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Hadron Colliders
Electron-Proton Colliders
Lepton Colliders
Heavy Ion Colliders

Discoveries by colliders

Standard Model
Particles and forces

Colliders are powerful instruments in High Energy physics 
for particle discoveries and precision measurements

SPEAR:
Åcharm quark
Å tau lepton

PETRA:
Ågluon           
{ǇǇ{Υ

Å½πōƻǎƻƴ
Å²πōƻǎƻƴ      

Tevatron:
Å top-quark   
    

LHC:
ÅHiggs-boson 
    



Many open questions remaining

ü Standard model describes known matter, i.e. 5% of the universe!

  

ü what is dark matter?
ü what is dark energy?
ü why is there more matter than antimatter?
ü why do the masses differ by more than 13 orders of magnitude?
ü do fundamental forces unify in single field theory?
ü what about gravity? 
ü Lǎ ǘƘŜǊŜ ŀ άǿƻǊƭŘ Ŝǉǳŀǘƛƻƴ ς ǘƘŜƻǊȅ ƻŦ ŜǾŜǊȅǘƘƛƴƎέΚ Χ

Dark Energy 68.3%

Known Matter 4.9%

Dark Matter 26.8%

ƎŀƭŀȄȅ Ǌƻǘŀǘƛƻƴ ŎǳǊǾŜǎΣ мфоо π ½ǿƛŎƪȅ

K. Borras



European Strategy for Particle Physics

2013 Update of European Strategy for Particle Physics:

ñCERN should undertake design studies for accelerator projects in a global context, with 
emphasis on proton-proton and electron-positron high-energy frontier machines.ò

Ҧ FCC Conceptual Design Reports (2018/19)

 

2020 Update of European Strategy for Particle Physics:

ñEurope, together with its international partners, should investigate 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.ò

Vol 1 Physics, Vol 2 FCC-ee, Vol 3 FCC-hh, Vol 4 HE-LHC

CDRs published in European Physical Journal C (Vol 1) 

and ST (Vol 2 ï4) 

EPJ C 79, 6 (2019) 474  , EPJ ST 228, 2 (2019) 261-623 ,              

EPJ ST 228, 4 (2019) 755-1107  , EPJ ST 228, 5 (2019) 1109-1382 

https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://link.springer.com/article/10.1140/epjst/e2019-900088-6


International FCC collaboration (CERN as 

host lab) to study: 

Å Full exploitation of the LHC and HL

Å e+e- collider (FCC-ee), as first step

Feasibility study and CDR++ by next ESPP 2025

Å pp-collider (FCC-hh) Ą main emphasi, 

defining infrastructure requirements and 

development of technology HFM

Å 80-100 km tunnel infrastructure in Geneva area, 
site specific

Å p-e (FCC-he) option,    integration one IP, FCC-hh & 
ERL

~16 T Ý 100 TeV pp in 100 km

Future Circular Collider Study 
GOAL: CDR+ and cost review for the next ESU (2025)



C// ƛƴǘŜƎǊŀǘŜŘ ǇǊƻƎǊŀƳ

FCC-ee FCC-hh

comprehensive long-term program maximizing physics opportunities
Å stage 1: FCC-ee (Z, W, H, ÔӶÔ) as Higgs factory, electroweak & top factory at highest luminosities

Å stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

Å highly synergetic and complementary programme boosting the physics reach of both colliders 

Å common civil engineering and technical infrastructures, building on and reusing CERNôs existing infrastructure

Å FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

M. Benedikt FCC week 2024
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Introduction to accelerators and particle dynamics

!ŎŎŜƭŜǊŀǘƻǊ Ґ ǎŜǊƛŜǎ ƻŦ ŜƭŜƳŜƴǘǎ ŦƻǊ ōŜŀƳ ƎǳƛŘƛƴƎ όōŜƴŘƛƴƎΣ ŦƻŎǳǎƛƴƎύ ŀƴŘ ŀŎŎŜƭŜǊŀǘƛƻƴ ƻŦ ǇŀǊǘƛŎƭŜǎ

ÅƎǳƛŘƛƴƎ ŦƛŜƭŘǎ Ƴǳǎǘ ŜƴǎǳǊŜ ǎǘŀōƛƭƛǘȅ ƻŦ ŎƛǊŎǳƭŀǘƛƴƎ ǇŀǊǘƛŎƭŜǎ ƻƴ ŘŜǎƛƎƴŜŘ ǘǊŀƧŜŎǘƻǊȅ

