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: Please feel free to ask questions
This lecture as we go through J

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)

Higgs
Electroweak physics

Top

o o o Do

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 - 1 hope
what | say will be complementary!
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1. Introduction
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The Standard Model

However you Aviewo the Standard Model,
tested theory, but we know it has short
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Big questions Iin particle physics

Image credit: snowmass energy frontier report *

A Outstanding questions

W/Z mass Flavor physics pdf
e e about nature/our universe
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I e particle colliders.
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A (Maximally) exploring the

unknown is key, and
colliders are a key tool to
do this!

Image credit: arxXiv:1903.05063
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https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062

Particle coll i1 ders over t 1 n
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Particle colli ders over t 1 n
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Particle colliders over tin
(No clues allowed here)
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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

associlated with colliders?

Al ternative question: v
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Discoveries of fundamental particles

ASG @ BNL UA1+UA2 @ SPS, CERN
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A Dotted : discovered through neutrino beam produced at colliders
A Dashed: model introduced and later verified at colliders

A Solid: direct discovery at particle collider
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What collider am | referring to here?
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Legacy of the Large Electron Positron Collider (LEP)

ALEPH & 200+ e
DELPHI 5] W A, - il
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OPAL 1 9.027491021;0(:10 :
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eyatran o
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by a factor of 10 100 H _
10 g 3 /
|Lep & ¥ LHC
direct search lower limit (95% CL) 0 excluded g ¢ __excluded
- 20 | | | 40 100 200
%6 o8 00 e o4 1990 1995 2000 2005 m.. [GeV]
Ecrn (GeW) year H
Z line -shape Precision electroweak measurements (O(10%) ->
measurements O(1%))
A strict bound on number A Fits based on EW radiative corrections enabled
of (light) neutrino predictions of the top-quark mass (discovered at
species. Tevatron) and the Higgsb©6

LHC).
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1984: LHC proposed
Timescales in particle physics 1995: LHC approved

dare | o nZé)]éZ: Higgs discovery

ECFA 84/85

ECFA-84-085-V-2 e, L s o o

& theoretical consensus is emerging that new phencmena will be discovered ar or below

1 Tev. Thiere i8 no consendud about rthe pnature of these phenomena but it is interesting
that many of the ideas which have been suggested cam be btested in experisénts af &a LEC.
Although many,if mor all, of these idess will doubcless have been discarded, disprowed or
established by the time an LHC is built, this demonstrates the potential virtwes of sech a

machine.

22 years |l ater i n 200

The European strategy for partice physics

Particle Physics stands on the threshold of a new and exciting era of cliscovery.
The next gcneration of experimcnts will exp]ore new domains and Probc the cleep
structure of sPace~timc. Theg will measure the Properties of the elementar9 con-
stituents of matter and their interactions with unPrcccdcnted accuracy, and theg
will uncover new Phcnomena such as the Higgs boson or new forms of matter. Long-
stancling Puzzles such as the origin of mass, the matter-antimatter asgmme’crg of
the Universe and the mysterious dark matter and energy that permeate the cos-
mos will soon benefit from the insigl']ts that new measurements will bring. Togct]ﬂcr,
the results will have a profound imPact on the way we see our Universe; European
/Dartic/c /o/ys/cs SAOUEI t/zoroug/‘l/y cxp/o/t its current exciting and diverse research
Iorc/)grammc It should Pos/t/on itself to stand reac/y to address the challenges that
e

will emerge from exploration of the new frontier, and it should participate u//z/ inan
LARGE HADRON COLLIDER /'ncrcasfn(g{g g/oba@dvcnf:ur@.
IN THE LEP TUNNEL
Vol.I http://council-strategygroup.web.cern.ch/council-strategygroup/
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http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
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http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/
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http://council-strategygroup.web.cern.ch/council-strategygroup/
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http://council-strategygroup.web.cern.ch/council-strategygroup/

What should come after the HL -LHC?

CLIC (CERN?)
Linear collider? — ILC (Japan?)

/
_~'Q'Q machine? RHALHF (??)

What should come N Circular collider~ C3(??)

after the (HL -)LHC? \ CepC (China)
o Hadron collider?
Muon collider? (Fermilab?) (CERN)

(more) HL-LHC+ ep (CERN)

There was broad agreement in 2020 Update to the European Strategy

for Particle Physics (ESPPU) and Snowmass P5 processes for (1) an
Intensity -Fr ont i er oOoHi ggs factoryo fol
the Energy frontier intothe 10 TeV. pCMr ange é
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Apologies for potential
over-simplifications here!

