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Future Colliders 

The Higgs self-coupling at future colliders

Future e
+
e
→ colliders

“An electron-positron Higgs factory is the
highest-priority next collider.” [ESPP.2020]

Model-independent measurements of Higgs
width and couplings

Direct and/or indirect sensitivity to ωω

Electroweak precision observables
(EWPOs) at sub-per-mille precision

2 categories:
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 Colliders-e+Luminosity vs Energy of Future e
FCCee, 4 IPs [FCCee EPPSU submission] 
CEPC, 2 IPs [TDR, arXiv:2312.14363]
CEPC, 2 IPs, lumi up [ditto]
ILC baseline
ILC lumi upgrade
LCF-SCRF 10Hz, low power
LCF-SCRF 10Hz, full power
LCF-SCRF Z pole optimized
CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [ditto]
C3 60Hz [PRAB 27.6 (2024): 061001]
C3 120Hz [ditto]

Circular

Linear

[ILC.Plots.2025]

(a) Circular colliders (FCC-ee, CEPC)
[OPEN-PHO-ACCEL-2019-001]

(b) Linear colliders (LCF, ILC, CLIC)
[ILC.Plots.2025]
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e+e- Colliders 
are not hadron colliders :)

• colliding elementary, electroweak particles 
• no pdfs, little QCD 

• ~no pile-up  

• detector design not driven by radiation 
hardness / readout speed 

• no triggers 

• controlled and well-know initial state 
• four-momentum 

• spin configuration 

• scanning of energy 

550
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Higgs pair production requires at least ~500 GeV
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Typical e+e- Collider Detectors (here: ILD)
Implemented in detailed Geant4-based simulations, gauged against testbeam performance of prototypes

Key requirements from Higgs physics: 
• pt resolution (total ZH x-section) 

𝜎(1/pt) = 2 x 10
-5

 
GeV

-1

 
⊕ 1 x 10

-3
 / (pt sin

1/2
𝜃) 

• vertexing  (H → bb/cc/ττ) 

𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin
3/2
𝜃) 𝜇m    

• jet energy resolution (H → invisible)  3-4% 
• hermeticity  (H → invis, BSM) 𝜃min = 5 mrad 

                                        
Determine to key features of the detector: 

• low mass tracker: 
eg VTX: 0.15% rad. length / layer) 

• highly-granular calorimeters, optimised for particle 
flow 

• 3.5-4T solenoidal B-field
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≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2
≈ ATLAS / 3
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• highly-granular calorimeters, optimised for particle 
flow 

• 3.5-4T solenoidal B-field

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2
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Possible since experimental environment  
in e+e- very different from LHC: 

• much lower backgrounds 
• much less radiation 

Linear Colliders: lower collision rate enables 
• passive cooling only => low material budget 
• triggerless operation, hermeticity



Constraining the trilinear 
coupling at energies < 500 GeV



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 7

Precision measurements of single-Higgs processes

• The only way at circular colliders and low-energy 
stages of linear colliders 

• Studied by several groups [deBlas.2025, ten Hoeve.2025, 
Maura.2025] 

• Requires: 

• High-precision measurements of ZH, vvH, ..   

• At min. 2 different energies to resolve ambiguities 
(e.g. 240 & 365 GeV) 
=> this will not work with LEP3  

• High-precision theory, beyond NLO

Kala only present at loop-level

The Higgs self-coupling at future colliders

ωω at future e
+
e
→ colliders - indirect sensitivity

Alternative: precision measurements of single h observables

ωω only present at loop-level

✁ Need high precision!

Profits greatly from measurements at two
di!erent energies (e.g. 240 & 365 GeV)

✁ Disentangle ωω from other couplings

“Indirect” or loop-level sensitivity

✁ Circular e+e→ colliders
✁ Studied by several groups [deBlas.2025,

ter Hoeve.2025, Maura.2025]

Caveat: sensitivity depends on the BSM
theoretical framework, i.e.:

✁ BSM particles in the loop
✁ Theoretical assumptions
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Absolute Higgs Production Rate
Absolute normalisation of Higgs couplings & total decay width

• Higgs factory at 240/250 GeV:  e+e- → ZH  
• can measure its total cross section: the key to  

model-independent determination of absolute couplings 
• measurable independently of Higgs decays modes via recoil technique 
• only possible at e+e- collider due to known momentum of colliding particles 
• enables a plethora of further precision measurements
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e+e- → µ+µ-H → µ+µ- bb in ILD detector
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e+e- → µ+µ-H → µ+µ- bb in ILD detector

muon  
momentum  
resolution

Circular and Linear Colliders provide ~0.5% precision on 
ZH x-section
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Theoretical Frameworks & Uncertainties
Some frequently used examples

Theoretical frameworks

Theoretical Frameworks

In order to study the sensitivity of future colliders to ωω →= 1, a framework
for BSM physics is necessary:

1 kappa-framework: Higgs couplings are modified by numerical factors
✁ e.g. !h→bb ↑ ω2

b
· !SM

h→bb

✁ Not fully consistent (cannot apply to di”erent energies)

2 E!ective Field Theories (EFTs) (e.g. SMEFT)
✁ (Some) model-independence
✁ Which operators to include and where to truncate the EFT expansion?

3 UV-complete models (e.g. 2HDM)
✁ Very vast model landscape

Goal of the project: compare the EFT approach with a simple BSM
model: Inert Doublet Model (IDM)

Sven Heinemeyer (CSIC, Madrid) SUSY 2026, University of Oklahoma May 19, 2026 6 / 17

Table 3.3: Current and projected theory uncertainties (in percent) for the SM predictions of
partial Higgs boson decay widths and production cross-sections. A dash indicates that there is
no projection for this uncertainty and it will be considered negligible.

Process Current Conservative Aggressive
H → bb/cc (%) < 0.4 0.2 0.1
H → !!/µµ (%) < 0.3 < 0.1 —
H → WW ↑/ZZ↑ (%) 0.5 0.3 —
H → gg (%) 3.2 1.0 0.5
H → ∀∀ (%) < 1.0 < 1.0 0.4
H → Z∀ (%) 1.5 1.5 —
e+e↓ → ZH (%) 0.3 < 0.1 —
e+e↓ → ##̄H (%) ↔ 1 ↔ 0.1 —

scenario we assume that these calculations are approximately extended by one (two) loop or-
der(s), but only considering contributions that are enhanced by gluons and/or multiple fermion
lines in the loop. The estimated uncertainties are listed in Table 3.4.

Figure 3.4 shows the effects of theory uncertainties on the oblique parameters S and T, for
the FCC-ee and the LCF. In both cases, the precision on the parameters is significantly affected
by the assumptions on the size of theory uncertainties, and even the most aggressive scenario
may not be sufficient to fully exploit the precision of the experimental data. The impact of these
uncertainties is more prominent in the case of the FCC-ee, due to the much higher experimental
precision on EWPO.

Table 3.4: Current and projected theory uncertainties for the SM predictions of Z-pole POs.

Observable Current Conservative Aggressive
!Z (MeV) 0.4 0.08 0.016
Rω (10↓3) 6.0 1.2 0.2
Rb (10↓4) 1.0 0.2 0.035
Rc (10↓4) 0.5 0.1 0.02
∃had (pb) 6 1.6 0.3

sin2 %eff (10↓5) 4.5 0.7 0.06
mW (MeV) 4.0 1.0 0.1

W-boson physics: The cross-section for e+e↓ → W+W↓ and the W decay widths to leptons
and hadrons are currently known to NLO and including higher-order final-state corrections. The
estimated uncertainties are small, but are assumed to be further reducible with future NNLO and
dominant 3rd order corrections, which would render them negligible compared to the achievable
experimental precision, see Table 3.5.

Mass and gauge-coupling parameters
The extraction of the masses of the top-quark and the W boson from pair production near thresh-
old require predictions of the production and decay processes in an integrated effective field the-
ory framework. The estimates in Table 3.6 are based on Ref. [31]. Estimates for the aggressive

27

Theory uncertainties in  
Standard Model (i.e. no BSM)  
as assumed in Briefing Book
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Trilinear Coupling from single-Higgs

• Based on dim-6 U(2)^5-symmetric SMEFT 

• Using the aggressive theory uncertainties, 
e.g. zero uncertainty on the ee->ZH cross-
section predictions  

• Single-energy e+e– colliders offer no 
improvement on lambda3 wrt HL-LHC 

• Two-energy e+e– colliders add information 

• Quantitative gain highly-dependent on chosen 
model, theory uncertainties etc

From Briefing Book

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.

0 5 10 15 20 25 30
δλ3[%]

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC

LHeC

LCFZ250

LCFZ250550

LCFZ2505501000

CLIC380

CLIC38015003000

LEP3

FCC-eeZ/WW240

FCC-eeZ/WW240365

FCC-hh

MuC10

Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As

33
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33

Uncertainty band due to 
“interpretation uncertainty”
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Just one aspect to give you a flavour…
Where / how to truncate your SMEFT expression for sigma(ZH)?