ÅƻŦǘŜƴ ŀǊǊŀƴƎŜŘ ƛƴ ŀ ŎƭƻǎŜŘ ƭƻƻǇ όǊƛƴƎύ Ą ŀŎŎŜƭŜǊŀǘƛƻƴ ƻŎŎǳǊǎ ŀǘ ŜǾŜǊȅ ǘǳǊƴ

ÅƻǊ ƛƴ ŀ ǇŜǊƛƻŘƛŎ άǎǘǊŀƛƎƘǘέ ǎŜǉǳŜƴŎŜ όƭƛƴŀŎǎύ Ą ŀŎŎŜƭŜǊŀǘƛƻƴ ŀƭƭ ŀƭƻƴƎ ǘƘŜ ƭŜƴƎǘƘ

10



MAPS



Basic accelerator concepts

1
2

Injection and filling 
of the machine

Beam circulation 
at high energies 
for hours

Acceleration

[ƻǿ ōŜǘŀ ƛƴǎŜǊǘƛƻƴǎ ŦƻǊ ǎƳŀƭƭŜǎǘ 
ōŜŀƳ ǎƛȊŜǎ 

Beam steering, 
collisions and 
luminosity 
levelling

Collimation

Collective 
particle effects

LHC schematic Extraction



Particles to Accelerate

1 MeV

м DŜ±

1 TeV

1 PeV

Electron, 511keV

Muon, 106MeV, t=2.2µs

Proton, 938MeV

Pb208, 194TeV

Wide range of rest masses from electron 
to heavy ions

The accelerators differ vastly, e.g. 
Å particle speed in cavities
Å synchrotron radiation power
Å activation by losses
Å requirements for vacuum

Accelerator design depends on particle 
type and properties Energy

мо
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Relativistic electrons at ~ MeV
Relativistic protons ~  GeV

relativistic energy-

momentum relation:

Accelerating particles ĄTowards Relativity

2mcE=



Guiding charged particles: Lorentz Force 

S 

N + -

electric field 

energy gain: ɝὉ ὩὟ

magnetic field 

bending:   ὄ” ὴȾὩȟɝὉ π

path bending and acceleration 

of particles are fundamental 

mechanisms of each particle 

accelerator

H.A.Lorentz

1853-1928

15

(charge = e)

Transverse Motion
Perpendicular to the direction of motion.
Used to keep circulating orbit and beam steering.

Longitudinal Motion
Parallel to the direction of motion.
Used to accelerate charged particles.



Guiding charged particles: Lorentz Force 

+ -

electric field 

energy gain: ɝὉ ὩὟ
H.A.Lorentz

1853-1928

мс

(charge = e)

Longitudinal Motion
Parallel to the direction of motion.
Used to accelerate charged particles.



Acceleration: Radio-frequency cavities

17

Apply an E-field which is reversed while the particle travels inside the tube 

Ÿ it gets accelerated at each passage.

Could accelerate in linear and circular machines

Only particles synchronized with RF will be accelerated Ą particles are bunched in packages

ṩReach of higher energetic 
collisions (ions, protons and 
leptons)

ṩCompensate for energy loss due 
to emission of synchrotron 
radiation (leptons)



[ƻƴƎƛǘǳŘƛƴŀƭ ƳƻǘƛƻƴΥ {ȅƴŎƘǊƻǘǊƻƴ ƻǎŎƛƭƭŀǘƛƻƴǎ ƛƴ ǇƘŀǎŜ ǎǇŀŎŜ

The  acceleratingforceisa restoring
forceand keepsthe particleslockedin 
a stablemotion

The restoringforce isnon-linear.
Ýspeedof motion dependson 

particlecoordinatesin phasespace

(hereshownfor a stationarybucket) 



Guiding charged particles: Lorentz Force 

S 

N 

magnetic field 

bending:   ὄ” ὴȾὩȟɝὉ π
H.A.Lorentz

1853-1928

19

όŎƘŀǊƎŜ Ґ Ŝύ

Transverse Motion
Perpendicular to the direction of motion.
Used to keep circulating orbit and beam steering.



