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Introduction

• 10+ yrs after its discovery, the 125 GeV Higgs boson remains 
as the biggest achievement of the LHC
✓ It finally proves the existence of the last ingredient required to fully test 

the validity of the SM at low energies…

• With the LHC in the Run 3 and with much more luminosity expected to be 
collected during the HL-LHC phase, we find ourselves in the situation of 
deciding what should be the next big experiment in high-energy particle 
physics…
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It would be much easier if we had any hint of what we are looking for… 
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Unfortunately, nature is not being kind to us in that regard, 
and the Higgs is the only “new” physics we found thus far…
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth
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Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
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SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
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Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
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3
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3
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Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
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3
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VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).



Introduction

• 10+ yrs after its discovery, the 125 GeV Higgs boson remains 
as the biggest achievement of the LHC
✓ It finally proves the existence of the last ingredient required to fully test 

the validity of the SM at low energies…

✓ However, the Higgs itself reminds us of the limitations of the SM…
‣ How do we understand the mechanism of EWSB?
‣ Hierarchy problem: Why                   ?
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

References 40

I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

arXiv: 2209.07510 [hep-ph]

• This is just one of many “open” questions related to HEP and that motivate 
our belief in New Physics
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• Solutions to most of these questions involve BSM physics “talking” to any of 
the sectors of the SM, in particular the Higgs → Modifications of its properties

• Pushing the precision of SM measurements of the Higgs sector is a way of 
learning about new physics (indirectly)!
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• Higgs couplings modifications can tell us about BSM, but the O(10%) precision 
at the LHC gives limited information:

• Higgs couplings also provide information about Naturalness
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Typical BSM deformation:

Not better than direct searches 
(unless NP is strongly coupled)
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High-priority future 
initiatives

A. An electron-positron Higgs factory is the highest-priority next collider. For the 
longer term, the European particle physics community has the ambition to operate a 
proton-proton collider at the highest achievable energy. Accomplishing these compelling 
goals will require innovation and cutting-edge technology: 
 
• the particle physics community should ramp up its R&D effort focused 
on advanced accelerator technologies, in particular that for high-field 
superconducting magnets, including high-temperature superconductors;  
 
• Europe, together with its international partners, should investigate the technical 
and financial feasibility of a future hadron collider at CERN with a centre-of-mass 
energy of at least 100 TeV and with an electron-positron Higgs and electroweak 
factory as a possible first stage. Such a feasibility study of the colliders and 
related infrastructure should be established as a global endeavour and be 
completed on the timescale of the next Strategy update. 
 
The timely realisation of the electron-positron International Linear Collider (ILC) 
in Japan would be compatible with this strategy and, in that case, the European 
particle physics community would wish to collaborate.  

B. Innovative accelerator technology underpins the physics reach of high-energy 
and high-intensity colliders. It is also a powerful driver for many accelerator-based 
fields of science and industry. The technologies under consideration include high-field 
magnets, high-temperature superconductors, plasma wakefield acceleration and other 
high-gradient accelerating structures, bright muon beams, energy recovery linacs. 
The European particle physics community must intensify accelerator R&D and 
sustain it with adequate resources. A roadmap should prioritise the technology, 
taking into account synergies with international partners and other communities 
such as photon and neutron sources, fusion energy and industry. Deliverables for 
this decade should be defined in a timely fashion and coordinated among CERN 
and national laboratories and institutes. 

A. The quest for dark matter and the exploration of flavour and fundamental 
symmetries are crucial components of the search for new physics. This search can 
be done in many ways, for example through precision measurements of flavour 
physics and electric or magnetic dipole moments, and searches for axions, dark sector 
candidates and feebly interacting particles. There are many options to address such 
physics topics including energy-frontier colliders, accelerator and non-accelerator 
experiments. A diverse programme that is complementary to the energy frontier is an 
essential part of the European particle physics Strategy. Experiments in such diverse 
areas that offer potential high-impact particle physics programmes at laboratories 
in Europe should be supported, as well as participation in such experiments in 
other regions of the world. 

B. Theoretical physics is an essential driver of particle physics that opens new, 
daring lines of research, motivates experimental searches and provides the tools 
needed to fully exploit experimental results. It also plays an important role in capturing 
the imagination of the public and inspiring young researchers. The success of the 
field depends on dedicated theoretical work and intense collaboration between the 
theoretical and experimental communities. Europe should continue to vigorously 
support a broad programme of theoretical research covering the full spectrum 
of particle physics from abstract to phenomenological topics. The pursuit of 
new research directions should be encouraged and links with fields such as 
cosmology, astroparticle physics, and nuclear physics fostered. Both exploratory 
research and theoretical research with direct impact on experiments should be 
supported, including recognition for the activity of providing and developing 
computational tools. 

C.  The success of particle physics experiments relies on innovative 
instrumentation and state-of-the-art infrastructures. To prepare and realise future 
experimental research programmes, the community must maintain a strong focus 
on instrumentation. Detector R&D programmes and associated infrastructures 
should be supported at CERN, national institutes, laboratories and universities. 
Synergies between the needs of different scientific fields and industry should 
be identified and exploited to boost efficiency in the development process and 
increase opportunities for more technology transfer benefiting society at large. 
Collaborative platforms and consortia must be adequately supported to provide 
coherence in these R&D activities. The community should define a global 
detector R&D roadmap that should be used to support proposals at the European 
and national levels.

Other essential scientific 
activities for particle physics
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• Higgs couplings modifications can tell us about BSM, but the O(10%) precision 
at the LHC gives limited information:

• Higgs couplings also provide information about Naturalness
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Typical BSM deformation:

Not better than direct searches 
(unless NP is strongly coupled)
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High-priority future 
initiatives

A. An electron-positron Higgs factory is the highest-priority next collider. For the 
longer term, the European particle physics community has the ambition to operate a 
proton-proton collider at the highest achievable energy. Accomplishing these compelling 
goals will require innovation and cutting-edge technology: 
 
• the particle physics community should ramp up its R&D effort focused 
on advanced accelerator technologies, in particular that for high-field 
superconducting magnets, including high-temperature superconductors;  
 
• Europe, together with its international partners, should investigate the technical 
and financial feasibility of a future hadron collider at CERN with a centre-of-mass 
energy of at least 100 TeV and with an electron-positron Higgs and electroweak 
factory as a possible first stage. Such a feasibility study of the colliders and 
related infrastructure should be established as a global endeavour and be 
completed on the timescale of the next Strategy update. 
 
The timely realisation of the electron-positron International Linear Collider (ILC) 
in Japan would be compatible with this strategy and, in that case, the European 
particle physics community would wish to collaborate.  

B. Innovative accelerator technology underpins the physics reach of high-energy 
and high-intensity colliders. It is also a powerful driver for many accelerator-based 
fields of science and industry. The technologies under consideration include high-field 
magnets, high-temperature superconductors, plasma wakefield acceleration and other 
high-gradient accelerating structures, bright muon beams, energy recovery linacs. 
The European particle physics community must intensify accelerator R&D and 
sustain it with adequate resources. A roadmap should prioritise the technology, 
taking into account synergies with international partners and other communities 
such as photon and neutron sources, fusion energy and industry. Deliverables for 
this decade should be defined in a timely fashion and coordinated among CERN 
and national laboratories and institutes. 

A. The quest for dark matter and the exploration of flavour and fundamental 
symmetries are crucial components of the search for new physics. This search can 
be done in many ways, for example through precision measurements of flavour 
physics and electric or magnetic dipole moments, and searches for axions, dark sector 
candidates and feebly interacting particles. There are many options to address such 
physics topics including energy-frontier colliders, accelerator and non-accelerator 
experiments. A diverse programme that is complementary to the energy frontier is an 
essential part of the European particle physics Strategy. Experiments in such diverse 
areas that offer potential high-impact particle physics programmes at laboratories 
in Europe should be supported, as well as participation in such experiments in 
other regions of the world. 

B. Theoretical physics is an essential driver of particle physics that opens new, 
daring lines of research, motivates experimental searches and provides the tools 
needed to fully exploit experimental results. It also plays an important role in capturing 
the imagination of the public and inspiring young researchers. The success of the 
field depends on dedicated theoretical work and intense collaboration between the 
theoretical and experimental communities. Europe should continue to vigorously 
support a broad programme of theoretical research covering the full spectrum 
of particle physics from abstract to phenomenological topics. The pursuit of 
new research directions should be encouraged and links with fields such as 
cosmology, astroparticle physics, and nuclear physics fostered. Both exploratory 
research and theoretical research with direct impact on experiments should be 
supported, including recognition for the activity of providing and developing 
computational tools. 

C.  The success of particle physics experiments relies on innovative 
instrumentation and state-of-the-art infrastructures. To prepare and realise future 
experimental research programmes, the community must maintain a strong focus 
on instrumentation. Detector R&D programmes and associated infrastructures 
should be supported at CERN, national institutes, laboratories and universities. 
Synergies between the needs of different scientific fields and industry should 
be identified and exploited to boost efficiency in the development process and 
increase opportunities for more technology transfer benefiting society at large. 
Collaborative platforms and consortia must be adequately supported to provide 
coherence in these R&D activities. The community should define a global 
detector R&D roadmap that should be used to support proposals at the European 
and national levels.
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Now we just have to decide which one…



• The “players”
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The physics case of a 3 TeV muon collider stage

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Abstract
In the path towards a muon collider with center of mass energy of 10 TeV or
more, a stage at 3 TeV emerges as an appealing option. Reviewing the
physics potential of such collider is the main purpose of this document. In
order to outline the progression of the physics performances across the stages,
a few sensitivity projections for higher energy are also presented.
There are many opportunities for probing new physics at a 3 TeV muon
collider. Some of them are in common with the extensively documented
physics case of the CLIC 3 TeV energy stage, and include measuring the
Higgs trilinear coupling and testing the possible composite nature of the
Higgs boson and of the top quark at the 20 TeV scale.
Other opportunities are unique of a 3 TeV muon collider, and stem from the
fact that muons are collided rather than electrons. This is exemplified by
studying the potential to explore the microscopic origin of the current g-2 and
B-physics anomalies, which are both related with muons.

This is one of the five reports submitted to Snowmass by the muon colliders community at large. The re-
ports preparation effort has been coordinated by the International Muon Collider Collaboration. Authors
and Signatories have been collected with a subscription page, and are defined as follows:

– An “Author” contributed to the results documented in the report in any form, including e.g. by
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Now we just have to decide which one…
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Future collider projects (e+e- and more)

e+e-
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The FCC integrated program

• The Future Circular Collider (FCC) is CERN’s current flagship project

‣ 90.7 Km ring, 8 surface points, 4 interaction points (IPs)

• Stage 1: FCC-ee (Z-pole,  WW [161 GeV],  ZH [240 GeV],  tt [345/65 GeV]) 
as e+e- Higgs/EW/Top factory for precision measurements

• Stage 2: FCC-hh (pp @ 100 TeV) as natural continuation of the exploration 
of the energy frontier

• Currently finishing the FCC feasibility study (available in March 2025)

Rebeca Gonzalez Suarez (UU) - 3rd ECFA workshop on e+e- Higgs/EW/Top Factories (2024)

- There are LLP searches in place - Three central physics cases where small couplings 
give rise to LLPs - Heavy Neutral Leptons (HNLs) - Axion-Like Particles (ALPs) - Exotic decays of the Higgs boson - Plus additional LLP sources e.g. SUSY  

In EVERY Higgs/EW/Top factory

6
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Linear Colliders

• Linear Colliders (LC): several proposed Higgs factories:

• The International Linear Collider (ILC), proposed to operate in Japan

• The Compact Linear Collider (CLIC), proposed at CERN

• The Cool Copper Collider (C3) proposed at SLAC,  to run at 250 GeV 
and 550 GeV ⇒ similar physics potential than ILC (different technology)

1

Aidan Robson & Christos Leonidopoulos

ECFA workshop, 11 October 2024

Towards the final report

1

Aidan Robson & Christos Leonidopoulos

ECFA workshop, 11 October 2024

Towards the final report

1

Aidan Robson & Christos Leonidopoulos

ECFA workshop, 11 October 2024

Towards the final report

Stage 1: 250 GeV CM energy. Polarized beams (±80%,∓30%)

Stages 2 and 3: extensions to 500 GeV and 1 TeV CM energies

Stage 1: 380 GeV CM energy. Polarized beams (±80%, 0%)

Stages 2 and 3: extensions to 1.5 and 3 TeV CM energies

11
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LC Vision

• The Linear Collider Vision (LC Vision) brings together proponents and 
supporters of all kind of LC projects, to propose such a facility for CERN

Alternative for CERN | J. List | XVI CPAN Days | 19 Nov 2024 3

A Linear Collider Facility at CERN

Let’s take a look at one concrete alternative:  
A Linear Collider Facility for CERN 

• Initial e+e- center-of-mass energy to be decided based 
on budget and science:

• minimum = 250 GeV
• higher (eg 550 GeV) = more science but more expensive

• “Facility”: 
• consider much more than “only” e+e-
• 2 interaction points
• beyond collider / R&D facilities
• menu of upgrades with advanced technologies 

Alternative for CERN | J. List | XVI CPAN Days | 19 Nov 2024 15

Revisiting siting of ILC-like machine at CERN

• LC community is revisiting ILC siting at CERN from TDR and CLIC siting (J. Osborne et al)
• updating / merging existing material, incl. CERN-specific CFS costing for an “ILC-like” machine
• extending the CLIC&ILC life-cycle-assessment (“ARUP study”) from civil construction to full project

• currently ongoing @global LC community:
• updating the costing for 250 GeV and 550 (!) GeV SCRF collider

1 TeV ILC

• Initial e+e- CM energy to be decided 
based on budget and science:

‣ Minimum: 250 GeV / Higher: e.g. 550 GeV 
(more science but more expensive)

‣ Upgrade to higher CM energy via 
advanced technology or tunnel extension

• 2nd Beam Delivery System ⇒ 2 IPs

‣ 2 detectors for redundancy, cross checks, 
complementarity, …

‣ But not double the luminosity

12
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The Circular Electron Positron Collider (CEPC)

1

Aidan Robson & Christos Leonidopoulos

ECFA workshop, 11 October 2024

Towards the final report

• CEPC is an e+e- Higgs factory, proposed in 2012 after the Higgs discovery, to 
be built in China

✓ Similar run modes as FCCee, though with different luminosities

✓ Tunnel can be re-used for pp collisions up to 100 TeV                  

• If approved, could start construction in ~2027/28

• Not proposed to be built at CERN but could play an important role in the 
discussions for the strategy

Introduction: Project Overview

3

CEPC is an e+e- Higgs factory  
possibly to be followed by a Super proton-proton Collider (SPPC)

CEPC to start construction in ~2027/8 and deliver Higgs data in the 2030s

Upgrade path
1. Higher power: 30 MW → 50 MW 
2. Higher energy → top quark pair production  
3. Super pp Collider (SppC) at  ~100 TeV

Proposed in September 2012 right after the Higgs discovery

Tunnel can be reused for pp, heavy-ions, or ep collisions up to ~100 TeV

CEPC circumference 
~ 100 km

IP 1

IP 2

Mode √s (GeV) Events

WH 240 >1 million

WW 160

Z 90 Tera-Z

Also projected a  
“tt run” at 360 GeV

ZH   

⇒ Super proton-proton Collider (SPPC)

13
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4
K. Jakobs, Plenary ECFA meeting, 15th November 2024

Remit of the European Strategy Group (ESG)  

• In June 2024, the CERN Council established and approved the remit of the European Strategy Group 

”The aim of the Strategy update should be to develop a visionary and concrete plan that greatly advances human
knowledge in fundamental physics through the realisation of the next flagship project at CERN. This plan should 
attract and value international collaboration and should allow Europe to continue to play a leading role 
in the field.”

• The ESG should take into consideration: 
- The input of the particle physics community;
- The status of implementation of the 2020 Strategy update;
- The accomplishments over recent years, including the results from the LHC and other experiments and 

facilities worldwide, the progress in the construction of the High-Luminosity LHC, the outcome of the Future 
Circular Collider Feasibility Study, and recent technological developments in accelerator, detector and computing;

- The international landscape of the field

• The Strategy update should include the preferred option for the next collider at CERN and prioritised 
alternative options to be pursued if the chosen preferred plan turns out not to be feasible or competitive. 

15
K. Jakobs, Plenary ECFA meeting, 15th November 2024

More details on ESPP web page:    https://europeanstrategyupdate.web.cern.ch/

(in Venice)

Timeline

Remit of the European Strategy Group

14
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ECFA guidelines for national inputs to the ESPP
❑ Suggest: two national community (“town-hall” or similar) meetings.

❑ Clearly, each country/region remains at liberty to decide on the number.
❑ The meeting(s) could/should be co-organised by the RECFA delegate and the 

country’s representative on the ESG (for some countries this is the same person).
❑ Suggested timing of town-hall meetings (beyond any meetings prior to March 2025):

❑ After contributions are in (end March 25) and before Open Symposium
❑ After release of Briefing Book (end Sep 25)

❑ National inputs to the ESPP update can be sent at different points in time:
❑ Prior to the deadline of 31 March 2025 for the submission of input to the ESPP; 
❑ After March 2025 deadline and by 26 May, in time for Open Symposium;
❑ After Briefing Book, by 14 Nov 2025, in time for ESPP Drafting Session.

❑ To be of greatest use in informing the ESPP, the information collected 
must be as coherent and as uniform as possible, especially when 
addressing the key issues. 

 → ECFA has drawn a list of “standard questions” to be addressed by the          
national communities

October 9, 2024P. Sphicas; ESPP and Goals of the workshop 9

National Input on “next collider at CERN” (I)
Central element of the next ESPP: the choice of next collider at CERN. 

ESG remit: “The Strategy update should include the preferred option for the next 
collider at CERN and prioritised alternative options to be pursued if the chosen 
preferred plan turns out not to be feasible or competitive”. 
→ It is imperative that the European HEP community should provide explicit 
feedback on both the preferred and alternative options for this “next collider at 
CERN”, which will be the Laboratory's next flagship project, and an explanation 
of any specific prioritisation.

a)  Which is the preferred next major/flagship collider project for CERN?

b)  What are the most important elements in the response to (a)?
i)   Physics potential
ii)   Long-term perspective
iii)  Financial and human resources: requirements and effect on other projects
iv)  Timing
v)   Careers and training
vi)  Sustainability

October 9, 2024P. Sphicas; ESPP and Goals of the workshop 10

National Input on “next collider at CERN” (II)
c)  Should CERN/Europe proceed with the preferred option set out in (a) or should 
alternative options be considered:

i)   if Japan proceeds with the ILC in a timely way?
ii)  if China proceeds with the CEPC on the announced timescale?
iii) if the US proceeds with a muon collider?
iv) if there are major new (unexpected) results from the HL-LHC or other HEP 
experiments?

d) Beyond the preferred option in (a), what other accelerator R&D topics (e.g. high-
field magnets, RF technology, alternative accelerators/colliders) should be pursued 
in parallel?

e)  What is the prioritised list of alternative options if the preferred option is not 
feasible (due to cost, timing, international developments, or for other reasons)?

f)   What are the most important elements in the response to (e)? (The set of 
considerations in (b) should be used).

October 9, 2024P. Sphicas; ESPP and Goals of the workshop 11

From P. Sphicas’ talk at 3rd ECFA workshop in Paris

…

…

National Input on “next collider at CERN” (II)
c)  Should CERN/Europe proceed with the preferred option set out in (a) or should 
alternative options be considered:

i)   if Japan proceeds with the ILC in a timely way?
ii)  if China proceeds with the CEPC on the announced timescale?
iii) if the US proceeds with a muon collider?
iv) if there are major new (unexpected) results from the HL-LHC or other HEP 
experiments?

d) Beyond the preferred option in (a), what other accelerator R&D topics (e.g. high-
field magnets, RF technology, alternative accelerators/colliders) should be pursued 
in parallel?

e)  What is the prioritised list of alternative options if the preferred option is not 
feasible (due to cost, timing, international developments, or for other reasons)?

f)   What are the most important elements in the response to (e)? (The set of 
considerations in (b) should be used).

October 9, 2024P. Sphicas; ESPP and Goals of the workshop 11
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Physics Preparatory Group

16

Collects and processes the physics input from the community,  
organizes the Open Symposium and prepares the Physics Briefing Book

Strategy Secretariat  
(Chair: Karl Jacobs + ECFA, LDG & SPC Chairs)
Organizes and runs the strategy process

European Strategy Group  
(SS, Member states, LPPL, CERN DG, …)
Prepares the Strategy document
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ECFA Study on Higgs/EW/Top factories

• Based on the recommendations of the European Strategy for Particle 
Physics Update, the European Committee for Future Accelerators (ECFA) 
launched a series of workshops on physics studies, experiment design, and 
detector technologies towards a future e+e- Higgs/EW/Top factory. 

• The aim was to bring together the efforts of various e+e- projects, to share 
challenges and expertise, to explore synergies, and to respond coherently 
to the 2020 ESU high-priority strategy item.

• Structure based on three working groups: 

‣ WG 1: Physics Potential - Further divided in 5 subgroups

‣ WG 2: Physics Analysis Methods

‣ WG 3: Detector R&D

Conveners: J.B (Univ. Granada), P. Koppenburg (Nikhef), J. List (DESY), F. Maltoni (UC Louvain/Bologna)

Conveners: P.  Azzi (INFN-Padova /CERN), F. Piccini (INFN Pavia), D. Zerwas (IJCLab/DMLab)

Conveners: M.C. Fouz (CIEMAT Madrid), G. Marchiori (APC Paris), F. Sefkow (DESY)

18
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ECFA Study on Higgs/EW/Top factories

• Based on the recommendations of the European Strategy for Particle 
Physics Update, the European Committee for Future Accelerators (ECFA) 
launched a series of workshops on physics studies, experiment design, and 
detector technologies towards a future e+e- Higgs/EW/Top factory. 

• The aim was to bring together the efforts of various e+e- projects, to share 
challenges and expertise, to explore synergies, and to respond coherently 
to the 2020 ESU high-priority strategy item.

