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Colliders are explorers
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Collider experiments: why do we do it?
• Discover the elementary building blocks of nature
• Establish the fundamental laws that govern their interactions
• Understand the origin and history of our universe

Exploration is our natural instinct
• Colliders are the tool to explore the smallest scales

[James Webb Space Telescope]

• Counterparts to telescopes & space programmes
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BSM

BSM

• Each analysis is a new experiment

• New discoveries from the LHC every year

2023 highlights: 4 top quark production, evidence 
for  , LHC neutrinos, new exotic hadrons,…h → Zγ

https://www.flickr.com/photos/nasawebbtelescope/albums/72177720301006030
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The LHC’s success
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[Symmetry magazine]

“Completed” the Standard Model

Model !, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J). 1 3 5 10[ TeV ] 

Explored the TeV scale

[ATLAS experiment]

https://www.symmetrymagazine.org/standard-model/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/
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We want more
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[Gavin Salam, FCC Physics 
Workshop, Krakow, 2023]

Puzzles, problems, naturalness,…
• In many different sectors (EW, flavour, dark,…)

The data is pointing us towards
• Higher scales & weaker couplings
• i.e. more collider energy & better precision

Opportunity for further exploration
• Testing QFT/SM in the uncharted territory of 

energy & precision is groundbreaking in & of itself

• Do not know what we will find beyond LHC reach

• Observing known objects with better precision is 
reason enough for new experiments in most fields

https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf
https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf
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Higgs: the key player
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[Snowmass 2021 Higgs report]Involved in many of nature’s puzzles
• Directly: hierachy/naturalness, flavour/

fermion masses, stability of universe,…

• Potentially: matter anti-matter 
asymmetry, portal to dark sector,…

Future colliders must target precise 
determination of Higgs properties

• HL-LHC: 
δgh

gh
∼ 0.05 = ( v

ΛNP
)

2

⇒ ΛNP ∼ 1 TeV

• Covered by LHC reach? (model dependent)

⇒ Testing fine-tuning at few % level

<latexit sha1_base64="bJcU+d93D9QfzXPJmb4Q6fB6CQE="></latexit><latexit sha1_base64="tHhlUE17d16o8xUOu7k+7ya7w9A="></latexit>

v2 Λ2
NP+δm2

h ∼

Dynamical origin for the weak scale?

https://arxiv.org/pdf/2209.07510.pdf
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Higgs potential
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Precise shape has many implications

Today

HL-LHC

[Craig, Petrossian-Byrne]

V(h)

Today, its shape is basically unknown

V(h) =
1
2

m2
hh2 + λ3h3 + λ4h4 + ⋯

• Nature of the EW phase transition: 1st/2nd order?  Baryogenesis⇒
How did the Higgs field evolve in the early universe into the EW broken phase? 
Is it responsible for generating the matter-antimatter asymmetry of the universe?

• Potential stochastic gravitational wave background signature at e.g. LISA
[Caprini et al.; JCAP 04 (2016) 001]• (Meta)stability of the EW vacuum phase

How do we even exist and could our ground state have a finite lifetime?

Measuring   is the no-lose theorem of the FC programmeλ3

• Modifications to   imply new states coupled to the HiggsV(h)

https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
https://arxiv.org/abs/1512.06239
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FCC-ee
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Precision programme, lays foundation & targets for FCC-hh
• Like LEP did for the LHC with EWPO   paved way for Higgs discovery⇒
• Tera Z: 3 million LEPs worth of Z bosons [Blondel & Janot; Eur.Phys.J.Plus 137 (2022) 1, 92]

Clear feasible pathway to FCC-hh

Unique, precision Higgs/EW/top factory
• Semi-direct measurement of Higgs width with mild assumptions
• Connection to dark sector: invisible Higgs decay channels

e�

e+

Z ! `+`�

h ! X

<latexit sha1_base64="hh0HcpCjDIhNxqqQIytu5/u3byo="></latexit>

Challenge & opportunity
• Precision goals require a huge leap in theoretical calculations

• 3/4 loop QCD/EW corrections, beyond current reach

• High priority item to train next generation of theorists (~500 person/years)

