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Science for peace
CERN was founded in 1954 with 12 European Member States
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23 Member States
Austria – Belgium – Bulgaria – Czech Republic 

Denmark – Finland – France – Germany – Greece 

Hungary – Israel – Italy – Netherlands – Norway 

Poland – Portugal – Romania – Serbia – Slovakia 

Spain – Sweden – Switzerland – United Kingdom

3 Associates Member States 

in the pre-stage to membership
Cyprus – Estonia – Slovenia 

7 Associate Member States
Croatia – India – Latvia – Lithuania – Pakistan – Turkey –

Ukraine

6 Observers
Japan – Russia – USA

European Union – JINR – UNESCO

As of 31 December 2020

Employees:

2635 staff, 756 fellows

Associates:

11 399 users, 1687 others

CERN’s annual budget 

is 1200 MCHF (equivalent 

to a medium-sized European 

university)

More than 50 Cooperation Agreements 

with non-Member States and Territories
Albania – Algeria – Argentina – Armenia – Australia – Azerbaijan – Bangladesh – Belarus – Bolivia

Bosnia and Herzegovina – Brazil – Canada – Chile – Colombia – Costa Rica – Ecuador – Egypt – Georgia – Iceland

Iran – Jordan – Kazakhstan – Latvia – Lebanon – Malta – Mexico – Mongolia – Montenegro – Morocco – Nepal  

New Zealand – North Macedonia – Palestine – Paraguay – People's Republic of China – Peru – Philippines – Qatar

Republic of Korea – Saudi Arabia – Sri Lanka – South Africa – Thailand – Tunisia – United Arab Emirates – Vietnam



Our goal is to understand 

the most fundamental 

particles and laws 

of the universe.

CERN is the world’s 

biggest laboratory 

for particle physics.
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Big Bang

Today
13.8 Billion Years

1028 cm

We reproduce the 

conditions a fraction of 

a second after the Big 

Bang, to gain insight into 

the structure and evolution 

of the universe.

How did the 
universe begin?

Accelerators

380 000 years

Telescopes



What is the universe made of?
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We study the elementary building blocks of matter and the forces that control 
their behaviour

Matter
0,1 m

Atom
~10-10 m

Nucleus
~10-14 m

Proton
~10-15 m

Quark
<10-18 m

Electron
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Dark Matter

• Introduced to explain some 

cosmological phenomena 

that cannot be explained 

taking into account only 

ordinary matter, e.g. 

increased rotational velocity 

of the periphery of certain 

galaxies
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Dark Energy

• Introduced to explain the 

acceleration of the expansion 

of the universe

• Far (old…) Supernova have 

been found to be less brilliant 

than they should…
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What tools do we use ?

• Three main components are contributing to the success of a project like LHC
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ACCELERATORS DETECTORS COMPUTING



The most important ingredient
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Detectors record the particles formed 
at the four collision points

CMS

ATLAS

LHCb

ALICE

ATLAS

ALICE

CMS

LHCb
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Large Hadron 
Collider (LHC)

• 27 km in circumference

• About 100 m underground

• Superconducting magnets 
operated at <2K

• Radiofrequency, beam
diagnostics, machine 
protection aspects pushed
to the limtis.

• Used to collide protons or 
heavy ions (e.g. 208Pb)



•

•

 

•

 



•

Electric field on center axis

Rf input coupler to transmit the rf

power to the cavity

2K liquid He

16

2017	ICFA	seminar	(Nov.	8,	2017)
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LHC, day of first beam, 10 September 2008
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LHC, day of first beam, 10 September 2008



LHC, day of first beam, 10 September 2008
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19 September 2008
…One of those days…



LHC Accident, 19 September 2008
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LHC Accident, 19 September 2008
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Recovery from the accident
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Recovery from the accident
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Recovery from the accident
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Recovery from the accident
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• One year allowed to:

• Protect better the machine from unforeseen events (Machine Protection)

• automatise several procedures (alignment, protection, set-up, etc…)

• Study all possible Maximum Credible incidents (system by system) and 

mitigate effects

• Develop ramp-up scenarios and monitoring strategies

• Improve detection and analysis software



Discovery 2012, Nobel Prize in Physics 2013

The Nobel Prize in Physics 2013 was awarded jointly to François Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles, and which
recently was confirmed through the discovery of the predicted fundamental
particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider”.
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We need more powerful accelerators!
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• Many questions remain unanswered yet: 

• What are the constituents of the 95% of mass and energy of the 

Universe that is not explained by the Standard model?