• Structure based on three working groups: 

‣ WG 1: Physics Potential - Further divided in 5 subgroups

‣ WG 2: Physics Analysis Methods

‣ WG 3: Detector R&D

Conveners: J.B (Univ. Granada), P. Koppenburg (Nikhef), J. List (DESY), F. Maltoni (UC Louvain/Bologna)

Conveners: P.  Azzi (INFN-Padova /CERN), F. Piccini (INFN Pavia), D. Zerwas (IJCLab/DMLab)

Conveners: M.C. Fouz (CIEMAT Madrid), G. Marchiori (APC Paris), F. Sefkow (DESY)

Contents of this talk based on the results related  
to Physics potential

19
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ECFA Study: WG 1 structure

• WG1-GLOB: Global Interpretation in (SM)EFT and UV complete models

‣ TH: J. B., S. Heinemeyer

‣ EXP: A. Grohsjean, M. Vos, J. Tian 

• WG1-PREC: Precision Calculations and Theo., param.  and exp. sys. uncertainties

‣ TH: A. Freitas

‣ EXP: A. Meyer, P. Azzurri, A. Irles

• WG1-HTE: Higgs/Top/EW physics

‣ TH: F. Maltoni

‣ EXP: K. Köneke, C. Hays 

• WG1-FLAV: Flavour physics

‣ TH: D. Marzocca

‣ EXP: S. Monteil, P. Goldenzweig

• WG1-SRCH: Direct discovery potential

‣ TH: R. Franceschini

‣ EXP: R. Gonzalez, F. Zarnecki

| ECFA-HF-WG1 planning | J. Alcaraz, J. List, F. Maltoni | Nov 22, 2021 2

ECFA Higgs Factory Study - WG1 Physics Potential
Overview

• chairs: Juan Alcaraz (CERN), Fabio Maltoni (Louvain), Jenny List (DESY)     
           and - NEW -  Jorge de Blas (Granada) 

• identified five main topics: 
• WG1-EFT:  Global interpretation in (SM)EFT and UV complete models 

• theo: Jorge de Blas, NN 
• exp: Alexander Grohsjean, Marcel Vos, Junping Tian 

• WG1-PREC:  Precision calculations and theo., parametric and exp. syst. uncertainties 
• theo: Ayres Freitas 
• exp: Andreas Meyer, Paolo Azzurri, Adrián Irles 

• WG1-HTE:  Higgs, top and electroweak physics, incl. high-pT 
• theo: Fabio Maltoni 
• exp: Karsten Köneke, Chris Hays 

• WG1-FLAV:  Flavour physics 
• theo: David Marzocca 
• exp: Stéphane Monteil, Pablo Goldenzweig 

• WG1-SRCH:  Direct discovery potential, incl. FIP 
• theo: NN 
• exp: Rebeca Gonzalez, Filip Zarnecki

Heavy 
FLAVour

Higgs, 
Top, 

Electrow
eak

SeaR 
CHes

EFT & UV global interpretation

theo, para, exp PRECision
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ECFA Study on Higgs/EW/Top factories

• ECFA study report: Currently editing more than 300 pages…
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Higgs physics at e+e- Higgs factories

• Higgs physics at the LHC

ggH:

VBF:

VH:

ttH:

2 Gluon-Fusion process2

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H → γγ ,
H → WW, and H → ZZ, this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV <∼ MH

<∼ 1 TeV, to be investigated at the
LHC.

Ht,b

g

g

Fig. 1: Feynman diagram contributing to gg → H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to α2

s , where αs is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80−100% at the LHC. The exact calculation is very well approximated by the large-mt

limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7−9% (6−7%) at

√
s = 7 (14) TeV. The

NNLL result is nicely confirmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have definitely shown that if the Higgs boson is relatively light
(MH

<∼ 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for MH = 120 GeV to about −2% for MH =
300 GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

2M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal and D. de Florian.
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Fig. 4: Topologies of t-, u-, and s-channel contributions for electroweak Higgs-boson production, qq → qqH at
LO, where q denotes any quark or antiquark and V stands forW and Z boson.

α. The preferred choice, which should be most robust with respect to higher-order corrections, is the
so-called GF scheme, where α is derived from Fermi’s constant GF . The impact of EW and QCD
corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative,
and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross
section for VBF have been presented in Ref. [75]. The theoretical predictions are obtained using the
structure-function approach [65]. Upon including the NNLO corrections in QCD for the VBF production
mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale
dependence, reduces from the 5−10% of the NLOQCD and electroweak combined computations [65,70]
down to 1−2%. The uncertainties due to parton distributions are estimated to be at the same level.

3.2 Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK – NLO QCD and EW corrections
HAWK [69–71] is a Monte Carlo event generator for pp → H + 2 jets. It includes the complete
NLO QCD and electroweak corrections and all weak-boson fusion and quark–antiquark annihilation
diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson exchange and s-channel
Higgs-strahlung diagrams with hadronic weak-boson decay. Also, all interferences at LO and NLO
are included. If it is supported by the PDF set, contributions from incoming photons, which are at
the level of 1−2%, can be taken into account. Leading heavy-Higgs-boson effects at two-loop order
proportional to G2

FM
4
H are included according to Refs. [76,77]. While these contributions are negligible

for small Higgs-boson masses, they become important for Higgs-boson masses above 400 GeV. For
MH = 700 GeV they yield +4%, i.e. about half of the total EW corrections. This signals a breakdown
of the perturbative expansion, and these contributions can be viewed as an estimate of the theoretical
uncertainty. Contributions of b-quark PDFs and final-state b quarks can be taken into account at LO.
While the effect of only initial b quarks is negligible, final-state b quarks can increase the cross section
by up to 4%. While s-channel diagrams can contribute up to 25% for small Higgs-boson masses in the
total cross section without cuts, their contribution is below 1% once VBF cuts are applied. Since the
s-channel diagrams are actually a contribution toWH and ZH production, they are switched off in the
following.
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Fig. 7: (a), (b) LO diagrams for the partonic processes pp → VH (V = W,Z); (c) diagram contributing to the
gg → HZ channel.

√
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb−1 of data and
√
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower center-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very specific kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb−1 the tt̄ background might be extracted
from data in a signal-free control region, while this seems to be significantly harder for theWbb̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced final-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for theWH and ZH Higgs-boson production modes
at different LHC center-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H) and a weak gauge
boson (V ) can be written as

σ̂(ŝ) =

∫ ŝ

0
dk2 σ(V ∗(k))

dΓ

dk2
(V ∗(k) → HV ) +∆σ , (2)

where
√
ŝ is the partonic center-of-mass energy. The first term on the r.h.s. arises from terms where a

virtual gauge boson V ∗ with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor σ(V ∗) is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., ∆σ, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp → V H (V = W,Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O(G2

F ). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section σ̂(V ∗) [104–106]. For V = W, this
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5 ttH process8

5.1 Higgs-boson production in association with tt pairs
Higgs radiation off top quarks qq/gg → Htt (see Fig. 12) plays a role for light Higgs masses below
∼ 150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, ttjj, ttγγ , ttZ,
and ttW+W− production depending on the final-state Higgs-boson decay.

q

q

H

t

t

H

g

g

t

t

Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg → ttH.

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most ∼ 20%,
depending on the value ofMH and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K-factor varies between 1.14 and 1.22 for MH = 90, . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K-factors between
1.05 and 0.98 forMH = 90, . . . , 300 GeV.

The residual scale dependence has decreased from O(50%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a significant improvement of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of final-state particle distribution shapes are of moderate size, i.e. O(10%), so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt

√
pTbpTb as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20–30%. The scale
dependence is significantly reduced to a level significantly below 30%. The new predictions for the NLO
QCD cross sections with the new scale choice µ2

R = µ2
F = mt

√
pTbpTb are larger than the old LO

predictions with the old scale choice µR = µF = mt +mbb/2 by more than 100% within the typical

8C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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Higgs mass: expected ΔMH~10-20 MeV

• Measuring the Higgs couplings is an integral part of the physics 
program of the LHC/HL-LHC: 

• Expected precision ~few/several percent (κ framework) 

• but not model-independent (either ratios or need extra 
assumptions: e.g. No exotic decays) 

• FCC can push the precision below 1% plus more model-independent 

Jorge de Blas 
INFN - University of Padova

Physics at FCC: Overview of the Conceptual Design Report 
CERN, March 5, 2019

Global Fits to Higgs observables
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

level of Lagrangians. Here we will discuss the interpretation of the  factors within the electroweak chiral
Lagrangian (EWChL or HEFT). Within this EFT, the contributions to processes with a single Higgs, in
the unitary gauge, are [184, 185, 183]

Lfit = 2cV

⇣
m2

W W+
µ W�µ

+
1
2m2

ZZµZµ
⌘ h

v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2 c�Fµ⌫F
µ⌫ h

v
+

e2

16⇡2 cZ�Zµ⌫F
µ⌫ h

v
+

g2
s

16⇡2 cgtr
⇥
Gµ⌫G

µ⌫⇤h
v
,

(8)

where mi is the mass of particle i,  2 {t, b, c, ⌧, µ}, and the ci describe the modifications of the Higgs
couplings. The previous Lagrangian differs from a naive rescaling of Higgs couplings, even though
superficially it might seem to be equivalent. In particular, the Standard Model is consistently recovered
in eq. (8) for

cSM
i =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(9)

This Lagrangian, taken in isolation, leads to a theory with a parametrically low cutoff: it has therefore
to be thought as part of a bigger EFT: the EWChL [186, 187, 188, 189, 190, 191, 192, 193, 194, 195,
196, 197, 198, 199, 200, 201, 202, 203]. This is a bottom-up EFT, constructed with the particle content
and symmetries of the SM. These are the same requirements adopted in the construction of the SMEFT.
The main difference between both EFTs concerns the Higgs field. In the EWChL, the Higgs boson, h, is
included as a scalar singlet, with couplings unrelated to the ones of the Goldstone bosons of electroweak
symmetry breaking (EWSB). Therefore, h is not necessarily part of an SU(2) doublet and consequently
(contrary to the SMEFT) the leading-order Lagrangian is already an EFT, leading potentially to O(1)
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Higgs coupling (ratios) in “κ framework”:  
From Higgs σxBR measurements
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• Higgs physics at the e+e- colliders

       106 (ZH) Higgses 
          ~105 (WWH) Higgses 

ZH:

 WWH:

Higgs physics at e+e- Higgs factories

2 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and

2 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the
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cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.
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Figure 10: Recoil mass distribution after all selections at
p

s = 240 GeV.

To further enhance sensitivity to the ZH signal, the selected events are subjected to a Boosted Decision1179

Tree (BDT), trained on the lepton-based input variables that maintain independence from specific Higgs boson1180

decay modes. Additional variables based on the lepton angles are also included. The training is conducted1181

separately for electron and muon events, as well as for both centre-of-mass energies. To retain the full1182

statistical power of all selected events, the BDT output distribution is employed to extract the ZH cross-section1183

uncertainty through a binned maximum likelihood fit. At
p

s = 240 GeV, the results show uncertainties of1184

0.76% for the muon final state and 0.92% for the electron final state, yielding a combined uncertainty of1185

0.58%. At
p

s = 365 GeV, the uncertainties are 1.91% for the muon final state and 2.13% for the electron final1186

state, with a combined uncertainty of 1.42%. Systematic uncertainties are found to be small compared to the1187

statistical ones, and the total uncertainties are 0.59% and 1.48% at 240 and 365 GeV, respectively.1188

Higgs mass1189

The Higgs mass is determined by reconstructing the recoil in both Z(µµH and Z(e+e�H events, com-1190

bined with precise knowledge of the centre-of-mass energy
p

s. This analysis is performed exclusively at1191 p
s = 240 GeV , as the sensitivity at

p
s = 365 GeV is negligible due to lower statistics and poorer recoil res-1192

olution at the higher energy. The latter is primarily affected by the increased beam energy spread and larger1193

initial-state radiation.1194

Starting from the baseline selection criteria for the cross-section analysis, an additional selection is applied1195

using cos(qmiss) < 0.98, with qmiss the polar angle of the missing energy vector, to further reduce the Zg1196

background. The remaining events are categorized based on the polar angles of the leptons: both central, one1197

central and one forward, and both forward. This allows differentiation of the recoil resolutions, accounting for1198

the varying material budget in different regions of the tracker. For each category, the recoil distribution is fitted1199

using an analytic function comprising two Crystal Ball functions and a Gaussian. This procedure is repeated1200

for off-peak samples (± 50 MeV) relative to the nominal Higgs mass of 125 GeV, with the backgrounds merged1201

and modeled using a polynomial function.1202

A maximum likelihood fit is used to determine the Higgs mass sensitivity based on analytic shape models,1203

yielding uncertainties of 3.92 MeV for the muon final state and 4.95 MeV for the electron final state, with a1204

combined uncertainty of 3.07 MeV. The electron channel shows slightly lower performance due to its poorer1205

resolution and the presence of a small VBF contribution in the t-channel, which broadens the recoil distribution.1206

The primary systematic uncertainty arises from the centre-of-mass energy, conservatively estimated to1207

be 2 MeV based on Z ! ll radiative return events. When this uncertainty, along with other less significant1208
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◆  Total	rate	∝	gHZZ
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◆  ZH	→	ZZZ	final	state,	rate		∝	gHZZ

4	/	ΓH													→	measure	ΓH	to	a	couple	%	
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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Higgs physics at e+e- Higgs factories

4 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

The opportunities and challenges to achieve the relevant precisions on the Higgs boson mass and production cross
section at FCC-ee are now examined.

2 Opportunities and challenges: The “recoil mass” method

The precise determination of the Higgs boson coupling to the Z boson and of the Higgs boson mass at an e+e� Higgs
factory is initially optimised as follows.

1. The centre-of-mass energy is chosen so as to maximise the number of ZH events. At FCC-ee, the luminosity
steeply increases as the centre-of-mass energy decreases, so that the centre-of-mass energy was fixed to 240 GeV,
approximately 15 GeV below the value that maximises the theoretical ZH cross section [13].

2. In an initial approach, only the leptonic decays of the Z boson (Z ! `+`�, with ` = e or µ) are used for the
cross-section measurement, as they allow the ZH events to be inclusively and e�ciently selected independently
of the Higgs boson decay mode. This choice is therefore e↵ective towards an almost fully model-independent
determination of the HZZ coupling, but the small Z dielectron and dimuon branching ratios are expensive in terms
of statistical precision (Table 1).

3. The mass mrecoil recoiling against the lepton pair is determined from total energy-momentum conservation as
m2

recoil = s + m2

`` � 2
p

s(E
`
+ + E

`
�), where m`` is the lepton pair invariant mass, and E

`
+ , E

`
� are the two lepton

energies. In absence of initial state radiation and beam-energy spread, and with a perfect determination of the
lepton pair kinematics, mrecoil coincides exactly with the Higgs boson mass. In practice, the Higgs boson mass and
the ZH total cross section are fitted from the actual experimental mrecoil distribution.

Candidate ZH events where the Z boson decays to µ+µ� are selected by identifying two muons with an invariant
mass close to mZ and a total momentum transverse to the beam axis typically between 15 and 70 GeV, while using as
little information as possible from the rest of the event. The resulting mrecoil distribution, obtained with a DELPHES
simulation [14] of the IDEA detector concept [4], in particular its drift chamber [15], is displayed in the left panel of
Fig. 3 for an integrated luminosity of 5 ab�1 simulated at

p
s = 240 GeV and with a nominal Higgs boson mass of

mH = 125GeV. The background processes include the dominant diboson production e+e� ! WW and ZZ (where “Z”
can be a Z or a virtual photon), the single boson production e+e� ! Ze+e�, as well as the (radiative) dilepton events
e+e� ! (�)`+`�. The dilepton and diboson background processes were simulated with Pythia [16], while WHIZARD

was used for the other background processes and the signal [17].
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Fig. 3. Left: Inclusive mrecoil distribution for events with a Z decaying to µ+µ�, between 40 and 160GeV displaying the Z
peak from the ZZ background and the H peak from the ZH signal. Right: Expanded scale showing the mrecoil distribution in
the region around mH. The ZH signal is fitted to a double-sided Crystal Ball function [18,19], and the simulated background
to a second-order polynomial.

In the right panel of Fig. 3, the recoil mass distribution is fitted around mH with a double-sided Crystal Ball function
for the signal and a 2nd-order polynomial for the background. To minimise the biases and the need for a-posteriori
corrections arising from this choice of specific functional forms, the Higgs boson mass and the ZH cross section can also
be adjusted from template distributions obtained from simulation, and calibrated with control processes with data.

• Higgs physics at the e+e- colliders: Recoil mass measurement

Patrick Janot 

Absolute	coupling	and	width	measurement	
q  Higgs	tagged	by	a	Z,	Higgs	mass	from	Z	recoil	

	
	
◆  Total	rate	∝	gHZZ

2																																																									→	measure	gHZZ		to	0.2%		
◆  ZH	→	ZZZ	final	state,	rate		∝	gHZZ

4	/	ΓH													→	measure	ΓH	to	a	couple	%	
◆  ZH	→	ZXX	final	state,	rate	∝	gHXX

2	gHZZ
2	/	ΓH		→	measure	gHXX		to	a	few	per-mil	/	per-cent	

◆  Empty	recoil	=	invisible	Higgs	width;					Funny	recoil	=	exotic	Higgs	decays	

q  Added	value	from	WW	fusion	(mostly	at	350-365	GeV)	
◆  Hνν	→	bbνν	final	state,	rate		R2	∝	gHWW
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●  bbνν	/	(Zbb	×	ZWW)	∝	gHZZ
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
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‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials for the talks at the FCC Week, June 6 2023

1 Latex Stu↵

✏T . 10% (1)

✏T . O(0.1%) (2)

�g
x

H|�gff

V
fit

�g
x

H|�gff

V
⌘0

(3)

⇤NP & 600gNP

gSM
GeV (4)

⇤NP & 4500gNP

gSM
GeV (5)

M
2
Recoil = s + M

2
Z
� 2EZ

p
2 (6)

M
2
Recoil = M

2
H

(7)

H ! Z� (8)

±17
⇤

(9)

�ZH / g
2
HZZ

(10)

†E-mail: jorge.de-blas-mateo@durham.ac.uk

1

Measurement of σZH + Rates ⇒ Determination of H couplings & width

�ZHBRXX / g
2
HZZ

g
2
HXX

�H

(11)

�ZHBRZZ / g
4
HXX

�H

(12)

�WW!HBRbb

�ZHBRbb⇥�ZHBRWW

/ g
4
HZZ

�H

(13)

gHXX (14)

�H (15)

2

�ZHBRXX / g
2
HZZ

g
2
HXX

�H

(11)

�ZHBRZZ / g
4
HXX

�H

(12)

�WW!HBRbb

�ZHBRbb⇥�ZHBRWW

/ g
4
HZZ

�H

(13)

gHXX (14)

�H (15)

2

�ZHBRXX / g
2
HZZ

g
2
HXX

�H

(11)

�ZHBRZZ / g
4
HXX

�H

(12)

�WW!HBRbb

�ZHBRbb⇥�ZHBRWW

/ g
4
HZZ

�H

(13)

2

�ZHBRXX / g
2
HZZ

g
2
HXX

�H

(11)

�ZHBRZZ / g
4
HXX

�H

(12)

�WW!HBRbb

�ZHBRbb⇥�ZHBRWW

/ g
4
HZZ

�H

(13)

2

From 365 GeV run

From same 240 GeV run

�ZHBRXX / g
2
HZZ

g
2
HXX

�H

(11)

�ZHBRZZ / g
4
HZZ

�H

(12)

�WW!HBRbb

�ZHBRbb⇥�ZHBRWW

/ g
4
HZZ

�H

(13)

gHXX (14)

�H (15)

��H ⇠ 1% (16)

2

27



Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024

Higgs physics at e+e- Higgs factories

• Higgs physics at the e+e- colliders: What do ~106 Higgses bring to the table?

2 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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3 Developments in Higgs Physics

3.2.4 Overview of existing experimental studies1954

Experimental studies to explore the possibilities of testing the Higgs interactions with the strange quark have1955

been growing over the last years. In the Snowmass 2021 Energy Frontier report [380], the work presented1956

in Ref. [246] is singled out as a new measurement proposed during Snowmass 2021. Since then, this re-1957

search area has gained a prominent role in the study of Higgs couplings at future Higgs factories and several1958

simulation-based analyses have been performed using different flavour tagging algorithms and detector/ac-1959

celerator scenarios. Table 12 summarises the available results.1960

Accelerator Detector
Concept

Dedicated
Tagger

Analysis Strategy Results (BR) Results (ks) References Additional
Notes

ILC @
250 GeV,
2 ab�1

expected,
0.9 ab�1

considered

ILD Yes. RNN with
jet and

track-level
information.

Uses
truth-based PID

and also
LCFIPLus [416]
scores for b-,
c-, other-jets

ZH production,
Z ! ll and
Z ! nn.

Cut-based. Sum of
leading and
sub-leading

strange-jet score
used to apply final
cut (optimised for

maximal
significance)

Not available ks < 7⇥SM
at 95% CL

with
900 fb�1

Ref. [246] Full Simulation
samples.
General

interpretability
due to

truth-based
PID.

FCC-ee @
240 GeV,

10.8 ab�1, @
365 GeV,
3.0 ab�1

IDEA Yes,
ParticleNet.
Uses dN/dx
and TOF for

PID information

ZH production,
Z ! ll, Z ! nn

and Z ! qq. Use
shape information

of discriminant
variable, fit all

couplings
simultaneously

s(ZH)⇥
BR(H ! ss)
O(100%) at
68% CL with
10.8 ab�1 at

240 GeV.
O(460%) at
68% CL with
3.0 ab�1 at
365 GeV.

Not
available

Ref. [240].
See also

here.

Fast Simulation
based on

DELPHES.

CEPC @
240 GeV,
20 ab�1

CEPC
Baseline
Detector

Yes,
ParticleNet.
Emulates

scenarios with
perfect lepton

ID, perfect
charged hadron
ID and perfect

K0 ID

ZH production,
Z ! ll and

Z ! nn. BDT
separating signal
from background

using the 11
tagger scores.

Upper limit on
BR(H ! ss) =

0.75⇥10�3

with 20 ab�1

ks <

1.7⇥SM at
95% CL with

20 ab�1

Ref. [417] Full Simulation
samples.

ILC @
250 GeV,
2 ab�1

SiD Yes, ParticleNet
with improved

calorimeter
granularity

Z ! ll, Z ! nn
and Z ! qq

s(ZH)⇥
BR(H ! ss)

O(300%).

To evaluate
and add
higher

energy run

Based on
IDEA

Analysis
sensitivity

estimated by
extrapolation.

Table 12: Summary of existing H ! ss simulation-based analyses.