Methodology - Global SMEFT fits

Truncation of ωZh expression in SMEFT

ωωω
Zh

ωωω=1
Zh

=
1→ εZh

1→ ϑ2
εεZh

1 + ϑεC1

1 + C1

Expanding in powers of ωεω → (εω ↑ 1) = O(1/!2
NP) gives di!erent possible

expressions:

• No O(1/!4
NP) contributions: expand up to O((ωεω)1) terms

• Expansion up to O((ωεω)2) terms

• Expansion up to O((ωεω)2) terms, excluding WFR/vertex mixing
(↑ C1 · εZh) — implemented in HEPfit

• No loop corrections beyond 1L: no resummation of εZh contribution

• Including O((ωεω)3) terms

• Use full expression

Choice of expression ↓ theoretical uncertainty!
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Assessing uncertainties in the determination of the
trilinear Higgs coupling from single-Higgs observables

SUSY 2026, University of Oklahoma

Henning Bahl 1 Philip Bechtle 2 Johannes Braathen 3

Sven Heinemeyer 4 Jenny List 3 Murillo Vellasco 2 Georg Weiglein 3 5

1Institute for Theoretical Physics (ITP), Universität Heidelberg
2Physikalisches Institut, Rheinische Friedrich-Wilhelms-Universität Bonn

3Deutsches Elektronen-Synchrotron (DESY), Hamburg
4Instituto de F́ısica Teórica (UAM/CSIC), Madrid

5Institut für Theoretische Physik, Universität Hamburg

Credit for the slides: Murillo Vellasco
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Higgs Pair Production in e+e-
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Figure 10: Left: Cross section of the main di-Higgs production modes in a lepton collider as a function
of the centre-of-mass energy. Right: Dependence of the signal strengths on the trilinear coupling of the
Higgs for different centre-of-mass energies. The horizontal bands show expected sensitivities.

As can be seen from the results in Table 7, differential information in vector boson fusion di-Higgs
production at

p
s = 3 TeV allows one to constrain �� to the range [�0.11, 0.13] at the ��2 = 1 level.

This result should be compared with the [�0.13, 0.16] [ [1.13, 1.42] constraint that is achievable with
inclusive cross section measurements only.

Table 7: Exclusive constraints on �� deriving from the measurements of Zhh and ⌫⌫̄hh cross sections,
with all other parameters fixed to their standard-model values. A differential mhh measurement in weak
boson fusion di-Higgs production at

p
s = 3 TeV is additionally considered in the last two rows.

��2 = 1 ��2 = 4

CLIC Stage 2 [�0.22, 0.48] [�0.40, 1.05]

CLIC Stage 3 [�0.13, 0.16] [ [1.13, 1.42] [�0.24, 0.42] [ [0.87, 1.53]

CLIC Stage 2+3 [�0.12, 0.14] [�0.21, 0.35]

5 bins in ⌫⌫̄hh [�0.11, 0.13] [�0.21, 0.29]

Low-energy and global fit
Let us now consider the impact of the low-energy CLIC Stage 1 run. Such a run leads to very small
double-Higgs-production rates, making these channels irrelevant for determining the Higgs trilinear self
coupling. As an alternative, one could exploit high precision measurements of single-Higgs-production
processes, which are affected by deviations in the trilinear Higgs self coupling at the one-loop level [36].

Interestingly, single-Higgs processes show a good sensitivity to the Higgs self coupling, thanks to
the very high precision with which they can be measured at a lepton collider. In the left panel of Figure 11
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
can achieve an O(1) sensitivity on the Higgs trilinear, surpassing the HL-LHC projections (dotted blue
lines). It is important to stress that this result holds in the case in which one performs an exclusive study
of the trilinear dependence, assuming that all single-Higgs couplings take exactly their SM values. In
most new physics scenarios, however, deviations in the Higgs potential are generically accompanied by
modifications in other Higgs couplings. It is therefore essential to assess the robustness of the previous
observation within a global fit that includes the relevant set of Higgs coupling deformations. Following
Refs. [33, 37, 38] (see also Section 2.9 in this report), we perform a global fit featuring 13 effective
operators that parametrize the relevant deviations from SM Higgs couplings:

{Ogg, OWW , OBB, OHW , OHB, O6, OH , Oyt , Oyb , Oyc , Oy⌧ , Oyµ , O3W } . (11)
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Feynman-Diagrams and self-coupling dependence 
Based on total cross-sections
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

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 k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)

32/75

• Interference of diagrams with / without  triple Higgs vertex 
=>   “total cross-section sensitivity factor” k:=   (𝛅λ/λ)/(𝛅σ/σ)    != 0.5


•  “the smaller the better”

• k depends on:  process, ECM and the value of λ

500 GeV 
ZHH

1 TeV 
vvHH

1.4 TeV 
vvHH

𝛿𝜎/𝜎 10 % 10 % 10 %
kSM 1.64 0.76 1.22

𝛿𝜆/𝜆 |SM 16.2 % 7.6 % 12.2 %

effect for  𝛿𝜎/𝜎 = 10% as arbitrary example 
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lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
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can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
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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 k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to
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Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
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are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
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Choice of centre-of-mass energy DESY-THESIS-2016-027

• More ZHH events but larger �ZHH contributions from diagrams NOT containing the Higgs self-coupling

Advantages of going to higher energies:
• More boosted jets

! Less misclustering, better jet-pairing?
! Improved b-tagging efficiencies?
! Better kinematic separation of signal and

background?

Disadvantages of going to higher energies:
• Sensitivity factor increases with the ECM

! Less sensitivity to Higgs self-coupling?
��
�

= c · ��
�

c: sensitivity factor
Julie Munch Torndal | EPS-HEP2023 | August 24, 2023 | Page 7 DESYª



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting

14

Feynman-Diagrams and self-coupling dependence 
Based on total cross-sections

Hadron collider Lepton collider

e� �e

�̄ee+

h

e� e�

e+ e+

�e �e

�̄e �̄e

h

h
h

h

h

h

W

W

W

W

W

W

W

h

Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

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 k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)

32/75

• Interference of diagrams with / without  triple Higgs vertex 
=>   “total cross-section sensitivity factor” k:=   (𝛅λ/λ)/(𝛅σ/σ)    != 0.5


•  “the smaller the better”

• k depends on:  process, ECM and the value of λ

500 GeV 
ZHH

1 TeV 
vvHH

1.4 TeV 
vvHH

𝛿𝜎/𝜎 10 % 10 % 10 %
kSM 1.64 0.76 1.22

𝛿𝜆/𝜆 |SM 16.2 % 7.6 % 12.2 %

effect for  𝛿𝜎/𝜎 = 10% as arbitrary example 

Choice of centre-of-mass energy DESY-THESIS-2016-027

• More ZHH events but larger �ZHH contributions from diagrams NOT containing the Higgs self-coupling

Advantages of going to higher energies:
• More boosted jets

! Less misclustering, better jet-pairing?
! Improved b-tagging efficiencies?
! Better kinematic separation of signal and

background?

Disadvantages of going to higher energies:
• Sensitivity factor increases with the ECM

! Less sensitivity to Higgs self-coupling?
��
�

= c · ��
�

c: sensitivity factor
Julie Munch Torndal | EPS-HEP2023 | August 24, 2023 | Page 7 DESYª

5− 0 5 10
SMλ / λ

3−10

2−10

1−10

1

10

C
ro

ss
 S

ec
tio

n 
/ f

b

550 GeV
)=(-1, 0)+,e-ZHH, P(e
)=(1, 0)+,e-ZHH, P(e
)=(-1, 0)+,e-HH, P(eνν

HH 1 TeVνν

constructive 
interference

destructive 
interference



Higgs Pairs at 500/550 GeV



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 16

The previous ZHH Analysis
ILC500, Claude Duerig (UHH), 2014-2016The ZHH Analysis

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 7

Lepton, neutrino and hadron channel of the signal process ZHH.
From [Du16]

extensive projections at ILC500 (DESY-Thesis-16-027)

– based on ILD detector concept (DBD2013, IDR2020)
and fully simulated event samples

– 17 background and 3 signal channels considered

– multivariate (MVA) tools for multiple steps
e.g. lepton and flavor tagging, background rejection etc.

– event counting weighted by 𝑚𝑚𝐻𝐻𝐻𝐻
2

for further sensitivity enhancement

precision reach after running 4ab−1 at 500 GeV HH → b�bb�b + HH → b�bW±W∓  

�Δ𝜎𝜎ZHH 𝜎𝜎ZHH = 16.8% 

�Δ𝜆𝜆SM
𝜆𝜆SM = 26.6%   (10% with additional upgrade to 1 TeV)
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Lepton, neutrino and hadron channel of the signal process ZHH.
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�Δ𝜎𝜎ZHH 𝜎𝜎ZHH = 16.8% 

�Δ𝜆𝜆SM
𝜆𝜆SM = 26.6%   (10% with additional upgrade to 1 TeV)

8 σ observation of ee -> ZHH
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The previous ZHH Analysis
ILC500, Claude Duerig (UHH), 2014-2016The ZHH Analysis

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 7

Lepton, neutrino and hadron channel of the signal process ZHH.
From [Du16]

extensive projections at ILC500 (DESY-Thesis-16-027)

– based on ILD detector concept (DBD2013, IDR2020)
and fully simulated event samples

– 17 background and 3 signal channels considered

– multivariate (MVA) tools for multiple steps
e.g. lepton and flavor tagging, background rejection etc.

