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3. The next CERN flagship collider project   
 

A. The electron–positron Future Circular Collider (FCC-ee) is recommended as the preferred option for 
the next flagship collider at CERN. 

 

The FCC-ee would deliver the world’s broadest high-precision particle physics programme, with an 
outstanding discovery potential through the Higgs, electroweak, flavour and top-quark sectors, as 
well as advances in quantum chromodynamics (QCD). Its technical feasibility is demonstrated by the 
comprehensive FCC Feasibility Study, its scope and cost are well defined, plausible funding scenarios 
have been developed and its schedule enables first beams within five to seven years after the end of 
HL-LHC operations. The FCC-ee would maintain European leadership in high-energy particle physics, 
as well as advancing technology and providing significant societal benefits. 

The FCC-ee would also pave the way towards a hadron collider reusing the tunnel and much of the 
infrastructure, providing direct discovery reach well beyond the 10 TeV parton energy scale, in line 
with the community’s ambition for exploration at the highest achievable energy. The overwhelming 
endorsement of the FCC-ee by the particle physics communities of CERN’s Member and Associate 
Member States further reinforces it as the preferred path.  

 

B. A descoped FCC-ee is the preferred alternative option for the next flagship collider at CERN.  
 

Descoping scenarios include removing the top-quark run, constructing two rather than four 
interaction regions and experiments and decreasing the radiofrequency (RF) system power. These 
measures would reduce the construction cost by approximately 15%. Although this would have a 
significant impact on the breadth of the physics programme and the precision achieved, the 
descoped FCC-ee would still provide a very strong physics programme and a viable path towards high 
energies, compared to the alternative collider options. Should additional resources become 
available, these descoping scenarios would be reversible.  

Several other alternative options, listed here in alphabetical order, were also assessed. They offer 
substantially reduced precision physics programmes and would not be competitive with a collider 
like the FCC-ee. Moreover, in themselves, they currently lack a viable path towards energies of 
10 TeV. At this stage, without knowing the reasons for which the FCC-ee would not be feasible, the 
other alternative options are not ranked. 

CLIC and LCF, linear colliders operating at two energies and up to 550 GeV, would offer competitive 
programmes in Higgs and top-quark physics. Compared to circular colliders, they have significantly 
lower luminosities at lower energies, leading to limited precision in electroweak physics and non-
competitive flavour physics programmes. The overall physics reach is thus less than that of the FCC-
ee. Both colliders require a tunnel of up to a third of the length of that of the FCC-ee to reach their 
ultimate energies of 1.5 TeV and 550 GeV, respectively. The path towards 10 TeV collisions would 
require plasma wakefield acceleration, which is not yet proven to be a viable technology. 

CLIC would initially operate at 380 GeV. The construction cost of the 550 GeV collider is estimated to 
be about 60% of that of the FCC-ee, whereas the full cost of the 1.5 TeV collider would be at the 
same level as that of the FCC-ee. The technology of CLIC is well developed but less mature than that 
of LCF.  

LCF would initially operate at 250 GeV and could be extended up to 550 GeV. The construction cost 
of the 550 GeV collider would be at the same level as that of the FCC-ee. The technology of LCF is 
mature. 

LEP3 and LHeC are colliders that would reuse the LHC tunnel, offering an intermediate physics 
programme at significantly lower construction costs than the other options. Neither, on its own, 
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Helps to focus the attention!



This talk

A brief overview/review of the physics program. 

See the Feasibility Study Report for more details. 

https://arxiv.org/abs/2505.00272


Why focusing on Higgs?
Higgs is simple. 

A simple “Mexican hat” potential.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Spin-0

⇒ Electroweak symmetry breaking  
⇒ gives masses of SM particles 



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Yet, Higgs is confusing.



Why focusing on Higgs?

Sure, the math is simple. 
It does not give us clues for a deeper understanding.

Different from other SM particles: 
gauge boson (gauge symmetry), fermion (chiral symmetry)

Yet, Higgs is confusing.

Is it elementary (like electron) or composite (like proton or pion)?

Is the Higgs the only spin-0 particle, or there are similar ones?

Maybe not as simple as it seems?



What sets the masses?
Spin-0

Higgs mechanism sets the masses of the SM particles



What sets the masses?
Spin-0

Higgs mechanism sets the masses of the SM particles

However, we can’t explain how this mass scale is set. 
Why is it around 100 GeV?



Higgs

Weak interaction vs 
gravitation

102 vs 1018

Matter > anti-matter

Electroweak phase 

7	

Electroweak Phase Transition. 
How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

The dark world

Flavor puzzle


Inflation, age of 
universe, …

Higgs and everything else



Higgs

Weak interaction vs 
gravitation

102 vs 1018

Matter > anti-matter

Electroweak phase 
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Electroweak Phase Transition. 
How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

The dark world

Flavor puzzle


Inflation, age of 
universe, …

Higgs and everything else

Higgs is likely to play a role in many of these, but how?



What do we know?
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Figure 1-6. Left, ATLAS best-fit values and uncertainties for Higgs-boson coupling modifiers per particle
type with e↵ective photon and gluon couplings, the branching fraction to invisible (Bi), and undetected
decays (Bu) included as free parameters, and the measurement of the Higgs-boson decay rate to invisible
final states included in the combination [21]. Right, CMS summary of the Higgs-boson couplings modifier
best fit. The thick (thin) black lines report the 1� (2�) confidence intervals [22].

at per-mille level accuracy by the ATLAS and CMS experiments [19, 20]. The Higgs self-coupling is accessible
through Higgs-boson pair production (hh) and inferred from radiative corrections to single-Higgs production
measurements. Measuring this coupling is essential to shed light on the structure of the Higgs potential,
whose exact shape can have deep theoretical consequences.

The maximum value of the acceptance for the gg ! hh process is obtained for � ⇠ 2, where the cross section
is at a minimum. Here � refers to the ratio of the measured value to the predicted SM value of the Higgs
self coupling and must be unity if the SM is a complete theory. Measuring � 6= 1 would unambiguously
imply that there is some new physics beyond the SM. The corresponding intervals where � is observed
(expected) to be constrained at 95% CL are listed in Table 1-3 for the main channels.

The planned HL-LHC, starting in 20291 will extend the LHC dataset by a factor of O(10), and produce about
170 million Higgs bosons and 120 thousand Higgs-boson pairs. This would allow an increase in the precision
for most of the Higgs-boson couplings measurements. The HL-LHC will dramatically expand the physics
reach for Higgs physics. Current projections are based on Run 2 results and some basic assumptions that
some of the systematic uncertainties will scale with luminosity and that improved reconstruction and analysis
techniques will be able to mitigate pileup e↵ects. The studies also assume that the theory uncertainty is
reduced by a factor of 2 relative to current values. Studies based on the 3000 fb�1 HL-LHC dataset estimate
that we could achieve O(2 � 4%) precision on the couplings to W , Z, and third generation fermions. But
the couplings to u, d, and s quarks will still not be accessible at the LHC directly, while the charm-quark
Yukawa is projected to be directly constrained to c < 1.75 at the 95% CL [30]. The Higgs-boson self
coupling is a prime target of the HL-LHC and current rough projections claim the trilinear self-coupling will

1This refers to the updated schedule presented in January 2022 [29]

Community Planning Exercise: Snowmass 2021
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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Higgs couplings. Presently, known to about 10% 1- a few %

Eventually at the 
LHC

Other electroweak couplings known to much better precision . 𝒪(10−3)

Higgs coupling other SM particles:



What do we know?

Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
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be a spin-0 particle and is in fact the only known fundamental particle with this property.
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38 Energy Frontier

Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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The Higgs measurements

38 Energy Frontier

Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].

1

- + /
(combined in all lepton collider scenarios)
Free H Width
no H exotic decay

Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.

Community Planning Exercise: Snowmass 2021



The Higgs measurements

Overall, a big step beyond the LHC
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FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [75].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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Search for NP in exotic Z decays (more later)



What can we learn from 
these measurements

A sampler of some interesting cases (very brief)



Is the Higgs composite?

HIGGS BOSON AND ELECTROWEAK SYMMETRY BREAKING 15

(a) (b)

Figure 2.4: (a) LHC and CEPC precision Higgs constraints in the m
t̃1

� m
t̃2

plane from Higgs cou-
plings to gluons and photons. Here tan � = 1 and the mixing parameter Xt is allowed to vary over all
values consistent with the physical stop masses; the excluded area is that for which no allowed value of
Xt is consistent with Higgs coupling measurements. Larger values of tan � lead to qualitatively sim-
ilar coverage. (b) Coverage of blind spots including precision measurement of the ZH cross section.
Figures adapted from [27].
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Figure 2.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and coupling parameter g⇢L (a) or mixing parameter ⇠ ⌘ v
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2 (b) via direct searches at the LHC
(blue and green shaded regions) and precision Higgs measurement constraints (red lines).

GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.
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GLOBAL SYMMETRY

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
Model-like Higgs boson mixing with heavier resonances and further influenced by the
presence of light fermionic excitations.

Direct search for composite 
resonances

Higgs coupling measurements
Composite  elementary 
Different couplings

≠

Perhaps the Higgs is similar to 
the pion? 

Would make it naturally light, since it is not 
elementary.  
If so, will be other composite resonances

0.1% at Higgs factories



Is the Higgs boson alone?
Maybe Higgs boson has some 
partners?

Simplest example:  
Higgs coupling to one other spin-0 
boson

Will change Higgs behavior by interacting 
with it. 

33

FIG. 34: This figure is from [88] Figure 8.11, where the LHS shows the direct and indirect sensitivity to a singlet which mixes
with the SM Higgs, while the RHS shows the limit of no-mixing, but overlaid with regions of parameter space where a strong
first-order phase transition is allowed.

quite a bit of attention and serve as useful benchmarks for the study of Higgs physics for future colliders.
There are many more states in a 2HDM after going to the mass basis, since there is an entirely new doublet, e.g. the

familiar five mass eigenstates: the observed 125 GeV CP-even neutral scalar h, an additional CP-even neutral scalar
H, one CP-odd Higgs boson A, and a pair of charged Higgs bosons H±. Therefore even scanning the phenomenology
is quite a bit more complicated than in singlet models, and can often seem daunting. However, at its core it is
important to remember that a 2HDM is just a second copy of our SM Higgs. Therefore, the Lagrangian terms one can
write down for the second Higgs with the SM fermions and gauge bosons are identical in structure. While the gauge
symmetry of the SM dictates that the kinetic/gauge interaction terms for “our” Higgs are identical, di↵erences arise
due to the fact that the Higgs potential can be more complicated (as it is a function of both Higgs doublets), and the
Yukawa interaction strengths are not fixed by symmetry. The latter is potentially quite dangerous, as the successful
GIM mechanism of the SM could be ruined and new flavor changing neutral current (FCNC) interactions could be
introduced in generic 2HDM models. An idea put forth by Glashow and Weinberg, “natural flavor conservation”
(NFC) was constructed to avoid FCNCs generically, and is often taken as the organizing symmetry principle of
2HDMs [103]. This imposes a discrete symmetry on the 2HDM which results in the second Higgs doublets Yukawa
couplings being proportional to the first. Imposition of this symmetry results in the standard 4 types of 2HDM
models that are often mistaken as the only 2HDM model possibilities(Types I-IV or Types I-II, Type L, and Type
F depending on the naming scheme). In fact, this was amusingly pointed out by Georgi as a fallacy by others of
confusing su�cient with necessary [104] due to the impressive nature of Glashow and Weinberg who originally wrote
down the symmetry condition for NFC. Nevertheless, given the constraints on flavor one has to address this specifically
outside the standard 4 types of NFC 2HDM models, as there is particularly novel phenomenology at future colliders
that we will discussion in Section V B 1. Another aspect that we address in Section VB 1 is the organization of CP
violation that can be present in 2HDMs.

Restricting ourselves to the standard types of 2HDM models still allows for an enormous range of phenomenology.
The complications outside the Yukawa sector arise because the potential for the 2HDM, V (H1, H2), can allow for both
Higgses to acquire VEVs and quartic terms involving both Higgs doublets in the potential allow for mixing between
the 2 Higgs doublets. Given the ubiquitous nature of NFC 2HDMs, the standard parametrization of the physics is
done in terms of a ratio of the VEVs of the 2HDM states, tan �, and a mixing angle cos(� � ↵) as well as the masses
of the various eigenstates. Another way to think of a 2HDM is in the so-called Higgs basis [105, 106], where one
chooses a basis such that the VEV occurs only for the first doublet, H1. The second doublet H2 just has its own set
of the usual interactions with the SM, but does not modify the SM Higgs properties at tree level unless there is a
non-trivial mixing, i.e. cos(� � ↵) 6= 0. In NFC 2HDM models, tan � in the Higgs basis is still useful to parameterize
the e↵ects of the 2HDM in the Yukawa sector and allows for a connection to studies that don’t use the Higgs basis. In

the Yukawa sector, which distinguishes the four types of 2HDM, we write separate Yukawas �
(1)
f and �

(2)
f as follows,

where 1 refers to the SM Higgs,

�
(1)
f =

p
2

v
mf , �

(2)
f =

⌘f

tan �
�
(1)
f , (6)

HL-LHC

Higgs factories



How does Higgs drive 
electroweak phase transition?

7	

Electroweak Phase Transition. 
How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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How does Higgs evolve in the early universe?



Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for

3

Need to go beyond this
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1. Self-coupling
2. New physics in the alternative scenario 
often induce changes in other Higgs 
coupling, such as hZ
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bosons relative to its SM value (‘hZZ coupling’) vs. the triple-Higgs coupling normalised to its SM value (‘hhh
coupling’). The space outside the two FCC-hh lines and above the FCC-ee line can be covered at those facilities.
Adapted from Ref. [91] and scaled to baseline luminosities.

has proven useful in the past and whose success or failure now would be of profound importance [86,87].
These theories typically extend the symmetries of the SM, for example in supersymmetric, composite,
or extra-dimensional frameworks [88]. More recent proposals involving light new physics include novel
types of cosmological dynamics [89]. Alternatively, something radically new altogether may manifest
in direct searches, indirectly by measuring higher-dimensional operator coefficients or spectacularly in
unforeseen types of exotic signatures. It is crucial to fully explore the Higgs boson as much as possible
above the TeV scale.

