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Information Technologies @ JINR

Dedicated IT tasks and resources for experimental data processing

[
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Leaders: Korenkov V.V., Shmatov S.V.
Deputy Leaders: Dolbilov A.G., Podgainy|D.V.,
Strizh TA.
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The Goals and Objectives of the Project

The project is aimed at

= organizing and providing computational support for the physics research programs
implemented with the participation of JINR »

" the development of mathematical methods and software for modeling physical
processes and experimental facilities, processing and analyzing experimental »
data in the field of elementary particle physics, nuclear physics, neutrino
physics, condensed matter, radiobiology, etc.

The particular attention is paid to the creation of systems for the distributed
processing and analysis of experimental data as well as information and »
computing platforms to support research at JINR and other world centers.

The priorities are mathematical and computational physics to support the JINR
large research infrastructure projects, and first of all the experiments at the NICA
accelerator complex and the Baikal-GVD neutrino telescope.

Further cooperation will also be continued with the experiments at the largest world
accelerator centers (CERN, BNL, etc.), experiments in the field of neutrino physics and
astrophysics, radiobiological research programs.

The possibility of using the developed methods and algorithms within other
fundamental science and applied projects is being considered.



matical methods, algorithms and software for modeling physical processes and

ental facilities, processing and analyzing experimental data

The Project Structure

Simulation of Physics Reconstructionand Data | Software Environmentfor
Processes and Facilities Analysis Experiments

Particle traject i
Physics event simulation o . o Data pru_c et
reconstruction analysis models
GEAN‘_I'—SlmuIatmn of Particle identification Data models
experimental setups
Reconstruction of physics  Software platformsand
The main strategy is to PrOCESSEs systems
use common solutions Experimental data Development and
and methods for analysis maintenance of DBs

different experiments . ge
Event visualization



Simulation of physical processes and experimental facilities

®= analytical and numerical calculations of physical
processes, software optimization, including tuning and
adaptation of physics event generators;

= MC event production, development and support of
information systems for event catalogues;

® participation in the creation of computer models of
experimental facilities and simulation of elementary
particles passing through them based on GEANT4 (and
others) and fast simulation of the response of the
detectors.



Modeling Experimental Facilities for the NICA, LHC, etc.

= Development, verification, validation and application of = Simulation and prototype testing for present and future
FTF (Fritiof) and QGSM (Quark-Gluon-String-Model) orbital detectors: NUCLEON, NUCLEON-2, HERD
hadronic models

Rapidity distributions of - mesons in
40Ar + 4>Sc interactions (EPJ, C82 (2022)

Prototypes tested @ Nuclotron JINR

isotopes charges
Exp. conclusion: “There is no model (EPOS, UrQMD, HIJING
...) able to describe the data!” from NA61/SHINE Collab. on
PP, °Ar + %Sc and ’Be + °Be



MC Generators for the NICA and LHC Experiments

= Development of the heavy ion collision generators

— Dubna Cascade Model, Quark-Gluon-String Model, Statistical
Multifragmentation Model for the NICA Experiments

— tuning the HIJING generator with data of NA49 and NA61/SHINE
@ CERN, STAR@RHIC (can be used in MPD and SPD
experiments)

" Analytical and numerical methods for calculating neutron-
proton systems under strong compression at the NICA

The priority tasks of the JINR Groups in LHC physics program h (— bbar) +a (— ) = bbar + MET
(ATLAS and CMS) include searches for candidates for dark
matter particles, tests of predictions of TeV-energy scenarios

" Fine tuning the generators for searches for new physics
— revision of model parameters for 2HDM+a, 2HDM+s, etc.

— simulation with Pythia8, QBH, MadGraph5_aMC@NLO +
FeynRules (simplified DMM, HDM+a, 2HDM+s, etc.)

— mass production + Geant4 response

Ex., Dark Matter can be probed with two fermions/two

fermions + MET/higgs + MET/Z + MET in the final states
MLIT + BLTP + VBLHEP



dnstruction of physical objects and analysis of experimental data

development of algorithms, including those based on recurrent
and convolutional neural networks for machine and deep learning
tasks, and creation of corresponding software for the
reconstruction of physical objects (tracks, particles, clusters, etc.)
and physical processes;

development of methods and algorithms for data analysis,
including statistical analysis;

adaptation of existing software for specific experiments,
reconstruction and analysis of experimental data;

analysis of Open Data of experiments, in particular, experiments at
the LHC;

conducting a global analysis of data from various experiments (in
particular, a combined analysis of data from accelerator and
astrophysical experiments in search for candidates for the role of
dark matter).



MopaennposaHune n peKOHCTPYKLUMA B TPEKUHIOBbIX AeTeKTopax
3KcnepumeHta BM@N

Pa3paboTKa, BHeApeHne U pa3BUTME METOAO0B M aNroOpPUTMOB C Forward il CSC 2x1.5 m?

X Nocneayowen peannsaumen B Buae Komnaekca npobaemHo-
OPUEHTUPOBAHHbLIX  MNpPOrpamMmm  AnA  MOAE/IMPOBAHUA U
PEKOHCTPYKUUN PU3NYECKUX CODObITUIM, a TaKkKe 0b6paboTku u
aHaNM3a 3KCMEePMMEHTANbHbIX [AaHHbIX AN KOOPAMHATHbIX
[ETEKTOPOB TPEKOBOW CUCTEMBbI 3KCNepumeHTa BM@N

BM@N tracking system

KoopduHamHbie 0emekmopbl BHympeHHel u sHewHel nodcucmem mpexkosoli
cucmemsl 3KcnepumeHma BM@N 8 KOoHmeKcme rnocsnedHez20 rnposedeHHo20
B80CbMO20 ceaHca 8 KoHue 2022 — Hayane 2023 2o0ax

Beam tracker Inner tracker  Outer tracker

Silicon CSC 2x1.5

Silicon Beam
Profilometer oy ard GEM €SC 1x1 m2 m2

Silicon
Tracker a (or DCH)

UepapxuyecKkas cxema KOOpOUHAMHbIX 0emeKmopos
mpekosoli cucmemeol 3KcnepumeHma BM@N e
KOHMeKcme rnocseoHe20 ycrnewHo rnpos8edeHHo20
B80CbMO20 ceaHca 8 KoHue 2022 — Hayane 2023 2odax

KoHgpueypayusa demekmopos 07118 RUN-8 BM@N skcriepumeHma



CMS Endcap Muon System, Cathode strip chambers

CSC placement in the CMS experimental

setup High pT muon passing through a CSC chamber o



RoadUsage) muon reconstruction algorithm

* Taking into account the IP while choosing the base hits in terms of coordinates for the future segment;

Base Road for RecHit association:

A straight line is traced through the base hits
In the road formed along this line new hits from the inner layers are added to the segment

Phi & tuned thresholds for each CSC station;

Two iterations allowed:
*  First iteration is run with nominal thresholds;

*  Second iteration (if needed) is run with enlarged thresholds.

