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This lecture

1. Introduction + brief history of particle accelerators/colliders.

2. The Future Circular Collider (FCC) project

3. Physics opportunities at FCC-ee and associated challenges (with an 

emphasis on theory)

Å Higgs

Å Electroweak physics

Å Top

Å BSM + Flavour

4. The road ahead

This will be very much an experimentalists perspective - several of the 

experts on the theory/generators side are lecturing on this school - I hope 

what I say will be complementary! 

2

Please feel free to ask questions 

as we go through J 
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1. Introduction
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The Standard Model
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However you ñviewò the Standard Model, it is an immensely successful and well 

tested theory, but we know it has shortcomingsé
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Big questions in particle physics 

5

ÅOutstanding questions 

about nature/our universe 

could be solved through 

uncovering new physics at 

particle colliders.

ÅUnlike the Higgs discovery, 

we no longer have a clear 

idea of the (energy) scale 

at which it might appear.

Å (Maximally) exploring the 

unknown is key, and 

colliders are a key tool to 

do this!

Image credit: snowmass energy frontier report

Image credit: arXiv:1903.05063

https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062
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Particle colliders over timeéguess the name + year?

(1) (2)
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Particle colliders over timeéguess the name + year?
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(3) (4)
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Particle colliders over timeéguess the name + year?
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(No clues allowed here)

(5)
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The CERN accelerator complex now
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Discoveries of fundamental particles
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How many of these new 

particle discoveries were 

associated with colliders?

Alternative question: which of them werenôté?
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Discoveries of fundamental particles

ÅDotted : discovered through neutrino beam produced at colliders

ÅDashed: model introduced and later verified at colliders

ÅSolid: direct discovery at particle collider
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ASG @ BNL

DONUT @ 
Fermilab

DIS @ SLAC 
(1968)

UA1+UA2 @ SPS, CERN

SPEAR @ SLAC + 
SLAC-LBL detector

ὐȾ‪ discovery
@ SLAC/BNL

E288 experiment
@Fermilab

PETRA
@ DESY

Tevatron
@ Fermilab

LHC @ CERN

òProject poltergeistò



Dr Sarah Williams: MCNet Summer School 2026

Buté
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We shouldnôt be so naµve as to judge the success of a collider on 

whether it achieves a Ɑ discovery of new particles.  

What collider am I referring to here?
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Legacy of the Large Electron Positron Collider (LEP)
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Z line -shape 

measurements 

Å strict bound on number 

of (light) neutrino 

species.

Precision electroweak measurements (O(10%) -> 

O(1%))

Å Fits based on EW radiative corrections enabled 

predictions of the top-quark mass (discovered at 

Tevatron) and the Higgsô boson mass (discovered at 

LHC).
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Timescales in particle physics
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22 years later in 2006é

 ECFA-84-085-V-2

http://council-strategygroup.web.cern.ch/council-strategygroup/

1984: LHC proposed

1995: LHC approved

2012: Higgs discovery
éare longé

http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
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What should come after the HL -LHC?
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ὩὩ  machine?

Hadron collider?

Linear collider?

Circular collider?

ILC (Japan?)

CLIC (CERN?)

CepC (China)

FCC-ee/hh

(CERN)

What should come 

after the (HL -)LHC?

There was broad agreement in 2020 Update to the European Strategy 
for Particle Physics (ESPPU) and Snowmass P5 processes for (1) an 

Intensity -Frontier  òHiggs factoryò followed by (2) ambitions to push 
the Energy frontier into the 10 TeV pCM rangeé
 

Muon collider? (Fermilab?) 

Figure 20: A schemat ic view of the Fermilab site and the layout of a possible complex for the Muon

Collider. The protons start at PIP-I I and are accelerated, bunched and pulsed onto a high power

target . Muon cooling chain is indicated in green. Accelerat ion happens in stages with theýnal

stage taking place inside the large Accelerator Ring. Muons at the nominal energy are injected

into the Collider Ring, where the experiment(s) are located.

magnets and higher-gradient accelerat ion, the parameter space towards a 10 TeV Muon Collider

concept that would ýt within the Fermilab site has been ident iýed and aýrst design concept has

been developed. A schemat ic layout of this conýgurat ion is shown in Figure 20. The concept begins

with use of PIP-I I as the init ial part of the proton source. The PIP-I I linac would be extended to

higher energy and followed by either a higher energy linac leading into proton accumulat ion and

bunching rings or a rapid-cycling synchrot ron or FFA (ýxed-ýeld accelerator) ring. The goal would

be to produce intenseᶋ10 GeV proton pulses at ᶊ 5 Hz and ᶊ 2 MW onto a pion product ion

target . This is followed by muon collect ion (from ᶋdecay) and bunching that leads into 6D muon

cooling channels, obtaining minimal emit tance beams. The collect ion and cooling channel would

beᶊ1ï2km long.

