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bookmarks.
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wide. See page 7.
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies
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What are the fundamental forces 
and building blocks of the universe? 

Why do they have the properties 
that we observe?

3
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Higgs physics
The Higgs boson is the last particle of the SM,  

with interactions unlike any we had studied before

7
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Higgs field in space
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a core hypothesis of Standard Model 
fundamental particles get their mass 
from interaction with the Higgs field

11
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top quark is 
300,000 times 
heavier than 
electron
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field
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Higgs field in space

x
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10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

December 1, 2017 09:35

t

t

t

t

γ

γ

An LHC collision of the kind that  
led to the Higgs boson discovery
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➤ Record events with two photons;  
➤ classify and count them according to the energy of the two photons (γ)

more events at specific energy 
= Higgs bosons
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rate of events consistent  
with SM to ~10% 

but how can you be sure 
it’s a top-quark that’s in 
the intermediate stages?

? ?



Le Petit Prince, Antoine de Saint-Exupéry

Mon dessin numéro 1

« Pourquoi un chapeau ferait-il peur ? »
“Why should any one be frightened by a hat?”
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https://gutenberg.net.au/ebooks03/0300771h.html


« Mon dessin ne représentait pas un 
chapeau. Il représentait un serpent boa 
qui digérait un éléphant. »
“My drawing was not a picture of a 
hat. It was a picture of a boa 
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“Due to a (too) low signal-to-background ratio S/B ~ 1/9 [ttH] 
channel might not reach a 5σ significance for any luminosity.” 

[from introduction to arXiv:0910.5472,  
summarising ATLAS and CMS ttH(→bb) studies at that point]

Situation at start of LHC (2009)
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Number of σ measures statistical 
significance of a signal: 

i.e. (size of signal) / uncertainty 

Indicates how sure you can be that 
you are seeing a genuine signal 

rather than a statistical fluctuation 

Particle physics conventions 

3σ: “evidence”  
(if you’re not expecting it, don’t be 
surprised if it goes away with more 

data!) 

5σ: “observation” 
(should be robust)
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since 2018: ATLAS & CMS see (at >5σ) events with top-quarks & Higgs simultaneously

20

Higgs = one in 2 billion events 1 in 2,000 events with top quarks

enhanced fraction of Higgs bosons in events with top quarks 
→ direct observation of Higgs interaction with tops 

(consistent with SM to c. ±25%)

indirect direct (5.2σ)
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Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018
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by observing  in association 
with top quarks

H

Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018
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by observing  in association 
with top quarks

H

by observing  decaysH → bb̄

Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018

by observing  decaysH → τ+τ−

Full 3rd generation Yukawas were not part of the LHC design case. 
Amazing achievement of LHC experiments to have directly observed them
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Particle’s mass 
[GeV]

Particle’s 
strength of 
interaction 
with Higgs 

field

Standard Model prediction:  

mass = higgs-field-value 
             × interaction-strength



Gavin Salam

what could one be saying about it?

For a full set of particles (3rd generation) that are like the ones we’re made of, 
the LHC has demonstrated that their mass is not an intrinsic property, but is 

generated by an interaction with a non-zero Higgs field. 

A field is something that can in principle be modified. And so the masses of 
particles could conceivably also be modified

23

Is this any less important than the discovery of the Higgs boson itself? 
My opinion: no
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FCC-ee FCC-hh

2029–2041 

proton–proton  
14,000 GeV energy 
10× more collisions 

than LHC

2045–2060(c.) 

electron–positron 
91–365 GeV energy 

300,000× more 
collisions than LEP 

[or CEPC@China,  
ILC, CLIC]

2070–2090(c.) 

proton–proton 
~100,000 TeV energy 
10× more collisions 

than HL-LHC 

or SppS@China 
or muon collider
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These are the 
fundamental 
particles that 

make up atoms
du
d

u
u d

e

proton neutron

atom

NB: most of mass of proton and 
neutron comes from other sources 
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a BIG question of particle 
physics is whether all of 

these particles acquire their 
mass in the same way
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In SM hypothesis: the lighter the particle, the less it interacts with the Higgs field 
→ the more difficult it is establish if it actually gets mass from interactions with the Higgs field

a BIG question of particle 
physics is whether all of 

these particles acquire their 
mass in the same way
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In SM hypothesis: the lighter the particle, the less it interacts with the Higgs field 
→ the more difficult it is establish if it actually gets mass from interactions with the Higgs field

a major LHC goal of the next 
years (Run-3 or HL-LHC) will 

be to establish, for the first 
time, whether a 2nd generation 
particle also acquires its mass 

in the same way 

[ATLAS/CMS have first 
indications, but not yet 5σ]
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What of FCC-ee?
quarks and yet-lighter particles 

are much harder  

future  collider, if built, 
will clearly establish if charm-

quarks get their mass from 
Higgs-field interactions

e+e−
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What of FCC-ee?

