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Why a Higgs Factory?
The Higgs discovery in 2012 has been an important milestone for HEP. 
Many of us are still excited about it.  And others should be excited too. 

Unique phenomena never observed before in Nature. 
Consequences and implications are immense for different areas of physics & beyond. 

Almost every BSM scenario will have important implications in the Higgs sector.

Are we done? What’s next?

Remember May 1, 2003

“Mission accomplished” speech by G.W. Bush

That was certainly not the end of the story 
and there were (are) still a lot of things to do

Ian Low just explained why we need to continue, I’ll tell you how to do it and what can be learnt.  
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*energy	consump.on	per	integrated	luminosity	(and	Higgs	produced)	is	lower	at	circular	colliders	but	the	energy	consump.on	per	GeV	is	lower	at	linear	colliders	
cross-over	at	~	365	GeV(running	costs:	255	EUR/Higgs	at	FCC-ee240,	>7’000	EUR/Higgs	at	ILC250)	

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 higher luminosity + same tunnel for ee/hh 
 several interaction points
“greener”*: less power consumption at low E

 precise E-beam measurement
  ( O(0.1MeV) via resonant (transverse) depolarization) 

 √s limited by synchroton radiation

Circular Linear
 easier to upgrade in energy 

 easier to polarize beams

“greener”*: less power consumption at high E

 large beamsthralung 

 one IP only

 large mass reach ➾ exploration?
 S/B ~ 10-10 (w/o trigger)
 S/B ~ 0.1 (w/ trigger)
 requires multiple detectors 

                (w/ optimized design) 

 only pdf access to √š
 ➾ couplings to quarks and gluons

Hadrons

The challenges of big colliders:
- energy: 1013 larger than everyday life batteries 

- magnetic field: 104 larger than everyday life magnets

 larger √s

Choice between different options: delicate balance between 
physics return, technological challenges and feasibility,  

time scales for completion and exploitation, financial and political realities

Exploration machines are at the heart of HEP
Current consensus towards European Strategy Update:

the best way to go to “energy frontier” is to start with a e+e- Higgs factory 
factory

 Higher luminosity, several IPs
 Dedicated Z-pole program with high lum.

 Can be easily extended in energy
 Polarised (longitudinal) beams

Linear or Circular?

Three relevant questions to address to help taking a decision: 
1) Impact of Z pole measurements?

2) Is low energy a limitation? 
3) Benefit of beam polarisation?

Which Machine(s)?
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P1 P2 P3 P4 P5 P6 P7
Precision	Higgs	
measurements	
to	SM	par.cles

Measurements	
of	Higgs	self-
coupling(s)

Sensi.vity	to	
rare	and	exo.c	
Higgs	decays

New	Physics	
discovery	
poten.al

Direct	measure	
of	EW/Yukawa	
top	coupling

Indirect	
sensi.vity	to	
New	Physics

Improved	
measurements	

of	αs

— Physics Considerations —

Snowmass 2021 Higgs Factory Considerations
J. Bagger+ arXiv:2203.06164 

— Technological Considerations —
T1 T2 T3 T4 T5 T6 T7

Range	of	
opera.ng	E/ease	
of	changing	E

Annual	integrated	
luminosity

Upgradability	to	
higher	energy/
luminosity

Extent	and	cost	of	
remaining	R&D

Ability	to	operate	
at	the	_	threshold

Ability	to	run	at	
the	Z	pole

Ability	to	run	at	
the	WW	
threshold

T8 T9 T10 T11 T12-T13 T14-T15 T16

Stability	and	
calibra.on	of	
collision	energy

Beam	stability	
and	luminosity	
calibra.on

Ability	to	control	
beam-related	
backgrounds

Ability	to	provide	
independent	

confirma.on	of	
new	discoveries

Ability	to	provide	
polarised	
electrons/
positrons

Possibility	to	
reconfigure	as	γγ,	
e-γ,	e-e-,	ep,	pp	

collider

Opportuni.es	for	
beam	dumps	
experiments

T17

Need	for,	and	scien.fic	u.lity	of,	technology	demonstrators

https://arxiv.org/abs/2203.06164
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Physics Thresholds

hvv (VBF)

Z

Precision at ݁ା݁ି colliders 

Double Higgs-strahlung (DHS) 

VBF HH production  

�)��� ҧݐݐ �DHS( 

 TeV 1 ׽ GeV Center of Mass Energy 500 ׽ GeV 350׽ GeV 250׽

ܼ݄݄ (DHS) 
 ҧ݄݄(VBF)ߥߥ

Top Yukawa via ݐݐҧ� 

VBF at 1 TeV  
improves HHH coupling  
by combining with Zhh 

HHH opens up! 

Three important thresholds 

Tian, Fujii 1311.6528, ILC TDR 

VV

~90 GeV ~160 GeV

tth Zhh

Realm of Linear-ee/Circular-hh/μμRealm of Circular-ee

This note is organised as follows. The complementarity is primarily contained in the re-
spective collider performance, briefly reviewed in Section 2. We then proceed in Section 3 to
a non-exhaustive discussion of the complementarity in various domains of the physics program:
Higgs properties (3.1), Electroweak measurements (3.2), Flavour and QCD aspects (3.3), top-quark
physics (3.4), and searches beyond the Standard Model (3.5). A summary of the physics comple-
mentarity is tabulated in Section 3.6. Possible cost optimisations, which can be contemplated if
both machines proceeded to realisation, are discussed in Section 4. Sociological considerations are
examined in Section 5. A final comment on a global vision is offered in Section 6. Because global
resources are limited, it is difficult to benefit simultaneously from all the opportunities offered
by operational, scientific, financial, sociological, and regional complementarity. A possibly realis-
tic implementation of such a complementary program, which tentatively emphasises the regional,
financial, and operational aspects, and maximises the scientific outcome, is discussed in Section 7.

2 Complementarity of collider performance

The operational complementarity is best illustrated in Fig. 1, which displays the luminosity, and the
luminosity per total facility power, expected to be produced at the various e

+
e
� collider projects,

as a function of the centre-of-mass energy.

Figure 1: Luminosity (left) and luminosity per power (right), as a function of the centre-of-mass energy

for the proposed e
+
e
�

colliders at the electroweak scale and their potential upgrades. Two interaction

points (IPs) are assumed for the circular colliders FCC-ee and CEPC. From the Physics Briefing Book [1].

The circular colliders at the electroweak scale (FCC-ee and CEPC) were conceived in 2011–
2013, as soon as the Higgs boson became known to be light [8]. Their luminosity curves provide
the highest statistics at low energies, but are strongly limited by synchrotron radiation above 350–
400 GeV. The proposed operation models comprise data taking at and around the Z pole, at the
WW threshold, at the ZH cross section maximum (240 GeV), and for FCC-ee, an extension up
to 365 GeV at and above the top pair threshold. The designs are sufficiently flexible to allow for
operation at other centre-of-mass energies, if justified by compelling physics arguments (e.g., atp
s = mH, or well below the Z peak), with unrivalled luminosities. Both colliders are planned

to operate for 10–15 years (of which 7–8 years at 240 GeV and above) with two IPs2, and are
considered to be an enabling first step in a long-term plan towards a high-energy proton-proton
collider delivering the highest parton-parton centre-of-mass energies. Such a hadron collider would
then operate for two or three decades.

The linear colliders (ILC and CLIC) have been studied since 1975 [4], and are considered to
be the only possible way towards high-energy e

+
e
� collisions. Luminosity and power consumption

grow linearly with energy. The proposed operation models include a first run at “low” energy,
250 GeV for ILC [9, 7] and 380 GeV for CLIC [10], for about a decade, with longitudinal beam
polarisation. Both colliders have an open-ended run plan, with possible upgrades to 1 TeV (ILC)
and 3 TeV (CLIC) in operation models that extends over several decades.

2A configuration with 4 IPs is being studied for FCC-ee, allowing the total luminosity to increase by a factor 1.7
with little increase of total power.

4
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FCC-ee Run PlanFuture Circular Collider (18 Dec. 2018)  The Lepton Collider (FCC-ee) 

Page 4 of 18 

The associated discovery potential is sufficiently strong for the necessary theoretical developments to be recog-
nised as a strategic R&D activity for this project.  

 
Figure 1: FCC-ee baseline luminosities summed over all in-
teraction points as a function of the centre-of-mass energy 
(√s), compared to other e+e- collider proposals (ILC, CLIC, 
and CEPC). 

 

 
Figure 2: FCC-ee operation model showing the integrated 
luminosity in ab-1, accumulated as a function of time in 
years at the Z pole (black), the WW threshold (blue), the 
Higgs factory (red) and the top-pair threshold (green). The 
hatched area indicates the shutdown time to prepare for 
the highest energy runs. 

With 20 to 50-fold improved precision on all EW observables and with up to 10-fold more precise and 
model-independent Higgs couplings and width determination in a complementary way, the FCC-ee 
probes new physics effects at scales as high as 10 to 100 TeV, potentially guiding the physics programme of a 
subsequent energy-frontier hadron collider FCC-hh, and providing a quantum leap in the understanding of the 
Higgs boson. Furthermore, the high-statistics samples generated by the FCC-ee programme (5 ´ 1012 Z – about 
105 times the LEP sample, 108 WW, 106 HZ, and 106 top pairs) offer unique opportunities far beyond precision 
electroweak and Higgs measurements. Other signals of new physics could arise from the observation of mi-
nute flavour-changing neutral currents or lepton-flavour-violating decays, from the observation of dark matter in 
Z and Higgs invisible decays, or by the direct discovery of particles with extremely weak couplings in the 5 to 100 
GeV mass range, such as right-handed neutrinos and other exotic particles. These are well-motivated and, in spite 
of their low mass, consistent with the constraints imposed by precision measurements. 
In 2013, the ESPP also inferred that a lepton collider with “energies of 500 GeV or higher could explore the Higgs properties 
further, for example the coupling to the top quark, the self-coupling, and the total width”. As a consequence, the strategic 
question was raised whether the FCC-ee ought to consider a 500 GeV upgrade in its scientific objectives. The 
ESPP 2013 statement was revisited quantitatively with the following conclusions: 

• The FCC-ee can measure the total width of the Higgs boson with a precision of 1.3% (the best achiev-
able precision on a foreseeable time scale) at 240 and 365 GeV, without the need of an upgrade to 500 GeV. 

• The top Yukawa coupling will already have been determined with a 2.4% precision at the HL-LHC, albeit 
with some model dependence. The FCC-ee breaks the model dependence and improves the precision 
to about 2.3%, without the need of an upgrade to 500 GeV. 

• The FCC-ee offers a model-independent precision of 34% on the Higgs self-coupling kl (reduced to 
12% if only kl is allowed to vary) from the precise measurement of the Higgs boson cross sections at 240 and 
365 GeV, to be compared to the 27% precision obtained from di-Higgs production with 4 ab-1 at 500 
GeV, in the context of the Standard Model.  

Indeed, in a way similar to di-Higgs production, the next-to-leading order graphs of Fig. 3 (left) depend on the 
Higgs self-couplings, and interfere with the tree-level diagrams, impacting the Higgs production cross section by 
up to 2% at 240 GeV and 0.5% at 365 GeV. The centre-of-mass energy dependence allows for a 3σ sensitivity 
to the Higgs self-coupling at the FCC-ee, as illustrated in Fig. 3 (right). Probes of the Higgs self-coupling are 
also accessible by other e+e- colliders that can reach centre-of-mass energies of 500 GeV or higher, but only with 
a much longer time of operation. The 3s evidence could become the first 5s discovery of the Higgs self-coupling 
if the luminosity of the FCC-ee were increased at high energy, e.g. with four detectors instead of two. Such an 
upgrade of the FCC-ee baseline would be significantly more efficient than an upgrade of the centre-of-mass 

23/11/2018 Alain Blondel The FCCs 7

from the CDR— Superb statistics achieved in only 15 years —  

LEP data accumulated in first 3 mn. Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector: 105 Z/sec, 104 W/hour, 1500 Higgs/day, 1500 top/day 
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FCC-ee Physics Programme

FCC-ee
•Axion-like	par.cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life.mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW
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FCC-ee Physics Programme

FCC-ee
•Axion-like	par.cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life.mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW

P. Azzi - 1st FCC Italy Workshop, Rome 21-22 March 2022

Initial Physics Requirements 

W. Elmetenawee

➢ Higgs boson sector: Higgs sector definition imposes initial requirements on hadronic 
resolution, tracking and vertexing 

➢ EWK 
▪ Extreme definition of detector acceptance. 
▪ Extreme EM resolution (crystals). 

➢ Heavy Flavour: 
▪ PID to accurately classify final states and 

flavour tagging.  
Physics at Tera-Z pushes the requirements to another level… don’t forget BSM!

