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∂μFμν = − e2φ2
o Aμ

MA = eφ0

Weinberg (1967):
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Higgs et al (1964):



Weinberg (1967):
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Melectron = Geλ ⇒ Ge ∼ O(10−6)
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After ~15 yrs, 40 yrs on Friday …



Weinberg (1967):
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Melectron = Geλ ⇒ Ge ∼ O(10−6)

Mφ = M1

M2
φ ∼ h/GF < hmax

unitarity/GF

M1 not constrained by known parameters like MZ,W, GF => 
no prediction for the Higgs mass …

=> … except for a unitarity-driven upper limit, O(TeV)
NB in Weinberg’s notation h is the Higgs self-coupling strength, from hφ4



Large Hadron Collider: 
a Higgs guaranteed-discovery machine
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booster, 157m (1972)

proton synchrotron 
628m (1959)

super-proton synchrotron, 
7km (1976)
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LHC, 27 km  
(1989 as LEP, 2008 as LHC)
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THE LHC



• 35 tonnes

The LHC dipole

• 50 ft long

• Stress at the collar: 150 MPa • ~  22,000 psi
• ~  1,500 kg/cm2

(Earth’s field ~ 
0.5 Gauss)

• B field = 83,000 Gauss 

• T = 1.9K0 = – 456 F

• superfluid liquid Helium

• Ni Ti SC cable

• Stored energy: 7 MJoule

More, but simple, facts about LHC dipoles: 
http://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.magnetic_dipoles

http://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.magnetic_dipoles




• 1232 LHC dipoles, plus ~600 other smaller magnets

The LHC accelerator

• Ebeam = 7000 GeV ~ 7x1012 eV ~ 5 trillions 1.5V batteries

• E=mc2 / √[1–v2/c2] ➭ v = 0.999 999 99 c

• Ebeam = 7000 GeV ~ 7500 mproton c2

• Nproton ~ 1011/bunch x 2800 bunches/beam x 2 beams ~ 1014

• Energy stored ~ 350 MJ ~ 200 lb of TNT ~ Train running full speed

 ~ 100 M km of batteries, about 
d[Earth-Sun]

7 TeV7 TeV 14



The general targets of a collider experiment

(a) measure fundamental properties of elementary particles: 

• mass, spin and the coupling strength of their interactions

(b) extract information on the interaction dynamics

• electroweak and strong interactions, in various regimes of energy, distance, collectivity

(c) identify possible departures from Standard Model expectations:

• unexpected dynamical features of known interactions

• detection of new fundamental interactions

• detection of previously unknown particles

14
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Example: decay products of a top + antitop quark pair

X

y1
y2

yn

M2
X = P2

X = ∑
i=1,n

p(yi)

2

Example, measure the mass: reconstruct decays, and use M=√ P2. 
Need to fully contain/detect/identify all decay products, and precisely measure their 4-momentum
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ProbTH(X in det acceptance |m, g, PDF) × N(pp collisions) = Nexp(X in det acceptance)

Example, couplings: measure production rates, or decay modes and fractions. 

m=mass, 
g=coupling strengths, 
PDF=distribution of quarks/
gluons inside individual proton

EXP:
understand detection efficiency, particle 
identification, measure momenta to 
define fiducial phase-space region, 
etcetc
Typical δstat as small as permille, δsyst ~ 
percent TH:

Theoretical calculation of relevant matrix elements, 
higher-order calculations for complex processes 
typically involve millions of Feynman diagrams. 