If there are enough unused RecHits left the segment reconstruction is run again with the IP check turned
off in order to reconstruct segments that correspond to displaced muons.

Implemented into the official CMS software package in July,2016
Startineg 2017 it became the DEFAULT alesorithm for reconstruction in CSC

11



multiplicity event example - 84 RecHits in Chamber

Muon p; = 1000 GeV

/\ /

Muon

trajectory / — hits;
/ Red lines — muon segments;

Blue lines — secondary
segments.

Old RU
15 segments 4 segments

12



Highest di-muon mass event at CMS

@& s

13



age of RU algorithm for tracking in GEMs @ CMS

14



rlapped signals delimitation in CSC of the CMS experiment

> 30% of strip width L1 L6
~ 2% of strip width I I I T P

ith

Regular strip charge Abnormal strip charge
distribution / distributions
<—____ reconstructed Big strip
coordinate -
error
RHs
If > => Event display in CSC
the coordinate is calculated using H';S _\Il\';thbb'g;’;”tp iLrors
Center of Gravity (CoG) like ~15% antobea . o the
algorithm segment. .

Hit Strip Errors



Introduction to wavelet analysis

The g2-WTS(Wavelet-TranSform method based on the usage of second degree wavelets ())[1] was chosen by us for overlapping signal recognition.

The main function in wavelet analysis is the following double gaussian function
(1)

While processing the signal it is divided in a set {}, where

= (2)

Gauss wavelets W for the function G can be represented as follows:

(3)

Wavelet-filter

where

Here b is the shift, a is the scale and , — gaussian wavelet of the n-th degree, h- cluster of strip charges,- half-width of the wavelet.

To find the n-th wavelet coefficients of the set h we use:

(4)

G.Ososkov, A.Shitov Gaussian Wavelet Features and Their Applications for Analysis of Discretized Signals // Comp.Phys.Comm, v.126/1-2, 149-157,
(2000)

16



ersal tool for overlapped signals delimitation

Input data — ADCs
on strips

Visualization of
the input data

Search area selection

Universal tool for overlapping signal recognition

17



lapped signals — preliminary results

— initial charge distribution; > 30% of strip width

Green line — simulated muon coordinate; 2 overlapped

Red Ilpe — wavelet analysis; | signals
Blue line — standard approach (CoG like).
CMS Preliminary Simulation Wavelets
= . Entries 5280
Q Mean -0.02876 705 710 001)
¥ A3 .
?:Im = 1RMS  0.1744 Strip_nr
= E Standard
02 . Entries 5280
1 | Mean 0.005236
' 0.4216
10 =l bk
1 4 overlapped
o o S |g na IS

3 2 0 1 2 3

atrin nnite

Difference in terms of strip widths between : s T —r
simulated and reconstructed hit T - T - strip.nr




First approach of decision trees for PID in MPD experiment

Particle identification is an important part of the physics
analysis pipeline in MPD experiment and is provided by
Time-Projection Chamber (TPC) and Time-of-Flight (TOF)
detectors. We have applied gradient boosting approach
for ensemble of decision trees with use of CatBoost
library to PID on Monte-Carlo simulated data for TPC and
TOF detectors.

Idea of the gradient
boosting method

The proposed approach for PID problem in the MPD
experiment shows promising results. In particular, it gives ‘
a multiple increase of an efficiency for small and large
particle momentum ranges in comparison with so-called
n-sigma method realized in mpdroot software.

Efficiency of PID



rt and development of the software environment for JINR research

" Development of the software environment for
processing and analyzing data from the NICA
experiments

" Creation, implementation and development of an
information and computing complex for
processing, analyzing and storing data for the SPD
experiment

" Creation of specialized databases and information

systems for the Collaborations @ NICA and LHC
(ATLAS, BM@N, MPD)



d3BUTUE aITOPUTMOB N CUCTEMDI 06p360TKM U aHa/IN3a AdHHDbIX

ANA SKCnepnmeHToB B 06n1actn PU3NMKU HENTPUHO

B pamkax npoekTa NpouM3BOAMTCA pPa3BUTME aNrOPUTMOB M CUCTEMbI 0OPabOTKU U
aHann3a AaHHbIX ANA PEKOHCTPYKUUU CODbITUM IKCMEPMMEHTOB B PaMKax peanmsauunmn
nporpammbl ONAN B 061aCcTV PU3NKN HENTPUHO

" BaMKanbCKUn rnyboKOBOAHbIN HENTPUHHbIN TENEeCKO (BAIKAL-GVD)
npeaHa3HAYeHHbIM ANA UCCNedoBaHUM MNOTOKAa KOCMMYECKUX HEUTPUHO BbICOKUX
SHEPrMM N MNOUCK MX WUCTOYHUKOB A/ MU3YYEHUA TEMHOM MmaTepun, pacnagos
CBEPXTAXKENbIX YacTuL, U Ap.

— Otnagka Ha 6onblwOM 0H6beEME IKCMEPUMEHTA/NIbHBIX AAHHbIX CUCTEMbI 06PabOTKM AAaHHbIX
N AOCTMXEHMe eé paboTOCNOCOOHOCTN B KayecTBe OCHOBHOM cuctembl B npoekTe BAIKAL-
GVD

" HazemHaa ramma-obcepBatopmsa TAIGA npegHasHavyeHbl ANA  UCCAeaoBaHUA
KOCMMUYECKUX U TaMMa-/Iy4en B npeaenax NaATu nopsaakos No SHEPrUU U CTAHET OAHUM
M3 OCHOBHbIX AETEKTOPOB B Auana3oHe 3Heprun oT TaB po coteH 3B c uenbto
N3YyYEHUA raNaKTUYECKNX MCTOYHMKOB (NeBaTPOHOB).

