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J. List (DESY/CERN)



Introduction: Higgs Physics & Higgs Factories
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The Higgs Boson and the Standard Model of Particle Physics
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The Standard Model of Particle Physics 
• describes (nearly) all measurements down to the level of quantum fluctuations 
• based on only a few fundamental ideas: 

• special relativity 
• quantum mechanics 
• invariance under local gauge transformations: SU(3)xSU(2)LxU(1)Y

A discovery which is only the beginning …
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2012:  Discovery of a Higgs bosons at the LHC!
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The Standard Model of Particle Physics 
• describes (nearly) all measurements down to the level of quantum fluctuations 
• based on only a few fundamental ideas: 

• special relativity 
• quantum mechanics 
• invariance under local gauge transformations: SU(3)xSU(2)LxU(1)Y

A discovery which is only the beginning …

2012:  Discovery of a Higgs bosons at the LHC!

Are we done? —  No!  — The Higgs Boson is 

1. a mystery in itself: how can an elementary spin-0 particle exist and be so light? 

2. intimately connected to cosmology => precision studies of the Higgs are a new messenger from the early universe! 
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A new messenger from the early universe
The Higgs Boson
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A new messenger from the early universe
The Higgs Boson

Astronomy  
& Telescopes

Particle Physics  
& Accelerators 

(& Grav. Waves?)
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A new messenger from the early universe
The Higgs Boson

Astronomy  
& Telescopes

Particle Physics  
& Accelerators 

(& Grav. Waves?)

The Higgs Boson

Higgs lives here

let’s ask it!
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The Higgs Boson and the Universe

The Higgs Boson

Exploration of an uncharted relationship 

The Universe

What we’d really like to know 
• What is Dark Matter made out of? 
• What drove cosmic inflation? 
• What generates the mass pattern in quark  

and lepton sectors? 
• What created the matter-antimatter asymmetry?  
• What drove electroweak phase transition? 

- and could it play a role in baryogenesis? 
• …
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Is the Higgs the portal to the Dark Sector? 
• does the Higgs decays “invisibly”, i.e. to dark sector 

particles? 
• does the Higgs have siblings in the dark (or the 

visible) sector?
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The Higgs could be first “elementary” scalar we know -  
• is it really elementary? 
• is it the inflaton? 
• even if not - it is the best “prototype” of a elementary scalar we have 
=> study the Higgs properties precisely and look for siblings
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• is it the inflaton? 
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Why is the Higgs-fermion interaction so different between the species?  
• does the Higgs generate all the masses of all fermions? 
• are the other Higgses involved - or other mass generation mechanisms?   
• what is the Higgs’ special relation to the top quark, making it so heavy? 
• is there a connection to neutrino mass generation?  
=> study Higgs and top - and search for possible siblings!



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 5

The Higgs Boson and the Universe

The Higgs Boson

Exploration of an uncharted relationship 

The Universe

What we’d really like to know 
• What is Dark Matter made out of? 
• What drove cosmic inflation? 
• What generates the mass pattern in quark  

and lepton sectors? 
• What created the matter-antimatter asymmetry?  
• What drove electroweak phase transition? 

- and could it play a role in baryogenesis? 
• …

Is the Higgs the portal to the Dark Sector? 
• does the Higgs decays “invisibly”, i.e. to dark sector 

particles? 
• does the Higgs have siblings in the dark (or the 

visible) sector?

The Higgs could be first “elementary” scalar we know -  
• is it really elementary? 
• is it the inflaton? 
• even if not - it is the best “prototype” of a elementary scalar we have 
=> study the Higgs properties precisely and look for siblings

Why is the Higgs-fermion interaction so different between the species?  
• does the Higgs generate all the masses of all fermions? 
• are the other Higgses involved - or other mass generation mechanisms?   
• what is the Higgs’ special relation to the top quark, making it so heavy? 
• is there a connection to neutrino mass generation?  
=> study Higgs and top - and search for possible siblings!

Does the Higgs sector contain additional CP violation? 
• in particular in couplings to fermions?  
• or do its siblings have non-trivial CP properties? 
=> small contributions -> need precise measurements!
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• does the Higgs generate all the masses of all fermions? 
• are the other Higgses involved - or other mass generation mechanisms?   
• what is the Higgs’ special relation to the top quark, making it so heavy? 
• is there a connection to neutrino mass generation?  
=> study Higgs and top - and search for possible siblings!

Does the Higgs sector contain additional CP violation? 
• in particular in couplings to fermions?  
• or do its siblings have non-trivial CP properties? 
=> small contributions -> need precise measurements!

What is the shape of the Higgs potential, and its 
evolution? 
• do Higgs bosons self-interact? 
• at which strength? => 1st or 2nd order phase transition? 
=> discover and study di-Higgs production
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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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The Higgs Boson Mission

The Higgs Boson

Why we need a Higgs Factory

• Find out as much as we can about the 125-GeV Higgs 
• Basic properties: 

• total production rate, total width 
• decay rates to known particles  
• invisible decays  
• search for “exotic decays” 

• CP properties of couplings to gauge bosons and fermions 
• self-coupling  
• Is it the only one of its kind, or are there other Higgs (or scalar) bosons? 

