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Outline
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Introduction:  
The Higgs self-coupling is 
different…
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Deviation of λ from SM prediction can be large
even if all other couplings are SM-like

from dimensional analysis or from UV complete BSM models

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

without fine-tuning any parameters, as big as,

which is significant! Durieux, MM, 
Salvioni. 2022

M. McCullough @ LCWS2024

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

Parameter scan in the 2HDM (all types):

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

⇒ effect of the extended BSM Higgs sector!

Sven Heinemeyer, LCWS24 (Tokyo), 10.07.2024 11

S.Heinemeyer @ LCWS2024

https://agenda.linearcollider.org/event/10134
https://agenda.linearcollider.org/event/10134
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[F. Arco, S.H., M. Mühlleitner - PRELIMINARY]

⇒ effect of the extended BSM Higgs sector!

Sven Heinemeyer, LCWS24 (Tokyo), 10.07.2024 11

S.Heinemeyer @ LCWS2024

Measurement with as little model-assumptions as 

possible is crucial!

https://agenda.linearcollider.org/event/10134
https://agenda.linearcollider.org/event/10134
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Direct measurement of 𝝺 at e+e- colliders

from most detailed ref: PhD Thesis C.Dürig 
Uni Hamburg, DESY-THESIS-2016-027

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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Direct measurement of 𝝺 at e+e- colliders

from most detailed ref: PhD Thesis C.Dürig 
Uni Hamburg, DESY-THESIS-2016-027

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

can still extract 𝝺 reliably, cf arXiv:1708.09079 

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
https://arxiv.org/abs/1708.09079
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Direct measurement of 𝝺 at e+e- colliders
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The Higgs self-coupling master plot of the last EPPSU
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

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

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

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

At lepton colliders, double Higgs-strahlung, e+e− → 
ZHH, gives stronger constraints on positive 
deviations (κ3 > 1), while VBF is better in 
constraining negative deviations, (κ3 < 1). While at 
HL-LHC, values of κ3 > 1, as expected in models of 
strong first order phase transition, result in a smaller 
double-Higgs production cross section due to the 
destructive interference, at lepton colliders for the 
ZHH process they actually result in a larger cross 
section, and hence into an increased precision. For 
instance at ILC500, the sensitivity around the SM 
value is 27% but it would reach 18% around κ3 = 1.5. 

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

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

At lepton colliders, double Higgs-strahlung, e+e− → 
ZHH, gives stronger constraints on positive 
deviations (κ3 > 1), while VBF is better in 
constraining negative deviations, (κ3 < 1). While at 
HL-LHC, values of κ3 > 1, as expected in models of 
strong first order phase transition, result in a smaller 
double-Higgs production cross section due to the 
destructive interference, at lepton colliders for the 
ZHH process they actually result in a larger cross 
section, and hence into an increased precision. For 
instance at ILC500, the sensitivity around the SM 
value is 27% but it would reach 18% around κ3 = 1.5. 

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

This talk: limitations and prospects 
for this measurement (“27%”)

https://arxiv.org/abs/2406.03557


Towards an update of the ZHH 
Analysis
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Full Simulation of the ILD Detector Concept
previous analysis & update

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 sin1/2𝜃) 

• vertexing  (H → bb/cc/ττ) 
𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin3/2𝜃) 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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Full Simulation of the ILD Detector Concept
previous analysis & update

Key requirements from Higgs physics: 
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 ⊕ 1 x 10-3 / (pt sin1/2𝜃) 

• vertexing  (H → bb/cc/ττ) 
𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin3/2𝜃) 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

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2
≈ ATLAS / 3

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
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The previous ZHH Analysis
ILC500 based on ILD DBD2013The 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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– 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 2014 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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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

if 25% (rel.) improvement out of (a combination) of these 
=> 5 σ discovery of λSM

also: improve ISR reconstruction
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Flavour-Tagging with ML
ParticleNet and ParticleTransformer (ParT)