– event counting weighted by 𝑚𝑚𝐻𝐻𝐻𝐻
2

for further sensitivity enhancement

precision reach after running 4ab−1 at 500 GeV HH → b�bb�b + HH → b�bW±W∓  

�Δ𝜎𝜎ZHH 𝜎𝜎ZHH = 16.8% 

�Δ𝜆𝜆SM
𝜆𝜆SM = 26.6%   (10% with additional upgrade to 1 TeV)

8 σ observation of ee -> ZHH

only 3.x σ observation of λSM
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Bottlenecks of the ZHH analysis
As identified during 2016 analysis and (relative) improvement impactBottlenecks in the ZHH analysis

 jet pairing and jet misclustering: “perfect“ jet clustering→ 40% improvement
improve di-jet mass resolution

 removal of 𝛾𝛾𝛾𝛾 overlay: 15% improvement expected
important to tackle initial state radiation (ISR)

 flavor tagging: 11% improvement expected from 5% eff. increase with newer LCFIPlus
important as 𝐻𝐻 → 𝑏𝑏�𝑏𝑏 is the dominant Higgs decay channel

adding 𝑍𝑍 → 𝜏𝜏𝜏𝜏 channel: 8% improvement expected
include a yet unaccounted decay channel

more modern ML architectures for signal/background selection
improvement expected when transitioning from BDTs to (e.g.) transformer-based models etc.

 separation of ZHH diagrams with/without the self-coupling
would directly improve the sensitivity on 𝜆𝜆 (lower sensitivity factor)

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 8

Expected relative 
improvements from
DESY-Thesis-16-027

also: improve ISR reconstruction
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more modern ML architectures for signal/background selection
improvement expected when transitioning from BDTs to (e.g.) transformer-based models etc.

 separation of ZHH diagrams with/without the self-coupling
would directly improve the sensitivity on 𝜆𝜆 (lower sensitivity factor)

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 8

Expected relative 
improvements from
DESY-Thesis-16-027

conclusion in 2016: 
if 25% (rel.) improvement out of (a combination) of these 

=> 5 σ discovery of λSM

also: improve ISR reconstruction
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Towards a full re-analysis: ILD public note for Briefing Book

• ECM = 550 GeV 

• Detailed simulation of ILD detector concept 
(SGV & Geant4), few 100 million events 

• Re-analysis of electron & muon channels 

• Flavour tag: particle transformer (parT) 
separating 11-classes  

• Kinematic fit with ErrorFlow (jet covariance 
matrices based on ParticleFlow) 

• invariant di-b-jet mass reconstruction with 
correction for neutrinos from semi-leptonic 
b-decays 

• Extrapolation of old analysis for other channels 

• ILC500 ->LCF550

B.Bliewert, J.Torndal et al, September 2025
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correction for neutrinos from semi-leptonic 
b-decays 

• Extrapolation of old analysis for other channels 

• ILC500 ->LCF550

B.Bliewert, J.Torndal et al, September 2025

Modern Reconstruction: Flavor Tagging

Significant improvements through ML 
over previous benchmark LCFIPlus

Example models:
– ParticleNet (2019)

– ParticleTransformer, ParT (2022)

ILD Group Meeting | Update on the ZHH analysis in ILD | Bryan Bliewert | 2025/09/03

Ca. 15% higher b-tagging accuracy
at same background rejection

Confusion matrix of the flavour tagging model used (ParT).
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Modern Reconstruction: Neutrino Correction

Problem in Higgs events: semileptonic
decays (SLDs) of B-hadrons

 Idea:
– Find leptons within each jet

– Check secondary vertices

– Check neutrino hypothesis (requires kin. fit)

ILD Group Meeting | Update on the ZHH analysis in ILD | Bryan Bliewert | 2025/09/03

⁄𝐻𝐻 𝑍𝑍 → 𝑏𝑏�𝑏𝑏 mass reconstruction in ⁄𝑍𝑍𝐻𝐻 𝑍𝑍𝑍𝑍 → 𝜇𝜇+𝜇𝜇−𝑏𝑏�𝑏𝑏 events
Black: no SLD; Red: SLDs with neutrino correction; Green: Truth distribution  

Sketch of a SLD [Source]
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 Idea:
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– Check neutrino hypothesis (requires kin. fit)
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Sketch of a SLD [Source]

E.g. S/sqrt(S+B) in electron channel, 2ab-1 P(e-,e+)=(-80%,+30%): 
• 2016 analysis: 0.84

• Extrapolation 2024/5: 1.15  => Briefing Book LCF results based on this!

• First shot at re-analysis 2025: 1.23

• Hot of the press May 2026, multi-class ML selection: 1.75 

=> all on this in talk by Julie @ QU day!
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Di-Higgs cross-section precision 
Input for Briefing Book fits
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From total cross-section to 𝝹𝝺
Input for Briefing Book fits
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SMEFT extraction of 𝝺 from ZHH cross-section
Phys.Rev.D 97 (2018) 5, 053004

• Is the 1-parameter extraction via  
“sensitivity factor” valid in dim6 SMEFT ? 

• full evaluation of ee->ZHH cross-section  
in dim6 SMEFT in 2018 

• with  
• all σxBF measurements from  ZH 
• and from vvH 
• and TGC constraints from WW  
• and polarised beams (ALR(ZH)) 

• residual uncertainty on 𝝺 from  
other SMEFT operators =5%  
(using ~2016 single Higgs projections)  

• needs to be considered when 𝛅λ/λ approaches 10% 
• afaik analogous study not yet done for vvH (VBF) 

14

• Much less challenge from degeneracies 

• Main challenges are related to how we can improve 
experimental analyses

[Barklow, Fujii, Jung, 
Peskin, JT, ’17]

λHHH: THE opportunity that we are almost sure
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Self-coupling Projections 
LCF & Briefing Book
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Self-coupling Projections 
LCF & Briefing Book

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.

0 5 10 15 20 25 30
δλ3[%]

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC

LHeC

LCFZ250

LCFZ250550
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LEP3

FCC-eeZ/WW240

FCC-eeZ/WW240365

FCC-hh

MuC10

Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As

33
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LCF & Briefing Book
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Beyond SM case in wider context
HL-LHC, e+e-, gamma-gamma

4− 2− 0 2 4 6 8
λκ

0

0.1

0.2

0.3

0.4

0.5

 (a
bs

.)
λ
κ

∆

 absolute uncertaintiesλκ

HL-LHC ESPPU 2025
-1, 550 GeV, 8 ab-e+e

 ZHH→ -e+     e

HHνν → -e+     e



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 23

Beyond SM case in wider context
HL-LHC, e+e-, gamma-gamma

4− 2− 0 2 4 6 8
λκ

0

0.1

0.2

0.3

0.4

0.5

 (a
bs

.)
λ
κ

∆

 absolute uncertaintiesλκ

HL-LHC ESPPU 2025
-1, 550 GeV, 8 ab-e+e

 ZHH→ -e+     e

HHνν → -e+     e

4− 2− 0 2 4 6 8
λκ

0

0.05

0.1

0.15

0.2

0.25

0.3

 (a
bs

.)
λ
κ

∆

 absolute uncertaintiesλκ

HL-LHC ESPPU 2025
-1, 550 GeV, 8 ab-e+e

HHνν, -1, 1 TeV, 8 ab-e+e
550 GeV + 1 TeV-e+e

-1 HH, 280 GeV, 4 ab→ γγ
 280 GeVγγ 550 GeV + -e+e



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 23

Beyond SM case in wider context
HL-LHC, e+e-, gamma-gamma

4− 2− 0 2 4 6 8
λκ

0

0.1

0.2

0.3

0.4

0.5

 (a
bs

.)
λ
κ

∆

 absolute uncertaintiesλκ

HL-LHC ESPPU 2025
-1, 550 GeV, 8 ab-e+e

 ZHH→ -e+     e

HHνν → -e+     e

4− 2− 0 2 4 6 8
λκ

0

0.05

0.1

0.15

0.2

0.25

0.3

 (a
bs

.)
λ
κ

∆

 absolute uncertaintiesλκ

HL-LHC ESPPU 2025
-1, 550 GeV, 8 ab-e+e

HHνν, -1, 1 TeV, 8 ab-e+e
550 GeV + 1 TeV-e+e

-1 HH, 280 GeV, 4 ab→ γγ
 280 GeVγγ 550 GeV + -e+e

Combination of e+e- 550 GeV with either 1 TeV or a 280 GeV photon collider  
gives very comparable precision to FCC-hh 
(bit worse for SM case, better BSM)



Higgs Pairs in the TeV regime
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CLIC Analysis
Overview

• full Geant4-based simulation for HH->bbbb and bbWW* 
• 1.4 TeV: ZHH & vvHH  
• 3 TeV: vvHH (also ZHH studied in arxiv:2008.05198) 
• main SM backgrounds considered 
• polarisation only partially exploited 

• status of tools: pre-2018  
• PandoraPFA, no kinematic fit, no SLD correction, … 
• LCFIPlus flavour tag, BDT selection
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CLIC Analysis
Overview

• full Geant4-based simulation for HH->bbbb and bbWW* 
• 1.4 TeV: ZHH & vvHH  
• 3 TeV: vvHH (also ZHH studied in arxiv:2008.05198) 
• main SM backgrounds considered 
• polarisation only partially exploited 

• status of tools: pre-2018  
• PandoraPFA, no kinematic fit, no SLD correction, … 
• LCFIPlus flavour tag, BDT selection
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note: 
• EPPSU25: accelerator optimisation 

=> L (1.5 TeV) = 4 ab-1 
• very conservative due to old analysis  
• factor 2 improvement possible (JL’s guess)
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CLIC Coupling Extraction
1- and 2-parameter fits

• 1.4 TeV: total cross-sections, k𝜆 only 
• 3 TeV: total cross-section and differential in mHH, k𝜆 and kHHWW 

Eur. Phys. J. C 80, 1010 (2020)
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1- and 2-parameter fits

• 1.4 TeV: total cross-sections, k𝜆 only 
• 3 TeV: total cross-section and differential in mHH, k𝜆 and kHHWW 

Eur. Phys. J. C 80, 1010 (2020)

0.5 1 1.5 2 2.5
   

HHH
SM/g

HHH
g

0
5

10
15
20
25
30
35
40

2 χ 
∆

   
 

ννrate only, HH
 & ZHHννrate only, HH
ννdifferential, HH
 & ZHHννdifferential, HH

CLICdp -1; ZHH: 1.4 TeV; 2.5 ab-1: 3 TeV; 5 abννHH

https://doi.org/10.1140/epjc/s10052-020-08567-7


Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting

[GeV]HHM
0 500 1000 1500 2000

ev
en

ts
N

0
50

100
150
200
250
300
350CLICdp

L=5000/fb 4:1 pol. scheme
3 TeV

 = 1.0HHWWκ = 1.0; HHHκ

 = 1.2HHWWκ = 1.0; HHHκ

 = 1.0HHWWκ = 1.2; HHHκ

[GeV]HHM
0 500 1000 1500 2000

ev
en

ts
N

0
50

100
150
200
250
300
350CLICdp

L=5000/fb 4:1 pol. scheme
3 TeV  = 1.0HHWWκ = 0.8; HHHκ

 = 1.0HHWWκ = 1.0; HHHκ

 = 1.0HHWWκ = 1.2; HHHκ

 = 1.0HHWWκ = 2.2; HHHκ

26
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1- and 2-parameter fits

• 1.4 TeV: total cross-sections, k𝜆 only 
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CLIC Coupling Extraction
1- and 2-parameter fits

• 1.4 TeV: total cross-sections, k𝜆 only 
• 3 TeV: total cross-section and differential in mHH, k𝜆 and kHHWW 

Eur. Phys. J. C 80, 1010 (2020)

SM
HHH

/g
HHH

g
0.5 1 1.5

SM H
H

W
W

/g
H

H
W

W
g

0.9

0.95

1

1.05

1.1

CLICdp 4:1 pol. scheme

-1: 3 TeV; 5 abννHH -1+ ZHH: 1.4 TeV; 2.5 ab

differential

68% C.L.
95% C.L.