• To interprete these Higgs measurements, also need 
• top quark: mass, Yukawa & electroweak couplings, their CP properties… 
• Z / W bosons: masses, couplings to fermions, triple gauge couplings, incl CP… 

• Search for direct production of new particles - and determine their properties 
• Dark Matter? Dark Sector?  
• Heavy neutrinos? 
• SUSY? Higgsinos? 
• The UNEXPECTED !
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Conditions at e+e- colliders  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• in particular low backgrounds

• clean events

• triggerless operation
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• Search for direct production of new particles - and determine their properties 
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• Heavy neutrinos? 
• SUSY? Higgsinos? 
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Conditions at e+e- colliders  
very complementary to LHC:  

• in particular low backgrounds

• clean events

• triggerless operation

=> e+e- Higgs factory identified as the highest priority 

next collider by 

• European Strategy for Particle Physics (2020)


• The Snowmass process in the US (2022)
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The key contenders
many ideas…

CLIC: e+e- @ 0.38, 1.4, 3 TeV 
Conceptual Design 2013 
Updated Baseline in 2017

CEPC: e+e- @ 240 GeV 
pre-CDR published in 2014  
CDR published 2018 

SppC: pp @ 50-70 TeV

ILC: e+e- @ 200-500 GeV (-1TeV)  
Technical Design Rep. in 2012 
Staging proposal 2017: start at 250 GeV  
under political consideration by Japanese Government 
as a global project

FCC: pp @ ~100 TeV  
& precursor FCCee  e+e- @ 90-350 GeV 
Conceptual Design Rep. in 2018 

Currently: FCC Feasibility Study
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CDR published 2018 

SppC: pp @ 50-70 TeV

ILC: e+e- @ 200-500 GeV (-1TeV)  
Technical Design Rep. in 2012 
Staging proposal 2017: start at 250 GeV  
under political consideration by Japanese Government 
as a global project

FCC: pp @ ~100 TeV  
& precursor FCCee  e+e- @ 90-350 GeV 
Conceptual Design Rep. in 2018 

Currently: FCC Feasibility Study

And many very 
recent ideas from 

the US



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 9

They fall into two classes
Each have their advantages

Circular e+e- Colliders 
• FCCee, CEPC 
• length 250 GeV: ~100km 
• high luminosity & power efficiency at low 

energies 
• multiple interaction regions 
• very clean: little beamstrahlung etc

Linear Colliders 
• ILC, CLIC 
• length 250 GeV: ~10…20 km 
• high luminosity & power efficiency at high 

energies 
• spin-polarised beam(s)
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Circular e+e- Colliders 
• FCCee, CEPC 
• length 250 GeV: ~100km 
• high luminosity & power efficiency at low 

energies 
• multiple interaction regions 
• very clean: little beamstrahlung etc

Linear Colliders 
• ILC, CLIC 
• length 250 GeV: ~10…20 km 
• high luminosity & power efficiency at high 

energies 
• spin-polarised beam(s)

Long-term vision: re-use of tunnel for pp 
collider 
• technical and financial feasibility of required 

magnets still unclear

Long-term upgrades: energy extendability 
• same technology: by increasing length  
• or by replacing accelerating structures with 

advanced technologies 
• RF cavities with high gradient 
• plasma ?
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19781)

1) allererstes Papier zum Thema: M.Tigner 1965

• Synchrotron radiation:  
• ΔE ~ (E4 / m4R) per turn    => 2 GeV at LEP2  

• Cost in high=energy limit: 
• circular :  $$ ~ a R + b ΔE ~ a R + b (E4 / m4R) 

  optimize => R ~ E2                 => $$ ~ E2 
• linear : $$ ~ L, with L ~ E              => $$ ~ E

Linear or circular - economically
accelerated charges radiate….

http://www.slac.stanford.edu/econf/C781015/
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Absolute Higgs Production Rate
Absolute normalisation of Higgs couplings & total decay width

• Higgs factory at 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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The new Snowmass SMEFT fit 
Rainbow-Manhattans



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 13

The new Snowmass SMEFT fit 
Rainbow-Manhattans



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 13

The new Snowmass SMEFT fit 
Rainbow-Manhattans



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 13

The new Snowmass SMEFT fit 
Rainbow-Manhattans

• 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 

• all e+e- colliders show very comparable performance for standard Higgs program 
• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c
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Finger-printing the Higgs Boson
Is it really THE Higgs boson of the SM? 
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The International Linear Collider Facility

• based on superconducting radio-frequency cavities => well established technology (EuXFEL, 
ESS, LCLS-II, …), with potential for continuous improvement by R&D 

• total length (250 GeV / ~500 GeV / ~1 TeV): 20.5 km / 30 km / 50 km (with established technology) 
• construction in staged approach, starting from 250 GeV (“Higgs factory”, incl. Z pole / WW threshold) 
• further stages can be chosen according to physics needs and technological developments  
• 2 detectors in push-pull mode  => complementarity, cross-checks, competition!