Flavor tagging with ML (ParticleNet)

 improved 𝑏𝑏-tagging efficiency since
state-of-the-art projections from 2016

ML models (DeepJet, ParticleNet, ParT) 
show highly improved rejection
compared to LCFIPlus

 status: ready for use (in MarlinML)

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 11

Flavor tagging performance of LCFIPlus vs. ParticleNet
using ILD full simulation. M. Meyer [2023]

• significant improvements wrt LCFIPlus 
achieved 

• NEW: receipe to perform inference 
from Marlin  MarlinMLFlavorTagging  
=> essential for application in full 
reconstruction & analysis chain!

https://gitlab.desy.de/ilcsoft/MarlinMLFlavorTagging
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Flavor tagging performance of LCFIPlus vs. ParticleNet
using ILD full simulation. M. Meyer [2023]

Compare LCFIPlus and ParT（ILD full simulation）
• 91 GeV data from ILD was used. 
• The performance is greatly 
improved over LCFIPlus.

9

b-tag 80% eff. c-tag 80% eff.

Method c-bkg acceptance uds-bkg acceptance b-bkg acceptance uds-bkg acceptance

LCFIPlus 10% 1% 10% 2%

ParT 1.29% 0.25% 1.02% 0.43%

Performance of ParT

About 7.8 times
LCFIPlus

T.Suehara et al, LCWS 2024
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• NEW: receipe to perform inference 
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Flavor tagging performance of LCFIPlus vs. ParticleNet
using ILD full simulation. M. Meyer [2023]

Evaluation of impact in ZHH 
analysis ongoing, potential 

improvement even larger than 
conceivable in 2016…
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Neutrino Correction with Vertexing, PFlow and Kinematic Fit
Improved m(bb) invariant mass reconstruction Neutrino correction with kinematic fitting

 for semileptonic decay (SLD) processes

– already in ZH → 𝑏𝑏�𝑏𝑏/𝑐𝑐 ̅𝑐𝑐, 66% of events include at least one SLD

procedure:

– identify/tag heavy quark jet

– identify lepton in jet

– calculate neutrino four momentum from kinematics
with kinematic fitting, the best solution is selected

 status: in production (in MarlinReco)

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 12

Recovering the neutrino kinematics. Y. Radkhorrami [2022]

Improved di-jet mass reconstruction. Y. Radkhorrami [2022]
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Recovering the neutrino kinematics. Y. Radkhorrami [2022]

Improved di-jet mass reconstruction. Y. Radkhorrami [2022]

Evaluation of impact in ZHH analysis ongoing
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generator level check
excellent separation

naive MEM
 separation power lost
 need to describe smearing with TFs

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

MEM Introduction with Examples
Event data

MEM type

MC 
truth Reco

ME only

ME+DTF -

Event data

MEM type

MC 
truth Reco

ME only

ME+DTF -

21 13

Matrixelements for ZZH / ZHH discrimination
In theory the optimal observable…
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MEM Introduction with Examples
Event data

MEM type

MC 
truth Reco

ME only

ME+DTF -

Event data

MEM type

MC 
truth Reco

ME only

ME+DTF -

21 13

Matrixelements for ZZH / ZHH discrimination
In theory the optimal observable…

next: can suitable transfer functions (partially) 
recuperate loss during detection / reconstruction?



Choice of ECM  
— and interplay with  BSM 
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λHHH: updated projection
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• two production channels combined at all √s: WW-fusion channel rapidly 
becomes useful just a little above 500 GeV 

• luminosity now also scaled proportionally to √s

note: this is based on old DBD analysis; large room from new analysis

Discovery can 
be guaranteed  

J.Tian, LCWS2024

15

Combining ZHH & vvHH — as Function of ECM



The Higgs Self-coupling at Linear e+e- Colliders | ICHEP I  20 July 2024  |   Jenny List

