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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-S-Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given

Jorge de Blas, Christophe Grojean and Fabio Maltoni
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European Strategy Update

community/national inputs/national laboratories input 

Physics Preparatory Group (Who they are: here)

European Strategy Group (Who they are: here)

CERN Council

Call for proposals

Open Symposium

Briefing Book

European Strategy Update

recommendations

Decision

A bottom-up process
to pave the near-term, mid-term and longer-term future

http://europeanstrategyupdate.web.cern.ch/composition
http://europeanstrategyupdate.web.cern.ch/composition-esg
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European Strategy Update

May.2020 
Council to approve 

Strategy Update  

 &  &
&   &

&

 &
& &

Sept 27,2018 
Council launches the 

Strategy Update process & 
establish the PPG and ESG 

June 14,2018 
Council decision on 

venues and dates  

March.2018 
Call for nominations of 
PPG & ESG members March.2020 

Strategy Update 
submitted to Council 

Jan 20-24,2020 
Strategy Update 
Drafting Session 
Bad Honnef, DE 

Sept.2019 
Physics Briefing 

Book available 

May 13-16,2019 
Open Symposium 

Granada, ES 

Jan.2018 
Call for proposals 

for venues for Open 
Symposium and 

Strategy Drafting 
Session 

2017 2018 2019 2020 

Dec 18.2018 
Closing submission 

community input 

Physics results appearing 
after May 2019 will be taken 
into account in the process 

European)Par+cle)Physics)Strategy)Update'

Febr.2018 
Call for scientific input 

! ))
! ))
! ))

! ))

! ))

ü

ü

ü

A bottom-up process
to pave the near-term, mid-term and longer-term future

Draft is still confidential

Budapest meeting (25.05) 

has been postponed

(only remote council meeting)

No official timeline for release
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The Higgs@FC WG Mandate

4

A Mandate agreed by RECFA in consultation with the PPG “Higgs physics with future
colliders in parallel and beyond the HL-LHC”

In the context of exploring the Higgs sector, provide a coherent comparison of the reach with all future collider programmes
proposed for the European Strategy update, and to project the information on a timeline.

• For the benefit of the comparison, motivate the choice for an adequate interpretation framework (e.g. EFT, k , ...) and
apply it, and map the potential prerequisites related to the validity and use of such framework(s).

• For at least the following aspects, where achievable, comparisons should be aim for:

– Precision on couplings and self-couplings (through direct and indirect methods);

– Sensitivities to anomalous and rare Higgs decays (SM and BSM), and precision on the total width;

– Sensitivity to new high-scale physics through loop corrections;

– Sensitivities to flavour violation and CP violating effects.

• In all cases the future collider information is to be combined with the expected HL-LHC reach, and the combined
extended reach is to be compared with the baseline reach of the HL-LHC.

• In April 2019, provide a comprehensive and public report to inform the community.

• ECFA helps in the creation of a working group relevant for the Strategy process, especially for the Physics Preparatory
Group (PPG).

• Towards the Open Symposium the working group will work together with the PPG to provide a comprehensive and
public report to inform the community, i.e. this is not an ECFA report.

• The working group has a scientific nature, i.e. not a strategic nature; it uses the input submitted to the Strategy process to
map the landscape of Higgs physics at future colliders.

• The “convenors” in the PPG who are connected to this specific topic (Beate Heinemann and Keith Ellis) and the ECFA
chair will be included as ex-officio observers.

53/75
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The Higgs@FC WG Composition

• Aleandro Nisati (INFN - Roma) - working group chair 

• Beate Heinemann (DESY & Freiburg Univ.) - ex-officio 

• Christoph Grojean (DESY & Humboldt Univ.) 

• Elisabeth Petit (CPPM - Marseille) [joined in March] 

• Fabio Maltoni (Louvain/Bologna) 

• Jorge de Blas (University of Padova and INFN - Padova)  

• Jorgen D’Hondt (Brussels) - ex-officio 

• Keith Ellis (Durham) - ex-officio 

• Maria Cepeda (CIEMAT) 

• Riccardo Rattazzi (EPFL) 

• Wouter Verkerke (NIKHEF)  

members were nominated by the community and chosen by RECFA
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WG Work Organisation
•  (Almost) weekly meetings from January till July 2019 (and a more afterwards till 

the  finalisation of the Briefing Book in Oct. 2019) + One internal workshop on 
March 21-22, 2019  

• Scrutinised with care the documents submitted as input to the Update of the 
European Strategy Symposium in Granada (May 2019)  

• Invited talks at our weekly meetings from experts from FC communities on Higgs 
physics potential 
- FCC-ee, FCC-hh, CEPC, HE-LHC, ILC, CLIC, LHeC/HE-LHeC/FCC-eh ︎  
- Muon Collider expert invited, talk scheduled 
- Many interactions with Higgs FC experts  

• Output: 
- A standalone report: “Higgs Boson Studies at Future Particle Colliders” JHEP 01 (2020) 

139 • 1905.03764 [hep-ph] 
- Contribution to Briefing Book: “Physics Briefing Book : Input for the European Strategy for 

Particle Physics Update 2020” • 1910.11775 [hep-ex]

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1910.11775
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Colliders Studied
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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.