An overview - all up-to-date information in https://arxiv.org/abs/2203.07622

https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2203.07622
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More than a collider:  
ample opportunities for extra beamlines, fixed-target & beam-dump experiments! 

(c.f. chapter 11 of https://arxiv.org/abs/2203.07622)

https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2203.07622
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Candidate Site in Japan
Kitakami Mountains

67 km 
(500 GeV = 34 km)

Oshu

Highway

Shinkansen

Ichinoseki

Ofunato

Kesen-numa

Earthquake-proof, stable bed rock 
of granite, no faults across site

scientific  
choice

Sendai

IP Region
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ILC Political Status
The International Development Team (IDT)

Jenny List (DESY)

• ILC project run by the International Development Team (IDT) mandated by ICFA 
•  2020: The IDT – created by ICFA and hosted by KEK – prepared the ILC Preparation Phase plan (“Pre-lab”), which 

would over a ~4 year period, lead to a complete Engineering Design as needed to start construction of the ILC. 

• Late 2020 - early 2021: The plan was reviewed by a MEXT appointed panel and deemed premature, referring to that 
the prospects for an international cost sharing for ILC were not clear.  However increased support for technical 
developments and accelerator R&D was recommended.

• During 2021- early 2022: Within the IDT a subset of the technical activities of the full preparation phase programme 
has been identified as priorities, to be addressed with an international effort. The required resources are at ~1/3 level 
of the original plans. The activities planned are foreseen to take 2-4 years. 

• second half of 2022: These plans were included MEXT budget request and has been 
approved by the Finance Ministry. The funding can become available in May 2023 (DIET 
approval needed). It will double the KEK resourced available for ILC preparation, and in 
particular provides important new funding for ILC relevant hardware developments. Some 
parts of this funding can be used to foster international collaboration and efforts. The budget 
needs to be approved yearly, but the programme is set up for five years.

• We call this pre-preparation program the ILC Technology Network (ITN) 
Start: ~NOW! 
• resources in ITN mainly for accelerator work 
• IDT-WG3 continues to foster physics & detector R&D 
• preparation for detector proposals at the end of ITN needs to start now in parallel 

with accelerator preparations



Key4HEP Tutorial | DESY,  Nov 28, 2022  |   Jenny List 19

Sustainability - in the ILC’s DNA since a long time
2016 …..
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Sustainability - in the ILC’s DNA since a long time
2016 …..

• minimal usage of resources was always design criterion for serious projects 
• but only a reduction of the energy consumption is not sufficient anymore 
• change of paradigm:  

=> the next collider project must be sustainable in every aspect
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… and tomorrow: Sustainability of new Accelerators
Much more than CO2 equivalents…

• Operation -> total electrical site power:  
• minimize:  

• even if - or especially if - all power will come from 
regenerative sources, the competition with other human 
needs will be high 

• optimizing all components for minimal energy consumtion 
• be flexible:  

• must be able to handle large variations in availability of 
regenerative power 

• could cooling capacities be used as buffer for energy, also 
for society in general? 

• Constuction, concrete etc 
• tunnel as short as possible 
• use concrete with low(er) CO2 emission 
• avoid usage of rare earths and other problematic substances
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minimal use of resources to reach physics goals
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The ILC Detector Concepts  
& Selected Physics Analyses Examples
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ILC Detectors
SiD & ILD
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ILC Detectors
SiD & ILD

Key requirements from 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) 
• high granularity calorimeters  

optimised for particle flow
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Key requirements from physics: 
• pt resolution (total ZH x-section)  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• hermeticity  (H → invis, BSM) 𝜃min = 5 mrad 

Determine to key features of the detector: 
• low mass tracker:  

eg VTX: 0.15% rad. length / layer) 
• high granularity calorimeters  

optimised for particle flow

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2

≈ ATLAS / 3
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ILC Detectors
SiD & ILD

Key requirements from 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) 
• high granularity calorimeters  

optimised for particle flow

Possible since experimental environment  
at ILC very different from LHC: 

• much lower backgrounds 
• much less radiation 
• much lower collision rate 

enable 
• passive cooling only  

              => low material budget 
• triggerless operation

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2

≈ ATLAS / 3
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Example: Higgs decay to “invisible”
Dark Sector Portal?

e+e- → qq-H → qq inv in ILD detector

• use e+e–→Z h process 

• select a visible final state (qq, ee, µµ)  
compatible with a Z decay 

• recoiling against “nothing” 

• if signal observed at ILC: discovery! Of Dark Matter?  

• if no signal observed at ILC250: 
 exclude BF > 0.16% at 95% CL  
(HL-LHC expectation: 2.5%, SM prediction: 0.12%)

arXiv:2203.08330 (SiD) &  
PoS EPS-HEP2019 (2020) 358 (ILD)

https://arxiv.org/abs/2203.08330
https://arxiv.org/abs/2203.08330
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Example: Higgs decay to “invisible”
Dark Sector Portal?

e+e- → qq-H → qq inv in ILD detector

• use e+e–→Z h process 

• select a visible final state (qq, ee, µµ)  
compatible with a Z decay 

• recoiling against “nothing” 

• if signal observed at ILC: discovery! Of Dark Matter?  