16

λHHH: updated projection

500 1000 1500
 [GeV]s

10

210

 [
%

]
λ

 /
 

λ
δ

ZHH→
-

+e
+

e

HHνν→
-

+e
+

e

HH CombinedννZHH & 

5σ
ILC500: 23%

ILC550: 20%

ILC600: 18%

• two production channels combined at all √s: WW-fusion channel rapidly 
becomes useful just a little above 500 GeV 

• luminosity now also scaled proportionally to √s

note: this is based on old DBD analysis; large room from new analysis

Discovery can 
be guaranteed  

J.Tian, LCWS2024

15

Combining ZHH & vvHH — as Function of ECM

combination and 550 GeV



The Higgs Self-coupling at Linear e+e- Colliders | ICHEP I  20 July 2024  |   Jenny List

16

λHHH: updated projection

500 1000 1500
 [GeV]s

10

210

 [
%

]
λ

 /
 

λ
δ

ZHH→
-

+e
+

e

HHνν→
-

+e
+

e

HH CombinedννZHH & 

5σ
ILC500: 23%

ILC550: 20%

ILC600: 18%

• two production channels combined at all √s: WW-fusion channel rapidly 
becomes useful just a little above 500 GeV 

• luminosity now also scaled proportionally to √s

note: this is based on old DBD analysis; large room from new analysis

Discovery can 
be guaranteed  

J.Tian, LCWS2024

15

Combining ZHH & vvHH — as Function of ECM

combination and 550 GeV

analysis improvements to come?
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=> stay tuned…
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Note: this assumes 
𝝺=𝝺SM
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Higgs self-coupling Beyond the SM
The Higgs Boson

The Higgs Boson
…and the universe

Electroweak Baryogenesis?
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Conclusions
And Outlook

• The Higgs self-coupling can have large deviations from SM (even if others don’t!) 
• Direct tree-level access to tri-linear Higgs coupling in e+e- collisions at ≥ 500 GeV  
• The previous ILC500 projection, from 2014, based on full detector simulation, gave 27% for 

the SM case, but eg 18% for 𝝹λ = 1.5 

• A lot of room for improvement has been identified 
• at slightly higher ECM, eg 550 GeV, di-Higgs production from WW-fusion starts to 

contribute => eg 27% → 20% for SM case 
• progress in flavour tag, jet reco, kinematic fitting, MEMs, … 20% → x%  for SM case
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Conclusions
And Outlook

• The Higgs self-coupling can have large deviations from SM (even if others don’t!) 
• Direct tree-level access to tri-linear Higgs coupling in e+e- collisions at ≥ 500 GeV  
• The previous ILC500 projection, from 2014, based on full detector simulation, gave 27% for 

the SM case, but eg 18% for 𝝹λ = 1.5 

• A lot of room for improvement has been identified 
• at slightly higher ECM, eg 550 GeV, di-Higgs production from WW-fusion starts to 

contribute => eg 27% → 20% for SM case 
• progress in flavour tag, jet reco, kinematic fitting, MEMs, … 20% → x%  for SM case

≥ 5σ dicovery of 𝝺 should be possible at 550 GeV for 𝝺 ≥ 𝝺SM 
in combination with 1 TeV: 10-15% for any value of 𝝺 

Stay tuned for a full update!
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st order,  requirement  
for EW baryogenesis2nd order

• origin of matter-antimatter asymmetry: universe 
must have been out of thermal equilibrium   
=> 1.order phase transition 

• Electroweak phase transition?

1st vs 2nd order phase transition

International Conference on the Physics of the Two Infinities - 27/03/2023 - Roberto Salerno - 

EW baryogenesis

33

During a first-order EW phase transition our Universe tunnels from < >=0 (false vacuum) to < >≠0 (true vacuum)  
via Higgs-bubble nucleation. The bubbles expand at near speed of light. 

