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Sampling the lateral distributions of extensive air showers

Energy and arrival direction (+mass)

Shower axis, shower size, and core (at least as a stepping stone)

S(1000)
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Plots adapted from: Auger Collaboration, 2020 JINST 15 P10021, Reconstruction of events recorded with the surface detector of the Pierre Auger Observatory
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Figure 5. Left: Amplitude of the asymmetry as a function of distances from the shower axis for the
electromagnetic (triangles) and muonic (squares) component and for four zenith angles: 15� (green), 30�

(red), 45� (blue) and 55� (black). Showers initiated by a proton primary with lg ((1000) ⇠ 100 VEM, using
E���-LHC as hadronic model have been used to produce this figure. Right: Schematic view explaining the
reversal of the amplitude of the asymmetry.

iron) for \ & 40�. It is quite interesting to note, that despite their di�erences or disagreements, the
hadronic models E���-LHC and QGSJ��-II.04 give similar results, as it will be illustrated in Fig. 6.
As a function of the distance, the amplitude U(A, \, ((1000)) is increasing from 0 to ⇠500 m, before
reaching a plateau whose amplitude depends on the zenith angle. A slow decrease is then observed
from ⇠1500 to 2000 m. The higher is the energy of the cosmic ray, the larger is the distance at
which the decrease begins. A description will be given in the next section with the formulation of
the model derived to correct the azimuthal asymmetry.

The use of the regular detectors gives the same results. Moreover, introducing a random bias1
in the position of the core increases the uncertainties of the amplitude of the asymmetry but does
not modify them.

2.2 An equilibrium between the shower components

The total amplitude of the azimuthal asymmetry results in the combination of the amplitude of its
sub-components. Using simulations, it is possible to track back the history of particles reaching the
ground. Let us define the electromagnetic component (EM) as the sum of the signals produced in
WCD by (a) electrons, (b) photons and (c) muons produced through photoproduction, and the muonic
component (Muon) as the signals attributed to (a) muons or (b) electrons and photons produced
by the decay of muons. Close to the shower axis (top-right panel in Fig. 4), the electromagnetic
component is dominating and thus driving the amplitude of the azimuthal asymmetry. Above
1000 m, the ratio between the electromagnetic and muonic signals is closer to 1. The flat azimuthal
distribution of muons is thus flattening the total amplitude. This e�ect can be seen in Fig. 5 (left)
where the amplitude of the asymmetry of the electromagnetic component is increasing with the
distance, while the amplitude for the muonic component is almost null ( 0.05).

In Fig. 5 (left) and Fig. 4 (bottom, right), the muon component exhibits a negative amplitude of
the asymmetry. As introduced in Section 1, the observed asymmetry at the ground is a combination

1A bias > 100 m has to be introduced to see an e�ect on the amplitude of the asymmetry.
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• Different degrees of atmospheric attenuation  
 
 
 
 

• Different solid angle of detectors 
(from perspective of apex) 
 
 
 
 

• Angular distribution of produced particles

Ω = A/d2

α ∝ 2 + d(θ)
λ

− γ

*Lukas Armbruster, Bachelor thesis, Asymmetries of the Lateral Distribution of Particles at the Ground 

fatt(d) = exp ( d
λ )

ADF(δ) = ( δ
δ0 )

−γ

Sources of asymmetry*
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Figure 4.3.: Left: Map of the distribution of dense rings within the detector plane. Each
dense ring consists of 24 detector stations. Right: Dense ring at r = 1000 m from the
shower axis. Figure extracted from [47].

SSDs on top of WCDs or not. Once the new model has been developed, it is compared to
the already existing parametrization of the azimuthal asymmetry.

4.2. Analysis Approach and Statistical Methods

In this section, the analysis developed in this thesis to study and correct the azimuthal
asymmetry in signals is explained by introducing the analysis settings and statistical
methods. The statistical analysis in this thesis is performed using regression analysis.

4.2.1. Fitting Procedure

Regression analysis is a statistical analysis method used to describe the relation between
dependent and independent variables. The parameters of a fit function are recovered in
such a way that they describe the data best. The regression analysis utilized in this thesis
is performed using the MINUIT framework [46]. For the adjustment of the parameters, the
builtin cost function of a general weighted least-squares fit iminuit.cost.LeastSquares
is used. The least squares method is briefly explained below.
Assuming a plain data set (Xi, Yi) with i = 1, . . . , n. The variable Xi denotes the inde-
pendent variable, while Yi represents the dependent variable. The least-squares method
calculates the di�erence between the real data Yi and the value provided by the model
function f(X, ‡). This di�erence is denoted as a residual

Ri = Yi ≠ f(Xi, ‡) . (4.2)

The sum of the squared residuals

SR =
nÿ

i=1

R2

i , (4.3)

is minimized to obtain the best parameters for the model function. To use a least-square
fit, the y-error must be specified. If the y-error is specified incorrectly, the resulting fits
could be biased.

