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TAIGA experiment new results and development prospects
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Introduction

It is very important to investigate fluxes of neutral parti-
cles — gamma quanta and neutrinos, for studying a nature
of sources of high-energy primary cosmic rays (PCR).
At the first stage of development of ground-based high-
energy gamma-astronomy, the basic results were obtained
by means of facilities H.E.SS, MAGIC and VERITAS,
which included from 2 to 5 so-called IACTs (Imaging
Atmospheric Cherenkov Telescopes). However, a limited
sizes of the effective area (below 0.1km?) of these facilities

does not allow recording gamma quanta with the energy of
higher than 100 TeV with significant statistics. Breakthrough
in studying astrophysical sources, in which the particles
are accelerated to energies of about 1PeV and higher
(PeVatrons), occurred with start of operation of high-
altitude facilities designed to record EAS charged particles
of (extensive air showers): Tibet-ASgamma, HAWC and
LHASSO. They were used to record the gamma quanta
with the energy of higher than 100 TeV from more than
forty galactical sources and to record the gamma quanta
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with the energy of higher than 1PeV [1] from two sources
(the Crab Nebula and J2032+4102).

In recent years, a complex TAIGA-1 started taking
data [2] in the Tunka Valley, 50 km from the lake Baikal.
Its effective area for recording the gamma quanta with the
energy of higher than 100TeV is about 1km?, thereby
making it possible to start studying the PeVatrons by
recording EAS Cherenkov radiation for the first time. The
present study presents some of the latest results obtained by
means of the TAIGA-1 complex and suggestions for creating
the TAIGA-100 complex of the area of about 100 km?.

1. Studies of the PCR fluxes

An energy spectrum and a mass composition of the PCRs
are studied by means of all the facilities of the TAIGA
complex within the energy range from 10 TeV to 1000 PeV.
It is especially interesting to study a nature of break of the
PCR energy spectrum within a ,,classic knee* at the energy
of 3PeV, whose nature is still uncertain, a decrease of
spectrum inclination at the energy 20—30PeV and an issue
of whether an increase of spectrum slope at the energy of
100 PeV indicates a transition from galactic to extragalactic
PCR?

When processing the data from facility Tunka-133 that is
commissioned in 2009 and has an energy threshold of about
& PeV, a main parameter for restoring the EAS energy is a
photon flux at the distance of 200m from the EAS axis
Q(200) [3]. A wide-angle Cherenkov TAIGA-HiSCORE
facility [2] has a lower threshold (of about 200TeV) for
PCR recording. With these energies, the photon flux from
the PSBs is significantly smaller, therefore, a new method of
energy restoration has been developed, in which along with
the parameter Q(200) a density of the Cherenkov photon
flux at the distance of 100 m from the EAS axis Q(100) is
used.

Fig. 1 shows the PCR energy spectrum constructed as a
result of processing new experimental data that are obtained
during synchronous operations of all four clusters of the
TAIGA-HiSCORE facility for the seasons of 2022—2024
and of reprocessing the previously-obtained ones. The
data were process using, in particular, the new parameter
Q(100). Recording efficiency of more than 95% starts for
the energies above 300TeV. The energy spectrum has a
power-law shape E? and includes about 18 million events.
The spectrum well exhibits an increase of slope at the
energy of 3PeV and a decrease of slope at the energy of
20PeV. The spectrum inclination index y = (3.12 £ 0.01)
within the range 3—20PeV, y =2.97—0.03) within the
range 20—100PeV and py = (3.3 £0.2) above 100PeV.
Our new spectra are close to the spectra obtained in the
LHAASO facility by another procedure [4].

Fig. 2,a shows results of determination of the average
depth of the EAS maximum Xmax according to the data
from the TAIGA-HiSCORE facility for a vertical direction
of the optical stations for the seasons of measurements
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Figure 1. Energy spectrum of the cosmic rays according to the
data of the TAIGA-HiSCORE facility as compared to the results of
the other facilities. Approximation of data with the power law E”
with respective values of an energy spectrum’s inclination index .

during 2022—-2024. The value of Xpnax is unambiguously
related to slope of a spatial distribution function (SDF) and
duration of Cherenkov light pulses at the large distances
from the axis. The SDF slope was determined using
the parameter P, which is ,a ratio of the density of the
Cherenkov light flux at the distance of 80 m to the light flux
density at the distance of 200m, P = Q(80)/Q(200). The
same figure compares the new results as per data of the
TAIGA-HiSCORE facility with the results of the Tunka-133
facility, which are recalculated by the same procedure, and
with results of experiments RAO [5] and TA [6], which are
obtained by observing EAS fluorescent light. Fig. 2, b shows
an average logarithm of the mass of the primary cosmic
rays (InA), which is recalculated as per data about Xpax
by linear interpolation between calculated dependences of
the depth of the EAS maximum, depending on the energy
for primary protons and iron nuclei. At the same time,
calculated curves have been used for the model QGSJET-
I1-04 [7]. Around the ,knee“ our data on the PCR mass
composition (Fig. 2,b) are also close to LHAASO results.
Certain lightening is observed below the energy of 3 PeV,
so is weighting thereabove.

