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observatory. While it was originally built to study the cosmic-ray flux above 1083 eV, several
enhancements have reduced this energy threshold. One such enhancement is a surface array
composed of a triangular grid of 19 water-Cherenkov detectors separated by 433 m (SD-433) to
explore the energies down to about 10'° eV. We are developing two research lines employing the
SD-433. Firstly, we will measure the energy spectrum in a region where previous experiments
have shown evidence of the second knee. Secondly, we will search for ultra-high energy photons
to study PeV cosmic-ray sources residing in the Galactic center. In this work, we introduce the
SD-433 and we show that it is fully efficient above 5x 10'® eV for hadronic primaries with 6 < 45°.
Using seven years of data, we present the parametrization of the lateral distribution function of
measured signals. Finally, we show that an angular resolution of 1.8° (0.5°) can be attained at the
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1. Introduction

The detection of the cosmic-ray (CR) energy spectrum with surface detectors spans over six
orders of magnitude in energy, from 10'> eV up to more than 10?° eV. It follows a power-law
with a spectral index y ~ 3 exhibiting five features identified by small deviations in the spectral
index: the knee, the second knee, the ankle, the “instep” [1], and a suppression at the highest
energies. Particularly, the second knee has been observed at ~ 10!” eV by several observatories as
a steepening of the spectrum [2—6]. Its interpretation may be connected to the maximal energy of
the accelerators in the Galaxy, considering that a gradual heavier composition has been observed
at these energies [7], which is along the lines of the so-called Peters cycles [8]. The astrophysical
interpretation of the acquired data is still delicate, mainly because the nature of the sources, the
propagation effects, and the CR composition are strongly entwined. A signature of neutral particles
such as photons and neutrinos around the second-knee may shed light on this problem, since they
are not deflected by magnetic fields, thus providing valuable information about the acceleration
processes in astrophysical objects.

A more accurate understanding of the origin of the second knee may be possible if one
observatory is capable of measuring all spectral features and the CR mass composition with a
common energy scale. In this sense, the Pierre Auger Observatory extended its Surface Detector
(SD) with the deployment of a 433-m spaced triangular array (SD-433) of water-Cherenkov detectors
(WCDs) to unveil the spectral region below 10!7 V. The installation of muon, radio, and surface
scintillator stations within and around the SD-433, as part of the AugerPrime upgrade [9], allows
us to perform a multi-detector measurement of the shower components. Additionally, the SD-
433 is the detection platform to extend the search for ultra-high energy (UHE) photons from the
southern hemisphere into the 10'6 €V domain. A multi-messenger observation in this energy region
is of utmost importance considering the discovery of PeVatrons in the Galactic center [10] and
observations of UHE photons up to ~ 10'> eV [11], while at the same time complementing the
measurements of astrophysical neutrinos by the IceCube experiment [12].

In this work, we present the first studies about the detection performance of the SD-433
focussing on the energy range above 10! eV. The status of the array, the simulation, and real data
sets are described in Sec. 2. The probability of generating an array trigger from an air-shower
with given primary parameters is discussed in Sec. 3. Sec. 4 is reserved for the evaluation of the
distance at which the fluctuations of the measured signal in the WCDs are minimal. The modelling
of the slope of the lateral distribution function (LDF) is detailed in Sec. 5. Sec. 6 encompasses
the estimation of the resolution of the reconstructed air shower geometry. Finally, concluding
comments embody Sec. 7.

2. Array description and data-set

The installation of the SD-433 array started in November 2011 with the deployment of a
hexagon of WCDs around a central station, becoming fully operational in May 2013. The array
achieved its final configuration consisting of 19 WCDs, thus reaching an aperture of ~ 2km? sr up
to 6 = 45°, on May 11, 2019. The 433-m array is surrounded by the 750-m array (SD-750) with
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which it shares seven WCDs. At the same site, the location of the Underground Muon Detector
(UMD) buried close to the WCDs is shown in Fig. 1.

The analysis of the array trigger efficiency was performed by simulating the response of the SD-
433 to air showers. These were produced using CORSIKA 7.4950 with QGSJetlI-04 and FLUKA as
the high- and low-energy hadronic interaction model respectively. The simulation sample consisted
of 2000 proton- and 2000 iron-initiated air showers. The primary particles followed a continuous
energy distribution as E~! between 4 x 10'® eV and 10'7 eV and an isotropic distribution up to a
zenith angle of § = 55°. The detector response was simulated employing the Offline framework of
the Pierre Auger Collaboration [13]. Each shower core was randomly placed ten times within the
unitary cell of the SD-433.

