L SCHOOL

[ENR

Joint Institute for Nuclear

=
~i

llkona no nHbopMaumMoHHBIM
TexHonormam QAN




Wiy SCHOJOL Content

INR

Lecture 1. At The Frontiers of Particle Physics
=  What does Particle Physics do?

= How does Particle Physics do?
v" Physics Tools
v Why do we need accelerator facilities?
v' Do we need more and more new accelerator facilities?

=  Where Particle Physics Frontiers are (mainly LHC examples)
v'  Selected hot points of particle physics
v" Is new physics really needed?

Lecture 2. Data Analysis in High Energy Physics (18 October)
= How do we achieve results?
v' Event Selection
v' Reconstruction of physics objects
v' Reconstruction of physics processes
v" Physics Analysis (Statistics and Monte Carlo tools)

=  Something else?
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Ny SCHO]%{ Examples of Experimental Facilities

CMS (LHC, CERN)

CMS

Ecm = m ATLAS (LHC, CERN)

A Compact Solenoidal Detector for LHC

I Whion Dteriosy Electromagnetic Calorimeters

Beam 2

Eem = A% grntm'gciEb(m.m

2N

Beam

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

-

Tracker |

o st P CDF (Tevatron, FLab)

BM@N (NICA, JINR)

Target, Recoil
detector ‘\‘

3

\

b

GEM detector
. planes—Gas
“/ Electron Multipliers

CPC - Cathode
Pad Chambers
|

| DCH - drift

chambers

\ GEM

NT
ZDC - zero :
 degree
calorimeter

Muon chambers/scintillators

Analyzmg chambers

Magnet

Scale without preservation of proportions
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What do physicist want to see?

Higss Boson

From design

to discovery

4 July 2012
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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
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What is happening and and what we
can do about ift...

= Physics objects
=  Event Selection
. Reconstruction and Processing

: Data Analysis

0 Data Analytics
vy — [dats a-na-i-tiks]
ey The science of analyzing
S| raw data to make
' conclusions about that
information.
+ FFFFrYT
+.
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Mosaic of Collisions
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Kinematic Variables

It SCHOOL Physics Objects

JINR
Muons (transverse momentum p;)
Electrons (energy and tr. momentum p-)
Photons (energy)
Jets (energy and coordinates )

Hadrons are
clustered
together to
make jets

.. ".\\‘ ‘
Missing energy and p- m Y
— 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 E+p, .

— polar angle 0 is not Lorenz invariant = Y __1“ 4n-experiments cover

_ rapidit 360° over ¢ and large
pidity N : 2

— or (or m=0) pseudorapidity 1 n=—In|tan | = pseudorapidity range,

2 L L <
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Onion structure of detector layers
placed in B-field

Tracking

Hadronic Muon detector

calorimeter

Electromagnetic
calorimeter

Fh
otons

Electmng

Fositrons
N
Muons !.

Charged
hadrong

Meutral

hadrans .

Nautn‘nﬂi

Innermaost layer

> Qutermost layer

Modus Operandi for Experiments

Heavy materials
eg. lron or Copper +
active media

hadrons (h)

L. detectors
High Z materials
eg. lead tungstate

Lightweight crystals

materials

Zone in which only
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

Data Analysis in High Energy Physics, MLIT IT School
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Event Selection and Data Flow
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| J d Level-1:

Hardware selection is comprised
S of custom electronics that process
Vv data from detectors, rough cutoffs

/ (1 High Level Trigger:

'Q\R} Software selection based on
reconstruction of physics objects,
event topology

}...J-
O

b

“

Detectors

Front end pipelines

Readout buffers

Switching network

Processor farms

CMS: 2 physical levels

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023
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Level-1Event Storage
kHZz MByte MByte/s

ATLAS 100 1 100 ~ 3PBl/year

|
'; Balloon

~ 30Km
Concorde
15 Km

CMS 100 1 100

LHCb 400 0.1 20

ALICE 1 25 1500
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RAW Data Reconstruction

Event Selection

(+30 minimum bias events)

Reconstructed tracks with pt > 25 GeV

i
A N ] B o o of AL s

"

All charged tracks with pt > 2 GeV

\ 4

Theorv/ CMS preliminary
Y Detector Response 2 [ 1 LR A
Monte Carlo . . O 30k *+ Data E=7TeV:L= 51" o
) ) Slmulatlon ™ ! ] m, =126 GeV s=8TeV:L=196 o’
Simulation = 2% 0 2.2z
il 124 B z+X
. '-'J [ =
B Vb i
E‘./' Ll 7 g
H 11 T8 ™8 ‘
p p AN |
Calibration/Condition/etc ¥ 7 » b i »
Data Bases /Iu_
M, = 150 GeV
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CMS
Online

Il

~10 online

f streams (RAW)

-10 online
Frst
(RAW) remnstnmun
~10 online

streams (RAW) ~50 Datasets
(RAW+RECO)

Tier 2 I Tier 2

(RAW+RECO)
ared amongs

Primary
tape
archive

Tier 0

Tier 2 I Tier 2

CMS-CAF
(CERN Analysis Facility)

Tier 2 I Tier 2

= TO0=T1
v" scheduled, time-critical, will be continuous
during data-taking periods
v reliable transfer needed for fast access to new
data, and to ensure that data is stored safely

= T1=>T1:
v redistributing data, generally after reprocessing
(e.g. processing with improved algorithms)

n T1=>T2:
v Data for analysis at Tier-2s

f streams (RAW)

streams (RAW)

CMS
Online
(HLT)

Tracks EE Electrons || Photons
|
TracksExtra Ei BasicClusters || SuperClusters
TragksHts Ei Cells
|
1
TrackDigi Ei EoalDigi
I |
TrackRauw Ei EcalRaw
|
Tracking Ei E/Gamma
I L

~10 online

~10 online
First pass
$ (RAW) remnshucmn
~10 online
~50 Datasefs
(RAW-RECO)

(RAW+RECQ)

CMS-CAF
(CERN Analysis Facility)

50 Datasets

~§ Datasets

(RAW+RECO) | Refeconstruction,

Average of -

Analysis, Skims:
Calibration, RECO,
AOD's

per Tier 1
skim making...
Second-

ary fape
archive T[

KtJets | | Conede
CaloTowers
HealDigis
HealRaw
Jets
. £ ]( ]l’

Tier 2 l Tier 2 l Tier 2

Tier 2

2 Wl| Tier 2
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Event Reconstruction
= Reconstruction (mathematical =  Data Processing
methods/algorithms/SW)
v physics objects - stable particles (e, W, y), clusters Tier-2 sites
of particles (energy), vertexes, etc 5 it
v' unstable particles/ physics processes Terdsites
fé— g‘é_
jetl jet 2 F@ jet 4 g
(:J_Dﬁ Q-g QQ Qg‘
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Particles in Detectors

JINR
Hadron Calorimeter
ul II | 3I
m
KE)": (1] 2m m
Muan
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutrgn)
= = === Photon

! Electromagnetic %
}|’,]]] Calorimeter i g
Hadran Superconducti . E;
Calorimeter Solenoid %
Transverse slice [ g
threugh CMS e

Inner Tracker ‘
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1 SCHOJE)\I% Muon Track and Dumuons Reconstruction

CMS Muon System shows a excellent performance to detect different resonances

Event 2916729 = Run 68021, Oct 2008 = Event 2935068

{Chs.

X standalone-muon
3 e trac k

2 _;_/’: s ) global-muon

 muon system (top half)
I, J P
> 7
global-muon
track
{bottom half)
Dec 2010

y

a(pr) o.pr | 720 /

pr  03BI2Y N +4

1 10 102

Dimuon mass (GeV/c?)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsMUO
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« Calorimeter jet (cone)

¢ jetis a collection of eneray deposits with a
given cone R: R=.4¢"+4n’

« cone direction maximizes the total E; of the jet
« various clustering algorithms

- correct for finite energy resolution
< subtract underlying event
- add out of cone energy

- . - pl
- " . . " "
T1 |
| 1 T . | 4
__ﬁ
- il
A= ! P
e — L] |
' - L1 |
] - I -Ii- ')
L] |
[ ] L ! + —
L] L |
L] = 1
L]
JUll |

s | '
T Vi
T Wikl ¢
=, i e Particle jet
—— «+ a spread of particles running roughly in the
P \l P same direction as the parton after hadronization
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H HCAL

Clusters
m detector > ’

= Optimal combination of information from all subdetectors

= Returns a list of reconstructed particles
= ¢,l,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

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 21
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HL-LHC: elephant in the room The LHC Big Data Problem

