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The azimuthal asymmetry in the risetime of signals in Auger surface detector stations is a source
of information on shower development. The azimuthal asymmetry is due to a combination of the
longitudinal evolution of the shower and geometrical effects related to the angles of incidence of
the particles into the detectors. The magnitude of the effect depends upon the zenith angle and
state of development of the shower and thus provides a novel observable sensitive to the mass
composition of cosmic rays above 3× 1018 eV. By comparing measurements with predictions
from shower simulations, we find for both of our adopted models of hadronic physics (QGSJetII-
04 and Epos-LHC) an indication that the mean cosmic-ray mass increases with energy, as has
been inferred from other studies. However the absolute values derived for the mass are dependent
on the shower model and on the range of distance from the shower core selected. Thus the method
has uncovered further deficiencies in our understanding of shower modelling that must be resolved
before the mass composition can be inferred from (secθ)max.
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1. Introduction

The measurement of the mass composition of ultra-high energy (UHE) cosmic rays (E & 1018

eV) is one of the greatest challenges in this field, not only due to the large fluctuations result-
ing from the stochastic nature of the extensive air-shower (EAS) development but also because it
is necessary to make assumptions about the hadronic physics in regions of phase space not cov-
ered by measurements at accelerators. The Pierre Auger Observatory [1] uses two complementary
techniques for the detection of EAS from UHE cosmic rays: a Fluorescence Detector (FD) that di-
rectly registers their longitudinal development and a Surface Detector Array (SD) that samples the
shower tail by means of water-Cherenkov detectors. Although the FD provides a well-established
technique for mass composition via the direct measurement of the depth of shower maximum, Xmax

[2, 3], its duty cicle is < 13%. Therefore different techniques using the SD, which operates ∼ 100%
of time, are being developed [4, 5, 6]. This paper is focused on an SD observable that is related
to the azimuthal asymmetry found in the risetime of the signals with respect to the direction of the
incoming air-shower. This asymmetry in its turn is related to the stage of the shower development
and, as will be shown, has the potential to give alternative insights into the matching of data to
mass and hadronic models.

2. Concept of azimuthal asymmetry in the risetime

The Auger water-Cherenkov detectors measure the spread in arrival times of the signals pro-
duced by the different components of an EAS. The risetime t1/2, defined as the time of increase
from 10% to 50% of the total integrated signal, is a useful parameter in composition studies. While
in vertical showers the SD signals show a perfect circular symmetry around the polar angle ζ in the
shower plane, in inclined showers, particles reaching late detectors (π/2 < ζ <−π/2, see Fig. 1)
traverse longer atmospheric paths than those arriving to early detectors (−π/2 < ζ < π/2). Con-
sequently for inclined showers, both the magnitude and risetime of the signals depend on ζ . The
method described here uses the above-mentioned azimuthal asymmetry.

The observed azimuthal asymmetry is due to two effects. On the one hand, a contribution
comes from the quenching of the electromagnetic signal. Since the particles that reach late detec-
tors traverse longer atmospheric paths, we expect a bigger attenuation of electrons and photons as
compared to early detectors. On the other hand, there are also contributions to the asymmetry from
geometrical effects. In this case, not only is the electromagnetic component important, but muons
also play a role. Although track length and solid angle effects are compensated by the near-cubical
design of the detectors, the angular distributions of muons impinging on the detectors are differ-
ent, as late detectors record more muons emitted closer to the shower axis. Geometrical effects
predominate at low zenith angles, while for showers with θ > 30◦ attenuation effects are the main
contribution.

The azimuthal asymmetry of the t1/2 depends on the distance to the core r in the plane of the
shower front, since the larger is r the larger is the difference in atmospheric paths between early
and late stations. In addition this asymmetry depends on the zenith angle of the shower, θ . No
asymmetry is expected for vertical showers: it grows with θ and finally this trend reaches a point
where the EM component is quenched due to the longer atmospheric path travelled and the shower
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Figure 1: Schematic view of the shower geometry with the notation used in this paper. The incoming
direction of the primary particle defines two regions: early (−π/2 < ζ < π/2) and late (π/2 < ζ <−π/2).
Note the different amount of atmosphere traversed by the particles reaching the detectors in each region.

is mainly composed of penetrating muons. As will be demonstrated, for a given primary energy
E, the time asymmetry dependence upon secθ shows a maximum which is sensitive to the average
primary mass.

3. Azimuthal asymmetry analysis using Auger data

For the present analysis we have used data collected with the SD of the Pierre Auger Obser-
vatory from 01.01.04 to 29.10.14 with E > 3× 1018 eV and θ < 62◦ to assure 100% detection
efficiency, and with θ > 30◦ where the contribution of the attenuation to the azimuthal asymme-
try dominates over other sources. These events are required to satisfy the standard trigger levels
described in [7]. Additionally, quality cuts at station level have been applied: the recorded signal
must be larger than 10 VEM (1 VEM is the signal produced by a vertical and central through-going
muon) to assure 100% probability for single-detector triggering, and stations are required to be at
a core distance 500 < r < 2000 m to assure an accurate determination of t1/2. After application of
these cuts a total of 191534 signals from 54584 events remain.

The first step in the analysis is to measure the azimuthal asymmetry of the t1/2 for fixed E and
θ values. This measurement cannot be done on a shower-by-shower basis because it is not possible
to sample the whole range of the polar angle, from early to late regions, in a single event. Thus, a
statistical approach is applied to characterize the azimuthal asymmetry of t1/2 using all the stations
from the events at a given E and θ . To this end we use the variable t1/2/r since in this way the
risetime information of all stations within given E and θ bins can be used, independently of the core
distance, to compute an average 〈t1/2/r〉 value as a function of ζ . Since the asymmetry depends on
r, the analysis has been carried out independently for two r-intervals, i.e., 500 - 1000 m and 1000
- 2000 m each containing a similar number of signals and events. As an example, we show in the
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Figure 2: Asymmetry plots (dependence of 〈t1/2/r〉 vs the polar angle in the shower plane ζ ) for different
cases. Left panel: for log(E/eV ) = 19.2−19.5 in the 500 - 1000 m interval at different θ bins. Right panel:
for log(E/eV ) = 19.0− 19.2 in the two chosen core distance intervals with θ = 51◦; results of the fitted
parameters (see text) are shown for each r-interval.

left panel of Fig. 2 〈t1/2/r〉 vs ζ for 19.2 < log(E/eV )< 19.5 and eight θ values. For each θ band
the data are fitted to the function 〈t1/2/r〉 = a+bcosζ + ccos2 ζ . The asymmetry with respect to
ζ is evident and the ratio b/(a+ c), the so-called asymmetry factor, will be used to quantify the
asymmetry. In right panel of Fig. 2 〈t1/2/r〉 vs ζ is displayed for both core distance intervals for
showers with log(E/eV ) = 19.0− 19.2 and θ = 51◦. As can be observed, the amplitude of the
asymmetry for 500 - 1000 m is smaller. This is due to the fact that, close to the core, there is a
higher electromagnetic contribution to the risetime and a smaller difference in the paths travelled
by the particles.

Next, this asymmetry factor is represented as a function of atmospheric depth, measured by
secθ . For each energy interval, b/(a+ c) vs ln(secθ) is fitted to a Gaussian function to obtain its
maximum. An example is shown in Fig. 3 for the same energy bin in each r-interval. The value
of secθ for which the asymmetry parameter maximizes, (secθ)max, will be used as the observable
for mass composition. Once the value of (secθ)max for each energy bin has been obtained in each
core distance interval, we can study the evolution of the dependence of (secθ)max on the primary
energy. In Fig. 4 the result for both r-intervals is shown. As expected, for a given energy, (secθ)max

is larger in the interval 500 - 1000 m than in the 1000 - 2000 m one since closer to the core the
asymmetry is smaller, and thus, the zenith angle at which the muon component starts to dominate
(and the asymmetry starts to decrease) is higher. Note that, in principle, this dependence on the
radial interval should not limit the capability of the asymmetry method for mass analysis provided
that Monte Carlo simulations follow the same behavior. This will be discussed in section 4.