• if no signal observed at ILC250: 
 exclude BF > 0.16% at 95% CL  
(HL-LHC expectation: 2.5%, SM prediction: 0.12%)

arXiv:2203.08330 (SiD) &  
PoS EPS-HEP2019 (2020) 358 (ILD)

Jet energy  
resolution

https://arxiv.org/abs/2203.08330
https://arxiv.org/abs/2203.08330
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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 seondary / 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
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[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
https://arxiv.org/abs/2111.14775
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Higgs decay to bb/cc/gg 
…the experimental situation
• use all visible decay modes of Z and vvH 
• H->jets and Z->jets play important role! 
• Example from ILD IDR: 

• σxBR(bb) to ~0.4%  
from one channel & data set alone  

• σxBR(cc) shows a lot (!) of room for 
improvement by smarter flavour tag 
algorithm

bb→H cc→H gg→H

decay mode
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ILDHνν→-e+e
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LCFIPlus, IDR-S

P(-0.8, +0.3)

only vvH, 
1.6ab-1  

P(-0.8,+0.3) 
@ 500 GeV

all channels / 
data sets
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Higgs decay to bb/cc/gg 
…the experimental situation
• use all visible decay modes of Z and vvH 
• H->jets and Z->jets play important role! 
• Example from ILD IDR: 

• σxBR(bb) to ~0.4%  
from one channel & data set alone  

• σxBR(cc) shows a lot (!) of room for 
improvement by smarter flavour tag 
algorithm

bb→H cc→H gg→H
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Perfect, IDR-L

Perfect, IDR-S
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LCFIPlus, IDR-S

P(-0.8, +0.3)

only vvH, 
1.6ab-1  

P(-0.8,+0.3) 
@ 500 GeV

Just starting: development of ML-based flavour tagging for e+e- 
=> ideal place to get engaged!

all channels / 
data sets



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List

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

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50%
HL-LHC

[10-20]%
HE-LHC

50%
HE-LHC

5%
FCC-ee/eh/hh

25%
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24%
     4IP

365FCC-ee

 33%
     365FCC-ee

 49%
     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
 250ILC

 49%
CEPC

-7%+11%
3000CLIC

49%
3000CLIC

36%
1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

(47%)

(40%)

(18%)

(14%)

(19%)

(19%)

(25%)

(27%)

(29%)

(17%)

(35%)

(41%)

(46%)

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

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

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

36/75

26

Higgs self-coupling

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

UPDATE ONGOING!

The Higgs Boson
The Higgs Boson

…and the universe

Electroweak Baryogenesis?

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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These numbers apply ONLY for  

λ = λSM 

arXiv:2005.10576:  

2HDM-Type-I => -0.5…1.5 x λSM 

EWBG: λ > λSM

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

UPDATE ONGOING!

The Higgs Boson
The Higgs Boson

…and the universe

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

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

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

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

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

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

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

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

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

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

region A
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The new kid on the block: Particle ID
… only starting to be explored

A boost of analyses using in particular Kaon ID - 
many of them intrisically not possible without!  

Work in progress

U.Einhaus
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Particle ID - How to ?!
… many open questions

U.Einhaus
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Particle ID - How to ?!
… many open questions

Various implementation options in Si tracking or ECal 
=> use-case for low-momentum PID not yet understood
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Fast Timing
not only PID!

A. Irles,  ILCX2021
21

The 5th dimension?

TOF in the ECAL – Particle ID

► “Standard” silicon sensors could reach O(100-

300ps)

►LGAD sensors could get us to O(10ps) 

Drawback: high power consumption.

Impact in the physics reach?

►May make a real difference for s-quark (&c/b?) 

measurements 

● Z/�/Z’→ ss or H→ ss

Timing measurements for shower 
developments

►Neutral and slow components

● Require ~ns precision

● Reachable today with “standard” silicon, 

scintillators calorimeters

►~0.1 ns scale: near the corner 

► An even lower with GRPC (20ps)

B.Dudar
A. Irles
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These were just examples…
… there are many open questions

• Existing ILC detector concepts are actively evaluating new technologies & 
design ideas - severely limited by person power! 
• Strategy / plan document SiD: “Updating the SiD Detector concept,” arxiv:

2110.09965 
• Strategy / plan document ILD: “ILD Strategy“  
• Many open physics questions on ILC & Higgs factories in general: ILC Study 

Questions for Snowmass 2021 

• All Higgs factories are using the same software framework (Key4HEP): 
• share algorthmic developments  
• share / exchange data sets for comparable analyses etc 