As FCC-ee case has been 
explored it’s become clear that 

strange quark and electron 
“Yukawas” are just barely at the 

edge of reach 

Discovering origin of electron 
mass would be a huge 

accomplishment 
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

31

?
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fundamental particles only get 
mass if the Higgs field is  

non-zero

32

Why is the Higgs field non-zero?
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https://commons.wikimedia.org/wiki/File:VFPt_Dipole_field.svg
https://en.wikipedia.org/wiki/Western_Hemisphere#/media/File:Western_Hemisphere_LamAz.png
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V(ϕ)

Public D
om

ain, https://com
m

ons.w
ikim

edia.org/w
/index.php?curid=

95023097

unique among all the 
fields we know, the Higgs 
field is the only one that 
is non-zero “classically” 

Why? 
Higgs potential? 

Keystone of SM

SM
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Higgs potential

36

The Higgs field is 
non-zero because 
that ensures the 
lowest potential 

energy 

The SM proposes a 
very specific form 

for the potential as a 
function of the Higgs 

field
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Higgs potential

36

The Higgs field is 
non-zero because 
that ensures the 
lowest potential 

energy 

The SM proposes a 
very specific form 

for the potential as a 
function of the Higgs 

field
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Higgs potential – remember: it’s an energy density

37

Corresponds to an energy density of 
 

 → Mass density of  
i.e. >40 billion times nuclear density

1.5 × 1010 GeV/fm3

E = mc2 2.6 × 1028 kg/m3
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Higgs field in space

x

yφ

11. Status of Higgs boson physics 31

boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.

December 1, 2017 09:35

c3λ3
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Higgs potential

40

Studying H→HH probes 
specific mathematical property 

of the potential’s shape: 

its third derivative ( ), 
i.e. how asymmetric it is  

at the minimum 

[reconstruction in plot 
assumes higher derivatives as 

in SM]

λ3
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Science fiction

41

could we make a bubble 
with zero Higgs field?

if so, properties of matter 
in that bubble would be 

completely different
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Science fiction

41

could we make a bubble 
with zero Higgs field?

if so, properties of matter 
in that bubble would be 

completely different

there is nothing to suggest that this would be possible 
but we know so little about the Higgs field and its interactions with the 
particles of which we’re made, that it would be almost reckless not to 

investigate them further
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desirable features of the next major HEP project(s)?
an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

42
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these questions remain deep 
mysteries, which we continue to 

explore

We have been good 
these past decades. 
Please could you 
now bring us 

a dark matter candidate 
an explanation for the fermion masses 
an explanation of matter-antimatter 
asymmetry 
an axion, to solve the strong CP problem 
a solution to fine tuning the EW scale 
a solution to fine tuning the 
cosmological constant

Thank you, Particle Physicists
ps: please, no anthropics

Dear Santa Claus,
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Report of the Topical Group on Particle Dark Matter for Snowmass 2021
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Figure 6: Cartoon figure of the model space for direct detection. Included are candidates of thermal dark
matter, supersymmetry, asymmetric dark matter [16], SIMP/Elder [220–223], dark monopoles [226], WIM-
Pzillas [18], and hidden sector dark matter [25]. Note that the interaction cross-section can be for either
scattering with nucleons or electrons, depending on the specific model.

4.3 The path toward DM discovery with direct detection

Many candidates in the “heavy” range will not be tested by the suite of current generation experiments that
are under construction or operating. The next suite of experiments should have an order of magnitude larger
exposure and be able to significantly enhance our capabilities to probe much of this high-priority parameter
space. This future suite should probe models with spin-dependent interactions and others beyond the usual
coherent DM-nucleus interactions. In addition, we cannot a↵ord to eliminate support for successful DM
search programs with unique sensitivity. Similarly, many candidates in the “light” range will not be tested
with the current suite of “small scale projects”. Continued investment to scale up in mass and/or reduce
and understand low-energy backgrounds in programs to search for particle DM is thus crucial.

