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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 Monte Carlo tools
v' Reconstruction of physics objects
v' Reconstruction of physics processes
v" Physics Analysis and Statistics

=  Something else?
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%SCHOJ%& What Do Particle Physicists Do?

Some eternal questions

People have long asked,
 "What is the world made of?”
 "What holds it together?”

Physicists hope to fill in their answers to these
guestions through the analysis of data from High
Energy Physics experiments
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1 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)

—_ —

= How can you catch particles = Along Threé Pat;s

detector facilities .\
= Whatis needed for data processing? Information Technologies

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

=  Whatis needed for data analysis?
v’ Theory
v Monte Carlo Tools
v/ Statistics Tools
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I SCHOOL Essential Parts of the Success

JINR

Accelerators : powerful machines that accelerate |
particles to extremely high energies and bring them Accelerstors
into collision with other particles

Detectors : gigantic instruments that record the

resulting particles as they “stream” out from the point
of collision. SEtecons

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”.
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‘SCHOJICQI% Particle (High Energy) Physics Frontiers

= The Energy Frontier, using high-
energy colliders to discover new
particles and directly probe the
architecture of the fundamental
forces.

= The Intensity Frontier, using intense
particle beams to uncover properties
of neutrinos and observe rare
processes that will tell us about new
physics beyond the Standard Model.

= The Cosmic Frontier, using
underground experiments and
telescopes, both ground and space
based, to reveal the natures of dark
matter and dark energy and using R
high-energy particles from space to Physics Frontiers
probe new phenomena.
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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 o

Clean Room
BM@N (Detector) (Detector Electronics)  (Detector)

= JINR PARTICIPATION IN FOREFRONT EXTERNAL """« i
EXPERIMENTS OFF-SITE

— LHC, SPS, RHIC, and at facilities under A\ : A S coaing

Internal target

construction, as for example the FAIR facility """ /\

lon source

s |
= NICA SPIN PHYSICS %

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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%SCHOJ%% Why High Energy is Needed?

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.

! _Bfg Bang
Instruments | 10 4 Observables
é -

SUSY particle?

Higgs? ‘
ZIW  weaicforce) @

Wavelength of probe radiation should be ;zoggi‘jg:g;?;m] e® @
smaller than the object to be resolved Partceseame [ 4310 | Atom .o
Electron . %
h he Microscope | 106 4 Virus
A << — = — Microscope Cell o
p E - -
ke, 1 m -
Object Size Energy of Radiation | I
Atom 100 m 0.00001 GeV (electrons)
Nucleus 10 m 0.01 GeV (alphas) BN Eacihi radiug e
Nucleon 10-*m 0.1 GeV (electrons) 1010 Earth to Sun o
Quarks ? > 1 GeV (electrons) ii i o
Telescope 10" -
Radioactive sources give energies in the range of MeV L 1018 -
Need accelerators for higher energies. - 1022 { Galaxies .
Radio e .
- 1026 4 Radius of
Tatesnope observable Universe

"electronic eyes”
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1 SCHOOL Energy and Intensity

JINR

=  Luminosity L is a measure of how
many interactions of cross section s
can be created per unit time

dN
LJ:E N:O'/Ldt:O'Lint

L, is integrated luminosity, an
important factor of production for
colliders

(mb)

e (green), oj,q (blue) and oo (red)

T 5 (PDG 2010) a4 ATLAS ATLAS-ALFA || @
130| o 1o @EDG2010) oS s S s e o M
120| ©o Auger(+Glauber) & LHCb ..................... ..............................
% ALICE e TOTEM ] ]
110 KA I ol W —
100 Otot fits by COMPETE ydh
(pre-LHC model RRP(L2,,) : : : : k3 : . .
90 o U’el flt by TOTEM . ......... ................... , .......... , ....... ............................. I
80 (11.84 — 1.617Ins + 0.1359 In? s) - A ..... - :

70
60
50
40

— [L]=cm?sT [L,J=cm? (1barn 30 e
=10%4cm; 1 pb'=103% cm?) 2
10 RO o~ — e S E : : :
= For equal-sized head-on Gaussian L T
. . Vs (GeV
beams in a collider
I — Jrev h N1 NV Colliding 100 mm 7.5 X 10° proron
dmogoy bunches at 100 kHz for 1 year gives
_ _ about 1 pb™ of integrated luminosity
— 0O, arerms beam sizes, h is number of
bunches
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1 SCHOJOL Luminosity vs Energy