— Pa3ButMe nporpammHoro obecneyeHus ANA PEKOHCTPYKUUU KOCMUYECKUX NyHYeEN WU
BbICOKO3HEPreTMYeCKMX ramma-KBaHTOB Ha AaHHbIX ¢ geTtektopos TAIGA-HISCORE n TAIGA-
IACT



oBatenbcKkue npoeKktbl OUAUN B 06nacTn HeUTPOHHOU PU3UKKU

KntoyeBbiM 3n1€MeHTOM B MNPUMEHEHUMW MeToAa MaANOYI/I0BOro0 pacceAHnA HEUTPOHOB fABAsSeTCcA 00paboTKa
3KCNepuMeHTaNbHbIX AaHHbIX. [lnA peweHnA uenoro cnekrpa 3aaad cnekrpometrpom HOMO npuHUMNUAIbHBIM U
onpeaenAlwmMmMm ABNAETCA MakeTa nporpamm ansa obicTpon M 3PpPeKTUBHOM 06paboTKM 3KCNEPUMEHTANbHbIX
AaHHbIX. Lenblo npegnaraemoro npoeKkta ABNAETCA Pa3BUTUE aNTOPUTMMUYECKOTO obecneyeHms n NPorpaMmmHOro
Komnaekca obpaboTKM AaHHbIX CNEKTPOMETPA MaoyroBoro pacceaHmsa HentpoHos HOMO Ha peaktope UBP-2,
KOTOpaA ABNSETCA KpanHe BOCTPeOOBAHHOM U aKTya/IbHOMN.

B pamKax nNpoeKkTa peanmnsyeTtca pasBuTHMe naketa nporpamm AnA

nepBMYHON 0OPABOTKM MaNOyrnoBbIX 3KCMEPMMEHTA/IbHbIX AAHHbIX

cnektpometpa MO agnAa  MHOroAeTEKTOPHOM  CUCTEMbI  C

NO3NUMOHHO-YYBCTBUTENIbHLBIM  AETEKTOPOM C pacnpeaeneHHbIMn

BO3MOHOCTAMM  co4vyeTaHMAa  TunoB  0b6paboTKy, BK/1KOYaA

HOPMWPOBKM HA MOTOKM, adanTaumm K BO3MOXHOW CMEHE 4acCTOTbl

nmnynobcoB peaktopa MBP-2, metonoB yyeta ¢$OHOBbLIX YCNOBUU U

agantauuu K M3MEHEHNAM  MHOTOAETEKTOPHOM CUCTEMbI YuMO
cnektpomeTpa KOMO.



Computing for SPD Experiment

® Creation, implementation and development of an
information and computing complex for processing,
analysis and storage of data for the SPD experiment

®= Development of a software environment for
processing and analyzing experimental data



Computing for SPD Experiment: OnLine Filter and Off-line System

= design and creation of a software and hardware = development of a model for processing and organizing data
complex for organizing the high-throughput including distributed data processing of the SPD experiment
processing of data received from the SPD DAQ (SPD on the resources of the collaboration participants.

OnLine Filter)

v' data flow ~3M ev./s. (~20 GB/s)
v" no trigger

- dedicated computing farm

- middleware complex

- methods and approaches to filtering
data in real time using artificial
intelligence technologies;



Data Bases for HEP Computing

= ATLAS EventPickingService

— the first version for automated event collection has been created.
— the service was used for the second stage oa the «yy=>WW» analysis (136 K events)
— further modernization of the service is ongoing according to the received results

= ATLAS CREST (Condition DB)
—  C++ API for CREST (implemented into Athena software package)

— COOL2CREST converter (developed, but not yet implemented)

— both parts require constant improvement for compatibility with the updated CREST server

" Event metadata system for the experiments at NICA (BM@N, MPD and SPD)

— has been designed to index events of the NICA experiments and store their metadata

— quick search by required conditions and parameters used in various physics analyses for a
set of physics events to use in further event data processing

" Geometry DB

— The geometry database is the main element of the information system designed to store,
process and manage information about the geometric models of detectors. It is
implemented into BMNROOT software

= Configuration DB (Configuration Information System, CIS)

— Configuration database for managing online applications for collecting and processing high
energy physics events. It was created for process launching in BM@N environment.



ML meToAab! onAa coBpeMeHHbIX akcnepuMmeHToB PB3

dKcnepumeHT BM@N.

-

Cxema yckoputenbHoro komnnekca NICA ¢ akcnepumeHtamu MPD, SPD, BM@N

3a4aun: PeKOHCTPYKUMA cobbiTiA NO AaHHbIM
Tpekosbiit aetektop TPC BHYTpM marHuta MPD. Unntoctpauma M3Mepe|-|uﬁ B TpeKOBbD( nu Apyrux AETEKTOan.

cmoaennpoBaHHOIoO cobbITMA CTONKHOBEHUA ny4ykoB NOHOB
30/10Ta, co34atoulee TbiCAYN TPEKOB.

26



Problem Statement: The Need for Advanced Tracking Methods

Unprecedent scale of modern experiments:

* Up to 200 simultaneous proton-proton interactions is expected
at High Luminosity Large Hadron Collider

* 200 particle tracks on average, 40K of tracks considering pile-up

* Traditional tracking methods cannot handle dense, overlapping
particle tracks due to computational complexity and time
constraints.

Deep Learning for Efficient Track Reconstruction:

* DL models can handle high-dimensional data and complex
spatial correlations between tracks https://webific.ific.uv.es/web/en/content/taking-lhc-higher-luminosity

* Multiple scattering and inhomogeneous magnetic field effects  The same problems are expected also for the NICA
could be learned from training data megaproject experiments

* Effective parallelization using GPUs out of the box

* TrackML Challenge was launched to explore new scalable Under high luminosity

approaches for particles tracking conditions, particles are
accelerated not individually,

but in groups — bunches

To cope with immense data volumes
a new high-throughput deep-learning based approach for tracking is needed 27



https://home.cern/science/accelerators/high-luminosity-lhc
https://www.kaggle.com/c/trackml-particle-identification
https://webific.ific.uv.es/web/en/content/taking-lhc-higher-luminosity

TrackML challenge 2018

In 2018, physicists from CERN and other physics centers around the world, including Russia, staged a
competition - the TrackML challenge to solve a machine learning problem for particle tracking in high-energy

physics at high luminosity TrackML dataset

(DOI 10.1109/eScience.201 8'00088) https://www.kaggle.com/c/trackml-particle-identification/overview

For this purpose, a source code simulator program is made
on the Kaggle platform, where a typical all-pixel LHC
tracking detector of 10 layers generates physical events
(Pythia ttbar) superimposed on 200 additional collisions.
This yields typically 10000 tracks (100000 hits) in each
event.

Detailed view of the short strip detector of
the TrackML challenge with a simulated

. . . event with 200 pile-up interactions
Noticeable participants:

* 1st: top-quarks — Logistic regression for pairs and triplets, helix extrapolation (8 min/event).

* 2nd: outrunner — Dense NN for pair prediction, circle fitting (3+ hrs/event).

* 3rd: Sergey Gorbunov — Triplet seeds, helix fit with magnetic field estimation (0.56 sec/event).

* 9th: CPMP — DBSCAN clustering, filtered by module frequency (10 hrs/event, 30,000+ DBSCAN runs).
* 12th: Finnies — DBSCAN seeding, LSTM for predicting next 5 hits (slow, no speed given).