A deeper understanding of the scalar sector of the SM can also show whether the early Uni-
verse underwent a first-order electroweak phase transition (FOEWPT) or not, knowledge that is crucial
for understanding the matter-antimatter asymmetry. As an example, in the real scalar singlet model, a
FOEWPT is correlated with a modification of the Higgs coupling to Z bosons in a way that can be ex-
plored almost entirely by FCC-ee (Fig. 15). Furthermore, a FOEWPT can also lead to gravitational wave
(GW) signatures, which could be detectable by future GW observatories, such as LISA. Since it will be
difficult to disentangle these signals from other astrophysical phenomena, precisely measuring the Higgs
properties at colliders could have an important role to play in settling this important question [90]. The
synergy between cosmology and particle physics has been fruitful in the past and may well lead to a
more profound understanding of the nature of the electroweak phase transition, exploring whether it had
a role to play in the origin of matter.

The power of FCC-ee to probe the Higgs boson at much higher resolution than accessible today
is that it enables peering further into the cloud of quantum fluctuations surrounding it. The envisioned
precision indirectly opens a window onto physics at multi-TeV energies, around the level of current elec-
troweak precision observables from LEP but uniquely sensitive to the Higgs boson. Given the number of
possible BSM Feynman diagrams contributing virtually to these quantum fluctuations, there is a tremen-
dous variety of possible new physics scenarios solving shortcomings of the SM that cannot be tested by

28



Other physics opportunities
Significantly enriches the physics program. 



New physics searches at 
lepton colliders

Precision measurement, virtual corrections to SM 
couplings of h, Z, W… (discussed above)


Direct production, reach scales with 


New physics is light with very weak coupling. 


Rare decays of H (clean), Z (large statistics). 

ECM



Higgs to dark sector?
Standard 

Model
Dark  

Sector

h

Decay back to SM

….

LLP

LLP

Long lived particles

“Higgs portal”



Higgs exotic decay

Complementary to hadron collider searches

Can probe interesting physics cases:  
Hidden naturalness, dark matter, EW phase transition, …



Rare Z decay at Tera-Z

Probing exotic decay up to BR  ∼ 10−11
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Figure 16. The sensitivity reach for BR for various exotic Z decay topologies at the future Z-factory (Giga
Z and Tera Z) and the HL-LHC at 13 TeV with L = 3 ab�1. The BR sensitivity generally depends on
model parameter, for example mediator mass and dark matter mass. The dark color region with solid line
as boundary indicates the worst reach for the topology, while the lighter region with dashed line indicates
the best reach. For HL-LHC, we add the light shaded region for the topology 2A, 2C , 3A and 3B to indicate
the e↵ect of an invariant mass window cut for diphoton and dilepton. For the topology 6A, the HL-LHC
limit is obtained by rescaling the ATLAS study at 8 TeV LHC [122] with L = 20 fb�1.

V. CONCLUSION AND DISCUSSION

We have presented a comprehensive study on exotic Z decay at future Z-factories, with emphasis
on its prospects to exploring dark sector models. There are many dark sector models can give rise
to exotic Z decay modes, many of which contain missing energy in the final states. A Z-factory
provides a clean environment for decay modes which can be overwhelmed by large background at
hadron colliders. Another advantage of searching for such exotic Z decay at future e+e� colliders
is the ability of reconstructing the full missing 4-momentum, while we can only reconstruct missing
transverse momentum at hadron colliders. We have demonstrated the capability of exotic Z decay
at future Z-factory to provide the leading constraint in comparison with existing collider limits,
future HL-LHC projections, and current DM searches.

We classify final states of the exotic decays with the number of resonances, and possible topolo-
gies it could have. We make projections on the sensitivity on the branching ratio of exotic Z decay
at future Z-factory. For final states with missing energy, it can provide limits on BR down to
10�6

� 10�8.5 for Giga Z and 10�7.5
� 10�11 for Tera Z. The sensitivities on BR for di↵erent final

states are roughly ordered from high to low as /E`+`� ⇠ /E��, /EJJ and /E�, due to the size of the
SM backgrounds for each mode. In the same final states, it is quite clear the SM backgrounds for
signal with more resonances can be better suppressed. In addition to the final states with missing
energy, we also selectively studied the fully visible final states (JJ)(JJ) and (��)�, where the first
one contains two resonances and the second one contains one resonance. It is interesting to look
for purely hadronic final states at future Z-factories, because it has much less QCD background in
comparison with hadron collider. We found it can provide limits on BR down to 10�5

� 10�6.5 for

Sensitive to a variety of dark photon, dark scalar models. 



Axion Like Particles (ALP)

luminosity expected at the Z pole in circular e
+
e
� colliders. In the more near term, the

best collider limits on ALPs coupling to photons over the range ma ⇡ 0.1 � 100 GeV
will be set by exploiting photon-photon collisions in ultraperipheral interactions of heavy-
ions during the HL-LHC phase [253, 254].2 By searching for a diphoton resonance above
the light-by-light continuum, ALP-photon couplings as low as ga�� ⇡ 10�2 GeV�5 can
be probed over this broad ma range. Importantly, the DUNE near detector can provide
complementary sensitivity to the collider probes acting as an improvement over the existing
SLAC137 constraints, with the gaseous Argon technology providing leading sensitivity for
ma . 1 GeV [259].

Figure 13: The axion-like particle (ALP) coupling in the diphoton channel ga�� versus 95%
CL mass reach is shown for multiple colliders [2, 249], including Snowmass studies on the
muon collider [240,252] (orange) at

p
s = 3 TeV (dashed) and 10 TeV (solid) as well as from

the DUNE near detector [259] with liquid Argon technology (dark red) and gaseous Argon
technology (dark yellow).

It is worth noting that the ALP is typically expected to have non-suppressed coupling
to gluons, in particular in its connection to the Strong CP puzzle of QCD [260,261]. Having
gluonic couplings changes the considerations for the search channels and the performance
at different facilities appreciably (see recent phenomenological studies [262–265]).

2
There are other interesting physics considerations for ultraperipheral interactions of heavy-ions, e.g.,

Refs. [255–258].
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Heavy neutral lepton

Figure 16: Constraints and future sensitivities for HNLs with mass M and mixing U
2
µ

with muon neutrinos (summed over three HNL flavours). Medium gray: Constraints on the
mixing of HNLs from past experiments [279–289]. Colourful lines: Estimated sensitivities of
the main HL-LHC detectors (adapted from [290–292]) and NA62 [293], with the sensitivities
of selected planned or proposed experiments (DUNE [294], FASER2 [295], SHiP [296, 297],
MATHUSLA [298], CODEX-b [299], cf. [263] for a more complete list) as well as selected
proposed future colliders (FCC-ee or CEPC [271,300,301], FCC-hh [292,302], ILC [270,303]
LHeC and FCC-he [304], and muon colliders [305,306], with DV indicating displaced vertex
searches). Green band: Indicative lower bound on the total HNL mixing U

2
e +U

2
µ +U

2
⌧ from

the requirement to explain the light neutrino oscillation data [307] when varying the lightest
neutrino mass and marginalizing over light neutrino mass orderings. The matter-antimatter
asymmetry of the universe [308] can be explained via low scale leptogenesis [272–274] along
with the light neutrino masses in most of the white region above this band [276]. Light gray:
Lower bound on U

2
µ from BBN [309,310]. Plot adapted from [268].
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offers unique opportunities in this respect. Despite the fact that many tests in this sector have been per-
formed in the recent past, without reporting significant deviations from the SM, the discovery potential
remains high.