INR
Highest energies can be reached with proton colliders
Machine Year Beams |Energy (Vs) Luminosity
SPPS (CERN) 1981 pp 630-900 GeV | 6.1030cm-25-!
Tevatron (FNAL) | 1987 pp 1800-2000 GeV |1031-10%2cm-25-1
SLC (SLAC) 1989 eve- 90 GeV 10%¢cm-2s-1
LEP (CERN) 1989 eve- 90-200 GeV | 103:-1032cm-25-1
HERA (DESY) 1992 ep 300 GeV 1031-1032cm-25-1 -
RHIC (BNL) 2000 pp /AA |200-500 GeV | 10%2cm-2s-! o R A L |
LHC (CERN) 2009 pp (AA) |7-14 TeV 1033-10%4cm-25- s "
: * SuperKEKB SLHE e 1
c . 10" | BNPCT  guc ]
Luminosity = number of events/cross section/sec _: 7 3 (R :
| oKEK B —
s 10>} ®PEP || ®LHC +
i} i 1
ol
Limits on circular machines (except the % 107 ®CESR e
< ODAPNGCesRC eRHIC ~ ®TEVATRON
expense) % o BT e s e 1
— Proton colliders: Dipole magnet strength = o vepe zggé}E:m“,BW;fP .!
— superconducting magnets 37 [ sic Verpvaish spps !
: w» L J
) . 0| AR
— Electron colliders: Synchrotron radiation/RF o ™ eaPEAR :
power 0% o001
Limits on linear machines " ol SUSEPP SEP USSR
] 10 10 10 10 10 10 10
— the device's length Energy (GeV)
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1 SCHOOL

JINR

more and more accelerator facilities?

Do we really need

10000 | Discovery on the Energy Frontier

Year of First Physics

’Strong focusing

e
> The bk
2
8 Kuperfluid
' 1000 Hadron colliders L
17}
g (top quark Tevatron) .
= SC cable mm—)>, Lepn  Lepton colliders
O (W, Z bosons) SppS
5 100 | SLC, LEP (Nv =3)
:IC-; Stochastic “@ummmmm S1LED
O cooling PETRA, PEP (gluon)
=
g 10 |
‘g SPEAR (Charm quark, T lepton)
(o]
3 P o
1 Wakefields, impedances Enabling coiccpts
’ F‘l)l]i(linp’ beams I [ | : | : | [ [
1960 1970 1980 1990 2000 2010 2020 2030
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1 SCHOOL

What we had before LHC?

JINR
. : _ ) Three Generations
1900s: e discovered (cathode ray tube) of Matter (Fermions)
Y interpreted as a particle | Il 1l
1930s: W discovered (cosmic rays) mass=—| 24 Mey 21,/'27 oY 21,/71'2 eV | |0
charge—| 2/5 3 3 0
1950s: v_observed (nuclear reactor) spin—| 14 u L, C 1, t 1 Y
Vu diSCOVCI’Cd (BNL) name— up cham top photon
= 4.8 MeV 104 MeV 4.2 GeV 0
1960s: 1% evidence for quarks ) L c
v -3 d -3 -3 b 0
u and d observed (SLAC) =7 v O || 1
s observed (BNL) 8 down strange bottom gluon
standard model iS bom <2.2eV <0.17 MeV <15.5 MeV 91.2 GeV
1SC ' _ 0 0 0 0
¢ discovered (SLAC, BNL) y ve 9 Vl-l 9 VT . Z N
T observed (SLAC) e[ecttr_'on muon t?:u' %?.gllé 4
neutcrino neutctrino neutcrino U
b observed (FNAL =
( ) 0.511 MeV 105.7 MeV 1.777 GeV 80.4 GeV + Lio_
W and Z observed (CERN) 0 [ e 1 1 R —
t quark observed (FNAL) S |% 2 l—l » U |l v §
wea
Vt observed (FNAL) B electron muon tau S Oice GC’JJ
SM is fully completed, expect for Higgs boson
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Wiy SCHOJOL Is the Standard Model as Good as it Looks? or...

INR

= What about a mass generation mechanism?
v" Higgs bosons? (Now — Yes)

= Three generation of particles:
v" why 3 (they can not be fixed in the framework of SM)?
v" why do we need all of them?