4.2.2. Analysis Settings

As described in Section 3.4, the information of simulated events is stored in ADST files.
Such files contain the energy of the primary particle, the core position, the zenith angle
and a list of stations with station ID, distance r, polar angle › and the measured total
unsaturated signal S(r, ›). As introduced in Section 3.2, a high flux could cause the
saturation of the signals. In this thesis, the total unsaturated signal S(r, ›), meaning
the integrated signal of trace without the saturation processes, is used. Therefore, the
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Figure 4.3.: Left: Map of the distribution of dense rings within the detector plane. Each
dense ring consists of 24 detector stations. Right: Dense ring at r = 1000 m from the
shower axis. Figure extracted from [47].
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calculates the di�erence between the real data Yi and the value provided by the model
function f(X, ‡). This di�erence is denoted as a residual
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could be biased.

4.2.2. Analysis Settings

As described in Section 3.4, the information of simulated events is stored in ADST files.
Such files contain the energy of the primary particle, the core position, the zenith angle
and a list of stations with station ID, distance r, polar angle › and the measured total
unsaturated signal S(r, ›). As introduced in Section 3.2, a high flux could cause the
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the integrated signal of trace without the saturation processes, is used. Therefore, the
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SSDs on top of WCDs or not. Once the new model has been developed, it is compared to
the already existing parametrization of the azimuthal asymmetry.

4.2. Analysis Approach and Statistical Methods

In this section, the analysis developed in this thesis to study and correct the azimuthal
asymmetry in signals is explained by introducing the analysis settings and statistical
methods. The statistical analysis in this thesis is performed using regression analysis.

4.2.1. Fitting Procedure

Regression analysis is a statistical analysis method used to describe the relation between
dependent and independent variables. The parameters of a fit function are recovered in
such a way that they describe the data best. The regression analysis utilized in this thesis
is performed using the MINUIT framework [46]. For the adjustment of the parameters, the
builtin cost function of a general weighted least-squares fit iminuit.cost.LeastSquares
is used. The least squares method is briefly explained below.
Assuming a plain data set (Xi, Yi) with i = 1, . . . , n. The variable Xi denotes the inde-
pendent variable, while Yi represents the dependent variable. The least-squares method
calculates the di�erence between the real data Yi and the value provided by the model
function f(X, ‡). This di�erence is denoted as a residual

Ri = Yi ≠ f(Xi, ‡) . (4.2)
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i , (4.3)

is minimized to obtain the best parameters for the model function. To use a least-square
fit, the y-error must be specified. If the y-error is specified incorrectly, the resulting fits
could be biased.

4.2.2. Analysis Settings

As described in Section 3.4, the information of simulated events is stored in ADST files.
Such files contain the energy of the primary particle, the core position, the zenith angle
and a list of stations with station ID, distance r, polar angle › and the measured total
unsaturated signal S(r, ›). As introduced in Section 3.2, a high flux could cause the
saturation of the signals. In this thesis, the total unsaturated signal S(r, ›), meaning
the integrated signal of trace without the saturation processes, is used. Therefore, the
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Figure 1. Geometry. Shower axis 0̂ in red, zenith direction =̂ in black, shower plane (SP) in blue, ground
plane (GP) in yellow, station in green, A and Z denote the polar coordinates of the station projected into the
SP. Upstream direction (early stations) is towards the projection of the SP Z = 0� into the ground plane.
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Figure 2. Left: Schematic view of the shower geometry. The label “MC” refers to simulated values while
“rec” are for reconstructed ones. Z is the projected polar angle into the shower plane. Right: 2D distribution
of �G = Grec � GMC and �H = Hrec � HMC. The color scale of the z-axis represents the number of entries.
These coordinates have been computed in the reference frame of the simulated shower.

For not very inclined air showers a rotationally-symmetric LDF can be assumed, so that the
density of particles depends only on the distance A from the shower axis and not on the polar angle
Z measured in a plane perpendicular to the shower axis, as illustrated in Fig. 2 (left). According to
this definition of the polar angle, two regions are delimited: the upstream region where |Z | < c/2
and the downstream region where |Z | > c/2. For inclined air showers, the equal-density contours
in the detector plane are no longer circular but elliptic. Moreover, due to the inclination of the
shower, the travel length of particles – and thus the attenuation – of the downstream region is higher
than the one in the upstream region. These geometrical and attenuation e�ects shift the position of
the core into the upstream direction.