[Blondel et al.; Contribution to EPPSU]

https://epjplus.epj.org/articles/epjplus/abs/2022/01/13360_2021_Article_2154/13360_2021_Article_2154.html
https://arxiv.org/abs/1906.02693
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FCC-hh

 8

Explore the deep UV   decaTeV mass reach⇒
• Follow up on indirect hints from HL-LHC/FCC-ee/…

[Allanach et al.; JHEP 03 (2019) 137]

[Azatov et al.; JHEP 10 (2022) 149]e.g. flavour anomalies

• “Complete coverage” for 
canonical BSM scenarios

e.g. WIMP dark matter

[Ellis et al.; Physics briefing book for ESU]

Extend composite 
Higgs sensitivity

Probe naturalness 
below per-mille level

https://arxiv.org/pdf/1810.02166
https://arxiv.org/pdf/2205.13552.pdf
https://arxiv.org/pdf/1910.11775.pdf
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FCC-hh
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Discover & test rare processes
• High-energy & high-multiplicity
• Precision measurements of multi top quark production
• High-multiplicity production of Higgs/Top/EW bosons

[Maltoni, Mantani, KM; JHEP 10 (2019) 004]

Exploring terra incognita
• Cannot know what lies around the corner, our luck might change…
• Keep an open mind and build the collider!

• Prime target:   from di-Higgs productionλ3

Directly/indirectly measure new interactions

• Quartic Higgs coupling from triple-Higgs production

• EW top quark couplings,   interaction,…tt̄hh

[Mangano, Selvaggi, Ortona; 
EPJC 80 (2020) 11, 1030]

https://arxiv.org/pdf/1904.05637.pdf
https://arxiv.org/pdf/2004.03505.pdf
https://arxiv.org/pdf/2004.03505.pdf
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Muon collider
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Radically new collider technology
• Combines clean final state with high energy :  10 TeVs ∼

Comparable physics case to FCC-ee/hh
  @ 125 GeVμ+μ− → h

[de Blas, Gu & Liu.; PRD 106 (2022) 7, 073007]

μ+

μ−

“vector boson collider”
[Delahaye et al.; input to ESU]

See also: “no-lose theorem” 
for new physics scenarios 
associated to muon g-2 
anomaly

[Capdevilla et al.;  PRD 105 (2022) 1, 015028]

Significant R & D required to determine feasibility
• Long timescale   possibly high rewards in offshoot technologies⇔

μ− vs.

https://arxiv.org/pdf/2203.04324.pdf
https://arxiv.org/pdf/1901.06150.pdf
https://arxiv.org/pdf/2101.10334.pdf


Thanks for your attention

 

Explore uncharted territory 
precision & energy

Search for new physics in 
at the decaTeV scale

EW phase transition

Origin of mass
Origin of flavour

Nature of the dark sector

Probing naturalness 

Measure the Higgs boson 
self coupling

Quantum leap in 
experimental & theoretical 

precision

Revolutionise accelerator  
technology

https://rosetta.hepforge.org
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Public lecture: Does the world need a future collider and why? (YouTube)

FCC-ee: your questions answered

FCC-hh conceptual design report

SM theory for FCC-ee: Tera Z stage

Snowmass FCC study

European strategy for particle physics homepage

FCC-ee overview

European Comittee for Future Accelerators (ECFA) homepage

Muon collider forum report (Snowmass)

"Towards a muon collider""Muon colliders" input to the ESU

"The muon smasher's guide"

FCC week 2023 conference webpage FCC physics workshop 2023 webpage

https://www.youtube.com/watch?v=TUV5e1OqnGo
https://arxiv.org/abs/1906.02693
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://e-publishing.cern.ch/index.php/CYRM/issue/view/89
https://arxiv.org/abs/2203.06520
https://europeanstrategy.cern/home
https://arxiv.org/pdf/2106.13885.pdf
https://ecfa.web.cern.ch
https://arxiv.org/pdf/2209.01318.pdf
https://arxiv.org/pdf/1901.06150.pdf
https://arxiv.org/pdf/2303.08533.pdf
https://arxiv.org/pdf/2103.14043
https://indico.cern.ch/event/1202105/
https://indico.cern.ch/event/1176398/

