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The Tunka Advanced Instrument for Gamma-ray and cosmic ray Astrophysics (TAIGA)
is a hybrid experiment for the measurement of Extensive Air Showers (EAS) with good
spectral resolution in the TeV to PeV energy range. In this domain, the long-sought
Pevatrons can be detected. Currently the hybrid TAIGA detector combines two wide
angle shower front Cherenkov light sampling timing arrays (HiISCORE and Tunka-133),
two 4m class, 10° aperture Imaging Air Cherenkov Telescopes (IACTs) and 240 m?
surface and underground charged particle detector stations. Our goal is to introduce
a new hybrid reconstruction technique, combining the good angular and shower core
resolution of HISCORE with the gamma-hadron separation power of imaging telescopes.
This approach allows to maximize the effective area and simultaneously to reach a good
gamma-hadron separation at low energies (few TeV). At higher energies, muon detectors
are planned to enhance gamma-hadron separation. During the commissioning phase of
the first and second TACT, several sources were observed. First detections of known
sources with the first telescope show the functionality of the TAIGA TACTs. Here, the
status of the TAIGA experiment will be presented, along with first results from the
current, configuration.

Keywords: Gamma-rays: experiments; Observations: Crab Nebula.

1. Introduction

TAIGA stands for Tunka Advanced Instrument for Gamma-ray and cosmic ray As-
trophysics, and is a hybrid instrument designed to access the gamma-ray energy
range from approx. 1TeV to several 100s of TeV. The experiment is located at
an altitude of 675m above sea level on the site of the Tunka-133' cosmic ray ar-
ray (51°48°35”N, 103°04’02” E). Observations in this energy range are motivated by
several questions of Astroparticle and particle physics. The presence of cosmic ray
(CR) accelerators within our Galaxy can be inferred from observations of diffuse
and extended gamma-ray emission in the High-Energy (HE)? and Very-High-Energy
(VHE) range®® e.g. These Gamma-ray emissions result from the decay of neutral
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pions, which are produced in interactions of the accelerated cosmic rays with the
ambient interstellar medium, i.e. molecular gas clouds, which effectively act as CR
tracers. The gamma-ray energy range from 10 TeV to few 100 TeV is crucial for the
search for the Galactic Pevatrons, which accelerate cosmic ray particles up to knee-
energies (approx. 3 PeV proton energy). Due to the typical inelasticity of hadronic
interactions, the cutoff energy of Pevatrons in the gamma-ray regime is located
at energies of several 100 TeV. Hard gamma-ray spectra in this energy range are
much less ambiguously attributable to the hadronic rather than leptonic emission
mechanism, because the cross-section for inverse Compton scattering drops with
increasing energy (Klein-Nishina regime). Recent neutrino observations” and the
detection of gamma-rays at ultra high energies by LHAASO® emphasize the poten-
tial of the search for the Galactic Pevatrons. The detection of Pevatrons, and their
spectroscopic, and morphological resolution in their cutoff energy regime are the
main physics goals of TAIGA.

Beyond 1017 eV, the origin of CR is assumed to be extra-Galactic (EG). Due to
the development of intergalactic pair cascades, the accelerators of EG cosmic rays
(EGCR) might exhibit a halo-like gamma-ray emission. Furthermore, one can expect
an enhancement of EGCR from the local galactic supercluster.” The intergalactic
pair cascades from that direction could create an anisotropic gamma-ray emission,
observable with a wide field of view.