O T I T zs 1

This is when the R&D has to ® Too many data, too large data -> need to filter online

happen
LHC Today
» ~40 collisions/event ~200 co'|11's1'ons/ever;c 100 KH=z 1 KHz
» ~10 sec/event processing time » ~minute/ev processing time( -
» (at best)Same computing resources as » (at best)Same computing resources as
today '
5 18
<, ’ CMS Simulation, vs = 13 TeV. it + PU, BX=25ns
® Flat budget vs. more needs = B 1 o o Guren E ===
current rule-based reconstruction H 1. :ra:: :ew:um ' E = A 4 LomHz 6(
algorithms will not be sustainable =z ‘(\9
=
10
|
® Adopted solution: more granular and 8 P .
complex detectors » more computing p: ® The solution to the HL-LHC problem: modern Machine
resources needed » more problems 4 ) : i Learning as a fast shortcut between the data and the
) ) ) T . . 7 right answer (the outcome of our traditional & slow
® Modern Machine Learning might be 0 g T ag 46 <5 &5 7o

the way out i algorithms)

MWith nowadays software development

br20is/o3s - DEEP DOUBLE-B TAGGER
DEEP LEARNING TECHNIQUES

* Large performance gain over previous algorithm
Deep neural networks

s CMS simuiation Preliminary 2016 (13 TeV)
based on many low-level SIS A AL prr
. T [ 40 < jet mgp < 200 GeV /
features with large training [ DoopDoutlit, AUG=7.3%

data sets to classify jets

Mistagging rate (QCD)

-
=

L — doubleb AUG 01 /
- x2.2 better / 5
[ signal

efficiency//

: x10 better
background ]
rejection

P PN Lo SR TS WU e

IR FNENE R
00 01 02 03 04 05 08 07 08 08 10
Tagging efficiency (H —+ bb)
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CMS Experiment at the LHC, CERN

Data recorded 2011-May-25 0800 'a-‘(.‘__‘_ii;'i_-'-_(;;:‘-rli'u 10:00:19 CEST)

Run/Event 165633 384010457

(e} CERN 2011, 2K rights ressrved
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S

3
B
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1} SCHOOL  challenge to the Detector/SW (Example)

JINR
Example: H — VY

H — vy bad resolution

background from

/ PP — VY

waman 00 0w mnnn]

' number and p; of hadrons
% jet in a jet have large
q

fluctuations

; P | in some cases: one high-p;
q ™S 0 Ty n¥; all other particles
too soft to be detected

Inner detector EM calo HAD calo

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

Jﬂ'

o(H—>yy)

108 m, ~ 100 GeV

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 25
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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?

/////f\ /////r

Hiégs boson

Data Analysis in High Energy Physics, MLIT IT School

18.10.2023

26



1 SCHOOL

e Data Analysis:
Theory and Modeling (Monte Carlo
Simulation)

Digital Twin of Experiments

=  physicsin a collision point

= models of detector systems :
= response from detectors including
digitization
= processing of MC data (simulation |
of data flow) ';

Platonic ~——= —Stl- = A Ei

o

Analytic

/ Law |

Disag';grcgatic}n

=V

\Natum

Summary ———s=

Solution

|

J\

Fictional
Limit

w7

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023
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I SCHOOL Chain of Simulation

JINR
Physics Processes » Detector Response Reconstruction
(Event Generators) (tracing a particle through matter) »

p

convolutional neural network

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 28
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Cross Section = PDFs X Sub Process X Hadronisation

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 29
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Three general-purpose generators:
e HERWIG
@ 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

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023
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I SCHOOL Hit-and-miss Monte Carlo

JINR
If (3] < e 10 Hain € X2 Miime i‘f
use interpretation as an area fmax e
@ select Y2 iegted
X = Xuiin + K (Xma,x — Xmin)
@ select y = R fiyax (new R!) 1 pted
@ while y > f(x) cycle to 1 0 - -
Tmin T Imax
Integral as by-product:
Xmax N N
| = Fla)ds = Fooe (B — Konin ) oo =4 e
/Xﬂlill ( ) aX( . i ) Ntry o Ntr}"
Binomial distribution with p = Nyee/Nipy and g = Nieait / Niyy,

SO €error

g:Atot\/Pq/Ntry: q - d . 1 forp<<1
/ Atot p P Ntry Nace V Nace
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GEANT4

104 L ' i .
A Monte Carlo toolkit for passage of particles through matter

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

* 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.

N\,

L__Projectile de Broglie A(fm)

o b
10 10 10

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 32
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Data Analysis: Statistics

i ) 0
J |
‘When in doubt, S /
tell the truth. |1y ﬁ@
No-Nt
L
1 7N %
l({ “ hal & ol f[ 7 L |
V= :. NEE=——t | = - =
| OVID DEATHS | covm EATHS ' —

\“i=ALL| Y RlSEl =
=N ==

| =) (

~ E.(
D

There are three kinds of lies: lies, damned lies, and
statistics (c) Benjamin Disraeli
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CobbITne (pesyneraT) Ha3blBaeTCs “‘CTaTUCTUYECKUMWN 3HAYMMBIM™, €CITM OHO BpSia

N NPOU30LLSIO CnyYyanHo

p-value - BEPOSATHOCTb NONYYUTb Pe3ynbTaT, Takon Kak HabnwogaeTtcs (Mnu Bblle)

B nNpeanorfoxXeHnn, 4To HyJib-rmrnoTe3a BepHa

— B HalLIeM CIly4ae BEPOSITHOCTb, TOr0, YTO GonyKTyauus doHa AOCTUINN (MU NPEBLICUIIN)

HabnoaeHHoe 3Ha4YyeHne

. A
p=P(nzn,|b)
2
Hynb-runoTtesa — ocHoBHasA npoBepseMas runortesa (poH) 3
— Hynesas runoTesa oTeBepraeTcs, Korga sHadeHue p-value &
MEHbLLE YPOBHS cTaT. 3Ha4MmocTu a (no cornaweHuto <0.05)

<

—~ 0.2

015 —

f(qls+b)
OSM

01—

Oo30Ha Xurrca

005 Py

Very Un-likely
Observations

.

Observed
Data Point

Most Likely Observation

!

1

MacwTtabHbin pakTop (strength factor)

Set of Possible Resuilts

CL* ,95% f— ==
s(p™7) CLp P(Q;r>9/f.0bslB )

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023

qu = —

In

a =07 =t .
p=——< u®"at95% C.L., eg. 4" =1 = exclusion

— 0.05

L(data|p,6,)

L(data|p,0)’

Og\ — ceveHune 6o3oHa Xurrca B CM, ¢ - runotetuyeckoe ceveHune

Very Un-likely
Pvalue Observations
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The probability that an observed excess was a statistical fluctuation of the background (p-
value)

More likely observation

\

> A P-value
et
= _
c
= — 10_5 ----------- ~
2 | Very un-likely Very un-likely 'Y FE T
S | observations observations 10°® T, £
© *
S { 107
o — Observed N
o- data pomt\ 1 0'8 = Combined obs. T
1 = === Exp. for SMH Higgs o -
E 3 = > .10-9§ esii e 6o
Set of possible results 1010 — H— 1t CMS Preliminary  *=
=Hriedly s=7TeV.L=51 o'
107 | —— Haiin o_8TeV, L =53 o'
A p-value (shaded green area) is the probability of an observed ) f_ — H 77 1s=8ls 3.5 275

| ] i o et i i I[||IIIIIIIIIITII

(or more extreme) result assuming that the null hypothesis is true. 1D 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 36 we talk about an evidence, and when we have an excess of
50, we are facing a discovery.
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..and as a result...

N(¢)
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[CERN, PDG 2013]

Po

Local
2

Spring 2012 Is=7TeV
CMS Pred. C3 | .
ATLAS PRD A5~ JLdi=5Tb

10" Summer 2011 ==

W ATLAS Brel. Ad Jgt= 11"

o o
g 10* E

10 =1 10

o

107

0* Is=7 and 8 TeV

:3 JLdt= 25 /"

10 2

10 Summer 2012 ‘:é -~ 7 and 8 TeV . December 2012

— CMS Pral. G5

CMS PLB C4
ATLAS PLB A JLdi=

10 fb o —— ATLAS Prel A7
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opp—=> 2"+ X =171 + X)
olpp = 20+ X — [T~ + X)

Dimuon example R,

Extended gauge models Models of low-energy gravity (RS1-type scenario of ED)
SM predictions BSM predictions SM predictions
CMS \13? fo' (13 TeV, es) + 140 fb' (13 TEW} \ CMS 137 o' (13 TeV, ee) + 14(1'(:'1{13 TeV, up)
'-EE-' S N " A VT AL T R TR e SR PR T DG IRE” RTT " B I PN R = LA S A L A LI TS T
= s —— Obs. 95% CL limi =, CL limit j
1ra] ra]
= 10° .\ s it, median o 10°F \\N A\ e Exp. 95% CL limit, median 3
X A I Exp. (68% X :
§ 10 \~. Il imit & 10
& ,, I EXp- (85) Mass limit & E
‘;: - ey i ; ; G ﬂ._'DH'l,E}I .
S F g 1E — ki, =01 _]
= : il = — k/M,; = 0.05 3
B .l M : — kM =0.01 ]
= 107 Re 1 P
¥ g - 10F -
— : ¢ F 3
:g 1G_2E- 1 1 | m :
= = 107
1000 2000 3000 5000 S Eraa bl vod e ol M p oer Mg )ac
m [GeV] = 10 2000 3000 4000 5000
m [GeV]

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

Chagiel Zssm Zy e N k/Mp = 0.01 k/Mp = 0.05 k/Mp = 0.1
Obs. [TeV] Exp. [TeV] Obs. [TeV] Exp. [TeV] Obs. [TeV] Exp. [TeV] Obs. [TeV] Exp.[TeV] Obs. [TeV] Exp. [TeV]
ee 4.72 4.72 4.11 4.13 ce 2.16 2.29 3.70 3.83 142 443
utp 4.89 4.90 429 4.30 e T 2.34 2.32 3.96 3.96 4.59 4,59
ee+uty 5.15 5.14 4.56 4.55 ee+putu 2.47 2.53 4.16 4.19 4.78 4.81
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Higgs boson is found

Standard Model works

Extensive Searches for New Physics
= No significant signals
= Asetof hints |
" A number of future projects Raising a

NEW
HOPE
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Particle physics isn’t going to die — even if the
LHC finds no new particles

“For PeTe's sake, BILY, I kNEW You
HADN'T STUDIED MY GRAVITY LESSoN/

Anyway...

