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People have long asked,

= "What is the world made of?”
= "What holds it together?”

What Do Particle Physicists Do?

Some eternal questions

Physicists hope to fill in their answers to these questions through the analysis of
data from High Energy Physics experiments

Particle physics have focused on the inner space frontier, pursuing the questions of the

construction of matter and the fundamental forces at the smallest scale accessible.
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&SCHOOL Do Physicists Really Need Computers?

Computing is any goal-oriented activity requiring, benefiting from, or creating
computing machinery (c) Wiki

= general-purposed devices (computers/laptops/mobile..) and software
= dedicated tools

Bubble chamber, Synchrophasotron (JINR), CMS @ LHC, PbPb (5,5 TeV), RUN3
22Ne (p=92,4 =B/c) + Ta » thousands particles
= 50 particles = 140 million electronic channels
= only one photo per second = 3-dimensional “camera” able to shot 40 million

“pictures” per second

CMS Experiment at the LHC, CERN
' Data recorded: 2023-Sep-26 17:59:51.672000 GMT
=

L Run / Event/ LS: 374288 / 9272477 |/ 82

Computing in High Energy Physics, MLIT IT School 08.10.2024 3



I SCHOOL Particle Physics Tools

Particle physics or high energy physics is the study of fundamental particles and forces
that constitute matter (c) Wiki

Experiment

=  Where can | get elementary

particles?

v"in Nature (cosmic sources, earth
sources, i.e. natural radioactivity)

v' man-made sources (reactors,
accelerators)

R

=  How can you catch particles = Along Three Path;
detector facilities

=  What is needed for data processing? Information Technologies

v' algorithms and software for
reconstruction of
physics objects and processes

=  What is needed for data analysis?
v Theory
v' Monte Carlo Tools
v’ Statistics Tools

Computing in High Energy Physics, MLIT IT School 08.10.2024



1 SCHOQL Examples of Experimental Facilities

) CMS (LHC, CERN)
Eem = \/4E1 Es ATLAS (LHC, CERN)

Beam 1

iy

A Compact Solenoidal Detector for LHC
. € CALORMETER
/V| Beam 2 . :
y End Cap Toroid
X 2
N — 1 i}
:

é.. Eem = v/ 2muiarget Eveam
\.

Total weight 12,5001,
Overall diameter: 15.00m
Overall length  : 21.60m
Magnetic field : 4 Tesia

CMS-PARA-001-11/07/97  uam

-

CDF (Tevatron, FLab)

BM@N (NICA, JINR)

Target, Recoil GEM detector
detector | _ planes — Gas
\ -/ Electron Multipliers
\

CPC - Cathode
_Pad Chambers

|
[ DCH - drift
[ chambers

/

mRPC - multi
resistive plate
chambers

Muon chambers/scintillators

Scale without preservation of proportions
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Iy SCHOOL Workflow in Detectors

JINR

LHC Collisions

Interactions with
detector elements

Readout of detector electronics

-
= I||l|'2$:§i%“£

Builder Netwarks | P }

it

| L _
i

Tracking Electromagnefic  Hadronic  Muon detector
calorimeter calofimetar

Systems

Photon
otons

Electrong

Positrong

Muons

Computing Services —

Charged
hadrons

Meutral
hadrons

Nautn'noi

Innermost layer » Outermost layer
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What do physicist want to see?

Higss Boson

From design to discovery 4 July 2012
oo oo Higgs announcement at CERN
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What do they actually see?
Real CMS Event with High Pile-up

High pileup event with 78 reconstructed vertices taken in 2012 by CMS

Computing in High Energy Physics, MLIT IT School 08.10.2024 8
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What is happening and and what we
can do about it...

=  Physics objects
= Event Selection
= Reconstruction and Processing

=  Data Analysis

9 H ~ Data Analytics
vy AL ['da-ta a-na- li-tiks]

TRy The science of analyzing
772-] raw data to make
: conclusions about that
11N information.