=> anybody who’d like to shape the experiments of the next collider would be 
wise to build up expertise on Key4HEP now 

https://arxiv.org/abs/2110.09965
https://arxiv.org/abs/2110.09965
https://confluence.desy.de/download/attachments/280866678/ILD_%20Proposal%20for%20an%20ILD%20strategy%202022.pdf?version=1&modificationDate=1666787882265&api=v2
https://inspirehep.net/literature/1805481
https://inspirehep.net/literature/1805481
https://key4hep.github.io/key4hep-doc/
https://arxiv.org/abs/2110.09965
https://arxiv.org/abs/2110.09965
https://confluence.desy.de/download/attachments/280866678/ILD_%20Proposal%20for%20an%20ILD%20strategy%202022.pdf?version=1&modificationDate=1666787882265&api=v2
https://inspirehep.net/literature/1805481
https://inspirehep.net/literature/1805481
https://key4hep.github.io/key4hep-doc/
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Discovery Potential

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

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

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

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

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

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

cosmology

Or: beware what LHC limits really mean!
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Figure 8.28.: A distribution of the reduced centre-of-mass energy (
p
s0) of the system

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

p
s = 500 GeV and

R
Ldt = 500 fb�1 with P (e+, e�) =

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

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

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

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

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

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

= 165.77 GeV and M
�̃
±
1

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

�̃
±
1
= 168.0±1.4 GeV and M

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

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

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

144

PhD S. Sasikumar 

https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239
https://inspirehep.net/literature/1850374
https://inspirehep.net/literature/1850374
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=> important guidance  

for 100 TeV pp collider!

https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239
https://inspirehep.net/literature/1850374
https://inspirehep.net/literature/1850374
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Conclusions

• The discovery of the Higgs boson has provided a new messenger from 
the early universe  
=> an e+e- Higgs factory will let this messenger speak to us!  

• Several e+e- projects have been proposed 
• All provide similar performance for exploring single-Higgs production at 

ECM = ~250 GeV 
• Only linear colliders like ILC are upgradable to higher energies  
≥ 500 GeV for complete exploration of the Higgs (self-coupling!)  

• resources / sustainability will play a significant role 

• The ILC is just NOW starting into a new phase, the ILC Technology 
Network, in which laboratories around the world will team up to advance 
the R&D, and work towards an engineering design - and a scientific and 
political consensus 

• Many open questions also on detector side - and final choices will depend 
crucially on modern reconstruction algorithms 
=> a lot to learn from LHC, Belle-II etc & a lot room for new developments

and outlook
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Join the Team!

• want to get involved?  
• ECFA set up a workshop series on Physics, Experiments and Detectors at a Higgs, Top and 

Electroweak factory cf https://indico.cern.ch/event/1044297/ 
• main goals:  

• address topics in common between all e+e- colliders, i.e. theory prediction, assessment of 
systematic uncertainties, software tools 

• trigger joint work across e+e- collider projects 
• will give important input to next update of European Strategy 

• if you don’t won’t to commit to a specific collider project / detector concept  
=> this is your way to contribute => get in touch! 

• Project specific, eg detector specific questions -> contact e.g. ILC: 
• ILC Study Questions: arXiv:2007.03650 
• sign-up for the topical group mailing lists: https://agenda.linearcollider.org/event/9154/ 

• In either case, you’re welcome to drop me an email: jenny.list@desy.de

How to contribute

https://indico.cern.ch/event/1044297/
https://arxiv.org/abs/2007.03650
https://agenda.linearcollider.org/event/9154/
mailto:jenny.list@desy.de
https://indico.cern.ch/event/1044297/
https://arxiv.org/abs/2007.03650
https://agenda.linearcollider.org/event/9154/
mailto:jenny.list@desy.de
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And what if Japan doesn’t host the ILC?
A Linear Facility in Europe or the US? 
• many other Linear Collider technologies / ideas 

• CLIC 
• C3, HELEN, ReLiC, ….  plasma collider??? 

• should we as particle physicists care which technology is used in the accelerator? 
• well, it should work, and soon: alll other technologies than SCRF much less tested! 

• What we really care about (determines the physics program): 
• luminosity “L” 
• center-of-mass energy range “E” 
• beam polarisation “P” 

• What we partially care about (constrains the detector design): 
• accelerator background consitions 
• time structure of accelerator 

• What we need to care about  
•  resources: money, CO2, rare earths, … 
• for both construction and operation
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• C3, HELEN, ReLiC, ….  plasma collider??? 
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• well, it should work, and soon: alll other technologies than SCRF much less tested! 

• What we really care about (determines the physics program): 
• luminosity “L” 
• center-of-mass energy range “E” 
• beam polarisation “P” 

• What we partially care about (constrains the detector design): 
• accelerator background consitions 
• time structure of accelerator 

• What we need to care about  
•  resources: money, CO2, rare earths, … 
• for both construction and operation

Develop concept for a Linear Facility, for Europe or US ? 
• starting with ILC technology

• foreseeing later upgrades to other technologies 

• plus a rich program of extra beamlines

Problem: US is busy with DUNE, CERN with HL-LHC 
• Japan still could start faster with a Higgs factory 

• but time is runnning out….

