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Solar-diurnal anisotropy of cosmic rays for 71 years
of observations

Daily vectors of solar-diurnal anisotropy of cosmic rays (CRs) are obtained based on the Climax
neutron monitor (NM) data for 1953-2006. These results are compared with similar anisotropy
vectors obtained with the Moscow NM data for 1966-2006 and by the global survey method for
1957-2006. During quiet periods, there is a good agreement between the results obtained with
different datasets and by different methods. A homogeneous reliable series of annual average
vectors of solar-diurnal anisotropy for CRs with a rigidity of 10 GV at quiet periods is formed.
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Carpet-3 EAS array efficiency estimates

Carpet-3 of BNO INR RAS is an array of scintillation detectors situated in Neutrino Village, Kabardino-
Balkarain Republic, Russian Federation. It is meant to observe extensive air showers (EAS) with
energies above 100 TeV.

We generated more than 200,000 EAS using CORSIKA 7.8000 with QGSJETIII and FLUKA2024
models from different primary particles: y-quanta, protons, helium and iron nuclei. Chosen energy
range: 10-300 TeV with a discrete uniform distribution, 6 distribution is uniform by cos?6 in
[0°,40°] range. The height of observation is 1700 m above sea level.

We created a Geant4 model of the Carpet-3 facility to estimate the efficiency of the array. The sim-
ulation program includes 1251 scintillation detectors and passive geometry (buildings and granite
embankment). The main result is the energy dependencies of the EAS detection and reconstruction
efficiencies.
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Development of method for determining the heavy
ion characteristics using solid-state detectors (glasses,
minerals)

The report presents the results of development of an algorithm for determining the charge and
energy of heavy ions based on the characteristics of the etched tracks in optically transparent
solid-state detectors. Initially, the procedure was developed for the experiment to search for and
identifying primary cosmic radiation nuclei registered in meteorite olivines, and their charge de-
termination. Currently, the algorithm is being upgraded for simultaneous determination of charge
and energy. The ability of the tested materials to preserve ion tracks at high temperatures is being
tested. These materials are promising, in particular, for registration by method of gas thermochro-
matography of fission products of superheavy nuclei synthesized on accelerators.
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Ultra high energy cosmic rays from the Galactic
center

It is shown that Eddington-like accretion event in the Galactic center several

million years ago and particle acceleration at accompanying shocks and jets could explain the the
observed cosmic ray spectrum at energies above 1 PeV. Cosmic ray particles are confined in ex-
tended

(several hundred kiloparsec in size) galactic halo. It is shown that the halo magnetic field could be
as small as

2 x 10~7 G for the effective confinement.
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A New Approach to Ground Level Enhancement
analysis

Ground Level Enhancement (GLE) refers to a rapid increase in the intensity of cosmic particles
reaching the Earth’s surface, typically associated with solar flares and coronal mass ejections.
This phenomenon is of significant interest due to the high energy of solar particles required to
initiate secondary particles in the atmosphere that can reach sea level, subsequently increasing
the counting rate in neutron monitors. This study proposes a novel approach by focusing on the
enhancements observed in the neutron monitors. The signals of 76 events were analyzed and clas-
sified based on their morphological features. Four distinct classes of GLE were identified. Further
examination of their temporal and amplitude characteristics revealed patterns that suggest vary-
ing underlying processes. This research provides valuable insights into the nature of GLEs and
may contribute to a better understanding of space weather phenomena.

Primary author: CHELIDZE, Ksenia (MEPhI)
Co-author: PETRUKHIN, Anatoly (MEPhI)
Presenter: CHELIDZE, Ksenia (MEPhI)

Session Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

Track Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

June 8, 2025 Page 5



The 5" Internati ... /Report of Contributions Dynamo&oscillation effects in su ...

Contribution ID: 6 Type: Original Talk

Dynamod&oscillation effects in supernova neutrino
spectra

The neutrino transport in magnetized stellar plasma of type II supernovae is considered paying
particular attention for fluctuations in neutrino-nuclear scattering. These effects can be described
by the Fokker-Planck equation for the neutrino phase space distribution function [1]. The respec-
tive kinetic coefficients are determined by energy transfer and straggling cross sections in neutrino
collisions with a magnetized nucleon gas caused by the neutral current Gamow-Teller interaction.
Such scattering leads to neutrino acceleration at realistic parameters of stellar environment. As is
shown the high-energy component of the electron antineutrino flux is enhanced in addition due to
neutrino oscillations. Such a strengthening of the spectrum hardness is particularly pronounced in
the case of the inverted mass ordering and makes the signal more registrable by ground-based de-
tectors. The possibilities of supernova neutrino observations by Cherenkov underwater telescopes
and sensitivity to mass ordering are discussed.

1. V. N. Kondratyev, JMPE 33 (2024) 2441024
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PROTON ACCELERATION RATE REQUIRED FOR

THE GLE EVENTS OF THE 24th AND 25th SOLAR
CYCLES

The AntiCoincidence Shield of the SPectrometer on the INTEGRAL (ACS SPI) records primary
and secondary HXR with energies E >100 keV. The secondary HXR is due to galactic and solar CR
protons. The ACS SPI is a perfect instrument for studies of temporal relation between solar HXR
flares and associated solar proton enhancements. The onset of a significant increase in the ACS
SPI count rate of concurrently or after a solar HXR burst might be considered as a moment of the
first solar protons arrival to the Earth’s orbit with energy less than 430 MeV — the atmospheric
cutoff. In some GLEs, the increases in the count rate of the ACS SPI detector are observed earlier
than the GLE onset registered by NMs, (GLE71) but in some other GLEs the situation is opposite
( GLE72). The delayed response of NM’s may indicate the reversal velocity dispersion due to the
small acceleration rate. The proton acceleration rate (effective electric field) was estimated from
a time difference between the onset of >100 keV electron emission and the SEP onset observed
by ACS SPI as well as neutron monitors network in cases of GLEs. The earlier onset of GLEs in
comparison with ACS SPI proton enhancement corresponds to acceleration of observable by NMs
amount of protons in the flare impulsive phase. In these cases the ACS SPI solar proton enhance-
ment is visible later due to high solar HXR background. The later onset of GLEs in comparison with
ACS SPI proton enhancement correspond to acceleration of very small amount of protons above
their atmospheric cutoff during the flare impulsive phase. The ACS SPI solar proton enhancement
is visible earlier due to better sensitivity to protons of energies below the atmospheric cutoff. The
majority of solar protons responsible for the 73rd, 74th, 75th and 76th GLE events (the GLE events
of the 25th cycle up to May 2025 have been accelerated in rather weak electric fields and as a result
look like subGLE events of the 24th cycle.
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On the usability of small-scale scintillation muon
telescopes

Perspectives and difficulties of using small (<1 m"2) particle detectors made with scintillating ma-
terials for measuring muon component of galactic cosmic rays will be discussed using the example
of an experiment carried out at IZMIRAN in last 3 years.

Parameters of the instrument will be shown. Special attention will be given to methods of cor-
recting the data for environmental effects, which play the bigger role when working with muon
component.

Scientific potential of using similar instruments for building networks distributed worldwide will
be assessed.
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March 24th, 2024 Forbush effect: cosmic ray

variations spectra, anisotropy and magnetospheric
current system parameters

Using data of ground-level cosmic ray observations at the worldwide network of neutron monitors,
Yakutsk muon telescope and URAGAN muon hodoscope (Moscow) and the spectrographic global
survey method, we calculated cosmic ray variations spectra and anisotropy, as well as changes
in the planetary system of rigidities of geomagnetic cutoff during the Forbush effect of March
24th, 2024. At the sites of muon component observations, mass-average air temperature was also
obtained. We demonstrate that cosmic ray variations spectra can’t be described by a power law
function in a wide range of rigidities, We established, that during the aforementioned event, a
“magnetic loop”-like structure of the interplanetary magnetic field was present at Earth’s orbit.
Based on the data on changes in the planetary system of rigidities of geomagnetic cutoff, we es-
timated parameters of the primary current systems of the magnetosphere during the March 24th,
2024 geomagnetic storm within an axisymmetric magnetosphere model.
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PA3SAETEHUE U30TOITOB BOAOPO/JA B
IKCINEPUMEHTE O1B3 MO ®OPME AAPOHHOI'O
KACKAJA

IIpobnema yccieqoBaHMUsA CIEKTPOB sifep AeTepust U TPUTUS SIBJISIETCS UacThio Gojee obrieit
Ipo6JIeMBI M3yUeHMs IPOLIECCOB YCKOPEHIS M PACIIPOCTPaHEeHMSI KOCMIYeCKIX Jyuelt. B mocnemqume
rofbI pa3Hble SKCIIePMMEHTHI IT0Ka3aJIy 3aMeTHbIE OTJIMUMS B CIIEKTPaX pasIMYHbIX KOMIIOHEHT,

a TakKe Ha4ye QOMOIHUTEIBHOTO "KoJIeHa” B CIIEKTPE I10 MATHUTHOM KeCTKOCTI. DTH 3 PeKTHI
TpebyIoT 00bsacHeHus. [ peltreHns mpobaeMbl HeobxoayuMa nHGOpMaLus O CIIEKTPax JeTPOHOB
BBICOKMX SHEPIUIL M, BOSMOKHO, TPMTOHOB. ITU YACTMILIBL SIBJISIOTCS BTOPMYHBIMU, 1 aHAINU3

MX CIIEKTPOB MOXKET IIOMOUb CeJIaTh BHIOOP MEXAY pasiMuHbIMIU ruiortesaMu. Ilpennaraercs
MeTOJ pa3esieHNs] M30TOIIOB BOJOPOJa B 00JIACTI BHICOKMX SHEPIIil, OCHOBAHHBIN Ha aHaJN3e

(b OopMBI afpOHHOr0 KacKafa B INIy60KOM MOHU3AI[IOHHOM KaJIOpUMeTpe, KOTOPBIiL Oy/{eT MCII0Ib30BaThCS
B rtaHupyemoMm sxcuepumenTte OJIBI. Bo3M0OKHOCTB TAaKOTO pasfesieHns paHee ObLIa IOKa3aHa
mpu obpaboTke pesynbraroB skcrepumenta COKOJI-2.
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Analysis of the time structure of extensive air

showers with E<=10"16 eV based on data from the
Horizont-T facility at the Tien Shan high-mountain

scientific station of the Lebedev Physical Institute

The Horizont-T installation at the Tian Shan High-Mountain Scientific Station of the Lebedev Phys-
ical Institute (LPI/FIAN), located at an altitude of 3350 meters above sea level, is designed for the
detection of extensive air showers (EAS) of ultra-high energies with axis inclinations up to 70°. The
capabilities of the equipment allow for digitization of signals recorded by scintillation detector sta-
tions with a resolution of 2 ns, enabling studies of the time structure of EAS, including so-called
multimodal events or events with delayed particles—signals that appear as multiple pulses sepa-
rated in time.

In the first stage, a simplified simulation of EAS signals with energies of 10'6-5x1018 €V in the
detectors of the Horizont-T prototype was performed using the classical Corsika-77500 code with
the commonly used QGSJETII-04 hadronic interaction model. It was shown that the occurrence of
multimodal events can be explained without invoking exotic particles or interactions, but rather
by the arrival of several particles or groups of particles from a single EAS within the detector’s
time gate.

The second stage of the study was based on the analysis of specially collected experimental data
from Horizont-T, consisting of random low-energy background events. The potential contribu-
tion of low-energy (E < 10'? eV) showers to the recorded signals from high-energy EAS was in-
vestigated. Low-energy events simulated using Corsika-77500 were analyzed, and conclusions
were drawn regarding the optimal parameters for simulations and the contribution of random
low-energy showers to the time profiles registered from high-energy EAS events.

In the third stage of the work, the developed event processing algorithms for Horizont-T were
applied to analyze a dataset of EAS events with energies near the detection threshold of the
installation—approximately 5x10*¢ eV. This experimental dataset is used to study the phenomenol-
ogy of multimodal events in comparison with artificial EAS events generated using Corsika-77500.

Primary authors: MrSAMOILOV, Mikhail (Lebedev Physical Institute); ANOKHINA, Anna (M.V.Lomonosov
MSU, SINP MSU)
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Studying the relationship between cosmic rays and
atmospheric electricity at the Tunka-Grande
scintillation array: status and prospects

Research on thunderstorm phenomena has been conducted for centuries, however, some funda-
mental questions remain unresolved. One of these is the mechanism of occurrence and propaga-
tion of lightning discharges. Initiated by high-energy (E > 10"15 eV) cosmic rays (CR) extensive
air showers (EAS) can be one of the factors influencing the mechanism of lightning development.
At the same time, the thunderstorm cloud itself probably plays the role of an active medium that
modifies the processes of EAS propagation.

In 2016, the Tunka-Grande array was commissioned and included in the TAIGA astrophysical com-
plex (Tunka Advanced Instrument for cosmic rays and Gamma Astronomy). It consists of an array
of scintillation detectors grouped into 19 stations on an area of 0.5 km2. The main objectives of
the experiment are to study the energy spectrum and mass composition of CR, as well as to search
for diffuse gamma radiation in the energy range of 10-1000 PeV by detecting the electron-photon
and muon components of EAS. In the summer of 2024, in order to study the relationship between
CR and atmospheric electricity, the hardware and software of three stations was upgraded, and
the EFM-100 surface electric field strength sensor was included in the dataset.