Computing in High Energy Physics, MLIT IT School 08.10.2024 9



I SCHOOL Mosaic of Collisions

JINR
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1 SCHOOL Modus Operandi for Experiments
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Onion structure of detector layers

placed in B-field

Tracking Electromagnetic  Hadronic
calorimeter calorimeter

Fhoton
otons

Eleclmng

Positrons

Mucns :

Charged
hadrons

Neutral
hadrans

Nautn’nﬂi

Muon detector

Innermost layer

» Outermost layer

Heavy materials
eq. lron or Copper +
active media

hadrons (h)

Charged tracks
e, ,h"
tracker

hadron calo

u detectors
High Z materials

eg. lead tungstate
Lightweight Zone in which only crystals
materials v and 1 remain

Each layer identifies and measures (or remeasures) the
energy of particles unmeasured by the previous layer

No single detector can determine identity and
measure energies/momenta of all particles

Computing in High Energy Physics, MLIT IT School
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Event Selection and Data Flow

Computing in High Energy Physics, MLIT IT School 08.10.2024 12
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1 SCHOOL Multi-Layer Selection and Triggering

JINR

J O Level-1:

Hardware selection is comprised

S of custom electronics that process
v data from detectors, rough cutoffs

Lb  High Level Trigger:
Software selection based on
reconstruction of physics objects,
event topology

Detectors

Front end pipelines

Readout buffers

Switching network

Processor farms

CMS: 2 physical levels

Computing in High Energy Physics, MLIT IT School 08.10.2024
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I SCHOOL Data Flows
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Level-1 Event Storage
kHz MByte MByte/s

ATLAS 100 1 100 ~ 3PBl/year

CMS 100 1 100

LHCb 400 0.1 20

ALICE 1 25 1500

Computing in High Energy Physics, MLIT IT School 08.10.2024 16
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JINR

CMS @ LHC Example

Data on disk by tier

3000 CPU seconds by Type
B USER 1600
NANOAOD B Analysis
2500 A 1400 | W HL-LHC MC
Z/I(I)hll)lAOD LHC MC
= 1200 1 ™= Non-Prompt Data
2000 - GENSIM Prompt Data
e 1000 -
B Ops space oy
P 1500 - Runl & 2015 & 800
T
[
600 -
1000 4
O
500 - 200 A
— l
"a}
)
o~

2021 |
2022 |
2023 |
2024 4|

T
|

s 1
[

|

I
I
i
2, 1l
.
2007
2018 ]
2019 J]
2000 |

oy
Q
o

2026 -
2027

Year

=  Facing up to the exabyte (1018 bytes) era = required computing capacity
is roughly 10 times higher than today

= animprovement of around a factor 10 in processing capabilities

Computing in High Energy Physics, MLIT IT School 08.10.2024 17
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RAW Data

EREIERET

AANPNEAN A ) ) 4 A4
WL g NS LU

r_,//,/////,,

~A
L e WS = y

Theory/

Z
p H
— ‘
Calibration/Condition/etc z

Data Bases

Computing in High Energy Physics, MLIT IT School

Monte Carlo
Simulation

(+30 minimum bias events)

All charged tracks with pt> 2 GeV

Detector Response

Simulation

s ¥

08.10.2024

Data Processing and Analysis

Reconstruction

Event Selection

Reconstructed tracks with pt > 25 GeV

Events / 3 GeV

\ 4

30

CMS preliminary
T L] I L

|

{s=7TeV:L= 511" o
{s=8TevV:L=1961"

« Data

] my=126 GeV
a0 Z&v. 2z

B z+X
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1! | |
cHis || Tracks| 1} | Electrons || Photons :: KtJets || Conelets DI
W 1 5579 | i i l
| | TracksExtra || | | BasicClusters SuperClusters | | | ' AQD
~10 online |
ey 7 i |1 1 :
~100n||ne .m ‘ : TracksHis | | 1 | Cells I | CaloTowers :
@ I | ] i |
~10 online Tier 2 || Tier 2 I ) I :
sreanag i s _ 1 | TrackDigis :: EcalDigis :: HealDigis | RECO
=}
HILTY) {RTWDf'?E) Tier 2 ||| Tier 2 | : : : : :
io=) ared amongs | | TrackRaw | 1 ! | EcalRaw 11 | HealRaw | RAW
Tier 0 | I : : : i
I |
| ' | |
CMS-CAE Tierzl‘rierz | Tracking 1 E/Gamma :l Jets |
(CERN Analysis Facility) . D ecccccccccccm———————— e !
= T0=>T1 Chs

Online

v" scheduled, time-critical, will be continuous HLT)

during data-taking periods 1
v" reliable transfer needed for fast access to new  fremrw