Data Analysis in High Energy Physics, MLIT IT School 18.10.2023 40
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DON'T PANIC

v,

The Hitchhiker's Guide to the Galaxy
by Douglas Adams
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OopT NepBblii B3MMAHYA Ha 3Be3AHOe Hebo n
3ameTu/l, 41O [anakTuKa Bpawaercsa

ko

‘MpoxuyameneHeii
- ‘,Q% o 3

.

- .
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Wiy SCHO%% Observation of Gravitational Waves

b 1
Test (b) i —Hl
Mass 1072 | —u I
3
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Lz
c 2
v i -22
- S 10 _
i £
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10—23 -
. i i s aaal L i o g a gl
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G “=— _ =
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. 0.5
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g F . i
Byl w, . s 05
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an Cﬂ' o X Reconstructed (wavelet) Reconstructed (wavelet)
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THANK YOU FOR YOUR ATTENTION!
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Muon Detectors

Electromagnetic Calorimeters

Solenoid

._’:__‘_-‘

_-
N v gy
L

o

=

e —

7 S
|| =

Weight
Diameter

i

Length of toroid

Total Length
B-field

ATLAS and CMS Experiments

ATLAS

7000 t
25m
26m
46 m
2 Tesla

A Compact Solenoidal Detector for LHC

FFFFF
LCALORIMETER

Total weight 3 .
Overall diameter: 15.
Overall length  : 21.
Magnetic field : 4 Tesla

Weight
Diameter
Length
B-field

Detector systems are designed to measure:

energy and momentum of photons, electrons, muons, and jets up to a few TeV

CMS

CMS

TRACKER CRYSTAL ECAL

IIIIIIIIIIIIIIIIII

RETURN YOKE

CMS-PARA-Q01-11/07/97

12 500t
15 m
21.6m
4 Tesla

JLe.pp
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CMS Experiment at the LHC, CERN
S ' I—I O O L » Data recorded: 2018-Sep-07 02:15:53.337408 GMT
"é Run / Event / LS: 322356 / 153159025+ 9

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

b LHC  +/s=14TeV L=10*cm?s™ rate ev!yeir
Pam £T7 e 3
ElaclTJ:L Vi inpiat ———+ GHz Jo0 1© .
el ok IO 8 % .= | m SM processes:
= Ty e {6 ~1/(100 MeV)’ During Run 2 the LHC
E 19 = 16 iai
: i produced 107 collisions
_________________ _é 10 n -
ki 0 J Large samples of various
, e 108! particles produced:
v )
10® « W bosons: 12 billion
" } = New Physics: - Z bosons: 2.8 billion
10
103 G ~1/(1 TeV)’ « Top quarks: 300 million
102 .
- « B quarks: 40 trillion
000 I « Higgs bosons: 7.7 million

particle mass (GeV)
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Iy SCHOOL Summary of Standard Model Tests with EWK
Bosons

Summaries of CMS cross section measurements
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

JINR

plots are updated for Summer
2023 Conferences
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1 SCHOOL Higgs Portrait after 10 Years

JINR

During Run 2 of the LHC the experimental collaborations started to employ the combined data
for precision measurements of Higgs properties (mass, width, couplings, CP, rare decays)

= All main production mechanisms are observed, including h — bbar, ttH, VH [ JEReumve

4| Data recorded: 2017-Aug-20 18:16:45.926208 GMT
b i | Run/Event/LS: 301472 /634226645 / 664

= Mass of Higgs boson m,, is measured with an accuracy of 0.1% (!)

cMS CMS
Run 1:5.1 fb™ (7 TeV) + 19.7 o' (8 TeV) —— Total Stat. Only v P N N N i
2016:35.9 fb (13 TeV) | | * Discovery * LHC Run1 = This paper | |
Total (Stat. Only) o e oFo .
Run 1 Hosyy F— 124.70 +0.34 (£ 0.31) éev 1 '5__ —68%CL 95%CL ¢ SMHiggs 7]
Run 1 H— ZZ— 4l ——=  125.50£0.46 (£ 0.42) GeV | - ;..?— = 0j / [_TJSNI
Run 1 Combined — 125.07 + 0.28 ( + 0.26) GeV 10 ’_ |
2016 H-yy ——— 125.78 £ 0.26 (£ 0.18) GeV
2016 H— ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV r
2016 Combined -L 125.46 £ 0.16 (£ 0.13) GeV 0.5 _ CMS 138 b (13 TeV)
Run 1 + 2016 -!- 125.38 £ 0.14 (£ 0.11) GeV I | ¢ Observed gﬂ SD (stat)
| ) =11 SD (stat @ syst) [ |+1 SD (syst)
1 11£2I 11 l1£31 11 I1£41 11 I1£51 11 I1£6I 11 I1£7I 11 I1£8I 1 1 I1égl 1 00‘ | | | l\\l\\ l l | (,,l"’l | | \ | | | | | | i —ists(stat@syst) St t SYt
m,, (GeV) . ' at Sys
06 08 10 12 14 o e 05708 ons 007
= Precisions of cross section and branching ratio measurements in - |
: n - 00 % 0
combined channel are down to 8.5% level il E* e e
= We have ~6-30% accuracy for measurements of couplings Hoan = T4don o L
. 2.4 : . i i
= The absolute value of a width T'y = 3.2 MeV is getting closer to the  w,, —— 12902 om0 00
SM expectations (4.1 MeV). We still need to improve an accuracy. T
w = 0.945% o 013
= Spin, parity, differential distributions do not contradict the SM T
M Hi (07)sm  —805%2 % 5%
. . . 005 1 15 2 25 3 35 4 45
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1 SCHOOL What do we have as a result?

THE STANDARD MoOEL : IT HAS To EREAK DowN '
AT SOME POINT JUT JusT KEEPS CHUGEGING AloNG |

MLK , coOttloM
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Why we are still expecting
the New Physics?
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1 SCHOOL A room in Higgs Sector

JINR
... but the current accuracy of Higgs coupling measurements is still insufficient to reject
BSM Higgs hypothesis EPJC 79 (2019) 421
Summary of Higgs Couplings Measurements Model - K .
CcMS 136 fo”" (13 TeV
* Observed — £1 EI:TSI:]I:II = ge l ' Z é SlngIEt Ml}ﬂﬂg ~ 6% ~ 6% ~ ﬁ%
w1 SD (stat ® syst) [I) +1 SD (syst) ] 2HDM ~ 1% ~ 10% ~ 1%
— 5 [stat ) ?: k3
; R — || i ecoupling MSSM ~ ~ —=0.0013%  ~1.6%  ~—4%
Ky - 1.01mm w0 0T |
i i 1_;, o o | F ¥ R Composite ~=3% ~-03-9% ~-9%
Kz + 100 o o | 2 10; ml | m‘ Im E Top Partner ~ —2% i ~ +1%
A ooz 33 am | 5 F :
K —'— D80T  shibe gi 10;% X m I[ﬂ w_é }'[ d'ﬂfdp—rl:_H} EﬂbfGEV]
K| 1A 20 § = 1 [ ggH@LHC 13 TeV NLL+NLO —g’:ﬂm_nm
o e ie2i 32 %0 | £ OF |m Hﬂ 1 o M1 GeV = oS0, 2
Ky 'ﬂ" P E; 1— ‘ . . |[|] . |[ﬂ; ey 0 cp=-0. 053
Xy - amEas | CF, v 1 _
Elnv.!" 0.07 008 =hoe 00 \\;10 3
Buma*‘ IIIIIII g T e 3 |m m‘ 2 | ]
0 05 1 15 2 25 3 35 4 1 T I@ : :
Parameter value 00,5,,1C Ry 78 et \|stat®syst [stat Dsyst\ ol
The 95% CL upper limit on By, g4t is found to be <0.16 w 3 }:ﬁ;ﬁ?&;tﬁig (2017)]
’ 10;‘%;_::—:1|:-. - .r~l::\:.‘I:!J:.‘.-I-!‘-=‘ =I-‘==-‘_
= Measurements precision continuous increasing 188 o - il
. 12 E e _;_'_:}__ ------ 5
= Search for new higgs states and other BSM : il = m— o
6 reesT

v BSM effects on in the differential distributions 5{, e e L Hoe AR At
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Iy SCHOOL Another Hint from the

gauge bosons

JINR
The properties of the Higgs h,,5 agree fully with SM in decay into

3rd generation fermions (t/b/T)
and do not conflict with results for the 2"d generation (no deviations in cc/uu decays after RUN2)

Higgs: Flavour Universality

CMs 138107 (13 TeV) 3000 b (14 TEU'}
E>|p 12_ ‘mH=125_3aGeVI WZI"}’..‘_.- BSM (H — 6+€_) ~ _E_ — T T T T T
i - pg,=375% 2 e !,U_sm -~ 9 > CMS
Efl)p : )\f ~ Kgmg/v BSM(H == M 2 )% "'? i "“}r-;
o= r b () - .
o 10_22_ :’ (/1‘ ~ Ry _)IH‘/.U 2 2 ]_0 3 1{]'15__ = B88% CL ' .
R f b .. :
10°Fw ; T
& » 10° 3 f-iad .
5 175 e cenal— uu: 30 : .
S -] 1.08F e -3 =
g 10"{ ....................... }*A .................... 1_m-...ﬂ.....§.. i I 19+g gg (Stat)—l—g%i (syst) 10 i_- . . 3
g 08 .. - CMS HL-LHC Projection
10 1 10 10 JHEP 01 (2021) 148 104l e PPTT] ORI
Particle mass (GeV) 0.1 1 10 100
CMS-TDR-15-02 mass (GeV)

We do not know and will not know until the end of the LHC whether the coupling of the Higgs
h,,5 to 18t generation fermions is in a “standard” way or not.

If we have no Extra Higgses! (rare decays are enhanced within Extended Higgs Sectors)
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1 SCHOOL Lepton universality in beauty-quark decays

[
JINR —

BB—Xutu) %, 200 F baasn : L—'-;Ethbe‘
— L . ‘s 200 & a A . - ata 9 fb~
Rx = aclll — 1linthe SM 3 1sofH — Total fit s S00F — Total fit
B (B — X e*e*) 2 160 -— B'> K'é'e 2 wk 1 — B'— K'u'y
g 140 Bl 5 Jiy(ee)K" s 5 Combinatorial
- . 120 Il Part. reco. -
All QCD effects cancel in ratios. g 100 Sl s W
Small O(1%) radiative corrections. 2 o S 200F
§ 40 2 -
20 e S 100F
e gt : *
B+ u ’ 5,000 5,500 6,000 0 BT 1
_ 5,200 5,300 5,400 5,500 5,600
b —= m(K*e*e) (MeV ¢?)
m(K*u*u) (MeV ¢ )
E BaBar
= : ' 01<q®<812GeV? ™
: Ret. ™
hy U NP b E Belle
Bt{ _ LQ KT Lf_IC ; IR 1 1.0<g*<6.0GeV3c*
(. - 3 i Ref. ¥
. E LHCb 5 fo!
\ \ arXiv:2103.11769 i 1.1< 4% <6.0 GeV?c*
i Ref. 1
S Nature 18, 277 (2022) |
: LHCb 9 fb™
3.1 (o) —a— i 1.1<g*<6.0GeV3c™*
: This work
» LHCb searches in B decays (90% CL limits): A R E N SRR
05 10 15

B (B? o e,u) <54x107° [3 fb—! JHEP03(2018)078] Ry

2 2 —4y _ +0.04240.013
BBt - Keu™) <7 %1077 (31 hepex/1909.01010] Rk(1.1<q" <6.0GeV™c™") = 0.846 63001
Control uncertainties by measuring double ratios:

B(B— X pp) BB — X J/(— ee))

BB—XJW(— pp) BB —Xee) (54)
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Wiy SCHOJOL W boson mass with the CDF Il detector
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W — prand W — er decays.

80.50 Ermr e R T
SM ~ Experimental unc. 68% CL
DO | 80478 + 83 O - - - -~ LEP2/Tevatron Light sup:ersymmetry i
| == This measurement
CDF | 80432 + 79 &
80.45 — _
DELPHI 80336 + 67 o < O
5] L
L3 80270 + 55 & ; -
OPAL 80415 + 52 —— 80.40 ,'/ \\ |
n 1 e(s\ﬂ“mew
ALEPH 80440 + 51 —
DO I 80376 + 23 —
80.35 Heinemeyer, Hollik, Weiglein, Zeune '20 ™|
ATLAS 80370 + 19 —0 T T TR T TR TR T T
m, [GeV]
CDF II 80433 + 9 & 70,8.8fb!

|||[||||l|||||||||||||||||l||||||| 1 -
79900 80000 80100 80200 80300 80400 80500 Science Vol 376, 170-176 (2022)

W boson mass (MeV/c?)

Mw = 80,433.5 & 6.454a¢ + 6.9t = 80,433.5+9.4 MeV /c?
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> o

Y Y Y.
V. < e for J=1/2
- |_|+ » et
i m u = wpugl =2
4-.-.
u a, = (9 — 2)/2
_ QED Had Weak New Physics
2021 a,=a; +a,  +a,  +ay )
N 1,000,000 : 60 : 13 o (my, /my )
FNAL g2 +——g——+ MUON g-2 RESULTS August 10, 2023
— BROOKHAVEN
<, a0 > FERMILAB 2018 DATA
2 . FERMILAB 2019 + 2020 DATA
Standard Model Experiment FERMILAB AVERAGE
Average ]

T

175 180 185 190 195 20.0
a, %10 - 1165900

205 210 215

21.0

a x 10°
u

T” [2020] = 116591 810(43) x 10~ (0.37 ppm)

The new experimental result is:
E\]? I‘)()-,] I -

116592 061(41) x 107" (0.35 ppm)

Exp THh
po T =

a (251 £59) x 107" (4.20) 0.00000000019 (syst.), 0.2 ppm

Fermilab Muon g - 2 Experiment

- 1165900

WORLD AVERAGE

g-2 =0.00233184110 +/- 0.00000000043 (stat.) +/-
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THANK YOU FOR YOUR ATTENTION!

At the Frontiers of Particle Physics, MLIT IT School 18.10.2023 60



Ny SCHO%% BSM Analyses in the LHC Collaborations

= Direct Searches for the Physics Beyond the SM

v" Conventional Signals, such as new resonances in dileptons/diphotons/
dijets spectra or non-resonant signals, combinations of physics objects
(leptons/photons/jets) and MET/ b/t-jets tags, high-multiplicity events, etc

SUSY Extended Gauge Sector Extra Dimensions  Cl/Excited Fermions/B3G

v" Non-conventional Signals, for example displaced vertices/leptons/lepton-jets/dileptons from

Long-Lived Particles or emerging jets/leptons from boosted heavy objects, m < pr (i.e. high-
p; Z/W/h,,s bosons)

Long-Lived Particles (Dark Matter/Non-standard SUSY/Neutrino Masses/etc) E);tj(n&z(:tglgsg;igi
= BSM-Higgs Physics

v Searches for the new Higgs states (from extended Higgs sector including SUSY)

v" Probes for the New Physics with h,,: (Higgs as a tool for new discovery)

Extra Higgses, Dark Matter, Flavour Universality Violation

= Precision Tests of SM

v' Measurements of the W/Z, Drell-Yan (+ n jets) x-sections and angular characteristics
v Search for rare decays of B-mesons

v" Observations of other rare process in top sector within SM (Wtb couplings, CP violating top

quark couEImgs flavor-changing neutral current interactions of the t-quark and h,c)
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1 SCHOOL Conventional Signals

INR

= Heavy Resonances (extended gauge models, extra
dimensions, technicolor) = dileptons, dijets,
diphotons, ttbar, WZ

= Non-Resonant Signals

Total

Events /(0.1 TeV)

= Mono-particle + Missing ET (extended gauge models, - maw
extra dimensions, technicolor, SUSY) = mono-jet +
MET, mono-photon + MET, mono-lepton + MET

= Microscopic Black Holes (extra dimensions) = high-
multiplicity events

A

electron

= Leptoquarks = lepton + jet

BEEE = 4t Generation = leptons/jets,
dilepton
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Overview of CMS EXO results