The report provides a description of the Tunka-Grande array, the results of joint measurements of
the flow of single atmospheric particles (electrons and muons) and the electric field strength for
the 2024 season. It is shown that lightning discharges with a range of more than 15 kilometers
have no effect on the flow of charged particles. Additionally, plans for further modernization of
the facility and research prospects are being discussed.
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Proposal for a next generation astronomy neutrino
telescope

In 2021, LHAASO observed a large number of Pevatrons in the Milky Way, which pointed out
the direction for the sensitivity design of the next generation astronomy neutrino telescope, and
it is expected to observe the precious neutrino celestial point source in the Milky Way only by
designing a telescope with at least 30 times the sensitive volume of the IceCube detector. Therefore,
we proposed the High-energy Underwater Neutrino Telescope project (HUNT). In order to realize
this project, we innovatively put forward the scheme of an optical module based on a 20-in PMT.
Relying on the Baikal-GVD experiment, we have deployed optical modules into Lake Baikal. Then,
it is planned to set up a small array in the near future to observe the atmospheric neutrino signal in
the South China Sea. At the same time, we built a detector simulation program based on GEANT4

and GPU parallel algorithm, and the performance expectations will be presented.
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MODELING OF EXTENSIVE AIR SHOWERS IN
PYTHIA 8.3 WITH MODIFIED HADRONIC
INTERACTION CHARACTERISTICS

One of the most relevant difficulties in the ultra-high energy cosmic ray (UHECR) physics is the
so-called “muon puzzle”. It refers to the observed excess of muons in extensive air showers (EAS)
induced by UHECR compared to the results of simulations. It is assumed that one possible solu-
tion of the “muon puzzle” could be the modification of hadronic interaction models. Some studies
suggest an idea of the excess of p”-mesons compared to p*-mesons. Other possible solutions may
include an increased yield of baryons or strange particles in hadronic interactions. However, per-
forming numerical calculations using standard EAS simulation tools within the framework of the
abovementioned modifications is a serious challenge.

In this study, the methods for modeling muon and hadronic components of the EAS induced
by UHECR are investigated using the PYTHIA 8.3 event generator which allows modification of
hadronic interaction parameters. In particular, the influence of hadronization parameters, such
as the probability of s-quark production relative to u- and d-quarks and the probability of vector
meson production relative to pseudoscalar mesons, on the EAS characteristics is studied.

It is found that the increase in the strange particle yield leads to a noticeable increase in the num-
ber of muons in the EAS. In addition, the simulations, including partial replacement of 7-mesons
by heavier mesons, also indicate an increase in the number of muons in the EAS and a shift in the
muon component energy spectrum. These results may support the hypothesis that changing of
the hadronization parameters may play a role in solving the “muon puzzle”.
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PRIMARY COSMIC RAYS ENERGY SPECTRUM BY
THE 3 YEARS DATA OF THE TAIGA-HiSCORE ARRAY

The TAIGA-HiSCORE EAS Cherenkov light array with total area of about 1 km"2 has collected
data during the 3 seasons of observation (2021 — 2024). Reconstruction of the primary energy with
Cherenkov light fluxes at the distances 100 and 200 m from the core with the adequate zenith angle
corrections let us obtain the energy spectrum in the range from 300 TeV to 10 PeV. Our spectrum
is in extreamely good agreement with the data of HAWC and LHAASO experiments.
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Hybrid complex of TAIGA-1 - current status and
development prospects.

Currently, the TAIGA-1 complex includes 4 Imaging Atmospheric Cherenkov Telescopes (IACT) of
the TAIGA-IACT facility, 295 wide-angle Cherenkov detectors of the TAIGA-HiSCORE and Tunka-
133 arrays, distributed over an area of 3 km"2, and 19 scintillation stations of the Tunka-Grande
installation. With their help, a large volume of experimental data has already been obtained on the
cosmic rays flux with energies from 200 TeV to several EeV and gamma quanta with energies above
3 TeV, including, for the first time, gamma quanta with energies above 100 TeV were detected by the
Cherenkov method, both within the framework of the hybrid and stereo modes. While the TAIGA-
1 complex continues to develop methods and technologies that are planned to be used to create
the TAIGA-100 complex with an area of about 100 km"2, the potential of the TAIGA-1 complex for
solving a wide range of physical problems is far from exhausted. In the coming years, it is planned
to commission the fifth IACT to significantly increase the sensitivity for detecting the charged
component of EAS by deploying new detectors of the TAIGA-Muon scintillation setup. In addition,
it is planned to begin studying atmospheric electricity, including thunderstorm phenomena. The
report presents plans for the development of the TAIGA-1 complex and a program of physical
research for the next 5 years.
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Is Lorentz Invariance Violation the Key to the Muon
Puzzle?

Recent experimental results have shown an excess of muons in extensive air showers produced by
cosmic rays with energies above 1017 eV. In this work, I discuss how even small deviations from
Lorentz-invariant physics could influence the interpretation of the current state of the so-called

« »
muon puzzle:
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Highlights of Recent Progress in UHE Gamma-Ray
Astronomy with LHAASO

In this talk, I will overview the recent studies of LHAASO in TeV-PeV gamma-ray astronomy,
including our measurements on supernova remnants, pulsar wind nebulae, massive star clusters,

microquasars, and diffuse emission from the Galactic Plane.
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High-energy photonuclear reactions contribution to
the ground-level muon content of extensive air
showers

In the extensive air showers (EASs), photonuclear reactions transfer energy from the electromag-
netic to the hadronic cascade and thus contribute to the muon production rate. However, the
high-energy (center-of-momentum frame energy > 100 GeV) photonuclear cross-section is poorly
constrained by laboratory experiments. This implies a systematic uncertainty in the Monte-Carlo
(MC) simulations of EASs. In this work, we develop a simple analytic approach to estimate this
uncertainty over a vast range of high-energy photonuclear cross-section models. We derive a para-
metric formula that estimates the expected number of muons at the ground level as a functional of
the assumed photonuclear cross-section. We fit the parameters using MC simulations and discuss

the physical implications in the context of the so-called ‘muon puzzle’.
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I/ICC}]e}Il,OBaHI/Ie aCTPOCl)I/ISI/ILIECKI/IX MCTOUHUNKOB
KOCMUNUYECKOoro n3nyueHms CcBepxBblCOKUX 3Hepr|/||7|

« »
Ha KOMIlJIeKCe YCTaHOBOK KOBep-3

B moxinage paccMaTpuBaeTcs COBpeMEHHOE COCTOSIHYE U IIePCIeKTUBBI pasBUTUSA YHUKAIBHOTO
KOMILIEeKca ycTaHOBOK BakcaHckoit HeitTprHHO 06cepBaTopuu VST PAH, cocrosiiiiero 3 IMBHEBBIX
ycraHoBok “Kosep-3” u “Anppipun’”, 1 BakcaHCKOro IOA3€MHOTO CLUHTIIUBILIMOHHOTO TEJIECKOIIA
(BIICT), muis mpoBeqeHUS MCCIIe{OBAHMIT aCTPO(M3MUECKIX ICTOYHIIKOB KOCMIIYECKOT0 M3y UeHNS
CBEpXBBICOKUX dHEPTUIL.

O O M3 OCHOBHBIX 3a1a4 ycTaHOBKY “KoBep-3” siBiseTcs n3MepeHye XapaKTepIUCTIK BHICOKOIHEPTMIHOTO
ramMma-m3JIydeHusI KOCMUUECKOro IPOVCX 0K /IEHNs, AJIS Uero He0OXOAMMO C BHICOKOII 3¢ peKTMBHOCTHIO
OTJeJISITh IMBHY, POKAECHHBIE IIePBUYUHBIMI lraMMa-KBAaHTaMI CBEPXBBICOKIIX S9HEPTMIL, OT OOBITHBIX
[ITAJI, 06pa3oBaHHbIX MEPBUUHBIMI IIPOTOHAMMU U simpaMu. [lis MpoBeqeHNs MCCIIeTOBaHMIT B
o6y1acTy raMMa-aCTPOHOMMIMY IUTAHUPYeETCsl yBenuueHne 3GPeKTUBHON IO PETUCTPALN

IITAJI ycTaHOBKOT “KOBep-3” o 104 M2 1 yBem4eHye IIOIAaM II0A3€MHOI0 MIOOHHOTO IETEKTOpa

o 615 m2.

B 11e710M KOMILIEKC YCTaHOBOK II03BOJIIET IIPOBOAUTD M3yUeHIIEe CIIEKTPA, COCTaBa M aHM30TPOIINN
KOCMMUECKHMX JIydell B IIIMPOKOM Mara3oHe MepBUUHbBIX 3Hepruit: 1013 - 1018 3B. PaccmarpuBaercsa
BO3MOKHOCTb peLlleHNs “MIOOHHOI 3arafKu” 110 pe3yJIbTaTaM OJHOBPEMEHHOTO M3y YeHMs] MIOOHOB
BbICOKOI (200 I'aB) n Hu3skoit sHepruu (1 I'sB) B IITAJI ¢ mepBUUHBIMY SHEPTUSIMIY B AMaria3oHe

1016 — 1018 3B mpm omHOBpEMEHHOI perucTpai JIMBHEN pa3HeCeHHbIMHI YCTaHOBKaMM KOMILJIEKCa.
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Mass Composition of Cosmic Rays in the 0.8-2 EeV
Energy Range: Muon Measurements from the
Upgraded Yakutsk EAS Array

We present the results of a study on the mass composition of cosmic rays (CRs) in individual
air shower events with energies of 0.8-2 EeV and arrival zenith angles less than 60°. The analy-
sis utilizes extensive air showers (EAS) recorded over three observation seasons (2021-2024) by
the Yakutsk EAS array following its major upgrade in 2019-2021. The CR composition was es-
timated by comparing the measured muon content in EAS with simulated predictions based on
the QGSJET-11.04 model. Our findings confirm the previously reported detection at the Yakutsk
array (for energies above 10 EeV) of four distinct groups of primary particles with different ori-
gins. These results are potentially significant for understanding the nature of cosmic rays in this
primary energy range.

Primary authors: KSENOFONTOV, Leonid (Yu.G. Shafer Institute of Cosmophysical Research and
Aeronomy SB RAS); Dr GLUSHKOV, Alexandr (ShICRA SB RAS); Dr SABUROV, Artem; LEBEDEYV,
Konstantin (ShICRA SB RAS)

Presenter: KSENOFONTOV, Leonid (Yu.G. Shafer Institute of Cosmophysical Research and Aeron-
omy SB RAS)

Session Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (>
100 TeV)

Track Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (> 100
TeV)

June 8, 2025 Page 22



The 5" Internati ... /Report of Contributions The Yakutsk EAS Array: Advanci ...

Contribution ID: 23 Type: Overview

The Yakutsk EAS Array: Advancing Cosmic Ray
Research Through Modernization and Future
Development

The Yakutsk EAS Array, one of the world’s longest-running cosmic ray observatories, has under-
gone major modernization (2019-2021) to enhance its detection capabilities. Currently operating
an upgraded hybrid system of scintillation and muon detectors, it provides precise measurements
of extensive air showers in the 10'°-10*° eV range. Recent results include mass composition stud-
ies and anisotropy analyses of ultra-high-energy cosmic rays. Future development focuses on
increasing the muon detector number, improving composition sensitivity, and participating in
multi-messenger astrophysics. The array’s unique capabilities continue to contribute to under-
standing cosmic ray origins and testing fundamental physics at extreme energies.

Primary author: KSENOFONTOV, Leonid (Yu.G. Shafer Institute of Cosmophysical Research and
Aeronomy SB RAS)
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On solar sources of interplanetary disturbances
leading to high-energy magnetospheric electron
enhancements in geostationary orbit

Based on measurements of magnetospheric electron fluxes with energies >2 MeV in geostationary
orbits, solar wind (SW) velocity, and geomagnetic activity for the period 1995-2023, a catalog of
electron flux enhancements has been compiled. For the events of this catalog, interplanetary dis-
turbances have been determined, after which high-energy electron fluxes (HEEF) begin to increase,
and their solar sources have been established. It is found that in 97.2% of cases, one of the solar
sources of interplanetary disturbances that led to electron flux increases were high-speed streams
from coronal holes (HSSs from CHs), in particular only HSSs from CHs were observed in 52.5%
of events, and in the remaining cases, HSSs from CHs were observed together with coronal mass
ejections (CMEs) after solar flares and/or filaments disappearance. The average behavior of the
HEEF, SW velocity and geomagnetic activity indices for events associated with the arrival of an
HSS from CH to the Earth is obtained. It is shown that electron flux enhancements events associ-
ated with interplanetary disturbances from HSSs from CHs and from CMEs differ in duration and
maximum electron fluence.

This research is funded by the Committee of Science of the Ministry of Science and Higher Educa-
tion of the Republic of Kazakhstan (Grant No. AP19678078 and Grant No. BR21881941).
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stitute of Ionosphere); Mrs TSEPAKINA, Irina (Institute of the Ionosphere); Dr SHLYK, Nataly (IZMI-
RAN); Dr ABUNIN, Artem (IZMIRAN); Dr ABUNINA, Maria (IZMIRAN); Dr BELOV, Anatoly (IZMI-
RAN); Mr NIKOLAYEVSKIY, Nikolay (Institute of Ionosphere)
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The LVD Experiment: 1992 to present

The Large Volume Detector (LVD) located at the Gran Sasso Laboratory is designed to continuously
search for neutrinos from stellar core collapses in our galaxy. The detector has been collecting
data since 1992 from the cosmic ray, neutrino astrophysics, and background research programs in
the underground laboratory. This talk presents a short overview of the previously obtained muon
results and the promising experimental tasks that can be solved using the underground scintillation
detector LVD.