~10 online
data, and to ensure that data is stored safely %’ P ’@

~10 online

- T 1 :> Tl: sfreams (RAW) (E?kﬂw[iart{aésecg)
v redistributing data, generally after reprocessing - L floost
(e.g. processing with improved algorithms) e} Tier 0
. .
T1=T2: | . CMS-CAE
v’ Data for analysis at Tier-2s (CERN Analysis Facility)

Computing in High Energy Physics, MLIT IT School 08.10.2024 19
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Event Reconstruction

=  Reconstruction (mathematical
methods/algorithms/SW)

v physics objects - stable particles (e, W, ), clusters

of particles (energy), vertexes, etc
v' unstable particles/ physics processes

jet 1 jet2 e3) jet 4
s, Mo 69 %
@ Q' ) (f 0 ©

Data Processing

Tier-2 sites
(about 140)

Tier-1 sites
10 Gbit/s links

&

Computing in High Energy Physics, MLIT IT School 08.10.2024
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Hadron Calorimeter

om 1m am
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
= = = = Neutral Hadron (e.g. Neutrgn)
----- Photon
silicon
Tracker
! Electromagnetic 1 %
]'_|! ]l] Calerimeter i g
Hadron Superconducti ; E
Calorimeter Solencid &
Transverse slice i g
through CWM5 o | [

Inner Tracker

Computing in High Energy Physics, MLIT IT School 08.10.2024 21



& SCHOOL  Muon Track and Dumuons Reconstruction

CMS Muon System shows a excellent performance to detect different resonances

1EMS, Event 2916729 - Run 68021, Oct 2008 - Event 2935068

standalone-muon

global-muon

¥ 2. % o i track
fugh systomp " | (top haif)
\ _::‘;// ,{fl‘l //
\\ g 1 /‘/ AT
H ={; . .\ »”
’ ' > 7
3\
% W\ \ \ global-muon
A © track
(bottom half)
| |
Dec 2010

olpr)  _opr [ 720
pr  03BIZ\ N +4

CMS
\s=7TeV
L =40pb”

bl 1 1 Ll L L Lol

1 10 10?
Dimuon mass (GeV/c?)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsMUO

Computing in High Energy Physics, MLIT IT School 08.10.2024 22
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1 SCHOOL Jet Finding
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« Calorimeter jet (cone)

+ jetis a collection of energy deposits with a
given cone R: R=4¢* + 4n*

1 + cone direction maximizes the total E; of the jet
------ S e « various clustering algorithms

calorimeter jet

= correct for finite energy resolution

particle jet

,I 3 - subtract underlying event
.......... s“l = add out of cone energy
3 lqlfy
E Wl
2 gl e Particle jet
p- — « a spread of particles running roughly in the

same direction as the parton after hadronization

7

Computing in High Energy Physics, MLIT IT School 08.10.2024 23



I SCHOOL Global Event Reconstruction

JINR

= Optimal combination of information from all subdetectors
= Returns a list of reconstructed particles
= ¢,4,Y, charged and neutral hadrons
= Used in the analysis as if it came from a list of generated particles

- Used as building blocks for jets, taus , missing transverse energy , isolation and
PU particle identification

Computing in High Energy Physics, MLIT IT School 08.10.2024 24



1 SCHOOL Machine Learning
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HL-LHC: elephant in the room The LHC Big Data Problem

E Beor Bove Baoo oo B B B lIlI“
This is when the R&D has to

haiien

» ~40 collisions/event < ; ~200 collisions/event = 100 KHz

» ~10 sec/event processing time » ~minute processing time(

» (at best)Same computing resources as » (at best)Same computing resources as

today 0
] ©  CMS Simulation. vs = 13 TeV. it + PU, BX=25ns 3 ’S?
® Flat budget vs. more needs = - 1 A 7\9/)(
. = ,799 L
S~

® Too many data, too large data -> need to filter online

1KHz

TMmMB/evt -
—_

Time/Event [a.u)
)

Track Reco Current
current rule-based reconstruction & 4 LomHz 9e<
algorithms will not be sustainable .C('\Q

= Track Reco Runi

N

® Adopted solution: more granular and " .
complex detectors » more computing ® The solution to the HL-LHC problem: modern Machine