In this study we focus on the simulation of the detector response of water-Cherenkov detectors
(WCD) using the O�line simulation and reconstruction software [? ]. The properties of these WCDs
resemble those of the surface detector of the Pierre Auger Observatory, . In Ref. Fig. 2 (right), the
di�erences between the coordinates of the injected and reconstructed cores are illustrated. Each
point represents a simulated event, injected with a zenith angle \MC and a impact point (GMC, HMC)
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Figure 4.3.: Left: Map of the distribution of dense rings within the detector plane. Each
dense ring consists of 24 detector stations. Right: Dense ring at r = 1000 m from the
shower axis. Figure extracted from [47].

SSDs on top of WCDs or not. Once the new model has been developed, it is compared to
the already existing parametrization of the azimuthal asymmetry.

4.2. Analysis Approach and Statistical Methods

In this section, the analysis developed in this thesis to study and correct the azimuthal
asymmetry in signals is explained by introducing the analysis settings and statistical
methods. The statistical analysis in this thesis is performed using regression analysis.

4.2.1. Fitting Procedure

Regression analysis is a statistical analysis method used to describe the relation between
dependent and independent variables. The parameters of a fit function are recovered in
such a way that they describe the data best. The regression analysis utilized in this thesis
is performed using the MINUIT framework [46]. For the adjustment of the parameters, the
builtin cost function of a general weighted least-squares fit iminuit.cost.LeastSquares
is used. The least squares method is briefly explained below.
Assuming a plain data set (Xi, Yi) with i = 1, . . . , n. The variable Xi denotes the inde-
pendent variable, while Yi represents the dependent variable. The least-squares method
calculates the di�erence between the real data Yi and the value provided by the model
function f(X, ‡). This di�erence is denoted as a residual

Ri = Yi ≠ f(Xi, ‡) . (4.2)

The sum of the squared residuals

SR =
nÿ

i=1

R2

i , (4.3)

is minimized to obtain the best parameters for the model function. To use a least-square
fit, the y-error must be specified. If the y-error is specified incorrectly, the resulting fits
could be biased.

4.2.2. Analysis Settings

As described in Section 3.4, the information of simulated events is stored in ADST files.
Such files contain the energy of the primary particle, the core position, the zenith angle
and a list of stations with station ID, distance r, polar angle › and the measured total
unsaturated signal S(r, ›). As introduced in Section 3.2, a high flux could cause the
saturation of the signals. In this thesis, the total unsaturated signal S(r, ›), meaning
the integrated signal of trace without the saturation processes, is used. Therefore, the
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Impact of taking asymmetries into account
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Figure 6. Top: Mean bias of the position of the core in the shower plane, as a function of shower size
lg(((1000)/VEM) (left) and as a function of sin2

\ (right). Bottom: Resolution of the core as a function of
the shower size (left) and as a function of sin2

\ (right).

In Fig. 6 (top left), the mean bias in the upstream-downstream direction is, as a function of
shower size, constant around �40 m. The application of the developed model reduces this bias to
±5 m. This improvement is more remarkable as a function of zenith angle, Fig. 6 (top right), where
the dependency of the mean bias with the inclination of the shower is removed to a residual bias
<10 m.

Note that to be complete, the mean bias in the perpendicular direction (x-axis) is zero irrespec-
tive of applying the correction of the asymmetry or not.

The resolution of the reconstruction of the position of the core, in the shower plane, is extracted
computing the distance at which 68.3% of the cumulative distribution of the distances between
the position of the simulated core and the reconstructed one, is reached. The results are reported
in Fig. 6 (bottom) as a function of shower size and zenith angle. Applying the correction of the
asymmetry is removing the observed bias in the position of the core. The resolution of the position
of the core is, after the application of the correction, of ⇠ 80 m at the lowest values of shower size
and decrease to ⇠ 40 at the highest values. by ⇠20, improving the resolution by to 10-30 m. As a
function of zenith angle, Fig. 6 (bottom) right, the core resolution is, after the correction, constant
at ⇠40 m to an inclination of the shower of 45�.

The model derived does not take into account the decrease of the amplitude of the asymmetry
at large distances. This assumption seems to be validated by the results shown in Fig. 6. Indeed,
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For 1500 m isometric triangular grid of water-Cherenkov detectors (Auger-like)
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Figure 7. Left: Relative uncertainty f(((1000))/((1000) of the shower size reconstruction as a function of
shower size lg(((1000)/VEM). Right: Angular resolution of the arrival direction as a function of sin2

\.

the reconstruction of the position of the core of the shower is driven by the closest detectors
(A < 1500 m). However, one could imagine to improve the model developed in this paper taking
into account e�ects of the muonic component in the amplitude of asymmetry.