Direct Search for BSM: Conventional Signals

CMS preliminary 36-140 b~ (8,13 Tev)
String resonance M (iS58 1912.12238; 1604 08007 (2j) 137 fot
Zy resonance a 035-4 171203143 (2p+ Lyi 2e + ly: 2 + 1y} 36 fb~!
Higgs ¥ resonance M OFZ-335  1BOBOLZST (1j+1y) 36 fb~t
5 Color Octect Scalar, k2 =1/2 M CIS=F0 1912.12238; 160408007 (2j) 137 fb~t
Scalar Diguark M GE=ESN 1912 12236, 1604.08907 (25 137 fb!
H+g, pseudoscalar (scalar), g, x BR($—2) > = 0.03(0.004} M 0.015-0.075 LO496E (3L = 45) 137 fbt
tt+ . pseudoscalar (scalar), g2, x BR#-+21) > =0.03(0.04) M 010B-0.34 IO11.04068 (34, = Af) 137 07!
quark compesiteness I9g), nusr =1 A SLZEY 1803.0803 (2j) 36 fb-L
quark compasiteness (), N.er =1 N ZE09 1812.10443 (24) CI 36!
\'E% quark compasiteness lga), nuuss fom =TS0 1603.0803 (2j) 36 fb!
i quark compasiteness {28}, . i y EIEN 1812.10443 (21) 36 fb~!
2 Excited Lepton Contact Interaction o 2556 200104521 (2e + 2j) 771!
Excited Lepton Contact Interaction i OF=57 200104521 (2p + 2j) 77 b1
{axiakvector mediator (xz). g u SIEN 1712023851 = 1)+ EF=Y) 36 th~!
(axiaklvector mediztor (941, g M T5=28] 1912.12238; 1604 08907 (2j 137 fbt
scalar madiator [+£/£) 9o = 1 gow =1,m, =1 GaV M =0.20 100101553 (0, 1f + =3j+EF 36!
E pseudoscalar medistor (+Ht5, g, M <03 190101553 (0,1t + =3j+E D a rk 36 fh!
scaler mediator (fermion portal), A - FTy 171202345 (= 1) + EF 36 fb~!
: complex sc. med. (dark QCD), M, - <1547 1810.10069 (4j) 361
H Baryonic 2/, g ar <147 190801713 (h +E M 36 fb~!
Z'— ZHDM. gz = M 05-3.2 190B.01713 [h+ B9 atter 36 fb!
Vector resonance, g =025, gom =1, my= 1 GeV M 035-07 191103761 [ = 3f 181
Leptoquark mediator, 8 =1, B=0.1 fx gw =0.1, BOD < Mg <1500 GeV  u 03-0:6 IBILLOLSL (1p+ Lj+ E7=) 77t
RPY stop to 4 quarks " 0.0B-052 180B.03124 [2j; 4j) 36fh1
RPV squark to 4 quarks M ISGIEN 180601056 (2]} 38t !
; RPV gluino to 4 quarks M OIS 180601058 (2§) R PV S U SY 3gfb1
RPV gluines to 3 quarks - =I5 181010092 (65 361
ADD () HLZ, ne M S 1803.0803 (25) 36 b1
ADD [yy, #) HLZ, neo=3 M SO0 181210443 (2y, 24} 36!
ADD Gex emission, n=2 M SO0 171202345 (= 1) + E7=9) 36!
ADD QBH [}, M S8 1803.0603 (25 36 fh1
ADD QBH (2 & u #5167 1802 01122 (ep] EXt ra 361
RS Grxelyy), ki 1 - AR 1809,00327 [2y) 36!
RS QBH (1}, M =519 1803.0803 (2j) 35fb’i
RS QBH fap), M =361 1802.01122 (ap) H H 36 b~
& rorerotating BH M ZOFNI1805 06013 ( =Tl v)) Dlmenslons 36 fb~?
SpILUED, = 4 e un ST 1803 11133 (£ + Ep=) 36 b1
RS Geelgd, ggh, k/Ws =01 - D552 1912.12238; 1604.08007 (2} 137 b7t
excited light quark (g¢), f: » E=SS0 1711.04652 [y +j) 36 fb~L
u excited b quark, i M FEEHEE 171104652 iy +j) . . 36 thL !
excited light quark (ggh A=m, " D526l 1912.12236; 160408907 (2]) 137 fb”
- LT ; »Excited Fermions |,
excited muon, s = = F =1, A= m; i MESSSEN 181103052 iy + 2;) 36!
e WMSM, Vel = LB, [Viul®=1.B ,.,, <12 180202965 (3f(u, e)) 36t
E-s UMSM, VoWl [ Val® + [Vl = LO " 00216 1B0610005(2f, = 1j) . 36 bt
3 Type-lil se=saw heavy fermians, Flavor-demecratic M <088 191104958 (3f, = 4F) H e avy Fe rm | O n S 137 fbr !
& “ector like taus, Doublet u 12-079 190510853 (3f, = 4L, 2F, =17) 77!
scalar L@ fpair prod. ), coupling to 1¥ gen. fermians, M <144 1B11.01197 (2e +2) 36 fb~1
stalar LQ (pair prod.), coupling to 1% gen. fermions, f =0.5 M <127 1B1LO01197 (2e +2j; @ + 2j+ EF'=) 36 fb’i
scalzr L@ (pair prod.). coupling to 2 gen. fermions, B=1 M <153 1BOBOS0BZ (2p+ 2j) 36 b~
scalar LG (pair arod J, coupling to 27 gen. fermiors, f=1 i G8-15 181LI0ISL(1u+1j+EF=) Le ptoq ua rks 77 tb~1
scalar LQ (pair prod.). coupling to 2™ gen. fermions, 8=0.5 M <128 1BOB.0S08Z (Zp+ Zjip +2 + 7S 36!
scalar LG (pair prod.), coupling to 37 gen. fermions, # n <102 1B11.00B06 (27+ 2j) 36 fh!
scalar L (single prod.), coup. to 3% gen. ferm., B =1,A » =0.74 180603472 (2T+ b) 36 fb~1
Zp, namow resonance M 001150 075 101204776 (20 137 fb~t
Zs. namow resonance ar 01102 191204776 (2u) 137 fb!
SEM Y " Z=527 EXO-19-019 (Ze, 2p) 140 bt
n S5M Z'igg) M DE=200 191212238 1604.08007 (25} 137 fot
Ziag) M 0.01-0125 1905.10331 (1], Ly} 36 fb~1
5 Superstring 7, " TF46" EX0-19-010 (2e, 2u) 140 fb~t
i LFV 7, BR{gp) = 10% ar OZZH4)) 180201123 (o) H eavy G a uge 36 fb!
j Leptophobic Z' M 0.:05-0.45 1900.04114 (2§} 78 fb-1
i. S5M Wl M 04-532 180311133 (I +EP 36 fb'i
SEM W . G 1807.11421 [T+ EP=) B 36 fb
L2 SEM Wigd) M CISE360 191212236 160408007 (25 Osons 137 fb7!
LRSM Wr{2Ng ), My, = 0.5Mw, w =44 1B0311116(2f +2j) 36 bt
LRSM Wa(thiz), My, = 0.5M, o =350 1811.00806 (v + 25} 36 fb~!
Axigluon, Coloron, coté =1 M OISSEEN 1912.12236; 1604.0B007 (2j) 137 fb!
L L L
01 10 100
LHCP 2020

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included).

mass scale [TeV]

1TeV

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXQ13TeV

10 TeV

30 TeV
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1 SCHOOL Searches for Heavy Resonances

New Physics (2'/Z,,/Gy) contributions to SM processes

opp—=Z'+ X - 17" + X)

