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• a re-formulation of standard ideas and motivations, nothing new, 
but it helps to try formulate things in alternative ways

• no claim of providing an objective perspective, even though I 
believe it is objective…



why
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The next steps in HEP build on
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• having important questions to pursue

• creating opportunities to answer them

• being able to constantly add to our knowledge, 
while seeking those answers

The next steps in HEP build on
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• DM
• Neutrino masses
• Matter vs antimatter asymmetry
• Dark energy
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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)
• Quantum gravity
• Origin of inflation
• …

The important questions
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The opportunities
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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 
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The opportunities

One question, however, has emerged in stronger and stronger terms from 
the LHC, and appears to single out a unique well defined direction….
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We must learn to appreciate the depth and the value of this 
question, which is set to define the future of collider physics

V(H) = – μ2 |H|2 + λ |H|4
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spin
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conservation/Gauss theorem

quantized, 
in units of 
fixed charge

v
H0

VSM (H) = �µ
2 |H|2 + � |H|4

both sign 
and value 
totally 
arbitrary

>0 to ensure 
stability, but 
otherwise arbitrary

any function of |H|2 would be 
ok wrt known symmetries



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.
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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 either case 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.
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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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high-energy modes can change size and sign of 
both μ2 and λ, dramatically altering the stability 
and dynamics => hierarchy problem
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• The search for a natural solution to the hierarchy problem is likewise 
unavoidably tied to BSM physics, and has provided so far an obvious 
setting for the exploration of the dynamics underlying the Higgs 
phenomenon. 
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• The search for a natural solution to the hierarchy problem is likewise 
unavoidably tied to BSM physics, and has provided so far an obvious 
setting for the exploration of the dynamics underlying the Higgs 
phenomenon. 

• Lack of experimental evidence so far for a straightforward answer to 
naturalness, forces us to review our biases, and to take a closer look 
even at the most basic assumptions about Higgs properties 
• again, “who ordered that?”
• in this perspective, even innocent questions like whether the Higgs gives mass 

also to 1st and 2nd generation fermions call for experimental verification, 
nothing of the Higgs boson can be given for granted

• what we’ve experimentally proven so far are basic properties, which, from the 
perspective of EFT and at the current level of precision of the measurements, 
could hold in a vast range of BSM EWSB scenarios

➡ 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 hierarchy problem
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=> Chong Shik Park’s summary

which



what



Key issue
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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
• sensitivity (to elusive signatures)
• extended energy/mass reach
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What we want from a future collider
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• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB 

phenomena, with the best possible precision and sensitivity

• Exploration potential:
• exploit both direct (large Q2) and indirect (precision) probes
• enhanced mass reach for direct exploration

• E.g. match the mass scales for new physics that could be exposed via 
indirect precision measurements in the EW and Higgs sector

• Provide firm Yes/No answers to questions like:
• is there a TeV-scale solution to the hierarchy problem? 
• is DM a thermal WIMP?
• could the cosmological EW phase transition have been 1st order?
• could baryogenesis have taken place during the EW phase 

transition?
• could neutrino masses have their origin at the TeV scale?
• …

What we want from a future collider



Higgs physics targets



The necessity of e+e– → ZH

p(H) = p(e–e+) – p(Z)

N(ZH) ∝	σ(ZH) ∝	gHZZ2

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

=> [ p(e–e+) – p(Z) ]2 peaks at m2(H) 
reconstruct Higgs events independently of the Higgs 
decay mode!

=> absolute measurement 
of width and couplings

mrecoil = √ [ p(e–e+) – p(Z) ]2



Higgs couplings: beyond the HL-LHC
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Remarks and key messages

• Updated HL-LHC projections bring the coupling sensitivity to the 
few-% level. They are obtained by extrapolating current analysis 
strategies, and are informed by current experience plus robust 
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detectors in the high pile-up environment

• Projections will improve as new analyses, allowed by higher 
statistics, will be considered
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1. To significantly improve the expected HL-LHC results, future 
facilities must push Higgs couplings’ precision to the sub-% level

2. Event rates higher than what ee colliders can provide are needed 
to reach sub-% measurements of couplings such as Hγγ, Hμμ, 
HZγ, Ηtt

Remarks and key messages

• Updated HL-LHC projections bring the coupling sensitivity to the 
few-% level. They are obtained by extrapolating current analysis 
strategies, and are informed by current experience plus robust 
assumptions about the performance of the phase-2 upgraded 
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SM Higgs: event rates in pp@100 TeV
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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



• Hierarchy of production channels changes at large pT(H):
• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT

 22



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) 6.5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%

 23

Higgs couplings after FCC-ee / hh

* From BR ratios wrt B(H→4lept) @ FCC-ee

** From pp→ttH / pp→ttZ, using B(H→bb) and ttZ EW coupling @ FCC-ee
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Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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order phase transition. 