8
6
resources needed + more problems a ) i Learning as a fast shortcut between the data and the
s Nodern Machine Learning wicht be j . . right answer (the outcome of our traditional & slow
the way out g.ma R A s e e algorithms)

4 MWith nowadays software development DP-2018/033 D E E P D O U B L E _ B TA G G E R

* Large performance gain over previous algorithm

DEEP LEARNING TECHNIQUES

Deep neural networks
based on many low-level

CMS simulation Preliminary 2016 (13 TeV)
10 T T T T
F 300 < jetpr < 2000 GeV

[ 40 < jet msp < 200 GeV

[ —— DeepDoubleBvL, AUC = 97.3%
[ = doublk-b AUC =01.39%

features with large training
data sets to classify jets

Mistagging rate (QCD)

=]

L x2.2 better
[ signal
- efficiency
g x10 better
background ]
rejection

qotbia Lo Lo lia RN FE RN RN NN NEE N
0.0 01 0.2 0.3 0.4 0.5 06 07 08 0.9 1.0

Tagging efficiency (H — bb)

Computing in High Energy Physics, MLIT IT School 08.10.2024 25



1 SCHOOL Example of h > ZZ — 2e 2

JINR

CMS Experiment at the LHC, CERN

Data recorded: 2011-May-25 08:00. 1% ._“_"\Q'«IU 10,00.19 CEST)
Run/Event 165633 /384010457

(¢) CERN 2011 44 rights ressrved.

Computing in High Energy Physics, MLIT IT School 08.10.2024
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I} SCHOOL  Challenge to the Detector/SW (Example)

JINR

number and p of hadrons

—’—% jet in a jet have large

Example : H-— Yy q fluctuations
I . " o Y in some cases: one high-p
H — yy bad resolution ( Thegh ey 7°; all other particles
too soft to be detected
/ H — yy good resolution
et
Y
0
background from
PP =YY
Inner detector EM calo HAD calo

d (yy) < 10 mm in calorimeter — QCD jets can
mimic photons. Rare cases, however:

mYY i | 1 ~ 100 GeV
‘ oc(H —yy) 10 My

v

Computing in High Energy Physics, MLIT IT School 08.10.2024 28
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Data Analysis

=  Data vs Theory = which theories
you believe vs. reject

= Significance of final results = do
you trust your analysis or not?

Computing in High Energy Physics, MLIT IT School 08.10.2024
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Iy SCHOOL .
i Data Analysis:

Theory and Modeling (Monte Carlo
Simulation)

Three main goals
=  experiment planning
= algorithm's training
= data/MC comparison Y S l

‘ Disaggregation J\

Platonic ——= —S%L = A Al —
Law | Analytic

Solution

Digital Twin of Experiments

= physicsin a collision point : a
=  models of detector systems : ‘; Fictional
) L .f Limi
= response from detectors including by NG it
digitization

= processing of MC data (simulation Sumiiary ———- _h% /

of data flow)

Computing in High Energy Physics, MLIT IT School 08.10.2024 30



Iy SCHOOL Chain of Simulation

JINR
LHE Data RAW Data

Physics Processes » Detector Response Reconstruction

(Event Generators) (tracing a particle through matter) »

”

~~

convolutional neural network

Computing in High Energy Physics, MLIT IT School 08.10.2024 31
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Cross Section = PDFs X Sub Process X Hadronisation

Computing in High Energy Physics, MLIT IT School 08.10.2024 32
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Three general-purpose generators:
e HERWIG
e PyTHIA
@ SHERPA

Many others good/better
at some specific tasks.

Generators to be combined with detector simulation (GEANT)
accelerator/collisions <« event generator
detector/electronics < detector simulation

to be used to e predict event rates and topologies
e simulate possible backgrounds
e study detector requirements
e study detector imperfections

Computing in High Energy Physics, MLIT IT School 08.10.2024
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1 SCHOOL Detector Modeling 2
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Projectile Kinetic N
GEANTA4 5 [Geanta Physics & Applications]
A Monte Carlo toolkit for passage of particles through matter

* Toolkit created by CERN to
simulate the passage of particles
through matter.

Geant4 Hadronic Physics

* Designed to make the physics
used transparent within the
toolkit, handle a wide range of
geometries, and enable an easy
adaptation of different physics
to fit the application.

