
LC Vision Update & Some remarks 
on the Physics Case beyond 365 GeV

J.List

ILD Meeting 
Paris 
Oct 8, 2024



DESY. | LC Vision for ILD | Jenny List | Paris  | 8 Oct 2024 2

What is this Global LC Vision?
The common idea

• the exploration of the fundamental laws of our universe requires, in addition to the HL-LHC 
and Belle II, a long-term e+e- program over a wide range of energies - not just a “gap-filler” 

• this program should start “now” by unveiling the mysteries of the Higgs boson, with an 
affordable project based on technology at-hand - and then evolve from there 

• the long-term program should not be statically defined “today” for decades into the future, 
but instead the initial facility must be sufficienctly versatible to allow choices to be taken as 
scientific knowledge and technologies advance - or even see revolutions 

• this applies to the evolution of the e+e- facility itself as well as for the choice of the best 
avenue to eventually explore the 10-TeV parton-energy scale, for all of which sufficient 
resources for R&D and demonstrators must remain available



DESY. | LC Vision for ILD | Jenny List | Paris  | 8 Oct 2024 2

What is this Global LC Vision?
The common idea

• the exploration of the fundamental laws of our universe requires, in addition to the HL-LHC 
and Belle II, a long-term e+e- program over a wide range of energies - not just a “gap-filler” 

• this program should start “now” by unveiling the mysteries of the Higgs boson, with an 
affordable project based on technology at-hand - and then evolve from there 

• the long-term program should not be statically defined “today” for decades into the future, 
but instead the initial facility must be sufficienctly versatible to allow choices to be taken as 
scientific knowledge and technologies advance - or even see revolutions 

• this applies to the evolution of the e+e- facility itself as well as for the choice of the best 
avenue to eventually explore the 10-TeV parton-energy scale, for all of which sufficient 
resources for R&D and demonstrators must remain available

A few months ago, a spontaneous “think-tank” formed to reflect on 
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A few months ago, a spontaneous “think-tank” formed to reflect on 
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— and put them up for discussion at LCWS 2024!

Task ahead: Evolve this 
into a joint Linear Collider 
Vision input to the EPPSU
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LC Vision

LC Physics Case & 
long-term vision

LCF @ CERN

“National Inputs”
• JAHEP, US (P5), …
• Spain, France, UK, Germany …

𝛾𝛾 / e𝛾 collider

C3

ERLs

HALHF

10 TeV Wakefield

Technologies 
and upgradesAll LC proponents 

sign this document

Will quote and hopefully 
give a high priority to

CLIC at CERN

Beyond Collider

ILC in Japan (IDT)

And most LC 
proponents plus 
other colleagues 
this one

Advanced SCRF

3

idea: S. GessnerLC Vision Documents
and their relations to other EPPSU inputs





DESY. | LC Vision for ILD | Jenny List | Paris  | 8 Oct 2024 5

Scenarios for Expert Teams
to get started

• let’s assume we start with a Linear Facility, with 2 Beam Delivery Systems (2 IRs), length 

a)  ~20 km  (e.g. 250 GeV SCRF) 

b)  ~30 km  (e.g. 550 GeV SCRF — CEPC complementarity from day-one) 

• what could “your” technology offer as 

i. decision-ready in < 5 years (e.g. 2-3 year targeted engineering effort after EPPSU 
adoption in early 2026)? 

• ILC-like SCRF  
• alternative collider modes, beyond-collider facilities? 
• anything else? 

ii. as upgrade, decision-ready after the first years of data-taking of initial facility (e.g. 
2045-2050)? 
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News
what’s going on

• Expert teams are working…. 
• First outlines of documents exist, regular meetings of editor team to start soon 

• Informal discussions re-emphasize for LCF4CERN: 
• 2 beam delivery systems (“sociology”, but also complementary opportunities => ET8) 
• initial machine in SCRF “ILC-like” 

• mixed messages wrt 
• relative importance of “cheapest possible Higgs Factory” vs “a really attractive LC 

project, complementary to CEPC from day-1” 
• the physics need for e+e- collisions above the ttbar threshold
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Staying Up-to-date
what’s coming up

• Public e-group LCVision-General 
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=LCVision-General 

• Updates at ECFA WS (Thursday), ILC-Europe, IDT-WG3, ILD, several 
national meetings… 

    => get in touch if you’d like an LC Vision talk for “your” event! 

• LC Vision Community Event 
• Jan 8-10 at CERN (main amphi…) 
• open, hybrid, …  
• indico coming soon, prepare your travel ! :)

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=LCVision-General


Any Questions?



A few words on Physics ;)
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Linear Collider Energy Reach in EPPSU
general perception?

• there seems to be a reasonably wide consensus about the merits of   
• the basic 240/250 GeV (single-) Higgs program 
• and the ttbar threshold scan  

• much less consensus wrt the need for e+e- collisions above 350..380 GeV 

=> would a LC add anything beyond a CC ? 

… national inputs are requested to comment on strategy for CERN if 
• FCC-ee too expensive => would LC be “only 2nd rate”? Or does it offer its own 

attractive opportunities ? 
• CEPC goes ahead => sufficient complementarity? 
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• and the ttbar threshold scan  

• much less consensus wrt the need for e+e- collisions above 350..380 GeV 

=> would a LC add anything beyond a CC ? 

… national inputs are requested to comment on strategy for CERN if 
• FCC-ee too expensive => would LC be “only 2nd rate”? Or does it offer its own 

attractive opportunities ? 
• CEPC goes ahead => sufficient complementarity? 

What are the main points why LC Vision thinks that 
e+e- above ttbar threshold is important ?
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The menu in short
Overview 

1. Observe and measure double-Higgs-Strahlung 
  => insight into shape of Higgs potential and role of EWSB in 
early universe 

2. Understand the top-quark and its relation to gauge 
boson and the Higgs 
  => insight into fermion mass hierarchy, fully understand 
Higgs mechanism 

3. Precision probes of weak gauge boson self-interactions 
  => extremely sensitive probe for BSM, interplay with Higgs 

4. loop-hole-free searches for electroweak new particles 
incl siblings of the Higgs 
  => discovery is the icing on the cake, opportunities 
complementary to pp, fixed target, direct detection, … 

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –
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Recap: Electroweak Symmetry Breaking and Baryogenesis
Evolution of the universe

• temperature evolution of Higgs potential ?   
• phase diagram of the electroweak sector!  
• for MH > 75 GeV, there is no phase transition in the SM 
• thus in SM no out-of-equilibrium state of the early 

universe for baryogenesis (requires 1st order phase 
transition, cf Sacharov conditions) 

• need to  
• measure whether self-coupling 𝜆3 = 0.13 as 

predicted by SM - without prejudice that everything 
else is SM-like! 

• check whether Higgs field is indeed just one 
SU(2)L doublet 

• in many extended Higgs sectors, 1st order 
phase transition for 𝜆3 > 𝜆SM 

https://arxiv.org/pdf/hep-ph/0010275

credit: Kateryna Radchenko Serdula

https://arxiv.org/pdf/hep-ph/0010275
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Higgs potential in extended Higgs Sectors
Mexican hat turns landscape with multiple minima

• more Higgs fields => much more complex 
potential “landscape” (even at zero-temperature) 

• extra Higgs bosons 
• several triple-Higgs couplings among them 
• several minima 
• EW vaccuum not necessarily global minimum 

=> vacuum stability?

credit: Kateryna Radchenko Serdula
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• more Higgs fields => much more complex 
potential “landscape” (even at zero-temperature) 

• extra Higgs bosons 
• several triple-Higgs couplings among them 
• several minima 
• EW vaccuum not necessarily global minimum 

=> vacuum stability?

credit: Kateryna Radchenko Serdula

measure as many physical observables with 
least model-assumptions to explore this 

landscape - just assuming everything is like 
in the SM and extract one value is not 

sufficient!
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The Higgs self-coupling master plot of the last EPPSU
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75
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1. Extraction from single Higgs did not include top operators, 4-fermion op’s 
contributions only recently [Dawson et al, arXiv:2406.03557]

https://arxiv.org/abs/2406.03557
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2. Figure ONLY for  λ = λSM

At lepton colliders, double Higgs-strahlung, e+e− → 
ZHH, gives stronger constraints on positive deviations 
(κ3 > 1), while VBF is better in constraining negative 
deviations, (κ3 < 1). While at HL-LHC, values of κ3 > 
1, as expected in models of strong first order phase 
transition, result in a smaller double-Higgs production 
cross section due to the destructive interference, at 
lepton colliders for the ZHH process they actually result 
in a larger cross section, and hence into an increased 
precision. For instance at ILC500, the sensitivity around 
the SM value is 27% but it would reach 18% around κ

3 
= 

1.5. 

