm2

 Mixture of 50% proton/iron
 Total signal: energy-> proton underestimated by ~9%

iron overestimated by ~9%
 EM signal -> proton underestimated by ~2%

iron overestimated by ~3%
 It increases the separation in the Xmax,

increase the measure RMS
but reduce the separation in the Nmu
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Muon detector
 Distinguish the muonic and electromagnetic component

 Reduce the invisible energy 
(currently 1.5% for SD and 3% in FD)

 Used the muons to test the hadronic models
 Composition estimators
 …

 Test the electromagnetic and muonic sectors
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Extensive Air Showers
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Air shower observables: Surface Detector 
Array

64

𝑆𝑆(𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜) Shower size estimator from LDF
1500m grid:  𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜 = 1000𝑚𝑚
750m grid:  𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜 = 450𝑚𝑚

Model, data-based
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What is measured?

65
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Muon content in air showers

Muon EAS content is directly related with the 
hadronic shower component 
Through  inclined showers is possible to 

measure directly the muon content (Rμ) in 
the SD 

• Electromagnetic shower component gets 
attenuated

Mean muon number compatible with iron 
showers within systematic uncertainties

Inclined hybrid events
(62º < θ < 80º and 4 < E[EeV] < 50)

EM component very suppressed at these angles.
SD signals mainly due to muons.

66



MESON 2016        João Espadanal Krakow, 2 June 2016 /20

Muon content in air showers

More muons in data than
in simulations.

Strong interaction test at
energy scales larger than LHC

Muon EAS content is directly related with the 
hadronic shower component 
Through  inclined showers is possible to 

measure directly the muon content (Rμ) in 
the SD 

• Electromagnetic shower component gets 
attenuated

Mean muon number compatible with iron 
showers within systematic uncertainties
Combination of the Rμ with Xmax shows 

tension between data and all hadronic 
interaction models
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