Angular resolution and uncertainties in shower size
A precise knowledge of the position of the core is essential to obtain an accurate estimator of the

energy, ((1000). The uncertainties in the shower size are evaluated comparing the reconstructed
((1000)rec and the “simulated” one ((1000)MC. The lack of knowledge of the true shape of the
LDF is preventing us from knowing the true value of ((1000). Instead, in this study, ((1000)MC

is computed averaging the signal measured in the 24 detectors constituting the dense ring with
a radius of exactly 1000 m in the shower plane. The standard deviation of the distribution of
((1000)rec/((1000)MC is thus, an estimator of the accuracy of the reconstruction of ((1000).
Despite the suppression of the bias in the position of the core and the improvements of its resolution,
no improvements of the uncertainties in ((1000) are observed after correcting the asymmetry, as
reported in Fig. 7. The uncertainties are decreasing with the energy of the shower from 12% to
between 7 and 8%. The plateau observed at the highest energies is the consequence of the saturation
of the closest detectors to the shower axis.

The angular resolution is defined as the angle at which the cumulative distribution of the
opening angle [ reaches 68.3%, where sin [ = |0̂MC ⇥ 0̂rec | and [ is the opening-angle between
the simulated arrival direction 0̂MC and the reconstructed one 0̂rec. As for the uncertainties in
((1000), the angular resolution is not a�ected by the application of the correction of the azimuthal
asymmetry and is decreasing from 1� to 0.4� for the most inclined showers considered.

4 Conclusion

The azimuthal asymmetry in signals measured by surface detector arrays is still a subject deserving
our attention. In the case of an array similar to the surface detector of the Pierre Auger Observatory,
not considering asymmetry introduces a bias in the position of the core around 40 m in the upstream
direction and worsens its resolution by 20 m on average. With a model describing the amplitude

– 8 –

Impact of taking asymmetries into account
For 1500 m isometric triangular grid of water-Cherenkov detectors (Auger-like)
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LDF is preventing us from knowing the true value of ((1000). Instead, in this study, ((1000)MC

is computed averaging the signal measured in the 24 detectors constituting the dense ring with
a radius of exactly 1000 m in the shower plane. The standard deviation of the distribution of
((1000)rec/((1000)MC is thus, an estimator of the accuracy of the reconstruction of ((1000).
Despite the suppression of the bias in the position of the core and the improvements of its resolution,
no improvements of the uncertainties in ((1000) are observed after correcting the asymmetry, as
reported in Fig. 7. The uncertainties are decreasing with the energy of the shower from 12% to
between 7 and 8%. The plateau observed at the highest energies is the consequence of the saturation
of the closest detectors to the shower axis.

The angular resolution is defined as the angle at which the cumulative distribution of the
opening angle [ reaches 68.3%, where sin [ = |0̂MC ⇥ 0̂rec | and [ is the opening-angle between
the simulated arrival direction 0̂MC and the reconstructed one 0̂rec. As for the uncertainties in
((1000), the angular resolution is not a�ected by the application of the correction of the azimuthal
asymmetry and is decreasing from 1� to 0.4� for the most inclined showers considered.

4 Conclusion

The azimuthal asymmetry in signals measured by surface detector arrays is still a subject deserving
our attention. In the case of an array similar to the surface detector of the Pierre Auger Observatory,
not considering asymmetry introduces a bias in the position of the core around 40 m in the upstream
direction and worsens its resolution by 20 m on average. With a model describing the amplitude
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Negligible bias in arrival direction (< 0.1°)  and S(1000) and change therein with correction) negligible
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Upstream DownstreamDownstream

Total

Summary

For details (e.g. functional forms of the asymmetry parameterizations 
in r, θ, and S(1000)), please see upcoming proceeding

• Asymmetries in simulated signals with 
relative amplitudes of up to 25% (40%) 
for water-Cherenkov (scintillator 
detectors)


• Interplay between geometric and 
attenuative effects and signal fraction 
from different shower components


• Dependencies on distance to shower 
axis and zenith angle


• Biases of ~40 m in core position if not 
taken into account


• Improvement in core resolution of up to 
50% if taken into account
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Mass dependence
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Parameterization

parameterisation. Fortunately, similar work had already been performed by another
member of the Pierre Auger Collaboration, Quentin Luce. Luce has parameterised
the asymmetry in the WCD in simulations, and used it to correct the estimate of
the shower core location [82]. However at the time of writing the exact values of his
parameterisation have not been published. As such, in this work we aim to provide
an eventual cross check for his results as well as parameterise the asymmetry in the
new scintillator detectors.