Who ordered
THAT!?1?

lslb

range battom

V| Ve

| MNautiing ¥ ©= Neutring
| e

= Yukawa hierachy (explanation of mass patterns for
quarks and leptons)

= A lot of free parameters: gauge couplings, Yukawa
coupling constants, CKM-mixing angles, Higgs vacuum

expectation value, etc (in total, 26) he Gerlerations of Matter

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 N 13



1 SCHOJE)\]I;{ ... why do we believe in something
beyond Standard Model?

=  Where s a gravity? ~
H( )H

=  Hierarchy problem . g

v fine tuning of higgs mass is needed to “neutralize” contribution from 5 .
An][_[_ - A-

high order corrections
v" huge gap between Electroweak (102 GeV) and Planck scale (10!° GeV) scales),
Gravity/EW ~ 101°/10% GeV?

=  Unification of Forces

Forces Merge at High Energies
. '}_ 1 E T T T | T T T | T T T | T T T | T T
Magnetism r ]
QED Electro Long range C 4
magnetism - — -
Electroweak gMaxwell Electricit
Model Weak Th Weak I:Fermi 8 ﬂ 1 IJ
ea €0 eak Force = LY, — ]
Srand Standard - Short range & B
Unification model g ey C 3]
Quantum ST E ]
Gravity QCD Nuclear Force =] C ]
Unifi Slt'l_per Kepler Celestial ‘%3 0.0B
nification : : — ]
Universal Gravity 5
Gravitation Fong range E
Einstein, Newton Terrestrial 5N =]
Galilei ~ Gravity
Theories: '} [HJ C 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1
STRINGS? RELATIVISTIC/QUANTUM CLASSICAL i 0 4 R 12 18 20
10 10 10 10 10 10
Energy in GeV

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 14



@ scHooL Related Cosmological and Astrophysical
e Problems

= Dark Matter: what does it consist of?
= CP-violation in Early Universe

73% DARK ENERGY . 2304 pARK MATTER

_. 3 i

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Well, the Standard Model is not a ultimate theory!
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I SCHOOL The 11 Greatest Unanswered Questions of
JINR
Physics (Discover, 2002), 6 are LHC related

Sporiad: hmgﬁuﬂmmp#?ﬂ

o - | 1. What is dark matter ?

D] Over 2. What is dark energy ?

3. How were the heavy elements from
’g S iron to uranium made ?

4. Do neutrinos have mass ?

5. Where do ultrahigh-energy particles
come from ?

6. Is a new theory of light and matter needed
to explain what happens at very high
energies and temperatures ?

ng_'lﬁlerﬂd 7. Are there new state of matter at ultrahigh

H'.!II"IE- temperate and dentisity ?

YEIEE 8. Are protons unstable ?

9. What is gravity ?

10. Are there additional dimensions ?

11. How did the universe begin ?

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 16



SCHOOL

JINR

hat do we hope to see
beyond the SM?

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 17



I SCHOOL How we can escape beyond the Standard
JINR
Model SU(3)_xSU(2) xU(1)?

= Simplest extension of SM (based on SM gauge group)
v' 4 generation of fermions, g*, I*...

= Extended gauge sector
v' ExQCD (colorons, axigluons, diquarks etc)
v EXEW (W', Z,...)
v' GUT (leptoquarks)

= Extended Higgs Sector
v’ Higgs Doublet Models (HDM)
v’ Higgs in ED, Higgs-Radion mixing, composite Hig

= Hierarchy problem
v SUSY (s-particles, LSP u3 RPV/split/GM SUSY...)
v’ Extra dimensions (ED)
- KK-modes of particles SM, KKPV, FCNC...
— microscopic black holes (semi-classical, string balls, qguantum black holes)
v Technicolor (technibosons and technifermions, leptoquarks ...)
v' Compositeness

= Dark Matter (EFT)

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 18



1 SCHOOL

JINR

How do we intend to observe
all this (which accelerator is better?)?

Types of particle accelerators
v" linear and circular accelerator
v e+e-, ep, pp, ppbar, pA, AA, ...

G v

RF cavities

Deflecting

magnets Focusing

magnets

Extractionsmagnets Injectionsmagnets

RF cavities

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023
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APSCHOOL Fixed Target or Colliders?

JINR

l Detectore

~ Acelerador

&
=@ :
e _Target <
perlments s

Gold Foil
Radioactive Source

Alpha Particles ! - —
pha e Lead j_i D o By
Zinc Sulfide Coated Screen e =
energia + energia |
= un monton de energia
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1 SCHOOL 1076y

JINR
10'6eV

12M.)

