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What is the world made of?

What holds the world together?

Where did we come from?

CERN is the largest research laboratory that provides the tools 
for conducting these studies: Particle Accelerators



Electro-weak phase transition

(Higgs,…)

QCD phase transition

(quark gluon plasma)

LHC studies the first 

10-10 -10-5 seconds…
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CERN: founded in 1954: 12 European States
“Science for Peace”
Today: 25 Member States

Member States: Austria, Belgium, Bulgaria, Czech Republic, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Israel, Italy, Netherlands, Norway, 
Poland, Portugal, Romania, Serbia, Slovak Republic, Slovenia, Spain, Sweden, 
Switzerland and United Kingdom 

Associate Members in the Pre-Stage to Membership: Cyprus

Associate Member States: Brazil, Croatia India, Latvia, Lithuania, Pakistan, Turkey, 
Ukraine

Observers to Council: Japan, Russia, United States of America; 

European Union, JINR and UNESCO 

Employees: ~2700 staff, 800 fellows
Associates:  ~12600 users, 1800 others

Budget (2021) ~ 1200 MCHF



High Energy Physics Experiments

First High Energy Physics 

Experiments: 

Beam on fixed target!

Rutherford experiment (1909)

High Energy Physics 

Experiments since mid 70’s:

Colliding beams!

Centre of mass energy squared s=4E1E2Centre of mass energy squared s=2E1m2

Detectors techniques have followed these developments



Accelerators are Powerful Microscopes

They make high energy particle beams 

that allow us to see small things.

seen by high energy 

beam of particles

(better resolution)

seen by low energy 

beam of particles

(poorer resolution)

 =
h

p

Planck constant

momentum
~ energywavelength



Two beams of protons collide and generate,   
in a very tiny space, temperatures over a 
billion times higher than those prevailing at 
the center of the Sun.
Produce particles that may have existed at  
the beginning of the Universe, right after the   
Big Bang  



In 50 years, we’ve come a 
long way, but there is still 
much to learn…

gauge

x8

Particle Physics: The Standard Model

Until 2011 no single fundamental scalar had 
been observed yet! Do they exist in Nature?

The Standard Model is however not expected to
be the final solution –>Search for BSM signals!
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The Hunt for the Higgs 

Where do the masses  of  

elementary particles come from?

The key  question (pre-2012):

Does the Higgs particle exist? 

We do not know the 

mass of the Higgs Boson!!

Proton mass:  1 GeV

Massless particles move at the speed  
of light  -> no atom formation!! 



The Higgs Particle

Technique: Produce and detect Higgs Particles at Particle Colliders    

The Higgs particle is the last missing particle in the Standard Model

proton proton

E=mc2



This Search Requires…….

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

2. Detectors : gigantic instruments 
that record the resulting particles as 
they “stream” out from the point of 
collision.

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

4. Collaborative Science on 
Worldwide scale : thousands of 
scientists, engineers, technicians and 
support staff to design, build and 
operate these complex “machines”.



The Large Hadron Collider = a proton proton collider

Also a heavy ion collider

The LHC is a Discovery Machine

7 TeV + 7 TeV

6.5 TeV + 6.5 TeV

1 TeV = 1 Tera electron volt

=   1012     electron volt



The LHC Machine and Experiments

LHCf

Totem

MoEDAL
FASER
SND@LHC

There are now 9 experiments at the LHC

The Large Hadron Collider and Experiments

27 km long, 100 m underground



Run-2 starts

2010-2012: Run-1 at 7/8 TeV CM energy
Collected ~ 27 fb-1

2015-2018: Run-2 at 13 TeV CM Energy
Collected ~ 150 fb-1

2022-2025: Run-3 at 13.6 TeV Ongoing
Expected ~ 350 fb-1 by end of 2026

Integrated Luminosity = a measure of the # of collisions e.g. per year (unit: fb-1) 

LHC Operations 2010-Today



Experiments at the LHC



ATLAS

LHCb
ALICE

CMS

Central Detectors at the LHC  



Central Detectors Completed in 2010  

ATLAS & CMS construction started around 2000

CMS

ATLAS

ALICE
LHCb

2010



Schematic of a LHC Detector

Drexel'11tsv

Physics requirements drive the design!

Analogy with a cylindrical onion:

Technologically advanced detectors comprising many layers, each 

designed to perform a specific task. 

Together these layers allow us to identify and precisely measure the 

energies and directions of all the particles produced in collisions.

Such an experiment
has ~ 100 Million 
read-out channels!!