ϕ ϕ

Particle flow into the expanding bubble wall and CP violation implies that the wall exerts different forces on 
particles and antiparticles ⟹ create a chiral asymmetry ⟹  generate a net baryon asymmetry  
To preserve the baryon asymmetry demands a strong first-order EW phase transition, namely < >c/TC≳1.3 ϕ

< >≠0ϕ
< >=0ϕ

Expansion

“In one slide” 

< >≠0ϕ < >≠0ϕ

< >≠0ϕ < >=0ϕ
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• can gain some information from loop corrections to single Higgs production, however need 
• better than 1% measurement of σ(ZH) 
• at 2 ECM to distinguish from change in 𝛋Z 

• yt from HL-LHC 
• Ceett  4-fermion operators  

• very challenging at HL-LHC 
• limited information from ee at 365 GeV    
• full information at ≥ 500 GeV with polarised beams!

20

At “Higgs Factory” energies

7

Challenges: three hurdles to clarify

1

2 3

[McCullough, ’13]

8

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

How to discriminate with HZZ coupling

[M. Peskin]

“easy” solution: lift 
degeneracy by multiple √s

• δσZH < 1% is a necessity; but not sufficient
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Full SMEFT analysis of Top Quark sector
Essential to understand special relation of top quark and Higgs boson

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

to the individual bounds

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

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

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

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

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

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

– 10 –

arXiv:2205.02140

+ FCC-ee
t

t
not accessible at HL-LHC

CEPC  
 FCCee

ILC  
CLIC
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Introduction

I Standard Model (SM) is the best description of fundamental particles and interactions

I SM Higgs sector is origin of fermion and gauge boson masses ! Higgs mechanism

I establish Higgs mechanism experimentally ! reconstruct Higgs potential

V(⌘H) =
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2
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H⌘
2
H + �v⌘3

H +
1

4
�⌘4

H

v = VEV (246 GeV)

� = coupling parameter

⌘H = physical Higgs field

I Higgs discovery allows SM prediction

� ± �� =
mH
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�mH
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mH ⇠ 0.130 ± 0.001

I Higgs potential highly influenced by �

2.2 Measurement of the Higgs Self-coupling in e+e�- collisions

�

V
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� = 0.13

� = 0.3

� = 1

Figure 2.4 – Sketch of the Higgs potential for different values of �. Larger values of �
increase the slope and make the width of the overall distribution more com-
pact, while smaller values of � lead to a broadening of the distribution with
a smaller slope. Increasing of � leads to an increased depth of the minimum,
but the positioning of the minimum and the intersections with the �-axis
remain the same.

2.2 Measurement of the Higgs Self-coupling in e+e�-
collisions

To determine the trilinear Higgs self-coupling, two processes can be used in e+e�-
collisions. Depending on the center of mass energy, the double Higgs production in
Higgs-strahlung [29–31] and the WW -fusion [32, 33] are appropriate processes for this
measurement. Fig. 2.5(a) and fig. 2.5(b) show the corresponding Feynman diagrams for
the double Higgs production in Higgs-strahlung and WW -fusion. From a theoretical
point of view, the ZZ-fusion process of double Higgs production is also possible, but this
process is suppressed by an order of magnitude compared to WW -fusion, due to the small
coupling of the Z boson to electrons [30]. The center of mass energy is a crucial criterion,

(a) (b)

Figure 2.5 – Feynman diagrams for double Higgs production in a) the Higgs-strahlung and
b) the WW -fusion.

15

Claude Fabienne Dürig | Higgs Self-coupling at the ILC | Hamburg, 13.10.2016 | 1/24

21

The Higgs Potential and the Self-Coupling

Introduction

I Standard Model (SM) is the best description of fundamental particles and interactions

I SM Higgs sector is origin of fermion and gauge boson masses ! Higgs mechanism

I establish Higgs mechanism experimentally ! reconstruct Higgs potential

V(⌘H) =
1

2
m2

H⌘
2
H + �v⌘3

H +
1

4
�⌘4

H

v = VEV (246 GeV)

� = coupling parameter

⌘H = physical Higgs field

I Higgs discovery allows SM prediction

� ± �� =
mH

2

2v2
±

�mH

v2
mH ⇠ 0.130 ± 0.001

I Higgs potential highly influenced by �

2.2 Measurement of the Higgs Self-coupling in e+e�- collisions

�

V

v�v

� = 0.13

� = 0.3

� = 1

Figure 2.4 – Sketch of the Higgs potential for different values of �. Larger values of �
increase the slope and make the width of the overall distribution more com-
pact, while smaller values of � lead to a broadening of the distribution with
a smaller slope. Increasing of � leads to an increased depth of the minimum,
but the positioning of the minimum and the intersections with the �-axis
remain the same.