δsyst ~ few percent from perturbative, PDF and 
parametric uncertainties

X=specific process

extract params by 
fitting this equality

Accelerator+Exp
detailed modeling of the beam geometry 
and population, evolution as fill evolves, 
non-linear dependence on beam density, 
dynamics, cross-talk, accelerator/detector 
interface, etc.etc. Interplay of accelerator 
and experiment, δsyst today at sub-% level 

ATLAS, https://arxiv.org/abs/2212.09379 

https://arxiv.org/abs/2212.09379
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…to be done in the context of events looking like this (here 78 individual pp 
interactions in a single bunch crossing — CMS)

• bunch collisions frequency: 40 MHz
• event size: ~ 2 MB => event storage rate O(kHz)
• time to decide whether the event is of potential interest for storage and 

further analysis: ~ O(μsec)
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Fast forward to 2012

H → γγ H → 4 leptons
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The ATLAS Collaboration
Nature, 607, 52–59 (2022)

The CMS Collaboration
Nature, 607, 60–68 (2022)

by 2022:

https://www.nature.com/articles/s41586-022-04893-w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwimxorXw6T9AhXIWaQEHecZDuoQFnoECAwQAQ&url=https://www.nature.com/articles/s41586-022-04892-x&usg=AOvVaw1y1o0NlgkyvtC6M9XGVZ9T


20

ΓH = 3.2
+2.4
−1.7

MeV

The Higgs width (SM: 4.1 MeV)



The key lessons

• The LHC works, and is more powerful than expected !

• The experiments work, and are more precise than expected !

• Theory works, and is more reliable than expected !

• The Higgs exists …

• … and nothing else beyond the Standard Model showed up …

• … but the spectrum of physics emerged from the LHC is far richer 
than expected !

21



The value of diversity in collider physics
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LHC scientific production

Over 3000 papers published/submitted to refereed journals by the 7 
experiments that operated in Run 1 and 2 (ALICE, ATLAS, CMS, 
LHCb, LHCf, TOTEM, MoEDAL)

Of these:

~10% on Higgs  (15% if ATLAS+CMS only)

~30% on searches for new physics (35% if ATLAS+CMS only)

~60% of the papers on SM measurements (jets, EW, top, b, 
HIs, …)

23
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QCD dynamics

• Countless precise measurements of hard cross sections, and improved 
determinations of the proton PDF

• Measurement of total, elastic, inelastic pp cross sections at different energies, new 
inputs for the understanding of the dominant reactions in pp collisions

• Exotic spectroscopy: discovery and study of new tetra- and penta-quarks, doubly 
heavy baryons, expected sensitivity to glueballs

• Discovery of QGP-like collective phenomena (long-range correlations, strange and 
charm enhancement, …) in “small” systems (pA and pp)

EW param’s and dynamics

• mW, mtop 171.77 ± 0.37 GeV, (CMS https://arxiv.org/pdf/2302.01967.pdf)  sin2θW

• EW interactions at the TeV scale (DY, VV, VVV, VBS, VBF, Higgs, …)

Not only Higgs and exotic searches !

Flavour physics
• B(s) →μμ
• D mixing and CP violation in the D system
• Measurement of the γ angle, CPV phase φs, …
• Lepton flavour universality in charge- and neutral-current 

semileptonic B decays => possible anomalies ?

https://arxiv.org/pdf/2302.01967.pdf
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Excellent agreement between data and theoretical predictions, over 10 orders of magnitude, 
culminating 30 years of progress in higher-order perturbative calculations, which have now 
reached next-to-leading order as routine, NNLO as benchmark for most processes, and NNNLO 
available for only some (very important!) cases, but rapidly expanding beyond
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Example: PDF fits from LHC data
ATLASpdf21 fit, https://arxiv.org/pdf/2112.11266.pdf including HERA and ATLAS data

Strange quark / light antiquarks ratio Gluon PDF

https://arxiv.org/pdf/2112.11266.pdf


Precision W physics
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ATLAS 2020: arXiv:2007.14040 

LEP: 
BR(Wàτν)/BR(Wàµν) = 1.066 ± 0.025 
ATLAS: 
BR(Wàτν)/BR(Wàµν) = 0.992 ± 0.013