One class of unique opportunities concerns b-hadron and ! decays, and, in particular, b → !
transitions. These processes directly test models where new physics is coupled mainly to the third gen-
eration — a general feature of many explicit BSM scenarios. Moreover, the class of models that can
be tested indirectly via such studies is also the one less constrained by direct searches (given the sup-
pressed couplings to light quarks). Here, the FCC-ee programme offers a particularly large margin of
improvement over the accuracy expected from currently approved flavour physics experiments, both at
HL-LHC and at lower-energy e

+
e
→ colliders (in particular Belle II at Super KEKB). The key features of

the flavour-physics programme during the Z-pole run at FCC-ee can be summarised as follows.

– Clean environment (as in B-factories), with momentum and tagging efficiency of the pair-produced
b’s, c’s, and !’s from Z decays, with ↑ 10 times more bb and cc pairs than the total collected by
Belle II (Table 6).

– Boosted b’s and !’s, leading to a significantly higher efficiency (compared to B-factories) for
modes with missing energy (especially multiple-∀ modes) and inclusive modes, as well as smaller
uncertainties in lepton ID efficiencies.

Table 6: Yields of heavy-flavoured particles produced at FCC-ee for 6 ↓ 10
12

Z decays [190].

Particle species B
0

B
+

B
0

s
#

b
B

+

c
cc !→!+

Yield (↓10
9) 370 370 90 80 2 720 200

These features lead to to the identification of the following class of observables as particularly
promising: i) neutral-current rare b- and c-hadron decays with !+!→ and ∀∀ pairs in the final state;
ii) charged-current b-hadron decays with a !∀ pair in the final state; iii) CP-violating observables in b-
and c-hadron decays involving neutral particles in the final states (∃0, K

S
, % , . . . ); iv) lepton flavour

violating ! decays; v) precision tests of lepton universality in ! decays.
In addition to these classical flavour studies via low-energy probes, a truly unique opportunity of-

fered by FCC-ee is the possibility of determining flavour parameters from W decays, as well as searching
for flavour-violating decays of Z and Higgs bosons. Within the SM, these processes are possibly too rare
to be detected, but their search is an effective way to constrain or discover BSM dynamics. Some further
ideas uniquely relevant to the FCC-ee flavour programme are discussed in Refs. [190–192]

The wide-ranging FCC-ee flavour physics programme cannot be easily summarised in a few pages.
The most interesting classes of observables are listed below, together with a discussion of a few examples
that illustrate the physics reach and the diversity of this programme.

2.4.1 Lepton universality tests in ! decays
The major improvement expected at FCC-ee in the precision of measurements of the leptonic ! decay
branching fraction, the ! mass, m!, and the ! lifetime, ω!, corresponds to a jump of more than one
order of magnitude (from 10

→3 to 10
→4) in tests of universality between third-generation and light lep-

tons [193, 194]. An illustration of the FCC-ee reach on these measurements is shown in the left panel of
Fig. 34 [195]. With this level of precision, models addressing the hint of non-universality observed in
b → c!∀ decays [196] could either be unambiguously confirmed, leading to a major discovery, or ruled
out. Theoretical work (on electroweak and radiative corrections), achievable with present knowledge but
not yet available, is needed to reduce the theoretical systematic uncertainties on these measurements well
below the projected experimental systematic uncertainties.

47

B, charm, hadron, τ at tera-Z

See Zoltan’s talk
Fig. 34: Left: Direct measurements of B(! → ω∀∀) branching fraction and ! lifetime (ellipse) compared to the SM
prediction (band); the width of the SM band is determined by the ! mass uncertainty. From Ref. [195]. Right: FCC-
ee impact in constraining, at 95% CL, the coefficients of representative dimension-six LFV operators normalised
to the 1 TeV scale. Adapted from Ref. [197], scaled to the baseline FCC-ee luminosities.

2.4.2 Lepton flavour violating ! decays
Searches for LFV ! decays are null tests of the SM and, thus, are pristine targets for indirect NP searches.
A variety of explicit models, predicting rates not far from current exclusion bounds, exist in the litera-
ture [197–199], and FCC-ee will offer the ultimate experimental sensitivity on virtually all ! LFV decay
modes [194, 200, 201]. For example, the 90% CL projected limit on B(! → 3µ) would be 2 ↑ 10

→11 in
absence of signal [195], which is three orders of magnitude below the current limit (2.1↑10

→8 [35]) and
more than an order of magnitude better than the final Belle II projection (with 50 ab→1). The impact of
such bounds is illustrated in the right panel of Fig. 34.

2.4.3 Rare b-hadron decays with !+!→ pairs in the final state
In all these processes, there is an unexplored gap of about three orders of magnitude between SM predic-
tions [202–204] and experimental data [205, 206] — a gap that represents a wide unexplored parameter
range of motivated new-physics models [207–209]. At the SM predicted rates, FCC-ee is expected to be
able to measure these decays, in particular B

0 → K
↑0!+!→ [210, 211].

2.4.4 Charged-current b-hadron decays with a ωε pair in the final state
The persisting anomalies in exclusive b → c!∀ decays [212] give a strong phenomenological motiva-
tion for deeper studies of these processes [181, 213–215]. A unique opportunity offered by the FCC-ee
programme would be the experimental access to the clean inclusive [216, 217] and leptonic [218, 219]
modes, as well as the suppressed b → u transitions [220, 221]. For example, the measurement of the
B → !∀ branching ratio at FCC-ee [222] is expected to yield ultimate precision on |Vub|, with an esti-
mated relative uncertainty of only 1%, which is a factor of three below current best estimates [212] and
more than a factor of two below the projected precision from the B → !∀ measurement at Belle II [223].

2.4.5 Rare b- and c-hadron decays to di-neutrino final states
A recent sensitivity study [224] has shown that the branching ratios of the rare B

0 → K
↑0∀∀, B

0 →
K

0

S
∀∀, B

s
→ K

0

S
∀∀, and #0

b
→ #∀∀ decays could be determined at FCC-ee with precisions of 0.53%,

1.20%, 3.37%, and 9.86%, respectively, relative to the current SM estimates [225]. In particular, the
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 42], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

summarized in Table. 3.2 The W mass precision is based on the direct measurement in
p
s = 240

GeV running with 100 fb�1 integrated luminosity. The precisions of Z mass and weak mixing angle
are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

We also performed a profile likelihood fit and present the allowed (S, T ) region for CEPC at 68%
C.L. in Fig. 2. For comparison, we put the ILC result in the same plot. For the more optimistic
evaluation in which all precisions take the lower end values of the estimated ranges in Table 3, the
ILC and CEPC have similar sensitivities to new physics. For the more pessimistic evaluation based
on precisions at the higher ends of the estimated ranges, the CEPC allows larger S mostly because of
the worse precision of sin2 ✓`e↵ compared to ILC.