Crucial: 
• outcome of P5 process in the US (~Oct 2023)

• success of ITN to trigger inter-governmental discussions

• outcome of FCC feasibility study and submissions for next 

update of European strategy ~2025
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Polarisation & Electroweak Physics

f

f

g𝛾L, g𝛾R, gZL, gZR 

gLf, gRf : helicity-dependent couplings of Z to fermions - at the Z pole:

=>                                 

specifically for the electron: 
at an unpolarised collider:


                                                       => no direct access to Ae,  
                                                            only via tau polarisation 
While at a polarised collider:


                                                                   and                                               
                                                                                        

described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,
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✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula
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It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,
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let’s first recall at the Z pole situation
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state is given by
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example, to test lepton universality, we wish to know the ratio of Af to the precisely
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described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)

18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

let’s first recall at the Z pole situation
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g𝛾L, g𝛾R, gZL, gZR 

gLf, gRf : helicity-dependent couplings of Z to fermions - at the Z pole:

=>                                 

specifically for the electron: 
at an unpolarised collider:


                                                       => no direct access to Ae,  
                                                            only via tau polarisation 
While at a polarised collider:


                                                                   and                                               
                                                                                        

described in the third bullet of Sec. 3.1.
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
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� collider, Ae is given by the left-right asymmetry in the total
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18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

 above Z pole, polarisation essential to disentangle Z / 𝛾 exchange in e+e–→ff

let’s first recall at the Z pole situation
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
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are given, at the tree level, by
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2
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and the Z decay polarisation asymmetries are given by
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It is useful to define the value of sin2
✓w governing the Z couplings from the electron
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It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R
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18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

 above Z pole, polarisation essential to disentangle Z / 𝛾 exchange in e+e–→ff

let’s first recall at the Z pole situation
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Polarisation & Electroweak Physics at the Z pole
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arXiv:1908.11299

recent detailed studies by ILD@ILC:

• at least factor 10, often ~50 improvement 

over LEP/SLC

• note in particular: 

• Ac nearly 100 x better thanks to excellent 
charm / anti-charm tagging: 
• excellent vertex detector 
• tiny beam spot

• Kaon-ID via dE/dx in ILD’s TPC


polarised “GigaZ” typically only factor 2-3 
less precise than FCCee’s unpolarised TeraZ  
=> polarisation buys  
               a factor of ~100 in luminosity 

Note: not true for pure decay quantities!

LEP, ILC, FCCee

https://inspirehep.net/literature/1751733
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Polarisation & Electroweak Physics at high energies

top quark couplings, CP conserving 
ILD-PHYS-PUB-2019-007

• ex1:  top quark pair production - disentangle Z / 𝛾:

• unpolarised case: from final-state analysis only

• polarised case: direct access  

- final state analysis can be done in addition  
=> redundancy, control of systematics


• ex2: oblique parameters for 4-fermion operators

• beam polarisation essential to disentangle Y vs W

• ILC 250 outperforms HL-LHC

• ILC 500 outperforms unpolarised e+e– machines

e+e- at 500 GeV and 1 TeV

https://confluence.desy.de/display/ILD/ILD+notes?preview=/42357928/165987677/ILD-PHYS-PUB-2019-007.pdf
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• unpolarised case: from final-state analysis only

• polarised case: direct access  

- final state analysis can be done in addition  
=> redundancy, control of systematics


• ex2: oblique parameters for 4-fermion operators

• beam polarisation essential to disentangle Y vs W

• ILC 250 outperforms HL-LHC

• ILC 500 outperforms unpolarised e+e– machines
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Extra Higgs Bosons ?
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SM backgrounds

ILD full detector simulation 
@ ILC 250 GeV & 500 GeV,  

arxiv:2005.06265 • fully complementary to  
measurement of ZH cross section

• other possibility: ee -> bbh (via Yukawa coupling)

• must “share” coupling to the Z with the 125-GeV guy: 
• gHZZ2 + ghZZ2 ≤ 1 
• 250 GeV Higgs measurements:  

 ghZZ2 < 2.5% gSM2 excluded at 95% CL 
• probe smaller couplings by recoil of h against Z  
=> decay mode independent! 

Siblings of the Higgs

https://arxiv.org/abs/2005.06265
https://arxiv.org/abs/2005.06265
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improve photon reco?
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Currently Envisioned Location

• e+e- centre-of-mass energy 
• first stage: 250 GeV 
• tunable 
• upgrades: 500 GeV, 1 TeV 
• further options:  

running at Z pole & WW threshold 
• luminosity at 250 GeV 

• 1.35 x 1034 /cm2 /s 
• upgrade 2.7 x 1034 /cm2 /s (cheap) 
• upgrade 5.4 x 1034 /cm2 /s (expensive) 

• beam polarisation  
• P(e-) ≥ ±80% 
• P(e+) = ±30%,  

at 500 GeV upgradable to 60% 
• total length (250 GeV): 20.5 km 
• total site power consumption (250 GeV): 100 MW

Kitakami Mountains
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European Strategy for Particle Physics
2020 Update - Future Colliders

“An electron-positron Higgs factory  
is the highest-priority next collider.”