3.2.5 Ideas for future studies1961

In future Higgs factories, advanced studies of fragmentation and hadronisation will be crucial for enhancing1962

strangeness tagging capabilities, directly impacting the sensitivity of measurements of the Higgs coupling to1963

second-generation quarks. As discussed in Sec. ??, modelling the fragmentation and hadronisation of quarks1964

is a particularly delicate process. Current uncertainties, especially those arising from gluon splitting into quark1965

pairs and heavy-flavour fragmentation, can introduce significant uncertainties in tagging performance. To1966

address these challenges, research is focusing on systematically exploring variations in fragmentation models1967

and deepening our understanding of non-perturbative QCD effects.1968

Two main avenues of action are currently being pursued to tackle these challenges. The first one is focused1969

on conducting studies using simulated events produced with different configurations of event generators. By1970

simulating conditions expected at future colliders, such as the Tera-Z runs anticipated at the FCC-ee–which1971
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Higgs physics at e+e- Higgs factories

• Hopeless at the LHC, given the tiny value of the electron mass (→ tiny width)

• With an integrated luminosity of 10 ab-1/year expected at √s~125 GeV,  FCCee 
could attempt an observation of e+e- → H ⇒ Electron Yukawa 

• Challenges:

‣ Need to know first mH with MeV precision

‣ Small resonant σ → Need high beam monochromatization (δ~MeV) 

‣ Multiple backgrounds orders of magnitude larger than signal
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Figure 23: Left: Diagrams for the s-channel production of the Higgs boson decaying into two gluon jets (upper)
and reducible Z⇤ quark dijet backgrounds (lower) in e+e� at

p
s = 125 GeV. Right: Resonant Higgs

production cross section at
p

s = 125 GeV, including ISR effects, for several e+e� CM energy
spread values: dp

s = 0, 4.1, 7, 15, 30, and 100 MeV [456].

ab�1) integrated luminosities Lint, and (iii) the existence of multiple backgrounds with orders-of-magnitude2172

larger cross section than the Higgs signal decay channels themselves. As mentioned above, the knowledge2173

of mH with a few MeV accuracy seems feasible at FCC-ee as per dedicated studies reported in Sec. 3.1.1.2174

The latest developments of the monochromatization schemes at FCC-ee, point (ii), are summarized below.2175

The challenge (iii) has been addressed in detail in Ref. [461] where a generator-level study was performed2176

choosing a benchmark monochromatization point leading to (dp
s,Lint) = (4.1MeV,10ab�1), corresponding2177

to a peak s-channel cross section of se+e�!H = 280 ab, and 2 800 Higgs bosons produced. The strategy to2178

observe the resonant production of the Higgs boson is based on identifying final states consistent with any of2179

the H decay modes, that lead to a small excess (but, hopefully, statistically significant when combined together)2180

of the measured cross sections with respect to the theoretical expectation for their occurrence via background2181

processes alone, involving Z⇤
,g⇤, or t-channel exchanges. For this purpose, large simulated event samples of2182

signal and associated backgrounds have been generated with the PYTHIA 8 Monte Carlo (MC) code [14] for 112183

Higgs boson decay channels. A simplified description of the expected experimental performances has been2184

assumed for the reconstruction and (mis)tagging of heavy-quark (c, b) and light-quark and gluons (udsg) jets,2185

photons, electrons, and hadronically decaying tau leptons. Generic preselection criteria have been defined2186

targeting the 11 Higgs boson channels, suppressing reducible backgrounds while keeping the largest fraction2187

of the signal events. A subsequent multivariate analysis of O(50) kinematic and global topological variables,2188

defined for each event, has been carried out. Boosted-Decision-Trees (BDT) classifiers have been trained on2189

signal and background events, to maximize the signal significances for each individual channel. The most2190

significant Higgs decay channels are found to be H ! gg (for a gluon efficiency of 70% and a uds-for-g jet2191

mistagging rate of 1%), and H ! WW⇤ ! `n j j. The digluon final state is the most sensitive channel to2192

search for the resonant Higgs boson production (Fig. 23 left, upper) because it features a moderately large2193

branching fraction (B ⇡ 8%) while the irreducible Z⇤ ! gg background is forbidden by the Landau–Yang2194

theorem. The most important experimental challenge is to reduce the light-quark for gluon mistagging rate2195

to the 1% level (while keeping the efficiency for H ! gg channel at 70%) to keep the overwhelming Z⇤ !2196

uu ,dd ,ss backgrounds (Fig. 23 left, lower) under control. Such a mistagging rate is a factor of about 7 times2197

better than the current state-of-the-art for jet-flavour tagging algorithms [240], but it is not unthinkable after2198

all the experimental and theoretical improvements in our understanding of parton radiation and hadronization2199

expected at the FCC-ee [468].2200

Combining all results for an accelerator operating at (dp
s,Lint) = (4.1MeV,10ab�1), a 1.3s signal signi-2201

ficance can be reached for the direct production of the Higgs boson, corresponding to an upper limit on the2202

electron Yukawa coupling at 1.6 times the SM value: |ye | < 1.6|ySM
e | at 95% confidence level (CL), per FCC-ee2203
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interaction point (IP) and per year. Based on this benchmark result and the parametrized dependence of the2204

resonant Higgs cross section on dp
s (Fig. 23, right), bidimensional maps of e+e� ! H significances and2205

electron-Yukawa sensitivities have been determined in the (dp
s,Lint) plane. Figure 24 shows the 95% CL2206

upper limit contours on the electron Yukawa coupling strength as a function of the energy spread and integ-2207

rated luminosity with the red star (on the red-dashed line corresponding to a reference monochromatized CM2208

energy spread equal to the Higgs boson width) indicating the result of this benchmark study.2209

Figure 24: Upper limits contours (95% CL) on the electron Yukawa ye in the CM-energy-spread dp
s vs.

integrated-luminosity Lint plane, without (left) and with (right) crab cavities. The red star over
the dp

s = GH = 4.1 MeV red-dashed line, indicates the reference point assumed in the physics
simulation analysis [461]. The black cross indicates the previously achieved working point with
self-consistent parametric monochromatization [464, 469]. The red and yellow squares indicate
the monochromatization points based on simulations of the “GHC V22 Z” and “GHC V22 tt” optics,
respectively [470].

Electron Yukawa results at FCC-ee with monochromatization2210

A key requirement of the e+e� ! H run to actually produce a minimum amount of Higgs boson is to have2211

a CM energy spread much smaller than the dp
s ⇡ 50 MeV value of the conventional collision scheme at2212

125 GeV, caused by synchrotron radiation. Reducing dp
s to the few-MeV level of the natural SM Higgs width2213

requires beam “monochromatization” [471], a technique that relies on creating opposite correlations between2214

spatial position and energy deviations within the colliding beams with nominal beam energy (E0). In such2215

a configuration, the CM energy
p

s = 2E0 +O(DE)2 is reduced without necessarily decreasing the inherent2216

energy spread of the two individual beams. Figure 25 shows a schematic of the principle of monochromatiza-2217

tion for beams that collide head on and for those that collide with a crossing angle (qc). The current baseline2218

design of FCC-ee corresponds to the crossing-angle configuration, as it is not foreseen to deploy crab cavities.2219

In both configurations, the correlations between transverse (either horizontal or vertical) position in the beam2220

and energy lead to a spread in collision energy that is lower than in the uncorrelated case.2221

In terms of beam optics, monochromatization can be achieved by generating a nonzero dispersion function2222

with opposite signs for the two beams at the IP, by adding the necessary components within the interaction2223

region (IR) of the collider. A nonzero dispersion function at the IP in the horizontal and/or vertical directions2224

(D⇤
x,y 6= 0) enlarges the IP transverse beam size (s⇤

x,y) which in turn affects the luminosity, L µ 1/(s⇤
x s⇤

y ).2225

The monochromatization factor (l ) is defined as:2226

l =

vuut1+s2
d

 
D⇤2

x

exb ⇤
x

+
D⇤2

y

eyb ⇤
y

!
(43)2227

with sd the relative energy spread, ex,y the transverse emittances and b ⇤
x,y the betatron functions at the IP. For2228
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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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 17 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.

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 [55–57] and even the
electroweak precision observables [58–60]. 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. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. 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, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that 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 do much better than the single run at 240 GeV).

Note that, 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. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
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 [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials for the talks at the LHC Higgs WG general meeting, November 30 2021

1 Latex Stu↵

V (�) = �µ2
� |�|2 + �� |�|4 (1)

V (�) = �µ2
� |�|2 + �� |�|4 �! V (h) =

1
2
m2

hh
2
+ �3vh3

+
1
4
�4h4 (2)

�SM
3 = �SM

4 = �� =
Gµm2

hp
2

⇡ 0.129 (3)

�SM
3 = �SM

4 = �� =
m2

h

2v2 ⇡ 0.129 (4)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

Jan 24, 2019J. de Blas & C. Grojean �8

November 30, 2021

LaTeX materials for the talks at the LHC Higgs WG

general meeting, November 30 2021

J. de Blas
a†
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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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 17 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.

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 [55–57] and even the
electroweak precision observables [58–60]. 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. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. 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, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that 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 do much better than the single run at 240 GeV).

Note that, 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. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
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 [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Figure 9.2: Cross-sections for the double Higgs production processes e+e° ! Z H H and e+e° !
∫∫̄H H , as a function of

p
s for mH = 125GeV. The cross-sections are shown for unpolarised beams.

These cross-sections are higher – in the latter case, by almost a factor 2 – when the e° beam is highly
polarised in the left-handed sense.

Figure 9.3: Diagrams contributing to e+e° ! ∫∫̄H H .

cessible at 350 GeV, but it can be studied at an e+e° centre-of-mass energy of 500 GeV. The ∫∫̄H H
reaction, which is a 4-body process, requires still higher energies, optimally, CM energies above
1 TeV. The ILD group has studied these reactions at CM energies of 500 GeV and 1 TeV [575–577].
The CLICdp group has studied these reactions at CM energies of 1.5 TeV and 3.0 TeV [578]. We de-
scribe the analyses below. In both cases, the analyses are done in the framework of full simulation
using detailed detector models. This simulation framework is reviewed in Secs. 6 and 7 of [572].

The diagrams for both processes include a diagram with the Higgs self-coupling in interference
with diagrams in which the two Higgs bosons are radiated separately from W or Z propagators. The
SM diagrams for e+e° ! ∫∫̄H H are shown in Fig. 9.3. Note that both processes appear at the tree
level in the SM and, since we are in the electroweak world, the tree level is a good approximation to
the full result.

A remarkable feature of the e+e° reactions is that the two processes have opposite dependence
on ∑∏. That is, the self-coupling diagram interferes constructively with the other SM diagrams in
the case of Z H H and destructively in the case of ∫∫̄H H . The dependence of the cross-section on
the variation of the Higgs self-coupling is shown in Fig. 9.4. This means that, whatever the sign of
the deviation of ∑∏ from 1, one of the two processes will have an increased cross-section and will
thus have increased statistical sensitivity to the actual value of ∑∏.

e+e-: Requires √s significantly higher  
than nominal threshold

Accessible at high-energy  
linear colliders √s≳500 GeV
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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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 17 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.

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 [55–57] and even the
electroweak precision observables [58–60]. 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. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. 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, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that 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 do much better than the single run at 240 GeV).

Note that, 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. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
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 [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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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 17 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.

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 [55–57] and even the
electroweak precision observables [58–60]. 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. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. 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, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that 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 do much better than the single run at 240 GeV).

Note that, 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. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
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 [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Figure 9.12: Uncertainties on the Higgs self-coupling projected for the High-Luminosity LHC
and for other future colliders, at various stages, by the ECFA Higgs@Future Colliders working
group [574]. The results are presented as uncertainties on ∑3 = ∑∏. In the bar graphs, results from
the direct method are shown with solid bars and result from the indirect method with hatched bars.
The estimates for the indirect determination of the self-coupling are based on a multi-parameter
SMEFT analysis which also takes into account projected results from the LHC. Estimates in paren-
theses correspond to a 1-parameter fit without other new physics effects. The results for all e+e°

colliders include the projected single-H and H H results from the HL-LHC, approximated by a 50%
uncertainty in ∑∏.

ning time or, in the case of circular machines, doubling the number of detectors. We emphasise
again that this measurement is essentially free of model dependent assumptions within the broad
class of models that can be described by the SMEFT.

9.9 The quartic Higgs self-coupling

F. Maltoni, D. Pagani

Up to this point in our discussion of e+e° probes of the Higgs potential, we have only considered
dimension-6 operators in the SMEFT. For operators that specifically modify the Higgs potential, we
have considered only one higher-dimension operator, the operator with coefficient c6 in Eq. (2.10)
whose main role is to shift the coupling ∏3. More general modifications of the Higgs potential are
available from operators of higher dimension. It is relevant to ask whether inclusion of this possi-
bility affects the determination of c6 or ∏3.

This question was studied for the first time in Ref. [128]. This paper considered the two-parameter
Higgs potential modification

¢L =° c̄6
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√

©†©° v2
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26

collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.

Combined with HLLHC 50%

From previous ESU and Snowmass

single

Outdated in several relevant aspects (theory and/or exp. analyses)              
or do not cover all possibilities
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difference for HH probes of the self-coupling:
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Figure 30: Higgs pair-production cross section, as a function of lhhh, at the LHC [523] (reft) and the ILC [524]
(right).

that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.

λ

Positive interference in ZHH

(a) Varying ^_ (^2+ = 1) (b) Varying ^2+ (^_ = 1)

Figure 9: Expected range of the 68% confidence interval on ^_ (a) and ^2+ (b) for an integrated luminosity of
3000 fb�1 at

p
B = 14 TeV as a function of the assumed ^ value when generating the Asimov dataset. The various

extrapolation scenarios described in the text are shown as separate colours. Shown in grey is the result from the Run
2 measurement [39]. The Run 2 CIs are also indicated as dashed grey lines.
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Figure 30: Higgs pair-production cross section, as a function of lhhh, at the LHC [523] (reft) and the ILC [524]
(right).

that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.
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that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.
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lhhh, while in the predictions for the electroweak precision observables at the Z pole and for the W-boson2530

mass lhhh enters at the two-loop level. In particular, special attention has been paid to the determination2531

of the Higgs self-coupling from measurements of single-Higgs processes, where sub-percent precision could2532

bring enough sensitivity to quantum effects of lhhh [532]. Thus, low-energy e+e� Higgs factories would2533

bring the possibility of testing lhhh in a way that is complementary to that from Higgs pair production. In2534

general, the loop contributions involving lhhh compete with larger lowest-order contributions, and with other2535

loop contributions (e.g. a top-quark loop). The sensitivity to lhhh via loop effects may also be more affected by2536

the theoretical uncertainties induced by unknown higher-order contributions and by the experimental errors of2537

the input parameters (in particular aem, as, mt , mb, . . . ).2538

For the study of sensitivity to lhhh in single Higgs processes, the possible deviations in the Higgs self-2539

coupling with respect to the SM have been typically parameterized within the so-called SMEFT formalism,2540

see section Section 6.1, truncated to dimension six.6 The studies presented in [377] (see Figure 11 in that2541

reference) reported the sensitivity to lhhh for different future colliders, assuming the SM value is realized in2542

nature, i.e. kl = 1. Although these studies take into account the effect of projected SM theory uncertainties2543

mentioned above and also illustrate some illuminating point about the interplay of different EFT contributions,2544

they were restricted to the EFT calculations available at that time and, as we discuss below, recent EFT calcu-2545

lations of additional NLO effects could affect the lhhh interpretation. For instance, in a EFT analysis including2546

only the 1-loop contributions from lhhh as well as any possible contribution at leading-order, measurements at2547

a single centre-of-mass energy show an approximate degeneracy, which can efficiently be lifted by performing2548

measurements at a second
p

s [533]. With runs at 240 and 365 GeV, the FCC-ee would achieve the sensit-2549

ivity pictured in Figure 32. However, without any extra model assumptions, a consistent analysis in the EFT2550

approach at next-to-leading order (NLO) requires introducing the contributions from all the operators that con-2551

tribute to that order. This introduces a large number of additional EFT contributions, in particular from e+e�tt̄2552

operators, which are currently poorly constrained, and could potentially reduce the precision in kl . For the2553

main production process e+e� ! Zh such NLO contributions have only been recently identified in [534, 535].2554

Details on this calculation and its implications are discussed in Section 3.4.5 and Section 3.4.6, respectively,2555

6This includes only effects of O(1/L2) with L the heavy scale acting as cutoff of the EFT. As also show in the results in section
Section 6.1, the inclusion of effects of O(1/L4) with the precision achievable at future colliders would seem to have only small
impact on the dimension-six results, suggesting the EFT expansion is well behaved.
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‣ κλ=1

‣ HLLHC: ~50%

‣ ILC 550 GeV: ~20%

‣ κλ=2

‣ HLLHC: ~84% (estimated)

‣ ILC 550 GeV: ~9%

Higgs pair-production at 550 GeV e+e-: κλ sensitivity

Improvements in both projections will be available soon (Jan/March)
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Figure 30: Higgs pair-production cross section, as a function of lhhh, at the LHC [523] (reft) and the ILC [524]
(right).

that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.

λ

Positive interference in ZHH

• O(1) corrections expected in scenarios with strong 1st order phase transition: 
In 2HDM this suggest κλ=2

• But… “traditional wisdom” suggests that any NP inducing large corrections to 
κλ would be seen first via its effects on single Higgs couplings (more precise)?

• Several counter-examples to the last point:

‣ Tree-level EFT arguments: EW scalar quadruplets only correct κλ at LO

‣ Loop-level in concrete BSM scenarios: large NLO corrections to self-
coupling possible, with small modifications of single-Higgs couplings 

Why care about large κλ?
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that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.
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Why care about large κλ?
• Large κλ in BSM models: Extensions with BSM scalars (Φ)
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Figure 33: (Left) One- and two-loop predictions for kl as a function of mA = mH± in an aligned 2HDM scenario
of Yukawa type I (see footnote 7). The other BSM input parameters are chosen to be M = mH =
600GeV and tb = 2. (Right) Contour lines of kl (red) and ceff (blue), computed at two loops, in the
{µS,mS} parameter plane of the Z2-SSM (with lS = 0). The orange solid and dashed lines indicate
the regions of parameter space probed by single-Higgs measurements at the HL-LHC (assuming
SM-like central values) at the 1s and 2s levels respectively.

lead to the two-loop prediction for kl to be larger than 6.3 and is therefore excluded (while perturbative2581

unitarity would only exclude mA = mH± & 1020GeV). Additionally, the mass range mA = mH± & 800GeV of2582

this scenario would be probed at the HL-LHC, as indicated in purple in the left panel of Figure 33. Importantly,2583

the mass-splitting effects shown in that same figure and the exclusions obtained with current LHC data, or2584

expected with future colliders, are not restricted to the 2HDM, but have been found to occur in various BSM2585

theories with additional scalars — as can now be studied with the public tool anyH3 [527].2586

The occurrence of large radiative corrections in lhhh raises the questions of how sizeable higher-order2587

corrections to other Higgs properties involving ghhFF couplings can become, and of where one would first2588

observe a deviation from SM prediction in these types of scenarios. Power counting arguments [561] show2589

that, in the limit of large ghhFF couplings, the leading one-loop BSM contributions to the trilinear Higgs coupling2590

are of O(g2
hhFF), while those in single Higgs couplings grow at most linearly with ghhFF. Arguments from the2591

point of view of SMEFT leading to similar conclusions on the relative magnitudes of BSM deviations in trilinear2592

and single Higgs couplings can be found in [528].2593

As a simple but illustrative example, we consider the Z2-SSM,8 i.e. a real-singlet extension of the SM with2594

an unbroken global Z2 symmetry. Due to this symmetry, the BSM scalar S does not mix with the detected2595

Higgs boson at 125 GeV. Its mass takes the form m2
S = µ2

S +lHFv2 where µS is the singlet Lagrangian mass2596

term and lHF the portal quartic coupling between the singlet and the (SM-like) doublet. The coupling lHF2597

plays in the Z2-SSM the exact role of the generic ghhFF coupling in the discussion in the previous section.2598

In this model, single-Higgs couplings ghXX , where X can be a gauge boson or fermion, only receive BSM2599

contributions via external-leg corrections — there are no mixing effects at the tree level, and moreover vertex-2600

type corrections do not appear because of the singlet nature of the BSM scalar and the unbroken Z2 symmetry.2601

This allows obtaining compact expressions for the single-Higgs coupling modifier ceff ⌘ ghXX/gSM
hXX at one and2602

two loops [561]. In the right panel of Figure 33, we present contour lines for kl (red) as well as the quantity ceff2603

(blue), both computed at the two-loop order, in the {µS,mS} parameter plane of the Z2-SSM. As a conservative2604

choice, we fix lS = 0 in the plane; this cancels the effects from two-loop terms involving lS in kl and ceff (we2605

8We refer the reader to e.g. Ref. [555] for an overview of the notations and conventions we employ in this work (we consider here
the N = 1 case of the O(N)-symmetric SSM of Ref. [555]).