Primary author: Dr AGAFONOVA, Natalia (Institute for Nuclear Research of RAS)
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Tlen Shan Experimental Complex: Current Status,
New Results, and Development Prospects

The report reviews the current state of research at the multifunctional detector complex of the Tien
Shan high-mountain scientific station of the Lebedev Physical Institute. The results of the search
for new phenomena in the field of cosmic ray astrophysics, high-energy atmospheric physics, and
geophysics are presented. In the field of cosmic ray astrophysics, the main results include the
study of EAS with a non-standard time structure, the detection of scaling violation in cosmic rays,
the detection of an excess of the muon component and an anomalous increase in the fluxes of
thermal neutrons and gamma quanta accompanying the passage of EAS in the energy region of
the “knee” in the cosmic ray spectrum, as well as the results of the development of a cosmic ray
spectrum model taking into account the existence of particles of strange quark matter. In the field
of high-energy atmospheric physics, experimental evidence on the relationship between cosmic
rays and processes in the thunderstorm atmosphere are presented, and the results of studying
the features of increasing the intensity of hard radiation at the moments of lightning discharges
inside thunderstorm clouds are considered. In the field of geophysics, the results of multichannel
monitoring of the radiation background in the TSHVNS area and the search for signals-precursors
of seismic activity are presented. Prospects for upgrading the complex and new research areas are
considered.

Primary author: Dr RYABOV, Vladimir (The P.N. Lebedev Physical Institute, LPI)
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Energy spectrum and mass composition of the

primary cosmic rays based on the intensity of muon
bundles detected in the NEVOD-DECOR experiment

The results of the analysis of the NEVOD-DECOR data on the study of inclined muon bundles
of cosmic rays for the period from 2012 to 2023 are presented. An original method for studying
the muon component of extensive air showers, local muon density spectra, was used. The data
are compared with the calculations based on the simulation of air showers using the CORSIKA
program for different models of hadronic interactions. The estimates of the energy spectrum and
the behavior of the mass composition of primary cosmic rays in a wide energy range from 210°15
to 310”18 eV were obtained. They are compared with the data of other experiments.

Primary author: BOGDANOV, Aleksei (MEPhI)
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INAF, Italy); PETRUKHIN, Anatoly (MEPhI); TRINCHERO, Gian Carlo (Sezione di Torino Dell’ Isti-
tuto Nazionale di Fisica Nucleare - INFN, Italy); TROSHIN, Ivan (Yurievich); Dr SHULZHENKO, Ivan
(National Research Nuclear University MEPhI); Dr SHUTENKO, Victor (National Research Nuclear Uni-
versity MEPhI); VOROBEYV, Vladislav (National Research Nuclear University MEPhI); YASHIN, Igor
(National Research Nuclear University MEPhI); YURINA, Ekaterina

Presenter: BOGDANOV, Aleksei (MEPhI)

Session Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (>
100 TeV)

Track Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (> 100
TeV)

une 8, 2025 Page 27
g



The 5" Internati ... /Report of Contributions EAS arrival direction reconstructi ...

Contribution ID: 28 Type: Poster

EAS arrival direction reconstruction in the
ENDA-INR experiment

The prototype of the ENDA (Electron Neutron Detector Array) cluster was created on the territory
of the INR RAS in Moscow (ENDA-INR). It consists of 16 electron-neutron detectors (en-detectors)
and using to study EAS (Extensive Air Showers) with energy above 1 PeV. Its purpose is testing
the registration methods and methods for signal processing. The paper describes the detectors
calibration method, the array fast timing estimation, an algorithm for reconstruction the shower

arrival direction and some preliminary results obtained from experimental series.

Primary authors: KYRINOV, Kirill (INR RAS); KULESHOV, Denis (INR RAS); MALIY, Igor (INR
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ENDA-INR extensive air shower experiment

The prototype of the ENDA (Electron Neutron Detector Array) cluster was created on the terri-
tory of the INR RAS in Moscow (ENDA-INR). The concept of the ENDA consists in simultaneous
registration of the electromagnetic and thermal neutron components (being a part of hadronic com-
ponent) of the EAS. The report is devoted to the first experimental data of the prototype together
with the simulation data.

Primary authors: KYRINOV, Kirill (INR RAS); KULESHOV, Denis (INR RAS); MALIY, Igor (INR
RAS); STENKIN, Yuri (INR RAS); SHCHEGOLEYV, Oleg (INR RAS)
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EAS Maximum Depth from the Space-Time Structure
of Cherenkov Light Based on the TAIGA-HiSCORE
Data

A new simulation using the CORSIKA code without accelerating coarsening of the results was
performed for the energy range of 1-100 PeV, taking into account pulse formation at the input
of the optical station of the TAIGA-HiSCORE array. Refined relationships between the steepness
parameter of the lateral distribution function (LDF) and the light pulse FWHM at distances of
200-400 m and the relative position of the EAS maximum have been obtained. The application of
the new simulated relationships to measure the EAS maximum depth (X,,,,,) by the data of the 3
seasons of the TAIGA-HiSCORE observations (2021 — 2024) are shown.

Primary author: TERNOVOY, Mark (ISU)
Co-author: TAIGA COLLABORATION
Presenter: TERNOVOY, Mark (ISU)

Session Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (>
100 TeV)

Track Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (> 100
TeV)

June 8, 2025 Page 30



The 5" Internati ... /Report of Contributions CUMyIIIUS PETUCTPALIIA ...

Contribution ID: 31 Type: Poster

Cumynsaumsa perncrpauum curHana ot

raMmma-Bcrnjiecka Ha Ha3eMHbIX TejlecKonax
TAIGA-IACT

B nociecBeuennn ramma-sceiteckoB (GRB) MoryT BeTpeuaThest raMMa-KBaHTHI ¢ 9Heprueil £ =
1 m Gonee. IlpucyTcTBME B CIIEKTpe raMMa-KBAaHTOB BBICOKOJ SHEPTMU MOXKHO OOHAPYIKUTD C
IIOMOILBIO HA3€MHBIX YCTAHOBOK, HAIIPUMeED, PACIPeNeéHHBIX UePEHKOBCKUX AeTekTopoB (HAWC,
LHAASO), min xe ¢ moMoIsio atMmochepHsbIx uepeHKoBckux teneckornos (H.E.S.S, TAIGA-IACT).

[Tpu HaTMUMY ABTOMATUUECKOL CUCTEMBI OBICTPOTO HaBEIEHNS 110 KOOPAMHATAM 13 OIIOBELLIEHIIT

0 raMMa-BCIIIECKaX MOKHO IIPOBECTY CeaHC HAOJIIOAeHISI 32 YUACTKOM Heba 1 IIPOBECTY BIAENEHIIe
ramma-cursaia. Ilorok ramma-kBanToB 1pu GRB Ha KOpOTKOe BpeMs MOKET IIPEBBIIIATE II0TOK
or KpaGoBuaHoit TyMaHHOCTM Ha HECKOJBKO IIOPSIAKOB, UTO CYLECTBEHHO YIIPOLIAET 3amady
nogaBieHus GOHOBBIX a{POHHBIX COOBITUIIL.

B Hacros1elt paboTe mpuBeReHa CUMYJIALS PErMCTPALIIM BBICOKOIHEPIIMYHOT0 FaMMa-M3JIy YeHIS
¢ omo1bio yepenkosckoro Teseckora TAIGA-IACT ua npumepe cobsrtuss GRB221009A.

[1] LHAASO Collaboration* et al., A tera—electron volt afterglow from a narrow jet in an ex-
tremely bright gamma-ray burst.Science380, 1390-1396(2023). DOI:10.1126/science.adg9328
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Potential sites for deployment of the TAIGA-100
project

The TAIGA-100 astrophysical complex is a project of a large-scale facility designed to solve a
wide range of fundamental problems in gamma ray astronomy, cosmic ray physics and particle
astrophysics. It will include several types of detectors to record various components of extensive
atmospheric showers over an area of 100 square kilometers.

A key aspect of the successful implementation of the TAIGA-100 project is choosing an optimal site
for its location. The report examines potential sites and analyzes their astroclimate by satellite data.
The importance of in-situ measurements is emphasized. A prototype of the astroclimate station
deployed on the area of the Tunka Astrophysical Center for Collective Use, where the operating
TAIGA-1 complex is located, is described. The results of the comparison of the predictions of the
Era5 model based on satellite data with the measured soil temperature profile at a depth of up to
3 m are presented, which allows assessing the accuracy of climate models and their applicability
for planning future studies.

Primary author: IVANOVA, Anna (NSU&ISU)
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The orbital telescope system ERA: Extreme
Relativistic Astrophysics

One of the most challenging tasks in modern astrophysics is determining the nature and origin of
cosmic rays with energies exceeding the Greisen-Zatsepin-Kuzmin (GZK) cutoff ("50 EeV), known
as ultra-high-energy cosmic rays (UHECRs). The primary difficulty lies in their extremely low flux,
necessitating experiments with vast exposure areas. The two largest ground-based observatories—
the Pierre Auger Observatory (Auger) in Argentina and the Telescope Array (TA) in the USA -
cover areas of approximately 3000 km?® and 1800 km?, respectively. However, neither Auger nor
TA can achieve uniform exposure across the entire celestial sphere, a crucial requirement for iden-
tifying UHECR sources. Moreover, discrepancies exist between their results concerning the energy
spectrum and composition of UHECRs.

An alternative approach to measuring UHECRs from low-Earth orbit (LEO) via extensive air shower
(EAS) fluorescence emission was first proposed by J. Linsley in the early 1980s and later developed
through projects such as TUS, JEM-EUSO, OWL, and POEMMA. This method offers the advantages
of a large observational area and uniform exposure over the celestial sphere. However, designing
instruments that combine large aperture, wide field of view, and high temporal resolution presents
significant technological challenges.

The ERA (Extreme Relativistic Astrophysics) project proposes a novel solution: deploying a constel-
lation of small spacecraft in LEO, each equipped with identical compact telescopes. Each telescope
has a relatively narrow field of view (710°) but is capable of detecting at least 10 particles with ener-
gies above the GZK limit. The telescopes are launched in pairs to enable stereoscopic observation
of EAS tracks, substantially improving the reconstruction accuracy of primary particle parameters,
particularly the depth of the shower maximum.

The initial phase involves launching two spacecraft to validate the technique and achieve the first
reliable detection of about a dozen UHECR events from space within one year of operation. Ulti-
mately, a fleet of 5 pairs of satellites will provide sufficient statistics to measure the UHECR spec-
trum across the entire celestial sphere, helping to resolve discrepancies between ground-based
experiments. This advancement will mark a critical step toward identifying the sources and ac-
celeration mechanisms of UHECRs and testing hypotheses about the existence of a nearby source
(within "10 Mpc), potentially enabling its identification.

This report presents the current status of detector development, including the optical system de-
sign, photodetectors, spacecraft subsystems, and organizational aspects of preparing and conduct-
ing the space-based experiment.

Primary authors: Dr KLIMOV, Pavel (Skobeltsyn Institute of Nuclear Research, Lomonosov Moscow
State University); Dr ZOTOV, Mikhail (Skobeltsyn Institute of Nuclear Research, Lomonosov Moscow
State University); Dr SHARAKIN, Sergei (Skobeltsyn Institute of Nuclear Research, Lomonosov Moscow
State University); Dr BORODIN, Artur (Joint Institute of Nuclear Research); CHUMAK, Sergei (Orbital
Systems); Dr KUZNETSOV, Mikhail (Institute for Nuclear Research of the Russian Academy of Sci-
ences); Dr LIVSHITS, Irina (University ITMO); PERETYATKO, Oleg (Skobeltsyn Institute of Nuclear
Research, Lomonosov Moscow State University); Dr RUBTSOV, Grigory (Institute for Nuclear Research
of the Russian Academy of Sciences); Dr SAPRYKIN, Oleg (Space Regatta Consortium)
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METOII, onpeapeneHnda sHeprum ramma KBaHTOB 110

paHHbiMm AYT B akcnepnmente TAIGA Ha ocHoBe
aHann3a cyLlecTBeHHbIX MPU3HAKOB, BblAeNsAeMbIX C
NOMOLLIbI0 aBTO3HKOEepOB.