Example of precision targets: 
constraints on models with 1st order phase transition

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh

��� ��� ��� ��� ���
��-�

�����

�����

�����

�

��� ��������� λ�/λ����

��
�
��
��
���
��

|�
��
�
/�
��
�

��
-
�|

���� ������ ������� �����

�������

��-���

���-��

��
�
-��

��
�
-��

Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)



EW parameters 
@ FCC-ee

 25

*



 26
Constraints on the coefficients of various EFT op’s from a global fit of (i) EW observables, (ii) Higgs couplings and 
(iii) EW+Higgs combined. Darker shades of each color indicate the results neglecting all SM theory uncertainties. 

Global EFT fits to EW and H observables at FCC-ee
=> Jorge’s summary
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• EW&Higgs precision measurements at future ee colliders could 
probe scales as large as several 10’s of TeV (ci ~ 1÷ 4π)

2. To directly explore the origin of possible discrepancies, requires 
collisions in the several 10s of TeV region
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• The goal of sub-% precision for Higgs couplings (at least for 
couplings to gauge bosons and to 2nd & 3rd generation fermions) 
demands both an ee and high-E/L pp collider

• Should one not wait for the outcome of the ee program, before 
deciding whether pp@100 TeV is necessary? (alternatives being eg 
CLIC@3TeV, muon collider or plasma collider at few-10 TeV)
• in presence of deviations in the Higgs/EW sector, the scale of new 

physics could extend to the few 10 TeV region, direct access requires 
the highest possible energy

• absence of deviations does not imply no new physics up to 10’s of 
TeV.  Weakly coupled physics could be just beyond LHC reach, 
without leaving visible traces in the H/EWSB sectors

➡ the completion of the Higgs/EWSB programme, by itself, justifies 
the planning of a high-E/L pp collider following the ee phase

Implications of Higgs/EWSB targets

 28



remark

performance comparisons at the level of individual processes are very 
important, but one should not get hung on specific results: the assessment 

of the global value of a given project goes beyond single results



also, watch the fine print …



also, watch the fine print …

CLIC

FCC

18 TeV

15 TeV
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What we want from a future collider
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• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB 

phenomena, with the best possible precision and sensitivity
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• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB 

phenomena, with the best possible precision and sensitivity

• Exploration potential:
• exploit both direct (large Q2) and indirect (precision) probes
• enhanced mass reach for direct exploration

• E.g. match the mass scales for new physics that could be exposed via 
indirect precision measurements in the EW and Higgs sector

• Provide firm Yes/No answers to questions like:
• is there a TeV-scale solution to the hierarchy problem? 
• is DM a thermal WIMP?
• could the cosmological EW phase transition have been 1st order?
• could baryogenesis have taken place during the EW phase 

transition?
• could neutrino masses have their origin at the TeV scale?
• …

What we want from a future collider



Direct discovery reach: 
the power of 100 TeV
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7

@14 TeV

@100 TeV



s-channel resonances

FCC-hh reach ~ 6 x HL-LHC reach



Early phenomenology studies
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SUSY reach at 100 TeV

New detector performance studies
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DM reach at 100 TeV

Early phenomenology studies



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



further ingredients
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further ingredients

• The huge cost and challenge of each of these future facilities calls for 
the maximal exploitation of the physics potential, and the inclusion 
of the broadest possible fraction of the scientific community. 
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further ingredients

• The huge cost and challenge of each of these future facilities calls for 
the maximal exploitation of the physics potential, and the inclusion 
of the broadest possible fraction of the scientific community. 

For example:

 38

flavour QCD at high density 
and/or high T

• b, c, τ: Tera-Z

• top: pp

• neutrinos: Tera-Z 
and pp

• heavy ion 
collisions

• small-x physics, 
PDFs, at ep

=> Emmanuel’s 
summary

=> In Kwon’s 
summary
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science

politics

technology 
readiness timescales

$$



the role of national strategies

• the scientific input to the worldwide discussion is as important 
as the readiness to engage financially

• developing a national strategy based on science priorities, even 
in absence of resources to implement them locally, can:

• help the big players (CERN, Japan, China, USA) assess the 
potential international support, and can impact their choices

• help the national communities reach out to their public and 
politicians, building support for future direct engagement
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