Comparison of colliders

Hadron (pp) Lepton
Composite VIHU T Fundamental ik T => Clean(er) collisions
oOMessyo col | i sCaMesergylimited by synchrotron radiation
500
s 200} H ’ H' H'
iwo acn-enrsea 0 | ~100 km ring for ~240 GeV ~10 km ring for ~10 TeV
E LHC
20 5 10 15 20 25 30 27 km© =S o
Jsy (Tev)

100 TeV pp = 10-15 TeV pu uon
Collider ™

34 km (CERN siting)
% / 50 km
- )

Muon collider (Fermilab
siting) ~ 10 TeV
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The 2026 European Strategy Process

Timeline for the update of the
European Strategy for Particle Physics

Deadline for the

Council appointment of the Deadline for the open submission of final
members of the PPG and submission of main S i national input in advance Submission of the draft
decision on the venue for the input from the ymposium of the ESG Strategy strategy document to
Open Symposium community Drafting Session the Council
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 End January 2026
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
8§#$: i]!o?ﬁﬁifgggn e Deadline for the Submission of the ESG Strategy Discussion of the draft strategy
Strateqy Draftin submission of additional “Briefing Book" to . document by the Council and
S oy e national input in the ESG Drafting updating of the Strategy
ession advance of the Open Session
Symposium

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

NThe edpasidan Fubure Circular Collider (FCC-ee) is
recommended as the preferred option for the next flagship collider at
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https://cds.cern.ch/record/2950671?ln=en

2. The Future Circular
Collider (FCC)
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Frontiers Iin particle physics

A Pushing the intensity and energy frontiers
represent two complementary routes for
probing new physics. An oversimplified view:

A Intensity frontier => precision
measurements => indirect searches to
new physics.

Neutrino Physics

A Energy frontier => access high-mass
scales => direct searches for new physics.

They should not be seen as exclusive: the LHC has shown we can do
precision measurements at EF machi ne
frontier e+e- machines can have unique sensitivity to some BSM

scenarios.
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Integrated FCC programme

Comprehensive long -term programme maximises physics

opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, &3 as high-luminosity Higgs, EW + top factory.

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

Azimuth =-10.2°

Injection into collider

Technical site i
PL Technical site

LSS = 2160 m 1
Py 28 Beam dump

l{' ~

o3 .

s Schematic of an pa@ SSIMOM \‘Y‘/ _________ #D

g 80-100 km (optional 4N $8S=1400m 1 (gptional

" long tunnel Experiment Experiment
site) site)

I
I
I
I
I
I
I
I
I

s N
Technical s;l: Y LSS = 2160 m LSS = 2160 m [ ';chhmna\ site
Collider RF S8 = 1400 m Betatron &
momentum
collimation

PG (Experiment site)
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transfer lines proposed to be
installed inside FCC-hh ring tunnel

e LSS =2160 m Lss=2160m

AN ! 7/
N\ | 7z
N ] d
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N 4
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N ]
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The FCC feasiblility study

A Feasibility study report submitted as input to the
ESPPU on 318t March 2025.

A Key achievements: final choice of ring placement
(PA31-4.0) and 4 interaction points.

A No showstoppers to feasibility i with
ongoing/future R+D efforts for FCC-ee to focus on

Increasing energy and operational efficiency and
reducing costs.

A For FCC-hh- significant challenge will be high-field of T E N
magnets needed for ~ 14 T dipoles. ;-ﬁ-’f«i’ e I R

/,’ LSS@IP (A, PD, PG, F) 1400 m
&4 LSS@TECH (PB, PR PH, L) 2032m
Arclength 9.6 km
Sum of arclengths 76.9m
Total length 90.7km

" PJ: experiment



https://cds.cern.ch/record/2928193

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

FCCrunplan 35000 ww pairs (1996-2000) at 161-208 GeV at LEP!

¥ A @ pm Zbosons (i.e.tera-Z)=>
;E i LEP dataset in O(minutes)
2 W _
I A c&8 p MWW pairs
£ L Acg pmnzHand65k7 7 ° ( @
- 240 GeV.
L . =<1 A ¢ p m@ 370k ZH + 92k
W0 1% M0 0 0 B0 _ 40 77 © ( @340-365 GeV.
1% [GaV)
——— CDR baseline runs (2IPs) FCC-ee physics runs ordered by energy
: w = % inagraesd
30 20 30 12 5 0.2 15 luminosity
l_l 1_1 (ab-x)A
‘_-.. ’—T+I—1 lJ_\ 7 + VJ_\ + onmr
88 912 =k 1575 1625 ] 240 340 350 365 (GeV)
Z lineshape
L b~ top EW couplings
- - -
dark sector flavour (e.g. V) " S CODINgS Improved)
* MFevents
0(10"%) ( ) 0(10% 0(2 x 10%) 012 x 109 (41Ps)

(*) Electron Yukawa extraction would require tight control of BES.
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Before we go any furthere

Any questions?
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3. Physics opportunities and
challenges at FCC-ee
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FCC physics landscape (and detector requirements)

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

‘mz, [z, Ny * . s(mz) with per-mil accuracy HI S
R, Ars *Quark and gluon fragmentation gg
*mw, MN'w «Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
: n; 7
direct searches intensity
of light new physics frontier”
eAxion-like particles, dark photons,
Heavy Neutral Leptons
¢ long lifetimes - LLPs
flavour factory
(1012bb/cc; 1.7x1011 77)
Top
7 physics B physics Miop, T
op, | top
*Flavour EWPOs (Rp, AFBP:C) EW top couplings
e7-based EWPOs «CKM matrix
*lept. univ. violation tests *CP violation in neutral B mesons vertexing, tagging
momentum resol. *Flavour anomalies in, e.g., b = s77 energy resolution

tracker detector req.