CLICdp 4:1 pol. scheme

-1: 3 TeV; 5 abννHH -1+ ZHH: 1.4 TeV; 2.5 ab

differential

-1: 3 TeV; 5 abννHH
-1 + ZHH: 1.4 TeV; 2.5 ab

differential

0.5 1 1.5 2 2.5
   

HHH
SM/g

HHH
g

0
5

10
15
20
25
30
35
40

2 χ 
∆

   
 

ννrate only, HH
 & ZHHννrate only, HH
ννdifferential, HH
 & ZHHννdifferential, HH

CLICdp -1; ZHH: 1.4 TeV; 2.5 ab-1: 3 TeV; 5 abννHH

-8%, +11%

https://doi.org/10.1140/epjc/s10052-020-08567-7


Theory-level Studies



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 28

NLO enhancement in BSM scenarios 
https://arxiv.org/abs/2505.02947

• BSM: NLO (at least) is essential 
• 2HDM example with mH=400 GeV, 

mA=mH±=800 GeV, alignment limit 
• 1-loop cross-section 2-4 times 

larger than LO 
• If heavy Higgses light enough, expect 

sharp dip-peak resonance structure 
• detectability depends strongly on 

mHH resolution 
• ILD achieves 2%  in llbbbb  

- other channels w.i.p.
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Figure 2: Di!erential distribution w.r.t. mhh for BPal at
→

s = 500 GeV (left) and
→

s = 1 TeV

(right) for Pe→ = ↑80% and Pe+ = +30%. The blue lines include the one-loop values of ω
(1)

ω
from

the e!ective potential, the dashed red lines include the full diagrammatic prediction for ω
(1)

ω
, the

yellow lines show the 2HDM tree-level prediction and the dotted black lines show the SM tree-level
prediction.

prediction at
→

s = 500 (1000) GeV. This enhancement is most pronounced in the low mhh

region for both center-of-mass energies, which is known to be the most sensitive region to the
variation of ωω (see Ref. [35] and references therein). These one-loop corrections to the Zhh

cross section induced by ω
(1)

ω
are considerably larger than those expected in the SM, which

are not larger than 10% for 500–1000 GeV center-of-mass energies [105, 106].
It should be noted that this large increase in the Zhh production cross section happens in

the alignment limit (i.e. cε→ϑ = 0). In the alignment limit the Higgs boson h has production
rates and decay branching ratios very similar to those predicted in the SM, therefore a BSM
signal for this BP is unlikely to be detectable in single Higgs production at the HL-LHC [45,
107]. This makes di-Higgs production a key process to investigate possible BSM e!ects and
it is crucial to fully test the nature of the Higgs potential.

Regarding the potential experimental sensitivity to ωω, the analyses of Refs. [39, 40, 43,
44, 108] show the projections of the expected precision of the measurement of ωω at e

+
e
→

colliders in the case that the SM prediction is not realized, i.e. ωω ↓= 1. These results are
obtained after extrapolating the full simulation results from the SM case, which leads to
a determination of ωω with an accuracy of 15% at the ILC operating at 550 GeV with an
integrated luminosity of 4.4 ab→1 [39, 108]. Considering a possible luminosity upgrade of
8 ab→1, the accuracy for ωω = 1 drops to 11%. Assuming that integrated luminosity, Ref. [39]
gives a very similar projected precision of about 10% in the case that ωω > 1 for the Zhh

production channel. The combination with the εε̄hh channel would result in a precision of
about 8% for ωω ↔ 1 at 550 GeV and 8 ab→1. Here it is important to note that the analysis
in this subsection only takes into account the theoretical di!erential distributions, i.e. we do
not consider the smearing or binning as discussed in Sect. 4.3. However, the sensitivity to ωω

discussed above already takes such e!ects into account, as it is based on ILC experimental
analyses. This will be di!erent in Sect. 5.2, where smearing and binning have a crucial e!ect
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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NLO enhancement in BSM scenarios 
https://arxiv.org/abs/2505.02947

• BSM: NLO (at least) is essential 
• 2HDM example with mH=400 GeV, 

mA=mH±=800 GeV, alignment limit 
• 1-loop cross-section 2-4 times 

larger than LO 
• If heavy Higgses light enough, expect 

sharp dip-peak resonance structure 
• detectability depends strongly on 

mHH resolution 
• ILD achieves 2%  in llbbbb  

- other channels w.i.p.
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Figure 2: Di!erential distribution w.r.t. mhh for BPal at
→

s = 500 GeV (left) and
→

s = 1 TeV

(right) for Pe→ = ↑80% and Pe+ = +30%. The blue lines include the one-loop values of ω
(1)

ω
from

the e!ective potential, the dashed red lines include the full diagrammatic prediction for ω
(1)

ω
, the

yellow lines show the 2HDM tree-level prediction and the dotted black lines show the SM tree-level
prediction.

prediction at
→

s = 500 (1000) GeV. This enhancement is most pronounced in the low mhh

region for both center-of-mass energies, which is known to be the most sensitive region to the
variation of ωω (see Ref. [35] and references therein). These one-loop corrections to the Zhh

cross section induced by ω
(1)

ω
are considerably larger than those expected in the SM, which

are not larger than 10% for 500–1000 GeV center-of-mass energies [105, 106].
It should be noted that this large increase in the Zhh production cross section happens in

the alignment limit (i.e. cε→ϑ = 0). In the alignment limit the Higgs boson h has production
rates and decay branching ratios very similar to those predicted in the SM, therefore a BSM
signal for this BP is unlikely to be detectable in single Higgs production at the HL-LHC [45,
107]. This makes di-Higgs production a key process to investigate possible BSM e!ects and
it is crucial to fully test the nature of the Higgs potential.

Regarding the potential experimental sensitivity to ωω, the analyses of Refs. [39, 40, 43,
44, 108] show the projections of the expected precision of the measurement of ωω at e

+
e
→

colliders in the case that the SM prediction is not realized, i.e. ωω ↓= 1. These results are
obtained after extrapolating the full simulation results from the SM case, which leads to
a determination of ωω with an accuracy of 15% at the ILC operating at 550 GeV with an
integrated luminosity of 4.4 ab→1 [39, 108]. Considering a possible luminosity upgrade of
8 ab→1, the accuracy for ωω = 1 drops to 11%. Assuming that integrated luminosity, Ref. [39]
gives a very similar projected precision of about 10% in the case that ωω > 1 for the Zhh

production channel. The combination with the εε̄hh channel would result in a precision of
about 8% for ωω ↔ 1 at 550 GeV and 8 ab→1. Here it is important to note that the analysis
in this subsection only takes into account the theoretical di!erential distributions, i.e. we do
not consider the smearing or binning as discussed in Sect. 4.3. However, the sensitivity to ωω

discussed above already takes such e!ects into account, as it is based on ILC experimental
analyses. This will be di!erent in Sect. 5.2, where smearing and binning have a crucial e!ect
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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• BSM: NLO (at least) is essential 
• 2HDM example with mH=400 GeV, 

mA=mH±=800 GeV, alignment limit 
• 1-loop cross-section 2-4 times 

larger than LO 
• If heavy Higgses light enough, expect 

sharp dip-peak resonance structure 
• detectability depends strongly on 

mHH resolution 
• ILD achieves 2%  in llbbbb  

- other channels w.i.p.
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Figure 2: Di!erential distribution w.r.t. mhh for BPal at
→

s = 500 GeV (left) and
→

s = 1 TeV

(right) for Pe→ = ↑80% and Pe+ = +30%. The blue lines include the one-loop values of ω
(1)

ω
from

the e!ective potential, the dashed red lines include the full diagrammatic prediction for ω
(1)

ω
, the

yellow lines show the 2HDM tree-level prediction and the dotted black lines show the SM tree-level
prediction.

prediction at
→

s = 500 (1000) GeV. This enhancement is most pronounced in the low mhh

region for both center-of-mass energies, which is known to be the most sensitive region to the
variation of ωω (see Ref. [35] and references therein). These one-loop corrections to the Zhh

cross section induced by ω
(1)

ω
are considerably larger than those expected in the SM, which

are not larger than 10% for 500–1000 GeV center-of-mass energies [105, 106].
It should be noted that this large increase in the Zhh production cross section happens in

the alignment limit (i.e. cε→ϑ = 0). In the alignment limit the Higgs boson h has production
rates and decay branching ratios very similar to those predicted in the SM, therefore a BSM
signal for this BP is unlikely to be detectable in single Higgs production at the HL-LHC [45,
107]. This makes di-Higgs production a key process to investigate possible BSM e!ects and
it is crucial to fully test the nature of the Higgs potential.