Millions of collisions per second

20
The LHC



The Compact Muon Solenoid Experiment

In total about     ~100 000 000 electronic channels

Each channel checked 40 000 000 times per second (collision rate is 40 MHz)

An on-line trigger selects events and reduces the rate from 40MHz to ~300 Hz

Amount of data of one collisions ~1 000 000 Bytes          (>10 PetaByte/Year)



CMS Experiment: A World Collaboration

The CMS Collaboration: >3200 scientists and engineers, 

>800 students  from  236 Institutions in 54 countries .
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Artistic CMS



Length = 55 m     Width = 32 m     Height = 35 m       but spatial precision ~ 100 m



Other Experiments: Matter-Antimatter

The properties and subtle differences of matter and anti-matter using mesons 

containing the beauty quark, will be studied further in the LHCb experiment



ALICE: Heavy Ion Physics at the LHC



Primordial Plasma

Lead-lead collisions at the LHC to study the primordial plasma, 

a state of matter in the early moments of the Universe  

Study the phase transition

of a state of quark gluon

plasma created at the time

of the early Universe to 

the baryonic matter we 

observe today

A lead lead collision simulated in the ALICE detector

More than 10,000

particles per event

in the detector



TOTEM Detector

Physics Goals:   Total cross section; 

Elastic cross section; Diffractive studies

TOTEM uses the same Interaction Point as CMS (IP5)

TOTEM has forward detectors and Near Beam Detectors 

(Roman Pots 150m-220m away from the IP) 

Roman Pot

T1 CSC Detectors



LHCf Experiment

LHCf uses the same Interaction Point as ATLAS (IP1)

LHCf has forward detectors at zero degrees seen from the IP (140 away from the IP) 



15 years of LHC Operation

• LHC switched on at 7 TeV end of  

March 2010

->The highest energy in the lab!

• LHC @ 13 TeV from 2015 onwards

• Most important highlight so far: 

The discovery of a Higgs boson 

• Many results on Standard Model 

process measurements, top-physics, b-

physics, heavy ion physics, searches, 

Higgs physics

• Waiting for the next discovery…                              

-> Searching beyond the Standard   

Model

• 10 years later:  CERN in “safe mode” 

due to COVID19…     

• July 2022: Start of run-3 at 13.6TeV

12:58   7 TeV collisions!!!

March 30  2010 

…waiting..

…since 4:00 am

2020..2021



New Physics Hunters @ the LHC

The ATLAS experiment

The CMS experiment

…And also LHCb and MoEDAL



Observation of a Higgs Particle at the LHC, after about 40 years 

of experimental searches to find it : it’s mass is ~ 125 GeV    

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model

proton proton

2012: A Milestone in Particle Physics

2013

E=Mc2



A Higgs Particle Candidate…



Higgs → ZZ and γγ

Discovery Channels!



Tuesday 8 October 2013

36 

Francois Englert Peter  Higgs

Congratulations!!!!



SM-like behaviour for most properties, but continue to look for anomalies,
i.e. unexpected decay modes or couplings, multi-Higgs production…

We know already a lot on this Brand New Higgs Particle!!

Higgs Mass
125.38 ±0.14 GeV

Higgs Width: Couplings are 
within ~10-15%
of the SM values

Spin =
0+(+) preferred
over 0-,1,2

Brief Higgs Summary



The Future: Studying the Higgs…   

Many questions are still unanswered:
What explain a Higgs  mass ~ 125 GeV? 
What explains the particle mass pattern?
Connection with Dark Matter? 
Where is the antimatter in the Universe?


More LHC Data 2015-2026
LHC upgrade !  2030-2040   
Experiment upgrades!!  
Other/new machines after

2040??

The Standard Model cannot 
be the complete story! ->Searches



Next LHC PhysicsTargets

Searching for 
Supersymmetric
Particles

Searching for 
Dark Matter

Searching for 
Extra Dimensions

Searching for Exotic
Beyond Standard
Model Phenomena

And many more topics…



Dark Matter at the LHC?

Are we Supersymmetric? 

Next Questions…   



41
F. Zwicky 1898-1974

Dark Matter in the Universe

Astronomers found 
that most of the 
matter in the Universe 
must be invisible Dark 
Matter 

‘Supersymmetric’ particles ?

Vera Rubin ~ 1970



Beyond the Higgs Boson 

Picture from Marusa Bradac

Supersymmetry: a new symmetry in Nature? 

SUSY particle production at the LHC

Candidate particles for Dark Matter

 Produce Dark Matter in the lab



A High pT Mono-jet event

This is a potential signal for Dark Matter at the LHC!
Measured event rate so far consistent with Standard Model Processes

No sign for Dark Matter or 
Supersymmetry production so far…  



Black Holes 

Hunters 

at the LHC…

RS

Not observed 
so far



Are Quarks Elementary Particles?