3.1 Hypothetical Improvements of CEPC EWPT

In this section, we will consider possible improvements of electroweak observable precisions at CEPC
and study how they a↵ect the CEPC’s sensitivity to new physics. There are four potential improve-
ments of electroweak observables: mt, mW , sin2 ✓`e↵ and �Z (together with mZ), which are listed in
Table 4.

The top quark mass gives the largest parametric uncertainties on the derived SM observables in
the global fit (more details could be found in Sec. 4.2.2) and thus improving its precision might improve
the fit. In the fit for CEPC above, we assumed the precision of the top mass after the HL-LHC running.

2
The summary table in the talk [43] quotes an achievable precision for sin

2 ✓`e↵ of 0.01%, but based on the earlier

slides and personal communication with Zhijun Liang we expect that 0.02% is a reasonably optimistic choice.
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Fig. 13: The projected Higgs self-coupling relative precision from the SMEFT global fit, as a function of the
integrated luminosities of the 240 and 365 GeV runs, with FCC-ee alone (left) and FCC-ee combined with HL-
LHC (right). The 4 IP and HL-4 IP dots represent the FCC-ee baseline scenario and an hypothetical scenario
(described in the text) with doubled integrated luminosities at 240 and 365 GeV, respectively.

Recent studies [81,82] have shown that other new physics interactions, entering at the same order
in perturbation theory, but absent from the SMEFT framework considered in this report, could marginally
affect the ωω extraction from single-Higgs processes. In rare and extreme cases, the value of ωω extracted
from single production at FCC-ee data could differ from that with pair production at HL-LHC, a differ-
ence that would allow this new physics to be identified and constrained. More pragmatically, a global
fit is needed to bound these other interactions and to mitigate their impact in the determination of ωω.
The more operators are considered, the more observables are needed in the global fit. Some operators
currently weakly bounded by experimental data, e.g., the four-fermion eett operator, will require further
investigation in the next phase of the study.

This subtlety is anecdotal in the grand vision of the FCC integrated project. Indeed, the Higgs
self-coupling will be uniquely and unambiguously probed at FCC-hh via Higgs boson pair (HH) pro-
duction. Current estimates, combining the bb!! , bb∀+∀→, bbZZ, and 4 b decay channels, suggest that
a precise determination, with an uncertainty as small as 3.4%, would be within the reach of a 100 TeV
pp collider [83], and probably better by a factor of two with progress similar to those made in the HL-
LHC projections [78] and in recent FCC-hh studies [84, 85]. The role of the different FCC stages in the
determination of the Higgs self-coupling is summarised in Fig. 14.

As for HL-LHC, this FCC-hh precision refers to an exclusive determination of the Higgs self-
coupling, i.e., only considering deformations of ωω. Other new physics interactions, however, could
modify the HH production or decay rates and it is important to keep their uncertainties under control.
While an inclusive analysis taking into account all these effects has not yet been undertaken, an illus-
tration of the impact of such effects is displayed in the right panel of Fig. 12. This figure shows how
the uncertainty in the top Yukawa coupling modifies the ωω precision from the measurement of the total
gg → HH → bb!! cross section. The top Yukawa coupling enters with several powers in the different
diagrams, contributing to ε(gg → HH). As noted above, the precise determination of the top Yukawa
coupling at FCC-hh relies on the measurement of the ε(pp → ttH)/ε(pp → ttZ) ratio, where the ttZ

coupling itself should be allowed to vary within its experimental uncertainty, rather than being fixed to
its assumed SM value. The plots in Fig. 12 show the impact of using, or not, the direct FCC-ee measure-
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What if we can’t quite get there?
More descoping options?



It’s happening
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3. The next CERN flagship collider project   
 

A. The electron–positron Future Circular Collider (FCC-ee) is recommended as the preferred option for 
the next flagship collider at CERN. 

 

The FCC-ee would deliver the world’s broadest high-precision particle physics programme, with an 
outstanding discovery potential through the Higgs, electroweak, flavour and top-quark sectors, as 
well as advances in quantum chromodynamics (QCD). Its technical feasibility is demonstrated by the 
comprehensive FCC Feasibility Study, its scope and cost are well defined, plausible funding scenarios 
have been developed and its schedule enables first beams within five to seven years after the end of 
HL-LHC operations. The FCC-ee would maintain European leadership in high-energy particle physics, 
as well as advancing technology and providing significant societal benefits. 

The FCC-ee would also pave the way towards a hadron collider reusing the tunnel and much of the 
infrastructure, providing direct discovery reach well beyond the 10 TeV parton energy scale, in line 
with the community’s ambition for exploration at the highest achievable energy. The overwhelming 
endorsement of the FCC-ee by the particle physics communities of CERN’s Member and Associate 
Member States further reinforces it as the preferred path.  

 

B. A descoped FCC-ee is the preferred alternative option for the next flagship collider at CERN.  
 

Descoping scenarios include removing the top-quark run, constructing two rather than four 
interaction regions and experiments and decreasing the radiofrequency (RF) system power. These 
measures would reduce the construction cost by approximately 15%. Although this would have a 
significant impact on the breadth of the physics programme and the precision achieved, the 
descoped FCC-ee would still provide a very strong physics programme and a viable path towards high 
energies, compared to the alternative collider options. Should additional resources become 
available, these descoping scenarios would be reversible.  

Several other alternative options, listed here in alphabetical order, were also assessed. They offer 
substantially reduced precision physics programmes and would not be competitive with a collider 
like the FCC-ee. Moreover, in themselves, they currently lack a viable path towards energies of 
10 TeV. At this stage, without knowing the reasons for which the FCC-ee would not be feasible, the 
other alternative options are not ranked. 

CLIC and LCF, linear colliders operating at two energies and up to 550 GeV, would offer competitive 
programmes in Higgs and top-quark physics. Compared to circular colliders, they have significantly 
lower luminosities at lower energies, leading to limited precision in electroweak physics and non-
competitive flavour physics programmes. The overall physics reach is thus less than that of the FCC-
ee. Both colliders require a tunnel of up to a third of the length of that of the FCC-ee to reach their 
ultimate energies of 1.5 TeV and 550 GeV, respectively. The path towards 10 TeV collisions would 
require plasma wakefield acceleration, which is not yet proven to be a viable technology. 

CLIC would initially operate at 380 GeV. The construction cost of the 550 GeV collider is estimated to 
be about 60% of that of the FCC-ee, whereas the full cost of the 1.5 TeV collider would be at the 
same level as that of the FCC-ee. The technology of CLIC is well developed but less mature than that 
of LCF.  

LCF would initially operate at 250 GeV and could be extended up to 550 GeV. The construction cost 
of the 550 GeV collider would be at the same level as that of the FCC-ee. The technology of LCF is 
mature. 

LEP3 and LHeC are colliders that would reuse the LHC tunnel, offering an intermediate physics 
programme at significantly lower construction costs than the other options. Neither, on its own, 
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Fig. 2: Baseline operation model for FCC-ee with four interaction points, showing the integrated luminosity at the
Z pole (green), the WW threshold (blue), the Higgs factory (red), and the tt threshold (orange) as a function of
time. In this baseline model, the sequence of events follows the increase in collision energy, but there is quasi-total
flexibility in the sequence all the way to 240 GeV (see inset). The integrated luminosities delivered during the first
two years at the Z pole and the first year at the tt threshold are half of the annual design value. The hatched area
indicates the shutdown time needed to prepare for the higher energy runs at the tt threshold and beyond.