Regarding the potential experimental sensitivity to ωω, the analyses of Refs. [39, 40, 43,
44, 108] show the projections of the expected precision of the measurement of ωω at e

+
e
→

colliders in the case that the SM prediction is not realized, i.e. ωω ↓= 1. These results are
obtained after extrapolating the full simulation results from the SM case, which leads to
a determination of ωω with an accuracy of 15% at the ILC operating at 550 GeV with an
integrated luminosity of 4.4 ab→1 [39, 108]. Considering a possible luminosity upgrade of
8 ab→1, the accuracy for ωω = 1 drops to 11%. Assuming that integrated luminosity, Ref. [39]
gives a very similar projected precision of about 10% in the case that ωω > 1 for the Zhh

production channel. The combination with the εε̄hh channel would result in a precision of
about 8% for ωω ↔ 1 at 550 GeV and 8 ab→1. Here it is important to note that the analysis
in this subsection only takes into account the theoretical di!erential distributions, i.e. we do
not consider the smearing or binning as discussed in Sect. 4.3. However, the sensitivity to ωω

discussed above already takes such e!ects into account, as it is based on ILC experimental
analyses. This will be di!erent in Sect. 5.2, where smearing and binning have a crucial e!ect

18

250 275 300 325 350 375 400 425
10�5

10�4

10�3

10�2

10�1

100

d
�

( Z
h
h
) /

d
m

h
h

[fb
/G

eV
]

No smearing

Z
(1)
di↵ = 28.5

Z
(0)
di↵ = 4.2


(0)
�

= 0.95, �
(0)
hhH

= 0.02


(1)
�

= 4.69, �
(1)
hhH

= 0.21

Pe� = �80%, Pe+ = +30%

250 275 300 325 350 375 400 425
10�5

10�4

10�3

10�2

10�1

100

d
�

( Z
h
h
) /

d
m

h
h

[fb
/G

eV
]

2% smearing

Z
(1)
di↵ = 17.6

Z
(0)
di↵ = 1.7

250 275 300 325 350 375 400 425
10�5

10�4

10�3

10�2

10�1

100

d
�

( Z
h
h
) /

d
m

h
h

[fb
/G

eV
]

5% smearing

Z
(1)
di↵ = 13.1

Z
(0)
di↵ = 1.2

250 275 300 325 350 375 400 425

mhh [GeV]

10�5

10�4

10�3

10�2

10�1

100

d
�

( Z
h
h
) /

d
m

h
h

[fb
/G

eV
]

10% smearing

Z
(1)
di↵ = 10.1

Z
(0)
di↵ = 0.8

100

101

102

103

N̄
Z

4b
/

6.
0

[1
/G

eV
]

250 275 300 325 350 375 400 425

10�3

10�2

10�1

100

�
( Z

h
h
)

/
6.

0
[fb

/G
eV

]

Z
(1) = 18.1

Z
(0) = 1.5

�
(1)
E↵.Pot. = 1.297 fb

�
(1)
diag.

= 1.363 fb

�
(0)
2HDM = 0.233 fb

�
(0)
SM = 0.231 fb

100

101

102

103

N̄
Z

4b
/

6.
0

[1
/G

eV
]

250 275 300 325 350 375 400 425

10�3

10�2

10�1

100

�
( Z

h
h
)

/
6.

0
[fb

/G
eV

]

Z
(1) = 16.4

Z
(0) = 1.5

100

101

102

103

N̄
Z

4b
/

6.
0

[1
/G

eV
]

250 275 300 325 350 375 400 425

10�3

10�2

10�1

100

�
( Z

h
h
)

/
6.

0
[fb

/G
eV

]

Z
(1) = 12.9

Z
(0) = 1.2

100

101

102

103

N̄
Z

4b
/

4.
8

[1
/G

eV
]

250 275 300 325 350 375 400 425

mhh [GeV]

10�3

10�2

10�1

100

�
( Z

h
h
)

/
4.

8
[fb

/G
eV

]

Z
(1) = 10.1

Z
(0) = 1.0

Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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• BSM: NLO (at least) is essential 
• 2HDM example with mH=400 GeV, 

mA=mH±=800 GeV, alignment limit 
• 1-loop cross-section 2-4 times 

larger than LO 
• If heavy Higgses light enough, expect 

sharp dip-peak resonance structure 
• detectability depends strongly on 

mHH resolution 
• ILD achieves 2%  in llbbbb  

- other channels w.i.p.
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Figure 2: Di!erential distribution w.r.t. mhh for BPal at
→

s = 500 GeV (left) and
→

s = 1 TeV

(right) for Pe→ = ↑80% and Pe+ = +30%. The blue lines include the one-loop values of ω
(1)

ω
from

the e!ective potential, the dashed red lines include the full diagrammatic prediction for ω
(1)

ω
, the

yellow lines show the 2HDM tree-level prediction and the dotted black lines show the SM tree-level
prediction.

prediction at
→

s = 500 (1000) GeV. This enhancement is most pronounced in the low mhh

region for both center-of-mass energies, which is known to be the most sensitive region to the
variation of ωω (see Ref. [35] and references therein). These one-loop corrections to the Zhh

cross section induced by ω
(1)

ω
are considerably larger than those expected in the SM, which

are not larger than 10% for 500–1000 GeV center-of-mass energies [105, 106].
It should be noted that this large increase in the Zhh production cross section happens in

the alignment limit (i.e. cε→ϑ = 0). In the alignment limit the Higgs boson h has production
rates and decay branching ratios very similar to those predicted in the SM, therefore a BSM
signal for this BP is unlikely to be detectable in single Higgs production at the HL-LHC [45,
107]. This makes di-Higgs production a key process to investigate possible BSM e!ects and
it is crucial to fully test the nature of the Higgs potential.

Regarding the potential experimental sensitivity to ωω, the analyses of Refs. [39, 40, 43,
44, 108] show the projections of the expected precision of the measurement of ωω at e

+
e
→

colliders in the case that the SM prediction is not realized, i.e. ωω ↓= 1. These results are
obtained after extrapolating the full simulation results from the SM case, which leads to
a determination of ωω with an accuracy of 15% at the ILC operating at 550 GeV with an
integrated luminosity of 4.4 ab→1 [39, 108]. Considering a possible luminosity upgrade of
8 ab→1, the accuracy for ωω = 1 drops to 11%. Assuming that integrated luminosity, Ref. [39]
gives a very similar projected precision of about 10% in the case that ωω > 1 for the Zhh

production channel. The combination with the εε̄hh channel would result in a precision of
about 8% for ωω ↔ 1 at 550 GeV and 8 ab→1. Here it is important to note that the analysis
in this subsection only takes into account the theoretical di!erential distributions, i.e. we do
not consider the smearing or binning as discussed in Sect. 4.3. However, the sensitivity to ωω

discussed above already takes such e!ects into account, as it is based on ILC experimental
analyses. This will be di!erent in Sect. 5.2, where smearing and binning have a crucial e!ect
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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→

s = 500 GeV for Pe→ = ↑80% and
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NLO enhancement in BSM scenarios 
https://arxiv.org/abs/2505.02947

• BSM: NLO (at least) is essential 
• 2HDM example with mH=400 GeV, 

mA=mH±=800 GeV, alignment limit 
• 1-loop cross-section 2-4 times 

larger than LO 
• If heavy Higgses light enough, expect 

sharp dip-peak resonance structure 
• detectability depends strongly on 

mHH resolution 
• ILD achieves 2%  in llbbbb  

- other channels w.i.p.
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Figure 2: Di!erential distribution w.r.t. mhh for BPal at
→

s = 500 GeV (left) and
→

s = 1 TeV

(right) for Pe→ = ↑80% and Pe+ = +30%. The blue lines include the one-loop values of ω
(1)

ω
from

the e!ective potential, the dashed red lines include the full diagrammatic prediction for ω
(1)

ω
, the

yellow lines show the 2HDM tree-level prediction and the dotted black lines show the SM tree-level
prediction.

prediction at
→

s = 500 (1000) GeV. This enhancement is most pronounced in the low mhh

region for both center-of-mass energies, which is known to be the most sensitive region to the
variation of ωω (see Ref. [35] and references therein). These one-loop corrections to the Zhh

cross section induced by ω
(1)

ω
are considerably larger than those expected in the SM, which

are not larger than 10% for 500–1000 GeV center-of-mass energies [105, 106].
It should be noted that this large increase in the Zhh production cross section happens in

the alignment limit (i.e. cε→ϑ = 0). In the alignment limit the Higgs boson h has production
rates and decay branching ratios very similar to those predicted in the SM, therefore a BSM
signal for this BP is unlikely to be detectable in single Higgs production at the HL-LHC [45,
107]. This makes di-Higgs production a key process to investigate possible BSM e!ects and
it is crucial to fully test the nature of the Higgs potential.

