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The TAIGA-experiment aims to implement a hybrid detection technique of Extensive Air Showers
(EAS) at TeV to PeV energies, combining the wide angle Cherenkov timing array HISCORE with
Imaging Air Cherenkov Telescopes (IACTs). The detector currently consists of 89 HiSCORE
stations and two IACTs, distributed over an area of about 1 km2. Our goal is to introduce a new
reconstruction technique, combining the good angular and shower core resolution of HISCORE
with the gamma-hadron separation power of the imaging telescopes. With the second IACT in
operation, three different event types can be explored: IACT stereo, full hybrid (IACT stereo +
stations) and mono hybrid (IACT mono + HiSCORE), the latter being the operational goal of
TAIGA. The status of the development of the full hybrid reconstruction and its verification using

real data and simulation are presented.
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Development of hybrid reconstruction techniques for TAIGA M. Blank

1. Introduction

Gamma Rays at energies above a few tens of TeV are a promising area for numerous topics
ranging from better understanding the physics of the objects emitting them to dark matter searches
to EBL constraints and more. With the latest findings of LHAASO [1], it became evident that
observations at these highest energies pose some prospect. However, experiments aiming to
achieve useful sensitivities require effective areas of a few km?. The Tunka Advanced Instrument
for cosmic ray and Gamma ray Astronomy (TAIGA) aims to establish the combination of Imaging
Air Cherenkov Telescopes (IACTs) with the light front sampling optical timing stations of HISCORE
to cost-effectively cover 1 km? in a first and 5 km? in a second stage[2, 3].

With 88 stations in operation, the first IACT reasonably well understood and the second IACT
installed in february of 2020, the new event type of Stereo IACT + HiSCORE has become available
for exploration.

In this work, a first look at the Core position estimates for Stereo IACTs and the HISCORE
array is given and compared for a real data run. Furthermore, the expected reconstruction accuracy
is investigated on a set of simulated Gammas.

2. The TAIGA Project

The Tunka Advanced Instrument for cosmic ray and Gamma ray Astronomy (TAIGA) focusses
on establishing the hybrid detection techniques at TeV to PeV energies. It was conceived and
initiated about 10 years ago. The mainly russian-german project is located on the site of the Tunka-
133 experiment [4] and aims to combine several subprojects. The main projects are the imaging
air Cherenkov telescopes (IACTs) of the 4 m class, the light front sampling HiSCORE array [5],
and underground muon detectors. For more details of the project, see the overview talk of this
conference [3]. One of the goals of TAIGA is to establish the hybrid method, which aims to combine
the gamma/hadron separation power of IACT images with the core position and origin estimation
of the HISCORE array. The array is expected to reach a size of 120 optical stations spaced by 106 m
and three IACTs spaced by ~ 300 m, covering 1 km? by the end of 2021.

3. The Hybrid Cherenkov Approach

The traditional stereoscopic reconstruction approach of IACT arrays requires that one event
triggers at least two telescopes, forcing a close spacing of the telescopes of about 50 m to about
200 m. For the hybrid approach, where the core location is derived from the HiSCORE stations,
the distance between IACTs spread over the array can be increased to about 600 m. This allows to
cover large areas at lower cost. One example hybrid event is shown in Fig. 2b

One of the advantages of the hybrid approach is the independence of the core determination
from the distance to the telescope. Where stereoscopic systems suffer from bad stereo-angles at
large core distances, TAIGA uses the HISCORE array for the reconstruction of the core impact
position.

This combination of different instruments enables new reconstruction possibilities. For exam-
ple, the major axis could be fixed by the station core estimate and not by the image moments. One
new approach which was already studied is the Hybrid scaled width.
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Figure 1: Quality factor against the hybrid scaled width cut value of a TAIGA-IACT-like camera as obtained
by [6]. This plot was obtained by confining the center of gravity of the light distribution in the camera to
< 4°, the simulated energy to > 20 TeV and the core distance to < 300 m.

In classical stereoscopy, one widely used parameter for gamma / hadron separation is the Scaled
Width (SCW), which is the width measured by the telescope divided by the width expectation for
that image size for an event at the reconstructed core position. For TAIGA, the same approach, but
using the array reconstructed core estimate can be used. This approach was termed Hybrid Scaled
Width (HSCW) and was investigated on simulations in [6] and found to improve the quality factor
from q = 2 using only width to q = 2.8. Fig. 1 shows the obtained quality factors for different cut
choices of the HSCW.

4. Stereo and HiSCORE events

With the second IACT in operation, events triggering both telescopes and the array have become
available for exploration. This event class is well suited for verification and calibration purposes
between the IACTs and HiSCORE. One example of possible calibration and performance checks
is to compare the reconstructed core positions of the HISCORE array with that obtained by the
stereoscopic approach.

In total 150 minutes of simultaneous IACT and HiSCORE data from the observation night
of 2020-02-20 with a zenith angle from 30° to 43° were used for this analysis. The air shower
simulations are conducted with CORSIKA v7.64[7] with the IACT extension. For the IACT
simulation, an adapted version of sim_telarray[8] and for the HISCORE array, sim_score was
written based on the sim_skeleton example program of the sim_telarray project. The further
reconstruction steps are performed in python with the same tools as used for real data.

For the IACTs, an image cleaning is performed, then classical Hillas parameters are calculated.
The basic approach for the calculation of the stereoscopic impact point is then done as follows:
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Figure 2: Two example events of array with iacts. (a) shows an example event of one IACT and array. These
event types are the operational goal of TAIGA. (b) shows an event where two IACTs and the array trigger.
These types of event are called the golden events.