Draft: 07.12.2024 – 10:07 70

<latexit sha1_base64="K3fscpocS1jblUZZgLTpKg4sJ3M=">AAACF3icbVDLSsNAFJ34rPVVdelmsAh1U5JS1GVRF+6sYB/QxHAzmTZDJw9mJkIJ/Qs3/oobF4q41Z1/46TtQlsPXDhz7j3cucdLOJPKNL+NpeWV1bX1wkZxc2t7Z7e0t9+WcSoIbZGYx6LrgaScRbSlmOK0mwgKocdpxxte5v3OAxWSxdGdGiXUCWEQsT4joLTklqr2FeUKsD2EJAHX5trq66dkIb6pDNwsCOxmwPIa39dO3FLZrJoT4EVizUgZzdB0S1+2H5M0pJEiHKTsWWainAyEYoTTcdFOJU2ADGFAe5pGEFLpZJO7xvhYKz7ux0JXpPBE/e3IIJRyFHp6MgQVyPleLv7X66Wqf+5kLEpSRSMyXdRPOVYxzkPCPhOUKD7SBIhg+q+YBCCAKB1lUYdgzZ+8SNq1qnVard/Wy42LWRwFdIiOUAVZ6Aw10DVqohYi6BE9o1f0ZjwZL8a78TEdXTJmngP0B8bnD7v8nwg=</latexit>

�� ⇠ O(g2hh��)Power-counting:

5

(ii) progress in theory
[talk by J. Braathen]

Controls decoupling of BSM states



Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024

Higgs physics at e+e- Higgs factories

• Previous studies always focused around the SM value.  That makes a big 
difference for HH probes of the self-coupling:

Focus Topic: Higgs self-coupling

DRAFT

3 Developments in Higgs Physics

SMλ / λ
0 0.5 1 1.5 2 2.5 3

SM
σ

 / 
σ

HHZ

0

1

2

3

4
ZHH @ 500 GeV→-+e+e

HH @ 1 TeVνν→-+e+e

ννHH
_
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that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-

Negative interference in ggHH: suppression for Δλ3~0

9.7. SMEFT interpretation of H H measurements 203

Z

Z
Z Z

Z Z
Z Z Z

Z

h
h

h h

h

h

hhh

Z
Z Z

Z ZZ

h
h

h h

h

h

hhh

A A AA

Z
Z Z

Z ZZ

h
h

h h

h hhh

Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.
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Figure 33: (Left) One- and two-loop predictions for kl as a function of mA = mH± in an aligned 2HDM scenario
of Yukawa type I (see footnote 7). The other BSM input parameters are chosen to be M = mH =
600GeV and tb = 2. (Right) Contour lines of kl (red) and ceff (blue), computed at two loops, in the
{µS,mS} parameter plane of the Z2-SSM (with lS = 0). The orange solid and dashed lines indicate
the regions of parameter space probed by single-Higgs measurements at the HL-LHC (assuming
SM-like central values) at the 1s and 2s levels respectively.

lead to the two-loop prediction for kl to be larger than 6.3 and is therefore excluded (while perturbative2581

unitarity would only exclude mA = mH± & 1020GeV). Additionally, the mass range mA = mH± & 800GeV of2582

this scenario would be probed at the HL-LHC, as indicated in purple in the left panel of Figure 33. Importantly,2583

the mass-splitting effects shown in that same figure and the exclusions obtained with current LHC data, or2584

expected with future colliders, are not restricted to the 2HDM, but have been found to occur in various BSM2585

theories with additional scalars — as can now be studied with the public tool anyH3 [527].2586

The occurrence of large radiative corrections in lhhh raises the questions of how sizeable higher-order2587

corrections to other Higgs properties involving ghhFF couplings can become, and of where one would first2588

observe a deviation from SM prediction in these types of scenarios. Power counting arguments [561] show2589

that, in the limit of large ghhFF couplings, the leading one-loop BSM contributions to the trilinear Higgs coupling2590

are of O(g2
hhFF), while those in single Higgs couplings grow at most linearly with ghhFF. Arguments from the2591

point of view of SMEFT leading to similar conclusions on the relative magnitudes of BSM deviations in trilinear2592

and single Higgs couplings can be found in [528].2593

As a simple but illustrative example, we consider the Z2-SSM,8 i.e. a real-singlet extension of the SM with2594

an unbroken global Z2 symmetry. Due to this symmetry, the BSM scalar S does not mix with the detected2595

Higgs boson at 125 GeV. Its mass takes the form m2
S = µ2

S +lHFv2 where µS is the singlet Lagrangian mass2596

term and lHF the portal quartic coupling between the singlet and the (SM-like) doublet. The coupling lHF2597

plays in the Z2-SSM the exact role of the generic ghhFF coupling in the discussion in the previous section.2598

In this model, single-Higgs couplings ghXX , where X can be a gauge boson or fermion, only receive BSM2599

contributions via external-leg corrections — there are no mixing effects at the tree level, and moreover vertex-2600

type corrections do not appear because of the singlet nature of the BSM scalar and the unbroken Z2 symmetry.2601

This allows obtaining compact expressions for the single-Higgs coupling modifier ceff ⌘ ghXX/gSM
hXX at one and2602

two loops [561]. In the right panel of Figure 33, we present contour lines for kl (red) as well as the quantity ceff2603

(blue), both computed at the two-loop order, in the {µS,mS} parameter plane of the Z2-SSM. As a conservative2604

choice, we fix lS = 0 in the plane; this cancels the effects from two-loop terms involving lS in kl and ceff (we2605

8We refer the reader to e.g. Ref. [555] for an overview of the notations and conventions we employ in this work (we consider here
the N = 1 case of the O(N)-symmetric SSM of Ref. [555]).
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Higgs physics at e+e- Higgs factories

• Previous studies always focused around the SM value.  That makes a big 
difference for HH probes of the self-coupling:
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Figure 30: Higgs pair-production cross section, as a function of lhhh, at the LHC [523] (reft) and the ILC [524]
(right).

that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.
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Figure 33: (Left) One- and two-loop predictions for kl as a function of mA = mH± in an aligned 2HDM scenario
of Yukawa type I (see footnote 7). The other BSM input parameters are chosen to be M = mH =
600GeV and tb = 2. (Right) Contour lines of kl (red) and ceff (blue), computed at two loops, in the
{µS,mS} parameter plane of the Z2-SSM (with lS = 0). The orange solid and dashed lines indicate
the regions of parameter space probed by single-Higgs measurements at the HL-LHC (assuming
SM-like central values) at the 1s and 2s levels respectively.

lead to the two-loop prediction for kl to be larger than 6.3 and is therefore excluded (while perturbative2581

unitarity would only exclude mA = mH± & 1020GeV). Additionally, the mass range mA = mH± & 800GeV of2582

this scenario would be probed at the HL-LHC, as indicated in purple in the left panel of Figure 33. Importantly,2583

the mass-splitting effects shown in that same figure and the exclusions obtained with current LHC data, or2584

expected with future colliders, are not restricted to the 2HDM, but have been found to occur in various BSM2585

theories with additional scalars — as can now be studied with the public tool anyH3 [527].2586

The occurrence of large radiative corrections in lhhh raises the questions of how sizeable higher-order2587

corrections to other Higgs properties involving ghhFF couplings can become, and of where one would first2588

observe a deviation from SM prediction in these types of scenarios. Power counting arguments [561] show2589

that, in the limit of large ghhFF couplings, the leading one-loop BSM contributions to the trilinear Higgs coupling2590

are of O(g2
hhFF), while those in single Higgs couplings grow at most linearly with ghhFF. Arguments from the2591

point of view of SMEFT leading to similar conclusions on the relative magnitudes of BSM deviations in trilinear2592

and single Higgs couplings can be found in [528].2593

As a simple but illustrative example, we consider the Z2-SSM,8 i.e. a real-singlet extension of the SM with2594

an unbroken global Z2 symmetry. Due to this symmetry, the BSM scalar S does not mix with the detected2595

Higgs boson at 125 GeV. Its mass takes the form m2
S = µ2

S +lHFv2 where µS is the singlet Lagrangian mass2596

term and lHF the portal quartic coupling between the singlet and the (SM-like) doublet. The coupling lHF2597

plays in the Z2-SSM the exact role of the generic ghhFF coupling in the discussion in the previous section.2598

In this model, single-Higgs couplings ghXX , where X can be a gauge boson or fermion, only receive BSM2599

contributions via external-leg corrections — there are no mixing effects at the tree level, and moreover vertex-2600

type corrections do not appear because of the singlet nature of the BSM scalar and the unbroken Z2 symmetry.2601

This allows obtaining compact expressions for the single-Higgs coupling modifier ceff ⌘ ghXX/gSM
hXX at one and2602

two loops [561]. In the right panel of Figure 33, we present contour lines for kl (red) as well as the quantity ceff2603

(blue), both computed at the two-loop order, in the {µS,mS} parameter plane of the Z2-SSM. As a conservative2604

choice, we fix lS = 0 in the plane; this cancels the effects from two-loop terms involving lS in kl and ceff (we2605

8We refer the reader to e.g. Ref. [555] for an overview of the notations and conventions we employ in this work (we consider here
the N = 1 case of the O(N)-symmetric SSM of Ref. [555]).
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Figure 30: Higgs pair-production cross section, as a function of lhhh, at the LHC [523] (reft) and the ILC [524]
(right).

that can be much larger, by more than two orders of magnitude, than to the couplings of h to gauge bosons and2494

fermions, see [525–527] for investigations of extended Higgs sectors and [528] for SMEFT analyses. Some2495

of these scenarios are discussed in Section 3.4.2. A very significant upward shift in lhhh is also motivated in2496

many scenarios giving rise to a strong first-order EWPT which is required for electroweak baryogenesis, see2497

e.g. [529] for the case of the 2HDM, where the parameter region featuring a strong first-order EWPT and a2498

potentially detectable gravitational wave signal at the future space-based observatory LISA is correlated with2499

an enhancement of lhhh compared to the SM value by about a factor of 2.2500

At future e+e� colliders one could obtain information about lhhh in different and complementary ways. The2501

more “traditional” approach relies on the energy reach, and is relevant for colliders whose centre-of-mass2502

energy can go well past the Zhh threshold, to the point where the cross section is large enough to produce2503

Higgs pairs with enough statistical significance. On the other hand, a second approach based on the precision2504

reach of different measurements, typically single Higgs processes, is the main source of information at low-2505

energy Higgs factories.2506

Starting with e+e� colliders with a CM energy of at least 500 GeV, the Higgs pair production process2507

e+e� ! Zhh can be measured. (This is also the case for the weak-boson fusion process e+e� ! nen̄ehh,2508

though this would benefit from much larger CM energies.) As will be discussed in Section Section 3.4.3,2509

the projected accuracy at a 550 GeV linear e+e� collider is about 20%, combining the results from the Zhh2510

and nen̄ehh channels [530]. Furthermore, unlike the leading process at hadron colliders, the interference2511

contributions in the Zhh channel at a 550 GeV e+e� collider is constructive, see right panel of Figure 30.2512

As a result of this, if the value of lhhh that is realised in nature is actually larger than the SM prediction,2513

the destructive interference in gluon-fusion will result in a degradation of the lhhh determination at hadron2514

colliders, whereas at e+e� the accuracy would improve. As can be seen in Figure 31, for kl ⌘ lhhh/l SM
hhh= 22515

the precision of the HL-LHC determination would degrade to ⇠ 84% (see, e.g. [307] for a recent projection2516

from the ATLAS Collaboration illustrating this effect). On the other hand, in this same case, the determination2517

of lhhh at the ILC running at 550 GeV improves to ⇠ 9%, almost an order of magnitude better than the one2518

at the HL-LHC. As mentioned above, such large values of kl would be favoured in scenarios giving rise to a2519

strong first-order EWPT. Furthermore, aside from possible enhancements in the value of kl , in BSM scenarios2520

with extra scalars, one typically finds additional (THCs) involving also heavy Higgses. The measurements of2521

the Higgs pair-production process could also bring sensitivity to THCs involving one of such BSM states which,2522

if sufficiently light, could enter in the process via a resonant contribution. The effects that such scenarios could2523

have on e+e� ! Zhh is explored in Section 3.4.4, with special emphasis on the impact of loop corrections to2524

these THCs.2525

Below the threshold for Higgs pair production processes, “low-energy” e+e� Higgs factories can still be2526

sensitive to the effects of the Higgs self-coupling, via its virtual loop effects in other observables, where2527

the higher precision of the measurements can be used to (partially) compensate the loop suppression of2528

such contributions. Specifically, the single Higgs observables receive one-loop contributions that depend on2529
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [24]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [25]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [26–28], while the exclusive calculation is available at NNLO [29]. The pertur-

Negative interference in ggHH: suppression for Δλ3~0
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Figure 9.10: Feynman diagrams contributing to e+e° ! Z H H in the SMEFT with dimension-6 op-
erators included. The vertices shown are also typically modified from their SM values by dimension-
6 perturbations [126].

making a global fit to the SMEFT parameters.

A similar analysis has been carried out for the reaction e+e° ! Z H H at 500 GeV [126]. Because
the e+e° cross-section depends on fewer operators than the cross-section at hadron colliders, it is
possible to include the effects of all relevant dimension-6 operators that appear in the SMEFT. When
this is done, it is seen that new physics effects different from the shift in the Higgs self-coupling can
potentially have a major influence on the H H cross section, easily swamping the variation due to
∑∏. Fortunately, the high precision expected for single Higgs and other measurements at an e+e°

collider will allow these effects to be controlled.

The full set of diagrams contributing to e+e° ! Z H H in the SMEFT at tree level, including SM
vertices and all contributing dimension-6 operators, is shown in Fig. 9.10. One should note that,
in general, the vertices in these diagrams are not equal to the SM vertices but rather include extra
pieces due to the dimension-6 perturbations.

The complete variation of the tree level cross-section with the SMEFT coefficients is given in
[126]. Some of the smaller terms in the complete expression are difficult to explain without ref-
erence to the renormalization scheme used there. Here we will write a simplified formula that
gives the dependencies on the most important SMEFT coefficients. We assume here the case of
unpolarised beams. In the SMEFT, ∑∏ receives two different contributions from coefficients of
dimension-6 operators. In particular, we saw in Eq. (2.11) that

∑∏ = 1+ c6 °
3
2

cH , (9.2)

where the parameter c6 is the coefficient of an operator that modifies the Higgs potential and cH

is a universal rescaling of all Higgs couplings that originates from a modification of the Higgs field
kinetic term. When we speak of a new physics modification of the Higgs potential within the SMEFT,
we are speaking specifically about the generation of a nonzero value for c6.

λ

Positive interference in ZHH

Why care about large κλ?
• Large κλ in BSM models: Extensions with BSM scalars (Φ)
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Figure 33: (Left) One- and two-loop predictions for kl as a function of mA = mH± in an aligned 2HDM scenario
of Yukawa type I (see footnote 7). The other BSM input parameters are chosen to be M = mH =
600GeV and tb = 2. (Right) Contour lines of kl (red) and ceff (blue), computed at two loops, in the
{µS,mS} parameter plane of the Z2-SSM (with lS = 0). The orange solid and dashed lines indicate
the regions of parameter space probed by single-Higgs measurements at the HL-LHC (assuming
SM-like central values) at the 1s and 2s levels respectively.

lead to the two-loop prediction for kl to be larger than 6.3 and is therefore excluded (while perturbative2581

unitarity would only exclude mA = mH± & 1020GeV). Additionally, the mass range mA = mH± & 800GeV of2582

this scenario would be probed at the HL-LHC, as indicated in purple in the left panel of Figure 33. Importantly,2583

the mass-splitting effects shown in that same figure and the exclusions obtained with current LHC data, or2584

expected with future colliders, are not restricted to the 2HDM, but have been found to occur in various BSM2585

theories with additional scalars — as can now be studied with the public tool anyH3 [527].2586

The occurrence of large radiative corrections in lhhh raises the questions of how sizeable higher-order2587

corrections to other Higgs properties involving ghhFF couplings can become, and of where one would first2588

observe a deviation from SM prediction in these types of scenarios. Power counting arguments [561] show2589

that, in the limit of large ghhFF couplings, the leading one-loop BSM contributions to the trilinear Higgs coupling2590

are of O(g2
hhFF), while those in single Higgs couplings grow at most linearly with ghhFF. Arguments from the2591

point of view of SMEFT leading to similar conclusions on the relative magnitudes of BSM deviations in trilinear2592

and single Higgs couplings can be found in [528].2593

As a simple but illustrative example, we consider the Z2-SSM,8 i.e. a real-singlet extension of the SM with2594

an unbroken global Z2 symmetry. Due to this symmetry, the BSM scalar S does not mix with the detected2595

Higgs boson at 125 GeV. Its mass takes the form m2
S = µ2

S +lHFv2 where µS is the singlet Lagrangian mass2596

term and lHF the portal quartic coupling between the singlet and the (SM-like) doublet. The coupling lHF2597

plays in the Z2-SSM the exact role of the generic ghhFF coupling in the discussion in the previous section.2598

In this model, single-Higgs couplings ghXX , where X can be a gauge boson or fermion, only receive BSM2599

contributions via external-leg corrections — there are no mixing effects at the tree level, and moreover vertex-2600

type corrections do not appear because of the singlet nature of the BSM scalar and the unbroken Z2 symmetry.2601

This allows obtaining compact expressions for the single-Higgs coupling modifier ceff ⌘ ghXX/gSM
hXX at one and2602

two loops [561]. In the right panel of Figure 33, we present contour lines for kl (red) as well as the quantity ceff2603

(blue), both computed at the two-loop order, in the {µS,mS} parameter plane of the Z2-SSM. As a conservative2604

choice, we fix lS = 0 in the plane; this cancels the effects from two-loop terms involving lS in kl and ceff (we2605

8We refer the reader to e.g. Ref. [555] for an overview of the notations and conventions we employ in this work (we consider here
the N = 1 case of the O(N)-symmetric SSM of Ref. [555]).
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But corrections to gh  

can remain small

⇒ Even comparatively weak bounds on κλ, e.g. current bound from 
LHC, κλ<7 , can be informative for these type of BSM scenarios
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• The absolute precision of the determination from single-Higgs measurements, 
coming from NLO effects, is much less dependent on central value of κλ:

• This interpretation is typically performed in a global fit to all Higgs 
observables within the EFT framework and it is not without (several) 
complications… Let’s come back at this after we have at least introduced the 
EFT global analyses… 
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which close the contents of this chapter.2556
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Figure 32: 1s sensitivity achievable on the trilinear self-coupling of the Higgs (shown on the x axis) with 240
and 365 GeV runs at the FCC-ee. Aside from the single Higgs coupling to the Z boson (shown
on the y axis), 26 additional Higgs and EW coupling modifications have been marginalised over to
obtained the ellipses shown.

3.4.2 Generating large corrections to lhhh in BSM models2557

As mentioned above, the Higgs selfcoupling is important to determine the dynamics and nature of the EW2558

phase transition (EWPT). As an example, the scenario of electroweak baryogenesis would require the EWPT2559

to be of strong first order, which cannot be realised in the SM. In many Beyond-the-Standard-Model (BSM)2560

theories, this is correlated with a deviation of lhhh from its SM prediction [536, 537]. For instance, a strong2561

first-order EWPT (SFOEWPT) in the Two-Higgs-Doublet Model (2HDM) would imply a value of kl of about2562

2 [529].2563

Another interesting property of the trilinear Higgs coupling is that it can, in models with extended scalar2564

sectors, deviate significantly from its SM prediction because of large higher-order radiative corrections from the2565

additional BSM scalars (which we generically denote F) [525–527, 538–558]. These corrections are controlled2566

by couplings of the general form ghhFF µ (m2
F � M

2)/v2, where mF is the physical mass of the scalar F,2567

and M is some mass scale controlling the decoupling of the BSM states. In scenarios where a splitting2568

occurs between M and mF, the ghhFF couplings can grow rapidly and produce large BSM contributions to2569

kl . It should be emphasised that these loop effects involving BSM scalars and ghhFF couplings are not a2570

perturbation of the tree-level trilinear Higgs coupling, but rather a new class of contributions only entering at2571

the loop level. They can therefore become larger than the tree-level contribution, without being associated2572

with a violation of perturbative unitarity (this situation is analogous to that of loop-induced processes like e.g.2573

h ! g g or h ! gZ).2574

The left panel of Figure 33 presents an example of mass-splitting effects in kl up to the two-loop level in2575

an aligned 2HDM [526]. For the scenario we consider,7 with M = mH = 600GeV, mA = mH± and tanb = 2,2576

all relevant theoretical and experimental constraints have been verified. We find that the comparison of the2577

two-loop prediction for kl with recent experimental bounds on this coupling modifier [560] at the LHC allows2578

excluding significant parts of the otherwise unconstrained parameter space of the model; in this specific2579

scenario, the mass range mA = mH± & 900GeV (or equivalently mass splittings mA � mH & 300GeV) would2580

7We refer the reader to Ref. [526, 552] for details on our choices of conventions and notations for the CP-conserving 2HDM. M is
the BSM mass scale of the 2HDM (corresponding to the generic M ), mH , mA, mH± are the masses of the BSM scalars, and a
and b are respectively the mixing angles in the CP-even sector and in the CP-odd and charged sectors. The alignment limit [559]
means that the EW vacuum expectation value is aligned in field space with the detected Higgs boson h of mass 125 GeV, and
corresponds to a = b � p/2 in terms of mixing angles. As a consequence of this limit, all couplings of h are SM-like at the tree
level.
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‣ Sizable modification of κλ , small 
effect in statistical precision

‣ Changes in dependence around 
different values of κλ  small 
compared to effect of uncertainties 
from LO interactions 

45



Higgs/EW/Top Studies
Electroweak Physics

Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024 46



Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024

• Future e+e- factories will also help us improve our knowledge of the EW 
interactions:

• Improved Z pole run:

‣ LEP/SLC: ~107 Z → O(0.1-1%)

‣ FCCee/CEPC: 1012 Z

‣ ILC (GigaZ): 109 Z

• Significantly lower stats at linear colliders but can benefit from use of 
polarization ⇒ Extra observables wrt unpolarized case. E.g.  asymmetries

EW physics at e+e- Higgs factories
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f
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−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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3 E↵ective Lagrangian description of New Physics:

Equations
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4 New Particles
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Z-pole EWPO:

Unpolarized beams

Polarized beams
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EW physics at e+e- Higgs factories

• Future e+e- factories will also help us improve our knowledge of the EW 
interactions:

• Improved Z pole run:

‣ LEP/SLC: ~107 Z → O(0.1-1%)

‣ FCCee/CEPC: 1012 Z

‣ ILC (GigaZ): 109 Z

• Z-pole measurements are also possible during the Higgs factory phase      
(√s ~250 GeV) via radiative return to the Z resonance

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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3 E↵ective Lagrangian description of New Physics:

Equations
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4 New Particles

3

Z-pole EWPO:

2

I. INTRODUCTION

At a polarized e+e� collider, Ae is given by the left-right asymmetry ALR in the total rate for

Z production,

Ae = ALR ⌘ �L � �R
�L + �R

, (1)

where �L and �R are the cross section for 100% polarized e�
L
e+
R
and e�

R
e+
L
initial states. This ALR

is important for the electroweak study, and it induces corrections to the e+e� ! Zhh, e+e� ! Zh,

and e+e� ! Z (Z-pole) processes. Therefore, it can provide a very useful constraint for operators

cHL, c0HL
, and cHE in the global SMEFT fit [1][2][3][4].

It turned out that the precision of the ALR measurement performed with the SLD detector

at the SLAC Linear Collider (SLC), being at around 1.5% i.e.ALR = 0.1514 ± 0.0019 (stat) ±

0.0011 (syst) [5], is not precise enough for the global fit. There were 2 dominant systematic errors

in the measurement of ALR in the SLD: uncertainty of beam ECM and uncertainty of beam

polarization. At the ILC 250, we can use the radiative return process, e+e� ! �Z, to measure

the ALR and it has roughly 150 times more statistics than the SLC had. There is a fast detector

simulation study available for this reaction [6]. Then we tried to perform full detector simulation

study to get more realistic estimations including systematic errors.

II. DETECTOR SIMULATION

We performed full simulation including e+e� ! �Z and possible background processes. The

whole set of software programs used in this analysis is packaged as iLCSoft version v02-02 [7] [8] [9].

Events were generated using Whizard 2.85 [9] based on full tree-level helicity amplitudes for a

given final state including non-resonant diagrams. Interactions of generated particles with the de-

tector material are simulated with a full detector simulator based on GEANT4 [10] using DD4hep

(Detector Description for HEP) [11], which is the common detector geometry description for iLC-

Soft, including the 14 mrad crossing angle, IP smearing and o↵set depending on initial particles.

The event reconstruction programs are implemented as event processors in the framework of Mar-

lin [12]. The event simulation for this analysis has been done at the center-of-mass energy of

250GeV. The assumed integrated luminosity is
R
Ldt = 900 fb�1 each for the two beam polariza-

tions (Pe� , Pe+) = (�0.8,+0.3) and (+0.8,�0.3). In our analysis, all particles are forced to be

clustered into 2 jets and the jet with higher reconstructed energy is defined as “jet 1” and the

other as “jet 2”.

ILC 250 with 2 ab-1: 77 (12) million hadronic (leptonic) Zs 
5 (100) times more statistics than LEP (SLC)!