Regarding the potential experimental sensitivity to ωω, the analyses of Refs. [39, 40, 43,
44, 108] show the projections of the expected precision of the measurement of ωω at e

+
e
→

colliders in the case that the SM prediction is not realized, i.e. ωω ↓= 1. These results are
obtained after extrapolating the full simulation results from the SM case, which leads to
a determination of ωω with an accuracy of 15% at the ILC operating at 550 GeV with an
integrated luminosity of 4.4 ab→1 [39, 108]. Considering a possible luminosity upgrade of
8 ab→1, the accuracy for ωω = 1 drops to 11%. Assuming that integrated luminosity, Ref. [39]
gives a very similar projected precision of about 10% in the case that ωω > 1 for the Zhh

production channel. The combination with the εε̄hh channel would result in a precision of
about 8% for ωω ↔ 1 at 550 GeV and 8 ab→1. Here it is important to note that the analysis
in this subsection only takes into account the theoretical di!erential distributions, i.e. we do
not consider the smearing or binning as discussed in Sect. 4.3. However, the sensitivity to ωω

discussed above already takes such e!ects into account, as it is based on ILC experimental
analyses. This will be di!erent in Sect. 5.2, where smearing and binning have a crucial e!ect
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
Pe+ = +30%. The color coding is the same as in Fig. 2, and the red and blue lines also include

ω
(1)

hhH
as predicted by the e!ective potential. From top to bottom, the distributions have a smearing

of 0% (no smearing), 2%, 5% and 10%. The left plots show the theoretical di!erential distributions,
and the right ones show the distributions with a bin size such that all bins inside the kinematically
allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Figure 4: Di!erential distribution w.r.t. mhh for BP1 at
→

s = 500 GeV for Pe→ = ↑80% and
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allowed region have N̄i,Z4b ↓ 2 (dotted navy lines).
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Sigma     0.00120± 0.04209 
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 / ndf 2χ  39.31 / 12

Constant  0.00222± 0.08324 
Mean      0.00095± 0.02551 
Sigma     0.00097± 0.03963 

ILD work in progress
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Constant  0.0043± 0.1459 
Mean      0.000453± 0.003875 
Sigma     0.00052± 0.02124 

llhh at 550 GeV
 / ndf 2χ  159.7 / 7

Constant  0.004± 0.139 
Mean      0.000483± 0.004835 
Sigma     0.00056± 0.02163 

ILD work in progress

• Relative resolution of a few % show good agreement between reconstructed and hard process mHH

• Fit even improves the relative resolution by ⇠ 2 in lepton channel with only 4-momentum
conservation constraints

• Good mHH reconstruction ! benefits extraction of �HHH

Julie Munch Torndal | ILD Analysis/Software Meeting | Dec 4, 2024 | Page 19 DESYª

work in progress

https://arxiv.org/abs/2505.02947


Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 29

Triple-Higgs Production at Lepton Colliders
Eur. Phys. J. C 84 (2024) 366 (updated for https://arxiv.org/abs/2503.19983)

• study of e+e- / µ+µ- -> HHH 
• extraction of 𝝹3 and 𝝹4 

• no information from HH included (yet) 
• already HL-LHC will give significant 

constraints beyond those from unitarity 
• 𝝹3  < 1:  

• 1 TeV lepton collider ≈ HL-LHC  
• gain from complementarity & 

combination 
• 𝝹3  > 1:  

• 1 TeV lepton collider sensitivity 
improves, more stringent than HL-LHC 

• 3 and 10 TeV lepton collider drastically 
improve sensitivity 

https://arxiv.org/abs/2503.19983


Conclusions



Di-Higgs and Trilinear Coupling at e+e- colliders | J.List | June 2, 2026 | QU DiHiggs Meeting 31

Conclusions
and outlook
• Higgs Pair production in e+e- collisions requires > 450 GeV 
• Lower energies:  

• constraints on 𝝺 from single-Higgs observables 
• at least 2 energies needed to improve beyond HL-LHC 
• significant model-uncertainties 

• Double Higgs-strahlung in e+e- has very different BSM behaviour than vector-boson 
fusion (in e+e- or pp) 

• e+e- 550 GeV:  
• tremendous improvement for ESPPU’25 
• for SM case and LCF running scenario: 11% on 𝝺 
• Absolute uncertainty on 𝝹𝝺  ~= 0.1,  early flat as function of 𝝺 

• 𝝲𝝲 -> HH very competitive already at 280 GeV, with again  
complementary BSM behaviour 

• still a lot of room for improvement 
• Multi-class ML selection shows another significant improvement 
• update more projections to modern reco & analysis tools 
• differential distributions 
• interpretation in HEFT, concrete models, …. 
• EW NLO ?
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EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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68% probability sensitivity - All scenarios combined with HL-LHC
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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The second stage
550 GeV incl ttbar theshold

• equipping the additional tunnel with SCRF 
• + 5.46 BCHF 
• 10 Hz trains of 2625 bunches  

=> 7.7 x 1034 / cm2 / s 
• AC power 322 MW 
• target 8 ab-1 

important: this can come after a number of years 
of physics data-taking at lower operating costs 

than FCCee  
 => can afford the upgrade again!
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
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plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by

32



The Linear Collider Facility @ CERN | J.List | Jan 28, 2026 | Particle & Astroparticle Physics Seminar  U Freiburg
33

The second stage
550 GeV incl ttbar theshold

• equipping the additional tunnel with SCRF 
• + 5.46 BCHF 
• 10 Hz trains of 2625 bunches  

=> 7.7 x 1034 / cm2 / s 
• AC power 322 MW 
• target 8 ab-1 

important: this can come after a number of years 
of physics data-taking at lower operating costs 

than FCCee  
 => can afford the upgrade again!

measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC LHeC

LCFZ/250/550/1000 CLIC380/1500/3000

LEP3

FCC-ee+FCC-hh

MuC10TeV

LCFZ/250/550 CLIC380/1500 FCC-eeZ/WW/240/365

LCFZ/250 CLIC380 FCC-eeZ/WW/240

+MuC10 +FCC-hh

gHZZ gHWW gHγγ gHZγ gHgg gHbb gHττ δg1 Z[x10]δκγ[x10] λZ[x10]gHZZ gHWW gHγγ gHZγ gHgg gHbb gHττ δg1 Z[x10]δκγ[x10] λZ[x10]gHZZ gHWW gHγγ gHZγ gHgg gHbb gHττ δg1 Z[x10]δκγ[x10] λZ[x10]gHZZ gHWW gHγγ gHZγ gHgg gHbb gHττ δg1 Z[x10]δκγ[x10] λZ[x10]gHZZ gHWW gHγγ gHZγ gHgg gHbb gHττ δg1 Z[x10]δκγ[x10] λZ[x10]
0.01

0.10

1

10

δg
i[%

]

Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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Higgs physics at 550 GeV and beyond: 
• now WW fusion dominant   

=> complementary set of observables 
=> independent verification of anomalies observed at 250 GeV 

• ttH, ZHH and even vvHH become observable: 
• ttH: tree-level sensitivity to top-Yukawa 1-2% 
• di-Higgs production: sensitivity of ~10% to self-coupling 𝜆  

- for any value of 𝜆 !

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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Higgs physics at 550 GeV and beyond: 
• now WW fusion dominant   

=> complementary set of observables 
=> independent verification of anomalies observed at 250 GeV 

• ttH, ZHH and even vvHH become observable: 
• ttH: tree-level sensitivity to top-Yukawa 1-2% 
• di-Higgs production: sensitivity of ~10% to self-coupling 𝜆  

- for any value of 𝜆 !

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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The second stage
550 GeV incl ttbar theshold

• equipping the additional tunnel with SCRF 
• + 5.46 BCHF 
• 10 Hz trains of 2625 bunches  

=> 7.7 x 1034 / cm2 / s 
• AC power 322 MW 
• target 8 ab-1 

important: this can come after a number of years 
of physics data-taking at lower operating costs 

than FCCee  
 => can afford the upgrade again!

measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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Higgs physics at 550 GeV and beyond: 
• now WW fusion dominant   

=> complementary set of observables 
=> independent verification of anomalies observed at 250 GeV 

• ttH, ZHH and even vvHH become observable: 
• ttH: tree-level sensitivity to top-Yukawa 1-2% 
• di-Higgs production: sensitivity of ~10% to self-coupling 𝜆  

- for any value of 𝜆 !

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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The second stage
550 GeV incl ttbar theshold

• equipping the additional tunnel with SCRF 
• + 5.46 BCHF 
• 10 Hz trains of 2625 bunches  

=> 7.7 x 1034 / cm2 / s 
• AC power 322 MW 
• target 8 ab-1 

important: this can come after a number of years 
of physics data-taking at lower operating costs 

than FCCee  
 => can afford the upgrade again!

measurements are responsible for the very strong bounds on the leptonic or quark operators,
e.g. O

(3)
! l at the 10 TeV Muon collider or O

(3)
!q at the FCC-hh, which are beyond the reach of the

high-statistics Z-pole run of the FCC-ee. The benefits of high-energy measurements are further
discussed at the end of this section.

Higgs boson interactions
For comparisons of the Higgs boson interactions, effects modifying the on-shell effective Higgs
couplings are considered and defined via the corresponding partial decay widths, i.e. ∀gHxx →
1
2∀!(H ↑ xx), where ∀ refers to relative modifications with respect to the SM value: ∀!(H ↑
xx) = ∀!(H ↑ xx)/!SM(H ↑ xx). Figure 3.6 shows the 68% probability bounds on ∀gHxx for
each SM final state. The interactions with the top quark will be discussed separately. Note
that, due to the U(2)5 flavour symmetry, sizeable modifications of the Higgs couplings to the
two light fermion families are not possible, and thus are not shown. Bounds on the aTGC,
mentioned above, which receive constraints both from Higgs and W+W↓ measurements, are
also shown in the figure.
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Fig. 3.6: (Top panel) 68% probability sensitivity to modifications of the effective Higgs cou-
plings and aTGCs in the dimension-six U(2)5-symmetric SMEFT framework. In this panel, the
empty boxes and "T" bars indicate the results from a combination of some of the colliders with
the 10 TeV Muon Collider and FCC-hh, respectively. (Bottom panel) Impact in the fit when
using the aggressive (bars) and conservative (triangles) theory scenarios.