OpHOII 113 OCHOBHBIX 3a7jau MCCJIEOBAHMSI FaMMa ICTOYHMKOB C IIOMOILIbI0 aTMOC(EPHBIX UePEHKOBCKUX
teneckornoB (AYT) aBisercs BOCCTAHOBIIEHNE SHEPTETMUECKOTO CIIEKTpa JMCIIYyCKaeMbIX raMMa
KBaHTOB. B TpaguIoHHOM MeTO/e OIIpeiesIeHIsI SHepIMIL FaMMa KBaHTOB (PU3IUeCKIIe XapaKTepUCTUKI
BOCCTAaHABJIMBAOTCS [TyTEM aHAJIN3a [TapaMeTpOB XILiaca, oJyUeHHbIX 13 n3obpaxennit [ITAJI

Ha AYT 1 KOTOpBIE IBISIOTCS CJIEACTBIEM CTATICTINUECKMX MOMEHTOB M300paxkeHus. Mx uncio
KOHEUHO ¥ OIIpeesIsieTCS SMIIMPUUEeCKUMY cOO0paKeHMsIMM. MBI IpecTaBIIseM albTepHATUBHBII
meron o6paborku maHHbIx AUT, ocHOBaHHBI Ha HOPMUPOBAHUI APYTOr0 HAOOPA CYII[eCTBEHHBIX
IIPM3HAKOB C IIOMOIIIBIO HEIIPOHHBIX CETell - aBTO9HKOAEPOB. B kauecTBe abTeHaTMBHOTO Habopa
CYIIeCTBEHHBIX IIPM3HAKOB IIpeJjlaraeTcs JMCIOIb30BaTh ITapaMeTPhl CKPBITOIO IPOCTPAHCTBA
ABTOHKOMEPOB, KOTOPbIE, KaK I IapaMeTpbl X1itaca, cofgepskaT MH(opMaluio 06 n306paxeHnn

B CKaToli popMe, HO, B OTIINUME OT TPAAUIIIOHHOIO II0X0/[a, PA3MEPHOCTh CKPBITOTO IIPOCTPAHCTBA

He GpUKCUpOBaHa M MOXKeT ObITh OIITUMI3MPOBaHAa TaK, UTOOBI HAMJIYUIIINM 00pa3oM BOCCTAHABJIMBATh
MCXOMHBbIe (pr3MuecKye mapaMeTpsl raMMa KBAaHTOB.

Hcnonb3oBaHMe CKPBITOTO IIPOCTPAHCTBA aTO9HKOEP IJId BBIeJIeHN CyII[eCTBeHHBIX ITPI3HAKOB
IIpeCTaBIIIET OCOOBIN MHTEPEC B CIyUae aHaIM3a MyJIbTMMONAIbHBIX JAHHBIX. B uacTHOCTH, MBI
IIpeAIIoIaraeM paclpoCTPaHNUTD IIPeIIOKEHHBIN METO AJIT COBMECTHOTO aHAIM3a MaIbTUMONATIBHBIX
JaHHBIX, oydeHHBIX ¢ AUT u maccuBa uepeHkoBckux gerekropoB HiSCORE B skcnepumMeHnTe
TAIGA.

B mamHOII paboTe paccMaTpUBaeTCsd METO] BOCCTAHOBJICHNS SHEPI I FaMMa KBAaHTOB Ha IIpIMepe
Momnre-Kapno naaubix AUT nna ycranosku TAIGA nyTeM BbIfeIeHNS CylIeCTBEHHBIX IIPM3HAKOB

C IIOMOIIBIO HEIIPOHHBIX CeTell TUIIa aBTO3HKOED, MCCIeqyeTcs 3aBUCUMOCTb KaueCcTBa BOCCTAHOBJIEHNS
SHepPIUy raMMa KBaHTOB OT Pa3MEepPHOCTY CKPBITOTO IIPOCTPAHCTBA M IIPOBOAUTCA CPaBHEHNE C
TPaAMIVIOHHBIM IIOJXOA0M BOCCTAHOBJICHNUSA SHEPTUIL.

PaGora BeimotHeHa npu ¢puHaHCOBOI noaaepskke PH®, rpant Ne 24-11-00136
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BausHue meToaoB npeaoopadoTKu JaHHbIX
aTmocdepHbIX UepeHKOBCKUX Te/IeCKOMNOB Ha
TOUHOCTb BOCcCTaHOBNeHnsa napametpos LWAIJ]

AtMmocdepHbie uepeHKOBCKeE TestecKoIsl (AYUT) ceromHs akTIBHO UCIIONb3YIOTCS B FaMMa-aCTPOHOMMIIL.
C X IOMOIIBIO PETUCTPUPYIOT YITIOBOE pacIipeeieHIle YePEHKOBCKOTO CBETA IIIMPOKIX aTMOC(EPHBIX
nusHeil (IIAJ]), "HUIUUPOBAHHBIX MIEPBUUHBIMU UACTUL[AMU BBICOKUX sHepruit. HabmoneHus
OCJIOKHSIIOTCS HAIMYMEM ITOCTOSHHOTO (JOHOBOTO IIIyMa, HAIIpUMep, CBeUeHNe HOYHOro Heba,
AQHTPOIIOTeHHAS 3aCBETKA. DTO IPUBOIUT K CHIKEHUI TOUHOCTY BOCCTAHOBJIEHUS PUSMUECKUX
nmapamerpoB [ITAJ], a MHOTAA ¥ K PErMCTPALN JIOKHBIX COObITMIL. [l BBIOENeHus obJacTeil

¢ nsobpaxennem IIIAJI o poHOBOTO IITyMa, B IIpoLiecce MpeBapUTEIbHOI 00pabOTKY JaHHBIX
MIPUMEHSETCS IPOLEAYPhl OUMCTKY M300paskeHuit (cM., Harpumep, [1]). Hecmorpst Ha To, uTo

Takue Mpouenypsl 3QPEeKTUBHO YIANAIT 3HAUUTEIBHYIO YaCTh IIYMOBBIX MMKCEJEN, OHU BCE

Ke BHOCAT YICKaXeHms: B n3o0pakenus IITAJ], uro yxy/qiaer KauecTBO IIOCIEAYIOIIEro aHanmu3a
nauubix. Ocoboe 3HaUeHNMe BAMSHIS Ha KAUeCTBO BOCCTaHOBIeHMs mapameTpos IITAJT sto Bompoc
puobpeTaeT Mpy IOCTPOEHNM HEIIPOCeTEBBIX MOl aHaINI3a JAHHBIX [AJISI IIOATOTOBKI 00y YAoK
BBIOOPOK Ha ocHOBe MonTe-Kapio maHHbIX.

B nannoii pabore ncciaenyeTcs cTelneHb BHOCUMBIX ICKKEeHMS TapaMeTpoB Xiuliaca Y MCII0Ib30BaHNIN
PasIMUHBIX IIPOLEAYP IPenobpaboTKy M306pakeHN!IT, & TAK)KE BO3SMOXKHOCT YMEHDBLIEHVIS TAKIX
MCKaKeHUII ITyTéM MoauduKauy npouenypsl tail-cut cleaning. IlpenoxeHHbIN IIOAXOR AlIpOOMPOBaH
Ha nauubix AUT actpodusuueckoro komruiekca TAIGA [2]. On MoskeT ObITh AHaTITUPOBAH U [JIs
npyrux AYT ycraHOBOK.

Pa6ora BeimonHena npu puHaHcoBoit noaaepxke PH®, rpant Ne 24-11-00136

[1] Daum A. et al. First results on the performance of the HEGRA IACT array //Astroparticle
Physics. - 1997. - T. 8. - Ne. 1-2. - C. 1-11.

[2] Kuzmichev L. A. et al. TAIGA gamma observatory: status and prospects //Physics of Atomic
Nuclei. - 2018. - T. 81. — C. 497-507.
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Hybrid detection of Cosmic Rays with ENDA-64

The Electron-Thermal Neutron Detector Array (ENDA) is located at Haizishan, Daocheng, Sichuan
Province, China, at an altitude of 4410 meters. The scientific goal of ENDA is to measure the
composition-resolved energy spectrum of cosmic rays, particularly in the knee region, through
joint observations with LHAASO. Currently, 64 detectors, so called ENDA-64, have been deployed
at the LHAASO site and have been operational for over a year. This report presents the current
status and results of ENDA-64, including the detector’s operational performance, measurements of
secondary particle distributions and event reconstruction. Efforts have been made to explore the
potential for cosmic ray energy determination and composition separation by combining ENDA’s
neutron and electron detection with LHAASO-KM2A’s electron and muon detection. This report
also outlines ongoing work and anticipated directions for further studies with ENDA and its col-
laboration with LHAASO.
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The results of the development of the setup of
SPHERE-3 for studying the composition of the PCR
in the field of 1-1000 PEV. The status of 2025.

The SPHERE-3 setup is destined to register the EAS Cherenkov light, both the direct and the re-
flected from the snow surface. A set of methods and new approaches in the measurement technique
enable substantial progress in the study of the primary cosmic ray composition in the energy range
1-1000 PeV. The present work reveals the current status of the project development and detector

performance modeling.
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Development of the method for the assessment of
EAS primary particle mass by the data of both the
direct Cherenkov light detector and the
snow-reflected light telescope of the SPHERE-3 setup

The SPHERE-2 telescope constructed for the registration of EAS by the Cherenkov light reflected
from the snowed surface used a method for the shower classification by the primary mass based
on the steepness of the light lateral distribution function on the telescope’s mosaic. The simulation
shows that the classification errors for a criterion by the characteristics of the direct Cherenkov
light are lower. For this reason the next generation setup SPHERE-3 will be equipped with an
extra detector of the direct light. As the two detectors will see different aspects of an event, the
development of the criterion using the data of both can improve the classification quality.
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The project of a ground-based wide-angle EAS
Cherenkov light imaging detector for PCR mass
composition study in the 1-1000 PeV energy range

This report presents a draft of a new detector designed to determine the chemical composition of
primary cosmic rays based on the characteristics of the angular distribution of Cherenkov light
from EAS. The installation, consisting of several such detectors, will be able to register individual
EAS events in the energy range from 1 to 1000 PeV with high angular resolution of up to 0.3
degrees. The proposed detector’s distinctive feature is its simple design and wide viewing angle

of up to +30 degrees.
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Modernization of database and algorithms for
processing events in the Yakutsk EAS array

In December 2024, an upgraded data recording and processing system was put into operation at
the Yakutsk extensive air shower (EAS) array, and an additional detector grid with a step of 250 m
was deployed, which covers the central part of the array with an area of 0.16 km?.

In this report we will describe the upgraded software package for event processing and present the
first results of its operation. As part of this work, a unified server database was created, combining
data with different formats accumulated over the entire period of operation of the array since
1973. Event processing algorithms were updated and an analysis of the accuracy of reconstructing
shower parameters was carried out based on Monte Carlo modeling. The first scientific results

obtained on the new data collection and processing system are presented.
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Yakutsk EAS array. Current status

The Yakutsk EAS array is designed to study ultra-high-energy cosmic rays reaching the Earth’s
atmosphere. For more than 50 years, the Yakutsk array has maintained continuous operation. It
is the longest-running experiment in the world to register ultra-high-energy cosmic rays. The
current state, development prospects of the array, and the latest scientific results are presented.
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Elaboration of the method for the primary energy
estimation by the EAS image in the telescope of

snow-reflected Cherenkov light of the SPHERE-3
setup

The energy estimation method is based on the inverse interpolation of the dependence of the
integral over the axially symmetric function approximating the EAS image on the distance from
the

detector axis to the shower axis on the snow. For the approximation and the parameters derived
from it to be authentic the shower axis should hit the snow within the field of view of the telescope.
Due to the fluctuations of the reflected photon flow a random local maximum can be mistaken for
the absolute one, corresponding to the shower axis, while the true axis is not visible. A method
was

developed to filter out such situations which decreases the mean uncertainty of the primary energy
estimate.
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Selection of the cosmic rays light component from
data of the TAIGA-IACT facility in the stereo
observing mode

The TAIGA astrophysical complex [1], located in the Tunka Valley (Republic of Buryatia), covers
an area of about 1.1 km? and is designed to study gamma rays with energies above 3-4 TeV and
cosmic rays with energies above 200 TeV. The complex includes the TAIGA-IACT facility, which
currently consists of four atmospheric Cherenkov telescopes.

TAIGA-IACT makes it possible to distinguish extensive air showers (EAS) induced by primary
gamma rays from hadronic EAS with high accuracy, and therefore TAIGA-IACT data are used to
solve gamma-ray astronomy problems. In this work, we propose a technique for using TAIGA-
IACT data in stereo mode to extract the light component of cosmic rays. The methods for the
reconstruction of the main parameters of EAS are presented: the EAS axis, the direction of arrival
of the primary particle, the depth of the maximum of the shower development, and the particle
energy.

1. L. A. Kuzmichev et al. Cosmic ray study at the astrophysical complex taiga: Results and
plans // Physics of Atomic Nuclei. — 2021. — Vol. 84, no. 6. — P. 966-974.
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Estimation of the capabilities of the SPHERE-3
Cherenkov telescope by determining the parameters
of the primary cosmic particles.

New results of modelling the operation of the new Cherenkov telescope SPHERE-3 are presented.
The telescope will be able to detect cosmic particles by direct and reflected Cherenkov light of
EAS. Dual detection improves the accuracy of determining the parameters of the primary particle.
The study is based on the data bank of distributions of the EAS Cherenkov light obtained on the
Lomonosov-2 supercomputer. The accuracy of determining the energy and type of the primary
particle from the reflected and direct flux of Cherenkov light is estimated.
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Investigations of extensive air showers in the
Experimental complex NEVOD

The main information about high-energy cosmic rays (above 10°15 €V) is provided by the extensive
air showers (EAS), which are formed as a result of interaction of primary cosmic rays (PCR) with
nuclei of atmospheric atoms. In the energy range from 10"15 to 10°17 eV, the PCR energy spectrum
reconstructed by the data of EAS experiments has features which cannot be explained within the
frameworks of existing models of cosmic ray origin.

Studies of air-showers in the energy range of 10°15-10"17 €V are carried out in the Experimental
complex NEVOD. The NEVOD-EAS array allows detection of the electron-photon component, the
Calibration Telescope System ensures selection of the EAS muon component, and the URAN array
measures the air-showers hadronic component.