Projectile de Broglie 2(fm)
4 5 6
10 10

Computing in High Energy Physics, MLIT IT School 08.10.2024 34
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Data Analysis: Statistics

-

When in doubt,

N &
tell the truth. v
l' %
/ AN
B | ' 4

(!J — =17 —(-(-

“covib EATHS — =

JAFALLU Y AL RISEIRE=—=
lﬁ%/% E:X =—==

= —

D

There are three kinds of lies: lies, damned lies, and
statistics (c) Benjamin Disraeli

Computing in High Energy Physics, MLIT IT School 08.10.2024
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I SCHOOL Significance of Discovery
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The probability that an observed excess was a statistical fluctuation of the background (p-
value)

More likely observation

Y 2
R L sk =
2 -value < 10 ~7
)]
2 8 10* 4o
o — N-Y AR e
2 | Very un-likely Very un-likely 107 e
G observations observations 10°® "«“ 56
© S
g1 ¥ 107F . -
2 Observed — E .. E
e data point\ 1078 | —— Combined obs. e -
' E | = === Exp. for SMH Higgs TS -
< - »> 10"9E‘ H— bb R 3_60
Set of possible results 10710~ H=w CMS Preliminary -
ol o Vs=7TeV.L=5.115" 3
o _ _ A
A p-value (shaded green area) is the probability of an observed 1012 E — FI|—|> f—’l’l I :’SI -. EI;TEIVI li‘l'ls'ls,[ﬂ? _J7c
(or more extreme) result assuming that the null hypothesis is true. 116 118 120 122 124 126 128 130

Higgs boson mass (GeV)

Notable values for an excess in particle physics are 3o, or p-value = 0.0013; and 50, or p-value = 2.87
X 107. When we have an excess of 3o we talk about an evidence, and when we have an excess of
50, we are facing a discovery.

Computing in High Energy Physics, MLIT IT School 08.10.2024 36
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..and as a result...

V(#)
— Diovered "
He 1960s
oﬂ"‘"a

Computing in High Energy Physics, MLIT IT School 08.10.2024 37
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Accelerators : powerful machines that accelerate
particles to extremely high energies and bring them ACEie ol
into collision with other particles

"

\'\.

Detectors : gigantic instruments that record the )

resulting particles as they “stream” out from the point N

of collision. Betectors ﬁ"'!‘:ﬂuﬁ'tﬁ)
/»'

Computing : to collect, store, distribute and analyse N
the vast amount of data produced by these detectors

It's been a global effort, a global success. It has only been possible because of the
extraordinary achievements of the experiments, infrastructure and the grid computing”
(c) Rolf Heuer, the Director General of CERN, when the discovery of the Higgs

Collaborative Science on Worldwide scale : thousands of scientists, engineers,

technicians and support staff to design, build and operate these complex
“machines”.

Computing in High Energy Physics, MLIT IT School 08.10.2024 38
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THANK YOU FOR YOUR ATTENTION!

Computing in High Energy Physics, MLIT IT School 08.10.2024 39



Kinematic Variables

1 SCHOOL Physics Objects

JINR

Muons (transverse momentum py)
Electrons (energy and tr. momentum py)
Photons (energy)

Jets (energy and coordinates )

Hadrons are
clustered
together to
make jets

Missing energy and p;
— vectorial sum of all transverse momentum

Transverse momentum p; (energy) P /ip;
— particles that escape detection have p;=0 0
— total visible p; =0 — e ¢

Longitudinal momentum p, and energy E,

— particles that escape detection have p;=0
— visible p, is not conserved (not so usefull variable)

Angles

— azimuthal and polar angles 1. (E+p, _

~ polar angle 0 is not Lorenz invariant = Y EEII{ r _p‘) 4m-experiments cover
~ rapidity y ! 360° over ¢ and large
— or (or m=0) pseudorapidity n n=—In |tan (E)] pseudorapidity range,

2 L
—— . P = 5.0(0:8%——
Computing in High Energy Physics, MLIT IT School 08.10.2024 40



Iy SCHOOL Hit-and-miss Monte Carlo
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If #F{o¢) < Frvase IN uin < 26 < SGnuz ?{

use interpretation as an area fmax N
Q select Y2 jegted

X = Xmin T R (Xmax — Xmin)
@ select y = R fiyax (new R!) Y1 pted
@ while y > f(x) cycle to 1 0 - -
Tmin T Tmax

