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Mathematical methods, algorithms and software for modeling physical processes and

experimental facilities, processing and analyzing experimental data

Key IT/softwdrejeckstincte@ndN& data handling

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

Particle traject i
Physics event simulation Anm el . o Data pru.c essing and
reconstruction analysis models
SE ST 1 Particle identification Data models

experimental setups

Reconstructionof physics  Software platformsand

processes systems
Experimental data Development and
analysis maintenance of DBs
Themain strategyis to usecommonsolutions . e .
. . Event visualization
and methodsfor different experiments



Simulation of physical processes and experimental facilities

CMS Experiment at the LHC, CERN /

. . . ] ) '/ Data recorded: 2016-Sep-27 14:30:59.465920 G T
A analytical and numerical calculations of physical e SEEUEkECC

processessoftware optimization, including tuning and

adaptationof physicseventgenerators

A MC event production, development and support
of information systemdor eventcatalogues

A participation in the creation of computer models of
experimental facilities and simulation of elementary
particles passingthrough them basedon GEANZ (and
others) and fast simulation of the response of the
detectors




A Developmentverification validationand applicationof A Simulation and prototypgesting for present and future

FTF Eritiof) and QGSM QuarkGluonStringModel) orbital detectors: NUCLEON, NUCLEONERD
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MC Generators for the NICA and LHC Experiments

- . .. Au+Au Vs=5 GeV o
A Developmenif the heavyion collisiongeneratos 107 — i emw _ AurAu, Vs=5 GeV
. L. 3 0% o j020% ¥ 10 — DCM-
b DubnaCascade Model, QualuonString Model, Statistical % B B z _§§E_§“§'§gﬂmmw -
H . - 3y S, - U+ ol
Multifragmentation Model for the NICA Experiments e z

b tuning the HIJING generator with data of NA49 and 3
NA61/SHINE @ CERN, STAR@RHIC (can be used in MPC ol
SPD experiments) ;

',hl,k 107k E

A Analytical and numerical methods for calculating neutron
proton systems under strong compression at the NICA UL
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The priority tasksof the JINRGroupsin LHCphysicsprogram  h (- bban+a ¢ c ¢ =bbar+ MET
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A Fine tuning thegeneratos for searches for new physics
L revision of model parameters for 2HDM+a, 2HDM+s, etc.
b simulation with Pythia8QBH, MadGraph5 aMC@NiO
FeynRulegsmplified DMM,HDM+a 2HDM+s, etc.)
b mass production + Geant4 response
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Ex, Dark Matter can be probed with two fermions/two
fermions+ METhiggs+ MET/Z+ METin the final states




Reconstruction of physical objects and analysis of experimental date

developmentof algorithms, including those basedon recurrent
and convolutionalneural networksfor machineanddeeplearning =\
tasks, and creation of corresponding software for the <~ \\
reconstructionof physicalobjects (tracks, particles,clusters,etc.) \*
and physicabrocesses |

development of methods and algorithms for data analysis,ff
includingstatisticalanalysis AR B,

I 1 H LN L - ,\ \ \ i ’- ;, I' -‘ ;“"-" / s“.;
adaptation of existing software for specific experiments, x| 3/7 e
reconstructionand analysisof experimentaldata; I

the LHC o
conductinga global analysisof data from variousexperiments(in —— =

particular, a combined analysisof data from accelerator and Qf S
astrophysicakxperimentsin searchfor candidatesfor the role of =/ 1\ = ~ha/

dark matter).



Development,implementation and advancementof methods
and algorithms with their subsequentimplementation in the
form of a set of problem-oriented programsfor modelingand
reconstructingphysicalevents,aswell asprocessingnd analysis
of experimental data for coordinate detectors of the BM@N

Modeling and reconstruction in tracking detectors

experimenttrackingsystem

of the BM@N experiment

BM@N tracking system
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Beam Inner Quter
tracker tracker tracker
Silicon ] Silicon T T ] CSC |
Tracker = meters (or DCH)

Hierarchical diagram of the coordinate
detectors of the BM@N experiment tracking
system in RWH8 (2022¢ 2023)

Forward Silicon CSC 2x1.5Mt

Coordinate detectors of the internal and external subsystems of the
BM@N experiment tracking system

O Magnet SP-41 (0)
9 W Triggers: BD + SiD (1)
B Forward Silicon (2)
O GEM (3)
O ECAL (&)
B CSC 1x1 m*(5)
0 TOF 400 (6)
B CSC 2x15 m'(#)
O TOF 700 (8)
O zDcC (9)

