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Abstract: The concept of shower universality has proven to be a powerful tool to understand shower evolution
and interpretation of air showers. Particle distributions at observation level are described on the percent level in
terms of few parameters: The total energy E, the depth of shower maximum Xmax, and the muon content Nµ .
Our extended model is based on the well known electromagnetic and muonic components accompanied by a
contribution due to the electromagnetic halo of the muons. A fourth component of electromagnetic particles
originating from pion decays close to ground follows the development of the muons. The pure electromagnetic
component is determined by E and Xmax while differences between hadronic interaction models and primary
particles are absorbed in the muon scale affecting the three remaining components. The signal response of particles
and their time of arrival in an array of surface detectors is parametrized for the case of the Pierre Auger Observatory.
The universal parametrizations allow us to estimate not only a bias-free shower geometry, in particular the location
of the shower core, but moreover Xmax and Nµ on event-by-event basis. The shower maximum is reconstructed
with a resolution of 30 g/cm2 to 50 g/cm2 depending on energy and zenith angle of the shower.
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Figure 1: The distance from ground to the shower maxi-
mum (DX). The density of the atmosphere is integrated
from Xmax to the projected position of the detector on the
shower axis.

1 Air shower universality
It has been found previously that many observables of air
showers created by ultra-high energy cosmic rays can be de-
scribed in terms of a very reduced set of parameters [1, 2, 3].
This property is characterized as shower universality. Fea-
tures of the shower like the angular distribution, energy
spectra, arrival times and the number of secondary parti-
cles a few 100 g cm−2 after the shower maximum can be de-
scribed to a very good approximation by the total energy E,
the distance to Xmax, DX (for definition see fig. 1), and the
relative muon content, Nµ . Different predictions depending
on the high energy interaction model or primary species are
absorbed in those quantities.
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Figure 2: The PMT response of the four signal components
after digitization in the FADC and VEM calibration. The
delay of the electromagnetic part of the shower w.r.t. the
muonic component is apparent.

2 Signal model
In particular, a model based on shower universality is re-
quired to describe the electromagnetic signal by a function
S = f (Xmax,E), independent of primary mass or hadronic
interaction model, i.e. with no dependence on the overall
muon content. This is achieved by a four-component signal
model [2]. The components are the muonic (µ), the purely
electromagnetic (eγ), the muon halo (eγ(µ)) and the elec-
tromagnetic stemming from decay of low energy hadrons
(eγ(had)). Within this framework, the systematic errors in
the prediction of the signal response of a water Cerenkov
detector of Pierre Auger type [4, 5] are well below 5 % over
the whole range of energies and zenith angles considered
for this study. All asymmetries in the ground signal are in-
cluded in the model. Effects independent of the detector
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Figure 3: The parameters m (upper panel) and s (lower
panel) of the log-normal for the purely muonic component
as a function of DX for ψ = 90◦ and for different distances
to the shower axis.

are the attenuation of the electromagnetic shower in the at-
mosphere and the screening of a part of the shower by the
ground. Furthermore, the detector introduces asymmetries
in the angular distribution of incident secondary particles
and in the average track length of particles in the detector
volume.

3 Time model
The concept of shower universality is extended to the time
distribution of particles on ground. As the secondary parti-
cles pass the detector volume they create Cerenkov radia-
tion that is collected by photomultipliers and digitized by a
flash ADC at 40 MHz. All relevant physical and electronic
processes are simulated by the Offline [6] framework. The
simulation is based on a library of more than 12000 COR-
SIKA showers [7]. The high energy hadronic interactions
are simulated with QGSJet-II.03 and EPOS 1.99. An ex-
ample of the simulated time response after digitization is
shown in fig. 2.

The 25 ns FADC traces of all four signal components
can be modeled precisely by a log-normal function with
four parameters A,m,s, t0:

f (t, t0,m,s)=

 A · 1
(t−t0)·s·

√
2π

e−
(ln(t−t0)−m)2

2s2 for t > t0
0 for t ≤ t0


The time offset t0 is given by the physically earliest

possible time for any particle to arrive at a detector at the
position ~Pdetector. It is given by its distance to the point of
first interaction ~Pfirst and the distance r to the shower axis:

t0 =
1
2c

r2

|~Pdetector−~Pfirst|
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Figure 4: Comparison of the predicted time quantiles (solid
line) to the values obtained from the simulated trace (scatter
points). Upper panel: Absolute quantile t50. Lower panel:
Relative quantile t50− t10 (rise time).

t0 is fixed for each individual time trace, while the parame-
ters m,s are fitted. The normalization A is not considered
further since it is determined by the signal model. m and s
are parametrized as a function of DX, r, and ψ .