Most of the solutions repeat the classical pipeline for tracking — seeding followed by trajectory fitting.


https://www.kaggle.com/c/trackml-particle-identification/overview

TrackML challenge results

The TrackML competition has stimulated a lot of research where TrackML dataset has been
used to train and verify different tracking neuromodels

* Lots of graph neural network programs, e.g. https://arxiv.org/pdf/2003.11603

* There is also some interest in the application of Hopfield neural networks, but in a
very different aspect, the slow evolution of the network is proposed to be
dramatically accelerated by quantum annealing performed on a quantum D-Wave
computer https://doi.org/10.1007/s42484-021-00054-w.

= Moreover, it is also proposed to apply quantum annealing to accelerate graph
neural networks arXiv:2109.12636v1 [quant-ph] 26 Sep 2021

* These works have in many ways stimulated new and quite promising research on
deep tracking carried out since 2018 at JINR MLIT for experiments of the NICA
and BES-IIl projects

Reports on real tracking tasks using LHC Run 2 and 3 data have already appeared
outside the TrackML challenge ( see, e.g., arXiv:2308.09471v1 [hep-ex] 18 Aug 2023 )



Our achievements before the announcement of the TrackML challenge

1. Local tracking for the GEM detector of the BM@N experiment is particularly challenging due to the
presence of a p number of fake hits, making it extremely difficult to find those hits at subsequent detector

stations that are extensions of the processed track.
We used the flexibility of the GRU recurrent neural network

architecture, which allowed us to overcome these difficulties and
create a new end-to-end TrackNET neural network with a regression
part of four neurons. Two neurons predict the ellipse center point on
the next coordinate plane where the continuation of the candidate
track should be searched for, and two more determine the semi-major
axis of this ellipse. ( See https://doi.org/10.1063/1.5130102)

This gives us the opportunity to train our

model using only the true tracks that can

Scheme of the recurrent TrackNETv2 NN be extracted from the Monte Carlo
Used Metrics: simulation. Thus, we have obtained a
Recall = ; Precision = neural network that performs track
- - No. of correctly reconstructed true tracks. following similar to the Kalman filter,
T LG CE O although without the final part where track

- —Total number of reconstructed tracks.

fitting is performed

However, the beforementioned shortcomings of local tracking meant that applying TrackNET to the simulation data of
BM@N run 7 gave a good recall of 97% but a precision >50%, which is unacceptable. The situation was later saved by a
hybrid tracking approach using a graph neural network in the second run


https://doi.org/10.1063/1.5130102

Tracking for data from high luminosity experiments. GNN for BM@N

Application of graph neural networks (GNNs).

Consider an event as a graph in which the nodes are hits. Nodes between neighboring stations can be connected by edges,
which are possible track segments. Nodes are not connected within the same detector layer. The tracking task for graph
neural networks (GNNs) can be formulated as a graph edge classification problem - to determine which of the segments
belong to real tracks and which ones should be discarded as false.

This scheme is similar to the well-known global Denby-Peterson approach with a
segmented Hopfield neural network, where the neural network takes a long time to self-
train separately for each event. However GNNs, where we need to find edges that are
segments of real tracks, can be trained on a sample of event graphs, where these edges are
labeled with a binary vector indicating whether a particular edge is true (1) or not (0). This
approach has been successfully implemented at CERN for model events from the pixel
detector, but our attempts to adapt their GNN for BM@N events with a huge fake
background failed due to the resulting memory space issues for loading the graph.

These problems disappeared when GNN was applied to the TrackNET output data
in the second stage of tracking. By receiving as input an event represented as a
Graphical representation of the graph of all candidate tracks generated in the first stage, GNN produced an

C+C, 4GeVevent ofthe BM@N acceptable tracking performance as a result
experiment. Black nodes and

edges correspond to the fakes, http://ceur-ws.org/Vol-2507/280-284-paper-50.pdf
green nodes and yellow edges to

the found tracks



http://ceur-ws.org/Vol-2507/280-284-paper-50.pdf

TrackML Challenge. Our results

1. Improvement of HEPTrkX GNN model

https://arxiv.org/pdf/2003.11603

The HEPTrkX GNN model has been substantially redesigned.

In particular, the original structure

has been changed to

PyTorch Geometric

l TrackML event graph

These improvements allowed to reduce the memory to accommodate the event graph CPU-RAM usage from 16 GB to

3GB and keep GPU-RAM usage up to 5GB at the batch size of 8.
Additional study how much the results deteriorate when uniformly distributed noise of 20% of the data is added.

Metrics w/o noise 20 % of noise
Accuracy 99 % 99 % Adapting the GNN model to datasets obtained from the MPD
: experiment of the NICA project, taking into account their
Purity & 91 % 90 % e . .
Efficiency o 0 specifics, is the next step in the current study.
AUC 0.996 0.996



https://www.kaggle.com/c/trackml-particle-identification/overview
https://arxiv.org/pdf/2003.11603

GNN ans pekoHCTpyKuumn TpekoB B akcnepumeHte MPD

bonbwasa MHOXeCTBEHHOCTb Cpe,ﬂ,Hﬂﬂ MHOXXeCTBEHHOCTb

MHoroypoBHeBasa rpadguyeckad HenpoHHas

ceTb Obina paspabotaHa AnNd TpPekuHra B

akcnepumeHTte MPD.

- CranpaptHass GNN

(https://doi.org/10.48550/arXiv.2003.11603)

- Cnoun BHUMaHUA

- [Byx waroBas arperaums ona  yderta
KPMBU3HbI TPEKA

Manaa MHOXeCTBeHHOCTb

1000 Au-Au cobbiTumn
p, <150 MeV

80% - obyuyeHue
20% - TecTupoBaHue

33




Tracking for data from high luminosity experiments. SPD NICA

SPD ( Spin Physics Detector) is being developed to study the spin structure of proton, deuteron and other spin-
related phenomena using polarized beams of protons and deuterons at collision energies up to 27 GeV and
luminosities up to %32 cm2s 1, Event data from the SPD will be received at 3 MHz as 10 ms time-
slice data, with up to 40 events in each time-slice, i.e., one time-slice
will contain up to 200 tracks and ~ 1100 hits per station

Reconstruction of events from a dataset
of time-slices is required. For this
purpose it is planned to develop an
algorithm for online filter to process at
least 100 time-slices per second

ST - Straw-Trackermodule consists of 35
double layers of straw-tubes

General layout of the SPD setup

The calculations were performed according to a simplified simulation scheme:

* Python script generates events with 1-10 random tracks.

* Transverse momentum: 100-1000 MeV/c (uniform).

* Random vertex coordinates within the collision area.

* Trajectories follow a helical path, defined by the pitch and radius equations.

* Simulated detector with 35 stations.