T. Mizuno, K. Fuji, J. Tian, arXiv: 2203.07944 [hep-ph]
K. Fuji et al. , arXiv: 1908.11299 [hep-ex]
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EW physics at e+e- Higgs factories

• Projections for future EWPO have been extensively studied in the past, e.g. 
improvement in Z pole observables can reach up to 2 orders of magnitude 
at Tera Z for leptonic and heavy flavor observables

• Could also measure properties of light family quarks (up & down) using 
QED FSR (see backup slides)

DRAFT

4 Developments in Electroweak Physics & QCD

Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380
Da(mZ)�1 (⇥103) 18⇤ 18⇤ 3.8 (1.2) 18⇤

DmZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

DGZ (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

DAe (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 (2) 60 (15)
DAµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 390 (14)
DAt (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)
DAb (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)
DAc (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 190 (67)
Ds0

had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

dRe (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.5 (1.0)
dRµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.5 (1.0)
dRt (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 3.3 (5.0)
dRb (⇥103) 3.1⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.5 (1.0)
dRc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Table 20: Electroweak precision observables extracted from two-fermion processes at future e+e� colliders:
statistical error (estimated experimental systematic error). D (d ) stands for absolute (relative) uncer-
tainty, while * indicates inputs taken from current data [448]. Table adapted from Ref. [609].

4.3 FOCUS TOPIC: 2-fermion final states2959

Editors: Adrian Irles – EXP: Adrian Irles, Daniel Jeans, Manqi Ruan, THEORY: Emanuele Bagnaschi,
Alessandro Vicini, Juergen Reuter, Ayres Freitas, Bernnie Ward

2960

4.3.1 Introduction2961

The precision of the determination of the EW couplings of gauge bosons to fermions is expected to improve2962

by several orders of magnitude at future e+e� colliders [609] with respect to the legacy measurements from2963

LEP and SLC [610]. Such precision will be achievable thanks to the higher luminosities, longitudinally polar-2964

ised beams (in the case of linear colliders), a wider range of collider energies, precise modern detectors with2965

improved reconstruction, and improved theoretical modelling.2966

The unprecedented statistical power provided by future colliders will require a great effort on the control2967

and understanding of systematic uncertainties from theory and experiment. Indeed, a Z-pole run foreseen2968

by FCC-ee/CEPC will offer more than two orders of magnitude smaller statistical uncertainties than those2969

of previous measurements [34, 243]. A significant improvement in precision could also be reached at the2970

ILC [276]. This requires remarkably stable operation of the detectors and accelerators.2971

The LEP and SLC colliders probed the gauge structure of the SM at the quantum level, finding an overall2972

good agreement with theory predictions. However, some tensions in the determination of the weak effective2973

mixing angle for different flavours are still unresolved [448]. Future colliders will be key in clarifying these2974

issues and probing BSM physics in other observables.2975

Furthermore, for the investigation of the Higgs sector and for searches for new physics at higher energies,2976

more precise determinations of the EW couplings to fermions are required [449, 611].2977

Projections for the determination of the electroweak couplings of the Z boson to fermions from measure-2978

ments at a future e+e� collider running at the Z pole have been reviewed as part of the Snowmass 2021/222979

Study [609], see Tab. 20. More work is required to exploit final states involving light quark families, for instance,2980

using strange-tagging techniques. Related studies are discussed in Section 3.2.2981

Final states with two fermions will also be studied at higher-energy runs. These data will be more chal-2982

lenging to interpret in terms of electroweak couplings, but they can be used to put constraints on higher-2983

dimensional four-fermion contact operators (see next subsection). Moreover, the mechanism of radiative2984

return allows to study the invariant mass distributions of the fermion pair, including the Z pole region, also2985

at beam energies much larger than half the Z mass. To exploit this opportunity, the development of new2986
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• Future e+e- factories will also help us improve our knowledge of the EW 
charged current interactions:

✓ WW production at 161 GeV and above: O(108) WW pairs to improve 
measurements W mass and width, BRs, aTGCs, …

✓ W couplings:

✓ aTGC: Measured across a wider ranger of energies than LEP2 (avoiding the 
approximate degeneracy between some of the aTGC present there)

W mass:
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• As in the Higgs case, e+e- → W+W-  receives contributions from several 
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• The aTGC dominance approximation neglects contributions from 
everything other than aTGC


Jorge de Blas 
IP3 - Durham University

Future collider studies of WW/aTGC

154th FCC Physics and Experiments Workshop 
November 13, 2020

• As in the Higgs case, e+e- → W+W-  receives contributions from several 
interactions other than aTGC:


• The aTGC dominance approximation neglects contributions from 
everything other than aTGC


e+e- → W+W-

DRAFT

4 Developments in Electroweak Physics & QCD

to extract the leptonic decay couplings Be, Bµ and Bt , while a fit that assumes lepton universality can be2923

performed to extract the hadronic decay coupling Bq. In both fits the sum of leptonic and hadronic branching2924

fractions is constrained to unity.2925

Decay mode relative precision B(W ! en) B(W ! µn) B(W ! tn) B(W ! qq)
LEP2 1.5% 1.4% 1.8% 0.4%
LHC 1.0% 0.8% 2.1% 0.3%

future e+e� 3·10�4 3·10�4 4·10�4 1·10�4

Table 19: Relative precision on the determination of the W decay branching ratios. Final combined results with
LEP2 data [590] are compared to recent results obtained with LHC data [602], and the projected
precision obtainable with future e+e� data.

Projected precisions on the W boson decays to hadrons, e µ and t leptons achievable with a future e+e�
2926

program are shown in Table 19, and compared to LEP2 [590] and LHC [602] precisions. In these projections2927

the impact of systematic uncertainties on the future e+e� precisions will be comparable but not much larger2928

than the statistical uncertainty. This will be achievable by using data-driven methods on independent data, to2929

constrain the leading systematics, e.g. using tag and probe methods to measure the selection performances2930

of jet reconstruction and lepton identification. The estimated improvement of the future e+e� precision with2931

respect to existing LEP2 and LHC results ranges from ⇠ 30 for the hadronic decays, to ⇠ 50 for muon decays.2932

Within the Standard Model the W boson hadronic branching ratio Bq is related to the Cabibbo-Kobayashi-2933

Maskawa (CKM) quark mixing matrix, and to the strong coupling constant aS through the relation2934

RW =
Bq

1�Bq
=

 
1+

aS(m
2
W)

p

!

Â
i=u,c; j=d,s,b

|Vi j|
2
. (54)2935

Assuming CKM unitarity with SW = Âi=u,c; j=d,s,b |Vi j|
2 = 2, the Bq determination can be used to extract the2936

value of aS(m
2
W). Focusing on fitting directly the RW ratio of hadronic to leptonic decay rates, the projected2937

achievable aS(m
2
W) relative precision is 0.2%.2938

If the CKM unitarity is not assumed in the sum, and aS(m
2
W) is taken form other independent precision2939

determinations, the Bq and RW measurements can be used in turn to provide a stringent test of CKM unitarity2940

for the five lightest quarks SW at the precision level of few 10�4. The determination of SW can in turn be2941

employed to derive the value of the CKM element |Vcs |, with a precision bounded by the uncertainty on the2942

sum of the other five elements in SW.2943

The flavour tagging of jets from W decays can be exploited to perform more direct measurements of |Vcs |2944

and of the overall fraction of W boson decays to charm quarks Rc [603–605]. The final achievable statistical2945

precision on Rc should be at the 10�3 level, or better.2946

Future e+e� data will also allow to explore the more rare W ! bc and bu events, where respectively ⇠ 105
2947

and ⇠ 103 decays are expected from a total of ⇠ 200M W boson decays. Also in the case of W boson jet-2948

flavour determinations we expect that dominant systematic uncertainties, related to jet-tagging performances,2949

will be data-driven and constrained by the collected luminosity. These measurements will lead to direct de-2950

terminations of the |Vcb | and |Vub | CKM matrix elements with precisions better than 1% for |Vcb | and around2951

5% for |Vub |, therefore improving the knowledge of the quark-mixing matrix. More details on these possible2952

measurements are given in Sec. 8.4.3. Such measurements were not exploitable at LEP2 given the low2953

statistics of collected W decays.2954

Any other rare decay of the W boson can be explored with future e+e� data with a sensitivity that can probe2955

the level of 10�7 decay probabilities. In this context particular interest will be in measuring exclusive radiative2956

decays [606] that will provide stringent tests of the QCD factorization formalism and enable novel searches for2957

new physics. Other exclusive rare hadronic decays [607, 608] will also be accessible with future e+e� data.2958
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• Top mass is one a key input of the SM, of particular relevance for the EW fit

✓ Rapid cross section increase around √s~2mt → Multi-point scan around 
threshold and fit to determine position of top mass and width (shape)
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Top Quark Mass: Measurement Strategies

3

At and above threshold

• The accelerator side: Requires sufficient collision energy for top pair production

• So far thoroughly studied for ILC, CLIC, threshold studies common for CLIC, FCC-ee, ILC

Three approaches 
to the top mass
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around 350 GeV
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Figure 52: The dependence of the e+e� ! W�bW+b cross section on the top quark mass, width, Yukawa
coupling, and as in the region around the top quark pair production threshold.

hand, the cross section at
p

s = 365GeV is found to depend mildly on mt , Gt , and aS, while preserving a3932

sizeable dependence on yt arising from virtual corrections to the Ztt vertex.3933

5.1.2 Experimental studies3934

A new fast-simulation study has been performed into the experimental signal selection. Events for the3935

e+e� ! W�bW+b signal are generated with WHIZARD [9]. The dominant e+e� ! W�W++ jets back-3936

ground is generated with PYTHIA. Detector effects are simulated using the DELPHES [315] parameterisation3937

of the IDEA detector concept at FCC-ee.3938

In this study, we consider centre-of-mass energies ranging from 340 to 365 GeV. For centre-of-mass ener-3939

gies around the tt threshold an integrated luminosity of 41 fb�1 per scan point is assumed, corresponding to3940

10% of the total integrated luminosity foreseen for the tt threshold scan. For the 365 GeV point, an integrated3941

luminosity of 2.65 ab�1 is considered.3942

The analysis targets the fully-hadronic and lepton+jets final states decays of the W boson pairs excluding3943

hadronic decays of t leptons. This combination of final states corresponds to a total branching fraction of3944

above 80%. In the lepton+jets final state, electrons and muons with momentum larger than 12 GeV are3945

selected. This selection achieves an acceptance of 99.5% independently of
p

s, limited by the geometrical3946

acceptance of the detector. Leptons are required to fulfil isolation requirements. Events with exactly one3947

isolated lepton are classified as lepton+jets events, events with no isolated leptons as fully-hadronic events.3948

An exclusive jet clustering is then performed, requiring four jets for the lepton+jets channel and six jets3949

for fully hadronic channels. The jet multiplicity and the kinematic properties of the reconstructed jets and3950

leptons provide good rejection against the WW background. A jet flavour-tagging algorithm is applied to the3951

reconstructed jets in order to identify those arising from b quarks. In the sample with two b-jets, a BDT3952

is trained to reject the irreducible WWZ background, with Z ! bb̄ decay. The BDT uses the jet kinematic3953
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uncertainty mPS
t [MeV] Gt [MeV] comment

statistical 3.7 9.6 FCC-ee, 410 fb�1

b-tagging, background - - controlled in-situ

luminosity calibration (uncorr.) 0.6 1.1 dL/L = 1⇥10�3

luminosity calibration (corr.) 0.3 0.5 dL/L = 0.5⇥10�3

beam energy calibration (uncorr.) 1.2 2.0 d
p

s = 5 MeV [794, 795]

beam energy calibration (corr.) 1.2 0.1 d
p

s = 2.5 MeV

beam energy spread (uncorr.) 0.6 1.1 dDE = 1% [795]

beam energy spread (corr.) < 0.1 1.5 dDE = 0.5%

parametric (as) 2.0 1.9 das = 1⇥10�4

parametric (yt) 3.8 4.5 dyt = 3%

total profiled 6.2 11.3

theory, unprofiled (scale) 35 25 N3LO NRQCD [787]

Table 23: Uncertainties on the determination of the top quark threshold mass and width from a scan of
the centre-of-mass energy. The uncertainties for the top quark mass are given in the potential-
subtracted scheme implemented in the NRQCD calculation [787]; the uncertainty on the conversion
to the MS mass is not accounted for.

5.1.5 Determination of the top quark Yukawa coupling4033

The cross section in the threshold region is quite sensitive to the top quark Yukawa coupling, through4034

diagrams where the top and anti-top quark exchange a Higgs boson. Horiguchi et al. [798] claimed a statistical4035

precision of 4% can be achieved on the Yukawa coupling. The effect of the top quark Yukawa coupling4036

is, however, nearly flat over the threshold region. In a simultaneous fit of multiple parameters, the Yukawa4037

coupling is nearly degenerate with the strong coupling, and both are strongly affected by the theory uncertainty4038

due to missing higher orders.4039

The addition of a point well above the pair production threshold (365 GeV in this study) may help resolve4040

the degeneracy. The finite electro-weak corrections still have a sizable effect, while the as dependence due4041

to soft-gluon exchange is expected to be much reduced. A fit that includes a high-precision point well above4042

threshold may then break the degeneracy. A quantitative estimate requires a matched calculation and a4043

careful assessment of the correlations between theory uncertainties.4044

Operation of an electron-positron collider around the top quark pair production threshold offers the oppor-4045

tunity of a competitive measurement of the top quark Yukawa coupling4046

5.1.6 Mass measurements above the top quark pair production threshold4047

Radiative events, where the top quark pair is produced in association with a photon, allow for a measure-4048

ment of the top quark mass [799] with good precision using the large volume of data collected above the pair4049

production threshold. Measuring the cross section as a function of the energy of the photon, it is possible to4050

isolate events where the top quark pair has an invariant mass close to twice the top quark mass, that have4051

excellent mass sensitivity. This measurement has the same unambiguous interpretation as the threshold4052

scan.4053

A direct measurement of the top quark mass can be performed with good statistical precision [792]. This4054

measurement is crucial to connect the top quark mass to the mass parameter of Monte Carlo generators.4055

At electron-positron colliders operated at a centre-of-mass energy above 1 TeV the analysis of boosted top4056

quark jets enables yet another alternative determination of the top quark mass [800]. First-principle predictions4057

at particle level are possible for observables like the hemisphere mass that are inclusive in the top quark decay4058

products [801], enabling the extraction of the top quark mass in a field-theoretical mass scheme with excellent4059
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Figure 54: The uncertainties on the top quark mass and width. The plots on the top row show the statistical
uncertainty and the estimate of the uncertainty due to missing high-order corrections from varying
the renormalization scale in the calculation. The central row shows the impact of the external
parameters, the strong coupling as and the top quark Yukawa coupling yt . The plots on the bottom
row present the impact of uncertainties in the beam energy and luminosity calibration.
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5 Developments in Top Physics

Figure 54: The uncertainties on the top quark mass and width. The plots on the top row show the statistical
uncertainty and the estimate of the uncertainty due to missing high-order corrections from varying
the renormalization scale in the calculation. The central row shows the impact of the external
parameters, the strong coupling as and the top quark Yukawa coupling yt . The plots on the bottom
row present the impact of uncertainties in the beam energy and luminosity calibration.
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.

68% and 95% prob. regions
HLLHC
HL+FCCee
HL+FCCee (no ThIntr)
Exp. projections
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.

– 85 –

Together with the rest of EWPO (Z-pole, W mass, etc) this would bring extremely strong 
consistency test of validity of the SM description of EW interactions



Analysis at lepton colliders
crash course for a hadron collider physicist

• At lepton colliders, measurement of 
photons from ISR can be used to 
accurately measure centre-of-mass of 
each event

• Triggers and pileup are not really an issue

• Relatively few backgrounds that are SM-
based (few ‘fake’ backgrounds)

• Strategy jet reconstruction is very 
different: typically fitting all 
information in event for the expected 
jet multiplicity
• And different jet reconstruction 

algorithms
• So effectively *always* 4 jets in HH-

>bbbb, ttbar->l+jets, etc

7/11/19 @freyablekman 8

Introduction

CLIC running scenario CERN-2016-004

Three construction stages (each 5 to 7 years of running)
for an optimal exploitation of its physics potential

p
s = 380 GeV with 500 fb�1 + 100 fb�1 at tt̄ threshold

focus on precision Standard Model physics,
in particular Higgs and top-quark measurements
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p
s = 1.5 TeV with 1500 fb�1

p
s = 3 TeV with 3000 fb�1

focus on direct and indirect BSM searches,
but also additional Higgs boson and top-quark studies

Other CLICdp contributions to ICHEP’2018 parallel sessions:

Ulrike Schnoor, Top-quark physics at high-energy CLIC operation (yesterday)

Matthias Artur Weber, Higgs physics at CLIC (Higgs Physics)

Roberto Franceschini, BSM searches at CLIC (Beyond the Standard Model)

Eva Sicking, The CLIC detector (Detector R&D for present and future...)

A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 4 / 17

Top	physics	at	FCC	
Clement	Helsens	CERN-EP	
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• e+e- above the tt threshold enable measurements of the Top-quark couplings to 
the Z and γ, in a way that is complementary to hadron colliders:

‣ LHC: accessible via pp → ttZ , ttγ                                                            
Not very precisely measured

‣ e+e- → tt: mediated by Z/γ interactions.                                              
Clean environment. Better cross section                                                        
slightly above threshold ~365 GeV

• Top Yukawa coupling:  tth is the golden channel                                              
(pp → tth  and  e+e- → tth)

‣ e+e- : only available to high-E (e.g. 550 GeV)

• The determination of the Top couplings depends on the theory framework and 
it is typically done within the SMEFT

‣ Via a global fit to different types of top processes available at pp and e+e- 

‣ Complete characterization of the top properties requires the combination 
of the HLLHC and e+e-  colliders

55
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Global combinations in the SMEFT
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Global fits at future e+e- colliders

• SMEFT: general, theoretically consistent, QFT description of BSM effects for 
E≪Λ (EFT cutoff) with minimal assumptions: 

• Mass gap with new physics: Λ≫v (justified by absence of new particles in 
direct searches?)
⇒ Low-energy particles & symmetries:  SM (Higgs in 2~SU(2)L)

• Power counting: Decoupling NP. New effects → 0 as Λ→∞
⇒ Expansion of BSM effects in 1/Λ

UV IR

Λ vEWE≪Λ

to describe the physics here

Low Energy observables:

Parity Violation: QW (
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Observable  
Effects

Leading Order (LO) Beyond the SM effects (assuming B & L)  
     ⇒ Dim-6 SMEFT: 2499 Operators/Wilson coefficients
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• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.

3

Warsaw basis operators (Ignoring flavour)
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• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.

3

CP-even dim 6 ops. interfering with SM

EWPO EW diboson Top (Had. Coll., Lept. Coll.)

Warsaw basis operators (Ignoring flavour)

Higgs
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• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.

3

CP-even dim 6 ops. interfering with SM

EWPO EW diboson Top (Had. Coll., Lept. Coll.)

Warsaw basis operators (Ignoring flavour)

Higgs

SMEFT interpretations already prepared for  
2020 ESU or Snowmass 2021

Mainly focused on EW/Higgs 
Top sector treated mostly separately or under restrictive assumptions 

Presented in terms of sensitivity to BSM deformation  
of SM-like interactions (effective couplings) 
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• Yukawa couplings:
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�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:

�̂g`
W

= �̂g⌫
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� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)
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for the Higgs e↵ective couplings, or the quantities ge↵
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf

V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
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XSM
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.

28

δgHZZ δgHWW δgH
γγ

δgH
Zγ δg1,Z δκγ λZ

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5 4 IPs

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

δgH
gg δgHcc δgHbb δgHττ δgH

μμ δΓH
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

δgZ,Lee δgZ,Ree δgWeν δgZ,L
μμ δgZ,R

μμ δgW
μν δgZ,Lττ δgZ,Rττ δgWτν

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

δgZ,Luu δgZ,Ruu δgZ,Ldd δgZ,Rdd δgZ,Lbb δgZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

�gHZZ �gHWW �gH
��

�gH
Z� �g1,Z ��� �Z

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

�gH
gg �gHcc �gHbb �gH�� �gH

�� ��H
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

�gZ,Lee �gZ,Ree �gWe� �gZ,L
�� �gZ,R

�� �gW
�� �gZ,L�� �gZ,R�� �gW��

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

�gZ,Luu �gZ,Ruu �gZ,Ldd �gZ,Rdd �gZ,Lbb �gZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Model Pred. MW [GeV] Pull Pred. MW [GeV] Pull

standard average conservative average
SM 80.3499± 0.0056 6.5 � 80.3505± 0.0077 3.7 �

Table 2: Predictions and pulls for MW in the SM, in the oblique NP models and in the SMEFT,

using the standard and conservative averaging scenarios. The predictions are obtained without

using the experimental information on MW . See text for more details.

Model Pred. Ab,0
FB Pull Pred. Ab,0

FB Pull

standard average conservative average
SM 0.10337± 0.00032 �2.3 � 0.10325± 0.00034 �2.2 �

Table 3: Predictions and pulls for MW in the SM, in the oblique NP models and in the SMEFT,

using the standard and conservative averaging scenarios. The predictions are obtained without

using the experimental information on MW . See text for more details.