Top Yukawa coupling

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

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

• ILC: 
• 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

43

σttH  
|Δyt/yt | 

6.3%

2%

+ 1 TeV:  1.4%

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

The Higgs and the Top

http://arxiv.org/abs/arXiv:1506.07830
http://arxiv.org/abs/arXiv:1506.07830
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• other channels than H->bb
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• full coupling structure of tth vertex, incl. CP: 
• e+e- at ECM  ≥ ~600 GeV  

=> few percent sensitivity to CP-odd admixture  

• beam polarisation essential! 
                                                                   [Eur.Phys.J. C71 (2011) 1681]

+ 1 TeV:  1.4%

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

The Higgs and the Top

Note: C3 proposes 550 GeV

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

A relationship only appreciated a few years ago… 



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 44

Polarisation & Higgs Couplings

constrained  
by EWPOs (*)

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!

• THE key process at a Higgs factory:  
Higgsstrahlung e+e–→Zh 

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

A relationship only appreciated a few years ago… 



Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 44

Polarisation & Higgs Couplings

constrained  
by EWPOs (*)

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!

0

0.5

1

1.5

2

2.5

3

3.5

4

Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]
Z W b τ g c invΓ hΓ γ γZ

sc
al

ed
 b

y 
1/

3

µ

sc
al

ed
 b

y 
1/

2

t

sc
al

ed
 b

y 
1/

2

λ

sc
al

ed
 b

y 
1/

20

 250 GeV unpolarised-1 5 ab-e+ e⊕HL-LHC 
 250 GeV polarised-1 2 ab-e+ e⊕HL-LHC 

 500 GeV polarised-1 4 ab-e+ e⊕... 
dark/light: S1/S2

Model Independent Fit LCC Physics WG
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arXiv:1903.01629

• THE key process at a Higgs factory:  
Higgsstrahlung e+e–→Zh 

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

A relationship only appreciated a few years ago… 

https://inspirehep.net/literature/1723778
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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!

A relationship only appreciated a few years ago… 

★ 2 ab–1 polarised ≈ 5 ab–1 unpolarised 
★ adding 500 GeV improves up to a factor of ~2

https://inspirehep.net/literature/1723778


Physics benefits of polarised beams

background suppression: 

• e+e–→WW / 𝝂e𝝂e  
strongly P-dependent  
since t-channel only  
for e–

Le
+

R

45

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) 131-243

https://arxiv.org/abs/1801.02840
https://www.sciencedirect.com/science/article/abs/pii/S0370157308000136?via=ihub
https://arxiv.org/abs/1801.02840
https://www.sciencedirect.com/science/article/abs/pii/S0370157308000136?via=ihub
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Z & W Bosons

46

… and how to tackle them at colliders

Our tools:

The Higgs Boson

The Top and Bottom Quark

Discoveries of new particles ? 

• elementary particles 
• different ECM via  accelerator operation 
• ECM known on event-by-event level

• proton structure  
• ECM of “hard” interactions cover all energies < pp ECM 

• not known on event-by-event level

electron-positron & proton-proton



Other important parameters in e+e- collisions

47

Beam polarisation: 

• Electroweak interactions highly sensitive to 
chirality of fermions: SU(2)L x U(1)  

• both beams polarised => “four colliders in one”: 

Luminosity 

• Defines event rate => size of data set 

• Future e+e- colliders aim for 103..106 larger 
data sets than LEP 

• Depends strongly on invest costs and 
power consumption => be careful to 
compare apples to apples! 

• Are there fundamental boundaries beyond 
statistics?  
(e.g. theory & parametric uncertainties, 
detector resolution, …)



• 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!

Interlude: Chirality in Particle Physics

48* 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!



The minimal Higgs program



                      How big can BSM effects be?

• low scale new physics  
=> modification of Higgs properties! 

• different patterns of deviations from SM prediction for different NP models 
• size of deviations depends on NP scale 

typically few percent on tree-level: 

• MSSM, eg:   

• Littlest Higgs, eg mT=1TeV:  

• Composite Higgs, eg: 

50
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At least percent-level  
precision required!
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 arXiv:1708.08912

51

New Physics Interpretation of Higgs & EW 

Test various example BSM points -   
all chosen such that  

no hint for new physics at HL-LHC

Illustrating the principle - based on older fit!

http://arxiv.org/abs/arXiv:1708.08912
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New Physics Interpretation of Higgs & EW 

illustrates the ILC’s  
discovery and identification potential  

- complementary to (HL-)LHC!

Test various example BSM points -   
all chosen such that  

no hint for new physics at HL-LHC
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..and CPV in  
Zh coupling:

=>        to ±0.005
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Higgs measurements only possible at 500 GeV and 
above: di-Higgs and ttH production
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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. 
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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

This figure applies ONLY for  λ = λSM 
no studies of BSM case apart from ILC
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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)

19

[arxiv:1812.02093]

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

vvHH (fusion): effectively only P(-80%) counts
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As can be seen from the results in Table 7, differential information in vector boson fusion di-Higgs
production at
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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
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��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]
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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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vvHH (fusion): effectively only P(-80%) counts

CLIC 3 TeV: 
differential  

distributions!
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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.