1. Extraction from single Higgs did not include top operators, 4-fermion op’s 
contributions only recently [Dawson et al, arXiv:2406.03557]

https://arxiv.org/abs/2406.03557


Determining the Higgs Potenitial | FTX  I  17 Sep 2024  |   Jenny List 14

The Higgs self-coupling master plot of the last EPPSU

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50%
HL-LHC

[10-20]%
HE-LHC

50%
HE-LHC

5%
FCC-ee/eh/hh

25%
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24%
     4IP

365FCC-ee

 33%
     365FCC-ee

 49%
     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
 250ILC

 49%
CEPC

-7%+11%
3000CLIC

49%
3000CLIC

36%
1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

(47%)

(40%)

(18%)

(14%)

(19%)

(19%)

(25%)

(27%)

(29%)

(17%)

(35%)

(41%)

(46%)

Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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2. Figure ONLY for  λ = λSM

At lepton colliders, double Higgs-strahlung, e+e− → 
ZHH, gives stronger constraints on positive deviations 
(κ3 > 1), while VBF is better in constraining negative 
deviations, (κ3 < 1). While at HL-LHC, values of κ3 > 
1, as expected in models of strong first order phase 
transition, result in a smaller double-Higgs production 
cross section due to the destructive interference, at 
lepton colliders for the ZHH process they actually result 
in a larger cross section, and hence into an increased 
precision. For instance at ILC500, the sensitivity around 
the SM value is 27% but it would reach 18% around κ

3 
= 

1.5. 

1. Extraction from single Higgs did not include top operators, 4-fermion op’s 
contributions only recently [Dawson et al, arXiv:2406.03557]

Ongoing work in ILD: update for this 
measurement (“27%”) => talk by 

Bryan during ECFA WS

https://arxiv.org/abs/2406.03557
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Some of the typical arguments
…which you might encounter

1. Deviations of λ from SM will be small anyway 

2. e+e- doesn’t give relevant improvement over HL-LHC 

3. λ can be extracted purely from loop corrections to ZH 
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1. No, deviation of λ from SM prediction can be large
even if all other couplings are SM-like

from dimensional analysis or from UV complete BSM models

Self-Coupling Dominance
In other words, no obstruction to having Higgs 
self-coupling modifications a “loop factor” greater 
than all other couplings.  Could have

without fine-tuning any parameters, as big as,

which is significant! Durieux, MM, 
Salvioni. 2022

M. McCullough @ LCWS2024

Concrete example: 2HDM: [taken from F. Arco ’24 ]

Parameter scan in the 2HDM (all types):

[F. Arco, S.H., M. Mühlleitner - PRELIMINARY]

⇒ effect of the extended BSM Higgs sector!

Sven Heinemeyer, LCWS24 (Tokyo), 10.07.2024 11

S.Heinemeyer @ LCWS2024

https://agenda.linearcollider.org/event/10134
https://agenda.linearcollider.org/event/10134
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2. No, ZHH gives unique BSM information
Both ILC and HL-LHC will improve analyses 
Limit of “perfect” analysis at ILD500:   6% 

Higgs Hunting 2024

https://indico.ijclab.in2p3.fr/event/10259/contributions/34857/attachments/23850/34597/SearchingForHiggsBosonPairsInTheBBTTFinalState.pdf
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3.a) No - loop corrections will only deliver constraints within a  specific model
Well-known analogon:
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3.a) No - loop corrections will only deliver constraints within a  specific model
Well-known analogon:

This is not a “measurement” 
of mh, but an indirect 
constraint from loop-

corrections within a specific 
model (in this case the SM)

c.f. talk by G.Weiglein in WG1-GLOB 
session on Wednesday
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3.b) No, even within SMEFT this has not been demonstrated
NLO SMEFT calculations only recently coming up, so far only LO + the one 
loop diagram with the self-coupling!

