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What can we hope for the future?

2

Lepton Colliders

Hadron Colliders

Cleaner environment 


Precision frontier


• can make very precise measurements

Messier environment


Energy frontier: 


• can push energy probed to 10s of TeV
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What do we hope to learn?

3
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we have so far been unlucky in 
getting answers to these many 

questions

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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From G. Salam’s talk@FCC-week 2023 

Any future project will aim to address 
these questions

No guarantee that answers will be 
found
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From G. Salam’s talk@FCC-week 2023 

Any future project will aim to address 
these questions

No guarantee that answers will be 
found

Then why do we bother?



Eleni Vryonidou Future Collider Prospects 4

Are there any guaranteed gains from a 
future collider? 



Eleni Vryonidou Future Collider Prospects

Higgs precision

5

FCC week, London, June 2023Gavin Salam 12Figure 5: Figure from Energy Frontier Higgs topical report illustrating the centrality of the Higgs
and the connections to numerous fundamental questions.

at Higgs factories, with a similarly clean environment to study them. In addition, they allow
multi-Higgs production and therefore an unmatched probe of the Higgs potential. Second, high
energy muon colliders offer the unique ability to simultaneously access Higgs properties with very
high precision/accuracy, and in case of deviations, directly probe their origin, as we discuss below.

To demonstrate the first point, we consider the precision on the Higgs couplings that can be
achieved at muon colliders. Drawing on the Higgs exclusive channel inputs of Refs. [20, 22] one can
perform a global fit analysis. There are two main approaches that are followed for doing the global
fits. The first is by assuming the same type of couplings as in the SM, but associating to each
of them a rescaling factor i. This approach has been dubbed “kappa framework" and enjoys the
simplicity of a direct translation between different channels and the Higgs property precision. A
second approach employs a full-fledged effective field theory, the SMEFT, which provides a consis-
tent deformation of the SM which allows to perform accurate predictions and combine information
across different scales and experiments as long as new physics exists only at a parameterically
larger scale than probed. For consistency with the electroweak precision fit group at Snowmass,
we use a modified SMEFT framework, where the Higgs width can be considered as an additional
free parameter, yet not only Higgs measurements, but also electroweak precision observables and
possibly other low-energy measurements are included to achieve a consistent projection of the
overall precision. †

We show the SMEFT projection results in Figure 6. Here we only report the Higgs couplings
part in the Higgs basis, marginalizing on other parameters. The corresponding precision for the
electroweak sector and trilinear gauge couplings can be found in the Snowmass report [26]. In this
plot, all muon collider projections are combined with the HL-LHC. The muon collider scenarios
considered include a 3 TeV muon collider with 1 ab�1 of luminosity, a 10 TeV muon collider
with 10 ab�1 and also its combination with a 125 GeV resonant muon collider Higgs factory with
0.02 ab�1 integrated luminosity. The semi-opaque and opaque bars represent the results with
and without the Higgs width �H left as a free parameter. As one can anticipate, considering
�H as a calculable parameter in the SMEFT allows to attain a better precision. On the other
hand, considering it a free parameter, introduces a "flat" direction in the fit, that needs very
specific measurements (such as the direct �H measurement at the resonance peak p

sµ = mH to
be resolved). At high energies this can also be investigated by using indirect methods such as the
“offshell" methods employed at LHC, and should have roughly the same precision as the direct
lineshape measurement but with added theory assumptions. We would like to emphasize that
these different frameworks and/or basis choices can be also associate to different UV hypotheses
and are therefore useful also develop an idea of different new physics effects. It is important to

†We thank EF04 electroweak fitting group for various communications in developing the results.
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Probed@LHC

Partially probed@LHC

Unknown
From G. Salam’s talk@FCC-week 2023 
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Higgs: Yukawa couplings
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3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
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do not differ significantly in their initial energy stages.

Unprecedented precision expected: below 1% for 3rd generation

Hope to probe also: electron and strange Yukawa for the first time!


e.g. H to hadrons at FCC-ee (strange), ee@125GeV (electron)
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Higgs potential
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Higgs potential

24

the Higgs 
mechanism gives 
mass to particles 

because the Higgs 
field φ is non-zero 

That happens 
because the 

minimum of the SM 
potential is at  
non-zero φ

V = − μ2 |ϕ |2 + λ |ϕ |4 + V0

Gavin Salam FCC week, London, June 2023

The potential expanded around the minimum

➤ take  as the Higgs field excitation in units of the field at minimumh

29

V = m2
Hv2

8 (−1 + 4h2 + 4h3 + h4)

the Higgs boson mass term

prediction of the strength of HHH interaction 
[modifier may be called  or ]κλ κ3

h0−1

Status of Higgs Couplings
What are experimental limits on modifications of 
couplings relative to Standard Model prediction?

CMS, Nature, 2022

Now

38 CHAPTER 3. ELECTROWEAK PHYSICS
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

Future

FCC week, London, June 2023Gavin Salam

Higgs potential

24

the Higgs 
mechanism gives 
mass to particles 

because the Higgs 
field φ is non-zero 

That happens 
because the 

minimum of the SM 
potential is at  
non-zero φ

V = − μ2 |ϕ |2 + λ |ϕ |4 + V0

The potential holds the key to: EWSB (and hence masses) and stability of the Universe
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Quantifying our knowledge
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Snowmass SMEFT studies: EW/Higgs fit

21Jorge de Blas 
University of Granada 21
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.

28

Default flavor assumptions:  
Same a SMEFTND  

from ESU2020

Seattle Summer Study Meeting 2022 - Higgs/EW Fit: From the HL-LHC to μ+ μ- colliders 
July 21, 2022

Busy plot: compare grey (HL-
LHC) with yellow (FCC-ee) and 
dark yellow (FCC-ee+365)

• Typically bounds improve by 
more than an order of magnitude 
compared to HL


• This is true for both Higgs 
couplings and Vff couplings

Snowmass study: arXiv: 2206.08326

Precision gives an indirect energy reach!
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How about new particles?
Example: Z’
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116 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

Gavin Salam FCC week, London, June 2023

what should we expect as a step up in energy?

I like the  as a simple measure of progress  
(perhaps not very “exciting”, but simple and most experiments look for it)

Z′ SSM

42

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, 139 fb-1 

Exclusion limit ~ 5.1 TeV 

(electron and muon channels,  
single experiment)

pp
× 7.8 
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What about Dark Matter?
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H χχ Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.
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MET (bb)+MET
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

Some regions: unique 
sensitivity from colliders



Eleni Vryonidou Future Collider Prospects

What about Dark Matter?

10

H χχ Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+
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⌧
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Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.
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photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Higgs couplings

Higgs potential

Indirect reach through precision measurements

Direct reach of heavy particles

Probing the dark sector
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Useful slides & references
European strategy for Particle Physics Briefing book

https://arxiv.org/abs/1910.11775


Snowmass efforts: 

https://www.slac.stanford.edu/econf/C210711/


FCC week 2023

https://indico.cern.ch/event/1202105/


Muon Collider Snowmass: 

https://arxiv.org/pdf/2203.08033.pdf


Keynote talk on FCC Physics perspectives by Gavin Salam: 

https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf

FCC physics case by Matthew McCullough

https://indico.cern.ch/event/1202105/contributions/5396847/attachments/2659371/4606360/FCCWeek.pdf
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Christophe Grojean FCC week, May 30, 20229

FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW


