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The AMIGA infill detector of the Pierre Auger Observatory: performance and first data
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Abstract: We present a first analysis of cosmic rays observed with the AMIGA infill array of the Pierre Auger Observa-
tory. The spacing of 750 m between the surface detectors, half the distance of the regular array, allows us to extend the
energy range of interest to energies as low as 3 x 10'” eV. The lateral distribution function is presented and the uncertainty
of the signal at an optimum distance of 450 m, used to obtain an energy estimator, is discussed. The first steps towards the
measurement of the energy spectrum are described. The calculation of the array exposure and the strategy for the energy
calibration of the infill, obtained from events observed in coincidence with the fluorescence detector, are presented.
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1 Introduction

The energy range between 1017 ¢V and 4 x 10'8 eV is of
great interest for understanding the origin of cosmic rays.
At these energies the transition from the galactic to extra-
galactic accelerators [1, 2, 3] is expected. Also a spec-
tral feature caused by the drop of the heavy component
of the galactic cosmic rays [4] has been predicted. The
Pierre Auger Observatory [5], being the largest cosmic ray
experiment in operation, has delivered important results
for solving the nature of cosmic rays above an energy of
108 eV. To extend the measurements to lower energies
two enhancements are being built: HEAT [6] (High Eleva-
tion Auger Telescopes) and AMIGA (Auger Muons and In-
fill for the Ground Array) [7]. We present the performance
and current status of the analysis of the data taken with the
infill array of AMIGA. Construction of the infill array be-
gan in 2008: currently 53 stations (87% of the total 61)
have been deployed. The detectors are on a triangular grid
with a spacing of 750 m. The reconstruction procedures are
adaptations of those used for the 3000 km? array where the
spacing between the detectors is 1500 m. In the first part
we describe the trigger efficiency and the accumulated ex-
posure, followed by the description of the reconstruction of
air-showers.

2 Trigger efficiency and acceptance

The trigger system of the infill array is adopted from the
regular Auger array. An event is accepted when at least
3 stations forming a triangle satisfy a local trigger of the
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Figure 1: 3ToT trigger efficiency for the infill and regu-
lar array obtained from simulations of Iron and proton pri-
maries. In the inset figure the reduced x?2 for a flat depen-
dency on the zenith angle of the trigger is depicted.

type Time-over-Threshold (3ToT event) [8]. The smaller
spacing between stations of the infill lead to an increase of
the trigger efficiency at low energy. The trigger efficiency
as a function of energy for 3ToT events with zenith angles
below 55° is illustrated in Fig. 1, for both infill and regu-
lar array. The calculation is based on the parametrization
of the single station lateral trigger probability [9], which
reflects the properties of the station response and of the air-
shower development. A simple test of the threshold energy
where the array is fully efficient is performed via a x2 test
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Figure 2: (left) Angular resolution for different multiplicities as a function of the zenith angle. (right) The weighted mean
of the LDF parameter, 3, as a function of the zenith angle. The line represents the parametrization of 3.

of an isotropic flux of the observed cosmic rays. Below
this energy the trigger depends on the zenith angle. The
reduced x? as a function of the energy estimator, Sss, is il-
lustrated in the inset of Fig. 1. The trigger is independent of
the zenith angle for S35 larger than 20 VEM, correspond-
ing to an energy of =~ 3 x 10'7eV. From both methods
we conclude that above this energy the infill array is 100%
efficient for cosmic rays with a zenith angle of less than
55°,

To guarantee the selection of good quality and well-
contained events, a fiducial cut (T5) is applied so that only
events in which the station with the highest signal is sur-
rounded by 6 working neighbors (i.e. a working hexagon)
are accepted. This condition assures a good reconstruction
of the impact point on ground, meanwhile allowing for a
simple geometrical calculation of the aperture. The 3ToT
trigger rate is (55 £ 6) events/day/hexagon out of which
(28 £ 3) events/day/hexagon are T5. Integrating the instan-
taneous effective area over the time when the detector was
stable, the acceptance between August 2008 (when the first
3 hexagons of the infill were completed) and March 2011
(16 hexagons) amounts to (26.4 +1.3) km? sr yr. With the
current configuration we record (390 + 70) T5 events/day
and the data sample contains more than 260,000 T5 events.

3 Reconstruction of the air-showers

The reconstruction algorithm for the events triggering the
infill array is based on the well-tuned code for the regu-
lar surface detector array. After selecting the signals which
are generated by air-showers, the direction and the energy
of the primary cosmic ray are deduced from the timing in-
formation and from the total recorded signal in the stations.
The atmospheric muons can generate background signal in
a time window close to the arrival of air-shower particles.
The stations are selected according to their time compati-

bility with the estimated shower front. The time cuts were
determined such that 99% of the stations containing a phys-
ical signal from the shower are kept. The algorithm for the
signal search in the time traces rejects further accidental
signals by searching for time-compatible peaks.

Angular resolution: The arrival direction is obtained
from the time propagation of the shower front on the
ground which is approximated as a sphere with the origin
on the shower axis traveling with the speed of light. To
obtain the angular resolution [10] the single station time
variance is modeled to take into account the size of the to-
tal signal and its time evolution. The angular resolution
achieved, illustrated in Fig. 2(left), for events with more
than 3 stations is better than 1.3° and is better than 1° for
events with more than 6 stations.

Lateral distribution function: The impact point on
ground of the air showers is deduced in the fit of the lat-
eral distribution of the signals as well. The fit of the lateral
distribution function (LDF) [11] is based on a maximum
likelihood method which also takes into account the prob-
abilities for the stations that did not trigger and the stations
close to the shower axis which are saturated. The saturation
is caused by the overflow of the FADC read-out electron-
ics and a madification of the signal occurs due to the tran-
sition of the PMTSs from a linear to a non-linear behavior.
Two functions have been investigated to describe the lateral
distribution of the signals on ground: a log-log parabola
(LLP), used in the current analysis to infer the systematic
uncertainties due to the LDF assumption, and a modified
Nishimura-Kamata-Greisen (NKG) function:

r  r4+700m B
) )

S(r)y=2=5 _—
(r) (ropt) <ropt Topt + 700 m
where 7, IS the optimum distance and S(ropt) is used to
obtain an energy estimator. The parameter 5 depends on
zenith angle and on energy. For events with only 3 stations
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Figure 3: (left) The relative uncertainty of the signal as a function of the distance to the shower axis for different zenith
angles deduced from simulations of a mixed composition (50% p, 50% Fe) at 5.62 x 10'7 eV. The distributions of the
optimum distance obtained from data for the events without saturation and for events with a saturated signal (multiplied
by 50, gray) are shown in the inset. (right) Relative statistical and systematic uncertainties of S(450). For the description

of different contributions see text.

the reconstruction of the air-showers can be obtained only
by fixing the 3 parameter. To obtain the parametrization of
B, shown in Fig. 2(right), events with more than 6 stations
are selected. The vertical events are observed at an earlier
shower age than the inclined ones, thus having a steeper
LDF due to the different contributions from the muonic and
electromagnetic components on ground. The dependence
of the LDF parameters on the energy is under investigation.

Optimum distance and uncertainties of S(450): The
optimum distance is defined as the distance from the
shower axis where the fluctuations of the LDF are mini-
mized and it is mostly determined by the spacing between
the detectors [12]. In Fig. 3(left) the relative uncertainties
of the signals at different distances from the shower axis
are illustrated for simulations of a mixed composition (50%
proton and 50% iron) at an energy of 5.62 x 10'7 eV and
different zenith angles. The air-shower simulations were
performed with CORSIKA [13], using QGSJet-1I [14] and
Fluka [15], and the detector simulation were based on
Offline [16]. The uncertainties, containing the shower-
to-shower fluctuations, are minimized at distances larger
than 450 m.