7

Higgs sector definition imposes initial requirements on hadronic resolution, tracking and vertexing 
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FCC-ee Physics Programme
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Figure 5. Regions in the stop physical mass plane that are/will be excluded at 2� by EWPT with oblique

corrections (left column), Rb at FCC-ee (mid column) and Higgs couplings (right column) for di↵erent choices

of Xt/
q

m2
t̃1

+m2
t̃2
: 0 (first row), 0.6 (2nd row), 1.0 (3rd row) and 1.4 (last row). We chose the mass eigenstate

with mt̃1
to be mostly left-handed while the mass eigenstate with mt̃2

to be mostly right-handed. For non-zero

choices of Xt, there are regions along the diagonal line which cannot be attained by diagonalizing a Hermitian

mass matrix [32]. Also notice that the vacuum instability bound constrains Xt/
q

m2
t̃1

+m2
t̃2

.
p
3 [76].
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126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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3000CLIC

Direct:
-τ+τ →HL-LHC, A 

FCC-hh

Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

Discovery Potential Beyond LHC

Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY
stops

Heavy neutral Higgses

Fan, Reece, Wang ‘14 ESU Physics BB ‘19

Precisely measured EW and Higgs observables are sensitive to heavy New Physics 
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Discovery Potential Beyond LHC
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Exclusion reach

ESU Physics BB ‘19

Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs
Precisely measured EW and Higgs observables are sensitive to heavy New Physics 
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Direct Searches for Light New Physics
• LLP searches with displaced vertices 

 e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks 
                                          
  

• Rare decays 
 e.g.  ALP mixing w/ SM mesons:  

   

• ALPs@ colliders 
e.g.  

Craig et al, arXiv:1501.05310
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Figure 10. Branching ratio of KL æ fi
0
a (in black dashed), branching ratio of K

+
æ fi

+
a (in light

blue, dashed) and proper lifetime of the ALP in meters (in red) of the GG̃ coupled ALP. The mass
range ≥ (135 ≠ 150) MeV is not plotted for a better illustration.

where we have defined �≠1
© (mu + md)(m≠1

u + m
≠1

d + m
≠1
s ), and Ffi is the pion decay

constant given by Ffi ¥ 93 MeV. ◊÷÷Õ is the ÷-÷Õ mixing, whose value has a large uncertainty
and lies in the range ƒ ≠(10¶-20¶) (see e.g. [85–87]). Note the di�erent ma dependence in the
ALP-÷ mixing of the cos ◊÷÷Õ and sin ◊÷÷Õ terms. This is due to the fact that the sin ◊÷÷Õ term
arises from mass mixing, the cos ◊÷÷Õ from kinetic mixing. At the same order in the chiral
Lagrangian, the physical masses of the ALP, pion, and eta mesons are una�ected.

From the ALP mixing with neutral light mesons and the known operators for hadronic
decays of the Kaons in the chiral Lagrangian (see Appendix C), we can calculate the Kaon
decay widths at the leading order (similar calculations can be found in [88]). For simplicity,
in the following we will fix sin ◊÷÷Õ = ≠1/3 [49]. We will comment in the text, how the results
will change if we had fixed a di�erent value of ◊÷÷Õ in the ≠(10¶-20¶) range.

�(K+
æ fi

+
a) = 1

8fi
|gK+fi≠a|

2
|p̨a|

m
2

K

, (5.14)

�(KL æ fi
0
a) = 1

8fi
|
Ô

2‘KgK0fi0a|
2

|p̨a|

m
2

K

, (5.15)

where the CP violating parameter in the Kaon mixing is given by ‘K = 2.23 ◊ 10≠3, and |p̨a|

– 23 –

e+e� ! ha
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Axion Like Particles
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Cross-section ~ 1/s

• ALP decay into photons

Associated production
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• ALP associated production with a H
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• ALP decay into photons
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!86

Axion Like Particles

Associated production

Andrea Thamm

• ALP associated production with a H
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Cross-section ~ 1/s

• ALP decay into photons
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• ALP associated production with a H
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• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a photon or Z
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm

Knapen, Thamm  arXiv:2108.08949

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++
twin glueball has the right quantum numbers to mix with

6

e+e� ! �a
Astro/Cosmo → long-lived ALPs 

colliders → short-lived ALPs MeV+

Simon Knapen, Andrea Thamm: Direct discovery of new light states at the FCCee 3

Z

e
+

e
�

�/Z

a

�

e
+

e
�

�/Z

a

Fig. 2. Tree-level Feynman diagram for the production of an axion in association with a photon or Z-boson.
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��-�

��-�

Fig. 3. Projected sensitivity of the FCCee (in purple) in the process e+e� ! �a on the ALP-photon coupling (left) and the
ALP-lepton coupling (right). Existing bounds on the parameter space are shown in grey. Reproduced from [19] with permission
of the authors.

with gs, e the strong and electromagnetic couplings respectively. ✓w is the Weinberg angle and ⇤ is proportional to
the axion decay constant fa. cff , cGG, cWW , c�� , c�Z and cZZ are model dependent parameters.

Explicit models relate these parameters to each other in model-specific ways and reduce the number of free pa-
rameters. One hereby generally expects the couplings to gauge bosons to be loop suppressed and of the same order,
such that the gluon couplings dominate since gs � e. However this does not imply that a hadron collider is always the
most sensitive machine: For ma . 100 GeV, the QCD backgrounds at e.g. the LHC are often simply too large, and the
discovery mode could very well be through the electroweak couplings at the FCCee. Moreover, there exist models for
which cGG ⌧ cWW , c�� , c�Z , cZZ [17], and for which a high energy lepton collider is the only viable probe. Specifically
at the FCCee, ALPs can be produced either in exotic Z decays (left panel of Fig. 2) or in association with a photon
or a Z-boson via an intermediate photon (right panel of Fig. 2). The FCCee is expected to produce an unprecedented
number of 1012

Z-bosons during its run at the Z-pole,
p

s = mZ , which will let us search for extraordinarily small
branching fractions for Z ! a� decays. Once produced, the presence of an ALP can lead to di↵erent signatures inside
the detector. ALPs can either be long-lived and travel through the detector unscathed or they can decay further into
leptons, quarks or gauge bosons. Depending on their lifetime, ALPs may decay promptly at the interaction point or
after they have travelled a certain distance inside the detector leading to a plethora of di↵erent signatures.

The processes e
+
e
�

! Za ! Z�� and e
+
e
�

! �a ! 3� [18, 19], where the latter includes the production and
decay of an on-shell Z-boson at the Z-pole, depend on the couplings c�� , c�Z , cZZ , all of which can be related to each
other in more concrete models. However, at the FCCee it is even possible to access c�� and c�Z separately. The run
at the Z-pole enhances the contribution of c�Z to the process e

+
e
�

! �a with respect to c�� and thus c�Z can be
accessed at the Z-pole run while c�� can be measured at runs with a higher center-of-mass energy. Fig. 3 shows the
parameter space that can be explored by the FCCee. Masses between hundreds of MeV and hundreds of GeV can be
probed and the FCCee can push to very small values of c�� .

The FCC also has great potential to probe the axion coupling to leptons, c``, which can be present in DFSZ
type models. Interestingly, the dominant production mode at the FCCee is still in association with a photon or Z-
boson where the ALP now couples to photons via a lepton loop. The ALP then decays to the heaviest lepton that is
kinematically accessible. We show the expected sensitivity of the FCCee on the ALP mass and its coupling to leptons
in the right panel of Fig. 3.

In addition to direct measurements, the FCCee can probe electroweak precision observables and the electromagnetic
coupling constant with unprecedented precision leading to further stringent constraints on c�� and c�Z .

Gori et al arXiv:2005.05170

P4

https://arxiv.org/abs/1501.05310
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https://arxiv.org/abs/2005.05170
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Search for νRH

illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;

12

Direct observation
in Z decays

 from LH-RH mixing 

02.07.2021 Alain Blondel  FCC PE&D; Summary 36

Physics Highlights

Rebeca Gonzalez Suarez:  LLP at FCC-ee
(possibility of direct discovery HNL, ALPs)

ESU Physics BB ‘19

Important to understand 
1. how neutrinos acquired mass 
2. if lepton number is conserved 

3. if leptogenesis is realised

P4

https://inspirehep.net/literature/1761133
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FCC-ee: the ultimate e+e- Higgs laboratory 

Central goal of FCC-ee:  model-independent measurement of Higgs width and 
couplings with (<)% precision.   Achieved through operation at two energy points.

Sensitivity to both processes very helpful in improving precision on couplings.

5 ab-1 at 240 GeV
106 HZ events
��N�::ĺ+�HYHQWV

1.5 ab-1 at 365 GeV
200k HZ events
��N�::ĺ+�HYHQWV

target costs, and that the additional time given to the hadron collider by the FCC-ee programme
may well result, by virtue of a longer R&D period, in some combination of lower cost and higher
performance, that could be set off against the FCC-ee cost. The physics case of the FCC-ee,
however, justifies the initial investment in its own right.

17.2 What are the Costs of Operating FCC-ee?

The total electrical energy consumption over the fourteen years of the FCC-ee research programme
is estimated to be around 27 TWh [58], corresponding to an average electricity consumption of 1.9
TWh/year over the entire operation programme, to be compared with the 1.2 TWh/year consumed
by CERN today and the expected 1.4 TWh/year for HL-LHC9. At the CERN electricity prices
from 2014/15, the electricity cost for FCC-ee collider operation would be about 85 MEuro per
year. In the HZ running mode, about one million Higgs bosons are expected to be produced in
three years, which sets the price of each FCC-ee Higgs boson at 255 Euros. A similar exercise can
be done for the first stage of CLIC, expected to consume 0.8 TWh/year over 8 years at 380GeV
to produce about 150,000 Higgs bosons, which sets the price of a CLIC Higgs boson at about 2000
Euros. Finally, with the official ILC operation cost in Japan of 330 MEuro per year [10], its 11.5 to
18.5 years of operation (Section 5), and the 500,000 Higgs bosons produced in total, the price of an
ILC Higgs boson is between 7,000 and 12,000 Euros, i.e., between 30 and 50 times more expensive
than at FCC-ee. These operation costs are summarized in Table 8.

Table 8: Operation costs of low-energy Higgs factories, expressed in Euros per Higgs boson.

Collider ILC250 CLIC380 FCC-ee240
Cost (Euros/Higgs) 7,000 to 12,000 2,000 255

18 Can FCC-ee be the First Stepping Stone for the Future

of our Field?

This question is key in the choice for the next facility. It is often argued that high-energy physics
needs an e

+
e
� Higgs factory; that it should preferably be built with a technology that is important

for the future of the field; that circular e+e� colliders are limited in centre-of-mass energy because of
synchrotron radiation; that therefore linear colliders are the only way to go to higher energies, and
hence the next machine should be a linear collider. However, there are strong counterarguments.

18.1 Is a linear collider the best “Electroweak and Higgs Factory" that
can be built?

Figure 3 gives the answer for a low-energy Higgs Factory: circular colliders are an order-of-
magnitude superior in luminosity than the linear colliders that are on the table, namely CLIC
and ILC. The cross-over in luminosity occurs at a centre-of-mass energy around 400 GeV. All the
other particles of the Standard Model, and specifically the four heaviest ones, the Z, the W, the
Higgs and the top, can be produced below this energy. Besides, the availability of two (and per-
haps four) collision points, of exquisite beam energy calibration to one part per million, and the
huge luminosities at the Z pole and the WW threshold, are all in favour of a circular machine.
Control of the e

± beam helicity is very interesting and convenient but, in most cases, equivalent
information can be obtained by other means, such as final-state polarization measurements or an-
gular distributions, as discussed above (Section 8). High-energy e

+
e
� linear colliders (reaching �

500 GeV) can measure directly the top Yukawa coupling and the Higgs self-coupling. As already
mentioned in Section 7, however, the ttH coupling will be more precisely measured already at
the HL-LHC, and the Higgs self-coupling can be better measured at the 100TeV FCC-hh than at
any of the proposed linear colliders, thanks to the much greater statistics. Other measurements,

9For comparison, the LEP2 energy consumption ranged between 0.9 and 1.1 TWh/year.
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FCC-ee, 1906.02693

https://indico.cern.ch/event/1066234/contributions/4708145/attachments/2390022/4085522/PED_wkshp_closing_2022.pdf
https://arxiv.org/pdf/1906.02693.pdf


Christophe Grojean Snowmass Energy Frontier WS, March 31, 202213M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-2: allowing BSM and Invisible

�16

Higgs @ FCC-ee: Complementarity of 240/365 GeV 
ECFA Higgs study group ‘19
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HL-LHC has no 
access to charm Yukawa

FCC-ee alone has no 
access to top Yukawa

FCC-ee is limited 
by statistics on rare decays

https://arxiv.org/abs/1905.03764
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Important synergy HL-LHC — low energy lepton 
colliders 

1. Top/Charm Yukawa 
2. Statistically limited channels: γγ, µµ

ECFA Higgs study group ‘19

im
pa

ct
of

al
lo

w
in

g
B

SM
H

ig
gs

de
ca

ys
,i

n
co

m
bi

na
tio

n
w

ith
a

m
ea

su
re

d
or

as
su

m
ed

co
ns

tra
in

to
n

th
e

w
id

th
of

th
e

H
ig

gs
,o

n
th

e
st

an
da

lo
ne

k
re

su
lts

.F
in

al
ly

,t
he

go
al

of
th

e
ka

pp
a-

3
be

nc
hm

ar
k

is
to

sh
ow

th
e

im
pa

ct
of

co
m

bi
ni

ng
th

e
H

L-
LH

C
da

ta
w

ith
ea

ch
of

th
e

fu
tu

re
ac

ce
le

ra
to

rs
.I

n
al

ls
ce

na
rio

s
w

ith
B

SM
br

an
ch

in
g

fr
ac

tio
ns

,t
he

se
br

an
ch

in
g

fr
ac

tio
ns

ar
e

co
ns

tra
in

ed
to

be
po

si
tiv

e
de

fin
ite

.
Ex

pe
rim

en
ta

lu
nc

er
ta

in
tie

s
–

de
fin

ed
as

st
at

is
tic

al
un

ce
rta

in
tie

s
an

d,
w

he
n

pr
ov

id
ed

,e
xp

er
im

en
ta

ls
ys

te
m

at
ic

un
ce

rta
in

tie
s,

ba
ck

gr
ou

nd
th

eo
ry

un
ce

rta
in

tie
s

an
d

si
gn

al
-a

cc
ep

ta
nc

e
re

la
te

d
th

eo
ry

un
ce

rta
in

tie
s

–
ar

e
in

cl
ud

ed
in

al
ls

ce
na

rio
s.

Th
eo

ry
un

ce
rta

in
tie

s
on

th
e

H
ig

gs
br

an
ch

in
g

fr
ac

tio
ns

pr
ed

ic
tio

ns
fo

ra
ll

fu
tu

re
co

lli
de

rs
an

d
un

ce
rta

in
tie

s
on

pr
od

uc
tio

n
cr

os
s

se
ct

io
n

pr
ed

ic
tio

ns
fo

rh
ad

ro
n

co
lli

de
rs

,a
s

de
sc

rib
ed

in
Se

ct
io

n
2,

ar
e

pa
rti

al
ly

in
cl

ud
ed

;i
nt

rin
si

c
th

eo
ry

un
ce

rta
in

tie
s,

ar
is

in
g

fr
om

m
is

si
ng

hi
gh

er
-o

rd
er

co
rr

ec
tio

ns
,a

re
no

ti
nc

lu
de

d
in

an
y

of
th

e
be

nc
hm

ar
ks

,w
hi

le
pa

ra
m

et
ric

th
eo

ry
un

ce
rta

in
tie

sa
ris

in
g

fr
om

th
e

pr
op

ag
at

io
n

of
ex

pe
rim

en
ta

le
rr

or
so

n
SM

pa
ra

m
et

er
sa

re
in

cl
ud

ed
in

al
ls

ce
na

rio
s.

A
de

ta
ile

d
di

sc
us

si
on

an
d

as
se

ss
m

en
to

f
th

e
im

pa
ct

of
th

eo
ry

un
ce

rta
in

tie
s

is
gi

ve
n

in
Se

ct
io

n
3.

5.

T
a

b
le

2
.

D
efi

ni
tio

n
of

th
e

be
nc

hm
ar

k
sc

en
ar

io
s

us
ed

to
ch

ar
ac

te
riz

e
fu

tu
re

co
lli

de
rs

in
th

e
k-

fr
am

ew
or

k.

Sc
en

ar
io

BR
in

v
BR

un
t

in
cl

ud
e

H
L-

LH
C

ka
pp

a-
0

fix
ed

at
0

fix
ed

at
0

no

ka
pp

a-
1

m
ea

su
re

d
fix

ed
at

0
no

ka
pp

a-
2

m
ea

su
re

d
m

ea
su

re
d

no

ka
pp

a-
3

m
ea

su
re

d
m

ea
su

re
d

ye
s

3
.2

R
e

s
u

lt
s

fr
o

m
th

e
k

a
p

p
a

-f
r
a

m
e
w

o
r
k

s
tu

d
ie

s
a

n
d

c
o

m
p

a
r
is

o
n

Th
e

k-
fr

am
ew

or
k

di
sc

us
se

d
in

th
e

pr
ev

io
us

se
ct

io
n

w
as

va
lid

at
ed

co
m

pa
rin

g
th

e
re

su
lts

ob
ta

in
ed

w
ith

th
e

sc
en

ar
io

s
de

sc
rib

ed
as

ka
pp

a-
0

an
d

ka
pp

a-
1

to
th

e
or

ig
in

al
re

su
lts

pr
es

en
te

d
by

th
e

C
ol

la
bo

ra
tio

ns
to

th
e

Eu
ro

pe
an

St
ra

te
gy

.
In

ge
ne

ra
l,

go
od

ag
re

em
en

ti
s

fo
un

d.
Th

e
on

ly
di

ff
er

en
ce

to
no

te
is

th
e

co
m

pu
ta

tio
n

of
th

e
k t

re
ac

h
fo

rt
he

H
L-

LH
C

,p
ro

je
ct

ed
to

be
3.

2%
in

R
ef

.[
10

]a
nd

fo
un

d
to

be
2.

9%
w

ith
th

e
fr

am
ew

or
k

us
ed

fo
rt

hi
s

re
po

rt
an

d
be

nc
hm

ar
k

sc
en

ar
io

ka
pp

a-
2.

Th
is

di
ff

er
en

ce
,a

t
th

e
le

ve
lo

fl
es

s
th

an
10

%
,i

s
un

de
rs

to
od

to
be

du
e

to
th

e
di

ff
er

en
ta

ss
um

pt
io

ns
on

th
e

co
rr

el
at

io
ns

an
d

to
th

e
gr

an
ul

ar
ity

of
th

e
in

pu
ti

nf
or

m
at

io
n

us
ed

in
R

ef
.[

10
]a

nd
in

th
is

pa
pe

r.
Th

is
ef

fe
ct

is
co

ns
id

er
ed

re
as

on
ab

ly
sm

al
la

nd
do

es
no

tc
on

st
itu

te
a

pr
ob

le
m

fo
rt

he
st

ud
ie

s
pr

es
en

te
d

in
th

is
pa

pe
r.

Th
e

re
su

lts
of

th
e

ka
pp

a-
0

sc
en

ar
io

de
sc

rib
ed

in
th

e
pr

ev
io

us
se

ct
io

n
ar

e
re

po
rte

d
in

Ta
bl

e
3.

In
th

is
sc

en
ar

io
,n

o
ad

di
tio

na
l

in
vi

si
bl

e
or

un
ta

gg
ed

br
an

ch
in

g
ra

tio
is

al
lo

w
ed

in
th

e
fit

s,
an

d
co

lli
de

rs
ar

e
co

ns
id

er
ed

in
de

pe
nd

en
tly

.T
hi

s
is

th
e

si
m

pl
es

t
sc

en
ar

io
co

ns
id

er
ed

in
th

is
re

po
rt,

an
d

ill
us

tra
te

s
th

e
sh

ee
rp

ow
er

of
th

e
ka

pp
a

fr
am

ew
or

k
to

co
ns

tra
in

ne
w

ph
ys

ic
s,

an
d

th
e

po
te

nt
ia

lf
or

it
of

th
e

di
ff

er
en

tc
ol

lid
er

s
di

sc
us

se
d.

In
ge

ne
ra

lt
he

pr
ec

is
io

n
is

at
th

e
pe

rc
en

tl
ev

el
,a

nd
th

at
in

th
e

fin
al

st
ag

e
of

th
e

fu
tu

re
co

lli
de

rs
a

pr
ec

is
io

n
of

th
e

or
de

ro
ff

ew
pe

r-
m

ill
e

w
ou

ld
re

ac
ha

bl
e

fo
rs

ev
er

al
co

up
lin

gs
,f

or
in

st
an

ce
k W

an
d

k Z
.C

as
es

in
w

hi
ch

a
pa

rti
cu

la
rp

ar
am

et
er

ha
s

be
en

fix
ed

to
th

e
SM

va
lu

e
du

e
to

la
ck

of
se

ns
iti

vi
ty

ar
e

sh
ow

n
w

ith
a

da
sh

(-
).

Ex
am

pl
es

of
th

is
ar

e
k c

,n
ot

ac
ce

ss
ib

le
at

H
L-

LH
C

an
d

H
E-

LH
C

,a
nd

k t
,o

nl
y

ac
ce

ss
ib

le
ab

ov
e

th
e

tt
H

/tH
th

re
sh

ol
d.

N
ot

al
l

co
lli

de
rs

re
po

rte
d

re
su

lts
fo

ra
ll

po
ss

ib
le

de
ca

y
m

od
es

in
th

e
or

ig
in

al
re

fe
re

nc
e

do
cu

m
en

ta
tio

n
lis

te
d

in
Ta

bl
e1

,t
he

m
os

te
vi

de
nt

ex
am

pl
e

of
th

is
be

in
g

th
e

Zg
ch

an
ne

l.
In

th
is

st
an

da
lo

ne
co

lli
de

rs
ce

na
rio

s,
th

e
co

rr
es

po
nd

in
g

pa
ra

m
et

er
s

w
er

e
le

ft
to

flo
at

in
th

e
fit

s,
an

d
in

th
e

ka
pp

a-
3

sc
en

ar
io

th
e

H
L-

LH
C

re
su

lts
dr

iv
e

th
e

re
su

lt.
Th

ey
ar

e
in

di
ca

te
d

w
ith

⇤
in

th
e

ta
bl

es
.

Th
is

ka
pp

a-
0

sc
en

ar
io

ca
n

be
ex

pa
nd

ed
to

ac
co

un
tf

or
in

vi
si

bl
e

de
ca

ys
(k

ap
pa

-1
)

an
d

in
vi

si
bl

e
an

d
un

ta
gg

ed
de

ca
ys

(k
ap

pa
-2

),
st

ill
co

ns
id

er
in

g
in

di
vi

du
al

co
lli

de
rs

in
a

st
an

da
lo

ne
w

ay
.