A quasi-total flexibility

In Ref. [17] it was deemed essential to establish the technical and financial feasibility of scheduling a Z pole run
after the ZH run or the WW threshold run, ideally with a first Z pole run during the initial period of FCC-ee opera-
tion. Indeed, the Z pole run, while extremely fertile in physics opportunities, is undoubtedly the most ambitious and
demanding part of the programme from all perspectives (accelerator, energy calibration, detectors systematic biases,
theory calculations). It will be extremely challenging to achieve all the goals of the Z pole run during the first four
years of the collider operation.

This requirement from physics was compounded by a recommendation from the mid-term review committees to con-
solidate (and ideally simplify) the design of the RF system to allow efficient energy-staging, as well as to reduce
complexity, risk, and cost; and to study options to avoid the 1-cell/2-cell RF cavity reconfiguration between Z and
ZH /WW running, in order to simplify the SRF system implementation and to improve flexibility in the physics pro-
gramme. The new versatile RF system designed accordingly (see Ref. [18]) enables a quasi-total flexibility to choose
the running sequence. For example, it would allow for short (few weeks) initial Z pole and WW threshold runs, to
commission the collider and the detectors, to establish the resonant depolarisation procedures for centre-of-mass en-
ergy calibration, etc. The ZH run could then proceed early, before going back to the Z pole and the WW threshold,
both now at full luminosity, with fully functional resonant depolarisation and a complete understanding of the collider.

It will ultimately be up to the experimental collaborations and the relevant scientific committees to
optimise the time flexibility and to tailor the FCC-ee operation scenario according to a number of factors
that cannot be mastered today. For example, external events such as the FCC-hh magnet readiness or
the CERN financial situation may call for a change in the overall duration of the FCC-ee running time.
Meanwhile, new avenues will be explored during the next phase of the FCC study, between April 2025
and the end of 2027, towards increasing the luminosities at all energies, as it would be highly beneficial
across the whole programme and would make a qualitative difference in a number of cases.

The original motivation for an e
+
e
→ circular collider was to create a high-luminosity Higgs Fac-

tory, operating at
→

s = 240 GeV in the LEP/LHC tunnel [19–21]. Choosing to build it in the 80–100 km
tunnel that would ultimately be hosting a 100 TeV hadron collider was cardinal in making this machine
unique on the Higgs factory market. To start with, such a tunnel enables a highly versatile Higgs Factory
that extends much beyond the study of the Higgs boson alone, for three main reasons:

4



Table 2: Experimental (statistical and systematic) precision expected for a selection of measurements accessible
at FCC-ee, compared with the present world-average precision [35]. Some of the FCC-ee experimental systematic
uncertainties (4th column) are initial estimates from early 2021 [36] and others have been improved and consol-
idated during the Feasibility Study. A goal of further studies will be to improve them down to the level of the
statistical uncertainties (3rd column) with new ideas and innovative methods. This set of measurements, together
with those of the Higgs boson properties, achieves indirect sensitivity to new physics up to a scale ! of 100 TeV in
an Effective Field Theory (EFT) description with dimension-6 operators (Chapter 2) and possibly much higher in
specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± uncertainty Stat. Syst. leading uncertainty

mZ (keV) 91 187 600 ± 2000 4 100 From Z line shape scan
Beam energy calibration

”Z (keV) 2 495 500 ± 2300 4 12 From Z line shape scan
Beam energy calibration

sin
2 ωeff

W
(→10

6
) 231,480 ± 160 1.2 1.2 From A

µµ
FB at Z peak

Beam energy calibration

1/εQED(m2

Z
) (→10

3
) 128 952 ± 14 3.9 small From A

µµ
FB off peak

0.8 tbc From A
µµ
FB on peak

QED&EW uncert. dominate

R
Z

ω (→10
3
) 20 767 ± 25 0.05 0.05 Ratio of hadrons to leptons

Acceptance for leptons

εS(m2

Z
) (→10

4
) 1 196 ± 30 0.1 1 Combined R

Z

ω , ”
Z

tot, ϑ0

had fit

ϑ0

had (→10
3
) (nb) 41 480.2 ± 32.5 0.03 0.8 Peak hadronic cross section

Luminosity measurement

N!(→10
3
) 2 996.3 ± 7.4 0.09 0.12 Z peak cross sections

Luminosity measurement

Rb (→10
6
) 216 290 ± 660 0.25 0.3 Ratio of bb to hadrons

A
b,0
FB (→10

4
) 992 ± 16 0.04 0.04 b-quark asymmetry at Z pole

From jet charge

Apol,ε
FB (→10

4
) 1 498 ± 49 0.07 0.2 ϖ polarisation asymmetry

ϖ decay physics
ϖ lifetime (fs) 290.3 ± 0.5 0.001 0.005 ISR, ϖ mass
ϖ mass (MeV) 1 776.93 ± 0.09 0.002 0.02 estimator bias, ISR, FSR

ϖ leptonic (µ!µ!∀) BR (%) 17.38 ± 0.04 0.00007 0.003 PID, ϱ0 efficiency

mW (MeV) 80 360.2 ± 9.9 0.18 0.16 From WW threshold scan
Beam energy calibration

”W (MeV) 2 085 ± 42 0.27 0.2 From WW threshold scan
Beam energy calibration

εS(m2

W
) (→10

4
) 1 010 ± 270 2 2 Combined R

W

ω , ”
W

tot fit

N! (→10
3
) 2 920 ± 50 0.5 small Ratio of invis. to leptonic

in radiative Z returns

mtop (MeV) 172 570 ± 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

”top (MeV) 1 420 ± 190 10 6 From tt threshold scan
QCD uncert. dominate

ςtop/ςSM
top 1.2 ± 0.3 0.015 0.015 From tt threshold scan

QCD uncert. dominate

ttZ couplings ± 30% 0.5–1.5 % small From
↑

s = 365 GeV run
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FIG. 8. The one-sigma precision reach on the e↵ective Higgs couplings from a global fit of the Higgs and
electroweak measurements in the SMEFT framework. The four columns represent the HL-LHC S2 scenario with
electroweak measurements at LEP and SLD, a circular e+e� collider with center-of-mass energy up to 240GeV, a
muon collider at 125GeV with a total integrated luminosity of 20 fb�1, and the combination of the e

+
e
� and the

muon collider, respectively. The measurements are combined with the HL-LHC S2 and LEP/SLD measurements
for all the lepton collider scenarios. For the last two scenarios, the diboson hZ and WW measurements at a 3TeV
muon collider (1 ab�1) are also considered to show their impact on di↵erent operators.a Results with (without)
the 3TeV hZ/WW measurements are shown with solid (light-shaded) columns.

a Note that we do not include the Higgs precision input from a 3 TeV muon collider here. One can research on the
complementarity between 125 GeV muon collider with high energy muon collider in a future study.

we follow Ref. [44] and obtain the results from an optimal observable analysis [48]. We also perform a

similar optimal observable analysis to the measurements of µ+
µ
�
! W

+
W

� as well as the µ
+
µ
�
! hZ

process at the high-energy runs of the muon collider. While the e
+
e
�

! W
+
W

� process was also

measured at LEP 2 [49], the measurement precision was relatively low, and they do not make a significant

impact once the HL-LHC diboson measurements are included. For simplicity, they are not included in

our analysis.