1015eV

cm

2

100 TeV

10TeV

1 TeV

100 GeV

10GeV

1 GeV

100 MeV

equivalent energy of a fixed-target accelerator (

10MeV

I MeV

100 keV
1

— storage rings
| (ep)
L PETRA (e*")
FNAL/SPS

L AG /

proton synchrotron SLED

weak focusing ~__
= AG Cornell

electron .

electron linacs

synchrotron synchrocyclotrons

weak focusing ) _ proton linac

betatron
| —— sector focused
cyclt{rob( cyclotron
— electrostatic
generator

N

rectifier generator

930 1940 1950 1960 1970 1980 1990 2000

academic 11 3/6/98 slide 2
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1 SCHOOL Why Hadron (pp) Collider?

JINR

Electron-Position Collider: clean signature

Synchrotron Radiation:
2¢e { E\*
F=3p (ﬁ)

CERN LEP : R=4.5km, E,_,_~ 100 GeV
CERN LHC: R=4.5km, E, ...~ 7000 GeV

sy = () ~
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Ny SCHOJOL How much energy do we really need?

INR

= The simplest answer is .. as much as possible (construction restriction, technologies,

price..)

= Different approach is .. more than Tevatron energy of 1.8 TeV (vague claim)

= Reallife
v Higgs boson
— my < 1TeV from theory (SM unitarity requires)
— my > 114.1 GeV from LEP
— 156 <m, <177 GeV from Tevatron

Y Mgysy ~ TeV

v Mgy > 0.5 TeV from theory and from Tevatron

¥

need a energy scan

need a machine to
discover/exclude Higgs
from ~ 120 GeV to 1 TeV

nheed a machine to
explore a range of of up
a several TeV

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023
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1 SCHOOL Machine of Discovery

JINR
Factorization hypothesis Fragmentation function

o 46 —

E? oc a/A(xa9Q2)®J[b/B(xb9Q2)®7 oD, c(Zc»QZ)

~ ‘

Parton density functions crols section of B
(PDFs) hard processes

Parton
distributions

effective centre-of-mass energy J§  smaller
than Vs of colliding beams:

Pa =X, Pa } Pa=pp="7 TeV \/§=.,fxaxbs ’#X\/g
B, ==, By I
if X, =%,
— to produce m~ 100 GeV x ~ 0.01
to pI‘Odl.lCﬂ mex~ 5TeV x~0.35
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1 SCHOJOL Large Hadron Collider at CERN

INR
Carlo Rubbia  Giorgio Brianti

[}

1984 (Lausanne): the fist LHC Working
Group for LHC conception

December 16, 1991: LHC Project was
approved by CERN Council

e High Energy = factor 7

e o ., | Increase w.r.t. past accelerators
SPS . . .
e Wy L e High Luminosity (# events/cross
Ll | section/time) = factor 100 increase
J{  BOOSTER ISOLDE Fast Area

& o LINAC 2 PS -—— Linac: 50 MeV — PSB: 1.4 GeV — PS: 28 GeV
TN —> SPS: 450 GeV — LHC: 7 TeV

LINAC3 7 AD  Antiproton Decelerator

2 PS  Proton Synchrotron n-TOF Neutron Time Of Flight
= protons antiprotons SPS  Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso
L] » electrons LHC Large Hadron Collider CTF3 CLIC TestFacility 3

neutrons B neutrinos

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023
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1 SCHOOL

JINR

LHC Parameters

LHC is 100m underground

Circumference 26 659 m II;/II_ellCr:ZtZ'I?erknmelcr)gt?Jre <19
Dipole operating temperature 1.9 K (-271.32() Kel?/in _ -271pCeIsius '
Number of magnets 0593 LHC has ~ 9000 magnets
sl mafn i e LHC: 40 million proton-proton
Number of main qlu:adrupﬂlea 302 collisions per second
Number of RF cavities 8 per beam LHC: Luminosity 100 fb-1/year
Nominal energy, protons 7 TeV (after start-up phase)
Nominal energy, 1ons 2.76 TeV/u (*)
Peak magnetic dipole field 8331
Min. distance between bunches ~7 m
Design luminosity ™ty
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 8 50 1 L
Number of turns per second 11 245
Number of collisions per second 600 million
(*} Energy per nucleon

17.10.2023
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1 SCHOOL The LHC Experiment at CERN

JINR

T i_.-.r: 1d
e ‘"—"ﬂ’;& -—,s

e

SUISSE = - _:E#;j |

u_

At the Frontiers of Particle Physics, MLIT IT School
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L'.Hg,la

-..