CMS 2022: arXiv:2201.07861 

?? LEP2 !!SM

https://arxiv.org/pdf/2201.07861
http://www.arXiv.org/abs/2007.14040


Study of QCD dynamics in previously 
unexplored dynamical regimes
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consolidation of known phenomena, with 
higher precision and broader coverage:
(ALICE, https://inspirehep.net/literature/2165947 )

discovery of new dynamical behaviour, with 
collective phenomena typical of QGP 
appearing already in high-multiplicity final 
states of pp and pA

Collective QCD phenomena in high-T, high-density 
and other extreme environments 

https://inspirehep.net/literature/2165947


Exotic Spectroscopy, nuclear physics and more



Continued progress, and novelties, in spectroscopy

31css ccu

CMS, Phys. Lett. B 803 (2020) 135345  

http://dx.doi.org/10.1016/j.physletb.2020.135345
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3 3–

A usual baryon:

A baryon with two heavy q’s:

3 3–Similar to a heavy meson, eg Bu

but here the core is a fermion, while in a doubly-heavy baryon the 
core is a boson (different hyperfine splitting structures, etc)

⇒ rewarding for theory and experiment to challenge 

each other’s ability to predict/measure!!

3 x 3 = 6 + 3
_
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Impact on astroparticle physics
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LHCf https://arxiv.org/pdf/1703.07678.pdf 

LHCf https://arxiv.org/pdf/2003.02192.pdf 

LHCf detector during installation

Probing the spectrum of 
most energetic particles 
forward-produced => 
model development of 
highest-energy cosmic 
ray showers in the 
atmosphere

neutrons

photons~π0~π+–

https://arxiv.org/pdf/1703.07678.pdf
https://arxiv.org/pdf/2003.02192.pdf
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Laura Šerkšnytė CERN seminar 

ALICE https://doi.org/10.1038/s41567-022-01804-8 

https://indico.cern.ch/event/1187944/
https://doi.org/10.1038/s41567-022-01804-8


Neutrino physics
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First detection of neutrinos produced by the LHC

The goal: measure neutrino cross 
sections in energy ranges never 
explored before, of relevance to 
cosmic neutrino studies, and flavour-
tagged
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SND@LHC



Remarks
• These 3000 papers reflect the underlying existence, at the LHC, of 100’s 

of scientifically “independent” experiments, which historically would have 
required different detectors and facilities, built and operated by different 
communities

• On each of these topics the LHC expts are advancing the knowledge 
previously acquired by dedicated facilities

• HERA→PDFs, B-factories→flavour, RHIC→HIs, LEP/SLC→EWPT, etc

• Even in the perspective of new dedicated facilities, eg SuperKEKB or EIC, 
LHC maintains a key role of competition and complementarity

41

I have a broad concept of “new physics”, which includes SM phenomena, emerging 
from the data, that are unexpected, surprising, or simply poorly understood. 

I consider as “new”, and as a discovery, everything that is not obviously predictable, 
or that requires deeper study to be clarified, even if it belongs to the realm of SM 
phenomena.

“New physics” is emerging every day at the LHC!



What’s next for the LHC, and beyond?
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•Data driven:
• DM
• Neutrino masses
• Matter vs antimatter asymmetry
• Dark energy
• …

•Theory driven:
• The hierarchy problem and naturalness
• The flavour problem (origin of fermion families, mass/mixing 

pattern)
• Origin of inflation
• …
• Quantum gravity

beyond the Higgs: 
the important questions
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• For none of these questions, the path to an answer is unambiguously defined. 