By = .
) 7 olpp—= 2+ X = Itl- + X)
Dileptons, full RUN2 data JHEP 07 (2021) 208
140 fb ' (13 Tev) i =
——— e 137 b (13TeV,ee)+140fb (13TeV ].L].L)
%103; | B PYS AR CMS = R NI R 5 W,Y' full RUN2 data PLB 826 (2022) 136888
G :Ilge: EvZ —sp'w =3 1 CMS — 0bs.95% CL limit -
2 1050 Ege::" WW, Wz, 22, & LU Exp. 95% CL limit, median J I T
E sewer] . ¥ T X ¥ E i T ¥ ¥ ¥ ¥ T ¥ % . ¥ T 5 ¥ ¥ ]
2 o 10°F [JTotal Background (NR) 3 T~ B Exp. (68%) ] & . CMS § DS i S
10 E — Gy WM =005, M=35Tev=  — (0~ " —= 3 ‘ == v+ et 1 QD
1025 Zog M5 TeV N [ Exp. (95 /g s ; 2 o ;gna. L0 TSV oo
10 [} P )] = R — Signal 3.5 TeV
] 1ol T R L STt 1O TSV [ e = 5%
107'E = g k/M _005 3 A,
10k 0§ - K/M _001 ] TPEE
10k — 10 . & - .
10 - RS1 graviton : R b
05 rothrd 4 I L - A S TR VI . 3 B
gfo_(sl: v A i 16 f ] 1000 2000 3000 4000 5000 &5 i s T i
« 170400 2o ses  fooo =ooo m [GeV] = ;E?—-—Wﬁff_ﬁ it i .
4 AL eV e e — :
% miMk %jl. | ]
137 b (13 TeV, ee) + 140 b (13 TeV, uy) 8 ogh, s WRRIBRL BE o BE L L L L L
137 b (13 TeV, ee)+140fb 13 TeV uu) W 2r — ‘ st e Bl o2 % e ...
= F\% © CMS . . 137 fo' (13 TeV
o% 5 ¥ CMS — Obs 5% CLI|m|t 1 ¢ Li " Lepton flavor umversahty 5 F |‘(|e)g
o F S Exp. 95% CL limit, median [ a - . CMS -
& F . — 15— —] 2 r Spin-1 ]
w 107F width = ‘ ; S Ix/mx =5%
E E o combined E 10k -
N b —0.6% —3% il = B = E E
— —2 | — - - .
3 10 1 —5% . 10% 3 E‘Ei £ i ]
= EW N T, e Zioeys (Width 297%) T
NO107E TR 7, i 058%) 3 x 1 E
= £ : o (width 0.53%) L. = 5 = 95% CL upper limits 5
: il ) © L v
é 10 4? Z boson By, _; 05_ ] | e 322?ane:xpected
E hia et : N 107" mmmm 68% expected =
10_5 B g ilo v ol vg v Facn ol g o0 ‘E L i § 95% expected E
1000 2000 3000 4000 5000 [ I A A A A N S RS RE RS FREETETIT AT
m [GeV] : . ‘ : 07 1 6
%OO 300 400 1000 2000 3000 my [TeV]

GeV .
SV benchmark heavy scalar (vector) triplet bosons
with masses hetween Q 75 (1 15) and 1 40 (1.36)
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@y scHOOL Example of Dark Matter Searches in Dijets +
. Dileptons

We consider a model that assumes the existence of a single DM particle that ¢ f
interacts with the SM particles through a spin-1 mediator, which can be either
a vector or axial-vector boson.

= vector mediator with small couplings to leptons, gy, =1.0,8,=0.1, g =0.01

= axial-vector mediator with equal couplings to quark and leptons: gy, = 1.0, g,=g=0.1 " 7

CMS Preliminary Moriond 2022 CMS Preliminary ICHEP 2018 RS vecormec. biec bt o, <625, =10 5 t .
= 2500 i T R——— parame ers.:
%J I b y g s ’ ] Boosteddijet (35910
0] ' Axial-vector mediator y o L, ? [arXiv:1710.00159]

—_ . ‘ - c 3
: Oirac DM 7] Exclusion at 95% CL 2 T Dijet (35.9 fb™) m m
g 2000 C g, =10 —] 2 10 =5 [arXiv:1806.00843] DM?» Med: DM> [» q
' DM - = E 1806
= i &), o] ) =1 [ Ovserved 33 . E DM + jV(qq) (35.9 ™)
@ I : g=01 = -~ 7] © 10 = [arXiv:1712.02345]
: Yy 1 |---- Expectes =
g 1500 : s — pect 100 = DM + 7 (359 1)
- : ’ || ___ Dilepton 1137 " - [EXO-16-053]
(0] - [arXiv:2103.02708] 3 B SR
s = Dijet (35.9-137 1) 41 — + i
3] " 10 E [arXiv:1711.00431]
1000 — [arXiv:1806.00843] E
E / i Xiv:1911.03947, 3 -
N / _ f;omed dijet (77]lh y 10 ; DD/ID observed exclusion 90% CL D M n u C I eo n u p pe r
& - {arXiv:1909.04114] g BEASE . .
8 f , My =2x Moy | oo ] nenone limits on the cross
# = PICO-60
I ‘- Q=012 1 3 T [aXiwt70207666] sec t i on
i - Super-K (bb)
10" s B
I il E [arXiv:1508.04858]
) L T I W ! ! L I B 3 ceCube (b5)
0 500 1000 1500 2000 2500 ?000 3500 4000 4500 5000 107 iqa el IR R o | R e | [arXiv:1612.05949]
Mediator mass M __, [GeV] 1 10 102 10° — leeCube(tD)
Dark matter mass m ,, [GeV] [arXiv:1601.00653]
CMS Preliminary Moriond 2022
S 2000 g T T T T CMS Preliminary ICHEP 2018 SRl Biaiditon el -vo
¥ H : e - - & 35 T LG SR A — T T T T
8 1800 f+ H Vector mediator g 0 ! E Boosted dijet (36.9 fo™)
I_.E 1600 - : D|raC DM = Exclusion at 95% CL 'Eé 10—3& _-E fietmao0tey
a8 ol : g =10 - 8 0¥ = p—
2 0 : ' QDM= 01 - = — Observed E e -%
1400 P : P g 3 S
% N H 1.7 g=001_7 - 52 10 B DM+jV(a9) 359 1")
© 1200 :—--| E I / = -~ - Expacted () 10{9 _; larXiv:1712.02345]
E i Ve - = — DM+y (35807
- i H 3 Dilepton (137 5} 107 - [EXO-16-053)
@ 1000 HH )7 = |7 taxiveroa.0eros =
= 0 ‘_-' ) - Dijet [35.9-137 fby 104 = DM + Z(1l) (35.9 10"}
T gooft 4 - farXiv:1806.00843] E [arXiv:1711.00437]
E I 3 farkiv:1971.03947] 10 =3 DD observed exclusion 80% CL
< vl = Boosted dijet (77 b ) o E
g 600: I " . - [arXiv:1909.04114] 10 E ?3535}35.015,5;
[ =2xm 3 3
400 H+ Med w3 107 H — %}'c.‘f%%s.oma;
E 0, H =012 - 107 e Bl =
200 — i 3 LUX
iy . ui - 10 - T [arXiv.1608.07648]
ot I T T I T I TR T TR o) L owwennl vy ewwewll 5 ey el T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 18.10.2023 10 = - k1805, 12502] 65

H 1 10 10 10 CDEX-10
Mediator mass M, [GeV] Dark matter mass m _,, [GeV] facki-180209016]



U SCHOOL The case of the past days (y v excess in LHC

JINR

data)

First intrigue @ 13 TeV: Excess in Diphotons

CMS-PAS-EXO-16-018 CMS i skt t
CMS Preliminary 2.7 fb” (13 TeV, 3.8T) Zee7s5eoxge§\s; n Elip 1% c_)rn \7pde?t el
- around ~ on g+ eV data
= EBEB ¢ Data ™
- —— Fit modg v 3.4 o (local) and 1.6 o (global) for
N B3~ analysis of spin-0 and spin-2 states:
-~ +t20
*g 10 ol . CM$ Preliminary 3.3_tb'* (13 Te_\/_)_+19.7fb" (8 TeV)
& 11 o TR
- 41 ER TR I 1T S o
1 || AL 10"54'-,;'-55 '
S N ) S 20
) 102 i '
< ;
£ ofpilistuaititae 2ol J R m=14x10%0=2 |5 o
% i 107 E —— Combined
E _2 + .................. lll .................... e I' E 3.4 0 ______ BTQV
400 600 800 1000 1200 1400 1600 L e 13TeV
-4 | L
. My y (GeV) TS 10° 2x10° 3x10°
A lot of theoretical works attempt to mg (GeV)
explain this effect:
more 320 papers since Dec. 2015
Need more data!
18.10.2023
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1 SCHOOL some Selected Recent Excitements from LHC .

JINR
* Light X->yy * Light X>11 * Light X-)uu
CMS 3591 (13TeV) PRI o b aom a1 p R > 2507 Mt zaaas
3 amook Class 1 | ' ! > 8 o :’.T.;';:"'w:::::"
S e i 8 S2
§ — 2 g ' Oloca=4.2
14m.'r__— s E Lﬁﬁ.