Th
e

ov
er

al
le

ff
ec

to
f

th
is

ad
di

tio
na

lw
id

th
is

a
sl

ig
ht

w
or

se
ni

ng
of

th
e

pr
ec

is
io

n
of

th
e

ka
pp

a
pa

ra
m

et
er

s
fr

om
th

e
ka

pp
a-

0
sc

en
ar

io
to

th
e

ka
pp

a-
1,

an
d

fu
rth

er
on

to
th

e
ka

pp
a-

2.
It

is
m

os
tn

ot
ic

ea
bl

e
fo

rk
W

,k
Z

an
d

k b
.F

or
co

m
pa

ris
on

of
th

e
to

ta
li

m
pa

ct
,t

he
ka

pp
a-

2
sc

en
ar

io
re

su
lts

ca
n

be
fo

un
d

in
Ta

bl
e

24
in

A
pp

en
di

x
D

.
Ta

bl
e

4
sh

ow
s

th
e

ex
pe

ct
ed

pr
ec

is
io

n
of

th
e

k
pa

ra
m

et
er

s
in

th
e

fin
al

be
nc

hm
ar

k
sc

en
ar

io
di

sc
us

se
d

in
th

is
pa

pe
ri

n
w

hi
ch

95
%

C
L

lim
its

on
B

R
un

t
an

d
B

R
in

v
ar

e
se

t,
fo

rt
he

th
re

e
po

ss
ib

ili
tie

su
si

ng
th

e
LH

C
tu

nn
el

:H
L-

LH
C

,L
H

eC
,a

nd
H

E-
LH

C
.T

he
re

su
lts

co
rr

es
po

nd
to

th
e

ka
pp

a-
3

sc
en

ar
io

,w
hi

ch
co

m
bi

ne
s

th
e

da
ta

of
LH

eC
an

d
H

E-
H

LC
w

ith
th

e
H

L-
LH

C
.A

s
di

sc
us

se
d

be
fo

re
,f

or
th

es
e

ha
dr

on
co

lli
de

rs
a

co
ns

tra
in

to
n
|k

V
|

1
is

ap
pl

ie
d

in
th

is
ca

se
,a

s
no

di
re

ct
ac

ce
ss

to
th

e
H

ig
gs

w
id

th
is

po
ss

ib
le

.
Ta

bl
e

5
sh

ow
s

th
e

co
rr

es
po

nd
in

g
ka

pp
a-

3
sc

en
ar

io
fo

rt
he

di
ff

er
en

tl
ep

to
n

co
lli

de
rs

an
d

a
fin

al
FC

C
-e

e/
eh

/h
h

co
m

bi
na

tio
n,

al
lc

om
bi

ne
d

w
ith

th
e

H
L-

LH
C

re
su

lts
.T

he
in

te
gr

at
ed

lu
m

in
os

ity
an

d
ru

nn
in

g
co

nd
iti

on
s

co
ns

id
er

ed
fo

re
ac

h
co

lli
de

ri
n

th
is

co
m

pa
ris

on
ar

e
ta

ke
n

fo
rT

ab
le

1.
Th

e
co

ns
tra

in
ts

on
G H

de
riv

ed
fr

om
th

e
fit

pa
ra

m
et

er
s

us
in

g
Eq

.4
ar

e
di

sc
us

se
d

in
de

ta
il

in

8
/5

8

im
pa

ct
of

al
lo

w
in

g
B

SM
H

ig
gs

de
ca

ys
,i

n
co

m
bi

na
tio

n
w

ith
a

m
ea

su
re

d
or

as
su

m
ed

co
ns

tra
in

to
n

th
e

w
id

th
of

th
e

H
ig

gs
,o

n
th

e
st

an
da

lo
ne

k
re

su
lts

.F
in

al
ly

,t
he

go
al

of
th

e
ka

pp
a-

3
be

nc
hm

ar
k

is
to

sh
ow

th
e

im
pa

ct
of

co
m

bi
ni

ng
th

e
H

L-
LH

C
da

ta
w

ith
ea

ch
of

th
e

fu
tu

re
ac

ce
le

ra
to

rs
.I

n
al

ls
ce

na
rio

s
w

ith
B

SM
br

an
ch

in
g

fr
ac

tio
ns

,t
he

se
br

an
ch

in
g

fr
ac

tio
ns

ar
e

co
ns

tra
in

ed
to

be
po

si
tiv

e
de

fin
ite

.
Ex

pe
rim

en
ta

lu
nc

er
ta

in
tie

s
–

de
fin

ed
as

st
at

is
tic

al
un

ce
rta

in
tie

s
an

d,
w

he
n

pr
ov

id
ed

,e
xp

er
im

en
ta

ls
ys

te
m

at
ic

un
ce

rta
in

tie
s,

ba
ck

gr
ou

nd
th

eo
ry

un
ce

rta
in

tie
s

an
d

si
gn

al
-a

cc
ep

ta
nc

e
re

la
te

d
th

eo
ry

un
ce

rta
in

tie
s

–
ar

e
in

cl
ud

ed
in

al
ls

ce
na

rio
s.

Th
eo

ry
un

ce
rta

in
tie

s
on

th
e

H
ig

gs
br

an
ch

in
g

fr
ac

tio
ns

pr
ed

ic
tio

ns
fo

ra
ll

fu
tu

re
co

lli
de

rs
an

d
un

ce
rta

in
tie

s
on

pr
od

uc
tio

n
cr

os
s

se
ct

io
n

pr
ed

ic
tio

ns
fo

rh
ad

ro
n

co
lli

de
rs

,a
s

de
sc

rib
ed

in
Se

ct
io

n
2,

ar
e

pa
rti

al
ly

in
cl

ud
ed

;i
nt

rin
si

c
th

eo
ry

un
ce

rta
in

tie
s,

ar
is

in
g

fr
om

m
is

si
ng

hi
gh

er
-o

rd
er

co
rr

ec
tio

ns
,a

re
no

ti
nc

lu
de

d
in

an
y

of
th

e
be

nc
hm

ar
ks

,w
hi

le
pa

ra
m

et
ric

th
eo

ry
un

ce
rta

in
tie

sa
ris

in
g

fr
om

th
e

pr
op

ag
at

io
n

of
ex

pe
rim

en
ta

le
rr

or
so

n
SM

pa
ra

m
et

er
sa

re
in

cl
ud

ed
in

al
ls

ce
na

rio
s.

A
de

ta
ile

d
di

sc
us

si
on

an
d

as
se

ss
m

en
to

f
th

e
im

pa
ct

of
th

eo
ry

un
ce

rta
in

tie
s

is
gi

ve
n

in
Se

ct
io

n
3.

5.

T
a

b
le

2
.

D
efi

ni
tio

n
of

th
e

be
nc

hm
ar

k
sc

en
ar

io
s

us
ed

to
ch

ar
ac

te
riz

e
fu

tu
re

co
lli

de
rs

in
th

e
k-

fr
am

ew
or

k.

Sc
en

ar
io

BR
in

v
BR

un
t

in
cl

ud
e

H
L-

LH
C

ka
pp

a-
0

fix
ed

at
0

fix
ed

at
0

no

ka
pp

a-
1

m
ea

su
re

d
fix

ed
at

0
no

ka
pp

a-
2

m
ea

su
re

d
m

ea
su

re
d

no

ka
pp

a-
3

m
ea

su
re

d
m

ea
su

re
d

ye
s

3
.2

R
e

s
u

lt
s

fr
o

m
th

e
k

a
p

p
a

-f
r
a

m
e
w

o
r
k

s
tu

d
ie

s
a

n
d

c
o

m
p

a
r
is

o
n

Th
e

k-
fr

am
ew

or
k

di
sc

us
se

d
in

th
e

pr
ev

io
us

se
ct

io
n

w
as

va
lid

at
ed

co
m

pa
rin

g
th

e
re

su
lts

ob
ta

in
ed

w
ith

th
e

sc
en

ar
io

s
de

sc
rib

ed
as

ka
pp

a-
0

an
d

ka
pp

a-
1

to
th

e
or

ig
in

al
re

su
lts

pr
es

en
te

d
by

th
e

C
ol

la
bo

ra
tio

ns
to

th
e

Eu
ro

pe
an

St
ra

te
gy

.
In

ge
ne

ra
l,

go
od

ag
re

em
en

ti
s

fo
un

d.
Th

e
on

ly
di

ff
er

en
ce

to
no

te
is

th
e

co
m

pu
ta

tio
n

of
th

e
k t

re
ac

h
fo

rt
he

H
L-

LH
C

,p
ro

je
ct

ed
to

be
3.

2%
in

R
ef

.[
10

]a
nd

fo
un

d
to

be
2.

9%
w

ith
th

e
fr

am
ew

or
k

us
ed

fo
rt

hi
s

re
po

rt
an

d
be

nc
hm

ar
k

sc
en

ar
io

ka
pp

a-
2.

Th
is

di
ff

er
en

ce
,a

t
th

e
le

ve
lo

fl
es

s
th

an
10

%
,i

s
un

de
rs

to
od

to
be

du
e

to
th

e
di

ff
er

en
ta

ss
um

pt
io

ns
on

th
e

co
rr

el
at

io
ns

an
d

to
th

e
gr

an
ul

ar
ity

of
th

e
in

pu
ti

nf
or

m
at

io
n

us
ed

in
R

ef
.[

10
]a

nd
in

th
is

pa
pe

r.
Th

is
ef

fe
ct

is
co

ns
id

er
ed

re
as

on
ab

ly
sm

al
la

nd
do

es
no

tc
on

st
itu

te
a

pr
ob

le
m

fo
rt

he
st

ud
ie

s
pr

es
en

te
d

in
th

is
pa

pe
r.

Th
e

re
su

lts
of

th
e

ka
pp

a-
0

sc
en

ar
io

de
sc

rib
ed

in
th

e
pr

ev
io

us
se

ct
io

n
ar

e
re

po
rte

d
in

Ta
bl

e
3.

In
th

is
sc

en
ar

io
,n

o
ad

di
tio

na
l

in
vi

si
bl

e
or

un
ta

gg
ed

br
an

ch
in

g
ra

tio
is

al
lo

w
ed

in
th

e
fit

s,
an

d
co

lli
de

rs
ar

e
co

ns
id

er
ed

in
de

pe
nd

en
tly

.T
hi

s
is

th
e

si
m

pl
es

t
sc

en
ar

io
co

ns
id

er
ed

in
th

is
re

po
rt,

an
d

ill
us

tra
te

s
th

e
sh

ee
rp

ow
er

of
th

e
ka

pp
a

fr
am

ew
or

k
to

co
ns

tra
in

ne
w

ph
ys

ic
s,

an
d

th
e

po
te

nt
ia

lf
or

it
of

th
e

di
ff

er
en

tc
ol

lid
er

s
di

sc
us

se
d.

In
ge

ne
ra

lt
he

pr
ec

is
io

n
is

at
th

e
pe

rc
en

tl
ev

el
,a

nd
th

at
in

th
e

fin
al

st
ag

e
of

th
e

fu
tu

re
co

lli
de

rs
a

pr
ec

is
io

n
of

th
e

or
de

ro
ff

ew
pe

r-
m

ill
e

w
ou

ld
re

ac
ha

bl
e

fo
rs

ev
er

al
co

up
lin

gs
,f

or
in

st
an

ce
k W

an
d

k Z
.C

as
es

in
w

hi
ch

a
pa

rti
cu

la
rp

ar
am

et
er

ha
s

be
en

fix
ed

to
th

e
SM

va
lu

e
du

e
to

la
ck

of
se

ns
iti

vi
ty

ar
e

sh
ow

n
w

ith
a

da
sh

(-
).

Ex
am

pl
es

of
th

is
ar

e
k c

,n
ot

ac
ce

ss
ib

le
at

H
L-

LH
C

an
d

H
E-

LH
C

,a
nd

k t
,o

nl
y

ac
ce

ss
ib

le
ab

ov
e

th
e

tt
H

/tH
th

re
sh

ol
d.

N
ot

al
l

co
lli

de
rs

re
po

rte
d

re
su

lts
fo

ra
ll

po
ss

ib
le

de
ca

y
m

od
es

in
th

e
or

ig
in

al
re

fe
re

nc
e

do
cu

m
en

ta
tio

n
lis

te
d

in
Ta

bl
e1

,t
he

m
os

te
vi

de
nt

ex
am

pl
e

of
th

is
be

in
g

th
e

Zg
ch

an
ne

l.
In

th
is

st
an

da
lo

ne
co

lli
de

rs
ce

na
rio

s,
th

e
co

rr
es

po
nd

in
g

pa
ra

m
et

er
s

w
er

e
le

ft
to

flo
at

in
th

e
fit

s,
an

d
in

th
e

ka
pp

a-
3

sc
en

ar
io

th
e

H
L-

LH
C

re
su

lts
dr

iv
e

th
e

re
su

lt.
Th

ey
ar

e
in

di
ca

te
d

w
ith

⇤
in

th
e

ta
bl

es
.

Th
is

ka
pp

a-
0

sc
en

ar
io

ca
n

be
ex

pa
nd

ed
to

ac
co

un
tf

or
in

vi
si

bl
e

de
ca

ys
(k

ap
pa

-1
)

an
d

in
vi

si
bl

e
an

d
un

ta
gg

ed
de

ca
ys

(k
ap

pa
-2

),
st

ill
co

ns
id

er
in

g
in

di
vi

du
al

co
lli

de
rs

in
a

st
an

da
lo

ne
w

ay
.

Th
e

ov
er

al
le

ff
ec

to
f

th
is

ad
di

tio
na

lw
id

th
is

a
sl

ig
ht

w
or

se
ni

ng
of

th
e

pr
ec

is
io

n
of

th
e

ka
pp

a
pa

ra
m

et
er

s
fr

om
th

e
ka

pp
a-

0
sc

en
ar

io
to

th
e

ka
pp

a-
1,

an
d

fu
rth

er
on

to
th

e
ka

pp
a-

2.
It

is
m

os
tn

ot
ic

ea
bl

e
fo

rk
W

,k
Z

an
d

k b
.F

or
co

m
pa

ris
on

of
th

e
to

ta
li

m
pa

ct
,t

he
ka

pp
a-

2
sc

en
ar

io
re

su
lts

ca
n

be
fo

un
d

in
Ta

bl
e

24
in

A
pp

en
di

x
D

.
Ta

bl
e

4
sh

ow
s

th
e

ex
pe

ct
ed

pr
ec

is
io

n
of

th
e

k
pa

ra
m

et
er

s
in

th
e

fin
al

be
nc

hm
ar

k
sc

en
ar

io
di

sc
us

se
d

in
th

is
pa

pe
ri

n
w

hi
ch

95
%

C
L

lim
its

on
B

R
un

t
an

d
B

R
in

v
ar

e
se

t,
fo

rt
he

th
re

e
po

ss
ib

ili
tie

su
si

ng
th

e
LH

C
tu

nn
el

:H
L-

LH
C

,L
H

eC
,a

nd
H

E-
LH

C
.T

he
re

su
lts

co
rr

es
po

nd
to

th
e

ka
pp

a-
3

sc
en

ar
io

,w
hi

ch
co

m
bi

ne
s

th
e

da
ta

of
LH

eC
an

d
H

E-
H

LC
w

ith
th

e
H

L-
LH

C
.A

s
di

sc
us

se
d

be
fo

re
,f

or
th

es
e

ha
dr

on
co

lli
de

rs
a

co
ns

tra
in

to
n
|k

V
|

1
is

ap
pl

ie
d

in
th

is
ca

se
,a

s
no

di
re

ct
ac

ce
ss

to
th

e
H

ig
gs

w
id

th
is

po
ss

ib
le

.
Ta

bl
e

5
sh

ow
s

th
e

co
rr

es
po

nd
in

g
ka

pp
a-

3
sc

en
ar

io
fo

rt
he

di
ff

er
en

tl
ep

to
n

co
lli

de
rs

an
d

a
fin

al
FC

C
-e

e/
eh

/h
h

co
m

bi
na

tio
n,

al
lc

om
bi

ne
d

w
ith

th
e

H
L-

LH
C

re
su

lts
.T

he
in

te
gr

at
ed

lu
m

in
os

ity
an

d
ru

nn
in

g
co

nd
iti

on
s

co
ns

id
er

ed
fo

re
ac

h
co

lli
de

ri
n

th
is

co
m

pa
ris

on
ar

e
ta

ke
n

fo
rT

ab
le

1.
Th

e
co

ns
tra

in
ts

on
G H

de
riv

ed
fr

om
th

e
fit

pa
ra

m
et

er
s

us
in

g
Eq

.4
ar

e
di

sc
us

se
d

in
de

ta
il

in

8
/5

8

Thanks to HL-LHC, 
top Yukawa doesn’t 

require tth threshold

Higgs @ FCC-ee: Complementarity with HL-LHC 

FCC-ee can reconstruct charm 
and gain access to charm Yukawa

LHC brings statistics
FCC-ee adds a bit of sensitivity

https://arxiv.org/abs/1905.03764
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Impact of Z-pole measurements
Comparing 3 EW scenarios: LEP/SLD, actual EW measurements, perfect EW measurements
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for ”gZZ