Calculate the corresponding altitude and azimuth for the Center of Gravity of the light distribution.
Calculate the altitude and azimuth for a position one unit length along the reconstructed major
axis. Determine the unit vectors corresponding to these two pointings at the telescope positions
and calculate the plane through the shower axis and the telescope position. Finally, both planes
are intersected at the observation height. An example of an event lending itself very well for the
stereoscopic reconstruction is shown in Fig. 2a. Fig. 3a shows the distribution of impact points
obtained for the data sample. When compared to the reconstructed simulation sample shown in
Fig. 3b, a similar structure can be seen. Both distributions show the void areas close to the connection
line of the telescopes. Along these, the approach used here is not suitable. The difference in the
overall shape, where the simulated data looks more elongated than the simulation can be explained
by the different azimuth angles and zenith distances. The simulation was calculated at a zenith
distance and azimuth of 31° and 180°.

The core positions measured by the array are determined via the Center of Gravity of the
measured charge per station (CoG or CoQ). The measured charge is the integral of the pulse
sampled by the station. The CoG method can be used with as few as 2 stations and is quite robust
against fluctuations. An alternative with better core resolution (with enough stations triggering)
would be to use a fit to the lateral light density function, but this is not done here because of the
robustness, as most of the events in this sample trigger only very few stations. In this first approach,
the data is taken without any calibration, highlighting the robustness of this method.

For a common sample of events which trigger both IACTs and HiSCORE, Fig. 4 shows the
reconstructed core positions for both methods. For the stereo reconstruction in Fig. 4a, the events
far outside of the array boundary are unlikely to be correctly reconstructed because the events
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Figure 3: Reconstructed impact locations of stereo real data events (a) and simulated Hadrons (b). The
simulation sample was composed via weighting after the Gonato model with the following particle species:
proton, helium, nitrogen and iron. The difference of the shapes can be at least partly explained by the different
azimuth and zenith angles. While (a) was observed at a range of azimuth and zenith angles with a mean
azimuth of 210° and a mean zenith distance of 0°, (b) was created using a single orientation with an azimuth
of 180° and a zenith distance of 31°.
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Figure 4: Reconstructed impact locations of coincident real data events. (a) shows the impact estimation
obtained via a stereoscopic approach. (b) depicts the impact estimations for the same events as obtained by
HiSCORE via the center of gravity of the charge calculation. The red markers show the position of the two
TIACTs. The violet crosses in (a) show the location of the active stations, while the markers in (b) show the
remaining stations after exclusion of the border stations. The red circles depict the telescope locations, while
each of the other colors corresponds to a different HISCORE cluster. The red line is a visualization of the
IACTs azimuth angles during the observation.
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Figure 5: Expected resolutions for regular arrays with 100 m and 200 m spacing at 0 m above sea level and
zenith distances of 0 deg to 20 deg as obtained in [9]. For the energy range of 20 TeV to 50 TeV, the expected
resolution for the real HISCORE array with a spacing of about 106 m using the center of gravity method
would be ~ 65 m.

which trigger the boundary stations are excluded and the light pool at the core location is likely to
be contained within the array. The large number of events reconstructed to the location of the first
IACT is likely a result of the bad stereo angles when the core location is along the connection line
but closer to IACT 1. A pile up at the IACT 2 position is not visible because most of the events
here are cut away by the exclusion of the events with border stations, leaving the location of IACT
2 well outside of the remaining array. The irregularities seen in Fig. 4b might be a result of taking
the charge of the stations - in this first approach - without calibration. To study the the expected
reconstruction accuracy, we use a set of Gamma simulations.

4.1 Simulated Core Resolution

Fig. 6a shows the histogram of the distance of the stereoscopically reconstructed core position
to the one reconstructed via the array for Gamma simulations between ~ 20 TeV and 50 TeV. The
corresponding cumulative distribution is shown in green in Fig. 6b. The expected resolution for
the stereo core position to array CoG core position is & 70m. The orange curve corresponds to
the distance of the true (simulated) core position to the station CoG reconstructed one and the
blue curve is the corresponding distribution for the used stereo method. For this sample, the CoG
resolution is ~ 40 m and it is even slightly better than the Stereo reconstructed one. Also, the tail of
core positions misreconstructed by > 200 m core is not present for the array reconstruction. This
is very promising for possible reconstruction methods for the one IACT + HiSCORE event class,
which is the operational goal of TAIGA.

The resolution of ~ 40 m at = 20 TeV to 50 TeV for the CoG method with the array spacing
of ~ 106 m is better than the expected value of ~ 65 m for an array with a spacing of 100 m (see
Fig. 5) obtained in the first simulations in [9].

5. Summary and Outlook

With the second IACT in operation, the Stereo + HISCORE events have become available. The
coincident events are seen in data and MC and the obtained core resolution of ~ 40 m at ~ 20 TeV



Development of hybrid reconstruction techniques for TAIGA M. Blank

=
=}
s

=

o
©
s

o
o
s

=}
IS
L

Fraction of Events [m]

o
N
N

—— Stereo to True
—— HiSCORE CoQ to True
—— Stereo to HISCORE CoQ

o
1=}
s

100 150 200 250 6 Sb 160 15‘30 260 2_;:0
Distance Impact Stereo to HISCORE CoQ [m] Distance of Impact points
(a) Histogram (b) Cumulative distance

Figure 6: (a) shows the histogram of the stereo reconstructed core position to the core position reconstructed
via the HiSCORE array with the center of gravity method. The green curve in (b) corresponds to the
histogram in (a). The orange curve corresponds to the distance of the true (simulated) core position to the
one reconstructed with the array and the blue curve is the corresponding distribution for the stereoscopically
reconstructed events.

to 50 TeV is better than first expected. These results are a good sanity check and a promising step
on the path to the reconstruction of Single IACT + HiSCORE events with techniques such as the
hybrid scaled width method.
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