:. 3
T g
g Ll :
E ."'i g i L | |
. I— o i t i ) 150 200 R ]
g e "'"'i'.:i""'"'_Ei_'"'__"-:ﬁp""'_'1'-:'u_"""?5q m., {GE‘H"]
. (Gl
Y i IO .5 o B AL (CMS Froliminary 138 (13 Tev)
- H—yy — Observed % Low-mass | High-mass i
.3_:; 1'4:- -Emmih 1 E_
T o2f , 8 Expectod + 20 T |
% s | 1|:|"E
= :
g o8 ' 8 70
’E - m, [GaV] m, [GeV]
= i
é - A. Nikitenko
1094
% 5 g,nbal 2 7 at 193 GEV 2.3 at 95 GeV
i B S O A L 80 100 200 1000 2000
gl 25 90 895 100 105 110 m, {Ge\n"]

my, {GeV)

RUN3 is a perfect judge for these challenges!
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*HIGES

Higgs Boson as a Tool to Search for y BOZoN
the New Physics

> CLICK To PLAY

Hi2s invisible
and undetected decays

H125 exotic decays

invisible decay
exotic decays

Additional particle of an extended

Hios flavour violating t
sector

decays

w
>
3]
(<)) Lo..
qe —

O
O )
£ »
—

e
i ]
i) So
> =
= 5
= <
S (0]}
48]
9
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Direct Search for BSM: LLP Non-conventional Signals

eg. forct =‘5 cm, <By>~ 30

==ees neutral displaced W BSM
— charged HSCP dilepton M lepton = L
any charge k o 2
L — gﬁi;:n 3 60% in 13% in 4
; 2 calorimeters muon system s
Bl anything o 5
=7
disappearing displaced o g
track lepton 2 2 g
{l EEEEEaw -gn % _O‘
Sl=
Y distance fyravelled
= 3 proper lifetime ct, is greater than or
displaced s displaced comparable to the characteristic size of
v’ Py’ o the (sub)detectors
covered in : &b = small ct, that comparable to the inner
this talk diiod v TSociinons Not pictured: tracker size, no displaced tracks =
vertex stopped particles “« ”
conversion standard” prompt decay

LLPs may have decay lengths up to several meters, hence ® intermediate ct, > LLP
traveling through the inner detector layers without leaving = very large/infinite large ct, = stable
any trace particles, “standard” MET signatures
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Iy SCHOOL Inelastic Dark Matter at the LHC/LLP
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= inelastic dark matter: relic particles - Colliders
that cannot scatter elastically off of .8 " -
nuclei the dark sector S X ) SM
= particles continue traveling for a long O ‘.-‘
time and traverse several meters - / - \
(Long-Lived Particles) before tunneling 8 X SM
back into our visible universe (quarks H >
or leptons) A Indirect detection
Motivation | Top-down Theory IR LLP Scenario
il Visible Sector Portal Dark Sector
Sreabt SUSY~ BSM=LLE
Naturalness ggxorgm— e o o oo o 118y i h § §
N - e Multiparticle S
Eﬁﬂ;’,ﬂst?{‘{;';; """" Hidden Valley == 9 990 H pr e rpitr\um
Relaxion |‘l;'31!1”" ___“p Lr_wm :& = e @ ? ‘
Asymmetric DM ALPzszsz2477 d e b @ ::‘-\
Freeze-In DM = =————————di : - e i sl it @ I ? ‘
SIMP/ELDER VT : . Lo (e » k-o ]
el A : 9r9- 9| 9| el |
Dynamical DM o : st " = Tﬂ ...._u = = / =
WIMP Baryogenesis R T dcc;'wz ’Eg r.."“.lj" "WE Twﬁ §
Baryogenesis Exotic Bary_on Oscillations _1
Leptogenesis IL;HJ“‘-: Higgs | SUC(S) % SUL(Q) % Uy(l) ) . New Gauge Symmet.ries y =
Minimal RH Neutrino HNI _=J o
w1:lh U(lpL 2’
Neutrino r;gz-lsisis):c:;’;m e ‘lt\.{r_‘“- Hadron
Masses with Higgs portal ——
from ERS s Amshmursieminiuk 2
Discrete Symmetries

https://arxiv.org/abs/1901.04040
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LHC Prospects and beyond
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1 SCHOJ LHC/High-Luminosity Timescale

The Present and the Future

4 Integrated Run 5
luminosity 3000 fb-1
3 [ab1] 7-1034 cm2s
Top Factory Higgs. Fgcfm:y
(and B W Z) 150 willion Higgs
2 Run 4
1500 fb-1
pl.g:;nt 5...7-1034cm2s1 LS4
Run 3
1 Run 2 ~400 fb-1
150 fb-1 1.5:1034 cmas
1.5-1034 cmas-1
/ﬁ LS3 time
152 years]
o >

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036...

HL-LHC

Phase 0
13 TeV

CMS Phase 1 : )

14 TeV

CMS Phase 2

At the Frontiers of Particle Physics, MLIT IT School
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1 SCHOOL LHC Satellite Experiments
LHC dedicated LLP "W oot s MATHUSLA CMS/ATLAS CMS

.25 milliQan /J MATHUSLA
- % e £
e Surface ’

experiments
o T

"Q] - S, | % Sisreserasesresenses JOSSRRRESESEL LS Ul s —— P 5
—————] (q

N point 2.2 :”lHHHIH D SasT
/ = ~ULLP

Tl =

[ 0 [o] LHC beam
. ATLAS/CMS 100 200
6.08m o - L = e

o -1 R L S
“  MoEDAL-MAPP Barrack D LIXA shield 200m
L¥ ) mrm

1C E
CODEX-b

CODEX-b

A

Phys. Rev. D 99 (2019) 015021
https://arxiv.org/abs/1901.04040 ,

£
21
3

Om

TP

.

LHCb

leptonic decay hadronic decay \\
-~
P S Y i 0-100
Multi-layor trackor II' - § l
: — my = 5 GeV _oo01fE _
5 N —— mx=20GeV ¥ = =
- - 3 n B 5
- - P =
Surface  Floor detector e - s oo —— mx=40GeV o 1{]‘5-'§ ' %
- S . - '.I'.! - 5 &
- - S I b =]
- - - - E .._'
E - - — MATHUSLA E E 4
g— ATLAS "‘l'"r:mw.ﬂ LLP 10?-% | s =14 TeV g -3
or or CMS !:- - wewesees ATLAS 5 | 3 ab_t 3: 10
- LHE basen pipe 10-° S i i i 1 | 10
= : 0.001 0.100 10 1000 10° 107
s100m ~100m : Brm)
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1 SCHOOQL  Future Circular Colliders (100 TeV pp)

Table 1| Run plan for the FCC-ee

100,000 - . .
[ Required for top-up injection -
FCC-ee Run duration \/s (1 Event statistics ;10‘000_ [ Routinely achieved R
phase (yr) (GeV) (ab™) ) [ Being commissioned
7 4 88-95 150  3x10%hadronicz0 "7 [ Requiedatcolision pon
decays {
Ww- 2 158-192 12 3 x 108 W+W pairs -
~ 7°H 3 240 5 106 Z°Hevents -
Schematic of _ _
. 80-100km f 5 345-365 1.5 106 tt and 6 x 10* RS EEER
3 long tunnel Hui events £ g g L 8 o 3 y |=.|g| o 9 -
T 0o QO 4 O W o ] B
H (optional) 3 125 21 Optional run on H § 22 g™ 98 2 9
resonance £

I D ‘ A o N o B 2 BN ¢ B e B 18 ) [ qsyears | ENs D7 BN R0« B 4) (T 25 years
[ tHcruns | Ls3  J(HLLHCrun4 J[Ls4)HLLHC un5|(Lss|( HLLHCrune ||  operation g o

‘ Project preparation

Update
permissions,
funding

and administrative Permis-
processes funding and sions
governance strategy

\/s =100 TeV

FCC-ee dismantling,
tunnel and

Geological investigations,

infrastructure detailed design JEUBEL Site and (el

infrastructure construction infrastructure

Th e Ia unc h and tendering preparation adaptations FCG-hh
p O i nt i S 2 O 20 FCC-ee accelerator research and development FCC-ee accelerator construction, FCC'SQSCCG(!‘eratDr FCC-hh accelerator construction,
(R&D) and technical design installation, commissioning an installation, commissioning

L technical design

Detector R&D and concept
development preparation
of international
experiment collaborations

FCC-ee detector
technical design

FCC-hh detector construction,

FCC-ee detector construction,
ang installation, commissioning

/f
FCC-hh detector
installation, commissioning

technical design
g

SC wire and 16 T magnet
Superconducting (SC) wire and high-field magnet R&D R&D, model magnets,

prototypes, preseries

16 T dipole magnet
series production
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1 SCHOOL e+e- Colliders

JINR
Compact Linear Collider (CLIC) International Linear Collider (ILC)

ILC Candidate site in Kitakami, Tohoku

Integrated luminosity . Integrated luminosity
Collision energy (unpolarized beams) Collision energy (unpolarized beams)
1st stage 380 GeV 1.0 ab-! ;S; HgE ;gg zez ig az:i
2nd stage 1500 GeV 2.5 ab-! i e . o
3rd stage 1000 GeV 5.4 ab-!
3rd stage 3000 GeV 5.0 ab-!