Experimental setup for the REB\BM@N experiment 7



Reconstruction of higlpT muon trajectoriesin the CMS experiment

84 hits in chamber

N\ Muon
trajectory

HighpTmuon passing through the
CMS endcap muon system 15 tracksegments 4 tracksegments
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RoadUsagé&kU) segment reconstruction algorithm
Reconstruction efficiency vpseudorapidity



Highest dimuon mass event at CMS

Dt recordee Fri Oct 14 23 4298 2022 CEST

WAE v 380090 / 3234235

Z': Highest Mass Events

CMS Experiment at LHC, CERN
Data recorded: Fri Oct 14 23:42:24 2022 CEST
Run/Event: 360393 / 32342351

Lumi section: 16

A. Lanyov

\ _ oy

Event displays for 2nd and 3d
highest mass events in backup

Y

e Event ID: 360393:16:32342351

- Dimuon invariant mass:

- TuneP + common vertex fit: 2407 + 157 GeV

TuneP: 2378 GeV
Tracker track: 1868 GeV
Global track: 2530 GeV

- mul (pT[GeV], n, ¢)=(1161,1.589,-3.014)

“mu2 (pT [GeV], n, @) = (935, 0.538, 0.131)

= CsC



Usage of RU algorithm for tracking in GEMs @ CMS

Example: Std vs Dubna Efficiency
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v~ Single Mu sample with PU=0, without noise, CMSSW_8 1 0 prel6

v"  Flat pT in 0-30 GeV, Flat eta in MEO acceptance
Rechits are Smeared points with perfect spatial resolution (thus, no realistic readout yet)

<

* QOwerall, the performance of Dubna algo are the better, as expected
10



Overlapped signals delimitation in CSC of the CMS experiment

> 30% of strip width

~ 2% of strip width

ok

Regular strip charge
distribution

Muon
trajectory

aly,

/

Abnormal strip charge
distributions

/ <« Charge on strip

705 :Il (%0

Strip_ nr
If, >=¢ QO IV@OQpQ Envies. 44915 Event display in CSC
=> | RMS 008489 Hits with big strip errors

the coordinate is calculated usin
Center of GravityGQoQ like
algorithm

O

n ﬂﬂﬂﬂﬂ

~15%

ﬂ\\l\\l\\\\u\

Hit Strlp Errors

fail to be add to the
segment.
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Introduction to wavelet analysis

The @-WT3WaveletTranSforrmethod based on the usage of second degree wave([€23)[1] was chosen by us for overlapping signal
recognition

The main function in wavelet analysis is the following double gaussian function

G(x:A.x;B,X;) = Aexp(—E2) + Bexp(- £22) (1)

L1 | L A

While processing the signal it is divided in a{€2$, where . ] _ £
- , = w  \NMaveletfilter
he ==[.* G(x; A xq;B,x;)dx (2) “.
T "Xk-1 ||
Gauss wavelets \r the function Gcan be represented as follows i ‘
b- b-
Wgn(a, b)G = Awg, (“ (=2), (3) :
here
ca™3
w=|\l—/m/m—].
,(n_ )|sn+1
Here b is the shift, a is the scale and V& , ,"Q ¢gaussiarwavelet of the rth degree h- cluster of strip charges - half-width of the
wavelet

To find the rath wavelet coefficients of the set h we use:

Wa(a, b)h = =S S (e [7*gn (52) ) (4)

-1

G.Ososka\A.ShitovGaussian Wavelet Features and Their Applicationaratysis of Discretized Signal<Cémp.Phys.Commw.126/12, 149157,
(2000) 12



Universal tool for overlapped signals delimitatio -

CsC
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Overlapped signalkspreliminary results

> 30% of

¢ initial chargedistribution; strip width

Greenline ¢ simulatedmuon coordinate
Redline ¢ waveletanalysis
Blueline ¢ standardapproach(CoQike).

CMS Preliminary Simulation Wavelets
S T S T S Entries 5280
E 103 ' ' ; ' Mean -0.02876 G55 565 670 675 620 6885 690 595 700 705 710 (x0,1)
5 )
>, RMS 0.1744 Strip_nr
= Standard
Entries 5280
107
: : Mean 0.005236
o 5 S HOO..» SO | 1 I 0.4216
10
1 ............................................