Integral as by-product:

anax N N

= fi dx = fmax (Xmax — Xmin o e
x/Xmin (X) * : (X a . ) Ntry - Ntry
Binomial distribution with p = Nace/Niry and q = Neait/ Nry,

SO €rTor

RN el R
/ Atot p P Ntry Nace V N
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Wiy SCHOOL CTaTUCTUYECKMIN aHanu3

CobbITne (pesynbsraT) HadbiBaeTcsa “CTaTUCTUYECKMMM 3HAYUMBIM™, ECITN OHO BpSL
N NPOUN3OLLSIO Crly4yanHo

p-value - BEpOATHOCTbL MONYYNTb pesynbTaT, Takon Kak Habniogaetcs (Mnv Bobllle)
B NPeAnonoXeHnn, YTo Hysb-rmnoTesa BepHa

— B HaLWleM cny4yae BepOSTHOCTb, TOro, YTo dnykTyaumsa dooHa 4oCTUImn (Mnn NpeBbICUN)
HabngeHHoe 3Ha4YeHne

p=P(nzn,_| b)

Most Likely Observation

o

Hynb-runotesa — ocHoBHas nposepsieMmast rmrnotesa (GooH)
— HyneBas runortesa oTBepraeTcsd, Korga 3HadeHue p-value
MEHbLLE YPOBHSA CTaT. 3Ha4MMocCTh a (no cornaweHuio <0.05)

Probability

very uUn-likely
Observations

—

>
= 02 < Set of Possible Results

MacwTabHbin cbakTop (strength factor)

very Un-likely
P-value Observations

—

Observed
Data Point

015
i o

faissb) [ Dy H= G < 1% at 95% C.L., eg. " =1 = exclusion

Ggy — ceveHune 6o3oHa Xurrca B CM, 6 - runoTteTnyeckoe ceveHve

6o3oHa Xurrca

Clgip  Plgu>q,°%| B+ xS)
Clp P(qff>Q;:°b5|B )

a )1 L(data| 6, )
= — 1
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01

005 - Py

o (N‘DS%) —

= 0.05

-10 0 10
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1 SCHOOL Story at Higgs Discovery
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[CERN, PDG 2013]

10"

Summer 2011 0" Spring 2012
5=7TeV " 9 5=7TeV
CMS Prel, G2 f_r_ B} ot CMS Prel. C3 s .
ATLAS Prel. Ad Ldt=11b et ATLAS PRD AS Jidt~51b

1 M5 1 1 1 135 14 145 1

{s=7and 8 TeV
fLdt=25m"

Summer 2012 = —
OMS ELB C4 i1Is=7and8 TeV
JLdt=10m"

December 2012
— CMS Pral, C5
—_— ATLAS Pral. A7

my, [GeV]
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1 SCHOOL What does Brazilian Flag mean?

JINR

olpp—= 2"+ X = 171"+ X)
alpp = 2+ X = 1"l + X)

Extended gauge models Models of low-energy gravity (RS1-type scenario of ED)
SM predictions BSM predictions SM predictions

CcMS \ 137 fb' (13 TeV, ee) + 140 o' (13 TEW} \ cCMS 137 fb' (13 TeV, ee) + Mﬂﬁ:

{13 TeV, up)

Dimuon example R,

o T T a e
= = —— Obs. 95%CL limit -
5 107 o 10°F \N M\ e Exp. 95% CL limit, median 3
. o 3]
m m -
5 10 Mass limit & 10 3
- F = _ Gy (LOX156) 7
N F s —ki, =01 ]
N N : — kil = 0.06 3
& 1of 3 ok — kM, =0.01 ]
A ~ F 3
— L b= r ]
E”TEE-. M B R P MR B E‘ 1[}—2-
1000 2000 3000 5000 B E. o1

] PR R T T ST N TN TR SN N TN T M [ N
m [GeV] 1 yﬁ 2000 3000 4000 5?{2%]
m |loe

Model-independent limits on cross section (in narrow width approximation, NWA)