Following Ref. [44] (see also Ref. [31]), we perform a global fit to the Higgs and electroweak mea-

surements with a total number of 28 independent CP-even Wilson coe�cients. Since our focus is on the

Higgs measurements and the corresponding Higgs coupling constraints, we present the result of the fit in

terms of e↵ective Higgs couplings [31, 43, 44], while treating all other couplings/coe�cients as nuisances

parameters. The result is shown in Fig. 8 in terms of the one-sigma precision of these e↵ective couplings,

denoted as �g
XX

H
. The numerical results of our analysis are provided in Table VI. Four scenarios are

considered, which are the HL-LHC S2 combined with the electroweak measurements at LEP and SLD, a

circular e+e� collider with center-of-mass energy up to 240GeV, a 125GeV muon collider with 20 fb�1

integrated luminosity, and the combination of the e
+
e
� and the muon collider. The HL-LHC S2 and

LEP/SLD measurements are also included in the fit for the last three scenarios. For the muon collider,



Top quark coupling 53

FIG. 24. Comparison of the constraints expected from a combination of HL-LHC and lepton collider data on
Wilson coe�cients for EFT operators relevant to top-quark couplings. The solid bars provide the individual
limits of the single-parameter fit and the shaded ones the marginalised limits of the global fit.

1. Observables in tt̄ production

The projections for the HL-LHC fit shown in Figure 24 are based on an extrapolation from current
(Run 2) measurements. The measurements that form the basis for the HL-LHC projection are listed
in Table VIII. This includes the production processes discussed in more detail in Sections IVB,
IV C, IV D and IV E.

For the top-quark pair production process, statistics is abundant and measurements in the bulk
already reach a precision of a few %.

Experimental uncertainties on the inclusive cross-section as well as many di↵erential distributions
are expected to be reduced to approximately 1% at the HL-LHC [245, 503], see Section IV C.
Currently, theory uncertainties of the N2LO calculation are at the level of 3–4% for the inclusive
cross section [36]. These might be reduced to roughly half with the calculation of the N3LO
corrections (see Section IV A) and the improvement of the proton PDFs (see Section IID 5 and
Ref. [10]). Even in that case, theory uncertainties are likely to remain the limiting factor.

The tt̄ charge asymmetry is a subtle e↵ect at the LHC, but it brings important information to EFT
fits [504]. As a ratio, it can be precisely predicted [505]. Modelling uncertainties play an important
role [489] and are likely to limit future progress in the inclusive measurement. Therefore, a less
aggressive scenario is adopted, where all experimental systematic uncertainties are improved by a
factor 1/2 and only the statistical uncertainty scales with 1/

p
Lint.

For top-quark pair production, di↵erential measurements of the cross section [255] and the charge
asymmetry [489] as a function of the invariant mass of the tt̄ system are considered. A promising
avenue for progress is the boosted regime, where the sensitivity to four-fermion operators increases
considerably [506]. Measurements of the cross section and charge asymmetry for tt̄ systems pro-
duced at large invariant mass already play an important role in the constraints on the four-fermion
operators and their weight will increase if measurements on bulk tt̄ are limited by experimental or
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Fig. 5.12: Summary of the available projections for measurements of Higgs Yukawa cou-
plings to quarks and leptons (upper panel), and on select flavour violating decays (lower panel),
adapted from Ref. [344] with further input from Refs. [345] and [346].

Fermion masses. In the SM the diagonalized Yukawa couplings, y f , are proportional to
the fermion masses, m f , with a common factor, y f =

p
2k f m f /v, where kSM

f = 1; moreover,
there are no tree-level flavour changing couplings of the Higgs. This may change in the presence
of new physics, in which case the couplings of the Higgs to the fermions can in general take
the form, Leff = �k fi(m fi/v)h f̄i fi + ik̃ fi(m fi/v)h f̄ig5 fi �

⇥�
k fi f j

+ ik̃ fi f j

�
h f̄ i

L f j
R +h.c.

⇤
i6= j. Cur-

rently, only the third generation Yukawa couplings have been measured, having been found to be
in agreement with the SM predictions, while for the Higgs couplings to the first two generations,
only upper bounds exist. Experimentally, a number of SM predictions for the Higgs couplings
to fermions must be tested as precisely as possible: (i) proportionality, y f µ m f ; (ii) the factor
of proportionality, k fi = 1; (iii) diagonality (no off-diagonal flavour violating couplings at tree
level, k fi f j

= k̃ fi f j
= 0); (iv) reality (no CP violation at tree level, k̃ fi = k̃ fi f j

= 0) [343].
The summary of the expected experimental sensitivies is shown in Fig. 5.12 (upper panel)

using the k f framework as a toy approximation to show sensitivity in each channel (a global
view of experimental constraints using SM-EFT can be found in Ref. [39]). The sensitivity
in the muon channel is now close to what is required to test the SM prediction for the muon
Yukawa. This will be the first meaningful test of the 2nd generation Yukawa couplings. A
precision measurement does require larger datasets that will be provided in the short- and mid-
term by the LHC in Run 3 and by the HL-LHC. In the mid-term, the HL-LHC will bound
the Yukawa couplings to the third generation fermions and to the muon to a few percent level.
In the long-term, the proposed large scale experiments, ILC, FCC-ee, CEPC, and CLIC can
significantly improve this precision, to below percent level. They would also measure the charm
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Impact of a 350/360 GeV run
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“Sweet spot”, most Higgs produced

Why  Higgs factory?e+e−

and WW fusion to a Higgs boson (WWH), e+e� ! H⌫e⌫e. The lowest order Feynman
diagrams for these two production mechanisms are displayed in Figure 4 (left) together with
their corresponding cross sections versus the center-of-mass energy (right). The predictions
include initial state radiation [33] using the HZHA program [34] and the small interference
term present in the WWH final state diagrams. Given the cross sections and the planned
FCC-ee running scenario, and with two interaction points [35], over a million ZH events
and almost one hundred thousand WWH events will be collected at various center-of-mass
energies. These numbers drive the statistical uncertainties for the following studies.

Our goal for this report is not to lay out the details of all studies possible with these large
data samples, but to pick out the studies that demonstrate the key capabilities of FCC-ee in
terms of Higgs boson physics that have been documented. In the following we will present
the sensitivity for the Higgs cross section, mass, and width, and then summarize the status
of the projected precision on the various coupling constants of the Higgs bosons to bosons
and fermions, including the Higgs boson self-coupling.

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left) and
the corresponding cross sections versus the center-of-mass energy per production process
along with their sum (right). The default running scenarios at 240 GeV and 365 GeV are
indicated with dashed lines. Figure from [36].

.