Rutherford experiment:
Evidence for the structure 
of atoms !! (1911)

LHC experiment:
Evidence for the structure 
of quarks?  (2021)

No evidence so far!  quarks  are 
still elementary particles (2021)



The Physics Program at LHC

Data taking started in 2010

Now we have more than 1300 reviewed 

scientific papers per experiment!
Mostly measurements of the strong and 

electroweak force at 7/8/13/13.6 TeV and Searches 

-Are quarks the elementary particles?   So far yes

-Do we see supersymmetric particles?  Not yet

-Do we see extra space dimensions?     Not Yet

-Do we see micro-black holes?               No

->The Discovery of a Higgs-like particle!! 



MoEDAL: Monopole and Exotics Detector at the LHC

Direct Monopole

anti-Monopole

production

Remove the sheets after some 

running time and inspect for ‘holes’

Monopoles are new particles which carry 

“magnetic charge”. Could eg explain why 

particles have “integer electric charge”

A dedicated experiment for searches for exotica



Particles with Milli-Charges?  

CMS search for fractional charged particle arXiv:1210.2311 

Q=1/3e > 140 GeV; Q=2/3e >310 GeV     (95% CL. dE/dx)

A “new” idea  -> Hunting for particles with 

charges ~ 0.1-0.001e    arXiv:1410.6816      

2506.02251

… A new experiment at the LHC



The MilliQan Experiment  

Simple/relatively cheap
experiment:
Detector principle is 
scintillatior bars +
photomultiplier readout



Neutrinos!

The most mysterious 

particles that we know!!

In 1998 it was experimentally established neutrinos have a tiny but
non-zero mass. This requires new physics beyond the Standard Model



New: Neutrino Experiments at the LHC

• Two new experiments took data in 2022    480m away from the ATLAS-IP
• Goal: Detection of forward produced neutrinos and search for long lived
Beyond the Standard Model particles  (dark photons, light DM…)

SND@LHC FASER(𝝼)



New: Neutrino Experiments at the LHC

Physics program
- TeV neutrino cross sections
- Neutrino Flavor Universality
- Heavy Flavor production in pp
- CC/NC process ratios
….

High energy neutrino interaction

Prospects (by 2026)



The Large Ladron Collider is presently scheduled to operate till 2041. 
In 2030 starts the High Luminosity (HL-LHC) operation.
It should collect 10 times more integrated luminosity (number of collisions)  
than what has been collected so far

Detectors like CMS and ATLAS will be upgraded in 2027-2029 to deal with 
the 5x higher peak luminosity at the HL-LHC
Major topics: searches for anomalies, new Higgs studies, precision 
measurements e.g. on top quarks 

Next Steps at the LHC 



Will LHC answer all questions?: Likely not

Some/all New Particles out of mass range?

Need for higher energies at colliders?

Higher precision measurements needed

Need for higher luminosity or e+e-? 

Measuring details of the Higgs?

Need for a Higgs factory?

We Expect Answers from the LHC, but…

2019: European Particle Physics Strategy -> study the Higgs with best 
possible precision!!   Several future projects are being studied



A Future Collider @ CERN?

55

A new big machine @ CERN? (> 2040)
A 90-100 km long ring for e+e- and later pp colisions.
The pp colisions would be close to 100 TeV in energy



Similar machine proposed in China!



Summer 2012 the CMS and ATLAS experiment found a new particle, 

with a mass of 125-126 GeV, which looked like the long sought 

fundamental scalar boson, postulated in 1964.

This is a brand new fundamental particle, never seen before!   

This Higgs boson is ‘very light’ which suggest new physics Beyond 

the Standard Model will be needed. Supersymmetry? Other?                                                                     

Can we produce Dark Matter at the LHC? We are looking for it!! 

Other important study areas, e.g. high energy neutrinos…

The Higgs discovery has launched a new program for new studies: 

Higgs factories, higher energy pp colliders, high intensity beams… 

Detectors play a crucial role in our capabilities to extract the physics 

and search for new phenomena beyond the Standard Model.

We look forward to the future high intensity run of the LHC. 

….maybe one day soon   



Backup







ILC  Japan?
-Superconducting  cavities
-250 GeV CM Energy maximum
-Extendable to 500 GeV
~ 30 km long

CEPC (China)?  FCC (CERN) 
-365 GeV CM Energy maximum
~ 90-100 km long circle

CEPC FCC

ILC

Possible Future e+e- Projects

2nd stage:  70-120 TeV pp collisions ? Will depend on dipole strenght…



Intensity Frontier: The SHiP Experiment  
SHiP: Search for Hidden Particles

Proposed: 2014
Selected : 2024
Data:     ~2030

Beamdump experiment @ CERN 400 GeV SPS

Searches for 
-Light dark matter,
-Heavy neutral leptons
-Dark scalars, 
-Axion-like particles
-Milicharged particles
-…

Based on 6×1020 Protons on target
Limits correspond to 90% CL

Heavy neutral leptons Dark Scalars