The benchmark for future generation experiments is to search for heavy DM candidates in the parameter
space that reaches to the neutrino “fog”, the expected background from the coherent elastic neutrino-nucleus
scattering (CE⌫NS) of solar and atmospheric neutrinos, or that advances sensitivity by an order of magnitude
beyond the reach of current generation experiments in spaces where the fog remains many orders of magnitude
distant, such as spin-dependent interactions. For light mass DM candidates the goal over the next decade is
to probe DM scattering down to 1 MeV and DM absorption down to 1 eV.

4.3.1 Enabling Discovery with Complementary Probes

The three categories of particle DM, as well as models within each category, give rise to distinct DM-SM
interactions and experimental signatures in direct detection setups. Discovering particle DM requires a
multi-faceted approach involving detectors that can measure di↵erent aspects of DM-SM interactions, as
well as provide information about the DM distribution in our galactic halo.

Heavy DM candidates, such as WIMPs, are traditionally probed via their interactions with nucleons in
the target material. Spin-independent interactions benefit from targets with high atomic mass due to the
coherent A

2 enhancement of the scattering rate. On the other hand, spin-dependent interactions require

22

Snowmass Dark Matter report, 2209.07426

30 orders 
of magnitude 
in interaction 

strength

30 orders of 
magnitude in mass

https://arxiv.org/abs/2209.07426
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typeset from Gian Giudice original for Fabiola Gianotti

ℒ = y H ψ ψ̄ + μ2 |H |2 − λ |H |4 − V0

Almost every problem of the Standard Model originates from Higgs 
interactions 

naturalness stability cosmological 
constant

flavour

11

Higgs boson at HL-LHC

0.1 < kλ < 2.3 95% C.L. 

First observation of HH production within reach at ~ 5σ level

Today: 
ATLAS : cross-section < 2.4 x SM (2.9 expected),   - 0.4 < kλ < 6.3     95% C.L.
CMS    : cross-section < 3.4 x SM (2.5 expected),  - 1.24 < kλ < 6.49   95% C.L.

H is profoundly different from all elementary particles discovered previously (first elementary 
scalar?), is related to the most obscure sector of the Standard Model and linked to some
of the deepest structural questions (flavour, naturalness/hierarchy, vacuum, ...)

G. Giudice
Higgs boson is an extraordinary discovery tool and calls for a compelling and broad 
experimental programme which will extend for decades at the LHC and future facilities.
Note: Higgs boson can only be studied at colliders

HL-LHC: factor ~ 15 larger data sample than today (3000 fb-1, ~180 M Higgs produced per experiment) and improved detectors 
à significant increase in sensitivity, e.g. rare production and decay modes, differential distributions, searches for additional H, etc.
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ℒ = y H ψ ψ̄ + μ2 |H |2 − λ |H |4 − V0

Almost every problem of the Standard Model originates from Higgs 
interactions 

naturalness stability cosmological 
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flavour

?



Gavin Salam CERN Council Retreat, Sinaia, Romania, August 2024

Naturalness in particle physics ➤ quantum fluctuations act on the Higgs 
sector, trying to drive up the Higgs 
boson’s mass, as far as it can go  

➤ widespread belief among physicists: 
only thing that could provide an upper 
limit is some yet-to-be discovered 
new physics 

➤ and it shouldn’t be too much heavier 
than the Higgs mass (i.e. accessible at 
LHC or next colliders) 

[an alternative is some huge cosmic 
coincidence; or that we have a deep 
misunderstanding of underlying physics]

46

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html 
NB: shows QCD quantum fluctuations, so not directly those connected with the Higgs mass

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html 
NB: shows QCD quantum fluctuations, so not directly those connected with the Higgs mass

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html


« Mon dessin ne représentait pas un 
chapeau. Il représentait un serpent boa 
qui digérait un éléphant. »
“My drawing was not a picture of a 
hat. It was a picture of a boa 
constrictor digesting an elephant.”

Mon dessin numéro 2

Le Petit Prince, Antoine de Saint-Exupéry

Mon dessin numéro 1

« Pourquoi un chapeau ferait-il peur ? »
“Why should any one be frightened by a hat?”