Muon accelerat ion is achieved in three stages: (1) A Linac (up to 5 GeV) ýrst that is followed

by a Recirculat ing Linac (up to 65 GeV). This energy would be sufficient for a Higgs Factory [207].

(2) This is followed by a set of two Rapid Cycling Synchrot rons that can ýt into the Tevat ron

ring tunnel and are capable of delivering an energy up to 1 TeV. (Theýrst RCS would accelerate

toᶊ300 GeV, using normal-conduct ing magnets. The second would be a hybrid high-ýeld RCS.)

(3) A ýnal RCS ring that has a radius of 2.65 km and can bring the energy up to 5 TeV. (This

44

(more) HL-LHC+ ep (CERN)

HALHF (??)

C3 (??)
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Comparison of colliders
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Hadron (pp) Lepton

Composite ǶίḺ ί
òMessyò collisions

Fundamental Ƕί ͯ ί => Clean(er) collisions

▄▄ ⱧⱧ

COM energy limited by synchrotron radiation 

ὖ  θ‎
Ὁ

ά

~10 km ring for ~10 TeV~100 km ring for ~240 GeV

Apologies for potential 

over-simplifications here!

(CERN siting)
Muon collider (Fermilab 

siting) ~ 10 TeV
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The 2026 European Strategy Process 
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Estimation task: which is larger - the number of person -hours that went into the 

2026 ESPPU process or the (average) number of CPU hours consumed by 

ATLAS in a day across the distributed computing grid?
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The 2026 European Strategy Update
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https://cds.cern.ch/record/2950671?ln=en

ñThe electron-positron Future Circular Collider (FCC-ee) is 
recommended as the preferred option for the next flagship collider at 

CERN.ò

https://cds.cern.ch/record/2950671?ln=en
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2. The Future Circular 

Collider (FCC)
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Frontiers in particle physics

ÅPushing the intensity and energy frontiers 

represent two complementary routes for 

probing new physics. An oversimplified view:

ÅIntensity frontier => precision 

measurements => indirect searches to 

new physics.

ÅEnergy frontier => access high-mass 

scales => direct searches for new physics.
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They should not be seen as exclusive: the LHC has shown we can do 

precision measurements at EF machines, and (as weôll see) intensity 

frontier e+e- machines can have unique sensitivity to some BSM 

scenarios.
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Integrated FCC programme

21

Comprehensive long -term programme  maximises  physics 

opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, ὸӶὸ) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp, 

AA and e-h options (FCC-eh).

FCC Feasibility  Study Status

Michael  Bened ikt

FCC Week, 5 June 2023

FCC integrated program

FCC-ee

2020 - 2040 2045 - 2063 2070 - 2095

FCC-hh

comp rehensiv e long -term program maxi mizing phy sics opportunities
Å stage 1: FCC-ee (Z, W, H, tt) as Higgs fac tory , electr oweak & top  factory  at hi ghest lumino sities

Å stage 2: FCC-hh (~100 TeV) as natur al contin uation at energy  frontier , pp  & AA col li sions; e-h optio n

Å highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent 

measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as ñenergy upgradeò of FCC-ee)

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

+ AA, 

eA, ep
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The FCC feasibility study

ÅFeasibility study report submitted as input to the 

ESPPU on 31st March 2025.

ÅKey achievements: final choice of ring placement 

(PA31-4.0) and 4 interaction points.

ÅNo showstoppers to feasibility ï with  

ongoing/future R+D efforts for FCC-ee to focus on 

increasing energy and operational efficiency and 

reducing costs.

ÅFor FCC-hh- significant challenge will be high-field 

magnets needed for ~ 14 T dipoles.
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https://cds.cern.ch/record/2928193

4

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Major achiev ement: optim izatio n of  the ring placemen t
Layout chosen out of ~ 100 initial variants, based on geology and 

surface constraints (land availability, access to roads, etc.), environment 

(protected zones), infrastructure (water, electricity, transport), etc. 