⇤NP & 4500
gNP

gSM
GeV (6)
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���
ATLAS

= 0.997 ± 0.010 (7)

BRZ!ee

BRZ!µµ

���
ATLAS

= 1.0026 ± 0.005 (8)

BRZ!ee

BRZ!µµ

���
LEP/SLD

= 0.9991 ± 0.0028 (9)

�CKM =
v2

⇤2

⇣
2
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Ĉ(3)

'q � Ĉ(3)
'l + Ĉll

⌘
� 2C(3)

lq
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�
EWfit
CKM

��
C

(3)
lq

=0
= �0.012 ± 0.005 vs. � 0.0015 ± 0.0007 (exp) (11)

Operator O
(1)
�l
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(3)
�l

O�e O
(1)
�q

O
(3)
�q

Ci
⇤2 [TeV�2] �0.003± 0.004 �0.016± 0.003 0.004± 0.005 0.019± 0.018 0.007± 0.006

Operator O�u O�d O�WB O�D Oll

Ci
⇤2 [TeV�2] 0.037± 0.039 �0.084± 0.053 �0.012± 0.002 �0.034± 0.005 0.024± 0.0058

Table 4:
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,�sys
j

)
(12)

�2
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2

δgHZZ δgHWW δgH
γγ

δgH
Zγ δg1,Z δκγ λZ

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5 4 IPs

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

δgH
gg δgHcc δgHbb δgHττ δgH

μμ δΓH
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

δgZ,Lee δgZ,Ree δgWeν δgZ,L
μμ δgZ,R

μμ δgW
μν δgZ,Lττ δgZ,Rττ δgWτν

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

δgZ,Luu δgZ,Ruu δgZ,Ldd δgZ,Rdd δgZ,Lbb δgZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

e+e- improves HL-LHC precision typically by a factor ~10
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 Reaching in some cases few per mile accuracy
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Effective  
couplings

• Yukawa couplings:

�L
h↵
6 = �

h

v

X

f2u,d,e

�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :

�L
V↵,hV↵
6 =

g
p
2

✓
1 + 2

h

v

◆
W+

µ

⇣
�̂g`

W
⌫L�

µeL + �̂gq
W,L

uL�
µdL + �̂gq

W,R
uR�

µdR + h.c.
⌘

+
p
g2 + g0 2

✓
1 + 2

h

v

◆
Zµ

"
X

f=u,d,e,⌫

�̂gf
Z,L

f
L
�µfL +

X

f=u,d,e

�̂gf
Z,R

f
R
�µfR

#
.

(13)

The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)

9

for the Higgs e↵ective couplings, or the quantities ge↵
Zff,L/R

for the electroweak e↵ective
couplings, defined from:

�Z!e+e� =
↵MZ

6 sin2 ✓w cos2 ✓w
(|ge↵

Zee,L
|
2 + |ge↵

Zee,R
|
2), Ae =

|ge↵
Zee,L

|
2
� |ge↵

Zee,R
|
2

|ge↵
Zee,L

|2 + |ge↵
Zee,R

|2
. (16)

Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf

V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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• Yukawa couplings:
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�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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, (14)

with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
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⌘
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V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
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son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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• Yukawa couplings:

�L
h↵
6 = �

h

v

X

f2u,d,e

�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :

�L
V↵,hV↵
6 =

g
p
2

✓
1 + 2

h

v

◆
W+

µ

⇣
�̂g`

W
⌫L�

µeL + �̂gq
W,L

uL�
µdL + �̂gq

W,R
uR�

µdR + h.c.
⌘

+
p
g2 + g0 2

✓
1 + 2

h

v

◆
Zµ

"
X

f=u,d,e,⌫

�̂gf
Z,L

f
L
�µfL +

X

f=u,d,e

�̂gf
Z,R

f
R
�µfR

#
.

(13)

The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)

9

for the Higgs e↵ective couplings, or the quantities ge↵
Zff,L/R

for the electroweak e↵ective
couplings, defined from:

�Z!e+e� =
↵MZ

6 sin2 ✓w cos2 ✓w
(|ge↵

Zee,L
|
2 + |ge↵

Zee,R
|
2), Ae =

|ge↵
Zee,L

|
2
� |ge↵

Zee,R
|
2

|ge↵
Zee,L

|2 + |ge↵
Zee,R

|2
. (16)

Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf

V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Still, a clear advantage for the Tera Z option (and Giga Z for most couplings)  
in terms of precision reach

Radiative return measurements still bring a significant improvement in our 
knowledge of EW interactions

(In any case, enough precision to clarify current tensions in the EW fit: AFBb)
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• At a “standalone” e+e-  collider two distinct √s points are required to separate 
vertex corrections from, e.g. four-fermion operators (different E-scaling). 

• e+e- & pp complementarity in Top production: sensitive to completely different 
four fermion interactions but combination with HLLHC helps e+e- if only one 
energy point is used, by controlling common 2-fermion operators
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Figure 55: The 95% C.L. bounds on the Wilson coefficients of SMEFT operators involving top and bottom
quarks. The four-fermion operators with two light quarks and two heavy quarks are bounded to
O(0.2 � 0.5TeV�2) by the HL-LHC and are not presented. The FCCee and CEPC programmes
include runs at the Z-pole, the Higgs run at

p
s = 240 GeV, the tt threshold scan and runs at

360 GeV (CEPC) or 365 GeV (FCCee). The ILC programme includes runs with polarized beams
at 250 GeV, 500 GeV and 1 TeV, while for CLIC runs are foreseen at 380 GeV, 1.5 TeV and 3 TeV.
The integrated luminosities envisaged in each project are given in Section 1.2.1 (label "run plans"
section and provide proper reference). Figure based on Ref. [811].

muon collider or wakefield facility - provide the most stringent bounds on e+e�t operators, as the sensitivity4110

increases strongly with energy.4111

5.2.2 The top quark Yukawa coupling4112

The Yukawa coupling of the top quark, of order one in the Standard Model, is arguably one of the most4113

interesting parameters of the theory. The "golden" mode to determine its value at a hadron collider is pp ! ttH4114

production. The current precision is of the order of 10%. Projections by ATLAS and CMS envisage a precision4115

of about 3% at the end of the HL-LHC program [810]. These correspond to the "S2" scenario, that envisages a4116

substantial decrease of statistical uncertainties and experimental systematic uncertainties and a more modest4117

reduction of theory and modelling uncertainties.4118

Other LHC analyses take advantage of the dependence on the top quark Yukawa coupling of (EW diagrams)4119

in pp ! tt tt production [808] and (loop level contributions) to top quark production [813]. A combination of4120

ttH data with these alternative determinations yields a value of the Higgs width [814, 815].4121

The Higgs factory stage of a future lepton collider provides sensitivity through Higgs decays that proceed4122

through top quark loops, as discussed in Section 6 on global interpretations. Associated production of a top4123

quark pair and a Higgs boson (e+e� ! ttH) requires a centre-of-mass energy greater than 500 GeV. Full-4124

simulation studies have been performed by Price et al. [816] and the CLIC detector and physics group [792].4125

These results have been extrapolated to updated operating scenarios by e.g. Ref. [628], yielding the pro-4126

jections of Table 24. A global fit result is not available for FCChh, SPPC and the muon collider. A detailed4127

detector study remains to be performed for these project. For reference, the table includes the result of phe-4128

nomenological studies into the power to constrain the top quark Yukawa coupling of the pp ! ttH production4129

process at a hadron collider operated at
p

s = 100 TeV [817] and of VV ! tt production at a 10 TeV muon4130

collider [818].4131
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• At a “standalone” e+e-  collider two distinct √s points are required to separate 
vertex corrections from, e.g. four-fermion operators (different E-scaling). 

• e+e- & pp complementarity in Top production: sensitive to completely different 
four fermion interactions but combination with HLLHC helps e+e- if only one 
energy point is used, by controlling common 2-fermion operators

• Global precision on Top Yukawa
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DRAFT

5 Developments in Top Physics

Values in % units LHC HL-LHC ILC500 ILC550 ILC1000 CLIC FCChh µ-coll

dyt
Global fit 12% 5.1% 3.1% 2.6% 1.5% 3.0% - -

Indiv. fit 10% 3.7% 2.8% 2.3% 1.4% 2.5% 1% 1.5%

Table 24: Uncertainties for the top-quark yukawa coupling at 68% probability for different scenarios, in per-
centage. The ILC500, ILC550 and CLIC scenarios also include the HL-LHC. The ILC1000 scenario
includes also ILC500 and HL-LHC. Numbers for lepton colliders are based on an extrapolation in
Ref. [628] of detailed studies in Refs. [792, 816]. The FCChh and muon collider projections are
based on Refs. [817, 818].

5.3 FOCUS TOPIC: Exotics top decays4132

Editors: Roberto Franceschini
4133

Predictions for top quark FCNC rates in BSM models4134

5.3.1 t ! cZ in Randall-Sundrum4135

Flavor violation in Randall-Sundrum In the Randall-Sundrum (RS) model, all SM model particles are4136

identified as zero modes of the 5D fields used in this model. This can be interpreted as the SM fields being4137

the lowest energy solutions of the “particle in a box” quantum mechanics textbook problem extended to 5D4138

and with a non-constant potential. Drawing from the same analogy, all SM particles have higher excitations,4139

usually referred to as Kaluza-Klein (KK) modes, which appear around some scale of new physics scale that4140

we denote as MKK . KK modes corresponding to the Z boson (ZKK) in general have flavor violating couplings4141

to the SM fermions in the mass eigenbasis in the RS model. Due to mixing of the SM Z boson with the ZKK4142

after EWSB, tree-level flavor violating couplings of top quark arises in the RS model. This leads to a flavor4143

violating decay of top quark into Z boson and a charm quark which was calculated in [819] and depends on4144

MKK as follows,4145

Br(t ! Zc) ⇠ 10�5
✓

3TeV
MKK

◆4 ✓
(UR)23

0.1

◆2

, (75)4146

where (UR)23 parameterizes the degree of flavor violation in the couplings of ZKK . In the minimal model with4147

no flavor symmetries, (UR)23 is completely fixed to an O(1) factor [820]4148

(UR)23 ⇠ mc

mtl
2
CKM

⇡ 0.1, (76)4149

where mc , mt are the masses of the charm and the top, and lCKM is the Wolfenstein parameter for the CKM4150

matrix. Therefore, the prediction for Br(t ! Zc) only depends on the scale MKK , more specifically, on the4151

mass of ZKK , MZKK
.4152

The mixing of SM gauge bosons with gauge KK modes also leads to other consequences in flavor observ-4153

ables and beyond. In the 2013 Snowmass [821] the prediction of RS for t ! Zc was the largest among the4154

models considered for this final state. This prediction for was obtained by setting MKK to 3TeV, which was the4155

lowest value consistent with the electroweak precision data from LEP. Here we consider bounds from direct4156

searches for the KK modes at the LHC with the goal to update the prediction for the BR in Equation (75) in4157

light of the LHC searches for RS. At the end of this section we also comment briefly on the impact of the4158

improved electroweak precision data from the HTE factory.4159

Randall-Sundrum searches at the LHC In the minimal RS model, MKK corresponds to a common mass4160

scale where all the KK modes of the first level appear. Under the assumption of a common mass scale one4161

can put bounds exploiting the most visible KK mode, e.g. the gluon KK gKK , to infer a limit on the KK of4162

the Z boson. However, the RS model admits considerable mass differences between the KK modes, and4163

it is possible to separate the scales of various KK modes with some moderate model building [822] without4164
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DRAFT

6 Global Interpretations

specifically on circular colliders, namely the FCC-ee and the CEPC.4448

On the experimental side, the study considers the latest scenarios in the baseline run plan of each project,4449

and includes Z-pole EWPOs, fermion-pair, Higgs, diboson, and top quark production, using optimal observ-4450

ables for both the W+W� and the tt̄ channels. HL-LHC projections are also considered, obtained extrapolating4451

from the Run-2 measurements, and is not optimised for the increase in luminosity.4452

On the theory side, the analysis is performed both at linear and at quadratic order in the EFT expansion,4453

includes nop = 50 independent Wilson coefficients, and accounts for NLO QCD corrections to the EFT cross-4454

sections for the hadron collider observables. The flavour assumption is U(2)q⇥U(3)d⇥U(2)u ⇥ (U(1)` ⇥4455

U(1)e)
3 and dimension-six operators are defined in the Warsaw basis, with small modifications following [831].4456

12 As the baseline of this analysis, the full set of current EWPOs and several recent measurements of Higgs,4457

diboson, and top quark production data from the LHC Run-2 are considered. A total of ndat = 445 data points4458

are included in the fit. From this, in the left panel of Fig. 62 we display the sequential impact of the separate4459 p
s runs at the FCC-ee in the global SMEFT fit based on O(L�2) calculations. The constrained operators4460

are classified into 2-light-2-heavy four-fermion, two-fermion, and purely bosonic operators. The dominant4461

constraints are provided by the measurements at
p

s = 240 GeV, with Z-pole EWPOs and the runs with4462 p
s = 161 (W+W� threshold) and 365 (tt̄ threshold) necessary to achieve the ultimate constraining potential4463

of the FCC-ee. As compared to the post-HL-LHC situation, the FCC-ee measurements can pin down several4464

Wilson coefficients with a precision improved by two orders of magnitude.4465
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Figure 62: Left: The sequential impact of the separate
p

s runs at the FCC-ee in the SMEFT fit based on
O(L�2) calculations. Right: The impact of the HL-LHC and FCC-ee including O(L�4) corrections.

The right panel of Fig. 62 displays the impact of the HL-LHC and FCC-ee in the global SMEFT fit once4466

quadratic, O(L�4), corrections are accounted for. The impact in the SMEFT parameter space of the FCC-ee4467

is similar in linear and quadratic fits. The fact that the results of the linear fit remain unchanged when adding4468

quadratic effects would suggest that, with the precision of future measurements, the uncertainty associated to4469

effects of O(L�4) is expected to be small. Although not shown here, as one would expect the EFT reach for4470

both FCC-ee and CEPC would be very similar.4471

With the main addition compared to previous studies at future colliders being the top dataset, we compare4472

in Figure 63 the impact of these observables on the bound from the global fit. This is clear for the top dipole4473

operators ctW and ctG, whose bounds are completely dominated by top data, whereas for ctZ , there seems to4474

12Furthermore, the flavor assumption is slightly relaxed to include operators the operators Obj and Otj , that modify the bottom-quark
and tau-lepton Yukawa interactions.
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Combining EW, Higgs and Top sectors

• Global fit of HLLHC+ Future e+e- 

CC including simultaneously EW, 
Higgs at Top measurements 

• Also including:

‣ NLO QCD effects in LHC 
obs.

‣ Impact of quadratic terms 
(small for operators entering 
in e+e- measurements)

• Confirms that, to a large extent,     
EW/Higgs and Top sector are     
approximately orthogonal at e+e- 
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Global fits at future e+e- colliders

69

Interplay EW, Higgs and Top sectors
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Interplay EW, Higgs and Top sectors

Approx. flat direction  
in H→γγ between 

Bosonic operators  
and weak dipoles
Lifted by e+e- →tt
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• Current determination from single-Higgs are based in EFT analysis including 
ALL LO contributions BUT ONLY the one-loop effects from κλ :

• You can still learn from this (e.g. need at least two energy points to separate κλ 

from LO), but a “model-independent" interpretation of κλ within the SMEFT 
assumptions requires introducing all operators that contribute at NLO! 
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Coming back to the Higgs self-coupling

CHAPTER 10
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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The	trilinear	Higgs	self-coupling	κλ	[2]		
q  The	cross	section	depends	on	other	couplings	(HZZ,	HHZZ,	at	least)	

◆  …	and	of	the	overall	model	structure,	which	might	differ	from	SM	structure	
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which close the contents of this chapter.2556
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Figure 32: 1s sensitivity achievable on the trilinear self-coupling of the Higgs (shown on the x axis) with 240
and 365 GeV runs at the FCC-ee. Aside from the single Higgs coupling to the Z boson (shown
on the y axis), 26 additional Higgs and EW coupling modifications have been marginalised over to
obtained the ellipses shown.

3.4.2 Generating large corrections to lhhh in BSM models2557

As mentioned above, the Higgs selfcoupling is important to determine the dynamics and nature of the EW2558

phase transition (EWPT). As an example, the scenario of electroweak baryogenesis would require the EWPT2559

to be of strong first order, which cannot be realised in the SM. In many Beyond-the-Standard-Model (BSM)2560

theories, this is correlated with a deviation of lhhh from its SM prediction [536, 537]. For instance, a strong2561

first-order EWPT (SFOEWPT) in the Two-Higgs-Doublet Model (2HDM) would imply a value of kl of about2562

2 [529].2563

Another interesting property of the trilinear Higgs coupling is that it can, in models with extended scalar2564

sectors, deviate significantly from its SM prediction because of large higher-order radiative corrections from the2565

additional BSM scalars (which we generically denote F) [525–527, 538–558]. These corrections are controlled2566

by couplings of the general form ghhFF µ (m2
F � M

2)/v2, where mF is the physical mass of the scalar F,2567

and M is some mass scale controlling the decoupling of the BSM states. In scenarios where a splitting2568

occurs between M and mF, the ghhFF couplings can grow rapidly and produce large BSM contributions to2569

kl . It should be emphasised that these loop effects involving BSM scalars and ghhFF couplings are not a2570

perturbation of the tree-level trilinear Higgs coupling, but rather a new class of contributions only entering at2571

the loop level. They can therefore become larger than the tree-level contribution, without being associated2572

with a violation of perturbative unitarity (this situation is analogous to that of loop-induced processes like e.g.2573

h ! g g or h ! gZ).2574

The left panel of Figure 33 presents an example of mass-splitting effects in kl up to the two-loop level in2575

an aligned 2HDM [526]. For the scenario we consider,7 with M = mH = 600GeV, mA = mH± and tanb = 2,2576

all relevant theoretical and experimental constraints have been verified. We find that the comparison of the2577

two-loop prediction for kl with recent experimental bounds on this coupling modifier [560] at the LHC allows2578

excluding significant parts of the otherwise unconstrained parameter space of the model; in this specific2579

scenario, the mass range mA = mH± & 900GeV (or equivalently mass splittings mA � mH & 300GeV) would2580

7We refer the reader to Ref. [526, 552] for details on our choices of conventions and notations for the CP-conserving 2HDM. M is
the BSM mass scale of the 2HDM (corresponding to the generic M ), mH , mA, mH± are the masses of the BSM scalars, and a
and b are respectively the mixing angles in the CP-even sector and in the CP-odd and charged sectors. The alignment limit [559]
means that the EW vacuum expectation value is aligned in field space with the detected Higgs boson h of mass 125 GeV, and
corresponds to a = b � p/2 in terms of mixing angles. As a consequence of this limit, all couplings of h are SM-like at the tree
level.
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• Full SMEFT calculation of ZH at NLO:

• Aside from the LO interactions, a total of 6 boson operator (4 CP violating), 
9 two-fermion operators and 14 four-fermion operators contribute to 
dimension six at NLO… 

• Some of them which will remain relatively weakly constrained at the LHC!                      

72

Global fits at future e+e- colliders

DRAFT

3 Developments in Higgs Physics

Z/�

H

Z

H

Z/�

t

t

t

Z/�

Z

e

e

W

W

W

⌫e

e

Z

eZ/�

⌫e

W

⌫eW

W

⌫e

⌫e

Z/�

t

t

Z

H

Z

Figure 36

Figure 37: Example of 1-loop diagrams for contributions to the e+e� ! ZH cross section in the SMEFT.

Figure 38: Left: Joint constraints on the trilinear Higgs self-coupling (x axis) and on right-handed ēet̄t operator
(y axis) from LEP, as well as 240 and 365 GeV runs. Right: Similarly for the top-quark Yukawa
operator (y axis). Figures reproduced from [535].

measurements of a large enough number of observables to constrain any possible BSM effects in other2768

contributions that enter in the calculations of the observables to the same order in perturbation theory as the2769

leading contributions of lhhh.2770

There is currently an ongoing effort to extend the lhhh EFT determination from single-Higgs measurements,2771

including these recent NLO effects, and other aspects related to this EFT interpretation. These are discussed2772

in Section 3.4.6.2773

3.4.6 Single-Higgs processes as probes of the Higgs self-coupling2774

[Results are hopefully available in January 2025, and discussed here.2775
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Figure 37: Example of 1-loop diagrams for contributions to the e+e� ! ZH cross section in the SMEFT.

Figure 38: Left: Joint constraints on the trilinear Higgs self-coupling (x axis) and on right-handed ēet̄t operator
(y axis) from LEP, as well as 240 and 365 GeV runs. Right: Similarly for the top-quark Yukawa
operator (y axis). Figures reproduced from [535].

measurements of a large enough number of observables to constrain any possible BSM effects in other2768

contributions that enter in the calculations of the observables to the same order in perturbation theory as the2769

leading contributions of lhhh.2770

There is currently an ongoing effort to extend the lhhh EFT determination from single-Higgs measurements,2771

including these recent NLO effects, and other aspects related to this EFT interpretation. These are discussed2772

in Section 3.4.6.2773

3.4.6 Single-Higgs processes as probes of the Higgs self-coupling2774

[Results are hopefully available in January 2025, and discussed here.2775
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Figure 55: The 95% C.L. bounds on the Wilson coefficients of SMEFT operators involving top and bottom
quarks. The four-fermion operators with two light quarks and two heavy quarks are bounded to
O(0.2 � 0.5TeV�2) by the HL-LHC and are not presented. The FCCee and CEPC programmes
include runs at the Z-pole, the Higgs run at

p
s = 240 GeV, the tt threshold scan and runs at

360 GeV (CEPC) or 365 GeV (FCCee). The ILC programme includes runs with polarized beams
at 250 GeV, 500 GeV and 1 TeV, while for CLIC runs are foreseen at 380 GeV, 1.5 TeV and 3 TeV.
The integrated luminosities envisaged in each project are given in Section 1.2.1 (label "run plans"
section and provide proper reference). Figure based on Ref. [811].

muon collider or wakefield facility - provide the most stringent bounds on e+e�t operators, as the sensitivity4110

increases strongly with energy.4111

5.2.2 The top quark Yukawa coupling4112

The Yukawa coupling of the top quark, of order one in the Standard Model, is arguably one of the most4113

interesting parameters of the theory. The "golden" mode to determine its value at a hadron collider is pp ! ttH4114

production. The current precision is of the order of 10%. Projections by ATLAS and CMS envisage a precision4115

of about 3% at the end of the HL-LHC program [810]. These correspond to the "S2" scenario, that envisages a4116

substantial decrease of statistical uncertainties and experimental systematic uncertainties and a more modest4117

reduction of theory and modelling uncertainties.4118

Other LHC analyses take advantage of the dependence on the top quark Yukawa coupling of (EW diagrams)4119

in pp ! tt tt production [808] and (loop level contributions) to top quark production [813]. A combination of4120

ttH data with these alternative determinations yields a value of the Higgs width [814, 815].4121

The Higgs factory stage of a future lepton collider provides sensitivity through Higgs decays that proceed4122

through top quark loops, as discussed in Section 6 on global interpretations. Associated production of a top4123

quark pair and a Higgs boson (e+e� ! ttH) requires a centre-of-mass energy greater than 500 GeV. Full-4124

simulation studies have been performed by Price et al. [816] and the CLIC detector and physics group [792].4125

These results have been extrapolated to updated operating scenarios by e.g. Ref. [628], yielding the pro-4126

jections of Table 24. A global fit result is not available for FCChh, SPPC and the muon collider. A detailed4127

detector study remains to be performed for these project. For reference, the table includes the result of phe-4128

nomenological studies into the power to constrain the top quark Yukawa coupling of the pp ! ttH production4129

process at a hadron collider operated at
p

s = 100 TeV [817] and of VV ! tt production at a 10 TeV muon4130

collider [818].4131
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interesting parameters of the theory. The "golden" mode to determine its value at a hadron collider is pp ! ttH4114

production. The current precision is of the order of 10%. Projections by ATLAS and CMS envisage a precision4115

of about 3% at the end of the HL-LHC program [810]. These correspond to the "S2" scenario, that envisages a4116

substantial decrease of statistical uncertainties and experimental systematic uncertainties and a more modest4117

reduction of theory and modelling uncertainties.4118

Other LHC analyses take advantage of the dependence on the top quark Yukawa coupling of (EW diagrams)4119

in pp ! tt tt production [808] and (loop level contributions) to top quark production [813]. A combination of4120

ttH data with these alternative determinations yields a value of the Higgs width [814, 815].4121

The Higgs factory stage of a future lepton collider provides sensitivity through Higgs decays that proceed4122

through top quark loops, as discussed in Section 6 on global interpretations. Associated production of a top4123

quark pair and a Higgs boson (e+e� ! ttH) requires a centre-of-mass energy greater than 500 GeV. Full-4124

simulation studies have been performed by Price et al. [816] and the CLIC detector and physics group [792].4125

These results have been extrapolated to updated operating scenarios by e.g. Ref. [628], yielding the pro-4126

jections of Table 24. A global fit result is not available for FCChh, SPPC and the muon collider. A detailed4127

detector study remains to be performed for these project. For reference, the table includes the result of phe-4128

nomenological studies into the power to constrain the top quark Yukawa coupling of the pp ! ttH production4129
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muon collider or wakefield facility - provide the most stringent bounds on e+e�t operators, as the sensitivity4110

increases strongly with energy.4111

5.2.2 The top quark Yukawa coupling4112

The Yukawa coupling of the top quark, of order one in the Standard Model, is arguably one of the most4113

interesting parameters of the theory. The "golden" mode to determine its value at a hadron collider is pp ! ttH4114

production. The current precision is of the order of 10%. Projections by ATLAS and CMS envisage a precision4115

of about 3% at the end of the HL-LHC program [810]. These correspond to the "S2" scenario, that envisages a4116

substantial decrease of statistical uncertainties and experimental systematic uncertainties and a more modest4117

reduction of theory and modelling uncertainties.4118

Other LHC analyses take advantage of the dependence on the top quark Yukawa coupling of (EW diagrams)4119

in pp ! tt tt production [808] and (loop level contributions) to top quark production [813]. A combination of4120

ttH data with these alternative determinations yields a value of the Higgs width [814, 815].4121

The Higgs factory stage of a future lepton collider provides sensitivity through Higgs decays that proceed4122

through top quark loops, as discussed in Section 6 on global interpretations. Associated production of a top4123

quark pair and a Higgs boson (e+e� ! ttH) requires a centre-of-mass energy greater than 500 GeV. Full-4124

simulation studies have been performed by Price et al. [816] and the CLIC detector and physics group [792].4125

These results have been extrapolated to updated operating scenarios by e.g. Ref. [628], yielding the pro-4126

jections of Table 24. A global fit result is not available for FCChh, SPPC and the muon collider. A detailed4127

detector study remains to be performed for these project. For reference, the table includes the result of phe-4128

nomenological studies into the power to constrain the top quark Yukawa coupling of the pp ! ttH production4129

process at a hadron collider operated at
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• Very weak bounds from HL-LHC

• But also enter in e+e- →tt 

‣ Even for Circular Colliders a combined 
analysis with HLLHC would reduce the 
bounds to O(10-1) TeV-2

• Preliminary results suggest this would result 
in a mild degradation, of order 35%, of the 
bound from the simplified analysis

• VERY PRELIMINARY: Including NLO effects 
of these and other operators in other 
observables of the fit
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What do we learn from these EFT analyses?

