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Reconstruction of surface detector data at e.g. Auger
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The standard approach to reconstruction of ground data

Reconstruction of surface detector data at Auger

Particle density: 1d lateral distribution (NKG type)

→ shower size, core position

Arrival times: Spherical shower front

→ shower axis, curvature

Parameters (LDF slope, shower size, curvature)

are connected only indirectly to mass and

properties of UHE interactions

Rich timing information (40 MHz sampling)

is not used in the standard reconstruction

Lateral shape Curved shower front

Footprint on ground
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Parameters (LDF slope, shower size, curvature)

are connected only indirectly to mass and

properties of UHE interactions
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is not used in the standard reconstruction

Lateral shape Curved shower front

Footprint on ground

• Particle density: 1D lateral distribution  
→ shower size, core position

• Arrival times: Spherical shower front  
→ shower axis

• Fit parameters are connected  
only indirectly to mass and  
properties of UHE interactions, 
e.g. Rise-time, curvature, LDF slope 
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Shower universality:

Description of longitudinal energy deposit

Simulated energy deposit along the shower axis

E>1019 eV
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Universality of longitudinal profiles

Longitudinal profiles centered around maximum and normalized
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Universal longitudinal profiles of the electromagnetic component  
of hadron induced showers
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Simulated energy deposit  
along shower axis

Large fluctuations in shower  
development apparent
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Longitudinal profiles  
depend on 
• Energy E 
• Distance to Xmax: ΔX
but not on mass

Universal longitudinal  
profile
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Air shower universality

Goal: description of air showers

based on physical parameters

Energy spectra, angular distributions, lateral and longitudinal

development of secondaries, etc. are universal

Observables on ground described by

Nμ, E, Xmax, X0 (+geometry)

Dependence on mass and UHE models

accounted for scaling by Nμ
Ave et al., ICRC 2007, 2011

Lafebre et al., Astropart. Phys. 31 (2009), 243

Lipari, Phys. Rev. D 79, 063001 (2009)

Reconstructed Nμ for elements

between proton and iron (log E=19.5)

relative to proton QGSJet II-03

(exp: proton: 1.0, iron: ~1.3)

Extension to Lateral distributions of  
four signal components
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universal LDF in a nutshell

four signal components:

muons

pure electromagnetic

electromagnetic from muon decay

electromagnetic jets from hadrons

details in GAP 2011-087

more technical details

of the fitting procedure

in session on nuclear masses

•Pure electromagnetic
•Muons
•Electromagnetic from  
muon decay

•Electromagnetic jets  
from hadrons
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Signal contribution  
at 1000m
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Top of the atmosphere

M. Ave, .J. Gonzalez, D. Maurel, M.Roth ICRC 2011 Beijing,  1025

1019 eV



Relative signal contribution of individual components
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hadron core

Bulk of em. particles from high-energy π0 decay
(produced in high energy interactions) diffuses in 

the well-known standard electromagnetic cascade

µ
e/γ

e/γ from µ decay
e/γ from late hadrons

Courtesy J. Gonzalez

em. particles from low-energy π0

produced in low-energy interactions at 
high pT, muons and em. particles are

directly correlated 

π0

π+

π-

ν
µ

Four-component universality model



Parameterization of the time dependence 
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Top of the atmosphere

Plane front 

Curved front 

• Time-dependent detector response  
modeled by log-normal distribution  
(for each signal component) 

• Start time t0 given by first  
interaction X0  
(spherical front) 

• Time shape (mean/spread)  
depends on ΔX and  
position in shower plane:  
S(t) = f(t, t0, DX, r, ψ) 

• Time structure is universal  
(no dependence on Nμ)

Example: e/γ component

09.04.2015 Universality updates 7

Shape parameters

m

s



Parameter  
dependencies 
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Parameters m and s depend on

• Energy E
• Distance to Xmax: ΔX
• Core distance r
• Shower geometry θ, φ

09.04.2015 Universality updates 9

Distance to shower maximum: example
 Mean parameter for muons!

09.04.2015 Universality updates 12

Parameter residuals: muon, m

No energy 
dependence!

No signal 
dependence!

Hard to control better!

09.04.2015 Universality updates 12

Parameter residuals: muon, m

No energy 
dependence!

No signal 
dependence!

Hard to control better!

09.04.2015 Universality updates 12

Parameter residuals: muon, m

No energy 
dependence!

No signal 
dependence!

Hard to control better!

No energy, ΔX nor core distance  
dependent bias apparent



1009.04.2015 Universality updates 13

Time quantiles, muons
 Bad description of 90 % quantile

 Fit is performed in a way such that early quantiles are better described

No bias for different ΔX nor signal size

Validation of the time model
Time quantiles for muons



Validation of the time model
Time quantiles for muons
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09.04.2015 Universality updates 15

Time quantiles, muons
 Primary and interaction model dependencies

No bias for different primaries nor interaction models used



Fitting scheme
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universal LDF in a nutshell

four signal components:

muonspure electromagnetic

electromagnetic from muon decay

electromagnetic jets from hadrons

details in GAP 2011-087

more technical details

of the fitting procedure

in session on nuclear masses
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Parameterizations used in a  
likelihood procedure
• Signal size S
• Start time t0
• Shape m, s

as a function of 
• Energy E
• Relative muon number Nμref

• Distance to Xmax: ΔX
• Shower geometry θ, φ



    Fitting of a single event
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Reconstruction performance
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Xmax bias and resolution
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[8 of 14]

Largest systematic uncertainty: Energy scale
+10% shift in energy → ΔXmax = -10 g/cm2 



Nµ bias and resolution

16

19.0 19.2 19.4 19.6 19.8 20.0
lg (E/eV)

�0.4

�0.2

0.0

0.2

0.4

⇣ R
re

c
µ

�
R

M
C

µ

⌘ /
R

M
C

µ

Proton, QGSJET-II.3
Iron, QGSJET-II.3

19.0 19.2 19.4 19.6 19.8 20.0
lg (E/eV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

s
(R

re
c

µ

)

Proton, QGSJET-II.3
Iron, QGSJET-II.3

19.0 19.2 19.4 19.6 19.8 20.0
lg (E/eV)

1.0

1.2

1.4

1.6

1.8

2.0

R
re

c
µ

Only non-saturated events Proton, QGSJET-II.3
Iron, QGSJET-II.3

Largest systematic uncertainty: Energy scale
+10% shift in energy → ΔNµ = -0.15 
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•Signals and time structure well  
described by shower universality 

•Few parameters: Nμ, E, Xmax, X0 (+geometry)
•Reconstruction using  
only the time-dependent signal  
of ground based detectors 

Outlook 
•Composition sensitive parameters at 100% duty cycle
•Mass composition at the highest energies 
•Mass-dependent search for correlations to astrophysical sources 
•Applicable to other surface detector arrays
•Additional muon measurements will reduce (Nμ, E) correlation  

See R. Engel on the Auger upgrade PoS686 and M. Josebachuili on AMIGA POS409
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Muonic component in air showers
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May allow to disentangle particle physics  
and composition using hybrid events 
(coincident measurement of SD and FD)

Muons in Air Showers
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R. Ulrich, APS 2010

I muons decouple late in the shower cascade
! amplified sensitivity to hadronic interactions

I Xmax is dominated by first interaction
I disentangle particle physics and composition using hybrid

events?

[3 of 22]

R. Ulrich APS 2010

Xmax is dominated by first interaction 
Muons are produced late in the shower cascade 
• Number of generations ~6 at 1019 eV
• Amplified sensitivity to hadronic interactions 