3 2 1 0 1 2 3

atfrin nnits

Difference in terms of strip widths between
simulated and reconstructed hit

2 overlapped
signals

4 overlapped
signals



First approach of decision trees for PID in MPD experin

Particleidentification is an important part of the physics
analysispipeline in MPD experimentand is provided by
TimeProjectionChamber(TPC)and Timeof-Flight (TOF)
detectors We have applied gradient boosting approach
for ensemble of decision trees with use of CatBoost
library to PIDon Monte-Carlosimulateddata for TPCand

TORdetectors 0.2

—— 7t
—— kTt
== D

iciency

(R T
|dea of the gradient %%.0 0.5 1.0 15 2.0 2’5
boosting method S e p, GeV/c
LR A
5 N
£ .
Y
+ |+
e
&a &
""" — 30.6
Iterations ) :g — ket

—-— p

—
E
°
IS
[ —

The proposed approach for PID problem in the MPD
experimentshowspromisingresults In particular, it gives»
a multiple increaseof an efficiency for small and large
particle momentum rangesin comparisonwith so-called
n-sigmamethodrealizedin mpdroot software

©
N

0.5 1.0 1.5 2.0 2.5
p, GeV/c

o©

(=)
o}
o

Efficiency of PID

15
See talk by VladimiPapoyan https://indico.cern.ch/event/1534595/timetable/?view=standard#98application-of-machinelear



Support and development of the software environment for JINR reseal

A Development of the software environment for
processingand analyzing data from the NICA
experiments

A Creation,implementation and developmentof an
iInformation and computing complex for
processinganalyzingand storing data for the SPC
experiment

A Creationof specializeddatabasesand information
systemsfor the Collaborations@ NICAand LHC
(ATLASBM@N MPD)

Files management
mmmmmmmmmmmm

16



Development of algorithms and data processing and analysis

systems for neutrino experiments

Algorithmsand a data processingand analysissystemfor reconstructingrecordedevents
In neutrino physicsexperimentswith the participationof JINR

A The Baikal DeepWater Neutrino Telescope(BAIKAIGVD)- the study of the flow of
high-energycosmicneutrinosand searchfor their sourcesfor the study of dark matter,
the decayof superheavyparticles,etc.

- Developmentof the data processingystemand achievemenbf its operabilityasthe main
systemin the BAIKAIGVDproject

A The groundbased TAIGAgammaray observatoryis designedto study cosmic and
gammarayswithin five ordersof magnitudein energyandwill becomeone of the main
detectorsin the energyrangefrom TeVto hundredsof PeVfor the purposeof studying
galacticsourcegpevatrons.

- Developmentof software for the reconstructionof cosmicrays and high-energygamma
raysusingdatafrom the TAIGAHISCOR&hd TAIGAIAC Tdetectors

- TAIGA-HiISCORE

3




Computingfor SPCEXperiment

A Creation, implementation and development of an
information and computing complex for processing,
analysisand storageof datafor the SPDexperiment

Event generator
output

A Developmentof a software environment for
processingand analyzingexperimentaldata

Simulated interaction
with detector

Simulated detector
output

Raw data

Analysis object data Analysis object data

Derived AOD Derived AOD

18



Computingfor SPDExperiment. OnLineRlter and Oftline System

A designand creation of a software and hardware A developmentof a modelfor processingand organizingdata
complex for organizing the highthroughput includingdistributed data processingf the SPDexperiment
processingf datareceivedfrom the SPCDAQ(SPD on the resourcesf the collaborationparticipants
On LIneFIIter) " SPD Offline computing

. JINR LIT
v data flowd o ev/s. (~20GBs) As o
V no trigger
o
«Online» SW filter, V:
DQM Data
management
e SSSS -
v Tier 2. JINR Cloud
Workflow
management Tier 2. HPC
oo | DI . «Govorun»
Workload
management
system
$ oo
s Yol P Tarwen
e— Payloads (jobs) l“:'ra‘g'e"
e—  \\orkloads (tasks)
See talk by Danila Oleynik: See talk by Artem Petrosyan:

https://indico.cern.ch/event/1534595/timetable/?view=stand https://indico.cern.ch/event/1534595/timetable/?view=stanc
ard#78the-spd-software-and-comput ard#79managingof-distributed-mc 19



Data Bases for HEP Computing

A ATLAEventPickingService

- thefirst versionfor automatedeventcollectionhasbeencreated
- the servicewasusedfor the secondstaged’ the « 4 [ »analysi{136 Keventg
- further modernizationof the serviceis ongoingaccordingo the receivedresults

A ATLASRES{ConditionDB) |

Producers

Control messages: -

STOMP AcuveMQ

- C++APIfor CRES{implementedinto Athenasoftwarepackage) oducion tas + URL

URL prod URL valld

-  COOPRCRESt@Gonverter(developed but not yetimplemented
- both partsrequire constantimprovementfor compatibilitywith the updatedCRES3erver