• Why is the universe made only of matter, with hardly any antimatter?

• Why is gravity so weak compared to the other forces?
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We need more powerful accelerators!
• Particle physicists analyse

“events”, which can be defined 

as a fundamental interaction 

between two particles.

• Particles can interact in many 

different ways, and each 

different type of interaction has 

a given probability “σ” to 

happen, with a given energy 

distribution called             

“cross-section”.

The Higgs boson production cross section as a function 
of the centre-of-mass energy in unpolarized e+e − 
collisions, as predicted by the HZHA program, [P. Janot 
and G. Ganis, The HZHA generator, CERN Report 96/01 
(1996)]



We need more powerful accelerators!
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• The number of events is the product of the cross section by the 
Luminosity of the accelerator, which is a measure of how dense is 
the beam at the interaction point

𝑑𝑁

𝑑𝑡
= 𝐿 ∙ 𝜎

• At the moment no “new” physics, meaning anything not foreseen by 
the standard model has been revealed at the LHC. 

Rate of 
events

Defined by the accelerator (chain)

Defined by 
physics



We need more powerful accelerators!
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• New physics could be hidden in very rare processes            
(very small σ) or wait at energies higher than available at the 
LHC. 

𝑑𝑁

𝑑𝑡
= 𝐿 ∙ 𝜎

• The first strategy is therefore to increase the luminosity of the 
LHC through the High Luminosity LHC project (upgrade of 
LHC), in order to increase the probability that rare events are 
seen in the LHC 
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High Luminosity LHC



High Luminosity LHC
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• How do we increase Luminosity?

• 𝐿 =
𝑁2𝑓𝑟𝑒𝑣𝑁𝑏

4𝜋∙𝛽∗∙𝜖𝑛
∙ 𝑅 

• More particles, more bunches, higher frequency, smaller size…

• 𝐿𝑖𝑛𝑡 = 0׬
𝑇
𝐿 ∙ 𝑑𝑡

• More time, better efficiency  (improve ORAMS)…

• Nb bunches per beam,

• 𝑁 particles in bunches,

• 𝑓𝑟𝑒𝑣 the revolution frequency,

• R is a geometric factor,

• 𝛽∗ ∙ 𝜖𝑛 is proportional to the transverse size of the beam



High Luminosity LHC
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• More particles, more bunches, higher frequency, smaller size…

• More Particles

• Requires an upgrade of the injectors (source of particles)

• Risk to hit stability limits…

• More bunches, higher frequency

• Limited by the size of the machine

• Risk to hit stability limits

• High frequency challenging for the experiments

• Smaller beam size…

• Requires changing magnets, protection etc…

• Risk to hit stability limits…
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Parameter 2018 Design HL-LHC

Energy [TeV] 6.5 7.0 ~7.0

No. of bunches 2556 2808 2760

Max. stored energy per beam 
(MJ)

312 362 700

β* [cm] 3025 55 15

p/bunch (typical value) [1011] 1.1 1.15 2.3

Typical normalized emittance
[μm]

~1.8 3.75 2.5

Peak luminosity [1034 cm-2s-1] 2.1 1.0 8.1

LHC Beam parameters achieved



High Luminosity 
LHC
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High Luminosity 
LHC
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High Luminosity LHC
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• The numbers of the HL-LHC:

• Cost: ~ 1 BCHF

• 1.2 km of accelerator components to be replaced

• 2 new underground (~100 m deep) galleries (~ 300 m long)

• >15 years from initial design to implementation and commissioning

• New technologies developed (accelerators):

• High field magnets (e.g. from 9 to 11 T), new material (from NbTi to Nb3Sn)

• Superconducting links (to transport high currents over long distances)

• New absorbing materials (interacting with beam) 



High Luminosity LHC
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New Experiment cooling technology:

• Experiments need to cool below -40°C for two reasons:

• Reduce noise

• Reduce radiation damage

• Today this is achieved through refrigerated fluorinated (CFC) 

gases, with high impact on the environment (if released…) 

• For the HL-LHC, we launched an R&D program to use CO2 as 

coolant fluid for the full stack



• CO2 has established itself as a promising industrial coolant

• CO2 cooled high energy physics detectors rely 
on a special concept developed at CERN

• First used for the AMS-02 detector, later for the LHCb VELO and 
more recently also in the ATLAS IBL and the 
CMS (phase-I) pixel detector upgrade

• Advantages of Dual-Phase CO2 based cooling systems:

• proven to be reliable, efficient and stable cooling systems

• environment friendly (GWP = 1) 
compared to conventional systems (GWP ~8000)

• several technical/system advantages

The Background

23/06/2021 CO2 Project - CERN/HSE Townhall Meeting 44



AMS on the ISS
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AMS on the ISS
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• ATLAS
>300kW

• CMS
>500kW

The Scale

23/06/2021 CO2 Project - CERN/HSE Townhall Meeting 48

Surface / Underground Installations
Primary

Cooling Surface

Storage

Experimental

Area

• New Surface
Buildings & 
Related 
Infrastructure

• Long transfer-
lines

• Space constraints 
for underground 
Installations

1. scaling up in cooling power

2. colder than what was ever done before

3. much larger quantity of CO2
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Heat Recovery
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European Strategy for Particle Physics  
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The role of CERN



2020 Update of the European Strategy for 
Particle Physics
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• This Strategy update should be implemented to ensure Europe’s 
continued scientific and technological leadership

• The successful completion of the high-luminosity upgrade of the 
machine and detectors should remain the focal point of European 
particle physics, together with continued innovation in experimental 
techniques.

• The existence of non-zero neutrino masses is a compelling sign of new 
physics. Europe, and CERN through the Neutrino Platform, should 
continue to support long baseline experiments in Japan and the 
United States.

• An electron-positron Higgs factory is the highest-priority next 
collider. For the longer term, the European particle physics community 
has the ambition to operate a proton-proton collider at the highest 
achievable energy.



2020 Update of the European Strategy for 
Particle Physics
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• Accomplishing these compelling goals will require innovation and cutting-
edge technology:

• the particle physics community should ramp up its R&D effort focused on advanced 
accelerator technologies, in particular that for high-field superconducting magnets, 
including high-temperature superconductors;

• Europe, together with its international partners, should investigate the technical and 
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of 
at least 100 TeV and with an electron-positron Higgs and electroweak factory as a 
possible first stage. Such a feasibility study of the colliders and related infrastructure 
should be established as a global endeavour and be completed on the timescale of the 
next Strategy update (~2027).

• The timely realisation of the electron-positron International Linear Collider 
(ILC) in Japan would be compatible with this strategy and, in that case, the 
European particle physics community would wish to collaborate. 



•

•

•

•

•

•

•

•

𝜇
54

proton mass

electron mass ≈ 2000
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FCC
Future Circular Collider
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Seneca, Naturales Quaestiones, VII, 25-30 
• There will come a day when these phenomena

which now remain in darkness will be brought
to light by daily work and by careful
investigation over a longer period of time. To
investigate such complex phenomena, the
work of a single life cannot suffice. It is evident
that these phenomena can only be resolved
through the work of long, successive
generations of men. There will come a day
when our posterity will marvel that we have
ignored things that will be very clear to them.
May the men of our time be happy with the
discoveries made, may posterity also have the
opportunity to make their contribution to the
discovery of the Truth! Many things are
reserved for future generations, living in times
when the memory of all of us will certainly
have faded
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CLIC
Compact Linear Collider



e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Physics Detectors

Damping Ring

70
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Circular vs Linear

• Circular colliders are preferred 
for protons (and heavier 
particles). 

• In a Linear collider the energy 
would be limited by the electric field 
gradient one can reach in 
accelerating structures 
prohibitive length for significant 
energies

• Has the advantage of re-colliding 
bunches several times, making a 
better use of particles generated…

• The Energy is limited by the B field 
that can be reached in bending 

• For Electrons both linear and 

circular are possible.