The remaining analyses were based SD-750
on the real data acquired between May @ SD-433
2013 and May 2020. The response of UMD
the array to the impact of a shower front
is defined hereafter as an event. Three
conditions were required to select physi-
cal events among the background. Firstly,
the event must have at least three triggered
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WCDs in a compact triangular configu-
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ration. Secondly, the six nearest WCDs
around the one with the most intense signal
must be operational (not necessarily trig-
gered). Lastly, to ensure an unbiased es-
timation of the air-shower features, we se-
lected events without any saturated WCDs.
The final data-set was comprised by 115
thousand events.

Figure 1: The schematic map of the SD-433. The complete
array consists of two crowns (seven hexagons) of 19 WCDs
spaced at 433 m.

3. Array efficiency

The array’s efficiency e is the probability of detecting an air shower by estimating the features
of the primary particle. As such, it depends on the array spacing, the primary energy Enic, mass
A, and the impinging zenith angle §. Mathematically it is the ratio of the number of reconstructed
events to the total tries. The efficiency can be parametrized as a function of the simulated primary
energy Enc as

erf(a Xlo&oﬁ%‘*‘b) +1
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and it is depicted in Fig. 2 for different zenith angle intervals between 0° and 55° for proton

e(Emc) =

ey

primaries and iron nuclei. Each efficiency curve is modeled by Eq. 1, represented in the figure as

solid lines. It can be observed that the array becomes at least 97% efficient (i.e., defined as the full-

016.7

efficiency regime) above 1 eV for both primaries when considering 6 < 45°. Complementary,

full-efficiency is attained above 10'7 eV for larger zenith angles. Hence, the choice of a maximum
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zenith angle of 45° is proposed. It is worth remarking that a lower energy threshold of 1016 eV
can be reached when restricting the zenith angle up to 6 = 35°.

4. Optimal distance

The optimal distance rp is defined as the dis- B e oo =—._cutenoeeee o
tance on the shower plane where the fluctuations
of the LDF slope have the minimum influence on g 08
the average LDF. Stated otherwise, the signal pro- %
vided by a model of average LDF at this distance 5 oer
is maximally reliable. This parameter depends on é ol
the array spacing [14] and can be estimated by § FeP ooso. 24
varying the slope multiple times during the event = | 8/°=24-34
reconstruction with an initial guess here chosen as g;: z 431‘51 i gg
250 m. Technically, rop is then defined as the dis- %6 161 162 163 164 165 166 167 168 169 17
tance corresponding to the crossing point of these log(E, /eV)

resulting fitted LDFs. Fig. 3 shows the distribution

Figure 2: The reconstruction efficiency of the SD-
of the optimal distance for simulated and real data. 8 Y

433 in terms of the primary simulated energy for
proton and iron primaries represented with solid
dependently of the zenith angle and the measured = and empty markers respectively, for different zenith
signal at 250 m. Recalling that the LDF, hence the angle intervals. The profiles are fitted with the

shower footprint, is directly linked to the primary model of Eq. 1.

The mean rpy is estimated to be about 300 m in-

energy, it can be deduced that r is also indepen-

dent of the cosmic-ray energy. Similar distributions are obtained for simulated events with known
primary composition as displayed in Fig. 3, right. Therefore, the optimal distance for the SD-433
is chosen as rop; = 300 m.
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Figure 3: The r, distribution of reconstructed (left) and simulated (right) events. Stated and depicted with
dashed vertical lines are the mean values of the histograms.
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5. Lateral distribution function

The lateral distribution of signals measured with WCDs is customarily described by modified
versions of the Nishimura-Kamata-Greisen (NKG) function:

2

T+ TFopt )'B

Tscale + Fopt

B

S(r) = S(ropt) - fipr(r) = S(ropt) : (L) (

Topt

where by construction, the shape factor fipr is unity at the distance rop, while the parameter

governs the expected signal drop with increasing distance. The scale parameter rgc,e plays a role

only at larger distances and has been kept fixed to 700 m. The normalization factor S(rop) is the

so-called shower size which is a measure of the primary energy. The model of average LDF is

obtained by reconstructing the full set of real data leaving 8 as a free parameter to be fitted, which

is possible if the event has at least five triggered stations. The event-by-event 8 can be described by
a first degree polynomial in log;, S300. The functional form is

B(logS300, 6) = a(8) + b(6) x log;1S300 , 3)

where, in turn, the two coefficients follow a second degree polynomial in sec 8 given by

1
a -3.72 1.30 0.055
= X | sec@ | . 4)
b 0.98 -1.30 0.385 )
sec” 6

After employing the selection and quality cuts stated in Sec. 2, the six fitted parameters are
summarized in Eq. 4.

In Fig. 4, left, a comparison of the event-by-event fitted slope B; (markers) and the model
prediction B; (solid lines) is shown. In order to evaluate the goodness of the parametrization, it is
instructive to look at the residuals in Fig. 4, right. It can be observed that the model gives an accurate
description of the data with an average relative difference of the order of 2% for the considered
zenith angle range.

Since the average LDF slope can be fixed by the mentioned parametrization, a similar procedure
can be conducted for its fluctuations. The S distribution follows a Gaussian probability density
function when limited to a certain energy interval or, analogously, to a shower size interval. Thus the
uncertainty can be represented as the standard deviation of the mean of the Gaussian distribution.
In this sense, Fig. 5 shows the uncertainty of the parametrized 8 as a function of the shower size.
The slope uncertainty model is defined by

OB = €exp [p() +p1- 10g10(5300/VEM)] s )

with fitted parameters pg = (0.01 £ 0.02) and p; = (1.2 £ 0.02).

6. Geometry resolution

The uncertainty of the reconstructed core position can be characterized by the variance of
each coordinate of the impact point, o> and 0'3, plus the covariance between them cov(x,y). To
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Figure 4: Left: The event-by-event fitted 8 and the superimposed model predictions by means of Eq. 2 in
terms of the sec 8 for the quoted shower size intervals. Right: the relative differences between fitted data and
the model prediction of 3.
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Figure 5: The uncertainty of the parametrized 8 in terms of the shower size S3oo for events with 6 < 45°.

concentrate the three quantities into a single parameter, we can use the distance r between the hottest
WCD and the shower axis. Its variance, (7,2, is calculated as

1
07 = = X ((x = xpo)® - 07+ (7 = yhot)? - 05 + 2+ (X = xhot) + (¥ = Yhot) - COV(x,¥)) - (6)

The core position resolution X, is regarded as the 68%-quantile of the resulting o, distribution. In
the case of the angular resolution, a closed formula for the event-by-event angular resolution %,
can be obtained from the variances of the reconstructed zenith () and azimuth (¢) angles [15] as

5, = \/—ln(l ~0.68) x (073 +sin26 - 72). %)

The median of the %,, for each S399 — € bin is reported as the angular resolution.
The evolution of the core and angular resolution in terms of the shower size S3q is displayed
in Fig. 6. In both cases, there is a zenith dependence coming from the shower size, i.e., an inclined
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Figure 6: The core position resolution (left) and angular resolution (right) in terms of the shower size after
applying the selection cuts described in Sec. 2. The systematic uncertainty on each observable due to the
uncertainty of the LDF slope (see Fig. 5) is represented by the solid dark-yellow lines.

high-energy event may be measured with a shower size similar to that of a vertical low-energy
event. On the one hand, the core resolution decreases at more inclined directions due to the intrinsic
smearing in a flatter shower front for older showers. On the other hand, the angular resolution
follows the opposite behavior which may be explained by the mentioned energy mixing. Overall
a better resolution in both parameters is attained as the signal footprint size increases, i.e., with a
higher multiplicity probing of the shower front. The angular resolution is enhanced up to the degree
level at S309 ~ 22 VEM roughly corresponding to an equivalent simulated energy of 10'67 eV. The
systematic uncertainty on the shower axis, propagated from the uncertainty on the LDF slope (see
Fig. 5), is less than 0.3°. The angular resolution deteriorates with a decreasing shower size down to
1.8° at S390 ~ 7 VEM, which corresponds to simulated energies at the verge of the full-efficiency
regime.

7. Discussion

The SD-433 array provides the opportunity to extend the sensitivity of the Auger surface
detector down to 10'® eV. By means of Monte-Carlo simulations, we reported a full-efficiency
threshold of 10'%-3 eV for proton and 10! eV for iron primaries up to § = 45°. Thus, the SD-
433 offers the possibility to fully observe the second-knee feature in the CR spectrum, previously
reported around 10'7 eV, with full reconstruction efficiency.

We employed the seven-year data-set to develop the steps of the event reconstruction process.
Firstly, we found that the distance of minimum LDF fluctuations is 300 m at all energies and zenith
angles of interest. The value of the average LDF at this distance is the observable that reflects
the primary energy with the best resolution. To provide a more stable event reconstruction, we
presented a six-parameter parametrization of the LDF slope which correctly described the event-
by-event fitted slope, when the event geometry is favorable to perform this fit, within 2% at all
energies of interest. Lastly, the characterization of the geometric accuracy of the SD-433 has been
presented. An angular resolution better than ~ 1.8° has been found, which may suffice to allow
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large-scale directional studies in the 10'® ¢V domain, e.g., search for UHE photons coming from
Galactic PeVatron sources allocated in the Galactic center and from off-plane directions compatible
with the Fermi bubbles and the dark-matter halo.

The fine-tuning of the SD-433 event reconstruction is still ongoing. The transformation from
the zenith-dependent shower size to the estimated primary energy requires a study of the atmospheric
attenuation and the weather-induced modulations on the measured signals prior to the calibration
of the shower size with an independent measurement of the primary energy.

This analysis will set the foundations for extending the SD-oriented research lines in Auger to
energies down to 10'© eV.
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