7

Challenges: three hurdles to clarify

1

2 3

[McCullough, ’13]

8

• δσ could receive contributions from many other sources
—> δh ~ 500% at 250GeV only;  [Gu, et al, arXiv:1711.03978]

How to discriminate with HZZ coupling

[M. Peskin]

“easy” solution: lift 
degeneracy by multiple √s

• δσZH < 1% is a necessity; but not sufficient
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complete set of dimension-six operators contributing 
to the next-to-leading order corrections. Except for 
the contribution from the Higgs tri-linear coupling, Oϕ, 
current sensitivity studies for future e+e− colliders 
utilize LO SMEFT predictions [57, 74, 75]. In 
particular, our results demonstrate that limits on the 
Higgs tri-linear coupling are highly correlated with the 
contributions of other operators, including those that 
first occur at NLO."
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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https://arxiv.org/pdf/2409.11466
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Full SMEFT analysis of Top Quark sector
Essential to understand special relation of top quark and Higgs boson

• expected precision on Wilson 
coefficients for HL-LHC alone and 
combined with various e+e- proposals 

• e+e- at high center-of-mass energy 
and with polarised beams lifts 
degeneracies between operators

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –

arXiv:2205.02140

+ FCC-ee

t

t
not accessible at HL-LHC

CEPC  
 FCCee

ILC  
CLIC

https://arxiv.org/abs/2205.02140
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the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –

arXiv:2205.02140

+ FCC-ee

top-quark physics 
requires high center-of-

mass energy AND 
polarised beams

t

t
not accessible at HL-LHC

CEPC  
 FCCee

ILC  
CLIC

7

Challenges: three hurdles to clarify

1

2 3

https://arxiv.org/abs/2205.02140


Straight to the Future:Physics Opportunities at Linear Colliders  | Colloquium, NIKHEF,  19 Apr 2024  |   Jenny List 22

Full SMEFT analysis of Top Quark sector
Essential to understand special relation of top quark and Higgs boson

• expected precision on Wilson 
coefficients for HL-LHC alone and 
combined with various e+e- proposals 

• e+e- at high center-of-mass energy 
and with polarised beams lifts 
degeneracies between operators

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –

arXiv:2205.02140

+ FCC-ee

top-quark physics 
requires high center-of-

mass energy AND 
polarised beams

t

t
not accessible at HL-LHC

CEPC  
 FCCee

ILC  
CLIC

7

Challenges: three hurdles to clarify

1

2 3

https://arxiv.org/abs/2205.02140


Physics at a future e+e- Collider  | Seminar, U Bonn,  16 Nov 2023  |   Jenny List 23

Triple Gauge Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

arXiv:2206.08326

https://arxiv.org/abs/2206.08326


Physics at a future e+e- Collider  | Seminar, U Bonn,  16 Nov 2023  |   Jenny List 23

Triple Gauge Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

arXiv:2206.08326

https://arxiv.org/abs/2206.08326


WW and singleW | J. List | LCWS2024 | July 10 2024 24

TGC in SMEFT and beyond
using optimal observables

• Within SMEFT (Jorge de Blas et al):
• three “LEP” couplings (no detector, no 

systematics)
• ~100x gain beyond HL-LHC!
• for some couplings strong ECM-

dependence

Eur.Phys.J.C 27 (2003) 375-397 
& Eur.Phys.J.C 32 (2003) 17-27

Energy-dependent!

arXiv:2206.08326

• Far beyond SMEFT - Markus Diehl et al 2003 (!)
• all 28 real parameters (no detector, no background…)
• can disentangle all at 500 GeV with polarised beams 

https://inspirehep.net/literature/595359
https://inspirehep.net/literature/622066
https://arxiv.org/abs/2206.08326
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25

Light Higgsinos

• LHC does very well on probing some BSM phase space 
• but beware that exclusion regions are extremely model-

dependent, especially for electroweak new particles 
(eg charginos, staus, …) 

• ILD study of full detector simulation for two benchmark 
points           - motivated by leptogenesis & gravitino DM - 
and extrapolation to full plane 

• conclusions:  
• loop-hole free discovery / exclusion potential up to ~ 

half ECM 
• even in most challenging cases few % precision on 

masses, cross-sections etc 
• SUSY parameter determination, cross-check with 

cosmology

Or: beware what LHC limits really mean!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/
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Figure 8.28.: A distribution of the reduced centre-of-mass energy (
p
s0) of the system

recoiling against the hard ISR photon for events passing the chargino
selection cuts at

p
s = 500 GeV and

R
Ldt = 500 fb�1 with P (e+, e�) =

(+30%, -80%) for dM1600 and dM770 respectively. M
�̃
±
1

is determined
from the linear fit to the ditribution near the endpoint.

