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LHC: Run 3 has started! (2022-2025, ongoing)



Physics@LHC | Nuno.Leonardo@cern.ch

You are here
LHC schedule 

• The LHC has been operating for over a decade, two more to go
• Two main parameters determine the physics reach 

• Collision energy (√s) — just attained another record (13.6 TeV)
• Luminosity (L) — related to the collision rate

• both have been increasing, but the forthcoming jump will be in lumi!

√s

L
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You are here
LHC schedule 

Run 3 : 2022 — 2025 A new LHC: HL-LHC, 2026 — 2040
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The LHC is the world-leading 
particle accelerator & collider 


Delivering unprecedented energies 
and intensities 


The LHC detectors are the most 
sophisticated scientific tools yet   


Machine and detectors not static, 
systematically improved/upgraded 
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Lecture overview
• The physics case

‣ Particle physics, the standard model, and beyond

‣ Precision SM measurements,                       

discover new & rare processes  

• The accelerator
‣ Energy, luminosity, accelerating, bending, focusing 

• The detectors 
‣ ATLAS, CMS, Trigger, Data flow

‣ the newest experiments @LHC 

• Going beyond the SM
‣ Direct and indirect searches ( & anomalies)
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Physics 
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• Particle Physics is the study of

‣ Matter — the fundamental constituents of the universe — i.e. the 
elementary particles 

‣ Force — the fundamental forces of nature — i.e. the interaction between 
the elementary particles 

• The Standard Model embodies our current understanding 

‣ Forces between particles due to exchange of particles 

‣ SM built from systematic interaction between theory and experiment 

‣ SM accommodates all observed particles,                                                   
and it is impressively consistent with all (*) current experimental data!

‣ But just a model, e.g. many unpredicted parameters 

‣ Not the ultimate theory (whatever that might be), there are many mysteries 
— to be resolved by probing nature with experiment
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The Standard Model of Particle Physics 

!9

SM  =  Quantum field theory  +   Experimental measurement & discovery
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The Standard Model of Particle Physics 

!10

One of the great achievements of 20th century science.

SM predictions can be tested 
against experimental data 
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The Higgs boson

!11

Higgs
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The Higgs boson turns 11 years old

https://www.nature.com/collections/gbfhieaciehttps://home.cern/news/press-release/physics/higgs-boson-ten-years-after-its-discovery

Read the celebratory  
CMS & ATLAS papers 

https://www.nature.com/collections/gbfhieacie
https://home.cern/news/press-release/physics/higgs-boson-ten-years-after-its-discovery


Physics@LHC | Nuno.Leonardo@cern.ch !13

Status of the scalar 
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The SM describes all (*) experimental data !

�14

The Standard Model: precision measurements 

quarks H  vs W vs  t 
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SM = Precision
data vs theory

higgs 
gauge 

ewk 

μ = data/SM



Physics@LHC | Nuno.Leonardo@cern.ch

Why the need to go beyond the SM?

Dados que decididamente não conseguimos explicar: 
assimetria matéria-antimatéria (CPV?…)  —  matéria escura (WIMPs, ALPs, …?) —  inflação (inflatão?)  

 
• Hierarquia electrofraca 

- Fraca/Gravidade ~1024

- EWK << Planck (Deserto?)

- Instabilidade da massa do Higgs

- Fine tuning

- Naturalness

• Hierarquia de sabor 
- Porquê tantos parâmetros (19+)? 

- Porquê 3 famílias (‘Who ordered that?’)

- Porquê θQCD<10-9 (Strong CP problem)
- Porquê hierarquias enormes nas massas e 

acoplamentos dos fermiões?
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BSM landscape 

something 
unthought of
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Going beyond the Standard Model

!19
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Physics goals at the LHC?
• Test the Standard Model (SM)

‣ Precision measurements + rare processes

• Find physics beyond the Standard Model (BSM)

‣ Direct and indirect searches for new particles  

Produce  
BSM particles  

in the collisions 
 + 

detect their  
decay  

products

Infer  
presence of 

 BSM particles 
through their effect  

on properties  
of SM   

particles
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1977 

the discovery of the 
b quark

the SM TG�discovery "�.*%

7RUKNQP��;

!, beauty
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the SM TG�discovery "�.*%
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1977 

the discovery of the 
b quark

2010

7RUKNQP��;

!, beauty
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the SM TG�discovery "�.*%

�23

Decades worth of particle physics discovery … in a single plot!