* Fake and noise hits simulated using randomly sampled points in detector space.



Deep tracking for SPD NICA timeslice data

The main problems in SPD tracking are a huge number of fake signals, missed counts due to inefficiency of detectors and
“left-right” ambiguity of straw-tubes Introducing appropriate complications in the TrackNET program inevitably slows
down its work and reduces its efficiency.

Reconstruction of events from the time-slice dataset was performed in two stages
1. On-line tracking(TrackNET) mmmm) 2. Unraveling track array by events

ooy WBorisoy

By fine-tuning TrackNET on the GOVORUN
supercomputer, a processing speed of ~2000 model
events per second with acceptable tracking efficiency
was achieved

The event unraveling algorithm is based on clustering of feature
vectors, obtained using Siamese neural network. The result is
quite promising, but requires improvement due to insufficiently
low efficiency.

https://doi.org/10.1134/51063779624030237 35




HoBble noaxoabl ¢ npumeHeHnem HeupoceTu Point cloud transformer (PCT)
1. PCT gna onpepeneHus ynmcna Tpekos B cobbiTum ( B n1aHax).

Output: Cleaned event

Input: Raw event 2.PCT pna ypaneHus
¢denKos B Taum-cnaiice. O6beanHaem
Bokcenusauua cobbitum BCE B O4HO
SPD 1 nporpammHbIn cobbiTue
KoHBeuep s
T T 119
Aenvm npocTpaHcTBO L [
neTeKTopa Ha M BOKceneii Bepem XxuTbl U3 Kaxxaoro Bokcena u opmumpyem 6atu us M T T
T.6. Ha 6onee MenKue ’ X N x F noaBblbopoK, cuntasn, uto Kaxkaaa noasblbopka - 3To A 7
= . T 117
noAnNpoCTPaHCTBA . MMWHU-CObbITHE e
(TIT11117 PCT= Point cloud transformer —————
T I 1T 11117 I Knaccnpuumpyem
mmm) ([ [ [ [ [ [ [ ) | Msamples XWUTbl Ha UCTUHHbIE U
(T T T 111179 deiiku
(I T 11117y PE3YIIbTATbl YNCITEHHOIO 3CMNEPUMEHTA
I A A I‘U UYucno | Headdek Yucno Precision Recall
N hits F features | COOLITUM 20, BOKceneu 0.98 0.98

40 512
https://doi.org/10.1134/5S1063779624030638 RE




ML/DL nogxoabl ang 3agayv komnnekca NICA

D,BymepHoe ceyeHune NpoCcTpaHCTBEHHOro pacnpeanesrieHnsd MarHUTHOro nNoyid B AeTeKrope

WHTepnonaumsa cnnakHom

BM@N

dutupoBaHue ¢ nomouibio KAN Pa3Huua mexay metogamu

fit

PaspaboTaHHbIN noaxod MOXET ObiTb MPUMEHEH K

3ajaye PEeKOHCTPYKUMM CBOWMCTB 4acTuy W

CTpyn, nony4vyaembix Ha yckoputerne NICA.

Hanpumep,  paspellueHve  MNepekpbiBalOLNXCS

CATHANoOB B  TPEKOBbIX  [AeTeKkTopax
o6HapyxeHna 6nmnako NeTawmx YacTul.

ang

[MpennoxeHa, yrnyduweHa n
peann3oBaHa HeupoHHasa ceTb
KonmoropoBa-ApHonbaa

(KAH), coBMecTumad C
onTuMmMsaTopammu cemencrea
Adam.

KAN obnapgaet 6onee BLICOKON
annpoKCUMaLUOHHOMU
CNocoBOHOCTLI NO CPABHEHUIO C
KIacCU4YEeCKMM  MHOIFOCIOMHbIM
nepcentpoHom (MLP).

[na annpokcumauymmn

MarHUTHOro noJsis B AeTeKTope
BEM@N 6bln npuMeHeH wMeToa
KAN. KAN HamHoro ObICcTpee,

yem KIacCU4eCcKnn MeTon
CNianHoB. 3Ha4yeHusa nonsi
annpoKCUMUPYKOTCA CO CpenHewn
oLLINBKoMn 0,43% ans
KoMmnoHeHTbl nonga B, n 1% ana
KOMMNoHeHTa B, 37



Pagnobuonorna n Haykm o 3XKUsHu

pa3an‘|Hb|M K/1aCCaM 3aﬂ|al‘| ML/DL TexXHonormu
" CoBpemeHHble IT-peweHunA

/ ANA XpaHeHua, 06paboTkm n
. U BM3Yya/IN3aLMM AaHHbIX
HTeNnNeKTyanbHaA o
y " CTaTUCTUYECKMUUN aHaNms3
nnatdopma MOHUTOPUHIA

OKpPY’KaloLen cpeabl
moss.jinr.ru [=] % [=]

=8 |

" CepsuC ana onpeneneHma u

" MHbopMaLMOHHanA cuctema aHa/n3a 04aros
AnA 3aga4 pagnobuonorun nopa*eHus, BbI3BaHHbIX
" MHTennektyanbHaa nnatdopma AN bio.jinr.ru paauaumen
onpeaeneHus 6onesHein XpaHeHue,bbICTPbIM A0CTYN U aHaNAU3 mostlit.jinr.ru
Ce/IbCKOXO3AMCTBEHHbIX U AaHHbIX pap,mo6monormqecmx
KCNEePMMEHTOB oreen

JEKOPATUBHbIX PACTEHUM EEIE

doctorp. :
octorp.ru Gi

B



JKocuctema gna 3aga4vy MmallMHHOro obyyeHus, rmybokoro obyueHumsa m

dHaJ/in3a AaHHbIX

O6ecneuenue padoT 1Mo pa3pabOTKe METOAOB U AITOPUTMOB MAIIMHHOTO OOYUYE€HHUS U ITTyOOKOTO O0yYEHHUS, a TaAKKeE
cpena Jjis aHaJIM3a U BU3yau3alluy JaHHBIX. DKOCHCTEeMa peann3oBaHa Ha 0asze JupyterHub —mHoTOMONMB30BaTEBCKOM
maTtdopmel 1o padote ¢ Jupyter Notebook, Bkirouaromias B ce0s Habop O0MOIMOTeK U (hPEeHMBOPKOB:

. BBIYUCIIUTEIbHAS
KOMIIOHEHTa MpeJHa3HaYeHa s
pPOBEACHUS pPECYPCOEMKHUX,
MaCCHBHO-TIapaslIeIbHBIX 3a1a4
oOydyeHUs] HEHUPOHHBIX CeTe ¢
UCII0JIb30BAHUEM rpaduyecKux
YCKOPUTETIEN NVIDIA
(https://jhub2.jinr.ru );

. xomrnoHenta JLabHPC
oOecrnieunBaroIias IPOBEJICHNE
pacyeToB  Ha  BBIYMCIUTEIbHBIX
y3nax miardopmel HybriLIT, B TOM
qyucie Ha CK «l'oBOpYyH»
(https://jlabhpc.jinr.ru );

. KOMITOHEHTA U1t
pa3pabOTKU MOJIeNIe M aJIrOpPUTMOB
151 aHanm3a TTAHHBIX

(https://thub.jinr.ru).