33/75
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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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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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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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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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From di-Higgs production to λ
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2. Measure cross section  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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)
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• 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
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ILC e+e- collider 
• first stage: 250 GeV 
• GigaZ & WW threshold possible 
• upgrades: 500 GeV, 1 TeV 

polarised beams 
• P(e-) ≥ ±80%,  
• P(e+) = ±30%,   

at 500 GeV upgradable to 60%

ILC running modes - and Z production  

60

√s ∫! dt
250 GeV 2 ab-1

350 GeV 0.2 ab-1

500 GeV 4 ab-1

1 TeV 8 ab-1

91 GeV 0.1 ab-1

161 GeV 0.5 ab-1

Since 2015 
arXiv:1506.07830

(radiative) Z’s in 2 ab-1 at 250 GeV:  
• ~77 106 Z->qq 
• ~12 106 Z->ll 
=> substantial increase over LEP,  
….and polarised!

Z’s in 0.1ab-1 at 91 GeV:  
• ~3.4 109 Z->qq 
• ~0.5 109 Z->ll 
~1-2 years of running (after lumi upgrade)
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Accelerator implementation - 
arXiv:1908.08212

http://arxiv.org/abs/arXiv:1506.07830
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Polarisation & Beyond the SM: Dark Matter

• mono-photon search  e+e–→𝝌𝝌𝜸 

• main SM background: e+e–→𝝂𝝂𝜸 
 
reduced ~10x with polarisation 

• shape of observable distributions changes with polarisation sign 
=> combination of samples with sign(P) = (–,+), (+,–), (+,+), (–,–) 
beats down the effect of systematic uncertainties 

Background reduction & Systematics

Phys. Rev. D 101 (2020) 7

https://inspirehep.net/literature/1774758
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Exmaple: Impact on reach in vector mediator case

Polarisation & Beyond the SM: Dark Matter
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Exmaple: Impact on reach in vector mediator case
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Polarisation & Beyond the SM: Dark Matter

https://inspirehep.net/literature/1774758


Why should you care about the next collider now?  | Seminar, Tokyo,  31 Mar 2023  |   Jenny List 62

Exmaple: Impact on reach in vector mediator case

 [GeV]s

 [G
eV

]
95

Λ

0

1000

2000

3000

4000

5000 ILD )=1GeVχVector, M(

250GeV
350GeV

380GeV
500GeV 1TeV

-12ab
-110ab

)=(0,0)
+

,e -
P(e -1

1700fb
-1

200fb

-110ab
)=(0,0)

+
,e -

P(e

-1500fb

)=(+80%
,0)

+
,e

_
P(e

)=(0,0)
+

,e
_

P(e

 (20years)
-1

4ab
 (4years)

-1
500fb

250 + 350 + 500G
eV

(+80%
/-30%

)
-1

1000fb

-1
3200fb

H20
I20

)|=0+|P(e
extrapolation

Phys. Rev. D 101 (2020) 7

} polarised

Lumi w/o polarisation  
does not help!

Polarisation & Beyond the SM: Dark Matter

https://inspirehep.net/literature/1774758
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Energy  
does help!

Lumi w/o polarisation  
does not help!

Polarisation & Beyond the SM: Dark Matter
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} polarised

Energy  
does help!

Lumi w/o polarisation  
does not help!

200 fb–1 polarised ≈ 10 ab–1 unpolarised

Polarisation & Beyond the SM: Dark Matter

https://inspirehep.net/literature/1774758


CP odd admixture
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CP odd admixture
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Can we determine polarisation AND devitions from SM?
                                P = (0%,0%)                                    vs                          P = (±80%, ∓30%)
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Can we determine polarisation AND devitions from SM?
                                P = (0%,0%)                                    vs                          P = (±80%, ∓30%)

no correlations here! 
=> with both beam polarised,  

no additional uncertainty on cTGCs  
from polarisation / σ0
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Can we determine polarisation AND devitions from SM?
                                P = (0%,0%)                                    vs                          P = (±80%, ∓30%)

no correlations here! 
=> with both beam polarised,  

no additional uncertainty on cTGCs  
from polarisation / σ0

slight correlation of TGCs with  
how exact is P=0 and unpolarised  

total cross-secion



Impact of ALR(WW)

66

• same effect seen in HL-LHC 
projections 

• effect even stronger for HE-
LHC 

=> will require Aq’s from lepton 
collider! 

arXiv:1902.04070

https://arxiv.org/abs/1902.04070
http://flc.desy.de/lcnotes/noteslist/localfsExplorer_read?currentPath=/afs/desy.de/group/flc/lcnotes/LC-DET-2009-003.pdf
https://arxiv.org/abs/1902.04070