Sensitivity to BSM deviations in future projections within the 
framework of dimension-6 SMEFT can be translated into any 
specific scenarios (consistent with the SMEFT assumptions)

⇒ Match ci to specific models to learn about UV
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• What can we learn with all this precision about UV physics?

JB, J.C. Criado, M. Pérez-Victoria, J. Santiago, JHEP 03 (2018) 109
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Name S S1 S2 ' ⌅ ⌅1 ⇥1 ⇥3
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2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

Name !1 !2 !4 ⇧1 ⇧7 ⇣
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(3, 1) 2
3

(3, 1)� 4
3

(3, 2) 1
6

(3, 2) 7
6

(3, 3)� 1
3

Name ⌦1 ⌦2 ⌦4 ⌥ �

Irrep (6, 1) 1
3

(6, 1)� 2
3

(6, 1) 4
3

(6, 3) 1
3

(8, 2) 1
2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

Name N E �1 �3 ⌃ ⌃1

Irrep (1, 1)0 (1, 1)�1 (1, 2)� 1
2

(1, 2)� 3
2

(1, 3)0 (1, 3)�1

Name U D Q1 Q5 Q7 T1 T2

Irrep (3, 1) 2
3

(3, 1)� 1
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 2) 7
6

(3, 3)� 1
3

(3, 3) 2
3

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

Name B B1 W W1 G G1 H L1

Irrep (1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1 (8, 1)0 (8, 1)1 (8, 3)0 (1, 2) 1
2

Name L3 U2 U5 Q1 Q5 X Y1 Y5

Irrep (1, 2)� 3
2

(3, 1) 2
3

(3, 1) 5
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 3) 2
3

(6̄, 2) 1
6

(6̄, 2)� 5
6

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved
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Global fits at future e+e- colliders: BSM scenarios

• Global SMEFT fit translated in terms of New Particle extensions of the SM

• Including only LO effects. Going beyond further illustrates the importance of 
precision measurements at the Tera Z (and theory calculations)  

DRAFT

6 Global Interpretations

see [629] for details. Two possible values of the UV coupling, gUV = 1 and 4p , are assumed. For many4526

scenarios, one finds that the FCC-ee measurements are sensitive to new physics mass scales up to a factor4527

10 larger than the EFT-based searches at the HL-LHC, reaching up to 100 TeV in models with O(1) couplings.4528

In Fig. 64 we displays the FCC-ee constraints on the couplings of one-particle UV extensions matched at one-4529

loop level and on a three-particle model matched at tree-level.4530
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Figure 64: FCC-ee constraints on one-particle UV models matched at one loop, and on a three-particle model
matched at tree-level.
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Figure 65: The reach in the mass scale of new heavy particles in global SMEFT fits, compared to the that of
the HL-LHC and the FCC-ee projections, for one-particle extensions of the SM matched at tree-
level. Two different results are shown, assuming the new physics coupling gUV is either one (dark
shaded bars) or 4p (light shaded bars).

In what follows, and to illustrate a bit more in detail how the previous picture can change once one considers4531

NLO effects in the study we discuss one particular example: the case of EW-hypercharged scalar quadruplets.4532
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A few examples of new scalars/vectors/fermions 

Spin 0 Spin 1 Spin 1/2 (leptons) Spin 1/2 (quarks)

Multi-TeV sensitivity, depending on couplings 
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Global fits at future e+e- colliders: BSM scenarios

• Global SMEFT fit translated in terms of New Particle extensions of the SM

• Even if no tree-level effects at Tera Z, the very high precision of these 
measurements could set strong constrained via loop effects (here RGE only)

DRAFT

6 Global Interpretations

Figure 69: Projected bounds (95% CL) on the masses of new scalar (top left), vector (top right) and fermion
(bottom) fields. The vertical dashed lines separate fields which contribute to EWPOs at tree level,
via one-loop RG evolution, and via one-loop matching. The green and blue bars correspond to
different assumptions for the coupling to SM fermions, while red bars are used when the state
does not have couplings to fermions. For the fermions the red bar for Q(⇤)

1 corresponds to the
exceptional case where Q1 couples only to right-handed top quarks. Fields indicated with a (⇤)

correspond to cases where the tree-level contribution has been set to zero by forbidding a specific
coupling. Hatched bars correspond to pure tree-level limits, without RG running.

with superior precision. A precise measurement in production and decay also offers loop-level sensitivity to4683

the Higgs-top and the Higgs boson self-coupling.4684

On the other hand, the HL-LHC as well as e+e� colliders with
p

s � 500 GeV will (resp. would) offer tree-4685

level access to of the Higgs boson self-couplings.However, the evaluation of the gain in understanding offered4686

by type of measurements at different energies can only be performed in the context of a model. In recent4687

comparisons, an emphasis has been placed on EFT approaches, which has clear advantages in terms of4688

flexibility. This is typically performed in the SMEFT framework and, as discussed in Section 3.4 suffers from4689

difficult choices in their parametrization when it comes to higher-order effects. On the other hand, the SMEFT4690

framework does also not cover the possibility where there is no complete decoupling of new states given the4691

centre-of-mass energy of all considered collider options. Therefore we propose to augment the set of models4692

used for these comparisons with UV-complete models of extended Higgs sectors.4693

In this section we highlight the sensitivity of a measurement of the Higgs self-coupling lhhh via Higgs pair4694

production, in comparison to measurements from single-Higgs processes, using very constrained models of4695

extended Higgs sectors such as a singlet extension of the SM (SSM) and a CP-conserving two-Higgs-doublet4696

model (2HDM).4697
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Spin 0 Spin 1

Considering loop effects, any particle contributing to  
the dimension 6 effective Lagrangian at tree level would be strongly  

constrained by future EWPO
77

NLO sensitivity to New Physics at the Tera-Z

None of these contribute to Z pole at LO None of these contribute to Z pole at LO
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Summary

• There are MANY aspects of the study that I didn’t cover. Just a small selection 
of the huge amount of work collected in the nearly 300 pages of the ECFA 
study report

• Still, I tried to emphasize the case for precision physics at a future e+e- machine

‣ Higgs: Permille precision of single-Higgs + access to couplings beyond the 
reach of HLLHC. Complementary ways to access self-coupling, depending 
on collider energy

‣ EW: huge luminosity at Z-pole enables extremely precise measurements of 
EWPO, in some cases two orders of magnitude better than today

‣ Flavor: Tera-Z luminosity also enables Flavor physics beyond the reach of B 
and Tau factories (see backup slides)

‣ Top: Precise measurements of top properties. Complementarity with LHC.

• All combined, these measurements can cover many different directions where 
BSM effects could enter, with precision that enables multi-TeV indirect 
sensitivity to new physics
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BSM and Higgs
• Higgs couplings modifications can tell us about BSM, but the O(10%) precision 

at the LHC gives limited information:

• Higgs couplings also provide information about Naturalness
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Typical BSM deformation:

Not better than direct searches 
(unless NP is strongly coupled)
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 ⇒ Higgs precision physics is a key tool to learn from BSM
 ⇒ Need of an e+e- Higgs factory

January 22, 2023
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Table 1: Predictions and pulls for MW in the SM, in the oblique NP models and in the SMEFT,

using the standard and conservative averaging scenarios. The predictions are obtained without

using the experimental information on MW . See text for more details.
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ECFA Study on Higgs/EW/Top factories

• Study focused on stages common to all future  e+e- colliders (√s ≲ 365 GeV)

‣ Exceptions made for some studies where higher energies are relevant

• Kick-off meeting on June 21, 2021: https://indico.cern.ch/event/1033941/ 

• Preliminary status presented in 3 workshops:

‣ 2022 in DESY: https://indico.desy.de/event/33640/ 

‣ 2023 in Paestum (Salerno): https://agenda.infn.it/event/34841/ 

‣ 2024 in Paris: https://indico.in2p3.fr/event/32629/ 

• Plus many dedicated small meetings organized by the different subgroups, 
seminars, etc:

‣ See https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories 

• Currently finishing first version of a report with the conclusions of the study, 
in preparation as (extended) input for 2026 ESU

83
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Higgs/EW/Top Studies
Electroweak Physics
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EW physics at e+e- Higgs factories

Determining quark couplings to light quarks via FSR

85

• Up and down-type quarks radiate differently ⇒ Use QED FSR to separate

• Challenges: Need to separate from ISR or decays from hadronization products

• Cut study using fast detector sim. with Delphes (ILCgen cards)
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Figure 41: The number of photons visible in the detector as a function of qT . See text for details.

Figure 41 compares the distributions of photons at the generator and detector level for different generated3212

photon multiplicities. Besides the distributions for 0, 1 and 2 ME-photon samples, it is plotted the distribution of3213

the 1 ME-photon sample where only "proper" photons (those generated in the full ME picture, not coming from3214

showers or hadronisation) are tagged. The plot shows that above 10 GeV the 1-ME-photon sample becomes3215

dominant.3216

To optimise the cut, the authors studied 7 sources of uncertainties: luminosity of 0.01%, acceptance of3217

radiative (non-radiative) events of 5% (50%), and tagging of b jets of 1%, c jets of 2%, s jets of 5% and light3218

quarks of 10%. The preliminary assumptions were used as a “proof of concept” of the statistical framework.3219

Preliminary results suggest that a sub-percent precision will be achievable for light quarks while for heavier3220

quarks, a sub-permille precision is envisioned.3221

Towards a measurement of the tau polarization.3222

The tau lepton is a particularly interesting particle for testing the electroweak sector of the Standard Model,3223

thanks to its heavy mass and rich decay phenomenology. In high-energy e+e� colliders, tau pairs are3224

produced through the process e+e� ! Z/g⇤ ! t+t�. At the Z-pole energy, assuming no longitudinal3225

beam polarizations in this case, the production cross-section of s(e+e� ! Z ! t+t�) = 1476.58pb�1 at3226 p
s = 91.188GeV will yield an unprecedented large t+t� sample, with the added bonus of precise momentum3227

reconstruction capabilities and very low-background environment. Tau measurements pose demanding de-3228

tector requirements on momentum resolution, on the knowledge of the vertex detector dimensions, on e/µ /p3229

separation over the whole momentum range, and require fine granularity and high efficiency in the tracker3230

and electromagnetic calorimeter. A comprehensive program of tau studies will be performed on this tau pair3231

sample, aimed at achieving high-precision measurements including the measurement of the tau polarization3232

and the extraction of fundamental electroweak properties through its study.3233

a sentence about the case of polarized beams with lower expected luminosities? The tau polarization, Pt ,3234

provides a sensitive probe of the couplings of the Z and the weak interaction. It can be measured through3235

the angular distributions and energy spectra of the tau decay products. It can be expressed as Pt ⌘ s+�s�
s++s�

,3236

where s+ and s� are the cross-sections for producing left-handed and right-handed tau leptons, respectively.3237

The polarization can be further expressed as a function of the two neutral current asymmetry parameters3238

(Ae and At), taking into account as well its dependence on the direction of the tau expressed as the angle3239

between the tau momentum and the electron beam (q ) [610, 651]3240

Pt (cosq) = �
At(1+ cos2 q)+2Ae cosq
1+ cos2 q +2AeAt cosq

. (58)3241

Measuring Pt(cosq) yields nearly independent determinations of At and Ae. Consequently, t polarisation3242

measurements provide not only a determination of sin2 qeff but also test the hypothesis of the universality of3243

the couplings of the Z to the electron and t lepton. Integrating over cosq we obtain Pt(total) = �At .3244
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‣ Above 10 GeV the sample with 
FSR γ becomes dominant

‣ Several sources of uncertainty 
considered: Lumi; acceptance; b, c, 
s, light jet tagging 

‣ Prelim. results suggest sub-percent precision could be achievable for light quarks
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• Consistency tests of the EW sector:  HL-LHC vs. Giga Z vs. Tera Z 
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Theory Challenges at the precision frontier

• Proper interpretation of precision measurements require precision theory

‣ The goal of improved precision measurements is to learn about new physics 
⇒ We need to distinguish between new physics (signal) and SM (background)

• We need to have very good control of the background so its uncertainties do 
not affect the new physics interpretation

• Theory challenges: Future projections assume full EW & QCD-EW 3-loop + 
leading 4 loop (Yt enhanced) are computed by the time of future e+e-

✓ Enough only to lower theory uncertainty to the experimental level

Physics at the Z pole – central EW precision (pseudo-)observables
FCC-ee: Freitas et al., 1906.05379; ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic th. unc. parametric unc.
current ILC FCC-ee current prospect prospect source

�MZ[MeV] 2.1 � 0.1

��Z[MeV] 2.3 1 0.1 0.4 0.15 0.1 ↵s

� sin2 ✓`e↵ [10
�5] 23 1.3 0.6 4.5 1.5 2(1) �↵had

�Rb[10
�5] 66 14 6 11 5 1 ↵s

�R`[10
�3] 25 3 1 6 1.5 1.3 ↵s

Parametric uncertainties of EW pseudo-observables:

I QCD:
⇧ most important: �↵s ⇠ 0.00015 @ FCC-ee?

,! ↵s from EW POs competitive ) cross-check with other results!
⇧ quark masses mt, mb, mc

I �↵had: �(�↵had) ⇠ 5(3)⇥ 10�5 for/from FCC-ee?
⇧ new exp. results from BES III / Belle II on e

+
e
�
! hadrons

⇧ �↵had from fit to radiative return e
+
e
�
! � + hadrons

I other EW parameters: MZ, MW, MH less critical (improved at ILC/FCC-ee)

S.Dittmaier Physics Landscape 2nd ECFA Workshop on e+e– . . . , Paestum, Oct 2023 43

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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Theory Challenges at the precision frontier

• Precision Experiment vs. Theory: Impact of SM theory uncertainties

• Even accounting for future progress, SM theory uncertainties will have an impact 
on BSM interpretation of EWPO

• Parametric uncertainties expected to have similar effect (αem → Al → S par.)
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2-σ region (no ThIntr)
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee
Including ThIntr
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee
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-0.04
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0.04
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S

Figure 17. (Left) 2-σ regions in the S − T plane at the different future colliders, combined with
the HL-LHC (including also the LEP/SLD EWPO programme). We express the results in terms
of the usually normalised parameters: S = 4 sin2 θwŜ/α and T = T̂ /α. The results include the
future projected parametric uncertainties in the SM predictions of the different EWPO, but not the
intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors.
For each project (including the Giga-Z option for linear colliders) the solid regions show the results
in the left panel, to be compared with the regions bounded by the dashed lines, which include the
full projected theory uncertainty.

finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr

Unc.). Since several of the SM EW inputs are to be measured at the future collider under

consideration, the latter scenario goes beyond the physics potential of these machines. This

scenario is presented only to illustrate whether the precision of the measurements of such

inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be

the case for the circular colliders and, to a less extent, the linear collider Giga-Z options.

– 84 –

JB et al., JHEP 01 (2020) 139
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• Current flagship experiments:

‣ LHCb at the LHC

‣ ATLAS & CMS also contribute, e.g. B0 →μμ, B0s →μμ

‣ Belle II at the SuperKEKB collider: e+e- →Υ(4S)→bb 

• Future e+e- colliders running at the Z pole (Tera-Z): e+e- →Z→bb

‣ Combines advantages of both Belle II (high signal-to-noise, fully efficient 
trigger) and LHCb (full spectrum of hadrons, high boost)

‣ Momenta of b and c hadrons not known a priori but distribution well 
understood

‣ Also e+e- →Z→τ+τ-: momentum of produced τ exactly known

• Flavor measurements also possible in e+e-→WW: CKM elements

Flavor Physics at e+e- Higgs factories

90
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Flavor Physics at e+e- Higgs factories

• Determination of CKM elements: |Vub| and |Vcb|

• Tensions between inclusive vs exclusive determinations

• Prospective studies at Tera-Z from B→τν, assuming precision between to 
2% to 4% in BR

• |Vcb| estimate not available (depends on production fraction of Bc. No 

measurement currently available)

B physics at Tera-Z

91

DRAFT

8 Flavour Physics

EFT [1224], providing constraints on the axial and pseudoscalar Wilson coefficients of the transition b ! qtn.7089

The branching fractions of these leptonic decays B(B+
q ! t+nt) are furthermore sensitive to the magnitude7090

of the CKM elements |Vcb | and |Vub |. Since these observables are only dependent on the decay constants,7091

which are quite accurately determined by lattice QCD computations, they can contribute to understand and7092

solve the longstanding inclusive vs exclusive puzzle [1225, 1226], with a tension of 3.3s [1227].7093

Prospective studies of these leptonic decays [1228, 1229] are conducted at FCC-ee in its Z-pole opera-7094

tion, assuming a total of 6 ⇥ 1012 Z bosons. The branching fraction precision, from idealistic to pessimistic7095

estimates, are ranging from 1.8% to 3.6% for the B+ ! t+nt decay channel and from 1.6% to 2.3% for the7096

B+
c ! t+nt decay channel. The |Vub | determination corresponding to the B+ ! t+nt result is reported in7097

the left plot of Figure 145, illustrating the potential for a resolution of the inclusive vs exclusive puzzle. The7098

|Vcb | estimate is not provided as the extraction depends on the production fraction of the B+
c meson, where7099

no measurement is currently available. As far as the BSM interpretation is concerned, both B+ ! t+nt and7100

B+
c ! t+nt are used to set constraints on the abovementioned Wilson coefficients. The right plot of Figure 1457101

shows an example of the constraints on the Cc
SL

coefficient from the B+
c ! t+nt measurement.7102
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Figure 145: Left: current |Vub | determinations from various sources [1225–1227] compared with future pro-
jections at FCC-ee [1229] and Belle II [1230]. Predictions are given for three values of |Vub | and
assumed precisions of 2% or 4% on B(B+ ! t+nt). The grey band presents the current exclus-
ive determination and the yellow band the current inclusive determination. Right: constraints on
the Cc

SL
coefficient. The grey shaded and hashed regions represent current and FCC-ee exclu-

sions from B(B+
c ! t+nt). The green shaded and hashed regions represent current and HL-LHC

exclusions from leptoquark searches. The blue regions are the 2s and 3s bands from current
b ! c anomalies. Plots taken from Ref. [1229].

8.4.3 FOCUS TOPIC: Measuring |Vcb | and |Vcs | from W decays7103

Future e+e� Higgs factories, such as FCC-ee, CEPC, and ILC, present a unique opportunity to significantly7104

enhance the precision in measuring the absolute values of specific CKM matrix elements, particularly |Vcb |7105

and |Vcs | [1219, 1231–1233]. These advancements are possible due to the production of large datasets of7106

WW boson pairs, expected to reach the order of a few ⇥108, combined with state-of-the-art jet-flavour tagging7107

techniques.7108

The decay of W bosons into quark pairs, W ! uid j, offers a direct method to measure CKM elements from7109

the branching ratios of these processes. The decay width for these channels can be expressed as7110

G(W+ ! uid j) = 3|Vi j|
2G0 ⌘ G+

i j , (108)7111

where G0 ⇡ g2
2mW
48p at leading order, with g2 being the SU(2)L coupling constant and mW = 80.4 GeV the mass7112

of the W boson. The factor of 3 accounts for the number of quark colours. This relation holds for both W+ and7113
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• FCCee, CEPC and ILC will produce order of 108 W boson pairs

• Combined with state-of-the-art jet-flavor tagging techniques this offers a unique 
opportunity to enhance the precision of CKM matrix elements, particularly       
|Vcb| and |Vcs| 

• Studies available or ongoing at all types of e+e- colliders, in some cases with full 
detector simulation. From the CEPC study at 250 GeV:

CKM from W decays

92

DRAFT

8 Flavour Physics

Figure 146: Left: Sensitivity reach on |Vcs | (blue) and |Vcb | (orange) from e+e� ! WW ! 4 j as a function
of the systematic uncertainty on the tagging parameters [1232]. Right: Expected uncertainty
on |Vcb | from the study of e+e� ! WW ! 2 jln for different scenarios, compared with present
measurements from inclusive and exclusive B decays [1233].