UHopMaLMOHHO-BbIYMCAUTENbHAA CUCTEMbBI A8 aBTOMaTMU3aL MK 06paboTKK

AaHHbIX pagunobunonornyeckux nccaeaoBaHmm

PagunanuonHo-uHayuupoBanubie @okycol (PUD)

Krerku ¢ 53BP1 /

Knerku ¢ YH2AX/
[ Snpa kierok
DAPI+xpacHbIic | DAPI+3enéupre |
PUD PUD DAPI

IIpu z[eﬁCTBI/IH\I’/I'Oﬁmnpyfomnx V3JIy4YEHUN HA KUBBIE KIIETKU BO3HHKAET
uenbid criektp noBpexaeHui JJHK, B ToM uucne nByHUTEBBIE pa3pbIBBI
(AP).

Jlitst BU3YyaJIN3alU JIP JIHK UCIIOJIb3YETCA METO/T
UMMYHOIIUTOXUMUYECKOTO OKPAIIMBAHUS: BBIABISIOTCA CIEIU(PUUECKUE
OeNKHu-MapKephbl, KOTOpbIe HAKaIJIMBAIOTCS B cailTaXx BO3HUKHOBeHUs [P
JTHK 1 ¢popMupyrot paguaimoHHO-UHAYIUPOBaHHBIE POKyCEl (PUD).

nOCTpOEHVIe TpaeKTopuun nepegsuKeHna XMBOTHONO Ha
OCHOBE a/IFMPUTMOB KOMIMNbOTEPHOIO 3PpEHUA.





Pa3sButue MHTENNEKTYaIbHOU NAaTdopMbl onpepeneHus

PasButue nnatpopmbl KOHTPONA U

COCTOAAHUA CE/IbCKOXO3ANCTBEHHbDIX U AEKOPAaTUBHbLIX paCTEHMﬁ NPOrHO3MPOBaHUA COCTOAHUA Opr)'Kal'OLIJ,Eﬁ cpeabl

Pe3synbtatbl
NHTennektyanbHaa naatpopma onpeaeneHma COCTOAHUA
CE/IbCKOX03ANCTBEHHbIX N AEKOPATUBHbIX PACTEHUI, B KOTOPOM

npeacrtasjieH 3HAYNTENbHbIN obbem onpeaenaembix

6one3He|‘/i, I'IO,EI,pO6HbIe naaHbl nNev4eHna wm UCnoJib3yroTCA
nepeanosBblie TEXHO/TOMNMU UCKYCCTBEHHOTO MHTENTEKTA.

Pe3ynbraThbl
Mhatpopma KOHTPONA M NPOTrHO3UPOBAHUA COCTOAHUA
OKpyXatowen cpeabl, codyetatowaa B cebe nepenosble
TEeXHO/NIOrMM yrnpasnaeHUa AaHHbIMM U UCKYCCTBEHHOrO
WHTENNIeKTa ON14  peleHnMA 3adad  3KON0rnmyeckoro

MOHUTOPUHTA.
41



KBaHTOBble cumynatope Ha CK «[oBOpyH»

Co3ZaHue KBaHTOBOIO Co3aaHue KBaHTOBOTO Ha CK «T'oBopyH» Oblia HACTpOEHA POTPaAMMHast Cpejia,
KOMMbloTepa ) cMMynAaTopa cozieprkaiias Habop KBAaHTOBBIX CUMYJISITOPOB, CIIOCOOHBIX
paboTaTh Ha PA3IUYHBIX BBIUUCIUTEIbLHBIX aPXUTEKTypax.
’ beuio mokazaHo, 4ro Ha Tekymux pecypcax CK
«l'OBOpyH» MOXHO CMOJIeIMpoBarh 10 38 KyOMTOB Ha
PaspaboTka cumyiisitope QuEST. OmHako 3TOro 4mciia HEAOCTATOYHO
NPUKNALHbIX KBAHTOBbIX JUIS. TOJIHOTO MOJICJIMPOBAHUS DJICKTPOHHBIX 000JI0UYEK
anropuTMoB CBEPXTSIKEIBIX AJIEMEHTOB, Harpumep, TS
moaenupoBanus 118-ro »smementa HeoOxomumo 118
I KyOUTOB.
MoaennposaHue

KBAHTOBbIX CUCTEM

CPU

GPU

B pamkax nipoekra « CBEpXTsDKENbIC siApa U
aTOMBI: TIPEJICIIbI MACC SIJEP U TPAHUTIBI
ITepuoauueckoii Tadauiel [.B. MenaeneeBa

(rpanT MuHHCcTEpCcTBa 0Opa3oBaHus U Hayku PD
Ne 075-10-2020-117)



Quantum Computing Polygon

deployed on the ML/DL/HPC ecosystem of the HybriLIT platform.

As an example, we present a search for the ground state and its energy in the Ising model with a longitudinal
magnetic field using the quantum approximation optimization algorithm (QAOA).

Coincidence of state vector
search and sampling search.

OpenMP for CPU computations and cuStateVec for GPU computations

Ising Model Intel Xeon y ,
3x3x3 lattice %1\6/[3]) B%Ytl(lj Platinum 83 68Q, Nzl}]s)tlaz?e%]igo, Yu. Palii, A. Bogo.lubs.kaya, afzd .D. .Yanowch:
27 qub e AU vt fo she Ling odel  an Evterna

" . : . Magnetic Field // PEPAN, V. 55, N. 3.
Comp. time 3 h 20 min 3 h 10 min 14 min 35 sec Pp. 600-602, 2024,




Thank you for your attention!
nvoytish@jinr.ru
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“Govorun” Supercomputer for JINR tasks

Projects that mostly intensively use the CPU resources of the “Govorun”
supercomputer:

> NICA megaproject,

» simulation of complex physical systems,

» computations of the properties of atoms of superheavy elements,
» calculations of lattice quantum chromodynamics.

The GPU component is actively used for solving applied tasks by the
neural network approach:

Selected statistics of the most
resource intensive projects

> processing of data from experiments at LRB, During 2022, 890 911 jobs were performed on the

. . CPU component of the “Govorun” supercomputer
> ’
data processing and analysis at the NICA accelerator complex, etc. which corresponds to 18 543 076 core hours.