hadron identification

Image credit: Christophe Grojeon
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My lecture in 1 slide
(Focus on precision programme)

A Unprecedented 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)

A To benefit from the substantial
reduction in uncertainties we
need theory predictions for
observables with at least the
same level of accuracy=> huge

challenge ahead!

g% UNIVERSITY OF
CAMBRIDGE

Ohservable

Comment and

value £ uncertainty  Stat. Sysb leading uncertainty
nz (keV) Ol 187600 = 2000 4 100 From Z line shape scan
Beam encrgy calibration
'y (ke'V) 1495500 £ 2300 4 12 From Z line shape scan
Beam energy calibration
gin® F (= 10%) 131480 = 160 1.2 1.2 From Ay at T peak
Beam energy calibration
L egimims ) {107 [2g952 =+ 14 39 small From Ajy, off peak
0.8 the From Ay, on peak
QED&EEW uncent. dominate
Rf { =10 WTET = 25 005 0.05 Ratio of hadrons to leptons
Acceptance for leptons

2 d . = a6
arg fms ) (= 10%) 119+ 30 1 1 Combined Rf' toir Thag fIL
iy [+ 107) (nl) 414802 =+ 325 0.03 0.8 Peak hadronic cross section
Luminosity measurement
N [=107) 29963 = T4 0.0 0.12 % peak cross sections
Luminesity meagunement
Ry, (=105) 216290 = 660 025 0.3 Ratio of bl to hadrons
A (10%) 992 = 14 004 004 b-quark asymmetry ai % pole
From jet charge
AT e 1My 1498 =+ 49 0.07 0.2 7 polarisation asymmetry
r decay physics
 lifietime (fg) Wwos £+ 0% ool 0.o0s ISR, T mass
 mass (MeW) 177695 = 009 .z .02 estimator bias, [SR, FSR
7 lepronic (uv, v} BR (%) 1738 = 0. 007 0003 PID, x° efficiency
mvw {MleV) E03602 = 99 0.18 016 From WW thresheld scan
Beam energy calibration
Ty (MeV) 085 £ 42 0.27 0.2 From WW thresheld scan
Beam energy calibration
as(miy) (x10%) lo10 £+ 270 2 2 Combined )" | Ty fit
N, (=10%) 2920 £ 50 .5 small Ratio of invis. to leptonic
in radiative ¥ neturms
Ny (MeV) 172570 = 290 &2 4.9 From tt thresheld sean
QCD uncent. dominate
Tp (M) l420 £ 190 10 [ From tt threshold scan
QCD uncent. dominate
BTV 12 = 03 0015 00ls From tt. thresheld scan
QCD uncent. dominate

it couplings

el

0.5-1.5 % =mall From +/ = 365 GeV run
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Lets check the maths

1. Lets remind
ourselves of the
relationship between
the cross-section for

a process and the
number of events
expected at a collider

Dr Sarah Williams: MCNet Summer School 2026 28




Relationship between cross -section and luminosity

€ n O fl Qo

A fl is the instantaneous luminosity.

A The cross-section relates to the quantum-mechanical probability of
the event occurring (and has units of area).

A ¢ 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

2. How do we use
colliders to measure
Cross-sections?




Measuring a (fiducial) cross -section

f—— e ey Already discussed by

- ‘ T Andy on Monday J
oot \ s -
2_ = } iy iﬁ?{‘* ~# ® ﬁ_
sm—ﬁ_ G S T YN R T R o ““ w(i e S R S T U U
econstruc :‘”’""‘: °:)‘:‘“:"’°"' etector response ysics distri :"‘;::":‘"“". n 0 ~ ’ s
¢ (::t::loﬁlet\zbl’) ) petec ¥ . (paﬂ?c]Z::v:l) g O sv ﬂ Q O
\ Unfolding /
A0 U is our best estimate of the number of reconstructed events that

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

A 6 is a correction factor that accounts for detector inefficiencies and
mismeasurement effects (and can be estimated using Monte-Carlo).
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Quick calculation

Assume 0 1t (admittedly terrible assumption). Then undergraduate
error propagation tell us:

y, Y0 o) y Qo
N § 5 Qo

Now assume Poisson errors and that the second and third term on the
RHS are negligible.
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Lets check the maths

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

OO0 @ pTr Y,

P P
500 by p Tt o c®8 p Tt

X X

Voo ooaogo XX

y”
l.e. reduction by a factor O(500)-c onsi stent with stat

0 The improvement in statistical uncertainties at the Z is typically a
factor 500 n

Taken from FCC Snowmass submission arxiv:2203.06520
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https://arxiv.org/pdf/2203.06520

poes tis match up? | T

Choosing a measurement from LEP that has significant contributions from statistical
uncertaintiese

nNi Qi Meioe T w

06 8 Q0 o Gomry XN
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