2.2 Measurement of the Higgs Self-coupling in e+e�-
collisions

To determine the trilinear Higgs self-coupling, two processes can be used in e+e�-
collisions. Depending on the center of mass energy, the double Higgs production in
Higgs-strahlung [29–31] and the WW -fusion [32, 33] are appropriate processes for this
measurement. Fig. 2.5(a) and fig. 2.5(b) show the corresponding Feynman diagrams for
the double Higgs production in Higgs-strahlung and WW -fusion. From a theoretical
point of view, the ZZ-fusion process of double Higgs production is also possible, but this
process is suppressed by an order of magnitude compared to WW -fusion, due to the small
coupling of the Z boson to electrons [30]. The center of mass energy is a crucial criterion,

(a) (b)

Figure 2.5 – Feynman diagrams for double Higgs production in a) the Higgs-strahlung and
b) the WW -fusion.

15

Claude Fabienne Dürig | Higgs Self-coupling at the ILC | Hamburg, 13.10.2016 | 1/24

in the SM λ3=λ4:

SM prediction:

Introduction

I Standard Model (SM) is the best description of fundamental particles and interactions

I SM Higgs sector is origin of fermion and gauge boson masses ! Higgs mechanism

I establish Higgs mechanism experimentally ! reconstruct Higgs potential

V(⌘H) =
1

2
m2

H⌘
2
H + �v⌘3

H +
1

4
�⌘4

H

v = VEV (246 GeV)

� = coupling parameter

⌘H = physical Higgs field

I Higgs discovery allows SM prediction

� ± �� =
mH

2

2v2
±

�mH

v2
mH ⇠ 0.130 ± 0.001

I Higgs potential highly influenced by �

2.2 Measurement of the Higgs Self-coupling in e+e�- collisions

�

V

v�v

� = 0.13

� = 0.3

� = 1

Figure 2.4 – Sketch of the Higgs potential for different values of �. Larger values of �
increase the slope and make the width of the overall distribution more com-
pact, while smaller values of � lead to a broadening of the distribution with
a smaller slope. Increasing of � leads to an increased depth of the minimum,
but the positioning of the minimum and the intersections with the �-axis
remain the same.

2.2 Measurement of the Higgs Self-coupling in e+e�-
collisions

To determine the trilinear Higgs self-coupling, two processes can be used in e+e�-
collisions. Depending on the center of mass energy, the double Higgs production in
Higgs-strahlung [29–31] and the WW -fusion [32, 33] are appropriate processes for this
measurement. Fig. 2.5(a) and fig. 2.5(b) show the corresponding Feynman diagrams for
the double Higgs production in Higgs-strahlung and WW -fusion. From a theoretical
point of view, the ZZ-fusion process of double Higgs production is also possible, but this
process is suppressed by an order of magnitude compared to WW -fusion, due to the small
coupling of the Z boson to electrons [30]. The center of mass energy is a crucial criterion,

(a) (b)

Figure 2.5 – Feynman diagrams for double Higgs production in a) the Higgs-strahlung and
b) the WW -fusion.