A Eventmetadatasystemfor the experimentsat NICABM@N, MPDand SPD)

- hasbeendesignedo indexeventsof the NICAexperimentsand store their metadata

- quicksearchby required conditionsand parametersusedin variousphysicsanalysedor a
set of physicseventsto usein further eventdataprocessing

A GeometryDB

-  Thegeometrydatabaseis the main element of the information systemdesignedto store,
process and manage information about the geometric models of detectors It is
implementedinto BMNROOTEoftware

A ConfigurationDB(ConfigurationInformation SystemCIS)

- Configurationdatabasefor managingonline applicationsfor collectingand processinghigh
energyphysicsevents It wascreatedfor procesdaunchingn BM@Nenvironment

Client

http pages

=y \_

DDS
service

Object Store Consumers

' STOMP

~ brokers /
"Rucio
TierD Eventindex }_ Web
Supervisor Interface
Panda

Web Server

Apache http
server, PHP

Database
PostgreSQL

RDOOT C++ connector

REST API

Use DOS API Configuration

Manager

C++11

20
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NICA accelerator complex scheme wittiPD, SPD, BM@#&kperiments

Tasksevent reconstruction using data from tracking and

Tracking detector T@inside MPD magneEvent other detector SyStemS

display of simulated event of Au beams collision

leading to thousands of tracks 21



Unprecedent scale of modern experiments: LHC Run-4 Tracking crisis

10-100 billion events/year

A Up to 200 simultaneous proteproton interactions is expected
at High Luminosity Large Hadron Collider

A 200 particle tracks on average, 40K of tracks consideringipile

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

Deep Learning for Efficient Track Reconstruction:

10k tracks / event = 100k points

Point precision ~5 pum to 3mm AL

A DL mOdeIS Can handle hl'gi"nenSIOHal da-ta and Complex High Lumi-LHC : 200 parasitic collisions due to pile-up from buﬁ;ii'.colliSion
Spa“al correlations between tracks https://webific.ific.uv.es/web/en/content/taking -Ihc-higherluminosity
A Multiple scattering and inhomogeneous magnetic field effectsThe same problems are expected also for the NICA

could be learned from training data megaproject experiments ~15 cm

A Effective parallelization using GPUs out of the box
A Under high luminosity
TrackML Challengavas launched to explore new scalable conditions, particles are

approaches for particles tracking accelerated not individually,
but in groupsc bunches

To cope with immense data volumes
anew highthroughput deeplearning based approach for tracking is needed 22



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

TrackMLchallenge 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 TrackM Lda’[ase’[

(DOI 10.1109/eScience.2018.00088) 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 ghixel LHC

tracking detector of 10 layers generates physical events ) ‘ % % 5
(Pythia ttbar) superimposed on 200 additional collisions. " B
This yields typically 10000 tracks (100000 hits) in each ‘-
event.

3 5%

‘ Detailed view of the short strip detector of
the TrackMLchallenge with a simulated
: . event with 200 pileup interactions
Noticeable participants: prietp

A 1st: top-quarksc Logistic regression for pairs and triplets, helix extrapolat®min/event).

A 2nd: outrunnerc Dense NN for pair prediction, circle fitting hrs/even).

A 3rd: Sergey GorbunayTriplet seeds, helix fit with magnetic field estimati@n56 sec/even.

A 9th: CPMR, DBSCAN clustering, filtered by module frequerd€yHrs/event 30,000+ DBSCAN runs).
A 12th: Finniesg DBSCAN seeding, LSTM for predicting next 5shita,(no speed given

Most of the solutions repeat the classical pipeline for trackiggeeding followed by trajectory fitting.

23


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

TrackML Challenge. Our results

Improvement of HEPTrkX GNN model

https://arxiv.org/pdf/2003.11603
TheHEPTrkXGNN model has been substantially redesigned.

In particular, the original structur m_, o mﬁ-Hl |2+ e _.} } }

PyTorch Geometric

Features of Nodes| Features of Edges | Features of Edges | Edge Classification | New
= )

o A
hasbeenchangedto m\ e oip [T
— P )
] )

Theseimprovementsallowed to reducethe memoryto accommodatethe event graph CPURAMusagefrom 16 GBto

3GBandkeepGPURAMusageup to 5GBat the batch sizeof 8.
Additional study how muchthe resultsdeteriorate when uniformly distributed noiseof 20%of the datais added

11111 IEdg
Labels

‘l ( ﬁ : 0.75 ’
S [— Updaer oridaen]  New Hidden - { } { TrackML event graph

ﬂ&

Metrics w/o noise 20 % of noise _ _

A Adapting the GNN model to datasets obtained from the MPD
ccuracy 99 % 99 % } ) ] ) i
—— experiment of the NICA project, taking into account their

Efﬁcigncy 91 % 90 % specificsjsthe next stepin the current study.
AUC 0.996 0.996
24



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

id

18
¥

PEE

X .P’ﬁ ’/
i

High multiplicity Medium multiplicity

A multilayer graph neural network was
developed for tracking in the MPD
experiment.