A first estimation of the systematic uncertainty of (secθ)max has been carried out for both
core distance intervals. For that, we have taken into account the effect of the uncertainty in the
reconstruction of the shower core, in the risetime and also the effect of the energy scale uncertainty,
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Figure 3: Longitudinal development of the asymmetry factor (b/(a+c), see text) for log(E/eV )= 19.0−19.2
in both core distance intervals (500 - 1000 m in the left panel, 1000 - 2000 m in the right panel).
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Figure 4: Energy dependence of (secθ)max for both intervals of core distance 500 - 1000 m and 1000 - 2000
m. Number of stations available for the analysis are indicated.
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Figure 5: Comparison between (secθ)max for data (black points) and MC predictions using Epos-LHC
(solid line) and QGSJetII-04 (dashed line) hadronic models for proton (red) and iron (blue) primaries in both
r-intervals. Brackets represent the systematic uncertainty.

as well as the use of different parameterizations in the dependency of the risetime with r and
different algorithms to integrate the signal. Additionally, we have developed different cross-checks
on the stability of the results, considering potential bias due to the selection cuts in the signal
intensity and in the zenith interval, studying the dependence of the lateral width of the shower
(in particular of the electromagnetic component) on pressure and temperature, and checking the
possible effect of ageing of the SD detectors on the results. Considering all these sources we obtain
a systematic uncertainty of ±0.013 and ±0.017 in units of (secθ)max for the 500 - 1000 m and
1000 - 2000 m core distance ranges respectively.

4. Discussion

The mass analysis has to rely on comparison with theoretical predictions using updated models
of hadronic interactions extrapolated to these energies. To this end, a sample of Monte Carlo (MC)
events generated with the CORSIKA [8] code have been produced using the Epos-LHC [9] and
QGSJetII-04 [10] hadronic models for proton and iron primaries. A total of 77000 events (38500
of each primary) have been produced for each interaction model. The log(E/eV) values ranged
from 18.00 to 20.25 in bins of 0.25 with eleven discrete θ values between 18◦ and 63◦.

In Fig. 5 the (secθ)max measurements as a function of energy are shown and compared with
predictions made using the Epos-LHC and QGSJetII-04 models for proton and iron primaries. The
dependence on energy is small and it is difficult to draw strong conclusions as rather contrasting
predictions follow from the two models. However in both cases there is an indication that the mean
mass increases slowly with energy in line with other Auger studies [2, 5].

A further illustration of the dependence of the conclusions on the choice of model is shown
in Fig. 6 where the variations of 〈lnA〉 with energy, deduced from Fig. 5, are summarised and
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Figure 6: 〈lnA〉 vs E as predicted by Epos-LHC and QGSJetII-04. Results from the time asymmetry method
in both r-intervals are compared with those from the elongation curve [2] and the MPD method [5].

compared with the values of 〈lnA〉 found from the measurements of the depth of shower maxi-
mum (Xmax) made with the fluorescence detectors [2] and using the muon production depth (MPD)
technique [5].

Several inferences can be drawn from these plots. Within the uncertainties, the values of
〈lnA〉 derived from the Epos-LHC model are consistent for the two distance ranges. However
for QGSJetII-04 model this consistency is not so evident. We note that the MPD studies are of
a parameter that is solely dependent on the muon content of the shower while the Xmax observa-
tions are dominated by the electromagnetic component. As explained above, the complex nature
of the zenith angle behavior of the time-asymmetry is a reflection of the contributions of both
components. Thus, while the Epos-LHC is favoured over QGSJetII-04, neither model provides an
accurate description of muons in air-showers. A similar conclusion has been drawn from the study
of inclined showers made at the Pierre Auger Observatory [11] from which it was deduced that
showers contain more muons than predicted by Epos-LHC model. Indeed no model provides a
completely satisfactory description of the wide range of data using the Auger Observatory.

5. Conclusions

The azimuthal dependence of the t1/2 values obtained from the FADC traces registered by the
SD detector of the Pierre Auger Observatory has been used to obtain a mass sensitive parameter,
(secθ)max. Recent hadronic interaction models have been used to compute the 〈lnA〉 predictions
of the method described here and compare the results with those obtained from Xmax and the MPD
method. The results show a hint of a slow increase of the mean mass with energy in agreement with
other studies. However, model-dependent discrepancies between data and Monte Carlo results on
both core distance intervals have been found, and therefore, further deficiencies in our understand-
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ing of shower modelling have to be resolved before the mass composition can be inferred from
(secθ)max.
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