Bending Magnet and magnetic rigidity

20

Magnetic rigidity:

Åaccelerate beams Ą increase B
Åat fixed B: higher p Ą increase bending angle

B

P+

Fm

Fc

v
r

Superconducting
Field defined by the geometry of coils
Ą Current distribution Cosf

Iron dominated
Field defined by the geometry of poles

Ą 2 flat poles



Lorentz Force ςgettingit right

нм

B

P+

Fm

Fc

v

r

Åaccelerate beams Ą increase B Ą Synchrotrons: LHC, Tevatron
Åat fixed B: higher p Ą increase bending angleĄ Cyclotrons



[ƻǊŜƴǘȊ CƻǊŎŜ ςƎŜǘǘƛƴƎƛǘǊƛƎƘǘ

22

Tevatron p-pbar collider Ą same B fieldĄdifficult to have pbar beams
LHC p-p collider Ą opposite B field Ą complex magnet design so called 2 in 1



Why B fields for steering?
Comparison E vs B field

Ek B = 1T E = 10MV/m

60 keV 35 mm 12 mm

1 MeV 140 mm 200 mm

1 GeV 5.6 m 150 m

example: electric and magnetic force on protons

table: bending radius, varying Ek

Bendingradiusfor protons in B and E:

23

aŀƎƴŜǘƛŎ ŦƛŜƭŘǎ ŀǊŜ ǳǎŜŘ ŜȄŎƭǳǎƛǾŜƭȅ ǘƻ ōŜƴŘ ŀƴŘ ŦƻŎǳǎ ǳƭǘǊŀπǊŜƭŀǘƛǾƛǎǘƛŎ ǇŀǊǘƛŎƭŜǎ



Quadrupole Magnet - Focusing Element



Quadrupole magnets

ÅFocusing in one plane X

ÅDefocusing in the other plane Y

25

Gradient g 



Alternating GradientĄ Strong focusing

26

Ch5h ŎŜƭƭ
¦ƴƛǘ ǎŜǉǳŜƴŎŜ ƻŦ ƳŀƎƴŜǘǎ ǳǎŜŘ ǘƻ ōǳƛƭŘ ŀƴȅ 

ŀŎŎŜƭŜǊŀǘƻǊ
CƻŎǳǎƛƴƎπ5ǊƛŦǘπ5ŜŦƻŎǳǎƛƴƎπ5ǊƛŦǘ

!ƭǘŜǊƴŀǘƛƴƎ ƎǊŀŘƛŜƴǘǎ Ą ƴŜǘ ŦƻŎǳǎƛƴƎ 
ƛƴ ōƻǘƘ ǘǊŀƴǎǾŜǊǎŜ ŘƛƳŜƴǎƛƻƴǎ όȄΣȅύΗ

aŀƎƴŜǘǎ ŀŎǘ ƻƴ ǇŀǊǘƛŎƭŜǎ ƭƛƪŜ ƻǇǘƛŎŀƭ 
ƭŜƴǎŜǎ ƻƴ ƭƛƎƘǘΗ



Accelerator Optics



Trajectory of a single particle Trajectory of a many particles defining the beam 
envelope

Alternating Gradients: confined motion

28

The optical Beta-function is a periodic function entirely defined by the lattice (the magnets). Envelop function

Beta-function Ą beam envelope

¢Ƙƛǎ ŦǳƴŎǘƛƻƴ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ ƳŜŀƴǎ ƻŦ ŀŎŎŜƭŜǊŀǘƻǊ ŘŜǎƛƎƴ ǎƻŦǘǿŀǊŜ ŎƻŘŜǎΦ !ƴ ŜȄŀƳǇƭŜǎ ƻŦ ǘƘƛǎ ƛǎ ǘƘŜ 
aŜǘƘƻŘƛŎŀƭ !ŎŎŜƭŜǊŀǘƻǊ 5ŜǎƛƎƴ όa!5π·ύǘƘŀǘ ŘŜǎŎǊƛōŜǎǇŀǊǘƛŎƭŜ ŀŎŎŜƭŜǊŀǘƻǊǎΣ ǎƛƳǳƭŀǘŜ ōŜŀƳ ŘȅƴŀƳƛŎǎ ŀƴŘ 
ƻǇǘƛƳƛǎŜǘƘŜ ƻǇǘƛŎǎΦ 
Lƴ ŎŀǎŜ ȅƻǳ ǿŀƴǘ ǘƻ Ǉƭŀȅ ƘǘǘǇΥκκŎŜǊƴΦŎƘκƳŀŘȄ

LHC beams contain about 3x1014 protons/beam

¢ǳǊƴΣ ŀŦǘŜǊ ǘǳǊƴΣ ŀŦǘŜǊ ǘǳǊƴΧbetatron oscillations

http://cern.ch/madx


Beta Function at LHC

29

Examples of real optics used in the LHC at the very small beta-star of 0.25 m in ATLAS and CMS.