The dependence of m on DX is described by a broken
power law with smooth transition:

m(DX) = p0(DX + p3)
−p1

[
1+
(

DX + p3

p4 + p3

)p5
]−p2/p5

Good accuracy is achieved by fitting only the exponents p1
and p2. The remaining parameters are fixed to p0 = 106,
p3 = 4000, p4 = 500 and p5 = 2.

The parameter s is fitted with a linear function:

s(DX) = p0 + p1 ·DX

This procedure is repeated for all four signal components
and for all combinations of r and ψ . An example of the fits
for the purely muonic component at ψ = 90◦ is given in
fig. 3.

The shape parameters (m,s) have a small dependence on
model, primary particle and energy. For the derivation of
the time model, the average of all available showers is taken.
The systematic effects introduced in the reconstruction by
ignoring those non-universal features have been studied and
found to be small.

4 Validation of the time model
The accuracy of the model was checked by comparing the
prediction for the time quantiles to the values obtained from
the 25 ns VEM traces. The time quantiles are obtained from
the four component time models. The c.d.f. of a component
c is

Fc(t) =
∫ t

0
fc(t ′)dt ′.
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Figure 5: The lateral shape of the predicted signal. The
upper band indicates the model prediction based on the
fitted parameters. Round markers refer to the total simulated
signal. The lower bands show the prediction for the four
signal components compared to the simulated values. The
size of the signal asymmetry is indicated by the width
of the bands: The upper and lower boundaries show the
extreme case of Ψ = 0◦ and 180◦. The large asymmetry of
both electromagnetic compared to the muonic components
becomes apparent.

Using the component signals Sc, the c.d.f. of the total trace
is then given by

Ftot(t) =
∑c Fc(t) ·Sc

∑c Sc
.

The time t of a quantile q is obtained by solving Ftot(t) = q
numerically for t. The comparison of the absolute and
relative time quantile is shown for the muonic component
in fig. 4 (t50 is defined as the time where the cumulative
signal has risen to 50 % of its integrated value). The model
describes the time quantiles accurately over the whole DX
range. Systematic uncertainties on the order of 30 ns were
found depending on which model is used to calculate the
time quantiles.

5 Reconstruction algorithm
The models described above give a complete description of
the mean expected time-dependent signal on ground. This
is used to fit the shower geometry, Nµ and Xmax on a single
event basis using the time traces of a set of surface detectors.
The reconstruction algorithm is implemented in the form of
a log likelihood maximization:

lnLtotal = f (Nµ ,E,Xmax,X0,xBC,yBC,zBC, tcore,θ ,φ)

= ∑
detectors k

lnLk
shape

+ ∑
detectors i

lnLi
signal + lnLi

start

The core is specified in barycentric coordinates xBC,yBC,zBC
(the barycenter is the signal-weighted average of all de-
tector positions) and the time tcore when the shower axis
intersects with the ground surface. The shower axis is given

in spherical coordinates θ ,φ . If the time trace of a detec-
tor has at least 5 bins above 1 VEM, it is included in the
bin-by-bin likelihood (shape fit). All remaining detectors
contribute with their total signal and start time.

In a water Cerenkov detector, the muonic and electro-
magnetic contributions to the signal cannot be disentan-
gled completely. This leads to a correlation between energy
and Nµ . For both, unbiased estimates can be obtained on a
single event basis at the expense of a comparatively large
spread. Therefore, the energy is fixed. In simulated events,
the true energy is used. For a real event, the energy would
be obtained from a calibration curve based on events where
both fluorescence and surface detector data is available.

The total expected signal of a component c in a detector
at RSP,ψSP in shower plane coordinates is

Sc = f (Nµ ,E,DX,θ ,RSP,ψSP).

The total expected signal reads as

Stot = ∑
c

Sc.

The expected normalized signal at the time tPF referred to
the arrival time of the plane front of a component c is given
by

sc = f (DX,DX0,θ ,RSP,ψSP, tPF).