Information system for Neural network for HEP
radiation biology tasks data reconstruction and
analysis

The resources of the
“Govorun”  spercomputer
are used by scientific
groups from all the
Laboratories of the Institute
within 25 themes of the
JINR Topical Plan.
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Simulation of physical processes and experimental facilities

®= analytical and numerical calculations of physical
processes, software optimization, including tuning and
adaptation of physics event generators;

= MC event production, development and support of
information systems for event catalogues;

® participation in the creation of computer models of
experimental facilities and simulation of elementary
particles passing through them based on GEANT4 (and
others) and fast simulation of the response of the
detectors.



MC Generators for the NICA and LHC Experiments

= Development of the heavy ion collision generators

— Dubna Cascade Model, Quark-Gluon-String Model, Statistical
Multifragmentation Model for the NICA Experiments

— tuning the HIJING generator with data of NA49 and NA61/SHINE
@ CERN, STAR@RHIC (can be used in MPD and SPD
experiments)

" Analytical and numerical methods for calculating neutron-
proton systems under strong compression at the NICA

The priority tasks of the JINR Groups in LHC physics program h (— bbar) +a (— ) = bbar + MET
(ATLAS and CMS) include searches for candidates for dark
matter particles, tests of predictions of TeV-energy scenarios

" Fine tuning the generators for searches for new physics
— revision of model parameters for 2HDM+a, 2HDM+s, etc.

— simulation with Pythia8, QBH, MadGraph5_aMC@NLO +
FeynRules (simplified DMM, HDM+a, 2HDM+s, etc.)

— mass production + Geant4 response

Ex., Dark Matter can be probed with two fermions/two

fermions + MET/higgs + MET/Z + MET in the final states
MLIT + BLTP + VBLHEP



Modeling Experimental Facilities for the NICA, LHC, etc.

= Development, verification, validation and application of = Simulation and prototype testing for present and future
FTF (Fritiof) and QGSM (Quark-Gluon-String-Model) orbital detectors: NUCLEON, NUCLEON-2, HERD
hadronic models

Rapidity distributions of - mesons in
40Ar + 4>Sc interactions (EPJ, C82 (2022)

Prototypes tested @ Nuclotron JINR

isotopes charges
Exp. conclusion: “There is no model (EPOS, UrQMD, HIJING
...) able to describe the data!” from NA61/SHINE Collab. on
PP, °Ar + %Sc and ’Be + °Be



Tracking Algorithms for HEP Experiments

Mathematical methods and software for processing and =
analyzing data from the experiments @ NICA

— software for alignment and calibration of the BM@N STS (silicon
chambers) and GEM (gas electron multipliers) track detectors

— development and application of methods and algorithms for
processing and analyzing experimental data for the coordinate
detectors

Mathematical methods and software for muon
reconstruction and the estimation of operation parameters
of CMS detectors @ LHC

reconstruction of the cosmic muon trajectory in the setup for
testing active elements of the CMS HGCal, as well as evaluation
of the efficiency of HGCal modules;

usage of discrete wavelet analysis to recognize the coordinates
of close-flying particles from over-lapping signals in the Cathode
Strip Chambers (CSC). Evaluation of the operation parameters of

CSC detectors and of the rate of background particles for
different types of experimental data.
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Testing RU algorithm with GIF++ data

CERN Gamma Irradiation Facility (GIF ++)

—
o
o

w
w
L T

ME21 Efficiency, %
w0
]

o]
w
T T

2017 August GIF++ muon beam + source data RU segBuilder

L 2017 August GIF++ muon beam + source data ST s egB uilder
30 ...................................................................................................................................................................................

BLUE oId algo RED RU algo
75 :

0 0005 001 0015 002 0025 003 0035 004 0045 '
1 / Attenuation_factor

Facility scheme Radiation field map Reconstruction efficiency vs.
Goal: study of the performance and stability of the LHC detectors and background noise level
future upgrades for the HL-LHC at CERN.
Methodology: high energy charged particle beams
(mainly muon beam with momentum up to 100 GeV/c)  'twas proven that CSCs can
are combined with a 14 TBq *’Cesium source, allowing  SurVive the HL-LHC conditions.
to accumulate doses equivalent to HL-LHC
experimental conditions.
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Two algorithms comparison

All segments: Nhits per segment Entries 566949 ‘ Nsegments_per_station ‘
E , 5 f-| * The number of short segments
c! Entries 323236 <100
W Hﬂ decreased by order of 12.
10 *  The number of reconstructed track
o 1 tFL'RLELnn segments has decreased, while the
! sy number of cases where no
0 Bt segments were reconstructed has
i L] IJTLLr" ] decreased by 8 times.
1 . . . .
I S e T T = P A A 'n'segrizn!;:;mi?° The rgconstructlon efficiency has
Segment length . been |mE>roved and hfas become
Number of reconstructed segments in chamber more uniform depending on the
hRH_EfficiencyvsEta | pseudorapidity
= Th ted track
S T dPhi_Seg_Sim_total hdPhi_Seg Sim total|  ® e reconstructed track segments
3 g5L _+_—+——+— +—1 S bt | = | Seg_Sim total Entries 33817 . &
£t _+__+__4,__¢__+__+_ —+ CR I ] I N Mean —0.00Z became 3.5 times closer to the
i 90 ‘J-"_%)_ o] - : RMS CA 1301 simulated muon trajectory.
C _ﬁl’_ _(:)_ _+__<:>_—¢~,— o 4 4 hdPhi_Seg_Sim_total
851 GERM Entries 34146
F C Mean 0.001139
sof 102 2_ ............................................................. RMS 0.3708 )
750 T W ___________________________________________________________________________ Simulation data results.
7“‘]_|1 TRz T T e s ez Tz T za 1: Jﬂ”-lll-l‘—”ru\‘ Ltl._['_lL"‘JJ:IlJ-Iﬁ ............ J_-[ 1 Muons With pT= 1000 Gev
Eta 111 1L rinn
—-30 —-20 —10 4] 10 20 etrip unilg
Reconstruction efficiency vs. Difference in precise coordinates between the 10K events.
pseudorapidity reconstructed segment and simulated trajectory

Blue — previous algorithm; red — RU algorithm. 52



Machine Learning Methods for the Track Reconstruction and PID

= particle identification based on the gradient boosting of decision trees with MPD Time-Projection

Chamber (TPC) and Time-of-Flight (TOF)

" new approaches to track recognition in SPD strip and pixel detectors
based on a recurrent neural network and a graph network (already
used for track recognition in the BM@N experiment at JINR and in the
BESIII experiment in China)

BM@N

Preliminary results: accuracy of about 99% for testing data (18% of true
segments are lost)