For Luce’s parameterisation, he used the following function for the signal LDF

S(r, ⇣) = S1000fLDF[1 + b(r, ✓, log(S1000)) cos ⇣] (4.2)

to describe the signal measured in the shower plane at some radius, r, and azimuth,
⇣. We can see this is identical to the regular LDF but with the addition of a
(1+ b(r, ✓, log(S1000)) cos ⇣) term. It is the function b(r, ✓, log(S1000)) which we must
parameterise. The form used by Luce was

b(r, ✓, log(S1000)) = k(✓, log(S1000)) erf

✓
r

r0(✓, log(S1000))

◆
(4.3)

where

k(✓, log(S1000)) =
k0 + k1 sin

2 ✓

1 + exp
⇣
� sin2 ✓�k2(log(S1000))

k3(log(S1000))

⌘ (4.4)

and
r0(✓, log(S1000)) = r1(log(S1000)) + r2(log(S1000)) sin

4 ✓ (4.5)

Note the parameters k2, k3, r1 and r2 are all functions of log(S1000). To see where
this functional form comes from, consider Figure 4.5, which shows the asymmetry
amplitude of the SSD plotted as a function of sin2 ✓ for r = 1000m and for di↵erent
bins of log(S1000). The functional form of k(✓, log(S1000)) has been fit to each set of
points, with each of the ki parameters freely fit. The shape and magnitude of each
series of points is similar to what we observed in Figure 4.4, and the functional form
appears to fit quite well, capturing the initial increase at low zenith angles as well
as the turnover at larger zenith angles. Moreover, the turnover point of the function
seems to shift to the right with energy, giving some justification for the parameters
of the fit to be energy dependent.

The necessity of the r0(✓, log(S1000)) part of the parameterisation for b can be
seen when b is plotted against radius for di↵erent bins of sin2 ✓. An example is shown
in Figure 4.6 for the energy range 2.125 log(S1000/MIP) 2.5. Here we have fit
the function

k0 erf

✓
x

r1

◆
(4.6)

with free parameters k0, which acts like k(✓, log(S1000)), and r1. The value of k0
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Figure 4.14.: Fit of the total amplitude of the asymmetry – as a function of sin2 ◊ for
r = 1000 m and for di�erent energies of the primary. From top to bottom the energies
are 19.0 < lg(E/eV) < 19.1, 19.5 < lg(E/eV) < 19.6 and 19.9 < lg(E/eV) < 20.0. Left:
Fit for SSDs. Right: Fit for WCDs.
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member of the Pierre Auger Collaboration, Quentin Luce. Luce has parameterised
the asymmetry in the WCD in simulations, and used it to correct the estimate of
the shower core location [82]. However at the time of writing the exact values of his
parameterisation have not been published. As such, in this work we aim to provide
an eventual cross check for his results as well as parameterise the asymmetry in the
new scintillator detectors.

For Luce’s parameterisation, he used the following function for the signal LDF

S(r, ⇣) = S1000fLDF[1 + b(r, ✓, log(S1000)) cos ⇣] (4.2)

to describe the signal measured in the shower plane at some radius, r, and azimuth,
⇣. We can see this is identical to the regular LDF but with the addition of a
(1+ b(r, ✓, log(S1000)) cos ⇣) term. It is the function b(r, ✓, log(S1000)) which we must
parameterise. The form used by Luce was
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4 ✓ (4.5)

Note the parameters k2, k3, r1 and r2 are all functions of log(S1000). To see where
this functional form comes from, consider Figure 4.5, which shows the asymmetry
amplitude of the SSD plotted as a function of sin2 ✓ for r = 1000m and for di↵erent
bins of log(S1000). The functional form of k(✓, log(S1000)) has been fit to each set of
points, with each of the ki parameters freely fit. The shape and magnitude of each
series of points is similar to what we observed in Figure 4.4, and the functional form
appears to fit quite well, capturing the initial increase at low zenith angles as well
as the turnover at larger zenith angles. Moreover, the turnover point of the function
seems to shift to the right with energy, giving some justification for the parameters
of the fit to be energy dependent.

The necessity of the r0(✓, log(S1000)) part of the parameterisation for b can be
seen when b is plotted against radius for di↵erent bins of sin2 ✓. An example is shown
in Figure 4.6 for the energy range 2.125 log(S1000/MIP) 2.5. Here we have fit
the function
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with free parameters k0, which acts like k(✓, log(S1000)), and r1. The value of k0
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