Similarly to the discussion of Sect. 3.1, all e+e↓and high-energy colliders yield signifi-
cant improvements with respect to the HL-LHC. Unlike in the # framework, where the #W and
#Z parameters are completely independent, the obtained precision on the HZZ and HWW cou-
plings in the SMEFT approach is similar for a given project, as these couplings are connected
to each other up to custodial symmetry breaking effects, which are themselves constrained by
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Higgs physics at 550 GeV and beyond: 
• now WW fusion dominant   

=> complementary set of observables 
=> independent verification of anomalies observed at 250 GeV 

• ttH, ZHH and even vvHH become observable: 
• ttH: tree-level sensitivity to top-Yukawa 1-2% 
• di-Higgs production: sensitivity of ~10% to self-coupling 𝜆  

- for any value of 𝜆 !

EWPOs. One or two permille precision can be obtained for all e+e→colliders when including
multiple energy stages. Running at only energies around 230 GeV as in the case of LEP3 yields
comparatively worse results. Similar conclusions can be drawn for other couplings, e.g. to b
quarks or tau leptons, where high-energy stages bring strong improvement to the precision. The
higher-energy stages of the LC are needed to match the high-statistical precision obtainable at
the FCC-ee. For the aTCGs, a strong improvement is seen in particular when adding in higher-
energy stages of the LC, due also in part to correlations with HWW and HZZ. The effect of
theory uncertainties is smaller here compared to EWPOs, as indicated in the lower panel of the
figure. High-energy lepton colliders, where measurements of VBF processes are used, are more
strongly affected by these uncertainties.
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Fig. 3.7: 68% probability sensitivity to mod-
ifications of the Higgs trilinear coupling in
the dimension-six U(2)5-symmetric SMEFT
framework. (Note that a temporary uncer-
tainty band has been added to the estimate from
single-Higgs measurements.)

A high-statistics Z-pole run helps con-
strain operators that enter both in the EWPO
and in the ZH production, where the effect
on ZH production grows with increasing en-
ergy. For the FCC-ee, which projects to
have the most precise ZH measurement for all
e+e→options, a Z-pole run with several 109 Z
bosons, much less than the anticipated statis-
tics of the Tera-Z run, is needed to achieve
sufficient precision to constrain those oper-
ators more tightly than ZH production [50].
For the LC, polarisation is a valuable tool to
probe contributions from s-channel photon-
exchange diagrams, sensitive to SMEFT HZ!
interactions. As the same operators generat-
ing these effects also contribute to the Higgs
couplings to vector bosons, polarisation at en-
ergies of 250 GeV helps to improve the preci-
sion on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a pre-
cision on the Higgs cubic interaction, ∀3,
of 27%. For e+e→projects running below a
centre-of-mass energy of roughly 450 GeV,
∀3 can be determined via single-Higgs bo-
son measurements, where it contributes via
loop-level corrections; at energies above this
threshold, it can be determined via HH pro-

duction threshold, where it contributes at tree level. The former method requires precision Higgs
bosons measurements obtained at two different centre-of-mass energies, to break degeneracies.
Furthermore, a wide range of measured observables, especially those involving top quarks, are
needed to constrain other, non-∀3, loop-level contributions. Being sensitive to different types
of effects aside from ∀3 brings an interesting complementarity between HH and single-Higgs
determinations, where a non-SM signal observed in one process and not confirmed by the other
would be evidence of additional BSM corrections.

Figure 3.7 shows the projected precision on ∀3 for the different collider options. As
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ErrorFlow and correction for semi-leptonic b-decays
PhD thesis Y.Radkhorrami, arxiv:2212.07264

• ParticleFlow: optimised detectors reconstruct 
• every particle (PFO) in a jet  
• 4-momentum and its covariance matrix for each PFO  
• charged: track fit - neutrals: calorimeters 
• modulo mistakes of PFlow algorithm => “confusion” 

• ErrorFlow: jet covariance matrix propagated from jet PFOs 
• much better error estimates wrt parametrised approach 
• fit probability much closer to unifomity 

• semi-leptonic decay (SLD) correction 
• charged lepton in b-tagged jet?  
• calculate 𝜈 momentum up to 2-fold ambiguity  

from visible momentum, 2ndary vertex position, B mass 
• propagate 𝜈 momentum uncertainty to jet cov. mat. 
• let kinematic fit resolve ambiguity 
• impressive improvement in mbb reconstruction!
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Kinematic fitting and ⌫-correction

> luckily we can fix this thanks to work
done byYasser Radkhorrami

> ifwe find the sld e/µ and its production
vertexwe can recover the ⌫ momentum
up to a sign

> do a kinematic fit to find the right sign
afterwards 50 100 150
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DESYª | Identification of charged leptons inside jets at ILD | Leonhard Reichenbach | ILD Software & Analysis Meeting, 28.09.2022 4/13

8.1. Rapidity-based Approach to Neutrino Correction

lepton(s), the presence of a single charged lepton originating from a secondary or
tertiary vertex in a heavy flavour jet often implies a semi-leptonic decay (see section
5.6.3). The high granularity of the ILD detector provides the opportunity to find and
tag leptons in jets with high e!ciency and purity [111, 125]. The neutrino momentum
is then estimated from the kinematics of the semi-leptonic decay assuming the following
information is available: The mass (mX) and flight direction of the mother hadron and
the 4-momentum (ωpvis,Evis) of all visible decay products (l±,Y ) originating from the
vertex at which the semi-leptonic decay occurs (Figure 8.2).

X

Y

l
±

ε

W
→

Figure 8.2.: A schematic view of the semi-leptonic decay of X (charmed or bottom
hadron) to an invisible neutrino and the visible l

± and Y decay products

The invariant mass of the mother hadron is given by

m
2
X

= E
2
X

→ |ωpX |
2

= (Evis + Eω)2
→ |ωpvis + ωpω |

2 (8.4)

Here, mX is Lorentz invariant and can be calculated in the most convenient system of
reference, which clearly is the rest frame of X (the primed system from now on), where
ωp

↑
vis = →ωp

↑
ω
, and thus simply

mX = E
↑
vis + E

↑
ω

= E
↑
vis + |ωp

↑
ω
|

= E
↑
vis + |ωp

↑
vis|

(8.5)

The neutrino is assumed to be massless and hence Eω = |ωpω | in any frame. Taking
the invariant mass of the visible decay products as mvis =

√
E

↑2
vis → |ωp ↑

vis|
2, equation 8.5

gives rise to (see Appendix E for detailed calculation)

E
↑
vis = m

2
X

+ m
2
vis

2mX

(8.6)

For the momentum of the visible decay products in the rest frame of X, denoting
p = |ωp|, one can write

p
↑ 2
vis = p

↑ 2
vis↓ + p

↑ 2
vis↔

= p
↑ 2
vis↓ + p

2
vis↔

(8.7)

where the parallel(↑) and the perpendicular(↓) directions are taken with respect to the
direction of flight of the mother hadron. The last step follows since the perpendicular
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• ParticleFlow: optimised detectors reconstruct 
• every particle (PFO) in a jet  
• 4-momentum and its covariance matrix for each PFO  
• charged: track fit - neutrals: calorimeters 
• modulo mistakes of PFlow algorithm => “confusion” 

• ErrorFlow: jet covariance matrix propagated from jet PFOs 
• much better error estimates wrt parametrised approach 
• fit probability much closer to unifomity 

• semi-leptonic decay (SLD) correction 
• charged lepton in b-tagged jet?  
• calculate 𝜈 momentum up to 2-fold ambiguity  

from visible momentum, 2ndary vertex position, B mass 
• propagate 𝜈 momentum uncertainty to jet cov. mat. 
• let kinematic fit resolve ambiguity 
• impressive improvement in mbb reconstruction!
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lepton(s), the presence of a single charged lepton originating from a secondary or
tertiary vertex in a heavy flavour jet often implies a semi-leptonic decay (see section
5.6.3). The high granularity of the ILD detector provides the opportunity to find and
tag leptons in jets with high e!ciency and purity [111, 125]. The neutrino momentum
is then estimated from the kinematics of the semi-leptonic decay assuming the following
information is available: The mass (mX) and flight direction of the mother hadron and
the 4-momentum (ωpvis,Evis) of all visible decay products (l±,Y ) originating from the
vertex at which the semi-leptonic decay occurs (Figure 8.2).

X

Y

l
±

ε

W
→

Figure 8.2.: A schematic view of the semi-leptonic decay of X (charmed or bottom
hadron) to an invisible neutrino and the visible l

± and Y decay products

The invariant mass of the mother hadron is given by

m
2
X

= E
2
X

→ |ωpX |
2

= (Evis + Eω)2
→ |ωpvis + ωpω |

2 (8.4)

Here, mX is Lorentz invariant and can be calculated in the most convenient system of
reference, which clearly is the rest frame of X (the primed system from now on), where
ωp

↑
vis = →ωp

↑
ω
, and thus simply

mX = E
↑
vis + E

↑
ω

= E
↑
vis + |ωp

↑
ω
|

= E
↑
vis + |ωp

↑
vis|

(8.5)

The neutrino is assumed to be massless and hence Eω = |ωpω | in any frame. Taking
the invariant mass of the visible decay products as mvis =

√
E

↑2
vis → |ωp ↑

vis|
2, equation 8.5

gives rise to (see Appendix E for detailed calculation)

E
↑
vis = m

2
X

+ m
2
vis

2mX

(8.6)

For the momentum of the visible decay products in the rest frame of X, denoting
p = |ωp|, one can write

p
↑ 2
vis = p

↑ 2
vis↓ + p

↑ 2
vis↔

= p
↑ 2
vis↓ + p

2
vis↔

(8.7)

where the parallel(↑) and the perpendicular(↓) directions are taken with respect to the
direction of flight of the mother hadron. The last step follows since the perpendicular

125

available in  
ilcsoft/key4hep

in 66% of  
ZH events
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• Relative resolution of a few % show good agreement between reconstructed and hard process mHH

• Fit even improves the relative resolution by ⇠ 2 in lepton channel with only 4-momentum
conservation constraints

• Good mHH reconstruction ! benefits extraction of �HHH

Julie Munch Torndal | ILD Analysis/Software Meeting | Dec 4, 2024 | Page 19 DESYª

J. Torndal

   
2x better

~2% mHH  
resolution

https://arxiv.org/abs/2212.07264
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sigma vs lambda zoom

Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as a function of the modified Higgs
cubic self-coupling. See Table 18 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [30]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
operators in the Higgs potential, gives the bound [27, 76]

|k3|⇠< 70x . (28)

At HL-LHC, x can be determined with a precision of 1.5% at best, corresponding to a sensitivity on the Higgs self-
coupling of about 100%, and thus somewhat inferior but roughly comparable to the direct sensitivity of 50% [13]. Parametric
enhancements of the deviations of Higgs cubic self-coupling relative to the single Higgs couplings require a particular dynamics
for the new physics. An example is encountered in Higgs portal models where the Higgs boson mixes with a SM neutral scalar
field, possibly contributing to the dark matter relic abundance [41, 73]. In more traditional scenarios addressing the hierarchy
problem, such as supersymmetric or composite models, the deviation of k3 is expected to be of the order x and is likely to
remain below the experimental sensitivity.