In the energy range of 100 TeV to several PeV, absorption due to pair creation
becomes relevant also for Galactic sources. The attenuation of Galactic gamma-ray
signals via production of eTe™-pairs reaches a maximum around 100 TeV from the
Galactic interstellar radiation field (IRF) and at 2PeV from the cosmic microwave
background (CMB).!? This opens up the possibility to measure the density of the
IRF, provided the distance of the emitting object is known. At PeV energies, the
relevant field is the CMB, which is universal and very well known. Therefore, a pos-
sibility might exist to measure distances from a CMB absorption feature, i.e. cutoff
in energy spectra of the most energetic Galactic gamma-ray sources. Another vari-
able comes into play when considering the possibility of photon/axion conversion'!
or photon/hidden-photon oscillations,'? because axions and hidden-photons could
propagate without interaction, reconvert to photons, thus reducing the attenuation
effect by pair production. Another fundamental effect on the attenuation by pair
production might be the modification of the eTe™ pair production threshold due to
Lorentz Invariance violation. In a more direct way, other, non-thermal, dark matter
candidates (e.g. wimpzillas) with masses ranging from 10*2 GeV to 106 GeV can
be searched for in the energy range considered.

Furthermore, the chemical composition of Cosmic rays can be measured with
TAIGA in the transition range from a Galactic to extragalactic origin (=~ 10! eV
to 1017 eV) and in the energy range above, where the composition of cosmic rays is
still poorly understood.!® Furthermore, TAIGA will allow measurements of cosmic
ray anisotropies beyond 100 TeV primary energy. Finally, observations of EAS can



The Sixteenth Marcel Grossmann Meeting Downloaded from www.worl dscientific.com
JBLIC SCIENTIFIC TECHNOLOGICAL LIBRARY OF THE SIBERIAN BRANCH OF THE RUSSIAN ACADEMY OF SCIENCES on 02/21/23. Re-use and distribution is strictly not permitted, except for O

3332

also address fundamental questions of particle physics such as measurements of the
proton-proton cross-section, or the search for quark-gluon plasma.

2. The TAIGA Experiment

In the TAIGA experiment, a hybrid approach using different detection techniques
is used. While both Cherenkov photon and particle identification are used, the term
hybrid also, and foremostly, refers to the hybrid Cherenkov technique. The angle-
integrating air shower timing array TAIGA-HiSCORE is combined with the imaging
air Cherenkov Telescopes TAIGA-IACT. The timing array is a cost effective method
for the instrumentation of very large detector areas, and it provides good angular,
core position, and energy resolution in the energy range above few 10s of TeV.
The TACTSs provide the air shower image shape for good gamma-hadron separation.
When used in stand alone mode (i.e. no stereo), one IACT can detect air showers
at a distance of 300m - and more - from the shower core. Both detector compo-
nents together provide the most relevant key parameters: direction and core from
HiSCORE-TAIGA and image shape (width, length) from IACT-TAIGA. Placed at
a distance of about 600 m from each other, 4 IACTs can cover a HISCORE array
of more than 1km? area. It has been shown that using such a hybrid approach
with only few IACTs per km?, combined with a HISCORE array, achieves a com-
petitive gamma-hadron separation in the energy range above 10 TeV.!* At energies
higher than 100 TeV, the measurement of the muon component of the EAS using
particle detectors on the surface and underground will enhance the gamma-hadron
separation further.

Currently, TAIGA consists of a total of 120 HiISCORE stations deployed on
an area of 1km?, and two 4m class imaging air Cherenkov telescopes (IACTs)
with a 10° aperture. A third TACT is planned for 2022. The distance between the
TACTSs was chosen as 300 m in the prototype phase of TAIGA. In future, distances
of up to 600 m are planned. Additionally, scintillator stations for charged particle
detection with a total surface of 240 m? are deployed above and below ground
for the measurement of the muon component of EAS. The layout of the TAIGA-
HiSCORE and TAIGA-TACT components is shown in Figure 1. The current TAIGA
pilot array is used for a proof of principle of the detector concept. In future, an
optimized array layout will take advantage of the hybrid method, that allows larger
separations between the individual IACTs.

