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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 



• We have accumulated a very large, rich dataset during Run3
↪︎ available for physics analyses!

• We will be building the upgraded detectors for HL-LHC (Run4)
↪︎ precision measurements + rarer processes  • Enhance apparatuses • Extend physics scope 

           ↪︎ increase acceptance for SM & BSM, with improved and new detectors

LHC —  past & future
↪︎ We’re at the middle of the LHC journey 
↪︎ Run 3 just ended last week!
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Physics @ LHC
ATLAS

ALICE

LHCb

FASERν SND@LHC

CMS

https://home.cern/science/experiments  
https://home.cern/science/physics 

https://home.cern/science/accelerators
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• Study all SM particles +interactions
➡ Precision SM measurements 

• Look for new particles +interactions
➡Searches for beyond-SM phenomena 

+ antiparticles

https://home.cern/science/experiments
https://home.cern/science/physics
https://home.cern/science/accelerators
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• Study all SM particles +interactions
➡ Precision SM measurements 

• Look for new particles +interactions
➡Searches for beyond-SM phenomena 

+ antiparticles

(with                        Portuguese participation — LIP)

https://home.cern/science/experiments
https://home.cern/science/physics
https://home.cern/science/accelerators


proton       
collisions



proton       
collisions



heavy ion  
collisions

1 month per year the LHC 
collides ions (eg PbPb) 



LHC as a  
photon collider

photons radiated from colliding protons/
ions can themselves collide

➥ dedicated detectors 

AFP, PPS



first neutrino  
interactions  

@LHC 

detection of neutrino interactions @LHC 

➥ required novel, dedicated detectors (Run3)


SND@LHC



LHC — mission & legacy

• energy frontier — search program at the TeV scale  

• intensity frontier — precision electroweak measurements

• lifetime/coupling frontier — search for long-lived beyond-SM signatures 

• heavy flavour — explore heavy quarks and leptons: t, b, τ (aka the 3rd family)

• heavy ions — ultra-relativistic nuclear collisions, deconfined QCD medium

• photon collider — ultra-peripheral collisions and proton tagging

• collider neutrinos — direct measurements of all neutrino flavours

     ↪︎ replaces+extends previous machines:  Tevatron, BaBar/Belle, RHIC, LEP…  



The accelerator 



the CERN accelerator complex

LHC
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accelerate, bend, focus …
• only charged particles can be accelerated: p, p, e±, (μ±), ions 

‣ e.g. LHC (p+p, p+Pb, Pb+Pb); 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  
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Some specs:

Beam structure

We’re interested in rare events


➥  Real-time filtering: Trigger



novel data-taking paradigms 
Run3 & HL-LHC

enhance 
physics 
sensitivity

Filtering collision events 



Physics sensitivity
Observed  
in the data

Driven by  
the machine

Driven by  
the detector

Cross section

for a given physics process

∝ collision energy, √s


rare processes = small σ

↪︎ require large  Lumi. + Eff


Luminosity

Integrated: 

increases ~linearly with time

challenge: manage large 
datasets


Instantaneous: 

increases with upgraded 
machine

challenge: manage pileup 


Acceptance Efficiency 

Geometric:

Extend detector 
coverage 


Kinematic: 

Extend sensitivity to low 
pT


Improve with upgraded 
detector and data acquisition


Trigger / DAQ

Physics object Reco. & ID

Background rejection 


Improve with upgraded 
detector and analysis 
methods (ML) 


maximize 

sensitivity 


stat. ∝ √N

• physics reach determined by: 
• Collision energy (√s) — how deep can we probe matter
• Luminosity (L) — quantifies the collision rate (increase!)
• Detector acceptance and efficiency (improve/upgrade!) 



The detectors 





a Particle Detector



calorimeters: 
measure particle's 

energy by absorbing it

trackers: 

detect trajectory 


of charged particles  

muon chambers: 

muons reach outer 


detector layers



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.   



a H→ɣɣ candidate

e.m. calorimeter  
energy deposit

hadr. calorimeter  
energy deposit

tracker: 
charged particle trajectories
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High-Luminosity LHC
• an new, more intense LHC
• require refurbished detectors!
• upgrade with state-of-the-art 

technologies
• novel or redesigned detector 

components
• being advanced now



add time !



HL-LHC:  adding precision timing detectors
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 novel precision timing detectors 

ATLAS

CMS



How do we ‘see’ particles?
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1977 

the discovery of the 
b quark

the SM re-discovery @ LHC

Upsilon, Y

𝚼, beauty
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the SM re-discovery @ LHC

33

1977 

the discovery of the 
b quark

2010

Upsilon, Y

𝚼, beauty
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the SM re-discovery @ LHC
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Decades worth of particle physics discovery … in a single plot!

☞  will explore  
during Friday’s


tutorial!
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muon tracks

muon chambers
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π0➝ɣɣ
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Missing momentum 

Neutrinos cannot be detected  at the LHC! … or can they



had.  
calorimeter

target/ 
tracker


muon  
chambers


@LHC



Physics 
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The Standard Model of Particle Physics 

44

                                One of the great achievements of 20th century science.

SM predictions can be tested 
against experimental data 

Standard   =   Quantum mechanics + Special relativity (+fields+symmetries) 
     Model        Outcome of theory  +  experiment interplay & discovery
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The Higgs boson 

45

Higgs

                                One of the great achievements of 20th century science.

Standard   =   Quantum mechanics + Special relativity (+fields+symmetries) 
     Model        Outcome of theory  +  experiment interplay & discovery
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Status of the scalar 



Higgs properties and rare processes

HIG-20-011 (2024)

HIG-21-019 (2024)

• most precise mH 
from single channel 
to date

• on- vs off-shell

• plus 
interference 
with ZZ 
continuum

• best bound on 
ΓH to date

• limit 3.5 (2.5) times SM

• evidence extrapolated 
to be reached with 
2000/fb

• most precise H to 
μ coupling 
measurement

• first evidence (3σ) 
for Yukawa 
couplings to the 
second generation

μ =

CMS-HIG-19-006

rare production (HH)mass width rare decay: H→μμ

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
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The SM describes all (*) experimental data !
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The Standard Model: precision measurements 

quarks H  vs W vs  t 
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+ New Physics

Going beyond the Standard Model

49



ie “a la Higgs”
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Going beyond the Standard Model

Energy frontier

1) the easy way: direct discovery
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New particles discovered at LHC?



New particles discovered at LHC?

85+1 new particles already discovered  — and more awaiting to be discovered ! 
https://www.nikhef.nl/~pkoppenb/particles.html



(extra) new particles discovered at LHC?

X(6900)

an all-charm tetraquark (candidates)
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example: SUSY
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Intensity frontierfueled by Quantum Mechanics 

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

56

Going beyond the Standard Model
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Indirect searches: fuelled by Quantum Mechanics

                         
May access to NP scales well beyond collision energy !
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Going beyond the Standard Model
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energy frontier
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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 we’re here!

SM-EFT

simple and elegant theory 

describing almost all 


microscopic phenomena

LSM = Lgauge + Lhiggs

energy scale mH mtmZ,W ΛNP

……

GF