W� decays, allowing for a precise extraction of CKM elements by comparing the observed branching ratios to7114

theoretical predictions. Neglecting small quark-mass effects, the branching ratio of a specific channel can be7115

expressed as [768, 1232]7116

Bi j =
G±

i j

Gtot
=

|Vi j|
2

Âl=u,c; m=d,s,b |Vlm|2
Bhad , (109)7117

where Bhad represents the well-measured total hadronic branching fraction of the W boson. A precise meas-7118

urement of |Vcs | is particularly important to reduce the parametric uncertainties in the extraction of the QCD7119

coupling aS via hadronic W boson decays, and reach a O(0.1%) uncertainty on this SM parameter [768].7120

Projected Sensitivity at FCC-ee and Systematic Uncertainties7121

Early studies at FCC-ee suggested that the relative precision on |Vcb | could reach approximately 0.4% us-7122

ing previous BDT-based ILD jet-tagging performances as a reference [1219]. More recent evaluations have7123

improved these estimates to about 0.15% with optimized GNN-based IDEA performance data [1231]. How-7124

ever, achieving these precision levels will depend critically on controlling systematic uncertainties, particularly7125

those related to jet-flavour tagging.7126

A detailed analysis of the impact of systematic uncertainties on the tagging efficiencies, denoted as de =7127

de/e , indicates that these uncertainties play a crucial role in limiting the achievable precision on CKM ele-7128

ments [1232]. The calibration of the flavour tagging is discussed in more detail in Sec. 2.8.1. Figure 146(left)7129

illustrates the sensitivity reach for |Vcs | and |Vcb |, in the e+e� ! WW ! 4 j channel at FCC-ee, as a function7130

of the systematic uncertainty in tagging efficiency. It highlights the importance of maintaining systematic un-7131

certainties near the 0.1% level to fully exploit the statistical power of future data. With this level of systematic7132

uncertainties the projected precision could reach 0.15% for |Vcb | and 0.05% for |Vcs |, to be compared with7133

current precisions of 3.4% and 0.6%, respectively.7134

ILC/ILD Studies and Complementary Approaches7135

A study utilizing the large ILD 250 GeV full-detector simulation sample and an ILC beam spectrum is cur-7136

rently still ongoing. The effort focusses on the capabilities of new machine learning-based tagging methods7137

like ParticleNet and Particle Transformer, which enhance flavour identification efficiencies. While the ILC is7138

expected to produce similar samples of W bosons as FCC-ee and CEPC, the systematic uncertainty from jet-7139

flavour tagging may be slightly larger due to the absence of a Tera-Z run for calibration. Nevertheless, the ILC7140

remains a significant player in the precise measurement of CKM elements and can still provide competitive7141

sensitivity for |Vcb | and |Vcs |.7142
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• Similar to the case case of B physics, with 6 x1012 Z decays at a Tera-Z factory, 
we’ll have a large sample of 2 x1011 τ pairs to deepen studies of τ physics.

‣ Tau mass and lifetime: Extrapolated from DELPHI and OPAL analyses with 
Tera-Z statistics (+ estimates in systematics)

‣ Lepton universality in τ decays

Tau physics at Tera-Z

DRAFT

8 Flavour Physics

68% CL contour

0.1780

0.1785

0.1790

289.5 290.0 290.5 291.0 291.5
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B
e′

PDG 2024 FCC estimate

Figure 150: Lepton universality test using the tau mass, lifetime and leptonic branching fractions measure-
ments. The test using the measurements reported in PDG 2024 is reported in yellow (lighter),
and the estimated test at FCC-ee is reported in blue (darker). B0

e denotes the average between
the measured branching fraction B(t� ! e�nµnt) and its Standard Model prediction using the
measured branching fraction B(t� ! µ�nµnt).

context of FCC-ee and compared to the current and foreseeable prospects at present or envisaged facilities.7396

Search for t ! µg7397

A simulation corresponding to 7⇥1010 visible Z decays has been used to estimate how many t ! µg decay7398

candidates from background sources are to be expected for 3⇥1012 Z decays at an FCC-ee experiment [682,7399

1262]. By assuming a reasonable reconstruction and selection efficiency, a sensitivity of 2 ⇥ 10�9 has been7400

estimated, corresponding to a signal equal to a double-sided 2s fluctuation of the large number of expected7401

background events, in the Gaussian approximation [682]. The sensitivity in terms of the expected upper limit at7402

90% confidence level (CL) for a search of t ! µg on a sample of 6⇥1012 Z decays at FCC-ee is extrapolated7403

to be B(t ! µg)/ 1.2⇥10�9 at 90% CL. Figure 151 reports the present upper limits and the expected upper7404

limits for B(t ! µg).7405

Search for t ! µµµ7406

The Belle II collaboration reported a 90% CL upper limit of 1.9⇥10�8 for the lepton-flavour-violating branch-7407

ing fraction B(t ! µµµ) [1263], using 390⇥106 tau pairs (corresponding to 424 fb�1 of integrated luminosity).7408

The estimated selection efficiency is about 20.4%, significantly larger than the one attained by the previous7409

Belle search [1264], 7.6%, and is now comparable to the efficiency that has been reported at LEP 1 for the7410

DELPHI t ! µg search [1265], 24.5%, which is about 4 times the efficiency reported by the same t ! µg7411

search by BaBar [1266]. When assuming that for the t ! µµµ search an efficiency of 35.0% may be obtained7412

at FCC-ee, exploiting the highly efficient and pure muon selection at the Z peak energies, the expected upper7413

limit at a high-luminosity Z-factory featuring 2.0⇥1011 tau pairs reads as B(t ! µµµ)/ 2.⇥10�11 at 90% CL.7414

Figure 151 reports the present upper limits and the expected upper limits for B(t ! µµµ).7415
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• Similar to the case case of B physics, with 6 x1012 Z decays at a Tera-Z factory, 
we’ll have a large sample of 2 x1011 τ pairs to deepen studies of τ physics.

• Lepton Flavor Violating decay modes: τ→μγ  and τ→μμμ

Tau Physics

DRAFT

8 Flavour Physics

Figure 151: Present and future experimental reach on tau lepton-flavour-violating decays. Left: upper limits
for B(t ! µg). Right: upper limits for B(t ! µµµ). The dates of the future measurements are
speculative and mainly chosen for plotting purposes.

8.7 Outlook on other avenues7416

There was a surge of new hadrons observed at the LHC and the Belle II and BESIII experiments. Many of7417

those are exotic in nature, not fitting expectations from qqq or qq quark contents. So far 23 exotic particles7418

containing at least one charm quark have been observed at the LHC, many in amplitude analyses of b had-7419

rons [1267, 1268]. It is not clear whether they are compact objects of four or five quarks, or rather molecule-like7420

bounds states of conventional hadrons, or even both. Many more such states are expected to be found LHCb7421

and Belle II. A Tera-Z run will add valuable information. As LHCb has reduced precision for neutral final states,7422

and Belle II lower data yields. The high precision of a Z run permits amplitude analyses involving neutral pions7423

and kaons with similar precision as the corresponding mainly charged-only LHCb analyses. Such studies are7424

essential to find isospin partners of known states, and find new states, thereby shedding light on their nature.7425

Nothing on charm.7426

Draft: 07.12.2024 – 10:07 228

94



ECFA study report
Direct Searches

Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024 95



Jorge de Blas - U. of Granada Physics at future e+e- EW/Higgs/Top factories 
December 11, 2024

• Energy reach at future e+e- factories won’t be much larger than, e.g. LEP2. Still 
they have the potential to discover NP not accessible to current high intensity 
machines because

• Too heavy for the 10 GeV machine like superKEK-B

• Too elusive to be seen with the (relatively) low luminosity of LEP2

• They would also cover scenarios whose signals are too faint at the LHC: 

• Small couplings (or no couplings) to QCD and can only be produced via 
EW ⇒ Relatively small cross section compared to background

• e+e- HTE complementary: cross sections comparable to backgrounds

• or where produced new states live too long to be detected at the LHC 
detectors ⇒ Long lived particles

• Triggering less of an issue in  e+e- 

• Learn from challenges at LHC and optimize searches

Direct searches at e+e- Higgs factories
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• Centered around several scenarios where small couplings give rise to LLPs, e.g.  

• Heavy Neutral Leptons (HNLs)

Direct searches at e+e- Higgs factories

Focus Topic: Long-Lived Particles

DRAFT

7 Direct Searches for New Particles

neutrino oscillations and their mass hierarchy are also not explained within this theory, certain models link the6131

existence of New Physics with the neutrino sector; among others, Dirac and Majorana neutrinos with masses6132

well above the electroweak scale have been proposed to simultaneously solve certain issues of the Standard6133

Model. In the following, we consider the possibility of searching for HNLs at future linear e+e� colliders.6134

The Future Circular Collider (FCC-ee) marks a significant step forward in particle physics, offering the6135

capability to produce e+e� collisions with unprecedented luminosity. Its extensive reach and statistical power6136

allow exploration of various BSM scenarios. Among them are HNLs [986], Dirac or Majorana fermions with6137

sterile neutrino quantum numbers potentially addressing unresolved questions in neutrino physics, such as the6138

origin of neutrino mass and oscillations through seesaw mechanism. To fully exploit the discovery potential,6139

the experimental setup must be designed to detect a wide range of signatures, from prompt to displaced6140

decays, posing severe requirements on the detector performances.6141

This note focuses on HNL production within a minimal scenario defined by two parameters: the HNL mass6142

and its coupling to SM fermions. We present a study assessing the FCC-ee’s ability to probe new regions of6143

the HNL parameter space, providing new exclusion limits.6144

The model was implemented using the SM-HeavyN-LO UFO [1076] and the events were generated with6145

MG5aMC@NLO [5]. Assuming a single HNL flavour production, all heavy neutrino mixing terms were set6146

to zero except for the mixing parameter with the muon, Uµ . Signal samples were generated for masses6147

ranging from 5 to 85 GeV at the e+e� center-of-mass energy
p

s = 91.2GeV. Coupling values were scanned,6148

from the minimum needed for decays within 2.5 meters from the interaction point, to a coupling squared6149

excluded by current experiments (U2
µ ' ⇥10�4). The generated events were hadronized using PYTHIA86150

and processed with DELPHES for a parameterized simulation of the IDEA detector [947], utilizing the official6151

detector data cards. Background samples from FCC PED productions were processed through the same6152

PYTHIA8-DELPHES chain [1077].6153

Figure 123: Sensitivity limits at 95% confidence level in the MHNL �U2
µ plane. The FCC-ee results of the ana-

lyses presented in this section are drawn as yellow, orange and red dashed lines. The expected
discovery potential of projected experimental searches are also presented. [985]

The decay channels investigated in this study consist in either a muon and a quark-antiquark pair (µqq0) or6154

two muons and a neutrino (µµnµ), both mediated by an off-shell W or Z boson. The first channel results in6155

a fully visible HNL final state with of one muon and two jets, with a branching fraction of approximately 50%6156

across the mass range. The second channel is a clean one, producing only two reconstructed muons and6157

high missing energy.6158

At low mass the highly boosted HNL produces collimated decay products. As the mass increases, the HNL6159
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FIG. 10: Exclusion limits at 95% CL on the ALP-photon coupling as a function of the ALP mass expected in e+e�

collisions at FCC-ee for the combined �� ! a (orange) and the e+e� ! a� (yellow) processes, compared to current
bounds (gray areas). Three reference average ALP transverse decay lengths, corresponding to hLT i ⇡ 30 µm, 1 cm, 2 m
as per Eq. (5), are indicated with dashed diagonal lines for both ALP production processes.

FIG. 11: Exclusion limits at 95% CL on the ALP-photon coupling as a function of the ALP mass expected in all
e+e� runs combined at ILC (beige) and at FCC-ee (orange) from the �� ! a process, compared to current bounds
(gray areas). Three reference average ALP transverse decay lengths, corresponding to hLT i ⇡ 30 µm, 1 cm, 2 m as
per Eq. (5), are indicated with dashed diagonal lines.
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IV. SUMMARY

We have presented feasibility studies for the observation of axion-like particles (ALPs) produced via photon-
fusion processes and decaying in the diphoton mode, �� ! a ! ��, in e+e� collisions at the FCC-ee and ILC
future colliders. Parametrized simulations of the photon response corresponding to two types of detectors
(IDEA and ILD) at both colliders are used to evaluate the impact of the � acceptance and reconstruction
efficiencies. Event selection criteria are applied aiming at identifying a resonant diphoton excess on top of the
light-by-light continuum background. The full analysis, from hard scattering to the detector simulation, is
performed for different ALP mass points, and for c.m. energies and integrated luminosities corresponding to
four typical operation runs at FCC-ee and ILC, showing the achievable sensitivity on the photon-induced ALP
production and on its potential discovery. Upper limits at 95% confidence level on the cross section for ALP
production, �(�� ! a ! ��), and on the ALP-photon coupling are obtained over the ma ⇡ 0.1–1000 GeV
mass range, and compared to current and future collider searches. The FCC-ee operation at the Z pole,
thanks to its enormous integrated luminosity, offers an exceptional opportunity to discover ALPs within the
mass window ma ⇡ 0.1–91.2 GeV, as well as to achieve the most stringent limits on the axion-photon coupling
down to ga�� ⇡ 2 ·10�3 TeV�1 via �� fusion, or even a factor of thirty better, down to ga�� ⇡ 6 ·10�5 TeV�1,
using the alternative e+e� ! Z ! a� ! 3� channel with very small SM backgrounds. The higher c.m.
energies of the ILC runs allow probing the heavier ma ⇡ 350–1000 GeV range, which is otherwise inaccessible
at FCC-ee. Over the ALP mass range ma ⇡ 5–1000 GeV, both FCC-ee and ILC will supersede current (and
foreaseable future) limits set at the LHC on the axion-photon coupling for all running scenarios, emphasizing
the important role that such future e+e� facilities will play on searches for new weakly coupled particles.
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As an example, Table II collects all relevant quantities obtained in this analysis for the FCC-ee run at the
Z pole. For each ALP mass point, we list its theoretical cross sections for our reference ga�� = 0.1 TeV�1

coupling, the reconstruction efficiencies, and corresponding yields after cuts. The second column-block lists
the same quantities for the LbL background in a window �m�� around ma. The third column-group of
the table indicates the derived statistical significance, POI, and 95% CL upper limits on the photon-ALP
coupling and ALP production cross section.

TABLE II: Relevant numerical values for the statistical significance determination of an ALP signal (with ga�� =
0.1 TeV�1) on top of the LbL background in e+e� collisions at FCC-ee running at the Z pole. For each mass point ma,
we quote the ALP and LbL cross sections, selection criteria efficiency, and expected yields; as well as the statistical
significance (SS), POI, and the derived 95% CL upper limits on the photon-ALP coupling and ALP production cross
section.

Mass ALP Detector ALP �m�� LbL Detector LbL SS POI ga�� @95% �@95%
[GeV] �[fb] efficiency yield s [GeV] �[fb] efficiency yield b [TeV�1] [fb]

0.1 10.1 0.17 3.51⇥ 105 [0.05,0.15] 5.98⇥ 104 0.06 7.23⇥ 108 13.1 1.50⇥ 10�1 3.87⇥ 10�2 1.52
0.5 26.9 0.06 3.32⇥ 105 [0.20,0.80] 2.47⇥ 104 0.03 1.70⇥ 108 25.5 7.69⇥ 10�2 2.77⇥ 10�2 2.07
1.0 25.3 0.11 5.81⇥ 105 [0.50,1.50] 5.97⇥ 103 0.05 6.27⇥ 107 73.3 2.67⇥ 10�2 1.63⇥ 10�2 0.67
10.0 11.4 0.92 2.27⇥ 106 [8.0,12.0] 2.37⇥ 101 0.54 2.61⇥ 106 1252.1 1.39⇥ 10�3 3.73⇥ 10�3 1.59⇥ 10�2

50.0 1.37 0.97 2.74⇥ 105 [45.0,55.0] 7.7⇥ 10�2 0.61 9.64⇥ 103 1170.6 7.06⇥ 10�4 2.66⇥ 10�3 9.71⇥ 10�4

85.0 0.13 0.93 2.58⇥ 104 [80.0,90.0] 9.84⇥ 10�4 0.84 1.69⇥ 102 458.1 1.04⇥ 10�3 3.22⇥ 10�3 1.40⇥ 10�4

Figures 6 and 7 present the expected limits of the ALP production cross section, and the 68% and 95%
bands around it, for the ALP mass range ma ⇡ 0.1–1000 GeV for the different e+e� collision runs expected
at FCC-ee and ILC, respectively. The absence of any visible peak above the LbL continuum will allow the
exclusion of ALP production cross sections above 1 (10) fb at 95% CL below ma ⇡ 1 GeV at FCC-ee (ILC),
decreasing down to �(�� ! a) ⇡ 1 ab for ma ⇡ 300 (1000) GeV at FCC-ee (ILC).

From the expected 95% CL upper limits on the cross sections, one can derive the corresponding 95% CL
exclusion limits on the ALP-photon coupling as a function of the ALP mass that are shown in Fig. 8 for
FCC-ee and in Fig. 9 for ILC. Our results are compared to current limits from e+e� and hadron colliders
(including the latest bounds from p-p collisions [25–27]), as well as from beam-dump and astrophysical
constraints [24, 83]. Given that the significances are given by SS ⇡ s/

p
b, the individual curves for each

e+e� run basically provide limits that comparatively scale according to the square-root of their relative
luminosities given by Table I. Whereas, the large integrated luminosity of the FCC-ee run at the Z pole
leads to a larger sensitivity in the range ma < 100 GeV, the higher energy ILC runs allow probing the
heavier ma ⇡ 350–1000 GeV ALP range, which is otherwise inaccessible at FCC-ee. Both future e+e�

factories will improve the current LHC limits by about one to two orders-of-magnitude over the mass
range ma ⇡ 5–1000 GeV, beyond what is statistically reachable in searches at the end of the HL-LHC.
Figure 8 also show expectations based on the alternative e+e� ! �a final state [32], scaled to reflect the
updated FCC-ee operation [73] (yellow area), as well as the current Belle-II upper bounds [19, 22] scaled
up to the full integrated luminosity Lint = 50 ab�1expected at SuperKEK [84]. Below ma = mZ, one
can see that the e+e� ! Z ! �a search4, which features virtually no background, will provide about
two orders-of-magnitude better upper bounds than the �� fusion production process considered here, but
that the latter mechanism will be more competitive in the ma ⇡ 100–350 GeV range. The limits over
ma ⇡ 5–2000 GeV expected at the end of the high-luminosity LHC (HL-LHC) phase, obtained simply by
scaling the current bounds [20, 23, 25–27] by the square-root of the ratio of HL-LHC over currently exploited
integrated luminosities, will be about a factor of ten better than the current LHC ones. Therefore, all in all,
our results indicate that the FCC-ee will provide the best possible ALP sensitivity over ma ⇡ 0.1–300 GeV.
Such results exemplify the power of a future Tera-Z and Higgs factory such as FCC-ee, to search for weakly
coupled BSM particles.

4 We note that the work of [32] ignored photon acceptance and efficiency effects, but those should be relatively small given that
the ALPs from Z-boson decays are boosted and should produce final states with well-reconstructible energetic photons with
E� ⇡ 20 GeV.

Up to 2 orders of magnitude  
better if ma < MZ 

(Virtually no background)

ILC and FCCee reach Vs. Tera Z reach
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mass/coupling regions inaccessible at the LHC. While new particles with 0.1 to 100 GeV masses are difficult
to access at hadron colliders due to trigger limitations and large backgrounds in p-p collisions —despite
photon-fusion processes in ultraperipheral collisions of heavy ions [47] providing somewhat more favorable
conditions in this mass range [48–51]— the clean environment and large integrated luminosities available at
the FCC-ee and ILC lepton colliders will render them very sensitive machines in searches for EW-coupled
ALPs.

In recent years, several projections for ALP search reaches have been presented for different future
lepton colliders, including FCC-ee and ILC (see, e.g. [32]) based on effective field theory models. In
general, such studies have focused on ALPs coupling preferentially to photons (BC9 "photon dominance"
benchmark point of Ref. [6]) and, more particularly, on e+e� ! Z ! a(��) � production (left diagram
of Fig. 1), which has vanishingly small backgrounds (the Z ! 3� decay has a SM branching fraction of
B = 0.85 ·10�9, including exclusive Z boson radiative meson decays [52]), although at best, only approximate
acceptances/efficiencies of the detectors have been taken into account. Alternatively, in this work we
present an analysis of exclusive ALP production via photon fusion (Fig. 1, center) on top of the diphoton
continuum from �� interactions also known as light-by-light (LbL) scattering [53] (Fig. 1, right), taking
into account realistic (fast) simulations of two typical future e+e� detectors [54, 55]. The ALPs event
generation is performed with the SuperChic 4.03 (SC4) Monte Carlo code [56], based on the equivalent
photon approximation (EPA) [57], accounting for the (small) virtualities of the emitted photons from the
e+e� beams. The generated events are further passed to parametrized responses of the FCC-ee and ILC
detectors simulated using the Delphes-3 package [58]. For the FCC-ee, we consider the latest settings of
the International Detector for Electron-positron Accelerator (IDEA) apparatus [55], and of the International
Large Detector (ILD) concept [54] for the ILC case. The full analysis, from photon-photon scattering to
the detector simulation is performed for varying values of ALP masses and photon-ALP couplings, using
up-to-date FCC-ee and ILC integrated luminosities for their expected operation at various center-of-mass
(c.m.) energies. We apply relevant event selection cuts in kinematic quantities reconstructed at the detector
level, and show the regions of phase space with competitive sensitivities in the ALP mass versus �-a coupling
plane. Preliminary results of this work have been presented elsewhere [59, 60]. This current work is the
follow-up of our previous generator-level-only results.

FIG. 1: Schematic diagrams of ALPs production in e+e� collisions via Z boson decays (left) and in �� fusion (center),
and light-by-light background of the latter process (right). In the photon-fusion diagrams, the incoming (outgoing)
photons have momenta q1,2 (k1,2).

The paper is organized as follows. In Section II, we present a brief review of the formalism needed to
describe ALP and LbL production in �� collisions at e+e� colliders. In particular, the EPA approach is
reviewed and the Lagrangian used in the derivation of the Feynman rules relevant for the calculation of the
photon-fusion ALP production is presented. In Section III, the methodology of our analysis and the basic
event selection criteria applied are discussed, and the kinematic distributions for ALP and LbL diphoton
pairs produced in e+e� collisions at FCC-ee and ILC are presented. The expected upper limits on the cross
sections and ALP-photon couplings are presented as a function of ALP mass for operation runs at different
c.m. energies and luminosities, and a comparison with current upper bounds is also performed. Finally, the
case where light ALPs are long-lived and can be identified by a macroscopically displaced diphoton vertex is
discussed. A summary of our main results and conclusions is presented in Section IV.
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