: g . (ILC Technical Design Report, arXiv:1306.6327, 1903.01629)
Circular Electron Positron Collider (CEPC) R

Z WW ZH tt

IP 2 , CEPCSite Selections & $ ¥+

— —* — g
/ (;‘-D "o Z(912GeV):46x10%em?s'  LEP x 105!e  FcCeee (Baseline, 21Ps)
‘ o*6= Higgs () factory \ g i e *  LEP3 (Baseline, 4 IPs) ]
Ring length ~ 100 km < L ILC (Baseline)
..... © 107 CLIC (Baseli E
= ) = N B (Baseline) =
A E W*'W (161 GeV): 5.6 x 10% cm?s™ -
> C ¥ CEPC (Baseline, 2 IPs) _
= L i
7]
IP1 8 ~ HZ (240 GeV) : 1.7 x 10% cm'2s™! -
Integrated luminosity € 10— =
Collision ener i 3 E -
gy (unpolarlzed beams) = - tt (350 GeV) : 38><103"t:mzs1 a
1st stage 90 GeV 16 ab-! L (365 GeV) : 3.1 x 10* cm2 il
2nd stage 180 GeV 2.6 ab-! | 1z @s0cen: 15x10%emtst B
1 — —
3rd stage 240 GeV 5.6 ab! E , me . d

10°

—_
o
)

(CEPC Study Group, arXiv:1809.00285, 1811.10545) 18

5

»
‘D
)
=
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Iy SCHOOL The ATLAS Experiment

JINK EM Calorimetry

Muon Detector * Pb-LAr ] -
° (lir'-Cor'e TOf‘OidS, Muon Detectors ° G/E ~ 10%/»[E(G€V)@1°/o eng-‘- 0 m
MDT+RPC+TGC * Inl<3.2, [n| < 2.5 (fine granularity) Radius : ~ 12 m

Sslenoid Forward Calorimeters Welgh"' I LY) 7000 Tons

*o/p:~2-7%
° | |T< 2.7 0 End Cap Toroid Channels: ~ 108
2 I?l|<25; ' Leapie: ~ 3000 km

=L

Inner deTCCTOP Hadronic Calorimeters
* S pixgl; and STHPS Hadron Cfalor'im'e"rer
* Transition Radiation Detector * Fe/scintillator (central), Cu/W-LAr (fwd)

(e/n separation) ! )
. ~ 50% ®3%
+ o/pr ~ 0.05% pr(6eV)®0.1%: . CIZ ﬁ3 20%//E(GeV)®3

* In| < 2.5, B=2 T(central solenoid)

Shielding




1 SCHOOL The CMS Experiment
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CMS DETECTOR STEEL RETURN YOKE 5p

Total weight ~ : 14,000 tonnes 12,500 tonnes SILICON TRACKERS =L ~1.0-1.5%@100GeV
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels pT

Overall length :28.7m Microstrips (80x180 um) ~200m?* ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m® ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

0.15

2.7°
%: \/%A)Q)O.S%@)T B |
CRYSTAL ' \\
ELECTROMAGNETIC
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals
o, 120

ZE _ 2 5o
Z \/ECJB Yo /

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels




= -.‘I!zl_‘
X i/,

5 i

?.r*.h._n 3
e e e




INR

(H}SCHOJOL




1y SCHOOL LHC Timeline and Data That We Have
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CMS Luminosity Information
https://twiki.cern.ch/twiki/bin/view/CMSPubl
ic/LumiPublicResults

; ———
< HiLumi Y
X ’\JEAHEE HADHOﬁN COLLIDER

LHC HL-LHC 2010, 7 TeV, 45.0 pb™
It . CMS — 2011, 7 TeV, 6.1 fo™'
80} — 2012, 8 TeV, 23.3 fb™'
— 2015, 13 TeV, 4.3 b

2016, 13 TeV, 41.6 fo~'

m— 2017,13 TeV, 49.8 fb™"

6ol — 2018, 13 TeV, 67.9 fb™
— 2022, 13.6 TeV, 42.0 fb™
m— 2023, 13.6 TeV, 31.4 fby

Ls2 13.6 TeV 13.6- 14 TeV

energy

13 TeV .
Diodes Consolidation o

splice consolidation cryolimit LIU Installation -

7 TeV 8TeV puson collimators leracno inner triplet il

n . .
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
N N S N R >

Total integrated luminosity (fo™)

40+
ATLAS - CMS }ﬂw
experiment upgrade phase 1 ATLAS - CMS
beam pipes s 2 x nominal Lumi ALICE - LHCb . 2xnominal Lumi ) R vbgrace
75% nominal Lumi upgrade ! : 20+
~ e [ison Lisov e 0 —
HL-LHC TECHNICAL EQUIPMENT: = Q‘ @\‘3“ 5\)(\ 5\>\ p&g 509 OG\ \40“ 060
DESIGN STUDY PROTOTYPES o CONSTRUCTION INSTALLATION & comm. || PHYSICS AN N oA ky VRS K
= Date (UTC)
) - — 34 -2¢c-1
L =2.1x1034 cm™2s71 f Loisyt = 7-5%10°* cm~2s ] | | 7
CMS I 2023: <p> =52
=  CMS Dataset RUN2 We are here 5l B 2022 <> =46 |
v' ~163 fb1 of proton-proton collisions @ 13 TeV is delivered = = 2813 <H>=§;
. . .« . - | I<i> = |
v' 151.78 fb! is recorded by CMS (data-taking efficiency ~93% ) o° B 2016: <> =27 |
_“:;4 B 2015 <p>=14 .
= CMS Dataset RUN3 2
v’ ~73.4 fblis already delivered @ 13.6 TeV during the RUN3 Sl I3
1 ) . . . ~QA0 B o(13.6 TeV) = 80.0 mb
v' 63.7 fb! is recorded by CMS (data tak.lng gfﬂuency 92-A)) g, P 0o mb |z
v' ~93% of collected data “good for physics” in 2023 (91% in 2022) &

-

v number of pp interactions per beam crossing (PU): (i) = 52 for 2023 _
= ~260 fblitis expected @ 13.6 TeV for the end of the RUN3 (450 fbl, in total & — W ™ =

for RUN1/2/3) Mean number of interactions per crossing
. CMS Data Quality Information
=  pPband PbPb Runs (see talk by Serguei Petrushanko) https://twiki.cern.ch/twiki/bin/view/CMS

Public/DataQuality
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AL]CE Strip Drift Pixel __Ww

ACORDE [——

EMCal |

- Dullahuraﬂn

| | : > 1000 Members
. 4 Size: 16 x 26 meters ¥ . 1p0 Institutes

Weight: 10,000 tons J = 30 countries




Heavy particles which carry “magnetic charge”
Could eg explain why particles have “integer
electric charge”

Monopole production

102 e

NE 10% = l%
g fom = 2
-.gm-aa - 3
% 10 | CDF {'s=1.96 TeV +
2 1ou [ - b
O . [ LHC/s=14TeVv - i
" - C&“F\Expt. .
109 [ et Tevsx 102em s (@107syr =5 ) i
1040 : ------------------------ ‘_; .
10 - 1 Remove the sheets after some
1044 Sl el eemeleelenbieich s PRI W . . . ‘ y
1 10 10: 10° 10 running time and inspect for ‘holes

Monopole mass GeV/c?



b SAHORY Smaller Experiments: TOTEM & LHC

TOTEM: measuring the total, elastic and
@:15 diffractive cross sections

Add Roman pots (and inelastic telescope)
to CMS interaction regions (200 m from IP)
Common runs with CMS planned

RP1 RP2 RP3 RP4

Q1 Q2 Q3 TAN\ ‘ZDZ Q4 Q5\«|{

Il

IE5s % Hﬁﬂﬂzﬂ e HHHHHH[ === “
T =L | Il

LHCf: measurement of
photons and neutral pions
in the very forward region
of LHC

1. P (140 maway)

Add a EM calorimeter at

140 m from the Interaction
Point (of ATLAS)

LA

TOTal and Elastic cross
section Measurement

120

best fit with stat. error band
incl. both TEVATRON points
100 | —— total error band of best fit
— 0 ’ ’ b 1l models
. Opp [b]

Cosmic Rays

r TEVATRON

10° 10° 10

J5[GeV]

Connection with
cosmic rays

(J
o

\‘0‘& Knee
’ (1 particle per m*~year)
N v
«&I
K

)
X,
5

LB R s s B S e ) W )

Ankle
(1 particle per km*~year)

i
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Next Event
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Auto Events
Goto Event...
Rewind

Skip...

Auto Print

LHC Start Up

INR

10 September 2008, 9:50, the first LHC beam event was recorded by CMS
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The first collisions (3.5 TeV + 3.5 TeV) were happen on March 30, 2010, at
13-00 (Geneve)

12:52 — CMS, 12:58 — ATLAS, 12:59 — LHCb, 13:01 — ALICE

E: 3500 GeV 31-03-2010 23:14:56

CMS Experiment at the LHC, CERN

Data recorded: 2010-Mar-30 11:04:33.951111 GMT(13:04:33 CEST)
Run: 132440

Event: 3109359 FBCT Intensity

Lumi section: 139
Orbit; 36208120

Crossing:

Comments 31-03-2010 23:06:31 : BIS status and SMP flags
Link Status of Beam Permits

Global Beam Permit
Setup Beam

STABLE BEAMS 11l

Lumi scan done in pt.1
P Beam Presence

Next scan pt. 5 Moveable Devices Allowed In

Stable Beams

HC Operation in CCC : 77600, 70480 P Status 51 [JETNZP! Status B2

14:30 Neutral pion decay was detected by CMS