• Two examples: 

•DM: could be anything from fuzzy 10–22 eV scalars, to O(TeV) WIMPs, to multi-
M⦿ primordial BHs, passing through axions and sub-GeV DM

• a vast array of expts is needed, even though most of them will end up empty-
handed…

•Neutrino masses: could originate anywhere between the EW and the GUT 
scale
•we are still in the process of acquiring basic knowledge about the neutrino 

sector: mass hierarchy, majorana nature, sterile neutrinos, CP violation, 
correlation with mixing in the charged-lepton sector (μ→eγ, H→μτ, …): as 
for DM, a broad range of options to explore, to find the right clues

•We cannot objectively establish a hierarchy of relevance among the fundamental 
questions. The hierarchy evolves with time (think of GUTs and proton decay 
searches!) and is likely subjective. It is also likely that several of the big questions 
are tied together and will find their answer in a common context  (eg DM and 
hierarchy problem, flavour and nu masses, quantum gravity/inflation/dark energy, …)

The opportunities
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v
H0

Where does this come from?

V(H) = – μ2 |H|2 + λ |H|4

But there is one central question to the progress of HEP, 
which can only be addressed by colliders



The SM Higgs mechanism (á la Weinberg) provides the minimal set of 

ingredients required to enable a consistent breaking of the EW symmetry.  

Where these ingredients come from, what possible additional 
infrastructure comes with them, whether their presence is due 

to purely anthropic or more fundamental reasons, we don’t 
know, the SM doesn’t tell us …

47



a historical example: 
superconductivity

•The relation between the Higgs phenomenon and the SM is similar to 
the relation between superconductivity and the Landau-Ginzburg 
theory of phase transitions: a quartic potential for a bosonic order 
parameter, with negative quadratic term, and the ensuing symmetry 
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an 
experimentally proven phenomenological model. But we would still lack 
a deep understanding of the relevant dynamics.

• For superconductivity, this came later, with the identification of e–e– 
Cooper pairs as the underlying order parameter, and BCS theory. In 
particle physics, we still don’t know whether the Higgs is built out of 
some sort of Cooper pairs (composite Higgs) or whether it is 
elementary, and in both cases we have no clue as to what is the 
dynamics that generates the Higgs potential. With Cooper pairs it 
turned out to be just EM and phonon interactions. With the Higgs, none 
of the SM interactions can do this, and we must look beyond.

48
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• BCS-like: the Higgs is a composite object

• Supersymmetry: the Higgs is a fundamental field and
• λ2 ~  g2+g’2 , it is not arbitrary (MSSM, w/out susy breaking, has 

one parameter less than SM!)
• potential is fixed by susy & gauge symmetry
• EW symmetry breaking (and thus mH and λ) determined by the 

parameters of SUSY breaking

• …

examples of possible scenarios
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The LHC experiments have been exploring a vast 
multitude of scenarios of physics beyond the 
Standard Model
In search of the origin of known departures from the SM

• Dark matter, long lived particles

• Neutrino masses

• Matter/antimatter asymmetry of the universe
To explore alternative extensions of the SM

• New gauge interactions (Z’, W’) or extra Higgs bosons

• Additional fermionic partners of quarks and leptons, 
leptoquarks, …

• Composite nature of quarks and leptons

• Supersymmetry, in a variety of twists (minimal, constrained, 
natural, RPV, …)

• Extra dimensions

• New flavour phenomena

• unanticipated surprises …



So far, no conclusive signal of physics beyond the SM

TeV

TeV



• Is the Higgs the only (fundamental?) scalar field, or are there other Higgs-
like states (e.g. H±, A0, H±±, ... , EW-singlets, ....) ?

• Do all SM families get their mass from the same Higgs field?

• Do I3=1/2 fermions (up-type quarks) get their mass from the same Higgs 
field as I3=–1/2 fermions (down-type quarks and charged leptons)?

• Do Higgs couplings conserve flavour? H→μτ? H→eτ? t→Hc?

• Is there a deep reason for the apparent metastability of the Higgs vacuum?

• Is there a relation among Higgs/EWSB, baryogenesis, Dark Matter, inflation? 

• What happens at the EW phase transition (PT) during the Big Bang?

• what’s the order of the phase transition?

• are the conditions realized to allow EW baryogenesis? 