MPD

Efficiency and contamination of the
identification of positively charged particles in
the MPD model data, obtained by the method
of decision trees with gradient boosting



Geant4 hadronic models (QGS and FTF) for HEP and cosmic ray
experiments

Development, verification, validation and application

Key data: NA61/SHINE Collab. on PP, Ar-40 + Sc-45 and Be-7 + Be-9
Rapidity distributions of m- mesons in interactions
Ar-40 + Sc-45 interactions (EPJ , C82 (2022) Exp. conclusion: “There is no model (EPOS, UrQMD, HIJING ...) able to
describe the datal!”
At the moment we have shown: Geant4 FTF model without QGP gives
the best description of “°Ar+°Sc data at c.m.s. energy below 10 GeV

Tasks at hand:

Solve the problem with strange meson production;
Analyze BM@N data;

Simulate Au+Au interactions for NICA MPD experiment;
Simulate pp and dd interactions for NICA SPD experiment;
Estimate centrality detector responses;

Include spin in MC generators;

Include QGP a’la EPOS model;

Re-thinking of anti-nuclei interactions with nuclei;

. Include structure of (anti) hyper-nuclei.

10. etc.

WO NOUAWNR



... and other fields

data processing system for the BAIKAL-GVD project

reconstruction of cosmic rays at the TAIGA gamma-
ray observatory

— several atmospheric Cherenkov telescopes (IACT)
with a network of TAIGA-HISCORE wide-aperture
Cherenkov optical detectors

track reconstruction in the proton digital
calorimeter for proton therapy

processing and analysis of neutron noise of the IBR-
2M reactor

software complex for data processing of the YuMO
small-angle neutron scattering spectrometer

YuMO



Tracking for data from high luminosity experiments. GNN for BES-IlI

The presence of fakes
and missed hits
necessitated the use of
a different type of GNN

The CGEM-IT internal detector of the

collider BESIII experiment, consisting of

: ; All hits of a simulated event
collider BESIII experiment three detection cylinders

The event graph is inverted into a linear digraph when edges are represented by nodes and nodes of
the original graph are represented by edges. In this case, information about the curvature of track segments
is embedded in the edges of the graph, making it easier to recognize tracks in a sea of fakes and noise. In the
process of training, the network receives as input an inverse digraph with labels of true edges - real
track segments. The already trained GraphNet neural network as a result associates each edge with the
value x € [0,1] in the output. True path edges are those edges for which x is greater than some given
threshold (> 0.5). (http://ceur-ws.org/Vol-2507/280-284-paper-50.pdf)

Tracking efficiency estimates. Evaluation of accuracy as a share of found tracks to the
total number of candidate tracks is useless and even dangerous, because our sample is
very unbalanced. It is accepted to use two metrics - recall and precision. Recall is the
fraction of true tracks that the model was able to correctly reconstruct by finding all its
hits. Precision is the fraction of true tracks among those that the model reconstructed
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MeToabl ryboKoro oTcnexXnBaHua aNa PeKOHCTPYKLUUn cobbitnin
B GEM peteKTope akcnepumeHta BM@N

OanH K3 noaxoaoB npeactaBnAeTr cobor  ABYX3TAMHbIA  METod, C
npeaBapuTenbHON 0b6paboTKOM AaHHbIX NMyTEM HanpaB/EHHOro MOUCKa B
nepese k-d gna noucka Bcex BO3MOMKHbIX KaHAMAATOB B TPEKWU, @ 3aTEM C
MCMONb30BaHMEM T[NYOOKOM pPEKYPPEHTHOM HEUPOHHOW CeTU ANna  Uux
Knaccmbukaumm

[lpyrot CKBO3HOW METOA, MCMONb3YET IMYOOKYI0 PEKYPPEHTHYIO HEMPOHHYIO
CeTb ANA 3KCTPaANoNAUMM UCXOAHbIX TPeKoB, NogobHo ¢unbTpy KanmaHa, .
KOTOPbI N3B/IEKAEeT HeE0HBXoAMMbIE NAapPaMETPbl U3 AaHHbIX.

TpeTun MmeToa peanusyeT Hally HOBYK MOMbITKY aAanTMpoBaTb MNOAXOA,
OCHOBaHHbIM Ha rpadoBbix HeMpOHHbIX ceTax (GNN), pa3paboTaHHbIN B

npoekTte HEP.TrkX B LLEPH, K AaHHbIM, cneunduuHbim ana GEM CxeMa CK803H020 0byYeHUS, OCHOBAHHASA HA 271yBOKUX
UHuYuuposaHue zpacpa das GNN ‘ peKyppeHmMHbix cemax. Cxema peanu308aHa 8 nakeme
MpensaputesnbHble pesybTaThl TrackNETv2. Memoo daem aghgpeKmusHoCcmeb
aNropuTMa MUHUMANLHOIO peKoHcmpyKyuu nopsaoka 99.2%.

AepeBa BETB/IEHUA!

TOYHOCTb — 99% Ha TecToBbIX

(18‘7 Goncharov et al. AIP Conf. Proc. 2163, 040003 (2019)
AaHHBIX o WCTMHHbBIX 5,1 charov et al. EP) WoC 226, 03009 (2020)
CermeHToB 6bLIN MOTEPAHbI BO Rusov et al. Studies in Comp. Intell. 1064, 32 (2022)

BCemM Habope AaHHbIX)



UU ana 3apay OUNANU

I. CoBmecthbiii mpoekT JIUT u JIPb mo co3ganuto Mudopmanmonnoit cucremsl (MC)
Kak komruiekca MT-penienuii, o0ecreuynBarOuX XpaHEHUE, aHAIU3 U BU3yaJd3alluio
JAHHBIX paguoOmosiornueckux oskcnepuMmeHToB. HMC ocHOBaHa Ha MeToJax
MAIIIMHHOTO U NTYOOKOTO 00YyY€HUSI U HEHPOCETEBBIX MOAXOAAX. ‘

U-net neural
network

II. B pamkax corpynauuectBa JIUT u
JIHO BEYTCS paboOTHI o

IIPOTHO3UPOBAHUIO 3arps3HCHUS
BO3/lyXa TSDKCJIBIMM METajlylaMU  C
UCIIOJIb30BAaHUEM JTAHHBIX
OMOJIOTHUYECKOTO MOHUTOPHUHTA,

JAHHBIX C KOCMOCHMMKOB M Pa3JIMIHBIX
TEXHOJIOTHI MAIIIMHHOTO M TIIyOOKOTO
0Oy4eHMUS.

III. HelipoHHbIE CETH U1 PELLICHUS 3a1a4
PEKOHCTPYKIIMA TPAECKTOPUM JABHKECHHUS
yactull B 3kcnepumentax ®BD (BM@N,
BESIII, SPD et al.).
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