The lateral distributions of the electron-photon, muon, and hadronic components of the air-showers
obtained by the data from these facilities are presented. The technique for reconstructing EAS pa-
rameters and PCR energy spectrum based on the NEVOD-EAS array response is described.
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[Mouck coBnagenuin HentpuHo Ha BIICT ¢
CUrHazamm rpaBuTaLMOHHO-BO/NIHOBbIX 1€TEKTOPOB

LIGO, Virgo n KAGRA Bo Bpems nx 4-ro
Ha0OnwaaTenbHOro nepuojaa

I'paBuranuonno-sonHoBble getekTopbl LIGO, Virgo n KAGRA B Hacrodlllee BpeMd HaXOOATCS

B cTaauu 4-ro HaOIIOJATENBHOTO ITepuoaa (mo oKT0ps 2025 r.). I/IH(bopMauMﬂ 0 KaHamaaTax B
IpaBUTAIIOHHO-BOJIHOBbIE COOBITHUS ITOsiBisieTcs Ha moprane The General Coordinates Network
(GCN). Ha Bakcanckom noasemHoM cumHTIWULIIoHHOM Teseckorte (BIICT) ocyuiecTBisercs
CBOEBpeMeHHas CBepKa 3aperuCTPUpPOBAaHHBIX MIOOHHBIX HEITPIHO C KAHAMJATaMI B IPaBUTAIMIOHHEIE
BoiHBL. IloMck coBmageHMIT ocylecTBIAETCS OIS BCeX TUIIOB olloBelleHMi1 Ha nopTane GCN,
BKJIIOUAsi aBTOMATIMUECKNE («IIpeBAPUTENbHbIE»). PacCMATPUBAIOTCS Pa3IUUHbIE MTOJXOABI K
CBepKe COOBITIIL U CITOco0aM oIpeesieHs pe3yrbraToB. [I[poBeneHa npexBapurenbHas o0paboTka

MMEILINXCI Ha JaHHBIII MOMEHT TaHHBIX.
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Optimization of the model of the direct and
snow-reflected Cherenkov light detector SPHERE-3

The description of the model and its construction blocks, i.e. EAS event processor, physical model
of the reflected light telescope in Geant4 and the image handling procedure, is presented. The
process of the optimization of the model and the processing conveyor is explained.
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MpoekT actpocdusnueckoro komnaekca TAIGA-100

Actpodusnueckuit komruieke TAIGA-100, rroransio 100 KM2 , cO3xaeTCs AT IPOBeAeHI MCCIIeJOBAHMIL
B obstacTyt raMMa-acTpoHoMuy [1aBHBIX 9Hepruil 1 KOCMMUUECKUX JIyUell CBEPXBBICOKUX SHEPTUIL.
B moxnane 6ymeT mpeacTaBieHa HayuHas IIporpaMma IIpoeKTa, 6a30BbIe eTeKTOPHI M IIporpaMma

Ppa3BEPThIBAHIIA aCTpO(bI/ISI/I‘IeCKOI‘O KOMILJIEKCa.
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Studying of the muon energy spectrum in the
Baikal-GVD neutrino telescope

The muon component of extensive air showers (EAS) is widely used in the High-energy Physics
as a tool for studying the processes of nucleus-nucleus interactions and secondary particle decays.
Muons with energies above 100 TeV (very-high energy muons, VHE-muons) can provide infor-
mation about new processes of muon generation. So the task of measuring the energy spectrum
of such muons is promising. Nowadays, the only instrument for measuring the energy of VHE-
muons in the range of above 10 TeV are the gigaton neutrino telescopes, such as IceCube and
Baikal-GVD.

VHE-muons lose their energy stochastically, producing high-energy cascades, which could be used
for the muon energy spectrum estimation. High-energy cascades selection technique is based on
reconstructing longitudinal energy loss profile of muons with Cherenkov light and on determining
the ratio of it’s maximum and medium values (the peak-to-median ratio p/m). In this work, the
abovementioned technique was tested for the Baikal-GVD detector, and the spectrum of cascades

from EAS muon bundles was analyzed.
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Multicomponent EAS studies involving the hardware
and software system for storing and analyzing large
volumes of the Experimental complex NEVOD data

The Experimental Complex (EC) NEVOD includes a set of scientific facilities for studying extensive
air showers (EAS): the Cherenkov water detector NEVOD, the calibration telescope system CTS,
the coordinate detectors DECOR and TREK, the arrays of scintillation detectors URAN, PRISMA,
NEVOD-EAS which measure different EAS components. In order to develop multicomponent EAS
studies, the hardware and software system (HSS) for storing and analyzing large amount of the EC
NEVOD facilities data is being created.

The HSS hardware part is a set of network attached storages and high-performance servers for
storing and analyzing data. The software part is based on the database management system Mon-
goDB, as well as on the specialized software developed with the Python programming language.
The report presents the results of the analysis joint events obtained with HSS, which demonstrates
the possibility of the multicomponent EAS studies with the EC NEVOD facilities. The results
of EAS parameters reconstruction for modeled and experimental joint events in the NEVOD-EAS,
CTS,DECOR are shown. The lateral distribution function of the EAS muon component is measured
based on the CTS data in joint events with the NEVOD-EAS. The possibility of reconstructing the
number of EAS muons based on the CTS data is experimentally assessed. The PCR energies, re-
constructed with the LMDS method and with the traditional methods by the EAS electron-photon
component, in joint events of the DECOR and NEVOD-EAS facilities are compared.
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Characteristics of the extensive air showers detected
with the URAN array

The URAN array was constructed at the Experimental Complex NEVOD to study extensive air
showers (EAS) in the energy range of 10"°-10"" eV. The URAN array consists of 72 detectors com-
bined into 6 clusters of 12 detectors and installed on the roofs of two buildings of the experimental
complex. The array simultaneously detects both the electron-photon and hadronic (via thermal
neutrons) EAS components.

The technique for calibrating the URAN array detectors by means of the joint EAS events, recorded
also by the existing NEVOD-EAS array, is considered. The main characteristics of the recon-
structed EAS are presented: the lateral distribution functions of the electron-photon and hadronic
components, the size spectrum, and other distributions of air-shower parameters.
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Track reconstruction in the Cherenkov water
calorimeter NEVOD

Cherenkov water calorimeter (CWC) NEVOD is the main part of the Experimental complex (EC)
NEVOD designed to detect cosmic rays on the Earth’s surface. The CWC detection system repre-
sents a spatial lattice of the quasi-spherical modules (QSM), located at its nodes. The QSM is able to
measure Cherenkov radiation practically in the entire solid angle of 47. Due to the modernization
of the EC NEVOD and the increase of the QSM spatial lattice volume from 800 m? to 1200 m?, the
development of new and adaptation of old reconstruction methods are required.

Track determination in the CWC NEVOD was carried out by the “simple” method, in which the
particle direction was reconstructed by summing the amplitudes from the photomultiplier tubes
directed along one axis. The analysis shows that for particles passing through the center of the
QSM array, the “simple” method gives errors in track reconstructing by angle from 2° to 20° and
by distance to the center of gravity of about 1 m.

The maximum likelihood method was used to increase the reconstruction accuracy. The depen-
dence of the photomultiplier response on the distance to the track and on the incidence angle of
Cherenkov light to the photocathode was obtained for calculating and analyzing the likelihood
function.

In the talk, the results of single particle track reconstruction by the “simple” method are presented.
The dependence of the PMT response on the distance to the track and on the incidence angle of
Cherenkov light to the photocathode is obtained. The features of the likelihood function, taking
into account the obtained dependence, is discussed.
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The systematics of the theoretical studies of the
muon excess in UHECR

The problem of the excess of muons in extensive air showers (EAS) from ultra-high energy cos-
mic rays (UHECR) in comparison to the simulation predictions, also known as the “muon puzzle”,
stands as a bright signal of the incompleteness of our knowledge of high-energy cosmic ray physics.
In principle, there are several ways to explain this phenomenon. One can suggest changes in the
cosmic ray mass composition and energy spectrum, including the scenarios with exotic nature
of the incoming particle. Another approach is to consider the modification of the hadronic inter-
action models for taking into account new effects, states of matter, and physics. Some studies
investigate the possibilities of the non-hadronic origin of the muon excess.

This report presents a systematized review of the theoretical approaches and hypotheses aiming
to solve the “muon puzzle”. A review for the important EAS properties, that should be considered
when studying the muon production, is given. A brief examination of the proposed ways to explain
the deficit of muons in the simulations is done. The main focus is placed on the modifications of
hadronic interaction models, including those that attempt to consider the exotic states of matter.
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Analysis of the energy deposit of EAS cores in the
Cherenkov water calorimeter NEVOD

The Experimental complex NEVOD includes a set of facilities for the investigation of extensive
air showers (EAS). Two of them are: the Cherenkov water calorimeter (CWC) NEVOD and the
NEVOD-EAS air-shower array. The CWC measures energy deposit of EAS cores. The NEVOD-
EAS detects the EAS electron-photon component in the primary energy range of 1015-1017 eV
and allows reconstructing the main air-shower parameters: the size, the arrival direction and the
core position.

According to the NEVOD-EAS data, it is possible to select EAS events, in which the air-shower
core falls within the CWC NEVOD boundaries. The CWC response to these events can be observed
within the time gate of up to 1 Ks starting from the NEVOD-EAS event timestamp. In such joint
events, it is possible to measure the energy deposit of EAS core in the CWC NEVOD by the number
of detected charged particles.

In the talk, the estimates of the CWC NEVOD counting rate, taking into account the muon flux
integral intensity, obtained by simulation are discussed. Also, the spectrum of energy deposit in
the CWC NEVOD in joint events with the NEVOD-EAS array are presented.
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Nonmonotonic change with energy of the mean
logarithmic mass of cosmic rays in the knee region:

the mechanism of formation of this feature and
sources of particles

Recently, the Large High Altitude Air Shower Observatory (LHAASO) published measurements
of the all-particle CR energy spectrum and the mean logarithmic mass of CRs with unprecedented
accuracy in 0.3 - 30 PeV. The mean logarithmic mass shows a nonmonotonic change with energy,
a feature observed for the first time.

Phenomenological studies of the cosmic-ray flux and its mass composition in the knee region
have been conducted in many papers utilizing the most up-to-date data available at different times.
However, this technology is not a model in the usual sense since it does not try to explain the data.

In this work, we present a new approach to describe the mechanisms of formation of this feature.
The key elements of this approach are the non-classical diffusion model of cosmic rays developed
by the authors in which the knee in the observed spectrum occurs naturally without the use of
additional assumptions, as well as power-law asymptotics before and after the knee, and a soft
spectrum of particle generation in cosmic ray source.

To obtain a more complete picture of the spectrum formation in the region of the knee and the
sources that form it, we carried out calculations of the spectra of the main groups of nuclei in
the energy range of 1 TeV - 100 PeV. It is shown that the behavior of the all-particle spectrum
and mass composition in the knee region is determined by local pevatrons located at a distance
of 750-900 pc from the Earth. The position of the knee practically coincides with the break in the
spectrum of helium nuclei. The contribution of the light components p + He is about 70%, the CNO
group provides ~ 13%. The energy spectrum index of the light components is —2.61 before the
knee. The nonmonotonic change in the mean logarithmic mass is due mainly to a decrease in the
contribution of the CNO group in the energy range of 0.3 - 3 PeV.
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Development of silicone rubber-based scintillators
for different particles recording

In our work we investigate specialized scintillators based on locally produced powdered phosphors
immersed in an optically transparent silicone rubber. Scintillators of this type can be optimized
for recording different types of particles. We present the results of studies of silicone rubber-based
scintillators response to atmospheric muons, fast neutrons and radioactive background, mainly

represented by the radon decay chain.
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The project of the hybrid detector for the
multicomponent studies of extensive air showers

At the present time, the studies of ultra-high energy cosmic rays can be carried out only at the
ground-based facilities recording extensive air showers (EAS). The existing facilities for the cos-
mic ray research measure various components of extensive air showers using different detecting
systems. Simultaneous detection of several EAS components using hybrid detectors will provide
additional information on the energy spectrum and mass composition of cosmic rays, as well as
the opportunities to test cosmic ray interaction models and, subsequently, to interpret the features
of the experimental spectra of the measured EAS components.

The report considers various design options for the planned hybrid detector and presents the pre-

liminary results of its detecting part simulation.
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Forbush-decreases in 2024 according to the data of
the PRISMA-36 and “Neutron” facilities

At the Experimental complex NEVOD (MEPhI, Moscow), the PRISMA-36 and “Neutron” facilities
are used to study variations in the neutron background. In these facilities, a detector with a thin
("30 mg/cm"2) inorganic scintillator ZnS(Ag) with LiF, where Li is enriched to 90% of 6°Li, is used
to measure neutrons.

In 2024, there was a peak of solar activity, and the most powerful flares in the last decade were
observed. The neutron background near the Earth’s surface is predominantly caused by the inter-
action of cosmic rays with matter, and therefore its variations are directly related to the flux of
cosmic rays. The results of measuring and analyzing the Forbush-decreases of 2024 based on the
data from two facilities with unshielded neutron detectors are presented.
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Prospects of the development of the Experimental
Complex NEVOD

The accumulated problems of the high- and ultra-high energy cosmic ray physics and the tasks
of the multichannel astronomy require the development of new experimental methods ensuring
reliable identification of both primary and secondary cosmic ray particles.