H
and ”gW W

H
, 1.4 for ”g1,Z , and 1.25 for ”gbb

H
at CEPC. The inclusion

of higher-energy runs (
Ô

s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is ”g/”g(EW æ 0) ≠ 1 expressed in percent. The solid and dashed lines are respectively

– 14 –
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of higher-energy runs (
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s = 350, 365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for ”Ÿ“ by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
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Impact of Z-pole measurements

• FCC-ee and CEPC benefit a lot (factor O(2) improvement on HVV) from Z-pole run

• FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics (<10%).          
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• LEP EW measurements are a limiting factor (~30%) to Higgs precision at ILC, especially for the first runs
            But EW measurements at high energy (via Z-radiative return) help mitigating this issue
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Without Z-pole runs, there are large 
correlations between EW and Higgs
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Contamination EW/TGC/Higgs can be 
understood by looking at correlations

Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by
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The Global Higgs fit at FCC-ee/eh/hh

�35

• Top Yukawa coupling not directly accessible at FCC-ee. Could be 
measured in single tH at FCC-eh 

• Can be measured at FCC-hh from σ(ttH)/σ(ttZ)  (boosted): 
• Similar production. Many uncertainties cancel.

• Requires precise knowledge of the normalization process ttZ.


• Robust determination by this method requires both FCC-hh & FCC-ee
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Figure 5: Reconstructed mbb of the Higgs and Z candidates in tt̄H and tt̄Z production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ⌧2/⌧1 < 0.4 (right). In the
right panel we include the fitted Crystal Ball functions. The event numbers are scaled to L = 20 ab�1.

the expected value of �Rbb from a fit to Monte Carlo simulations,

�R
(calc)

bb
=

250 GeV

pT,filt

. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =

⇣p
NS +NB

⌘2

+ (�NB)
2

�1/2

=

"⇣p
NS +NB

⌘2

+

✓
NB

p
Nside

◆2
#1/2

= 0.013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled to L = 20 ab�1.

At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within

e.g. Fit and extract NH/NZ  
to 1% accuracy ⇒ δstat+th yt/yt ~ 1%

Assumes no NP in Ztt and  
BR(H→bb) known <<1% 

Both measurable at FCC-ee  
with required precision

M.L. Mangano et al., arXiv: 1507.08169 [hep-ph]M.L. Mangano et al., arXiv: 
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the expected value of �Rbb from a fit to Monte Carlo simulations,
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. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/
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Nside introduces a statistical

uncertainty �NB , altogether leading to
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within
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FCC-hh without ee could 
still bound BRinv

but it could say nothing 
about BRunt
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FCC-hh is determining top Yukawa through ratio tth/ttZ
So the extraction of top Yukawa heavily relies on the knowledge of ttZ from FCC-ee

Measuring the Top Yukawa Coupling at 100 TeV 4

tt̄Z cross sections, performed in fiducial regions of acceptance that make them suitable for a realistic
experimental analysis. As we shall discuss here, the theoretical understanding of these processes,
including NLO QCD [31, 32, 33] and EW [34, 35] corrections, and including the current knowledge of
PDFs, allows already today to support an intrinsic overall theoretical accuracy at the percent level.
This precision will certainly be consolidated, and further improved, by future developments. Today,
this allows to start probing the experimental prospects of the 100 TeV collider, to put in perspective the
role of precision Higgs measurements at a such a facility, and to provide useful performance benchmarks
for the design of the future detectors. In this Section we shall motivate such accuracy claim. What will
be learned, can also contribute to improve the expectations for future runs of the LHC, by improving
the predictions for the relative size of the tt̄H signal and its irreducible tt̄Z background.

2.1. Total rates and ratios

The main observation motivating the interest in the study of the tt̄H/tt̄Z ratio is the close analogy
between the two processes. At leading order (LO) they are both dominated by the gg initial state, with
the H or Z bosons emitted o↵ the top quark. The qq̄-initiated processes, which at the 100 (13) TeV
amount for <⇠ 10% (<⇠ 30%) of the total rates, only di↵er in the possibility to radiate the Z boson from
the light-quark initial state. The di↵erence induced by this e↵ect, as we shall see, is not large, and is
greatly reduced at 100 TeV. At NLO, renormalization, factorization and cancellation of collinear and
soft singularities will be highly correlated between the two processes, since the relevant diagrams have
the same structure, due to the identity of the tree-level diagrams. This justifies correlating, in the
estimate of the renormalization and factorization scale uncertainties, the scale choices made for tt̄H

and tt̄Z. The uncertainties due to the mass of the top quark are also obviously fully correlated between
numerator and denominator. Furthermore, due to the closeness in mass of the Higgs and Z bosons
and the ensuing similar size of the values of x probed by the two processes, and given that the choice
of PDFs to be used in numerator and denominator in the scan over PDF sets must be synchronized,
we expect a significant reduction in the PDF systematics for the ratio. Finally, the similar production
kinematics (although not identical, as we shall show in the next Section), should guarantee a further
reduction in the modeling of the final-state structure, like shower-induced higher-order corrections,
underlying-event e↵ects, hadronization, etc.

The above qualitative arguments are fully supported by the actual calculations. All results are
obtained using the MadGraph5 aMC@NLO code [36], which includes both NLO QCD and EW
corrections. The default parameter set used in this study is:

Parameter value Parameter value
Gµ 1.1987498350461625 · 10�5

nlf 5
mt 173.3 yt 173.3
mW 80.419 mZ 91.188
mH 125.0 ↵

�1 128.930

MSTW2008 NLO [37] is the default PDF set and µR = µF = µ0 =
P

f2final states
mT,f/2 is the default

for the central choice of renormalization and factorization scales, where mT,f is the transverse mass
of the final particle f . This scale choice interpolates between the dynamical scales that were shown in
Ref. [31] to minimize the pT dependence of the NLO/LO ratios for the top and Higgs spectra.

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV 0.475+5.79%+3.33%

�9.04%�3.08%
0.785+9.81%+3.27%

�11.2%�3.12%
0.606+2.45%+0.525%

�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%

�8.29%�2.18%
57.9+8.93%+2.24%

�9.46%�2.43%
0.585+1.29%+0.314%

�2.02%�0.147%

Table 1: Total cross sections �(tt̄H) and �(tt̄Z) and the ratios �(tt̄H)/�(tt̄Z) with
NLO QCD corrections at 13 TeV and 100 TeV. Results are presented together with the
renormalization/factorization scale and PDF+↵S uncertainties.
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2

Subsequently, the 1% sensitivity on tth is essential 
to determine h3 at O(5%) at FCC-hh3

uncertainty drops in ratio
Mangano+ ‘15
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Figure 10.4: Expected precision on the Higgs self-coupling modifier � with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty on the Higgs
backgrounds (left) and assuming respectively ⇥1, ⇥2, ⇥0.5 background yields (right).)

defining such a control sample is more challenging and we therefore assume an uncertainty of 1% on the
normalisation, motivated by expected precision on this process at the FCC-hh [77]. In this scenario we
find an expected precision �� = 6.5%. Figure 10.4 (right) shows how the precision is affected by vary-
ing the overall background yields by factors of 2 and 0.5 and find an impact on the overall � precision
of ⇡ ±1%.

Figure 10.5 shows the dependence of sensitivity on the detector performance assumptions. The left
plot assumes a ggmass resolution �m�� = 2.9 GeV. The central plot modifies the photon reconstruction
efficiency, and the right one modifies the jet-to-photon fake rate. Each of these scenarios degrades the
precision on the self-coupling by 1-2%. These scenarios roughly match the expected performance of the
ATLAS and CMS detectors at HL-LHC [280, 281], and should therefore be considered as conservative.
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Figure 10.5: Expected precision on the Higgs self-coupling modifier � obtained by varying the photon
reconstruction performance. Left: Comparison of two scenarios with nominal (�m�� = 1.3 GeV) and
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(✏� = 95%) and degraded (✏� = 85%) photon reconstruction efficiency. Right: Comparison of three
scenarios with nominal, degraded (⇥5) and improved (⇥0.2) photon mistag rate.
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Assumes all uncertainty goes into κλ 

But other NP parameters modify HH 
production and decays 

They can be measured at FCC-ee/eh/hh 
with ~1% precision
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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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The Global Higgs fit at FCC-ee/eh/hh
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• Higgs self-interaction: 

• Direct HH production at FCC-hh 

• Combination with other final states could further improve the 
precision on self-coupling. 

δκλ~5% 

Toy fit neglecting FCCee measurements  
and using simple HH inclusive observable
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FCC-ee needed for absolute normalisation of Higgs couplings

Higgs @ FCC-ee: Complementarity with FCC-hh 

https://arxiv.org/abs/1507.08169
https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf
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Access to s Yukawa
Selvaggi @ FCC week 2021Improved jet flavour tagging opens up new opportunities

P. Azzi - 1st FCC Italy Workshop, Rome 21-22 March 2022

…and Strange tagging?

• Strange tagging is the new “hot topic”, can it be done?  

• Combined PID with dN/dx and TOF(30ps):   separa:on for p<30GeV  

• Star:ng blocks for more explora:on of new detector op:ons
3σ K/π

15

PADOVA,CAGLIARI+CERN, DESY
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https://indico.cern.ch/event/995850/contributions/4415991/attachments/2273135/3861058/flavour_tagging_fccee.pdf
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Access to e- Yukawa

Patrick Janot

Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?

5/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%
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e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

x 260 SM
x 100 SM

Producing these Higgs is not enough.
One needs to “see” them too.

To distinguish them from off=shell Z, 
better to look at decays to particles that don’t couple to Z’s.

 

https://arxiv.org/abs/1509.02406
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              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]
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■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%

              √              √ss
eeee

 spread (MeV) spread (MeV)

e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406
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Fig. 1. Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons (top) and fermions or
gluons (bottom), and associated backgrounds (center), considered in this work. Right: Resonant Higgs production cross section,
including ISR e↵ects, for several values of the e+e� c.m. energy spread �ps = 0, 4.1, 7, 15, 30, and 100MeV [17].

code at NLO accuracy [31]. The pythia 8 signal cross sections are absolutely normalized to match our benchmark
�ee!H = 0.28 fb value for ISR plus �ps = 4.1-MeV energy spread discussed above (second curve of Fig. 1 right). Higgs
decay modes not listed in Table 1 are either completely swamped by background (e.g. H ! ZZ⇤

! 4j) or have too low
B’s (e.g. H ! ZZ⇤

! 4`) and thereby have zero expected counts for any realistic integrated luminosity. The generator-
level background cross sections in Table 1 are indicatively quoted without ISR to avoid artificial enhancements of
their values due to radiative-returns to the Z pole, which can be easily removed experimentally (e.g. tagging the ISR
photon and/or imposing requirements on the total energy of the event). The last column lists the indicative signal-
over-background (S/B) expected for the dominant (irreducible) background of each channel, at the generator level
without any analysis cuts. Three broad categories can be identified:

i) Final states with pairs of jets or tau leptons, with very large backgrounds leading to S/B ⇡ 10�7–10�5, except
for the H ! gg case for which no actual physical background exists (Z⇤, �⇤ do not couple to gluons), but for an
experimental misidentification probability of light-quarks for gluons that we take as 1% (Table 2);
ii) Final states from intermediate WW⇤ decays, with S/B ⇡ 10�3;
iii) Final states from intermediate ZZ⇤ decays with S/B ⇡ 10�2, but very small signal cross sections.