2.1. TAIGA-HiSCORFE

HiSCORE is an array of angle-integrating air Cherenkov detector stations, dis-
tributed over an area of approximately 1km?. As shown in Figure 1, the stations
are arranged in rows offset to each other with inter-station distances of 75m to
150 m. Each station consists of 4 8inch (and 10inch) photomultiplier tubes (PMTs,
ElectronTubes and Hamamatsu) with a segmented Winston cone (Alanod 4300UP
foil), resulting in a light sensitive area of 0.5m? per station. The viewing cone of
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Fig. 1. Layout of the TAIGA-HiSCORE array. Only the HISCORE and TACT components are
shown. The first two IACTs were deployed from 2016 to 2019. The third IACT will be deployed
until 2022. The HiSCORE array currently consists of 89 stations and will be extended to 120
stations by the end of 2021.

one station has a diameter of 60°, resulting in an effective field of view of 0.6 sr. An
analog summator sums up the signals of all four channels. The sum is used for trig-
gering, and the individual channels are read out with a DRS 4-based 9-channel read-
out board at a sampling rate of 2 GHz. Four anode signals and four dynode signals
(low gain channel) are read out. Channel number 9 is used for time synchronization,
based on the sampling of a 100 MHz clock signal. This custom time-synchronization
was cross checked with the WhiteRabbit system. It could be verified that the time
synchronization works on a level of 0.2 ns relative timing accuracy.'® 16 Each detec-
tor station is connected to the central DAQ via optical fibre. The signal traces are
processed to extract the amplitude and the timing (half-rise-time, full width half
maximum). Based on these parameters, the air shower arrival direction, core impact
position, and energy are reconstructed using the methods developed for Tunka-133
and HiSCORE.!16:17 Monte Carlo simulations were used to evaluate the detector
performance, resulting in resolutions for core position (O(15m)), energy (20%), and
direction (0.1°). Moreover, the serendipituous discovery of a pulsed signal from the
CATS lidar onboard the international space station allowed to verify the absolute
pointing of the experiment.

2.2. TAIGA-TACT

Currently, two TACTs are in operation on the TAIGA site. A third IACT is un-
der construction. The TAIGA TACTs are based on a Davies-Cotton design, with
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PMT XP1911

Winston cones

a tesselated mirror dish of 34 facets with 60 cm diameter each, resulting in a mirror
area of about 10m?. Each axis of the alt-az dish mount mechanics is driven by a
stepper motor equipped with shaft-encoders for pointing positioning. Additionally,
a sky-CCD system is used for pointing calibration. A verification of the absolute
pointing accuracy of 0.02°, was carried out by the measurement of the anode cur-
rent in the central camera PMT-pixel in a drift-scan accross a known bright star
position.’® The PMT camera of IACT-1 consists of 560 XP1911 PMTs (diameter
19mm). The second TACT is equipped with 595 PMTs. Both cameras have a field of
view of 9.6° and are placed at the focal point at 4.75 m distance from the respective
dishes. For enhanced light collection, and noise suppression from stray light, a Win-
ston Cone plate is attached to the PMT camera plane. The PMTs are organized in
clusters of 28 pixels (see Figure 2). All channels are read out with a 64 channel ASIC
MAROC-3 board. The board provides a fast shaper which is used for triggering and
a slow shaper which is used for read out. The camera electronics for the first two
TAIGA-TACT cameras are described elsewhere.!® 20

Air shower event images, such as shown in Figure 3, are reconstructed using
the pixel amplitude distributions in the camera, either based on classical moment

21 22

analysis,”* or more advanced machine learning algorithms.

2.3. TAIGA Muon array

The TAIGA-Muon array?? consists of scintillation counters on a total area of cur-
rently 240 m?. The muon detector stations are distributed above and below ground.
In a future stage, a 5 times larger instrumented area is planned. Each TAIGA
muon detector consists of four triangular sectors of scintillator material. The sec-
tors are connected with wavelength shifting bars that guide the light to small
PMTs (FEU-85). Measurements of cosmic rays have yielded an average cosmic
ray muon amplitude of 31p.e.£20%. The TAIGA-Muon array develops its power
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Fig. 3. Real data event for JACT1. The numbered shapes correspond to the above described
clusters. The star shows the direction of the air shower event as reconstructed by the HISCORE
array. The total amplitude summed over pixels (size) is 18500 photoelectrons (p.e.). The alpha
angle of the major axis is 11.2 degrees, and the measured image with (second image moment) is
0.41 degrees.

at higher energies, starting at about 100 TeV, where the measurement of the muon
component of EAS helps in discriminating hadrons from gamma-rays, as well as
identifying the nature of the hadronic cosmic rays.