➡ Thursday’s 
Data Analysis  

Tutorial
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New particles discovered at LHC?
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New particles discovered at LHC?

H→μμ

evidence for
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New particles discovered at LHC?
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New particles discovered at LHC?

72+1 new particles already discovered  — and more awaiting to be discovered @LHC ! 
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New particles discovered at LHC?

the latest discovered: X(6600)

(an all-heavy-flavour tetraquark)

23 new exotic hadrons! 
(exotic = nature not yet understood)
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The accelerator 
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the CERN accelerator complex
LHC
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13.6 TeV
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Acceleration & beam optics 
• charged particles may be accelerated: p, p, e±, (μ±), ions 

‣ e.g. LHC (pp,p-Pb, PbPb); Tevatron (pp); LEP, PEP, KEKB (e+e-); RHIC (ions); FAIR (p-ions)

• acceleration by radiofrequency

• trajectory bending via dipoles

• beam focusing via quadrupoles

• accelerating particles radiate 
‣ synchrotron radiation  

�32
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Magnetic dipoles LHC: 1232 dipoles 
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RF cavities

LHC: 16 RF cavities

youtube

https://www.youtube.com/watch?v=MTEk39Yt55M
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Magnetic multipoles

size of bunches

focus the beam  
squeeze the bunches

LHC: 474 quadropoles
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Superconductors, cooling, vacuum 

• strong magnetic field achieved with superconducting 
electromagnets (e.g. made of niobium-titanium)

• operating at temperatures ~1.8K (colder than outer space)
•  requires distributions systems of liquid Helium (5000 tons)
• e.g. LHC tunnel has 2 rings

• magnets and proton accelerating RF cavities, i.e. the LHC
• cryogenic ring, aka QRL, for transmitting cold power   the LHC beam pipe
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The detectors 
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a Particle Detector
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a H→ɣɣ candidate
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e, μ, ɣ, π, K, p, n       Only quasi-sable  particles are directly detectable:

All other, unstable particles decay, and their (stable) final states are detected.   
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calorimeters: 
measure particle's 

energy by absorbing it

trackers: 

detect trajectory 


of charged particles  

muons: 

detected in outer 

detector layers
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The LHC beams collide at 4 interaction points across the ring — surrounded by detectors  
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[Real life event from special LHC run in 2016 w/ intensity bunches]

• addition of such a new timing layer 
should allow to recover current 
high levels of physics performance 
in the harsher hi-lumi environment

tres ~ 30ps

HL-LHC: “new” detectors needed! 
Example challenge for the high-luminosity LHC phase: pile-up

• can expect up to 200 simultaneous collisions per bunch crossing

• detectors do not have the spacial resolution to distinguish resulting vertices

• solution: add time dimension, i.e. develop a novel precision timing detector 
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Missing momentum 

Neutrinos cannot be detected at the LHC … or can they
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Neutrino detector at the LHC

SND

SND

!59

SND@LHC — the most recent  
LHC experiment!, started Run3
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Observation of collider neutrinos (2023)
• the dedicated LHC experiments SND@LHC and FASER have just 

reported the first direct observation of neutrinos at the LHC

• what makes it possible?

• high collision rate → large ν flux (esp. along beam direction)

• high collision energy → large ν interaction cross section 

• opens new window of LHC research into neutrino physics

!60

νμ→μ+X
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Probing beyond the SM 
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Going beyond the Standard Model

Energy frontier

1) the easy way: direct discovery

!62
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example: SUSY
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Intensity frontierfuelled by Quantum Mechanics 

2) the not-so-easy way: indirect discovery

!64

Going beyond the Standard Model



Physics@LHC | Nuno.Leonardo@cern.ch

Indirect searches: fuelled by Quantum Mechanics

                         
May access to NP scales well beyond collision energy !

!65

Going beyond the Standard Model
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Going beyond the Standard Model

Beam energy: √sBeam intensity:  high luminosity

LHC — explore both energy and intensity frontiers
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LSM-EFT = LSM  
+ ΣiCiOi 

1930 1970 2020 future

a more fundamental 

theory with new 


degrees of freedom 

Standard ModelFermi model

SM field new heavy field

SM field

+

2012

UV theory

a predecessor 

of EWK theory ��:���,����

SM-EFT

simple and elegant theory 

describing almost all 


microscopic phenomena

LSM = Lgauge + Lhiggs

energy scale mH mtmZ,W ΛNP

……

GF
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