In addition, the last row of the table lists the Higgs diphoton decay mode (discovery channel at the LHC) that
su↵ers from both, a tiny signal cross section and 8 orders-of-magnitude larger backgrounds. A swift analysis of this
table allows one to identify two channels with some potentiality in terms of statistical significances, H ! gg and
H ! WW⇤

! `⌫ 2j, which both feature ⇠25-ab cross sections and S/B ⇡ 10�3.

Table 1. Cross sections (including ISR and �ps = 4.1MeV) times branching fractions (B) for 11 final states in e+e� ! H(XX)

signal processes and associated dominant e+e� ! XX backgrounds (without ISR), and ratio of signal-over-background for each
channel before any analysis cuts (the digluon S/B quoted assumes a light-q ! g mistagging rate of 1%).

Higgs decay channel B � ⇥ B Irreducible background � S/B

e+e� ! H ! bb 58.2% 164 ab e+e� ! bb 19 pb O(10�5)
e+e� ! H ! gg 8.2% 23 ab e+e� ! qq 61 pb O(10�3)
e+e� ! H ! ⌧⌧ 6.3% 18 ab e+e� ! ⌧⌧ 10 pb O(10�6)
e+e� ! H ! cc 2.9% 8.2 ab e+e� ! cc 22 pb O(10�7)

e+e� ! H ! WW⇤
! `⌫ 2j 21.4%⇥67.6%⇥32.4%⇥2 26.5 ab e+e� ! WW⇤

! `⌫ 2j 23 fb O(10�3)
e+e� ! H ! WW⇤

! 2` 2⌫ 21.4%⇥32.4%⇥32.4% 6.4 ab e+e� ! WW⇤
! 2` 2⌫ 5.6 fb O(10�3)

e+e� ! H ! WW⇤
! 4j 21.4%⇥67.6%⇥67.6% 27.6 ab e+e� ! WW⇤

! 4j 24 fb O(10�3)

e+e� ! H ! ZZ⇤
! 2j 2⌫ 2.6%⇥70%⇥20%⇥2 2 ab e+e� ! ZZ⇤

! 2j 2⌫ 273 ab O(10�2)
e+e� ! H ! ZZ⇤

! 2` 2j 2.6%⇥70%⇥10%⇥2 1 ab e+e� ! ZZ⇤
! 2` 2j 136 ab O(10�2)

e+e� ! H ! ZZ⇤
! 2` 2⌫ 2.6%⇥20%⇥10%⇥2 0.3 ab e+e� ! ZZ⇤

! 2` 2⌫ 39 ab O(10�2)

e+e� ! H ! � � 0.23% 0.65 ab e+e� ! � � 79 pb O(10�8)

It is worth noting that the background cross sections computed with pythia 8 for two-particle final states (e+e� !

qq, cc, bb, ⌧⌧, � �) are found consistent with those obtained running alternative calculators, such as MadGraph 5 [32,
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Table 6. Individual significances (in std. deviations �) expected per decay channel for s-channel Higgs boson production in
e+e� collisions at FCC-ee for Lint = 10 ab�1 and �ps = 4.1MeV. The last column quotes the combined significance.

H ! gg H ! WW⇤
! `⌫ 2j; 2` 2⌫; 4j H ! ZZ⇤

! 2j 2⌫; 2` 2j; 2` 2⌫ H ! bb H ! ⌧had⌧had; cc; � � Combined
1.1� (0.53⌦ 0.34⌦ 0.13)� (0.32⌦ 0.18⌦ 0.05)� 0.13� < 0.02� 1.3�

for any other combination of (�ps,Lint) values achievable through beam monochromatization. Figure 3 shows the
bidimensional maps for the significance of s-channel Higgs production (left) and the corresponding 95% CL upper
limits on the electron Yukawa (right), as a function of both parameters. The signal significance, and associated upper
limits, improve with the square-root of the integrated luminosity (along the x axes of both plots), and diminish for
larger values �ps (along the y axes of the maps) following the relativistic Voigtian dependence of the signal yield on
the energy spread shown in Fig. 1 (right).

Fig. 3. Left: Significance contours (in std. dev. units �) in the c.m. energy spread vs. integrated luminosity plane for the
resonant �

e
+
e
�!H

cross section at
p
s = mH. Right: Associated upper limits contours (95% CL) on the electron Yukawa ye.

The red curves show the range of parameters presently reached in FCC-ee monochromatization studies [20,21]. The red star
indicates the best signal strength monochromatization point in the plane (the pink star over the �ps = �H = 4.1MeV dashed
line, indicates the ideal baseline point assumed in our default analysis). All results are given per IP and per year.

The red curves in Fig. 3 show the current expectations for the range of (�ps,Lint) values achievable at FCC-ee with
the investigated monochromatization schemes [20,21]. Without monochromatization, the FCC-ee natural collision-
energy spread at

p
s = 125GeV is about �ps = 46MeV due to synchrotron radiation. Its reduction to the few-MeV

level desired for the s-channel Higgs run can be accomplished by means of monochromatization, e.g. by introducing
nonzero horizontal dispersions at the IP (D⇤

x) of opposite sign for the two beams in collisions without a crossing

angle. The beam energy spread reduction factor is given by � =
q

(D⇤
x
2�2

�)/("x�
⇤
x) + 1, where �⇤

x(y) denotes the

horizontal (vertical) beta function at the IP and "x(y) the corresponding emittance. The need to generate a significant
IP dispersion implies a change of beamline geometry in the interaction region and the use of crab cavities to compensate
for the existing, or remaining, crossing angle. A nonzero IP dispersion leads to an increase of the transverse horizontal
emittance from beamstrahlung, thereby impacting the beam luminosity. Optimization of the IP optics parameters (D⇤

x,
�⇤
x,y,...) yields the corresponding red curves of Fig. 3. For the lowest collision-energy spread achieved of �ps = 6MeV,

the anticipated monochromatized luminosity per IP exceeds 1035 cm�2s�1 [21]. This translates into an integrated
luminosity4 of at least 1.2 ab�1 per IP per year. One can reach larger integrated luminosities at the expense of a worse
beam energy spread. The point (red star) over the red curves that has the highest signal strength today corresponds to
(�ps,Lint) ⇡ (7MeV, 2 ab�1), to be compared to our original baseline point (pink star) over the �ps = �H = 4.1MeV
dashed line. For such a 7-MeV c.m. energy spread, the peak of the relativistic Voigtian distribution describing the
s-channel cross section is located at about 1MeV above the mass of the Higgs boson (Fig. 1, right). Therefore, the
optimal c.m. energy of the dedicated e+e� run needs also to be carefully chosen to maximize the resonant cross section
for any given monochromatization point.

4 Conversion from luminosity (L = 1035 cm�2s�1) to integrated luminosity (Lint = 1.2 ab�1/year/IP) assumes 185 physics
days per run with a 75% physics e�ciency [27].

d'Enterria+, arXiv: 2107.02686

w. 10/ab

w/ 10/ab: S~55, B~2400 → 1.1σ

x 260 SM
x 100 SM

https://arxiv.org/abs/1509.02406
https://arxiv.org/abs/2107.02686
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Higgs Self-Coupling
Higgs self-couplings is very interesting for a multitude of reasons  

(vacuum stability, hierarchy, baryogenesis, GW, EFT probe…).  

How much can it deviate from SM given the tight constraints on other Higgs couplings? 
Do you need to reach HH production threshold to constrain h3 coupling?• Comparison of capabilities to measure the H3 coupling 

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

The Higgs self-coupling
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How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

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

10

Hadron collider Lepton collider
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W
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W

W

W
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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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Directly: Higgs-pair prod
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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

120
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Single-Higgs couplings (1)

 Higgs self-interaction via one-loop corrections of the single-Higgs production
– κ

λ
-dependent corrections to the tree-level cross-sections

 pp colliders:

ZH

ννH

VBF

ttH

VH

 ee colliders:

 ex. for κ
λ 
= 2:

– σ(pp→ttH) modified by 3%
– σ(ee → ZH) modified by 1%

ggF
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ECFA Higgs study group ‘19

50% sensitivity: establish that h3≠0 at 95%CL 
20% sensitivity: 5σ discovery of the SM h3 coupling 

5% sensitivity: getting sensitive to quantum corrections to Higgs potential

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

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50% (47%)
HL-LHC

[10-20]%
HE-LHC

50% (40%)
HE-LHC

5%
FCC-ee/eh/hh

25% (18%)
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24% (14%)
     4IP

365FCC-ee

 33% (19%)
     365FCC-ee

 49% (19%)
     240FCC-ee

10%
1000ILC

36% (25%)
1000ILC

27%
 500ILC

38% (27%)
 500ILC

 49% (29%)
 250ILC

 49% (17%)
CEPC

-7%+11%
3000CLIC

49% (35%)
3000CLIC

36%
1500CLIC

49% (41%)
1500CLIC

 50% (46%)
 380CLIC

Higgs@FC WG November 2019

Don’t need to reach HH threshold  
to have access to h3.  

 Both 240&365GeV runs are needed.
1

The determination of h3 at FCC-hh  
relies on HH channel,  

for which FCC-ee is of little direct help. 
But the extraction of h3  

requires precise knowledge of yt. 
1% yt ↔ 5% h3 

Precision measurement of yt needs FCC-ee.

2

Higgs Self-Coupling
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Other Directions Not Explored Yet 

J4 = ImTr
⇣
[YuY

†
u , YdY

†
d ]

3
⌘

inv. under U(1)Li
−U(1)Lj

when md → 0

Type of op. # of ops # real # im. # real # im. # real # im.

bi
lin

ea
rs Yukawa 3 27 27 21 21 6 6

Dipoles 8 72 72 60 60 15 15

current-current 8 51 30 42 21 18 0

all bilinears 19 150 129 123 102 39 21

4-
Fe

rm
i

LLLL 5 171 126 99 54 45 0

RRRR 7 255 195 186 126 24 0

LLRR 8 360 288 246 174 36 9

LRRL 1 81 81 27 27 0 0

LRLR 4 324 324 216 216 18 18

all 4-Fermi 25 1191 1014 774 597 123 27

all 1341 1143 897 699 162 48

Table 2: Number of flavorful real and imaginary parameters in SMEFT at dimension-six. The first
double column counts the number of physical parameters, the second one counts those which are physical
at leading order (see the text). The last column shows how the number of physical parameters reduces
when all dimension-4 down-type Yukawa couplings vanish, assuming generic and non-zero entries in Yu.

charged under U(1)ui and/or di
can only contribute to observables multiplied by appropriate

combinations of entries of the CKM matrix. Such aspects motivate the introduction of
CP-odd flavor invariants.

Before going further, let us discuss one subtlety associated to our definition of a minimal
set of CP-odd flavor-invariants, which has to do with the parameter space considered. In the
way it is stated, it suggests that one aims at characterizing CP-conserving points within
the largest possible set of parameters. However, one could also try to characterize CP-
conserving points within a given set, for instance for values of the quark masses which are
non-vanishing. This is the choice we make in the main body of this paper: we build flavor
invariants which vanish iff CP is conserved at leading order in SMEFT under the assumption
that quark masses are non-vanishing. Our methods also allow to identify minimal sets of
flavor-invariants when one allows for vanishing quark masses, but since the expression of
the required invariants is more intricate than for the simpler case of non-vanishing quark
masses, we leave the resolution of this question to appendix A. One could finally restrict
to characterizing CP-conservation for a smaller set of parameters, e.g. fixing the values of
the quark masses or taking them non-degenerate. Obviously, our sets of invariants work
in such a restricted case, but there usually exist simpler ones (which do not correspond to
minimal sets on larger sets of parameters). We will encounter explicit examples in the next
section.

Due to the SMEFT power counting, the conservation of CP at leading order first
demands that J4 = 0, which is therefore part of any minimal set. In order to build the rest
of the latter, it is natural to look for invariants which are linear with respect to the SMEFT

– 14 –

large parameter space,  
largely unconstrained 

—  
potentially large new physics effects 

since do not suffer from same 
collective suppression factor of the SM

699 
new 

Jarlskog  
BSM invariants

Bonnefoy+  2112.03889 

• Non-diagonal flavour structures: 
1. in SM, no Higgs FCNC 
2. in BSM, Higgs FCNC are the rule rather than the exception 
3. combination with flavour data (irrelevant in diag. flavour structure) 

• CP violation couplings: 
1. in SM, a single CPV phase captured by Jarlskog invariant:  
2. how many at dim-6 level? 