From data we obtained the distance where the LDF is least
sensitive to the 5 parameter by performing the reconstruc-
tion of the same event with different 5 values within the
uncertainties of the parametrization. This is illustrated in
the inset of Fig. 3(left). Similar to the regular array [17], we
distinguish the events where the signal in the station closest
to the shower axis is saturated. The mean of the distribu-
tion of the distance to the shower axis where the impact of
the LDF is minimal, for the events without saturated sig-
nals is (442.3 + 0.1) m with a RMS of (40.33 + 0.06) m,

while for the events with at least a saturated signal is
(639.1 + 0.1) m with a RMS of (51.64 + 0.06) m. The
signal at ropr = 450m, S(450), was chosen to obtain an
energy estimator.

The statistical and systematic uncertainties of S(450) as
a function of log;, S(450) are illustrated in Fig. 3(right).
The parametrizations were obtained from data similar to
the regular array [17]. The statistical uncertainties of
S(450) vary from 20 % at 10 VEM to 5% at 100 VEM. The
events in which at least one signal is saturated have an un-
certainty that is larger by ~ 10%. The r.,; changes from
event to event. The contribution of the variations of o, to
the uncertainty of S(450) was obtained by reconstructing
the same event with different 5 values. While this effect
is negligible for the accuracy of S(450) for events without
saturation, it contributes with 15% to the total uncertainty
for saturated events. The relative difference of the S(450)
obtained using a LLP to the estimation from a NKG func-
tion is +8.5%. This systematic uncertainty cancels in the fi-
nal energy resolution via the cross-calibration with the flu-
orescence detector energy. Preliminary estimations let us
assume that the shower-to-shower fluctuations contribute
with 10% to the total uncertainty.

Attenuation in the atmosphere:  S(450) is corrected for
the zenith angle dependency caused by the shower at-
tenuation in the atmosphere with a constant intensity cut
method [18]. The zenith angle correction has been de-
duced empirically to be a second degree polynomial in
x = cos?f — cos?35°. The zenith angle of 35° repre-
sents the median of the distribution of the arrival directions
of the observed cosmic rays. The equivalent signal at 35°,
S35 is used to infer the energy: S35 = S(450)/(1+(1.59+
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Figure 4. The distribution of events as a function of
log,(S35/VEM) for different zenith angle intervals.
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Figure 5: The correlation between S35 and energy.

0.05)z — (1.14 £ 0.21)22). The number of events as a
function of S5 is illustrated in Fig. 4 for different zenith
angle intervals. The trigger threshold effect can be seen
below 20 VEM. The S35 spectrum extends to more than
2000 VEM, corresponding to an energy of ~ 3 x 102 eV.

Energy calibration: The energy calibration of the sur-
face detector data is obtained from air-showers that were si-
multaneously measured with the fluorescence detector (i.e.
hybrid events). At energies lower than 10! eV due to its
field of view, the fluorescence detector observes more deep
showers than shallow ones. Therefore it is necessary to
apply a fiducial field of view cut [19] that ensures an un-
biased energy calibration. The selection criteria and the
energy systematic uncertainties are currently under study.
S35 shows a strong correlation with the energy as it is illus-
trated in Fig. 5 for the selected [18] hybrid events.

4 Conclusions

The infill detector, part of the AMIGA experiment, has
been operating in good conditions since its deployment. It
extends the energy range for the surface detector of Pierre
Auger Observatory down to 3 x 107 eV. The analysis,
based on the algorithms developed for the regular array is
in an advanced stage. The integrated exposure between Au-
gust 2008 and March 2011 is (26.4 & 1.3) km? st yr. The
achieved angular resolution is better than 1 degree for an
energy of 3x 107 eV. The resolution of S(450) varies from
20% at 10 VEM to 10% at 100 VEM, at the highest en-
ergies being dominated by shower-to-shower fluctuations.
The studies on the selection of hybrid events used for the
energy calibration and on the energy systematic uncertain-
ties are in progress.
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