The total expected signal at the time tPF is a weighted sum
of the component signals and time shapes:

Stot(tPF) = ∑
c

Sc · sc(tPF)

Using the standard normal distribution fG

fG(x,µ,σ) =
1√

2π σ
exp
(
− (x−µ)2

2σ2

)
the bin-by-bin time contribution of a detector k with the
measured signal Sm

k in the bin m to the likelihood reads as

lnLk
shape = ∑

binsm
ln fG [Sm

k ,S
m
tot(tPF),σ(Sm

tot)] .

This is essentially a chi-square contribution of the traces
to the time model summed over all selected detectors. The
contribution of the total integrated signal is determined by

lnLi
signal = ln fG [Sm,Stot,σ(Stot)] .

Again, this corresponds to a chi-square contribution written
in the form of a log likelihood.

The start time of the signal determines the arrival direc-
tion of the shower as well as the curvature of the shower
front. The p.d.f. f1(t) of the start time is obtained from the
time model f (t) and the number of particles n in the detec-
tor using extreme value transformation:

f1(tstart) = n
(

1−
∫ tstart

0
f (t ′)dt ′

)n−1

f (tstart)

It is assumed that the early part of the shower front consists
mainly of muons and thus the time model for the pure
muonic component may be used. n is obtained from the
expected muonic signal and the zenith-dependent track
length in the detector. The likelihood contribution of a
detector i reads as

lnLi
start = ln f1(t i

start).
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Figure 6: Spread of the reconstructed Xmax (left panel) and
Nµ (right panel) for proton and iron showers.
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Figure 7: Comparison of the reconstructed and true core
position in the one dimensional NKG approach and the
model based on universality.

6 Reconstruction results
As an example, a simulated proton shower with E = 1020 eV
and θ = 36◦ was chosen to visualize the reconstruction.
Since the time structure and the signals of stations at
different RSP,ψSP in the shower plane contribute to the
result, some projection has to be chosen. In fig. 5, the lateral
shape of the fitted model is shown. The prediction of the
component signal is in good agreement with the simulated
values.

The standard reconstruction uses a one-dimensional
NKG-like function to describe the lateral shape of the LDF
and ignores signal asymmetries. This is compensated in
the NKG fit by moving the core position towards the early
region of the shower, and thus introducing a bias. The rise in
zenith angle reflects the increasing difference in the amount
of atmosphere that the early and late parts of the shower
traverse. When signal asymmetries are considered, the bias
vanishes (see fig. 7).

Xmax is reconstructed with this method with an energy-
dependent resolution of 50 g cm−2 to 30 g cm−2. The spread
in the reconstructed Xmax is smaller for iron than for
proton showers (see left panel of fig. 6). Apart from the
energy, the resolution depends mainly on zenith angle. The
energy dependence is obtained by marginalizing the two-
dimensional distribution in E and θ . This may be done if the
θ -distribution in the shower library reflects the distribution
in real data (N(θ) ∝ sinθ cosθ ).

By definition the mean expected Nµ of a proton shower
simulated with QGSJet-II.03 is 1.0. For iron, the expected
value is 1.3. The resolution of Nµ is shown in the right panel
of fig. 6. It corresponds to 30 % to 50 % of the separation
between proton and iron.

The reconstructed Xmax shows an energy-dependent bias.
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Figure 8: Mean bias of the reconstructed Xmax, raw recon-
structed values (left panel) and after correction (right panel).

It is corrected for empirically by assuming a linear shape
in θ and log10 E (see fig. 8). With bias correction the
systematic error is on the order of 10 g cm−2 to 20 g cm−2.
Both the bias and the resolution improve when only showers
in the zenith range 25◦ < θ < 50◦ are accepted.

7 Summary
It is possible to describe the time distribution of secondary
particles on ground based on shower universality. The model
presented in this note predicts the expected signal in a water
Cerenkov detector of Pierre Auger type. Based only on
ground particle information, it is possible to reconstruct
Xmax and Nµ and a bias-free core position.

In a fluorescence measurement, the energy carried by
muons and neutrinos is invisible. The calorimetric energy
underestimates the true energy. If an estimate of the true
energy is obtained by externals means, it is possible to
determine the amount of the missing energy[8] based on
shower universality on a single event basis.
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