• Beyond SMEFT analyses, e.g. HEFT 

on-going work 

in EF-04 

global fit team 

see talk by J. Gu and Y.Du 

https://inspirehep.net/literature/1985604
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On-Going Studies

Join the team!

P. Janot, A. Blondel, C. Grojean
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� Updated status 
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FCC PED Coordination meeting 2
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Colliders Studied

J
H
E
P
0
1
(
2
0
2
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Collider Type
√
s P [%] N(Det.) Linst [1034] L Time Refs. Abbreviation

[e−/e+] cm−2s−1 [ab−1] [years]

HL-LHC pp 14TeV — 2 5 6.0 12 [13] HL-LHC

HE-LHC pp 27TeV — 2 16 15.0 20 [13] HE-LHC

FCC-hh(∗) pp 100TeV — 2 30 30.0 25 [1] FCC-hh

FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1–2

240GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365

(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 14] ILC250

350 GeV ±80/±30 1 1.6 0.2 1 ILC350

500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)

1000 GeV ±80/±20 1 3.6/7.2 8.0 8.5 [4] ILC1000

(+1-2) (1–2y SD after 500 GeV run)

CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1

240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [15] CLIC380

1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500

3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)

LHeC ep 1.3TeV — 1 0.8 1.0 15 [12] LHeC

HE-LHeC ep 1.8 TeV — 1 1.5 2.0 20 [1] HE-LHeC

FCC-eh ep 3.5TeV — 1 1.5 2.0 25 [1] FCC-eh

Table 1. Summary of the future colliders considered in this report. The number of detectors
given is the number of detectors running concurrently, and only counting those relevant to the
entire Higgs physics programme. The instantaneous and integrated luminosities provided are those
used in the individual reports, and for e+e− colliders the integrated luminosity corresponds to
the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC
and FCChh it corresponds to 75% of that. The values for

√
s are approximate, e.g. when a scan

is proposed as part of the programme this is included in the closest value (most relevant for the
Z, W and t programme). For the polarisation, the values given correspond to the electron and
positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and
integrated luminosity values are taken from ref. [12]. For these colliders the number of seconds
per year is 1.2 × 107 based on CERN experience [12]. CEPC (ILC) assumes 1.3 × 107 (1.6 × 107)
seconds for the annual integrated luminosity calculation. When two values for the instantaneous
luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is
discussed, the highest energy value label is used, e.g. ILC1000 or CLIC3000. It is always inclusive,
i.e. includes the results of the lower-energy versions of that collider. Also given are the shutdowns
(SDs) needed between energy stages of the machine. SDs planned during a run at a given energy are
included in the respective energy line.(*) For FCC-hh a value of

√
s = 37.5 TeV is also considered,

see appendix F. Additional scenarios where ILC/CLIC accumulate 100 fb−1 on the Z-pole, and
where FCC-ee has 4 IPs are also discussed in appendix F.
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As part of our mandate, we use 
the data of the different reports 

as provided, and highlight the 
important comparison points, 

without removing/modifying 
information.  

Different level of sophistication 
(fast versus full simulations, 

parametric modelling…). 
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We re-analysed of all the input data (mostly σ*BR for what concerns Higgs physics) in order to 
provide a fair and apple-to-apple comparison between colliders 
Two steps: 

1) κ-fit: could be compared to the fits often performed by the various FC collaborations ➙ 
validation of our procedure/code (in particular the treatment of uncertainties and  
correlations and the combination of ATLAS-CMS data/projections) 

2) Global EFT fit 

Methodology

Collect inputs from collaborations (see our report for data used) 
Likelihood constructed with HEPfit (1910.14012) from: 
‣ SM predictions injected as future experimental measurements 
‣ Errors given by projected uncertainties (experimental, theoretical - parametric and intrinsic)

https://arxiv.org/abs/1910.14012
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Examples of Experimental UncertaintiesExperimental projections

�54
Jorge de Blas 
INFN - University of Padova

The 16th Workshop of the LHC Higgs Cross Section Working Group 
CERN, October 18, 2019

Electroweak precision measurements

Table 27. Uncertainty on several observables related to the properties of the electroweak vector bosons. We also list the
uncertainty on the top mass. For dimensionful quantities the absolute uncertainty is given, while relative errors are listed for
dimensionless quantities. A few comments on some particular numbers are in order: a) For hadron colliders the top mass is not
the pole mass. b) For the top mass all lepton colliders require a dedicated top threshold scan to achieve the uncertainty given
here. (For ILC the quoted value comes from a dedicated run at 350 GeV.) c) From direct reconstruction in the ZH run 2-3 MeV
can be achieved [2]. d) In a 4-year dedicated run 2 MeV can be achieved by ILC [137]. e) From t polarization measurements.
f) At circular colliders, for Ab and Ac previous measurement uncertainties were dominated by the physics modelling [138] and
the systematic uncertainty arising from this was only estimated by FCC-ee [135]. When these systematics are set to zero in the
measurements of Ab

FB and Ac
FB the uncertainty in Ab and Ac is controlled by the statistical errors plus the uncertainty on Ae.

This is the setup used for the baseline fits. See discussion in Section 3.4.1 for details. g) Rn ⌘ GZ!inv/GZ!had and
Rinv ⌘ GZ!inv/GZ!``.

Quantity Current HL-LHC FCC-ee CEPC ILC CLIC
Giga-Z 250 GeV Giga-Z 380 GeV

dmtop [MeV] ⇠500 a) ⇠400 a) 20 b) � � 17 b) � 20-22 b)

dMZ [MeV] 2.1 � 0.1 0.5 � � � �
dGZ [MeV] 2.3 � 0.1 0.5 1 � 1 �
dGZ!had [MeV] 2.0 � � � 0.7 � 0.7 �
ds0

had [pb] 37 � 4 5 � � � �

dMW [MeV] 12 7 0.7 1.0 (2-3) c) � 2.4 d) � 2.5
dGW [MeV] 42 � 1.5 3 � � � �

dBRW!en [10�4] 150 � 3 3 � 4.2 � 11
dBRW!µn [10�4] 140 � 3 3 � 4.1 � 11
dBRW!tn [10�4] 190 � 4 4 � 5.2 � 11
dBRW!had[10�4] 40 � 1 1 � � � �

dAe [10�4] 140 � 1.1 e) 3.2 e) 5.1 10 10 42
dAµ [10�4] 1060 � � � 5.4 54 13 270
dAt [10�4] 300 � 3.1 e) 5.2 e) 5.4 57 17 370
dAb [10�4] 220 � � � 5.1 6.4 9.9 40
dAc [10�4] 400 � � � 5.8 21 10 30
dAµ

FB [10�4] 770 � 0.54 4.6 � � � �
dAb

FB [10�4] 160 � 30 f ) 10 f ) � � � �
dAc

FB [10�4] 500 � 80 f ) 30 f ) � � � �

dRe [10�4] 24 � 3 2.4 5.4 11 4.2 27
dRµ [10�4] 16 � 0.5 1 2.8 11 2.2 27
dRt [10�4] 22 � 1 1.5 4.5 12 4.3 60
dRb [10�4] 31 � 2 2 7 11 7 18
dRc [10�4] 170 � 10 10 30 50 23 56

dRn [10�3] g) � � � � � � � 9.4
dRinv [10�3] g) � � 0.27 0.5 � � � �
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Experimental projections
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Jorge de Blas 
INFN - University of Padova

The 16th Workshop of the LHC Higgs Cross Section Working Group 
CERN, October 18, 2019

Higgs measurements: Circular lepton colliders
Table 20. Inputs used for CEPC and FCC-ee projections. All uncertainties are given as fractional 68% CL intervals and are
taken to be symmetric. The upper limits are given at 68% CL. A dash indicates the absence of a projection for the
corresponding channel.

FCC-ee240 FCC-ee365 CEPC
dsZH 0.005 0.009 0.005
d µZH,bb 0.003 0.005 0.0031
d µZH,cc 0.022 0.065 0.033
d µZH,gg 0.019 0.035 0.013
d µZH,WW 0.012 0.026 0.0098
d µZH,ZZ 0.044 0.12 0.051
d µZH,tt 0.009 0.018 0.0082
d µZH,gg 0.09 0.18 0.068
d µZH,µµ 0.19 0.40 0.17
d µZH,Zg � � 0.16
d µnnH,bb 0.031 0.009 0.030
d µnnH,cc � 0.10 �
d µnnH,gg � 0.045 �
d µnnH,ZZ � 0.10 �
d µnnH,tt � 0.08 �
d µnnH,gg � 0.22 �
BRinv <0.0015 <0.003 <0.0015

57/75

… (full collection in our report)
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Theoretical Uncertainties

• HL/HE use S2 uncertainties (theory 1/2 wrt today), including in combinations of HL with other 
colliders. We also considered S2’ scenario (with an extra factor 1/2 for theory and syst.) ➙ 
default scenario for our plots ➙ most of the improvement of HE-LHC compared to HL-LHC 
comes from this assumption 

• FCC-hh: for production x luminosity a 1% is assumed in the original documentation (accounting 
for future improvements)  

• LHeC: 0.5% production uncertainty  

• Lepton colliders: intrinsic uncertainties for the ee→ZH and ee→Hνν, estimated to be 0.5% 
(assuming NNLO EW can be reached) 

the effect increases in relevance as the measurements become more experimentally precise  
in the last stages of the future colliders program  

When the TH uncertainties were not already included in the projections, we 
simply added nuisance parameters to the predictions with priors given by the 

corresponding theory uncertainty, and then marginalised over them in the results
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Impact of Theoretical Uncertainties

Jorge de Blas 
INFN - University of Padova

The 16th Workshop of the LHC Higgs Cross Section Working Group 
CERN, October 18, 2019

Will SM theory calculations be enough?

�34

Comparison of SM Theory uncertainties in Higgs calculations
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Color code
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Impact of SM theory uncertainties

Figure 8. Impact of the different sources of SM theory uncertainties in the coupling reach at the different lepton-collider
projects based on the SMEFTPEW fit. Using dark to light shades we show the results without SM theory uncertainties (darkest
shade), only with the intrinsic uncertainty (medium), and the full SM error (lightest shade). The solid line indicates the result
with SM parametric uncertainties only. The most significant differences are found for the effective coupling to vector bosons
(dominated by intrinsic uncertainties) and to bottom quarks (controlled by the parametric error associated with mb). See
Table 11 and text for details.

HZZ and HWW couplings, and the information on H !WW ⇤ becomes relevant to determine geff
HZZ . The measurement of MH

at the HL-LHC at the 10-20 MeV level prevents this from becoming an issue at the lower energy stages at CLIC. But there is
still a factor ⇠ 2 deterioration in the precision of the geff

HZZ coupling in the final CLIC results, emphasising again the necessity
of a precise determination of MH .

27/75

Largest effect on HVV couplings 
Differences in other couplings 

mainly due to unc. in production


Exception: Hbb
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Higgs Couplings: Kappa vs EFT
Complementarity between the two approaches

Kappa:
• Close connection to exp. measurements
• Widely used
• Exploration tool (very much like epsilons for LEP)
• Doesn’t require BSM theoretical computations 
• Could still valid even with light new physics, i.e. exotic decays
• Captures leading effects of UV motivated scenarios (SUSY, composite)
• Main drawbacks: focused on inclusive quantities, not general

(SM)EFT:
• Allows to put Higgs measurements in perspective with other measurements (EW, diboson, flavour…)
• Connects measurements at different scales (particularly relevant for high-energy colliders CLIC, FCC-hh)
• Fully exploits more exclusive observables (polarisation, angular distributions…)
• Can accommodate subleading effects (loops, dim-8…)
• Fully QFT consistent framework
• Assumptions about symmetries more transparent
• Valid only if heavy new physics
• Main drawbacks: assume mass gap with New Physics, not general (no new particle with a Higgs-generated 

mass)

L = L = LSM +
X

d,i

ci Oi
d

⇤d�4

ghXX = X gSMhXX

HEFT
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 Kappa Fits

• Usual framework extended to accommodate Invisible and Untagged decays 
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(κg,κZγ ,κγ), hence standalone fits to low-energy (lepton) colliders have no sensitivity to

κt in the κ-framework fits considered here.4

3.1.2 Modeling of invisible and untagged Higgs decays

The κ-framework can be extended to allow for the possibility of Higgs boson decays to

invisible or untagged BSM particles. The existence of such decays increases the total

width ΓH by a factor 1/(1 − BRBSM), where BRBSM is the Higgs branching fraction to

such BSM particles. Higgs boson decays to BSM particles can be separated in two classes:

decays into invisible particles, which are experimentally directly constrained at all future

colliders (e.g ZH,H → invisible), and decays into all other ‘untagged’ particles.

Reflecting this distinction we introduce two branching fraction parameters BRinv and

BRunt so that:

ΓH =
ΓSM
H · κ2H

1− (BRinv +BRunt)
, (3.4)

where κ2H is defined in eq. (3.3).