Other important open issues 
on the Higgs sector

52

➡ the Higgs discovery does not close the book, it opens a whole new 
chapter of exploration, based on precise measurements of its 
properties, which can only rely on a future generation of colliders



The importance of the in-depth exploration of the Higgs 
properties was acknowledged by the 2020 update of the 

European Strategy for Particle Physics:

“An electron-positron Higgs factory is the 
highest-priority next collider” 



• Is the mass scale beyond the LHC reach ?

• Is the mass scale within LHC’s reach, but final states are 
elusive to the direct search ?

Key question for the future developments of HEP: 
Why don’t we see the new physics we expected to 

be present around the TeV scale ?

These two scenarios are a priori equally likely, but they impact in 
different ways the future of HEP, and thus the assessment of the physics 
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
• precision  ⇒ higher statistics, better detectors and experimental conditions

• sensitivity (to elusive signatures) ⇒ ditto

•extended energy/mass reach ⇒ higher energy



Remark 

the discussion of the future in HEP must start from the 

understanding that there is no experiment/facility, proposed 

or conceivable, in the lab or in space, accelerator or non-

accelerator driven, which can guarantee discoveries 

beyond the SM, and answers to the big questions of the 

field

55



(1) the guaranteed deliverables: 
• knowledge that will be acquired independently of possible 

discoveries (the value of “measurements”)

(2) the exploration potential: 
• target broad and well justified BSM scenarios .... but guarantee 

sensitivity to more exotic options
• exploit both direct (large Q2) and indirect (precision) probes

(3) the potential to provide conclusive yes/no answers to relevant, 
broad questions.

56

The physics potential (the “case”) of a future facility for HEP should 
be weighed against criteria such as:



http://cern.ch/fcc
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Future Circular Collider

• FCC-ee: e+e– @ 91, 160, 240, 365 GeV
• FCC-hh: pp @ 100 TeV
• FCC-eh: e60GeV p50TeV @ 3.5 TeV

100km tunnel

link to CDR

https://fcc-cdr.web.cern.ch


Event rates: examples
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FCC-ee H Z W t τ(←Z) b(←Z) c(←Z)

106 5 1012 108 106 3 1011 1.5 1012 1012

FCC-hh H b t W(←t) τ(←W←t)

2.5 1010 1017 1012 1012 1011

FCC-eh H t

2.5 106 2 107



(1)guaranteed deliverables: Higgs properties
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Coupling deviations for various BSM models, likely to remain unconstrained by direct searches at HL-LHC

https://arxiv.org/pdf/1708.08912.pdf

> 10%

5 – 10 % NB: when the b coupling is modified, BR deviations are 
smaller than the square of the coupling deviation. Eg in 
model 5, the BR to b, c, tau, mu are practically SM-like

(sub)-% precision must be the goal to ensure 3-5σ evidence of deviations, 
and to cross-correlate coupling deviations across different channels

https://arxiv.org/pdf/1708.08912.pdf


The absolutely unique power of e+e– →ZH (circular or linear): 
• the model independent absolute measurement of HZZ coupling, 

which allows the subsequent:
• sub-% measurement of couplings to W, Z, b, τ
• % measurement of couplings to gluon and charm

p(H) = p(e–e+) – p(Z)

=> [ p(e–e+) – p(Z) ]2 peaks at m2(H) 

reconstruct Higgs events independently of the 
Higgs decay mode!

N(ZH) ∝	σ(ZH) ∝	gHZZ2

N(ZH[→ZZ]) ∝		
σ(ZH) x BR(H→ZZ) ∝		
gHZZ2 x gHZZ2 / Γ(H)

=> absolute measurement 
of width and couplings

mrecoil = √ [ p(e–e+) – p(Z) ]2



HL-LHC FCC-ee FCC-hh
δΓH / ΓH (%) SM 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 ~10 (indirect) 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.9 (*)
δgHHH / gHHH (%) 50 ~44 (indirect) 5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%
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Higgs couplings after FCC-ee / hh

NB 
BR(H→Zγ,γγ) ~O(10–3) ⇒ O(107) evts for Δstat~%
BR(H→μμ) ~O(10–4) ⇒ O(108) evts for Δstat~%



The absolutely unique power of pp →H+X: 

• the extraordinary statistics that, complemented by the per-mille e+e– 
measurement of eg BR(H→ZZ*), allows 
• the sub-% measurement of rarer decay modes
• the ~5% measurement of the Higgs trilinear selfcoupling

• the huge dynamic range (eg pt(H) up to several TeV), which allows to 
• probe d>4 EFT operators up to scales of several TeV
• search for multi-TeV resonances decaying to H, or extensions of the 

Higgs sector

N100 = σ100 TeV × 30 ab–1

N14 = σ14 TeV × 3 ab–1

gg→H VBF WH ZH ttH HH

N100 24 x 109 2.1 x 109 4.6 x 108 3.3 x 108 9.6 x 108 3.6 x 107

N100/N14 180 170 100 110 530 390



HL-LHC FCC-ee FCC-hh
δΓH / ΓH (%) SM 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 ~10 (indirect) 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.9 (*)
δgHHH / gHHH (%) 50 ~44 (indirect) 5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%
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Higgs couplings after FCC-ee / hh

* From BR ratios wrt B(H→ZZ*) @ FCC-ee
** From pp→ttH / pp→ttZ, using B(H→bb) and ttZ EW coupling @ FCC-ee

NB 
BR(H→Zγ,γγ) ~O(10–3) ⇒ O(107) evts for Δstat~%
BR(H→μμ) ~O(10–4) ⇒ O(108) evts for Δstat~%

pp collider is essential to beat the % 
target, since no proposed ee collider 
can produce more than O(106) H’s



(2)Direct discovery reach at high mass: the 
power of 100 TeV
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s-channel resonances

100 TeV allow to directly access the mass scales revealed indirectly by precision EW 
and H measurements at the future e+e– factory
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SUSY reach at 100 TeV

15-20 TeV squarks/gluinos would require a lepton collider in the ECM range of 30-50 TeV



(3)The potential for yes/no answers to 
important questions



WIMP DM theoretical constraints
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For particles held in equilibrium by pair creation 
and annihilation processes, (χ χ ↔ SM) 

For a particle annihilating through processes 
which do not involve any larger mass scales:

Mwimp ≲ 2 TeV ( g
0.3 )

2
Ωwimp h2 ≲ 0.12



Disappearing charged track analyses
(at ~full pileup)
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Higgsino

K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing track 
signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

=> coverage beyond the upper limit of the thermal 
WIMP mass range for both higgsinos and winos !!

New detector performance studies

Mwimp ≲ 2 TeV ( g
0.3 )

2



Final remarks
• The LHC has proven the immense and unique versatility and precision of a high-

energy pp collider. Its forthcoming upgrades in luminosity and detector 
performance open the way to possible discoveries, and more surprises

• The study of the SM will not be complete until we clarify the nature of the Higgs 
mechanism and exhaust the exploration of phenomena at the TeV scale: many 
aspects are still obscure, many questions are still open.

• The exptl program possible at a future collider facility, combining a versatile high-
luminosity e+e– circular collider, with a follow-up pp collider in the 100 TeV range, 
offers unmatchable breadth and diversity: concrete, compelling and indispensable 
Higgs & SM measurements, a unique direct & indirect discovery potential, and 
continued exploration of dynamics in the most diverse contexts, with impact on a 
broad range of fields beyond colliders

• The technological, financial and sociological challenges are immense, and will test 
our community ability to build and improve on the experience of similar challenges 
in the past. 

• The next 5-6 years, before the next review of the European Strategy for Particle 
Physics, will be critical to reach the scientific consensus and political support 
required to move forward
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