ñÉviter, reduire, compenserò principle of EU and French regulations

Lowest-risk baseline:  90.7 km ring, 8 surface point s, 

4-fo ld sup erperiodicit y, possibilit y of  2 or 4 IPs
Whole project now adapted to this placement

Number of surface sites 8

LSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2032 m

Arc length 9.6 km

Sum of arc lengths 76.9 m

Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study

https://cds.cern.ch/record/2928193
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FCC run plan
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Åφ ρπ Z bosons (i.e. tera-Z)=> 

LEP dataset in O(minutes)

ÅςȢτ ρπ WW pairs

ÅςȢς ρπ ZH and 65k 77ᴼ( @ 

240 GeV.

Åς  ρπ ÔӶÔ + 370k ZH + 92k 

77ᴼ( @340-365 GeV.

Compare to 17M Z bosons (1989-1995) at 91.2 GeV and 

30,000 WW pairs (1996-2000) at 161-208 GeV at LEP!

(*)

(*) Electron Yukawa extraction would require tight control of BES.
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Before we go any furtheré
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Any questions?
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3. Physics opportunities and 

challenges at FCC-ee
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FCC physics landscape (and detector requirements)
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Image credit: Christophe Grojeon

Detector challenges would be a lecture on their own- happy to discuss more this evening J
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My lecture in 1 slide

ÅUnprecedented luminosity at 

multiple center of mass 

energies enable ultra-precise 

measurements of Higgs/EW/top 

sectors of the SM (with 

unprecedented indirect 

sensitivity to NP)

ÅTo benefit from the substantial 

reduction in uncertainties we 

need theory predictions for 

observables with at least the 

same level of accuracy=> huge 

challenge ahead!
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(Focus on precision programme)
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Lets check the maths
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1. Lets remind 

ourselves of the 

relationship between 

the cross-section for 

a process and the 

number of events 

expected at a collider
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Relationship between cross -section and luminosity

29

ὲ „ ᴼ  flὨὸ

Åfl is the instantaneous luminosity.

ÅThe cross-section relates to the quantum-mechanical probability of 

the event occurring (and has units of area).

Åὲ  is the total number predicted. The experimental observables 

we can use to measure „ are the number of (detector-level) events 

we reconstruct that satisfy a set of event-selection criteria,
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Lets check the maths
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2. How do we use 

colliders to measure 

cross-sections?
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Measuring a (fiducial) cross -section

„ ᴼ

ὔ ὔ

ὅ ᷿flὨὸ 
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Åὔ ὔ  is our best estimate of the number of reconstructed events that 

satisfy the selection (at detector-level) for that process.

Åὅ is a correction factor that accounts for detector inefficiencies and 

mismeasurement effects (and can be estimated using Monte-Carlo).

Already discussed by 

Andy on Monday J
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Quick calculation

Assume ὔ π (admittedly terrible assumption). Then undergraduate 

error propagation tell us:

Ў„

„

Ўὔ

ὔ

Ўὅ

ὅ

Ў fl᷿Ὠὸ

fl᷿Ὠὸ

Now assume Poisson errors and that the second and third term on the 

RHS are negligible.

Ў„

„

ὔ

ὔ

ρ

ὔ
ᴼ
Ў„

„

ρ

ὔ
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Lets check the maths
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3. Now compare 

expected statistical 

errors for Z-pole 

observables between 

LEP and FCC-ee
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Now compare Z bosons at FCC -ee and LEP

Ὂὅὅ

ὒὉὖ

φ ρπ

ρψ ρπ
σȢσσσȣȢρπᵼ

Ў„

Ў„
ͯ

ρ

σσσσσσσ
ͯ
ρ

υχχ

i.e. reduction by a factor O(500)- consistent with statements likeé

ò The improvement in statistical uncertainties at the Z is typically a 

factor 500 ñ

Taken from FCC Snowmass submission arXiv:2203.06520
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https://arxiv.org/pdf/2203.06520
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Does this match up?
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Choosing a measurement from LEP that has significant contributions from statistical 

uncertaintiesé

ὴὶὩίὩὲὸ Ὡὶὶέὶ

ὊὅὅὩὩ ίὸὥὸ

τω

πȢπχ
χππȦ