The sensitivity of the various future colliders to the Higgs cubic coupling can be obtained using five different methods (1,
2(a), 2(b), 3, and 4):

1. an exclusive analysis of HH production, i.e., a fit of the double Higgs cross section considering only deformation of the
Higgs cubic coupling;

2. a global analysis of HH production, i.e., a fit of of the double Higgs cross section considering also all possible deformations
of the single Higgs couplings that are constrained by single Higgs processes;

(a) the global fit does not consider the effects at higher order of the modified Higgs cubic coupling to single Higgs
production and to Higgs decays;

(b) these higher order effects are included;

3. an exclusive analysis of single Higgs processes at higher order, i.e., considering only deformation of the Higgs cubic
coupling; technically, this will be a one-dimensional EFT fit where only the linear combination of the two operators of
Eq. (25) corresponding to the k3 deformation is turned on;

4. a global analysis of single Higgs processes at higher order, i.e., considering also all possible deformations of the single
Higgs couplings. Technically, this will be a 30-parameter EFT fit done within the scenario SMEFTND scenario of Eq. (16).
The contribution of k3 to EWPO at 2-loop could also be included but for the range of k3 values discussed here, the size
of effects would be totally negligible.

33/75
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Higgs Couplings: The Snowmass SMEFT fit 
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Higgs Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

all e+e- colliders show very comparable performance for standard Higgs program 
despite quite different assumed integrated luminosities => beam polarisation! 

• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c

arXiv:2206.08326
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• some more at ~1%: γ, c

arXiv:2206.08326

gain wrt to HL-LHC: 
•  assuming no exotic Higgs decays exist: 

=> all e+e- colliders gain at least an order of 
magnitude in precision wrt HL-LHC 

• allowing exotic Higgs decays: 
=> qualitative jump since no absolute 
couplings from HL-LHC at all

http://www.apple.com/uk
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Higgs Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

all e+e- colliders show very comparable performance for standard Higgs program 
despite quite different assumed integrated luminosities => beam polarisation! 

• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c

arXiv:2206.08326

gain wrt to HL-LHC: 
•  assuming no exotic Higgs decays exist: 

=> all e+e- colliders gain at least an order of 
magnitude in precision wrt HL-LHC 

• allowing exotic Higgs decays: 
=> qualitative jump since no absolute 
couplings from HL-LHC at allWhy do all e+e- Higgs Factories 

give so similar performance 
despite the very different 
assumed luminosities?

http://www.apple.com/uk
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Higgs potential in extended Higgs Sectors
“Mexican hat” turns into complex landscape

• 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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Higgs potential in extended Higgs Sectors
“Mexican hat” turns into complex landscape

• 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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Electroweak Symmetry Breaking and Baryogenesis
Evolution of the universe

• temperature evolution of Higgs potential ?   
• phase diagram of the SM!  
• 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) 

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

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

predicted by SM - with the least possible prejudice! 
(eg “everything else” SM-like) 

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

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

credit: Kateryna Radchenko Serdula

https://arxiv.org/pdf/hep-ph/0010275
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• temperature evolution of Higgs potential ?   
• phase diagram of the SM!  
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• thus in SM no out-of-equilibrium state of the early 

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

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

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

predicted by SM - with the least possible prejudice! 
(eg “everything else” SM-like) 

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

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

credit: Kateryna Radchenko Serdula

Interesting interplay with gravitational 
waves: detect direct remnants of the phase 

transition?

https://arxiv.org/pdf/hep-ph/0010275
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Interplay with Gravitational Wave detection
Need to assume specific extended Higgs sector to quantify effects
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• FOEWPT can be realised in various extended Higgs sectors 

• part of the relevant parameter space can be probed by PHB / LISA & Co 

• colliders with ~10% precision on 𝜅𝜆 can test FOEWPT comprehensively 
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• Gauge group of weak x electromagnetic interaction: SU(2)L x U(1) 

• L: left-handed, spin anti-|| momentum* 
R: right-handed, spin || momentum* 

• left-handed particles are fundamentally different from right-handed ones: 
• only left-handed fermions (e–) and right-handed anti-fermions (e+) take part in the charged weak interaction, 

i.e. couple to the W bosons 
• there are (in the SM) no right-handed neutrinos 

• right-handed quarks and charged leptons are singlets under SU(2)L 

• also couplings to the Z boson are different for left- and right-handed fermions 

• checking whether the differences between L and R are as predicted in the SM is a very sensitive test 
for new phenomena!

40

Interlude: Chirality in Particle Physics

* for massive particles, there is of course a difference between chirality and helicity, no time for this today, ask at the end in case of doubt!

Just a quick reminder…
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Physics benefits of polarised beams

redundancy & control of systematics: 
• “wrong” polarisation yields “signal-free” control 

sample 
• flipping positron polarisation controls nuisance 

effects on observables relying on electron 
polarisation 

• essential: fast helicity reversal for both beams!

signal enhancement: 
• Higgs production  

in WW fusion 
• many BSM processes  

have strong polarisation dependence => higher S/B 

chiral analysis: 
• SM: Z and 𝛾 differ in  

couplings to left- and  
right-handed fermions 

• BSM:  
chiral structure unknown, needs to be determined!

f

f

g𝛾L, g𝛾R, gZL, gZR 

General references on polarised e
+
e

– 
physics: 

• arXiv:1801.02840  
• Phys. Rept. 460 (2008) 131-243Much more than statistics!

background suppression: 

• e
+
e

–
→WW / 𝝂e𝝂e  

strongly P-dependent  
since t-channel only  
for e

–

L
e

+

R

https://arxiv.org/abs/1801.02840
https://www.sciencedirect.com/science/article/abs/pii/S0370157308000136?via=ihub
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Polarisation & Higgs Couplings

constrained  
by EWPOs (*)

only diagram  
allowed in SM

~cWW

• THE key process at a Higgs factory:  

Higgsstrahlung e
+
e

–
→Zh 

• ALR of Higgsstrahlung: very important to disentangle 
different SMEFT operators!

𝛄

A relationship only appreciated a few years ago… 
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Polarisation & Higgs Couplings
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only diagram  
allowed in SM

~cWW

spin reversal e
–
R↔︎e

–
L: 

• 1st diagram flips sign  
• 2nd diagram keeps sign  
⇒ ALR lifts degeneracy  

between operators!
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+
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• ALR of Higgsstrahlung: very important to disentangle 
different SMEFT operators!
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Polarisation & Higgs Couplings
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• THE key process at a Higgs factory:  

Higgsstrahlung e
+
e

–
→Zh 

• ALR of Higgsstrahlung: very important to disentangle 
different SMEFT operators!

𝛄

A relationship only appreciated a few years ago… 

https://inspirehep.net/literature/1723778
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★ 2 ab–1 polarised ≈ 5 ab–1 unpolarised 
★ that’s why all e+e- Higgs factories perform so similar! 
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Polarisation & Higgs Couplings
A relationship only appreciated a few years ago… 

15IRN Terascale Nov. 24

Entanglement - SMEFT NLO

NLO Contributions to ee->HZ

One important contribution is eett Vertex

Correlation C
φ
 to tt-Vertices arxiv:2409.11466

~C
φ

C
φ

C
φ

C
φu

=f(Ztt) C
lq
=f(eett)

● NLO SMEFT introduces sensitivity to and constrains C
φ
and operators involving top vertices

● Disentangling of constraints using beam polarisation
● Final word would come from higher energy measurements
● Note that C

lq 
is strongly energy dependent (-> would benefit from higher energies)  
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Top Yukawa coupling

σttH  
|Δyt/yt | 

6.3%

2%

+ 1 TeV:  1.4%

 [Phys.Rev. D84 (2011) 014033 & 
 arXiv:1506.07830]

to-do: real, full sim study @ 600 GeV! 

The Higgs and the Top

• absolute size of |yt|: 
• HL-LHC:   

• 𝛅𝜿t = 3.2% with |𝜿V| ≤ 1 or 3.4% in SMEFTND 

• e+e- LC: 
• current full simulation achieved 6.3% at 500 GeV 
• strong dependence on exact choice of ECM,  

e.g. 2% at 600 GeV 
• not included:  

• experimental improvement with higher energy 
(boost!) 

• other channels than H->bb

Choosing the right energy

http://arxiv.org/abs/arXiv:1506.07830
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