Zssm zZ, k/Mp, = 0.01 k/Mp = 0.05 k/Mp = 0.1
Channel 5o [Tev]  Exp. [TeV] Obs. [TeV]  Exp. [TeV] Channel © 0 [TeV] Exp. [TeV] Obs. [TeV] Exp. [TeV] Obs. [TeV] Exp. [TeV]
ce 472 472 411 413 ce 216 229 3.70 383 142 143
phe 4.89 4.90 429 430 - 234 232 3.96 3.96 459 459
ee+utyu 5.15 5.14 4.56 4.55 ee+puty 2.47 2.53 4.16 4.19 4.78 4.81
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b | ]
Test (b) —H
Mass 102 L — 11 )
5
IN
<
g b
v L] -22
< g
I c
> B
wn
10723 |
r sl M |
Test 20 100 1000
Mass
Frequency (Hz)
Power =
- Beam L. =4km Hanford, Washington (H1) Livingston, Louisiana (L1)
; - _— >
Recycling Splitter X T T T T T T T T
1.0
0.5
Laser 20 W 100 kW Circulating Power 0.0
Source Test Test }
M M 0.5
Signal ass ass =¥ -1.0 — L1 observed -1
Recycling = T H1 observed (shifted, Inverted)
o T T T T : : T :
"W Photodetector E 1.0
% T 0.5
& T e & 0.0
L9 ; i 0.5
‘- S > 1.0 = Numerical relativity |[— Numerical relativity i
LléO Hanfqrd . . Reconstructed (wavelet) Reconstructed (wavelet)
Observatorf/” ¥ T — 1 1 T T 1 1
§ J ¥ ‘.‘ rl 05 F T T T THF T T T B
e 00 Lt A i atppn
% AD - N ; -0.5 1 1k -
= “ 4’"4 4 \' Vs \\’k ) [=Rasidiai] 1 1 1 [=Residual] 1 1 1
¥ NAETY - 512
N W 4 X i 256
e B el NASEV M e £ 128
S \/\ e g 6
ity LIGO Livingston E
Observatory 32
% 0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
— Time (s) Time (s)
08.10.2024
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I SCHOOL JINR in Particle Frontiers

JINR
JINR LONG-TERM DEVELOPMENT STRATEGIC PLAN UP TO 2030 AND BEYOND

RELATIVISTIC HEAVY-ION PHYSICS AT NICA

Clean Room SPD

BM@N (Detector (Detector Electronics) (DeteCtO‘f) '
JINR PARTICIPATION IN FOREFRONT EXTERNAL """« iy =5
EXPERIMENTS OFF-SITE [ (N
— LHC, SPS, RHIC, and at facilities under . \.' / P " &5 £cooling

construction, as for example the FAIR facility ——

| sl Rxs g @6\
on source .. ‘ : ooster/ / ‘ Pv
N I CA S P I N P H YS I CS Rk (;/n/%" Cryogemcs ‘ " Magnet factory

Nuclotron

PARTICLE PHYSICS AT THE LHC AND BEYOND

— Accelerator-based research and frontier
accelerator technologies (LHC, SPS, NICA, FAIR,
etc)

— Neutrino physics and astroparticle physics
(Baikal-GVD, JUNO, NOvA, DUNE, etc)

- Multi-messenger astronomy including
gravitational wave detection (Baikal-GVD,
TAIGA, VIRGO, etc)

Baikal-GVD (Gigaton Volume Detector)
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http://www.jinr.ru/posts/jinr-long-term-development-strategy-up-to-2030-and-beyond/

CMS Experiment at the LHC, CERN
S ‘ H O O L Data recorded: 2018-Sep-07 02:1@337408 GMT
2 Run / Event/ LS: 322356 / 1531590 ——

What do we know today about the
Standard Model from LHC?

o LHC  Vs=14TeV L=10*cm?s™ e
barn g7 T T ™1 T T 3 10
E i 1111 i i : . i i 3 . 1
T 5 GHz 10 _
] 10 15 m SM processes:
. © .\ 6~1/(100 MeVy? During Run 2 the LHC
R R duced 1076 collisions
. A produce collisions
10
kHz w0 S Large samples of various
; 10’ 108! particles produced:
108
Hz 10’7 A -
e « W bosons: 12 billion
: 0= = New Physics: « Z bosons: 2.8 billion
; gmHz 10* .
103 6 ~1/(1 TeV)? » Top guarks: 300 million
10 ? -
L Jaiz 110 « B quarks: 40 trillion
55— oo 30 ‘5661650 2600 5000 1 / . H|ggs bosons: 7.7 million

particle mass (GeV)
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