To conduct breakthrough research in this area, the complex installations containing detectors of
various types for multicomponent analysis of recorded events are needed. Such an installation is
the Experimental Complex NEVOD, which combines a set of unique detectors and methods for
measuring the electron-photon, hadron and muon components of cosmic rays.

In the coming years, it is planned to expand the complex by adding a new multi-cluster installation
with dimensions of 450x450 m2. The cluster will include 12-16 hybrid detectors containing both
a plastic scintillator for recording the EAS electron-photon component and a ZnS(Ag) scintillator
with addition of 10B for recording thermal neutrons generated by the hadronic component of the
air-shower. It is also planned to equip the clusters with shielded muon tracking detectors. Thus, in
each event the number of particles of the three main EAS components will be measured separately.
The report discusses the prospects of the Experimental Complex NEVOD in solving problems of
ultra-high energy particle astrophysics, gamma-astronomy, and in testing models of hadronic in-
teractions.

Primary author: Dr KHOKHLOV, Semyon (National Research Nuclear University MEPhI)
Presenter: Dr KHOKHLOV, Semyon (National Research Nuclear University MEPhI)

Session Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (>
100 TeV)

Track Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (> 100
TeV)

June 8, 2025 Page 60



The 5" Internati ... /Report of Contributions Feasibility study of an onshore de ...

Contribution ID: 60 Type: Poster

Feasibility study of an onshore detector system for
joint registration of EAS with Baikal-GVD.

We present a study of the possibility of registering EAS simultaneously by the onshore detector
facility and the Baikal Neutrino Telescope. Such a setup would allow obtaining experimental infor-
mation on the number of muons in EAS with ultra-high energy. This, subsequently, would make it
possible to examine EAS modeling programs and additionally to verify the atmospheric neutrino
flux calculations.

For an installation of this type on Baikal, the angle of incidence of the EAS is approximately 76
degrees. This causes a high energy threshold for the registration of primary cosmic rays. An addi-
tional factor determining the possible number of registered events is the limited solid angle of the
installation.

The CORSIKA program was used to simulate the registration of EAS close to the Baikal-GVD. The
energy threshold of registered inclined EAS was determined, and estimates of the required total
area of detectors were obtained. The propagation of ultra-high energy muons produced by EAS
through 3.5 km of water and their registration by Baikal-GVD was simulated using the PROPOSAL
package.

The report presents the estimates of the number of events jointly registered by the onshore instal-
lation and the Baikal-GVD for various total areas of EAS registration detector systems.
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COMPARISON OF GLE EVENT OF 11 MAY 2024 AND
MAGNETOSPHERIC EFFECT 5 NOVEMBER 20-23

Relativistic Runaway Electron Avalanches (RREA) are central to understanding a spectrum of high-
energy atmospheric phenomena, including Terrestrial Gamma-ray Flashes (TGFs), Thunderstorm
Ground Enhancements (TGEs), and gamma-ray glows. Despite their common physical origin,
these events are often treated separately due to differences in detection methods, duration, and
altitude. In this work, we present a unified conceptual and observational framework that reinter-
prets these radiation bursts as manifestations of the same runaway processes occurring in distinct
atmospheric depths. Integrating recent results from satellite (ASIM), aircraft (ALOFT), balloon
(HELEN), and ground-based (SEVAN) experiments, we demonstrate consistent spectral and tem-
poral behavior across scales. We propose a rational revision of current terminology and challenge
longstanding models that attribute TGFs to lightning leader dynamics. This study resolves key con-
tradictions in the field, establishes new classification criteria based on physics rather than detector
location, and reshapes our understanding of particle acceleration in thunderstorms.
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SEVAN particle detector network for Solar,
Atmospheric physics, and Space Weather research

The SEVAN network (Space Environment Viewing and Analysis Network), as part of the United
Nations Basic Space Science (UNBSS) activities, was supported

by the International Heliophysical Year 2007 and the U Office for Outer Space Affairs. CD experts
developed a new class of hybrid particle detectors capable

of measuring both neutral and charged particles. The network’s initial rollout included installa-
tions in Croatia, Bulgaria, and India. Expansion continued with

the installation of SEVAN detectors in Slovakia, Germany (Hamburg and Berlin), the Czech Repub-
lic, and atop Zugspitze, Germany’s highest peak, in 2023.

Local SEVAN groups foster a community for research in solar physics and high-energy atmo-
spheric physics by analyzing neutrons and muons modulated

during solar violent events and recording increased fluxes of electrons and gamma rays during
thunderstorms, RREA/TE events.
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The Baikal-GVD Neutrino Telescope: Current Status
and Selected Results

The Baikal-GVD Neutrino Telescope is a cubic-kilometer scale detector being constructed in Lake
Baikal. As of summer 2025, the telescope array consists of 14 clusters, including in total more
than 4000 optical modules. The achievement by Baikal-GVD of the nominal sensitive volume for
high-energy cascade detection of 1 km3 is expected by 2028. In this report we present the status
of the detector and selected physics results obtained using the data collected in 2018 — 2024.
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A network of muon hodoscopes for monitoring of
the processes of "space” and atmospheric weather

Igor Yashin

At present, in addition to direct observations of the Sun using space born apparatus, ground-based
equipment that registers cosmic rays is widely used to monitor solar activity - neutron monitors,
muon telescopes (hodoscopes) and other detectors. Neutron monitors detect neutrons from pri-
mary cosmic particles of GeV energies (" 10 GeV), while the muon component is generated by
primary particles with energies from tens to hundreds of GeV. Muons retain the direction of pri-
mary particle motion with good accuracy, which allows us to study the anisotropy of cosmic rays
caused by solar and magnetosphere activity. The capabilities of muon diagnostics of near- ter-
restrial space were demonstrated by means of precision muon hodoscopes created at MEPhI, for
which methods of muonography were developed, allowing real-time observation of processes in
the heliosphere, magnetosphere and atmosphere of the Earth. An important advantage of muon
hodoscopes is the ability to monitor the state of the atmosphere over an area of about 10"4 sq. km.
However, despite the fact that a wide-aperture muon hodoscope allows one to detect and analyze
variations in the muon flux over a wide range of zenith angles, a limitation for ground-based stud-
ies of near-Earth space is the rotation of the Earth, as a result of which the disturbed region in the
heliosphere leaves the aperture of the ground-based detector after 2-3 hours. The report consid-
ers the project of creating a network of ground-based hodoscopes placed in different geographical
locations. To solve this problem, it is proposed to create the first segment of the future network of
three muon hodoscopes, which will be placed in Kaliningrad (branch of IZMIRAN), in the Moscow
region (MEPhI - IZMIRAN) and in Irkutsk (ISTP SB RAS).
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Carpet-3 detection of a photon-like air shower with
estimated primary energy above 100 TeV in a spatial
and temporal coincidence with GRB 221009A

The brightest cosmic gamma-ray burst (GRB) ever detected, GRB"221009A, was accompanied by
photons of very high energies. These gamma rays may be used to test both the astrophysical
models of the burst and our understanding of long-distance propagation of energetic photons,
including potential new-physics effects. Here we present the observation of a photon-like air
shower with the estimated primary energy of 300f§g TeV, coincident (with the chance probability
of ~ 9-1073) with the GRB in its arrival direction and time. Making use of the upgraded Carpet-3
muon detector and new machine learning analysis, we estimate the probability that the primary
was hadronic as ~ 3 - 107%. This is the highest-energy event possibly associated with any GRB.
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Potassium influence on Earth’s mantle convection
and Borexino data

We provide the indication of high flux of “° K’ geo-antineutrino and geo-neutrino (*° K -geo-(7+v))
with Borexino Phase III data. Simultaneously we obtained the count rates of events from "Be, pep
and CNO solar neutrinos. MC pseudo-experiments showed that the case of high metallicity Sun
and absence of * K-geo-(¥ + 1) can not imitate the result of multivariate fit analysis of Borexino
Phase III data with introducing *° K-geo-(7 + v/) events. We also provide arguments for the high
abundance of potassium in the Earth. Large amounts of “° K should produce a significant heat
flow that should affect the Earth’s internal processes. We present the results of modeling mantle
convection taking into account excess heat from ** K.

Primary authors: KARPIKOV, Ivan (INR RAS); SINEV, Valery (INR RAS)
Presenter: KARPIKOV, Ivan (INR RAS)

Session Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

Track Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

June 8, 2025 Page 67



The 5" Internati ... /Report of Contributions Expansion Possibilities of the ...

Contribution ID: 67 Type: Overview

Expansion Possibilities of the Baikal-GVD Neutrino
Telescope

The Baikal-GVD Neutrino Telescope is a cubic-kilometer scale detector being constructed in Lake
Baikal. The achievement by Baikal-GVD of the nominal sensitive volume for high-energy cascade
detection of 1 km3 is expected by 2028. Currently, the Baikal collaboration is working on the
development of a conceptual project of neutrino telescope in Lake Baikal with a volume about
an order of magnitude larger than the volume of Baikal-GVD: the GVD+ project. In this report
we discuss the possibilities of the telescope expansion up to 10 km3 scale after completion of the
Baikal-GVD deployment.
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Cosmic ray acceleration up to hundreds of TeV in
young massive star clusters: 3D MHD simulations

Young compact clusters of massive stars contain dozens of O-, B and WR-type stars with fast pow-
erful winds in a small ~ pc radius. The particle acceleration by ensembles of shocks and waves
of compression and rarefaction in the turbulent environment of young massive star clusters (YM-
SCs) is an alternative to the standard paradigm of Galactic cosmic rays acceleration on supernova
shocks. In recent years, the topic is of great interest due to the fact that modern gamma- and X-ray
observatories are detecting the radiation from YMSCs (e.g. Westerlund 1, 2), which indicates par-
ticle acceleration processes in these objects. We study particle propagation and acceleration in a
YMSC with the help of 3D magnetohydrodynamic (MHD) modeling using PLUTO, an open source
code based on the numerical solution of MHD equations with the Godunov scheme [1]. The code
allows modeling of the turbulent environment of YMSCs and obtaining crucial for particle acceler-
ation values of velocity, density and magnetic field inside the cluster core [2]. The particle module
implemented in PLUTO allows solving the equations of motion for test charged particles together
with MHD equations for the medium. We obtained that protons acceleration up to hundreds of
TeV takes place in the cluster core near the termination shocks of O-stars, which are surrounded
by shocks of their neighbour stars. We also modeled an interesting case of a young supernova
remnant expanding inside the cluster core. In this case a very fast acceleration takes place: parti-
cle energies >100 TeV can be obtained in <100 years. The particle spectra and spatial distribution
are discussed.

[1] Mignone A, Bodo G, Massaglia S, Matsakos T, Tesileanu O, Zanni C and Ferrari A 2007 Ap]S
170 228-242 (Preprint astro-ph/0701854)
[2] Badmaev D V, Bykov A M and Kalyashova M E 2022 MNRAS 517 2818 2830 (Preprint 2209.11465)
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Diffusive shock acceleration: nonclassical model of
cosmic ray transport

Galactic cosmic rays up to about 100 PeV are believed to be accelerated by shock waves at super-
nova remnants by a Fermi process called diffusive shock acceleration (DSA). In this process, a test
particle undergo a number of encounters with both inhomogeneities in the interstellar space and
with shock and gain an energy.

All collisionless shock calculations should approximate particle transport, and most models as-
sume that fast particles obey standard diffusion in homogeneous medium where the mean-square
displacement is proportional to time. It is known that for highly relativistic particles, this DSA
gives rise to a power-law energy distribution with spectral index y = (r + 2)/(r - 1), where r is the
compression ratio of the shock. The standard cosmic rays spectral index for a maximal compres-
sion ratio of four equals to y = 2.

However, during last few decades many evidences of the existence of multiscale structures in the
Galaxy have been found. Filaments, ribbons, clouds and voids are entities widely spread in the
interstellar medium. A rich variety of structures can be related to the fundamental property of tur-
bulence called intermittency. The fluctuation (or small-scale) turbulent dynamo mechanism, and
random shock waves produce highly intermittent magnetic fields with random magnetic struc-
tures surrounded by weaker fluctuations.

Non-homogeneous character of matter distribution and associated magnetic field should be ade-
quately incorporated into the cosmic ray diffusion model. A physically reasonable way for the
generalization of the normal diffusion model is to abandon the assumption about statistical ho-
mogeneity of irregularities’ distribution in favor of its fractal-like distribution and nonclassical
diffusion.

In this work the theory of diffusive shock acceleration is extended to the case of nonclassical trans-
port with Lévy flights and Lévy traps, when the mean square displacement grows nonlinearly with
time. In this approach the Green function is not a Gaussian but it exhibits power-law tails. By us-
ing the propagator appropriate for nonclassical diffusion, it is found that energy spectral index of
particles accelerated at shock fronts is y = [o (r + 5) - 6 B]/[o(r — 1)], where a (0 < o < 2, r — o)
and P (0 <P < 1, t — o) are the exponents of power-law behavior of Lévy flights and Lévy traps,
respectively.

We note that this result coincides with standard slope at a=2, B=1 (normal diffusion), and also
includes those obtained earlier for the subdiffusion ( a=2, p<1; Kirk J.G et al., AA. 1996) and su-
perdiffusion regimes ( a<2, f=1; Perri S. et al., ApJ. 2012).
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l“IYBCTBI/ITeIl bHOCTbDb aTMOCCl)eprIX UepeHKOBCKUX

TeneckonoB TAIGA npu o6padoTke B cTepeopexxume
AN perucTpaumum NpoTAKEHHOro rammMa-ncTouHuKa

[pu perucrparuy raMmMa-IUCTOYHIKOB aTMOC(HEPHBIMI UePEHKOBCKIIMIY TeJIECKOIIaMIL GOJIBIIIOE
KOJITYECTBO HAOIIOaeMbIX ICTOUHIKOB JIMEeT He TOUEeUHBII XapaKTep, a IPOTHKEHHYI0 PopMy.