Beta Function at LHC

30

9ȄŀƳǇƭŜǎ ƻŦ ǊŜŀƭ ƻǇǘƛŎǎ ǳǎŜŘ ƛƴ ǘƘŜ [I/ ŀǘ ǘƘŜ ǾŜǊȅ ǎƳŀƭƭ ōŜǘŀπǎǘŀǊ ƻŦ лΦнр Ƴ ƛƴ !¢[!{ ŀƴŘ /a{Φ

0.25 m beta-star
Image credit: J.Jowett





Accelerator elements



Synchrotron radiation



Synchrotron radiation

LEP 20MW losses Ą 3 GeV per turn at highest energy
FCC-ee designed to have maximum 50MW per beam at all energies



Transverse dimensions

¢ǊŀƴǎǾŜǊǎŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ŜƭŜŎǘǊƻƴ ǎǘƻǊŀƎŜ ǊƛƴƎǎ ƛǎ ŀƴ ŜǉǳƛƭƛōǊƛǳƳ



Colliders versus Fixed Target Experiments

Target

Two Beams of  

Beam 2 is a Target Ą 

7 TeV proton beam against fix target Ą115 GeV



Anello di 
Accumulazione AdA 
B. Touschek 1960
INFN @ Frascati 
Laboratory

/ƻƭƭƛŘŜǊǎ ǾŜǊǎǳǎ CƛȄŜŘ ¢ŀǊƎŜǘ 9ȄǇŜǊƛƳŜƴǘǎ



Two Beams of  

Beam 2 is a 
counter 
rotating beam

7 TeV proton beam colliding Ą 14 TeV



Luminosity

39

For accelerator people this IS the quantity used to optimise the machine.

The higher the luminosity the better.

bŀǘǳǊŜAccelerator
Number of particles per bunch

Number of bunches

Transverse Emittance Optical Beta-star

Geometric 
Reduction factor

Crossing Angle .ǳƴŎƘ ƭŜƴƎǘƘ
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High Energy Colliders under study

~100 TeV



Goal of High Luminosity LHC (HL-LHC)

The main objective of HiLumi LHC Design Study is to determine a hardware 

configuration and a set of beam parameters that will allow the LHC to reach the

 following targets:

Prepare machine for operation beyond 2025 and up to 2041

Devise beam parameters and operation scenarios for:

 # enabling at total integrated luminosity of 3000 fb-1 

   

 # implying an integrated luminosity of 250 fb-1 per year, 

 # design oper. for m = 140 (Č peak luminosity 5 1034 cm-2 s-1)

Č Operation with levelled luminosity! (beta*, crossing angle & crab cavity)

Č10x the luminosity reach of first 10 years of LHC operation!!

5 events
плл 
ŜǾŜƴǘǎ



HL-LHC upgrade ï full LHC exploitation 

HL-LHC significantly increases data rate to improve statistics, 
measurement precision, and energy reach in search of new physics
Gain of a factor 5 in rate, factor 10 in integral data wrt  initial design
Operation till 2040



LHC technical bottleneck:
Radiation damage to triplet magnets at 300 fb-1
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HL-LHC technical bottleneck:
Radiation damage to triplet magnets

Č Requires larger aperture!

Č New magnet technology

Č LHC: 70mm at 210 T/m ČHL@ 150mm diameter 140 T/m

Č LHC: 8T peak field at coils Č HL> 12T field at coils (Nb3Sn)!

Need to replace existing triplet magnets with 

radiation hard system (shielding!) such that 

the new magnet coils receive a similar 

radiation dose @ 10 times higher integrated 

luminosity 3000 fb-1! Č Shielding!

US-LARP MQXF 
magnet design
Based on Nb3Sn
technology

Tungsten blocks

Capillaries
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President of CERN council
E. Rabinovici

FCC Week 2024
San Francisco US



пу

Stage 1: FCC-ee ï highest luminosity lepton collider 

ŜŦŦƛŎƛŜƴǘ L ŦǊƻƳ ½ ǘƻ ὸὸ  

 ҔнΦр ŀōπм ǿƛǘƘ лͯΦрȄмлс I κ Lt όоȅύ 

 Ҕтр ŀōπм ǿƛǘƘ нͯȄмлмн ½ κ Lt όпȅύ

enormous performance increase:

collects LEP data statistics in few minutes

luminosity vs. electricity consumption

highest lumi/power of all H fact. proposals

Nature Physics 16, 402ï407 (2020)

4 Operational energies:
Z Ą 45.6 GeV
WW Ą 80 GeV
H(ZH) Ą 120 GeV
ttbar Ą 182.5 GeV



CΦ Dƛŀƴƻǘǘƛ C// ǿŜŜƪ нлнп