2. Energy spectrum of gamma-radiation
of the Crab Nebula

A typical distance between the five Imaging Atmospheric
Cherenkov telescopes (IACT) [2] of the TAIGA-TACT facil-
ity is about 250 m [8] (currently, four IACTs are involved
in data gaining, the fifth telescope will be commissioned in
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Figure 2. a is a depth of the EAS maximum; b is an average logarithm of the mass number, which is averaged over the composition of
the cosmic rays according to the data of the facilities TAIGA-HiSCORE and Tunka-133.

the nearest two years). The facility can record the gamma
quanta in a stereoscopic mode with the energy of more than
10 TeV. Procedures for determination of the energy and Xp,ax
of the events are realized by means of the framework Light
Gradient-Boosting Machine (LGBM) (fast implementation
of the GBDT algorithm), which makes it possible to create
and tune a set of successively learning solution trees. For
the gamma quanta with the energy of more than 20TeV,
energy resolution is ~ 20%, while restoration accuracy
Xmax is better than 20 g/cm?.

A procedure of distinguishing the gamma quanta with
the energies of higher than 10 TeV includes selection of the
event by the parameters: width — a normalized width and
6> — an angle between a restored EAS arrival direction and
a direction towards the observed gamma-quantum source
(see [9] for more details). Optimal values of selection
criteria are determined based on Monte—Carlo simulation
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Figure 3. / — the energy spectrum of the Crab Nebula as per
the data of the TAIGA-IACT facility; 2 — approximation of the
energy spectrum of this source, which is obtained by the LHAASO
observatory in the study [4].
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by maximizing a Q-factor, which is a ratio of a portion
of the gamma-quanta EAS-selected ones to a root of the
hadron EAS-selected ones. This approach made it possible
to achieve hadron EAS suppression in 10* times. The
respective selection criteria are nwidth< 0.4 and 6% < 0.04.
Significance of the obtained excess of gamma radiation from
the Crab Nebula is up to ~ 120. The energy spectrum of
gamma radiation of the Crab Nebula, which is constructed
by observation data by means of the TAIGA-IACT facility
in a stereo mode during 234 h for the period 2020—2023,
is shown in Fig. 3 [10].

The spectrum includes 5 gamma-like events with the
energy of more than 100 TeV. Two points with the
energies of below 10TeV were obtained in the season
during 2022—-2023, when the telescopes were updated and
sensitivity of the TAIGA-IACT facility increased.

3. TAIGA-100 — the hybrid facility for
multi-PeV gamma-astronomy

A project of the future TAIGA-100 complex with a hybrid
detector system on the area of about 100 km? is optimized
for studying the fluxes of cosmic rays and gamma quanta
within the energy range from portions of PeV to tens
of EeV. The basic elements of the complex will be wide-
angle Cherenkov stations with a view angle of ~ 1sr and
water Cherenkov muon detectors with the area of about
40m? each. The energy threshold of the system of these
detectors will be about 300 TeV. When observing the local
sources by this facility, the expected statistics of gamma
quanta with the energy of more than 0.5PeV will be in
1-5 times higher than by LHAASO. In particular, it will
allow recording more than 100 gamma quanta with the
energy of more than 500TeV for 100h of observations.
In order to solve gamma-astronomy tasks with the lower
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energies and to search for gamma quanta of the sub-TeV
energy from gamma-ray bursts, the complex will include
about 10 IACTs with the mirrors of the 4-m diameter (as
in the TAIGA-1 facility) and 2 IACTs with the diameter of
about 10m. In order to study high-energy cosmic rays, the
complex will include scintillation detectors, two fluorescent-
radiation telescopes and radio antennas.

In order to refine methodological and technical issues
and to demonstrate efficiency of the TAIGA-100 complex
for solving tasks of super-high-energy gamma-astronomy
and cosmic-ray physics, it is planned to create an operable
prototype of the area of 0.5km? by 2029 on a site of the
TAIGA-1 complex in the Tunka valley. According to the
results of preliminary studies, the most promising site in
terms of a set of natural and infrastructural factors for
creating the full-scale TAIGA-100 complex is the Borgoy
steppe in the Republic of Buryatia (about 200 km south of
the Ulan-Ude city).
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