970 yXyALIaeT TOUHOCTD MX HAOJII0eH ST OAMHOYHBIMY TeJIECKOIIaMIL VIV IeJIaeT €0 IIOJTHOCThI0
HEBO3MOKHBIM. [[JI pelieHus aToit 3agaun B actpopusuueckom komruiekce TAIGA (51.813129°‘c.ur.,
103.071849°B.11.), rIe pa60Ta10T yiKe TpU TeJIeCKOIIa, 6y11eT MCIIOJIb30BaH aHAINU3 TaHHBIX B CTEPEOPEKMME
paboThI TeslecKOIOB. B mokiane onmcaHa o6paboTKa TAKOTO MCTOUHMKA HA JAHHBIX MOIEINPOBAHS
mertogom Moure-Kapio. OnpenesieHs! onTUMaNbHbIE IIapaMeTpbl 06pabOTKM I OlleHeHa UYBCTBUTEIHHOCTD
CUCTEM TeJIECKOIIOB IS PEerMCTpalyM TaKMX MCTOUHMKOB. IlokaszaHo, UTO I psAnxa XOPOILIO
HabmonaemMbIx Teaeckonamu TAIGA mpoTsskeHHBIX TaMMa-MCTOUHIKOB Uy BCTBATEIBHOCTD JOCTATOUHA
st 9¢pHeKTUBHOI UX PErUCTPAIMI 3a CPOK IOpAIKa 2-3 JIeT.
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Finding strangelets in cosmic rays from HESS
J1731-347, a possible strange quark star

The idea that supernova remnants are a significant source of Galactic cosmic rays is supported by
the fact that HESS J1731-347 would be one of the few Galactic sources to accelerate hadronic cosmic
rays to TeV energy. The radius (4.2-5.5 km) and estimated mass (" 0.77 M ) are both much less than
the usual range for neutron stars. Because of its compactness and short radius, we investigate a
different explanation for the low-mass ultra-compact star in this supernova remnant. Our findings
support the idea that the compact object in HESS J1731-347 could be a strange quark star rather
than a regular neutron star, which produces hadronic cosmic rays when 2SC transforms into the
Color-Flavor-Locking (CFL) phase. This strange quark matter star estimates the strangelet flux in
cosmic rays, which is important for strangelet detection in planned cosmic ray space studies.
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Low-energy cosmic ray flux reconstruction using
ground-based neutron monitors

Many attempts have been made to develop accurate techniques for calibrating ground-based de-
tectors using data from satellite instruments. Those will allow to reconstruct the actual cosmic ray
fluxes, which are not distorted by interactions with the Earth’s atmosphere. Such methods will
significantly enhance the capabilities of ground-based detectors for monitoring and forecasting
space weather events and conditions, especially for stations located in polar regions. Unfortu-
nately, there are currently no known techniques that have been proven effective in solving this
problem and producing reliable results in practical applications. This is due to a variety of physical
processes that occur during the interaction of cosmic rays with the Earth’s atmosphere. Accurate
accounting of all these effects is a difficult task, especially during turbulent events in a short pe-
riod of time. We have used machine learning approach to overcome this challenges. Each selected
neutron monitor was calibrated using a neural network that was trained using various optimiza-
tion techniques. Several feature preprocessing algorithms were used to enhance the accuracy of
the developed models. Data from the AMS-02, GOES-16, -17, and -18 satellite missions were used
to train and test the models. After the training phase, these networks are able to calculate the
low-energy cosmic ray flux based on individual count rates measured by ground-based detectors.
The results of this study are presented and discussed.
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On primary cosmic ray energy spectrum beyond 10
PeV measured with ENDA-INR

ENDA-INR is a sea level prototype of the running now at high altitude in China ENDA (Electron-
Neutron Detector array), being a part of the LHAASO experiment. The main task of the ENDA is
measuring of primary cosmic ray energy spectrum using hadronic EAS component. The latter is
a principal point because only hadrons form the EAS “skeleton” which defined all its properties
at observation level. Preliminary experimental results obtained after 3 years of measurements are
presented and analyzed.
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Geomagnetic cutoff rigidity in neutron monitors
locations

One of the detectors for long-term observations of cosmic rays are neutron monitors (NM) which
are located at different points on the planet, allowing for studies of the time, energy and angu-
lar characteristics of galactic and solar particle fluxes. Since NMs are located inside the Earth’s
magnetosphere, their response depends on their location on the planet’s surface which can be
characterized by the geomagnetic cutoff rigidity. Its calculation depends on the magnetic field
model used, the date, and even the numerical methods used. The paper presents calculated values
of geomagnetic cutoff rigidities at the locations of some neutron monitors, and compares the cut-
off values with the results of other calculations, including a comparison of the time dynamics over
the past decade. We show that the geomagnetic cutoff values obtained for 2020 using the IGRF-14
model differ from those in IGRF-13, however, for 2015 the difference between the models is neg-
ligible. We demonstrate the geomagnetic cutoff tendency to decrease the over time, especially at
mid-latitudes. As a result of comparing the obtained cutoff rigidity values with the results of other
authors, it is shown that in most cases the difference does not exceed 0.2 GV. Such discrepancies
are significant only in the circumpolar region, where particles are mostly shielded not by the geo-
magnetic field, but by the Earth’s atmosphere instead. We show that the accuracy of the algorithm
used is comparable to that of other existing instruments and is sufficient for correct operation with
ground-based cosmic ray detectors.
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Recent results from the GRAPES-3 experiment

The GRAPES-3 experiment, located in Ooty, India, uses an array of 400 plastic scintillator detectors
deployed over 25,000 m"2, and a 560 m"2 tracking muon telescope to record extensive air showers
in the TeV-PeV energy range and angular muon flux above a GeV, respectively. The energy spec-
trum and nuclear mass composition of primary cosmic rays, solar and heliospheric phenomena,
and atmospheric acceleration are among the broad subjects that may be studied using these two
equipments and the observations that go along with them. The GRAPES-3 instrumentation and
important scientific findings from the past few years will be discussed in this talk. These include
(i) the measurement of 1.3 GV thundercloud potential in a massive thundercloud, (ii) the use of a
geomagnetic storm to probe a crack in the geomagnetic shield, (iii) the hardening of the proton
energy spectrum at 166 TeV, and (iv) small-scale cosmic ray anisotropy at TeV energies, observed
with the GRAPES-3 experiment.

Ref: https://www.tifr.res.in/grapes3/publications.html
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Instrumentation of the GRAPES-3 Muon Telescope

The proportional counters developed and operated by the GRAPES-3 experiment (Gamma Ray
Astronomy PeV EnergieS Phase-3), Ooty, are gas-based detectors designed using mild steel rect-
angular tubes. The existing muon telescope of GRAPES-3, consisting of 3712 PRCs, has been in
operation for the past few decades and data gathered by it has ensured the study of solar, atmo-
spheric and cosmic muons. Another muon telescope is under construction using 3776 more PRCs.
Instrumentation is being upgraded using in-house developed front-end readout and FPGA-based
back-end data acquisition systems to enhance sensitivity and performance. This talk provides in-
sights into the existing instrumentation techniques and advancements included in the ongoing
upgrade, along with an account of the current status of the GRAPES-3 muon telescope.

Primary authors: RAMESH, K (Tata Institute of Fundamental Research, Mumbai, India); Dr S.K,
Gupta; Dr B, Hariharan; Dr M, Rameez; Dr P.K, Mohanty; Mr A, Jain; Dr P.A, Wincy; Dr S,
Kawakami; Dr Y, Hayashi; Dr P, Jagadeesan; Dr P.K, Nayak

Presenter: RAMESH, K (Tata Institute of Fundamental Research, Mumbai, India)

Session Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

Track Classification: Cosmo- and geophysical aspects of cosmic rays at the ground level

June 8, 2025 Page 77



The 5" Internati ... /Report of Contributions The positioning system for Baikal- ...

Contribution ID: 77 Type: Original Talk

The positioning system for Baikal-GVD

In large-scale underwater neutrino telescopes, the geometry of the photomultiplier array con-
stantly changes due to water currents, with individual optical modules drifting tens of meters
from their initial positions. Accurate monitoring of the photomultiplier positions is indispens-
able to ensure stable telescope performance and maintain its angular resolution. In Baikal-GVD,
the positioning of individual photomultipliers is achieved using a hybrid system comprising a hy-
droacoustic network of acoustic modems installed sparsely along the vertical detector structures
(strings) and an independently operated inertial positioning system, relying on integrated iner-
tial sensors installed near the photomultipliers. We present the current state of the Baikal-GVD
positioning system and demonstrate a positioning accuracy of 20 cm.
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Manufacturing of mirrors for atmospheric
Cherenkov telescopes

The poster presents materials on the production of mirrors for atmospheric Cherenkov telescopes
of the TAIGA project.

Due to the increase in the diameter of the telescope, the issue of reducing the mass of mirrors as a
whole is becoming relevant, so much attention is now being paid to the development of technology
for the production of composite mirrors.

The parameters of monolithic and composite mirrors, both of our own production and available
analogues, are compared.
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Acceleration of Protons to Very High Energies in
Double-Torus Pulsar Wind Nebulae

Based on direct numerical modeling, it is shown that pulsar wind nebulae (PWN) with a double
X-ray torus are capable of accelerating very high energy protons. These objects (with well known
Vela nebula as the prototype) are distinguished by a special structure of MHD flows of strongly
magnetized plasma. This special structure of the nebula allows for longtime confinement of high-
energy particles which are the subject of combined acceleration mechanisms. The mechanisms
include acceleration on shear and counter-streaming MHD flows, as well as Type I Fermi accelera-
tion. The injected CR particle trajectories were directly followed in the simulated PWN structure.
The maximum energies that protons can gain in the body of a compact double-torus nebula ex-
ceeds 100 TeV. The acceleration process allows 5-6% of protons (in terms of the total number of
particles involved) to increase their Lorentz factor from 10* to® 5 x 10° in just 10-30 years. This ef-
ficiency can be maintained as long as the nebula retains its double-torus X-ray morphology, which
can lasts from a few thousand to several hundred thousand years, depending on parameters of the
pulsar and the external environment in which the pulsar moves.
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Numerical simulation of atmospheric neutrino
production

This work presents a numerical simulation of the energy spectrum of atmospheric neutrinos. We
model the propagation of Galactic Cosmic Ray (GCR) protons from the magnetosphere boundary
to near-Earth space, followed by their subsequent interactions with the Earth’s atmosphere, lead-
ing to the production of secondary particles. The simulation is performed using the GT software
package [1], developed within our research group.

A comparison with similar studies [2] demonstrates good agreement and confirms the reliability
of the performed calculations. Thanks to its modular structure, the GT package allows for easy
replacement of the used magnetospheric models, atmospheric models, and nuclear interaction
models (Geant4 physics lists) with others. This flexibility enables a comprehensive investigation
of systematic uncertainties attributed to these factors. Such an analysis is of significant interest
for the interpretation and processing of measurements from both current and future neutrino ob-
servatories.

[1] Golubkov, V.S., and A. G. Mayorov. “Software for numerical calculations of particle trajectories
in the Earth’s magnetosphere and its use in processing PAMELA experimental data” Bulletin of
the Russian Academy of Sciences: Physics 85.4 (2021): 383-385.

[2] Honda, M., et al. “Atmospheric neutrino flux calculation using the NRLMSISE-00 atmospheric
model” Physical Review D 92.2 (2015): 023004.
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[Mouck NCTOUHUKOB rama - U3nyyeHuNs BbICOKON
3Hepruu no aaHHbIM yctaHoBKu TAIGA-HiISCORE

B crarbe pasBuBaeTcsa MeTOJ ITOYICKA FraMMa- M3JTyYeHN OT HeM3BECTHBIX ICTOYHIKOB HaJl CII0KHBIM
actpo¢usnyeckoM ¢orom mno maHHbIM ycraHOBKM HiSCORE B skcnepmmente TAIGA. Takas

3ajlaya pacliafiaeTcs Ha TpM STalla: paspaboTKa KpUTepreB BbIAeIeHIsI FaMMa-KBaHTOB OT YaCTHIL,
COCTaBJIAIOIINX OCHOBHOII (DOH; BBIOOp MeTOa OLICHKI I CIVIaXKIBaHIe (POHA; AaHAINS CTATUCTUYIECKOI
3HAYMMOCTM CUTHaJla Ha cIoXHOM ¢one. IlpencraBieHbI IepBble Pe3yJbTaThl IIPUMEHEHUST

sToro Metoa 1o faHHbIM HiSCORE 3a omuH ce30H HaOJII0AeHIA Y aHAIN3 JOCTOBEPHOCTM 3aPEeTMICTPUPOBAHHOIO
M3JIy4deHns ¢ sHeprueit 6osee 70 TaB.
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Modeling of the production of the observed primary

positrons by the nearest bow shock pulsar PSR
J0437-4715

The origin of antiparticles — positrons and antiprotons — as detected by the observatories PAMELA
and AMS-02 is a topical issue due to their discussed relation to the dark matter annihilations/decays.
On the other hand, the observed excess of positrons can be explained by a contribution from
the near-Earth pulsars once these are driving a bow shock into the interstellar medium. In this
case both the positrons injected by the pulsar and the background cosmic ray (CR) nuclei are re-
accelerated by the bow shock which forms the spectra of both leptons and nuclei. The nearest
pulsar PSR J0437-4715 located at distance "160 pc has a bow shock detected by the Hubble Space
Telescope. It can be considered as a natural source of positrons and re-accelerate primary and
secondary CRs including antiprotons. The re-acceleration model may help to explain the observed
similarities in their spectra. The moderate spin-down power of PSR J0437-4715 "6x10(33) erg/s
allows it to produce very high energy (VHE) leptons. This was confirmed by an accurate kinetic
modeling of lepton acceleration in between its pulsar wind termination shock and bow shock that
allowed us to reproduce both the multiwavelength spectra and observed structure of its pulsar
wind nebula in the far ultraviolet and X-ray bands. Using the results of this simulation for accu-
rate normalization of the produced lepton flux and the modern models of particles transport in
the local interstellar medium, we calculate the spectra of positrons and electrons produced by PSR
J0437-4715 at the Earth and confront them to the near-Earth fluxes of positrons and electrons de-
tected by PAMELA and AMS-02. We discuss a possible contribution into the observed near-Earth
CR from some other nearby sources.