EERN
Prevessln_l =

= AT

LHC 27 km

5
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1 SCHOOL Experimental Facilities

JINR

The Large Hadron Collider Project
4 detectors

£y e
T Dat“t“’ L Identification
Dretector
rryjosties c
s Bipole Magnet
Magnet

| Muon Chambers ﬁ

. ﬁc&

L]
nne ;phgclrumntnr
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Ny SCHOJOL Modus Operandi for Experiments

INR

Onion structure of detector layers ——
placed in B-field eg. Iron or Copper +

active media

Muons (u)

Ve _Jrockmo[ ECAL JRCAL_JWMUoN
ol =1 1

I s 5
t

hadrons (h)

Charged tracks
E‘i,“:,h:
tracker

e.m. calo
hadron calo.

u detectors

High Z materials
eg. lead tungstate
Lightweight Zone in which only crystals
materials v and u 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

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 29



1 SCHOJOL Challenges to the Detector

INR
LHC detectors must have

= Fast response, otherwise too large pile-up. Typical |Precision Muon Spectrometer o/pT~10%at 1 TeV/c
response time 20-50 ns Fast response for trigger
- pile-up of 25-50 minimum bias events
— very challenging readout electronics

Good p resolution (e.g., A/Z' - pu, H->4p)

= high granularity to minimize probability that pile-up 6/ E ~ 10% / VE(GeV)
particles be in the same detector element as
interesting object
— large number of electronic channels, high cost

= arobust and redundant Muon system Hadron Calorimeters

= the best possible e/g calorimeter ECAL that Good jet and E; miss performance
consistent with Muon System

(e.g., H —>11) o/ E ~50% / VE(GeV) @ 0.03

= 3 highly efficient Tracking system consistent that
W|th |V|u0n System and ECAL Inner Detector

" a hermetic calorimeter system ¢ /pp~5e10% p; @ 0.001

= high radiation resistant e.g. in forward calorimeters: | Good impact parameter res.
up to 10 n/cm? in 10 years of LHC operation (e.g., H = bb)

good PID (particle identification)

= good E, p; resolution
At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 30




Iy SCHOOL Challenge to the Detector (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

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 31



1 SCHOOL

JINR

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

At the Frontiers of Particle Physics, MLIT IT School
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INR

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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years

HIGGS boson

discovery

Higgs Physics

4 July 2012
From design to discovery Higgs announcement at CERN

CMS \8=7TeV,L=511b"\s=8TeV, L=53 1"
> R LT N L LA I
, & o 3 ¢ Data
ERER S - O 1er W
\}“n\“ \N.“'wm‘.,,. 5 ,A‘a\a\ S5 gm o == iy L ]
i = e, o 10 Ozz @ -
‘/f’}*'”f'_ \n S g g, e s W s | [ ]m,=125GeV |
\ = | sy iy g A waw* N YRy w‘& LI>.|
Al ,;,7*‘*'“*”“‘1*3: Sy, %
s ‘,,.,:,wxﬁw,; ISR shat
Eaniun W% N ki SRy NSl )
W ;)\, #y Pho, —dn %y% e, p1 |
‘\S‘m la Sty wun TRE CHES ﬂ.\h\uma \5-»
e »\ AL i B a\n V‘\\n&,‘r\ [
b \\\n“ m\.\ i £ Sy ‘ 1
““ “"‘mw e > *\\“‘»\ 080 100 120 140 160 180
5 Sl w\ %K T m,, (GeV)
= & 3\.:(\....:\‘4 e 345'\-, =, J‘J\
B A -h'\».mim.)\ nadie \U\- Shadd L\ e
! % CMS H—=yy {s=7TeV,L=5.11b"{s=8TeV,L=5.3fb"
R LR SRR T D i I i
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5 \ 1500 n
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v fovain St = 11 L%) L
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b bl g 2 soo * 20,
s = = P~ [Csmeseas B Fit Component ATLAS 10.7 fb1 126.0 £ 0.6 4.6 5.0
Fe e e o [ =10 "
) [ B -20 ]
Sergio Clttolm N v AT T T UL T cMS 10.4 b 1253+ 0.6 5.9 4.9
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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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1 SCHOOL