500 GeV and
R
Ldt = 500 fb�1 with P (e+, e�) = (+30%, -80%) are given as:

dM1600 scenario : M
�̃
±
1
= 164.9± 2.7GeV (8.21)

dM770 scenario : M
�̃
±
1
= 160.3± 3.8GeV (8.22)

The input values for the chargino masses are M
�̃
±
1

= 165.77 GeV and M
�̃
±
1

=
167.36 GeV in the dM1600 and the dM770 scenarios respectively. The central values
of the fitted fitted chargino masses agree with the input values within 0.3 and 1.8
standard deviations. The fitted value of the chargino masses for the HS-analysis is
M

�̃
±
1
= 168.0±1.4 GeV and M

�̃
±
1
= 168.6±1.0 GeV for the dM1600 and the dM770

scenarios which agree with the central values within 1.6 and 1.2 standard deviations
respectively. Even though the standard deviations for the fitted chargino masses in
the current analysis are comparable with the values in the HS-analysis, it is to be
noted that the error on the fitted masses for this analysis is higher than that for the
HS-analysis. Also, another important observation is that unlike the HS-analysis,
the errors on the fitted chargino masses for the dM770 scenario is worse than that
for the dM1600 scenario for the reasons explained in section 8.4.

8.6.2. Measurement of Polarised Chargino Cross Sections
The precision on the polarised cross sections can be estimated assuming that the
background is known precisely using the equation [162]

144

PhD S. Sasikumar 
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=> important guidance  

for 100 TeV pp collider!
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Light Partners of the Tau
Or: beware what LHC limits really mean!

LEP, 
point coloured only 
if excluded for any 

value of the non-
shown parameters
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Heavy Neutral Leptons
Discovery reach for lepton colliders - complementary to FCC-hh

in Z decays with displaced vertices… Optimal search reach for heavy neutral leptons at a muon collider

310 410  [GeV]Nm
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6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV

Muon Collider 10 TeV

Muon Collider 3 TeV

Figure 3: Limits on the coupling V
2
lN for different Muon Collider setups (3 TeV, 1 ab*1 – turquoise; 10 TeV, 10 ab*1

– orange) resulting from the search for single on-shell (solid line) and off-shell (dotted line) heavy neutrino production.
Dashed lines indicate limits [3, 7, 18] from current and future hadron machines (current CMS limits, 13 TeV, 35.9 fb –
black; HL-LHC 14 TeV, 3 ab*1 – red; HE-LHC 27 TeV, 15 ab*1 – cyan; FCC-hh 100 TeV, 30 ab*1 – pink), dashed-dotted
for e+e* colliders (ILC 1 TeV, 3.2 ab*1 – violet; CLIC 3 TeV, 4 ab*1 – coral).

Conclusions Extensions of the Standard Model introducing heavy neutrinos o�er interesting solutions to several of
its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be e�ciently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for TeV-
scale neutrinos in such kind of models, vastly surpassing high-energy hadron colliders, potentially even for neutrino
masses above the available collision energy. By employing the synergy of both di�erent types of lepton machines,
electron-positron and muon colliders, di�erent paths in the flavor parameter space of the models could be pursued.
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So in case someone asks you:
Why 500 GeV (and beyond)

1. Observe and measure double-Higgs-Strahlung 
  => insight into shape of Higgs potential and role of EWSB in 
early universe 

2. Understand the top-quark and its relation to gauge 
boson and the Higgs 
  => insight into fermion mass hierarchy, fully understand 
Higgs mechanism 

3. Precision probes of weak gauge boson self-interactions 
  => extremely sensitive probe for BSM, interplay with Higgs 

4. loop-hole-free searches for electroweak new particles 
incl siblings of the Higgs 
  => discovery is the icing on the cake, opportunities 
complementary to pp, fixed target, direct detection, … 

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]
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