(The work was supported by the Foundation for the Advancement of Theoretical Physics and Math-
ematics “BASIS” - grant No. 24-1-3-28-1)
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Investigating the properties of the EAS simulated
with LIV pair production cross-sections

One of the intriguing possibilities in the search for the new physics in ultra-high energy cosmic
rays (UHECR) is the discovery of the Lorentz invariance violation (LIV). Several studies have inves-
tigated the consequences of the different LIV scenarios for cosmic ray physics and their influence
on the measured properties of the extensive air showers (EAS). Yet, only recently, a new approach
was considered: the suppression of the Bethe-Heitler e*e™ pair production cross-sections for gam-
mas of ultra-high energy. A deviation from the standard e/m physics adopted in the existing sim-
ulation codes can significantly affect the interpretation of the UHECR experimental data.

In this study, we investigate, how reducing the pair production cross-sections for very energetic
gammas changes the measured EAS properties. The most essential of them are: the form of the
cascade curve (CC), the shower maximum position (X,.x) and the number of particles recorded at
the ground level (IV,,, IV.). A special attention is payed to the case of the inclined air-showers (with
large zenith angle), as it is vital to consider the zenith-angle dynamics of the introduced changes
in order to estimate the scale and validity of the proposed hypothesis.
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Mobile muon hodoscope for investigating the
structure of objects using the muonography method

Nowadays, the muonography method (by the analogy with the X-Ray radiography) has become
widely used for studying various natural and industrial objects: the atmosphere and heliosphere,
the mountains and volcanoes, the blast furnaces and nuclear reactors, the historical heritage sites,
and others. The method is based on the “scanning” of thick layers of matter using the penetrating
flux of cosmic-ray muons. Implementation of this technique requires the development of the easy-
to-use high-precision mobile muon hodoscopes.

At the Scientific and Educational Center NEVOD (National Research Nuclear University MEPhI),
a mobile muon hodoscope (MMH) has been developed. It represents a multi-channel detection
system consisting of single-projection coordinate planes (SPCP). Each plane has an area of about 1
m?® and includes 192 long polystyrene-based scintillator strips doped with p-terphenyl and POPOP.
The scintillators are arranged in two layers. One layer of the plane is offset by a half of the strip
width relative to another layer. The light collection is performed using the wavelength-shifting
optical fibers (Kuraray Y-11) coupled to the silicon photomultipliers (SiPM, Joinbon TN-3050 SMT).
The signals from each SiPM are read out using 32-channel boards based on the ASIC Petiroc2A (6
boards per plane).

Six planes are assembled into three pairs with orthogonal strip orientation and are mounted on a
common frame ensuring the adjustment for different zenith angles.

In the report, the detector design is presented. The results of testing the detecting elements and
the first detection plane of the hodoscope, which were obtained using the specialized test benches
developed at the Scientific and Educational Center NEVOD, are discussed.

The work is carried out with the support of the Program of Strategic Academic Leadership “Priority-
2030”.
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Cherenkov water detector of the TAIGA-100
observatory

TAIGA (Tunka Advanced Instrument for Cosmic Rays and Gamma-Astronomy) is the largest
gamma-ray observatory in Russia, designed for detection of the high-energy gammas in the range
from several TeV to several PeV, as well as of the high-energy cosmic rays (CR) in range from 102
TeV to 103 PeV. A new EAS complex TAIGA-100 is based on the experience of the TAIGA obser-
vatory and is planned to be deployed in the next 10-15 years. The complex will include an array
of approximately 3000 Cherenkov water detectors at the area of 100 km2. The experimental setup
will allow detection of muons from extensive air showers and effective separation of gamma- and
hadron-initiated air-showers.

The Cherenkov water detector (CWD) of TAIGA-100 represents a cylindrical concrete tank, filled
with purified water, with wall thickness of 10 cm and inner dimensions of

360 cm x 120 cm. The tank is buried in soil and has a soil overburden with a thickness of 250 cm.
The inner surface of the tank is covered with diffuse reflective liner with reflection index of 0.98.
The tank includes one Hamamatsu R7081 PMT mounted in the center of the upper face.

To study the characteristics and to determine the optimal design of the CWD for the TAIGA-100
observatory, its simulation using the Geant4 software package was performed. In the report, the
detector design and the properties of used material and optical surfaces are described. The results
of calculating Cherenkov photons lifetime in the CWD are presented. The results of simulation
of the PMT responses to muons passing through the detector in different directions and of the
influence of soil overburden thickness on the detector response to muons, gammas and hadrons
are discussed.

Primary authors: GUDELEV, Max (NRNU MEPhI); YASHIN, Igor (National Research Nuclear
University MEPhI); BOGDANOYV, Aleksei (MEPhI); DMITRIEVA, Anna (National Research Nuclear
University MEPhI (Moscow Engineering Physics Institute))

Presenter: GUDELEV, Max (NRNU MEPhI)

Session Classification: Poster Session

Track Classification: Cosmic rays (nuclei, gammas, neutrinos) of very high energies (> 100
TeV)

June 8, 2025 Page 86



The 5" Internati ... /Report of Contributions Search for ultrahigh-energy gam ...

Contribution ID: 86 Type: Original Talk

Search for ultrahigh-energy gamma rays from
gamma-ray bursts using the Carpet-3 EAS array

The paper presents the first results of the search for ultra-high-energy gamma radiation from cos-
mic gamma-ray bursts based on the data from the Carpet-3 EAS array of the BNO INR RAS. The
facility is located in the Baksan gorge at an altitude of 1700 m above sea level and consists of a
ground-based array of and an underground muon detector with an area of 410 sq. m., which allows
for the highly efficient selection of EAS initiated by primary photons with energies above 300 TeV.
This work is of particular interest in connection with the observation of a photon-like event from
the GRB221009A gamma-ray burst at the Carpet-3 EAS array.
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Ultra-high-energy event KM3-230213A constraints
on Lorentz Invariance Violation in neutrino sector

We discuss the constraints on superluminal neutrino Lorentz Invariance Violation (LIV) parame-
ters from the observation of the ultra-high-energy event KM3-230213A by the KM3NeT collabora-
tion in cases of linear n=1 and quadratic n=2 LIV scenarios. Assuming extragalactic origin of the
event, we obtain the constraints on LIV mass scale A_1=1.1x10"30 GeV and A_2=1.1x1019 GeV
from the absence of neutrino splitting.
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Mean shower depth and interaction characteristics

The mean depth of shower is used for studying interconnection between shower longitudinal pro-
file and hadronic interaction characteristics. The equations for the shower originated by high
energy proton in the atmosphere are written and, within certain simplifications, solved for the
case of logarithmically decreasing interaction length of hadrons in air.

The obtained expression explicitely splits into center of gravity of the purely electromagnetic cas-
cade at the primary proton energy and modification of that by hadronic cascading and provides
transparent view of the way in which hadronic interaction characteristics determine the longitu-
dinal shower development.

Results of calculations for two hadronic generators QGSJETII-04 and EPOS-LHC

are compared with values obtained from shower simulations with use of CORSIKA.
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Forbush effect of magnetic storm 10-12 May 2025

Forbush effect of magnetic storm 10-12 May 2025
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The blazar origin of the KM3-230213A ultra high
energy neutrino event

The source of the remarkable ultra high energy neutrino event KM3-230213A detected with the
KM3-ARCA array is still not established. A persistent isotropic source hypothesis is disfavored
due to the non-observation of a similar event by the larger IceCube detector that benefits from ~
an order-of-magnitude larger observation time compared to the KM3-ARCA array as well.

We consider two possible sources of the KM3-230213A event, namely, the blazars PKS 0605-085
and MRC 0614-083. PKS 0605-085 is a powerful flat-spectrum radio quasar (FSRQ) at the redshift z
=0.87 located at 2.4° from the reconstructed direction of the KM3-230213A event. In particular, we
consider a scenario where the neutrino is produced on the external photon field provided by the
outer layer (the “sheath”) of the “spine-sheath” jet structure. In this case, the blazar PKS 0605-085
appears to be among the most probable sources of the KM3-230213A event.

The blazar MRC 0614-083 is located at 0.6° from the reconstructed direction of the KM3-230213A
event. We consider a hypothesis that MRC 0614-083 is actually an extreme TeV blazar. In this case,
MRC 0614-083 is a viable candidate source of the KM3-230213A event.
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The atmospheric ionization rate estimation during
solar proton events

A cosmic ray flux, predominantly protons, is continuously present at the boundary of both the
Earth’s magnetosphere and atmosphere, and can be divided into galactic cosmic rays (GCR) and
solar cosmic rays (SCR). While the GCR flux is isotropic and its proton spectrum has a wide energy
range, the characteristics of SCR depend on solar activity, and their energies rarely exceed a few
GeV. Nevertheless, the absolute flux unit of SCR can significantly surpass that of GCR (by several
orders). Both GCR and SCR primary protons, depending on their energy, can reach the upper
boundary of the Earth’s atmosphere (conventionally set at 100 km in this study) and interact with
atmospheric nuclei (mainly oxygen and nitrogen). In this work, the propagation of cosmic ray pro-
tons through the Earth’s atmosphere is modeled using a own program based on the GEANT4 SDK.
Examples of altitude ionization profiles are presented for various values of vertical geomagnetic
cutoff rigidity and for different primary cosmic ray proton spectra.
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Separation of Muon Component of Extensive Air
Showers in Multipurpose Detector of Muons

The Multipurpose Detector of Muons (MDM) is now under development at the National Research
Nuclear University MEPhL. It is an array of multiwire drift chambers shielded with the layers of
steel absorber. Such configuration enables the detection and analysis of both single-particle and
multiparticle events across a zenith angle range from 0° to 60°.

The detector is designed for investigation of muon bundle flux, both in standalone operation and
in conjunction with other facilities of the Experimental complex NEVOD, as well as for studying
single muon flux in a hodoscopic mode. Additionally, the MDM can be used as a precise test bench
for measuring spatial characteristics of charged particle detectors.

It is necessary to determine the energy range in which the muon detector is able to record and
reconstruct events, as well as to cut off other particles. The detector model was developed using
the Geant4. The events for muons, electrons, photons, neutrons, protons and pions were modeled,
and the possibility of isolating only muon events was tested using the reconstruction methods.
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Status of the large-scale coordinate detector TREK
for investigation of muon bundles in inclined
extensive air showers

An excess of extensive air showers (EAS) muons was found in several experiments at energies
above 1017 eV compared to estimates assuming even heavy composition of primary cosmic rays
(PCR). Presently, the explanations for this excess are being explored, including both the poten-
tially new physical phenomena and states of matter in EAS development, along with the efforts to
modify existing models of nuclear-physical interactions. Among these experiments, the NEVOD-
DECOR covers the record energy interval from 10°15 to 10"18 eV and has possibility to measure
not only the local density of muons but also their energy deposit, that should clearly separate dif-
ferent reasons of muon excess.

However, the existing coordinate detector DECOR does not cover the entire aperture of the Cherenkov
water detector (CWD) and does not exclude the possibility of passing of the part of muons through
the gaps between the individual modules of the detector; besides, its granularity limits the ability
to separate two or more particle tracks with a distance of less than 3 cm.

The new large-scale coordinate detector TREK is developed in MEPhI to increase the possibilities
of the experimental complex in investigation of inclined muon bundles. The detector allows to
increase the resolution of close tracks by the order of magnitude and provides the possibility of
muon track recording with a resolution of 3 mm. It is based on 264 multiwire drift chambers, de-
veloped in IHEP for experiments at the neutrino channel of the U-70 accelerator, and has 250 m"2
of continuous effective area.

The detector’s inner plane was launched into operation in 2023, and in 2025 the full configuration
of the detector was ready for measurements in conjunction with the Cherenkov water detector and
the DECOR coordinate detector. The talk describes the design of the TREK and its data acquisition
system, the principle of synchronization and selection of joint events with other installations of
the Experimental complex NEVOD, as well as the examples of recorded muon bundles of inclined
EAS initiated by the ultra-high energy primary cosmic rays.
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Progress of Giant Radio Array for Neutrino
Detection (GRAND)
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