For colliders that can directly measure the Higgs width, BRunt can be constrained

together with κi and BRinv from a joint fit to the data. For standalone fits to colliders

that cannot, such as the HL-LHC, either an indirect measurement can be included, such as

from off-shell Higgs production, or additional theoretical assumptions must be introduced.

A possible assumption is |κV | ≤1 (V = W,Z), which is theoretically motivated as it holds

in a wide class of BSM models albeit with some exceptions [26] (for more details see [17],

section 10).

3.1.3 Fitting scenarios

To characterise the performance of future colliders in the κ-framework, we defined four

benchmark scenarios, which are listed in table 2. The goal of the kappa-0 benchmark is

to present the constraining power of the κ-framework under the assumption that there

exist no light BSM particles to which the Higgs boson can decay. The goal of benchmarks

kappa-1,2 is to expose the impact of allowing BSM Higgs decays, in combination with a

measured or assumed constraint on the width of the Higgs, on the standalone κ results.

Finally, the goal of the kappa-3 benchmark is to show the impact of combining the HL-LHC

data with each of the future accelerators. In all scenarios with BSM branching fractions,

these branching fractions are constrained to be positive definite.

Experimental uncertainties — defined as statistical uncertainties and, when pro-

vided, experimental systematic uncertainties, background theory uncertainties and signal-

acceptance related theory uncertainties — are included in all scenarios. Theory uncertain-

ties on the Higgs branching fractions predictions for all future colliders and uncertainties

4At high Higgs/jet pT , gg → H becomes directly sensitive to κt. However, high-pT regions are not

separately considered in the κ-framework fits reported here. Furthermore, there is no sensitivity to the

sign of the κ parameters as the loop-induced processes with sensitivity to the sign have all been described

with effective modifiers. Single top production is sensitive to the sign but not used in the κ fits presented

here (but used in the CP studies). Finally, note that, for vector-boson-fusion, the small interference effect

between W- and Z boson fusion is neglected.
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Both approaches will be studied in this document and we will report the fits to the

experimental projected measurements obtained in these two frameworks. As an illustration,

a concrete interpretation of the results obtained will be done in the context of composite

Higgs models.

3.1 The kappa framework

3.1.1 Choice of parametrization

The kappa framework, described in detail in ref. [16, 17], facilitates the characterisation of

Higgs coupling properties in terms of a series of Higgs coupling strength modifier parameters

κi, which are defined as the ratios of the couplings of the Higgs bosons to particles i to

their corresponding Standard Model values. The kappa framework assumes a single narrow

resonance so that the zero-width approximation can be used to decompose the cross section

as follows

(σ · BR)(i → H → f) =
σi · Γf

ΓH
, (3.1)

where σi is the production cross section through the initial state i, Γf the partial decay

width into the final state f and ΓH the total width of the Higgs boson. The κ parameters

are introduced by expressing each of the components of eq. (3.1) as their SM expectation

multiplied by the square of a coupling strength modifier for the corresponding process at

leading order:

(σ · BR)(i → H → f) =
σSMi κ2i · ΓSM

f κ2f
ΓSM
H κ2H

→ µf
i ≡ σ · BR

σSM · BRSM
=
κ2i · κ2f
κ2H

, (3.2)

where µf
i is the rate relative to the SM expectation (as given in tables 18 and 19) and κ2H

is an expression that adjusts the SM Higgs width to take into account of modifications κi
of the SM Higgs coupling strengths:

κ2H ≡
∑

j

κ2jΓ
SM
j

ΓSM
H

. (3.3)

When all κi are set to 1, the SM is reproduced. For loop-induced processes, e.g. H → γγ,

there is a choice of either resolving the coupling strength modification in its SM expectation,

i.e. κγ(κt,κW ) or keeping κγ as an effective coupling strength parameter.

For the results presented in the document, we choose to describe loop-induced couplings

with effective couplings, resulting in a total of 10 κ parameters: κW , κZ , κc, κb, κt, κτ ,

κµ, and the effective coupling modifiers κγ , κg and κZγ . The couplings κs,κd,κu and κe
that are only weakly constrained from very rare decays are not included in the combined

κ-framework fits presented in this section, their estimated limits are discussed separately

in section 5. We note the parameter κt is only accessible above the tH threshold as the

processes involving virtual top quarks are all described with effective coupling modifiers

– 8 –

• κγ, κγZ, κg are treated as independent effective coupling modifiers 
‣ alone, low energy colliders, below ttH/tH threshold, are not sensitive to κtop 
‣ no sensitivity to the signs of κ’s (single top + h could provide such a sensitivity, but not 

included in our fits)

‣ invisible width: experimentally directly 
constrained at all future colliders (ZH, 
VBF H→invisible)  

‣ untagged width: h(125)->??. BSM, but 
also rare SM decays not directly probed 
by searches 

‣ ΓH and untagged are 100% correlated
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Scenario BRinv BRunt include HL-LHC

kappa-0 fixed at 0 fixed at 0 no

kappa-1 measured fixed at 0 no

kappa-2 measured measured no

kappa-3 measured measured yes

Table 2. Definition of the benchmark scenarios used to characterize future colliders in the
κ-framework.

on production cross section predictions for hadron colliders, as described in section 2, are

partially included; intrinsic theory uncertainties, arising from missing higher-order correc-

tions, are not included in any of the benchmarks, while parametric theory uncertainties

arising from the propagation of experimental errors on SM parameters are included in all

scenarios. A detailed discussion and assessment of the impact of theory uncertainties is

given in section 3.5.

3.2 Results from the kappa-framework studies and comparison

The κ-framework discussed in the previous section was validated comparing the results ob-

tained with the scenarios described as kappa-0 and kappa-1 to the original results presented

by the Collaborations to the European Strategy. In general, good agreement is found.

The results of the kappa-0 scenario described in the previous section are reported in

table 3. In this scenario, no additional invisible or untagged branching ratio is allowed in

the fits, and colliders are considered independently. This is the simplest scenario considered

in this report, and illustrates the power of the kappa framework to constrain new physics

in general, and in particular the potential to constrain new physics at the proposed new

colliders discussed in this report. In general the precision is at the per cent level, In the final

stage of the future colliders a precision of the order of a few per-mille would be reachable

for several couplings, for instance κW and κZ . Cases in which a particular parameter has

been fixed to the SM value due to lack of sensitivity are shown with a dash (-). Examples

of this are κc, not accessible at HL-LHC and HE-LHC, and κt, only accessible above the

ttH/tH threshold. Not all colliders reported results for all possible decay modes in the

original reference documentation listed in table 1, the most evident example of this being

the Zγ channel. In this standalone collider scenario, the corresponding parameters were

left to float in the fits. They are indicated with ∗ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and

invisible and untagged decays (kappa-2), still considering individual colliders in a stan-

dalone way. The overall effect of this additional width is a slight worsening of the precision

of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the

kappa-2. It is most noticeable for κW , κZ and κb. For comparison of the total impact, the

kappa-2 scenario results can be found in tables 28 and 29 in appendix E.

Table 4 shows the expected precision of the κ parameters in the final benchmark

scenario discussed in this paper in which 95% CL limits on BRunt and BRinv are set, for

– 10 –

• κs,d,u,e  only weakly constrained from very rare decays/productions and not 
included in the fits 

10+2 parameters: κW,Z,g, γ, γZ, t, c, b, τ, µ + BRinv + BRunt 
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Experimental Inputs
A circular ee Higgs factory
starts as a Z/EW factory

(TeraZ)  

A linear ee Higgs factory
operating above Z-pole

can also preform 
EW measurements 

via Z-radiative return

A linear ee Higgs factory
could also operate on the

Z-pole though at lower lumi
(GigaZ)

Jorge de Blas 
INFN - University of Padova

The 16th Workshop of the LHC Higgs Cross Section Working Group 
CERN, October 18, 2019

Higgs (and EW) physics at Future Colliders

�10

• Inputs included in the fits (from ESU documents and refs. therein):


Higgs aTGC EWPO Top EW

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes 


(Rad. Return, Giga-Z) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes No

CLIC Yes (μ, σΖΗ) Yes (Full EFT 
parameterization)

Yes 

(Rad. Return, Giga-Z) Yes 

HE-LHC Extrapolated from 
HL-LHC N/A → LEP2 LEP/SLD 


+ HL-LHC (MW, sin2θw) -

FCC-hh
Yes (μ, BRi/BRj) 


Used in combination 
with FCCee/eh

From FCC-ee From FCC-ee -

LHeC Yes (μ) N/A → LEP2 LEP/SLD 

+ HL-LHC (MW, sin2θw) -

FCC-eh
Yes (μ) 


Used in combination 
with FCCee/hh

From FCC-ee From FCC-ee 

+ Zuu, Zdd -
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Single Higgs couplings

�18

Results in the SMEFT-framework (Higgs/aTGC)
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Impact of Beam Polarisation (@250GeV)

massless fermions to a vector is given by [41, 51]

‡Pe+ Pe≠ = ‡0(1 ≠ Pe+Pe≠)
5
1 ≠ ALR

Pe≠ ≠ Pe+

1 ≠ Pe+Pe≠

6
(2.10)

where ‡Pe+ Pe≠ is the cross section corresponding to a beam polarization of Pe+ and Pe≠

for the e+ and e≠ beam respectively and ‡0 is the unpolarized cross section. ALR is
the intrinsic left right asymmetry of the production cross section. For the SM e+e≠

æ

Zh production channel ALR = 0.1516. The e�ective luminosity, which scales as 1/2(1 ≠

Pe+Pe≠), is enhanced over that for unpolarized beams or that for the positron beam with
no polarization giving a corresponding reduction of statistical uncertainties.

For the ‹‹h production mode, which is driven by W boson fusion, the scaling for the
polarization is simpler. It depends only on the polarization since the reaction is driven
by left-handed fermions and right-handed anti-fermions (i.e. ALR = 1 in equation (2.10)).
Therefore, the scaling from the unpolarized cross section (‡LR) is given by:

‡Pe+ Pe≠ = 1
4‡LR(1 ≠ Pe≠)(1 + Pe+) (2.11)

In this case it is clear that a negative polarization for the electron and a positive polarization
for the positron will enhance the cross-section and the contrary will reduce it.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following:

• e+e≠
æ Zh : As described in ref. [10], ALR being small, the enhancement in lu-

minosity for the P (e≠, e+) = (≠80%, +30%) beam polarization configuration over
the (+80%, ≠30%) is cancelled out by the slightly lower background in the latter.
Hence, the e�ective di�erence due to the term proportional to ALR in equation (2.10)
is evened out. So we assume that the statistical uncertainties will be the same for the
configurations (±80%, û30%) and can be scaled to other polarization configurations
using equation (2.10) with ALR set to 0.

• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (2.11) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .
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Statistical gain from increased rates

From ee→Zh,  ALR~0.15 so ��80,+30 ⇠ 1.4�0

overall, one could expect 
O(6%) increased coupling sensitivity

Gain is much higher in global EFT fit
since polarisation removes 

degeneracies among operators

Polarisation benefit diminishes 
when other runs at higher energies are added

and basically left only with statistical gain
increased sensitivities Polarised vs. Unpolarised scenarios @ 250GeV

Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new

– 17 –

Sensitivity on EW couplings
J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311



Christophe Grojean Snowmass Energy Frontier WS, March 31, 202237

�gZ,L
ee �gZ,R

ee �gW
e� �gZ,L

�� �gZ,R
�� �gW

�� �gZ,L
�� �gZ,R

�� �gW
�� �gZ,L

uu �gZ,R
uu �gZ,L

dd �gZ,R
dd �gZ,L

bb �gZ,R
bb10-6

10-5

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

10-1

1
precision reach on EW couplings from full EFT global fit

HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(�0.8,±0.3) P(e-,e+)=(�0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
CEPC/FCC-ee without WW threshold
Higgs measurements excluded

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

Z@250GeV S1
Z@250GeV S2

Z@380GeV S1
Z@380GeV S2

Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
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troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
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æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
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absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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• At linear colliders, at high energy: 
EW measurements via Z-radiative return has a large 
impact on Zqq couplings 

• Improvements depend a lot on hypothesis on systematic 
uncertainties 

Yellow: LEP/SLD systematics / 2 
Blue: small EXP and TH systematics
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Other Studies Beyond Coupling Fits

• Higgs mass 

• Invisible width 
‣ diphoton interferences 
‣ signal strength fit (assuming |κV|<1 and BRunt=0) 
‣ off-shell channel 
‣ direct measurement from Z-recoil at lepton colliders 

• Rare decays constraints on light Yukawa’s 

• Higgs CP 
‣ hVV: rates and angular distributions 
‣ hττ: angular distributions 
‣ ttH and tH: rates and angular distributions 
‣ indirect constraints from EDM 

ECFA Higgs study group ‘19

no new study, mostly summary/reinterpretation of existing projections