• In Circular colliders the 

energy/intensity is limited by 

synchrotron radiation
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The Compact Linear Collider (CLIC)

• Timeline: Electron-positron linear collider at CERN for 

the era beyond HL-LHC (~2035 Technical Schedule)

• Compact: Novel and unique two-beam accelerating 

technique with high-gradient room temperature RF 

cavities (~20’500 cavities at 380 GeV), ~11km in its initial 

phase

• Expandable: Staged programme with collision energies 

from 380 GeV (Higgs/top) up to 3 TeV (Energy Frontier)

• CDR in 2012. Updated project overview documents in 

2018 (Project Implementation Plan). See resource slide.

• Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)

• Power: 168 MW at 380 GeV (reduced wrt 2012), 

some further reductions possible 

• Comprehensive Detector and Physics studies 

Accelerating 
structure prototype 

for CLIC: 
12 GHz  (L~25 cm)



Two-Beam acceleration

7
3
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1. Drive beam accelerated to ~2 GeV using conventional klystrons

2. Intensity increased using a series of delay loops and combiner rings

3. Drive beam decelerated and produces high-RF

4. Feed high-RF to the less intense main beam using waveguides
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CLIC timeline
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CLIC timeline

•

•

Ramp-up and up-time 

assumptions: arXiv:1810.13022, 

Bordry et al.
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Cost - I

Machine has been re-costed bottom-up in 2017-18

• Methods and costings validated at review on 7 November 

2018 – similar to LHC, ILC, CLIC CDR 

• Technical uncertainty and commercial uncertainty 

estimated 
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Cost - II
Other cost estimates:

Construction:

• From 380 GeV to 1.5 TeV, add 5.1 BCHF (drive-beam RF upgrade and lengthening of ML) 

• From 1.5 TeV to 3 TeV, add 7.3 BCHF (second drive-beam complex and lengthening of ML) 

• Labour estimate: ~11500 FTE for the 380 GeV construction (~1700 FTE x 7 years…)

Operation: 

• 116 MCHF (see assumptions in box below) 

• Energy costs
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ILC
International Linear Collider



ILC Candidate Location: Kitakami, Tohoku 

Oshu

Ichinoseki

Ofunato

Kesen-numa

Express-
Rail

High-way

IP Region



e- Source

e+ Main Linac

e+ Source

e- Main Linac

Item Parameters

C.M. Energy 250 GeV

Length 20km

Luminosity 1.35 x1034 cm-2s-1

Repetition 5 Hz

Beam Pulse  Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm＠250GeV

SRF Cavity G. 

Q0

31.5 MV/m
(35 MV/m)
Q0 = 1x10 10

main linac
bunch
compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

Physics Detectors

Damping Ring

Beam delivery system (BDS)

• Costs ~5 B$, power ~120 MW

• Will concentrate on SRF

• Nanobeam similar as for CLIC 

but a few words about ATF



•

•

•

•

•



Overall timeline 
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Muon Colliders

86
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E. Métral, SUSY 2021 conference, online, 23/08/2021

Introduction

6

3 TeV



E. Métral, SUSY 2021 conference, online, 23/08/2021

Idea
4 main challenges 

(𝜇− → 𝑒−𝜈𝜇 ഥ𝜈𝑒)

17



E. Métral, SUSY 2021 conference, online, 23/08/2021

𝜏 = 𝛾 𝜏0

~ 150 ms
at 7 TeV

18



E. Métral, SUSY 2021 conference, online, 23/08/2021

Muon production and cooling

20

Nature Physics, 17, 

pages 289–292 (2021)





E. Métral, SUSY 2021 conference, online, 23/08/2021
25

A technically limited timeline 

for 3 TeV construction by 2045



Plasma Acceleration

94



Wakesurfing….
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• https://www.youtube.com/watch?v=08hpljs49Ec

https://www.youtube.com/watch?v=08hpljs49Ec
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Preliminary results

• Peak energy gain 800 MeV

• Lot of work to do….



Conclusions
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• High Energy Physics is an exciting playground for Engineers…

• The future is bright: all possible projects are extremely 

interesting, and will continue providing surprises!

•



Thank you for your 

attention!