- Standard GNN
(https://doi.org/10.48550/arXiv.2003.11603)
- Attention layer

- Two-step aggregation to account for track
curvature

TPC \Cryostot
GEM A\ IT

Low multiplicity
Simple GNN ONN With 0 GNN
attention
Accuracy 95.9 % 96.1 % 96.2 %
Puity & = 915, 922%  92.6%
Efficiency

Classical trackind-10 skevent
ML tracking80 ms/ event

1000 AuAu events
p; < 150 MeV
80%- training
20%- testing

25




Tracking for data from high luminosity experiments. SPD NICA -

SPO Spin Physics Detector) is being developed to study the spin structure of proton, deuteron and other spi
related phenomena using polarized beams of protons and deuterons at collision energies up to 27 GeV and
luminosities up to!%?cm-=2s-1, Event data from the SPD will be received at 3 MHz asnBlime-

o g slice data, with up to 40 events in each tirrsdice, i.e., one timeslice
& R will contain up to 200 tracks ane 1100 hits per station

Carbon fiber

88c Magnet system

Beam pipe

~ ~tron - Reconstruction of events from a dataset
RS Endcap > capsule . . . . .

460 of time-slices is required. For this purpose
it is planned to develop an algorithm for
online filter to process at least 100 time-

ST- Straw-Trackermodule consists of 355lices per second
double layers of strawtubes

The calculations were performed according &osimplified simulation schenme

A Python script generates events withlD random tracks.

A Transverse momentum: 160000 MeV/c (uniform).

A Random vertex coordinates within the collision area.

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

A Simulated detector with 35 stations.

e A Fake and noise hisimulated using randomly sampled points in detector space.

Helical T
line

See talk bySaveliiOmelianchuk https://indico.cern.ch/event/1534595/timetable/?view=standard#806graph-neuralnetwork-with -a 26



Deep tracking for SAIICAimeslicedata

The main problems in SPD tracking ar@w@ge number of fake signals, missed couidise to inefficiency of detectors and
af SR HKU € bf st@avktdbesAiniraducing 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. Ondine trackingTrackNET) mm) 2. Unraveling track array by events

20,
% - 2 y
2000 %09

1000

5

%
~40
~205

N
o o
o

Y

0o
o
o

N >

o o (=] re}
e = = % o S ) )
o o o

By finetuning TrackNE Dn the GOVORUN The event unraveling algorithm is based on clustering of feature
supercomputer a processing speed of ~2000 model|  yectors, obtained usingiamese neural networkThe result is

eventsper second with acceptable tracking efficiency  quite promising, but requires improvement due to insufficiently
was achieved low efficiency.

https:// doi.org/10.1134/S1063779624030237 27




ANCl eaningo the events us

oU'a'

n t Cl

2.PCT for removing fakes, OUtRE; Cl??n?dev?m

in time-slice.SPD event
voxelization and software ™ |
pipeline e o 5

Input: Raw event

1009

1000

0
00z

Divide the detector space
into M voxels, i.e. into
smaller subspaces

Take the hits from each voxel and form a batch of M x N x F
subsamples, considering that each subsample is a rawvent

EEREREEEN

PCT= Point cloud transformer

) PCT
M samples model true and fake ones

NUMERICAL RESULTS

Combine
everything
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event
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Recall
0.98

Precision
0.98
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ML/DL approach for NICA tasks
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The developed approach can be used for various NICA tasks,
where an approximation of vectors of ordered data is
needed.

For example, the delimitation of overlapped signals in the
tracking detectors for detection of closely passing particles.
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Kolmogorov-Arnold
neural network (KAN)
compatible with Adam
family optimizers was
proposed and
implemented for BM@N
magnetic field
approximation.

KAN is much faster
than the classical spline
method and it has a
higher approximation
ability compared the
classical multi-level
perceptron (VILP).

The field values were
approximated with an
average error of 0.43%
for Bx component and
1% for By component of
the field.



Ecosystem for machine learning, deep learning and data analysis tasks
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