2.4. Hybrid technique

A large instrumented detector area is key for accessing very high energies from few
TeV to several 100s of TeV. Using only IACTs and the well-established stereoscopic
technique requires a large number of channels per instrumented km?, because firstly,
each TACT has a large number of camera channels, and secondly, the IACT's cannot
be placed too far away from each other, in order to detect the same EAS in at least
two TACTs for stereoscopic reconstruction. As opposed to that, the instrumentation
of large areas with a timing array such as HISCORE is more cost effective, requiring
considerably lower number of channels per km2. However, while gamma-hadron
separation is possible with HiSCORE alone to a certain degree (and improving
with increasing energy!”), the separation power stays below the quality reached with
IACTs. Therefore, TAIGA implements a novel hybrid technique, taking advantage
of the strengths of both Cherenkov techniques. The effective area is maximized using
the timing array principle, and the gamma-hadron separation is optimized using
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the TACTs. More specifically, the strong points of HISCORE are the directional
and core position resolution. The strength of the TACTSs is the image shape. The
TACTs can be placed so far apart from each other, that each IACT is operated in
monoscopic mode, meaning that the Cherenkov lightpool of one air shower event
only hits one TACT, as shown in Figure 4. Without requiring a stereoscopic trigger,
the effective area of each TACT can be fully exploited and only 4 TACT's are needed
in order to cover an area of the order of 1km?. The loss of reconstruction quality
when using the IACTs in monoscopic mode as compared to stereoscopic mode can
be recuperated using the information of the HISCORE array on angular and core
position, as illustrated in Figure 5. The major axis of the IACT image in that
Figure is pointing towards the core position, which cannot be reconstructed with
the TACT alone, but is provided by the HISCORE array. For comparison, a classical
method for hadron suppression in stereoscopic systems is to use the mean scaled
width parameter, for which the core position is reconstructed stereoscopically and
the image widths of all IACTs are scaled according to MC-expectation. A similar
parameter in TAIGA is the hybrid scaled width, which is the image width from one
TACT, scaled with the MC-expectation for the given image size and using the core
position and direction as reconstructed by HISCORE. It was shown that the hybrid
scaled width achieves competitive rejection power.'* As opposed to stereoscopic
systems, this method does not suffer from deteriorating core impact resolution at
large distances (over the full HISCORE array, the core resolution is the same) and
also does not require closely spaced IACTs. The sensitivity of the air Cherenkov
components of the TAIGA experiment was estimated using MC-simulations and is
shown in Figure 6.

Fig. 4. Schematical drawing of the principle of hybrid operation.
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Fig. 5. Simulated hybrid event: as explained in Figure 4, the EAS impact position is reconstructed
using the HISCORE array. The major IACT image axis projected to the ground reference frame
(not drawn) is pointing towards the position of the reconstructed core impact position.

3. First results
3.1. TAIGA-HiSCORE

The angle integrating HISCORE array was installed in several stages since 2016. The
performance of the array was estimated using from MC-simulations and real data.
The relative angular and core position resolutions using a subdivision of the array
into subarrays (chessboard method) could be reproduced in simulations, verifying
the expected performance of TAIGA-HiSCORE.?* The relative station timing is
calibrated using stationary light sources and air shower data. A fast moving source
in the field of view of the array turned out to be the CATS Lidar onboard the
international space station. This light source could be used to verify time synchro-
nization and absolute array pointing.'® 16 As compared to the Tunka-133 array, the
measurement of the cosmic ray energy spectrum could be extended to lower energies
with TAIGA-HiSCORE, as indicated in Figure 7.