3.1 Production cross Sections, mass, and width

The FCC-ee running scenario at
p

s = 240 GeV was optimized as a tradeo↵ between ZH
production rate and luminosity. A feature unique to lepton colliders is the measurement
of the Higgs boson properties using the recoil system in the ZH production mode. The
well-determined four-momenta of the initial state leptons and the fully reconstructed Z
boson (recoil system) in the final state allow clean recovery of the Higgs boson kinematics
independent of the Higgs boson decay mode. This cannot be accomplished at a hadron

15
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colliders, the width can be determined from the measurements of Higgs boson production1

cross sections and its decay branching ratios. This is because the inclusive e
+
e
�

! ZH2

cross section �(ZH) can be measured from the recoil mass distribution, independent of3

Higgs decays.4

Measurements of �(ZH) and BR’s have been discussed in Sections 3.4 and 3.6 re-5

spectively. Combining these measurements, the Higgs boson width can be calculated in a6

model-independent way:7

�H /
�(H ! ZZ

⇤)

BR(H ! ZZ⇤)
/

�(ZH)

BR(H ! ZZ⇤)
(3.4)

Here �(H ! ZZ
⇤) is the partial width of the H ! ZZ

⇤ decay. Because of the small8

expected BR(H ! ZZ
⇤) value for a 125 GeV Higgs boson (2.3% in the SM), the precision9

of �H is limited by the H ! ZZ
⇤ statistics. It can be improved using the decay final states10

with the expected large BR values, for example the H ! bb decay:11

�H /
�(H ! bb)

BR(H ! bb)
(3.5)

�(H ! bb) can be independently extracted from the cross section of the W fusion process12

e
+
e
�

! ⌫⌫H ! ⌫⌫bb:13

�(⌫⌫H ! ⌫⌫bb) / �(H ! WW
⇤) · BR(H ! bb) = �(H ! bb) · BR(H ! WW

⇤) (3.6)

Thus the Higgs boson total width14

�H /
�(H ! bb)

BR(H ! bb)
/

�(⌫⌫H ! ⌫⌫bb)

BR(H ! bb) · BR(H ! WW ⇤)
(3.7)

Here BR(H ! bb) and BR(H ! WW
⇤) are measured from the e

+
e
�

! ZH process. The15

limitation of this method is the small e
+
e
�

! ⌫⌫H ! ⌫⌫bb cross section.16

The precision from the method of Eq. 3.4 is 4.4%, dominated by the statistics of17

e
+
e
�

! ZH events with H ! ZZ
⇤. The precision from the method of Eq. 3.7 is 3.3%18

dominated by the statistics of e
+
e
�

! ⌫⌫H events with H ! bb. This method uses the19

large BR(H ! bb) value to compensate the smaller cross section of the W fusion process20

�(e+
e
�

! ⌫⌫H). A combined result from the above two methods, after taking into account21

the correlations, shows that CEPC is capable of measuring �H with a precision of 2.7%22

with 5 ab�1. The precise knowledge of the Higgs boson total width will lead us to much23

better understandings of Higgs boson properties in a model independent way as discussed24

in Sec. 4.25

3.8 Summary of the Higgs measurements26

Table 12 summarizes the estimated precisions of Higgs property measurements discussed27

in this paper. For the leading Higgs boson decay modes, namely bb, cc, gg, WW , ZZ and28

⌧⌧ , percent level precisions are expected. As it has been discussed in Section 1 this level of29

precision is required to attain sensitivity to many beyond SM physics scenarios.30

– 28 –

Why  Higgs factory?e+e−

A precise total width measurement is possible. 
1. An important Higgs property.  
2. Crucial in interpreting other Higgs measurements.
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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-

21

2/ab-250 +4/ab-500 5/ab-250 +1.5/ab-350
coupling pol. pol. unpol. unpol.

hZZ 0.50 0.35 0.41 0.34
hWW 0.50 0.35 0.42 0.35
hbb̄ 0.99 0.59 0.72 0.62
h⌧⌧ 1.1 0.75 0.81 0.71
hgg 1.6 0.96 1.1 0.96
hcc̄ 1.8 1.2 1.2 1.1
h�� 1.1 1.0 1.0 1.0
h�Z 9.1 6.6 9.5 8.1
hµµ 4.0 3.8 3.8 3.7
htt - 6.3 - -
hhh - 20 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30

�other 1.6 1.2 1.1 0.94

TABLE VII: Projected uncertainties in the Higgs boson couplings computed within the SMEFT framework and including
projected improvements in precision electroweak measurements, as described in the ILC reports and the FCC-ee CDR [51, 70,
71].

1. Top Yukawa

Many models of BSM physics have large e↵ects on the top quark Yukawa. The gluon fusion rate at the HL-LHC
measures a combination of the top quark Yukawa and an e↵ective ggh coupling, while the tt̄h and th channels provide
a theoretically cleaner determination of the top quark Yukawa. The full program of future e

+
e
� colliders can reduce

the uncertainty on the top quark Yukawa coupling from that of the HL-LHC, and the uncertainty decreases rapidly
as the energy of the e

+
e
� collider is increased, as seen in Figure 21[72], which is an important motivation for higher

energy lepton colliders.
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FIG. 21: Uncertainty on the top quark Yukawa measurement at an e
+
e
� collider as a function of collider energy, showing the

improvement at higher center of mass energy[72].

2. Charm Yukawa

There has been significant progress in the understanding of the sensitivity of the HL-LHC to the charm quark
Yukawa. CMS and ATLAS have studied the charm quark Yukawa using the associated Wh and Zh channels, with an
expected limit, | c |< 3.4 at 95% CL based on the full Run 2 dataset. The CMS constraint is a factor of 4 better than
the ATLAS result, which is attributed the the use of multi-variate techniques and the inclusion of a boosted analysis
using substructure techniques. A combined fit to b � c results in a projected constraint of | b/c |< 2.6 at 95%
CL at the HL-LHC. The HL-LHC projections for a 2-parameter fit to c and b from V h production are shown in

H

H

H
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Figure 1-21 displays the result of the global EFT fit for the subset of operators that a↵ect Higgs and
EW observables. Instead of showing the projected constraints on the Wilson coe�cients of the operators
considered, they have been translated into constraints on the e↵ective Higgs and gauge-boson couplings. See
EF04 Topical Group report for more details [16].
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Figure 1-21. Precision reach on Higgs and electroweak e↵ective couplings from an SMEFT global analysis
of the Higgs and EW measurements at various future colliders. 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 future lepton collider scenarios. For e+e� colliders, the high-energy runs are always combined with
the low energy ones. For the ILC, the (upper edge of the) triangle mark shows the results for which a Giga-Z
run is also included. For the Muon Collider, three separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Generally, future lepton colliders have the best reach for many of the aforementioned operators. Circular
e+e� colliders have the highest sensitivity to EW operators, due to the large statistical precision of Z-pole
and WW -threshold measurements. All lepton colliders (e+e� and µ+µ�) are comparable in their reach
for Higgs operators, although a multi-TeV Muon Collider cannot constrain exotic Higgs decays in a model-
independent way, and the combination with a run on the s-channel Higgs resonance would be required for
this purpose. Since some of the same operators contribute to Z-pole precision observables, as well as to
HZ, WW , and ZZ pair production cross sections, the operator constraints extracted from the latter can
be improved by performing a combined fit with Z-pole data. This e↵ect is more significant for circular
e+e� colliders than for linear e+e� colliders, since for the latter beam polarization helps to disentangle the
contributions of di↵erent operators in HZ/WW/ZZ pair production processes.
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