47

indirect  
evidence

direct  
evidence

https://gutenberg.net.au/ebooks03/0300771h.html
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measuring many distinct interactions is crucial in indirect searches
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Illustration from ILC studies 
(linear electron-positron collider) 
& slide by D. Jeans @ICHEP 2020

Potential deviations from SM [%]
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100%
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1%

0.1%

1 TeV 10 TeV 100 TeV

mass scale of new physics

deviation 
from SM

Exact relation depends 
on type of new physics 

But pattern that higher 
precision probes higher 

scales is universal
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FCC precision gain

increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach
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Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges 7

Fig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and
CLIC, the projections are shown with and without dedicated running at the Z pole, with the current (somewhat arbitrary)
estimate of future experimental and theoretical systematic uncertainty (left, from Ref. [30]); and with only statistical and
parametric uncertainties (right, from Ref. [42]).

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

measurements; the interest of the Electroweak measurements and of the improvement of the associated systematic
uncertainties; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit, and that the flavour observables have not been considered.

Dedicated analysis of the pattern of deviations for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to identify or restrict the origin of one or several experimental deviation(s) from the SM
predictions. The e↵ects of a heavy Z0 gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z0 mixing or interference, while measurements at higher energies would display increasing
deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two e↵ects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.

maximum scale probed indirectly ̶ up to 70 TeV
FCC precision gain

increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach
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increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach
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FCC-ee precision gain

geom.avg: 
18×  

better 
than 
today

Two messages 

➤ with a rough estimate for systematics, FCC-
ee brings a big step forward (geom.avg. = × 
18, across  20 observables) 

➤ still huge scope for thinking about how to 
improve systematics (gain of up to further × 
100 in some cases) 

This is the fun part for us as physicists! 
and will call for joint efforts by   
experiment/theory/accelerator 

physicists

≳
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FCC-ee precision gain

geom.avg: 
18×  

better 
than 
today

Provides foundations for the continued 
exploration of the field. 

Because it ensures firm knowledge of  
starting point.

precision has intrinsic value



« Mon dessin ne représentait pas un 
chapeau. Il représentait un serpent boa 
qui digérait un éléphant. »
“My drawing was not a picture of a 
hat. It was a picture of a boa 
constrictor digesting an elephant.”

Mon dessin numéro 2

Le Petit Prince, Antoine de Saint-Exupéry

Mon dessin numéro 1

« Pourquoi un chapeau ferait-il peur ? »
“Why should any one be frightened by a hat?”
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indirect  
evidence

direct  
evidence

https://gutenberg.net.au/ebooks03/0300771h.html
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Example of a direct search (Z’) at LHC
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what should we expect as a step up in energy?

I like the  as a simple measure of progress  
(simple and most experiments look for it)

Z′ SSM

55

Tevatron (Fermilab, USA) 
 , 1.96 TeV, 10 fb-1 

Exclusion limit ~ 1.2 TeV 

(if they had analysed all their data in 
electron and muon channels; actual CDF 

limit 1.071 TeV, 4.7fb-1, μμ only)

pp̄
LHC 

 , 14 TeV, 3000 fb-1 

Exclusion limit ~ 6.7 TeV 

(electron and muon channels,  
single experiment)

pp
× 5.6 

replicated across 
myriad search 

channels 
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step up in energy for direct searches?
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FCC-hh 
 , 100 TeV, 20 ab-1 

Exclusion limit ~ 41 TeV 

(based on PDF luminosity scaling, 
assuming detectors can handle muons 

and electrons at these energies)

pp
LHC 

 , 13 TeV, 3000 fb-1 

Exclusion limit ~ 6.7 TeV 

(electron and muon channels,  
single experiment)

pp
× 6.1 

I like the  as a simple measure of progress  
(simple and most experiments look for it)

Z′ SSM

replicated across 
myriad search 

channels 
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LHC explores in huge number of directions. 

FCC-hh would bring factor 4‒6 increase  
in exploration across all of them
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Conclusions
➤ There is a guaranteed discovery: directly establishing Higgs self-interaction, which 

holds the SM together, via robust precision of Higgs factory and direct measurement 
at higher-energy colliders 

➤ is there a chance of a second guaranteed discovery in establishing (or disproving) 
SM origin of electron mass at circular e+e– colliders? 

➤ The step up in energy reach that we expect is ~ × 4 – 5 

➤ e+e– colliders (esp. FCC-ee/CEPC) deliver that mostly in “indirect” sensitivity, 
through precision increase ~ × 18 

➤ FCC-hh would deliver that in direct search sensitivity, exploring in a huge number 
of directions 

➤ Diversity and robustness of the programme = essential part of their strength
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