JINR

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

INR

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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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

46



1 SCHOOL Searches for Heavy Resonances

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

opp—=Z'+ X - 17" + X)

He = :
i 7 olpp—= 2+ X = Itl- + X)
Dileptons, full RUN2 data JHEP 07 (2021) 208
140 fb ' (13 Tev) i =
— e 137 b7 (13 TeV, ee) + 140 fo”' (13TeV ].L].L)
%103; | B PYS AR CMS = R NI R 5 W,Y' full RUN2 data PLB 826 (2022) 136888
S 192w & RN\ CMS —omssecLime -
2 1050 Ege::" WW, Wz, 22, & LU Exp. 95% CL limit, median J I T
F s | J ¥ T X ¥ E T T ¥ i % x T T % T X T 5 ¥ 5 X
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
102 ;f Zogy M=5TeV '|1 [ JExp. (95 /g GO E E 10* S"ignal 10TV | orrow
10 [} P )] = R — Signal 3.5 TeV
/] 1ol T Y B AL Sl 10T [ = 5%
107'E = g k/M _005 3 A,
10k o f KW, =001 ] 1R
102 = 10 . " = -
10 % - RS1graviton - R b
05 rothrd 4 I L - A S TR VI . 3
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« 170400 2o ses  fooo =ooo m [GeV] = ;E?—-—Wﬁff_ﬁ it i .
3 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) b 2 : — ‘ -, 10 20 20 40 se 80
o) E\" © CMS . . 137 o' (13 TeV
AN CMS —— b, SoOL 1 ¢e& t Lepton flavor universality 5 F SR LA MA XS S48
o F S Exp. 95% CL limit, median [ a - . CMS -
& F . — 15— —] 2 r Spin-1 ]
X 10712_ width E | . S I'x/mx =5%
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N A —0.6% —3% 1520 = s w E E
— 2 ] — - - .
3 10 1 —5% . 10% 3 E‘Ei £ i ]
= EW N, Z'oern Wit 297%) | T
NO107E TR 7, i 058%) 3 x 1 E
= £ : o (width 0.53%) L. = 5 = 95% CL upper limits 5
: il ) © r i
é 10 4? Z boson By, _; 05_ ] | e 322ieane:xpected
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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 RS E A A S NN EERR R AREETETTT] NI
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GeV .
SV benchmark heavy scalar (vector) triplet bosons
with masses hetween Q 75 (1 15) and 1 40 (1.36)
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1 SCHOOL What does Brazilian Flag mean?

JINR
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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@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 = 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 =
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iy . ui - 10 - T [arXiv.1608.07648]
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U SCHOOL The case of the past days (y v excess in LHC

e data)
"~ First intrigue @ 13 TeV: Excess in Diphotons

SR CMS-PAS-EXO-16-018 CMS i it {
CMS Preliminary 2.7 fb” (13 TeV, 3.8T) 36678560)(2‘,65\? n Elip 1% c_)rn \7pde?c el
= orTrrro e around ~ on o+ e dla
= EBEB ¢ Data "
- —— Fit modg v 3.4 o (local) and 1.6 o (global) for
N 3 ___E3¥. analysis of spin-0 and spin-2 states:
-~ +t20
*3 10 ’ CMS Preliminary 3.3 1" (13 TeV) + 19.7 fb' (8 TeV)
& ) o B TW 1 R LV IN:
U>J ) * EAT F IRt F EH ER1Y g
e B 1 B R B L Y S 1o
" | JI; 107 ;
S5 T | L 20
_ 102 &
g K
E opiliiestita 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 - e 13TeV
1 -4 L L L L | L
. My y (GeV) 107 10° 2x10° 3x10°
A lot of theoretical works attempt to mg (GeV)

explain this effect:
more 320 papers since Dec. 2015

Need more data!
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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

At the Frontiers of Particle Physics, MLIT IT School 17.10.2023 54



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
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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
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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) 1

5

»
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)
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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...
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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
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c 2
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. 0.5
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THANK YOU FOR YOUR ATTENTION!
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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 op

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 SOLENOQOID
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- |
-“‘J‘:"'
CRYSTAL ‘ \\
ELECTROMAGNETIC
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals
o, 120
L =—®5%
E

JE

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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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
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o
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’ (1 particle per m*~year)
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«&I
K

)
X,
5

LB R s s B S e ) W )

Ankle
(1 particle per km*~year)
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Next Event
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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