15

Claude Fabienne Dürig | Higgs Self-coupling at the ILC | Hamburg, 13.10.2016 | 1/24

The Higgs self-coupling determines the shape — 
and evolution — of the Higgs potential  

=> the key to understand EWSB and its role in the 
evolution of the universe!
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From di-Higgs production to λ

Hadron collider Lepton collider
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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   =>    
=>     k:=   (𝛅λ/λ)/(𝛅σ/σ)    >  1/2 

• k can be “improved” by using differential information  
• k depends on:  process, value of λ and ECM

1. Discover di-Higgs production 
2. Measure cross section  

(total and differential!) 
3. Extract λ
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Di-Higgs Production Cross sections  - pp

dependence on ECM: 
14 TeV -> 100 TeV : ~40 x larger cross section 

14 TeV -> 38 TeV: ~8 x larger cross section
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Di-Higgs Production Cross sections  - pp

[arxiv:1401.7340]

SM 2xSM

dependence on ECM: 
14 TeV -> 100 TeV : ~40 x larger cross section 

14 TeV -> 38 TeV: ~8 x larger cross section

dependence on λ: 
λ > λSM: cross section drops, 
i.e. by factor ~2 for λ = 2 λSM

differential  
distributions!
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Di-Higgs Production Cross sections - ee
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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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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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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.
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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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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.
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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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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.
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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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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.
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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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[arxiv:1812.02093]

ZHH:  P(-80%,+30%) and P(+80%,-30%)  
      give about equal sensitivity 

vvHH (fusion): effectively only P(-80%) counts

2xSMCLIC 3 TeV: 
differential  

distributions!
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Recent developments
Improvements in reconstructing Z/H -> hadrons  (Y. Radkhorrami, L. Reichenbach)

• correct semi-leptonic b/c decays 
•  identify leptons in c- / b-jets 
• associate them to secondary / tertiary vertex 
• reconstruct neutrino kinematics (2-fold 

ambiguity) 
• ErrorFlow (jet-by-jet covariance matrix estimate) 

• feed both into kinematic fit 

• (very) significant improvement in H->bb/cc and 
Z->bb/cc  reconstruction 

• ready to be applied to many analyses…

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

 [GeV]
bb

Invariant m
0

0.02

0.04

0.06

0.08

N
or

m
al

iz
ed

 E
ve

nt
s 

/ 0
.5

 G
eV

b b→Z

 = 250 GeVs, bbµµ→ ZH/ZZ→-e+e

b b→Z b b→H

 1 SLD≥with  1 SLD≥with 

-Corr.νpure -Corr.νpure 

pure Kinfit pure Kinfit

-Corr. + Kinfitν -Corr. + Kinfitν

[arXiv: 2111.14775]

DESYª | Identification of charged leptons inside jets at ILD | Leonhard Reichenbach | ILD Software & Analysis Meeting, 28.09.2022 4/13

arXiv:2111.14775

https://arxiv.org/abs/2111.14775


The Higgs Self-coupling at Linear e+e- Colliders | ICHEP I  20 July 2024  |   Jenny List 26

Urgently wanted: modern jet clustering
… bottle-neck for Higgs self-coupling precision
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=> Urgently needed: Advanced Jet Clustering, ML, …can we get rid of B, C, D ??? 
which additional detector information would help? 

This has the potential to reduce 𝞭𝞴/𝞴(SM)  from 20% to 10% !

region A
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Comprehensive Particle Identification (CPID)

modular and highly configurable PID toolkit

– “plug-and-play“ of multiple data sources
e.g. at ILD: dE/dx, TOF, cluster shape

– extension through custom inference modules
e.g. MVA/ML models etc.

 includes default weights for BDT model

 status: in production (in MarlinReco)

Towards an update of the ILD ZHH analysis | International Workshop on Future Linear Colliders (LCWS2024) | Bryan Bliewert | 2024/07/10 13

Confusion matrix for single charged partilces at ILD.
U. Einhaus (2023)
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Comprehensive Particle Identification (CPID)
Full exploitation of PID information
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Comprehensive Particle Identification (CPID)
Full exploitation of PID information

Retrain ML-FlavourTaggers incl. this 
information => even more improvement?



FCChh
• quoted precision on δλSM/λSM = 5%

• assumes net detector performance 

equivalent to current LHC

• to get an idea what this implies,  

I recommend eg recent presentation 
by Marcel Demarteau (Argonne) at 
HiggsCouplings 2019 (Oxford)

!
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