3.2. TAIGA-IACT

The MC detector simulation for the TAIGA-IACTSs is done using two simulation
chains: a custom MC simulation chain, and an adaptation of the sim_telarray pack-
age.?’ The image pixel photoelectron scale is calibrated using an LED illuminating
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Fig. 6. Sensitivity of the TAIGA experiment for 300 hours of observations in hybrid mode (with-
out muon detectors). A comparison to sensitivities of other experiments is not straight forward,
since also the angular and spectroscopic resolutions play an important role for measurements of
the morphology and spectra of astrophysical objects. TAIGA has a relative energy resolution of
better than 20% and an angular resolution of the order of 0.1°.

the whole PMT camera. Raw data are processed using two independent reconstruc-
tion chains to obtain air shower images (amplitude distributions of all pixels for each
event). Four different high-level analyses, based on the robust Hillas-parameters,
were applied to these image data. Figure 8 shows a comparison of the amplitude
distributions of the second-hottest pixel in real data and simulation. A comparison
of simulated and real image width is shown in Figure 9. The simulations describe
real data reasonably well.

After commissioning of the first TAIGA-TACT, our primary goal was to demon-
strate that the IACT is operational. For this purpose, observations of the standard
candle, the Crab Nebula, were carried out. After weather quality selection, a total
data set of 40.5h is obtained for analysis. Observations were taken in the wobble
mode (Wobble offset 1.2deg). The position of the Crab Nebula inside the IACT
camera is taken as the on-source region and the background was estimated from
off-source regions at identical distances to the camera center, from the same dataset.
The distribution of the alpha angle between the major image axis and the position
of the Crab Nebula inside the camera is shown in Figure 10. Selecting events with
an image size of at least 120 p.e., a clear excess can be observed. With a zenith angle
of 31deg, and taking into accout the altitude of the observation level, the efficiency
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Fig. 7. The all-particle cosmic ray spectrum measured with TAIGA-HiSCORE, compared to

different measurements by other experiments.
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Fig. 8. Distribution of the amplitude of the second-hottest pixel in IACT-1. Data are shown in
light grey, simulations are shown in dark grey.



The Sixteenth Marcel Grossmann Meeting Downloaded from www.worl dscientific.com
JBLIC SCIENTIFIC TECHNOLOGICAL LIBRARY OF THE SIBERIAN BRANCH OF THE RUSSIAN ACADEMY OF SCIENCES on 02/21/23. Re-use and distribution is strictly not permitted, except for O

3340

Zenith Distance 31 deg

20.0 A

17.5 A

15.0 1

12.5 1

10.0 1

7.5 4

5.0 A

2.5 1

0.0

[ 31:H, He, N, Fe
Data
[ Photons

0.05 0.10 0.15 0.20 0.25 030 0.35 0.40
Width [deg]

Fig. 9. Distribution of the image width for MC and real data.
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journal publication.
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of the optical system, and the cuts applied, the energy threshold of this data set
is 4.5 TeV . The significance?® of the observed excess is 6.3 0 (using a cut on alpha
smaller than 10deg).

4. Conclusion

The novel hybrid technique of the TAIGA pilot array combines the angle integrating
air Cherenkov timing techinque with 4m class imaging air Cherenkov telescopes,
taking advantage of the strengths of both techniques, i.e. large instrumented areas
with the HISCORE array, and gamma-hadron separation from image shape using
the TACTs. Additionally, a scintillator detector for particle detection above and
below ground will allow the measurement of the muon component, for improved
gamma-hadron separation at higher energies. The expected sensitivity of the future
5km? stage is in the region of 10~ ¥photons cm~2s~!. First stages of the 3 TAIGA
detector components are in operation. Monte Carlo simulations were compared to
real data, showing a good understanding of the detecots. Observations of the Crab
Nebula for 40.5h above 4.5 TeV resulted in an excess of 6.3 0.
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