– 2 –

pp

ee

ep

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 � � � �

63/75

Experimental projections

�55
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



Christophe Grojean Higgs@Future Colliders WG EF01 kickoff, May 13, 202011

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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Future colliders combined with HL-LHC
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No Intrinsic unc.

No Parametric unc.

Color code
SMEFTPEW fit

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.

– 9 –

J
H
E
P
0
1
(
2
0
2
0
)
1
3
9

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

J
H
E
P
0
1
(
2
0
2
0
)
1
3
9

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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Important synergy HL-LHC — low energy lepton colliders
1. Top/Charm Yukawa

2. Statistically limited channels: γγ, mumu, Zγ

ECFA Higgs study group ‘19
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Synergy ee-hh

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

FCC-hh without ee could 
still bound BRinv

but it could say nothing 
about BRunt

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

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

But it also benefits a lot from a synergy with EW measurements.
This cannot be captured by the kappa’s and requires a full EFT analysis

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

kW improves significantly with energy increase 
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Global EFT Fit
include not only Higgs but also top, di-boson and EWK precision observables  

• No 4 fermion operators (except the one that contributes to muon decay and then 
affects GF) since they are better constrained outside Higgs processes 

• No dipole operators (chiral suppression in production, contribution only to 3-body 
decays). Top dipoles could be relevant but neglected in our analyses. 

• Flavour assumptions 
‣ flavour universality: 19 independent parameters + 5 SM inputs 
‣ flavour diagonality: 31 independent parameters + 5 SM inputs 

working at linear-level in the EFT effects
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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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Effective Higgs Couplings from EFT Fits
EFT fits can be performed in different bases (difficult to compare results among different analyses)

and seldom the meaning on the sensitivity on the various Wilson coefficients is transparent

— Practical approach — 
perform the fit in any basis you like and project the results on effective/pseudo couplings

EFT studies at future colliders

• Compare Future Collider sensitivity to deformations of Higgs couplings in a 
basis-independent way


• Project EFT fit results into (pseudo) observable quantities 

• Not enough to match EFT d.o.f : Add also aTGC


• Similarly, for EW interactions, project results into effective Zff couplings 
defined from EWPO, e.g.


Presentation of SMEFT fit results

�21
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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Presentation of EFT fits results

�5

• Effective couplings 
Direct connection to experimental measurements Connection to UV less direct
Try to define from physical observables⇒Basis independent

LCC = �
ep
2s

�
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U
gCC

�
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+
µ

✓
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L
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ij
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i
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e
j
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i
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u
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L
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(22)

LCC = �
ep
2s

�
1 + �

U
gCC

�
W
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µ
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�ij +

�
�
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UL

�
ij
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�
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�
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i
+ h.c.

(23)

Ignoring CKM e↵ects

Vij ⇠ �ij

�
D
UL =C

(3)
�l

v
2

⇤2 ,

�
D
VL =C

(3)
�q

v
2

⇤2 , �
D
VR = 1

2
C�ud

v
2

⇤2 .

(24)

M
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W

= M
2
Z
c
2
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1 �

c
2

c2�s2
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C�D

2
+ 2s

c
C�WB + s

2
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�GF

⌘
v
2
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(25)
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�GF

+ C�D
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1.3 Higgs couplings

g
e↵ 2
hXX

= �H!XX

�SM
H!XX

LhV V = ghggG
A

µ⌫
G

Aµ⌫
h + g

(1)
hWW

W
µ⌫
W

†
µ⌫
h +

⇣
g
(2)
hWW

W
+⌫

@
µ
W

†
µ⌫
h + h.c.

⌘
+ g

(3)
hWW

W
+
µ
W

�µ
h

+g
(1)
hZZ

Zµ⌫Z
µ⌫
h + g

(2)
hZZ
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h + g

(3)
hZZ

ZµZ
µ
h

+g
(1)
hZA

Zµ⌫F
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(2)
hZA
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h + ghAAFµ⌫F

µ⌫
h
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4
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i
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(28)

Lh3= ghhhh
3
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2
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h
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4
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down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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in Section 2, we do not consider contribution from o�-shell photons that gives the same
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leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
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production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
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�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:
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By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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The decay width to WW ú ZZú (with 4f final states) are given by
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12
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The branching ratio can be derived from the total decay width, which can be obtained
from
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.

10

Effective Higgs couplings

Only these are described in κ-framework
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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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Figures of Merit with Respects to HL-LHC 
Global fit results

�23
Jorge de Blas 
INFN - University of Padova
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Granada, May 14, 2019
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Importance of Correlations

Contamination EW/TGC/Higgs can be 
understood by looking at correlations

Figure 11: A scheme-ball illustration of the constraints on and correlations between all
the e�ective couplings with and without a Z-pole run at CEPC and FCC-ee.

at FCC-ee ”Ÿ“ is also correlated with ”gee

Z,L
. Therefore, when one assumes perfect EW

measurements shown with the white dots on the on the left side of the scheme-ball, the
bounds on the these couplings in the Higgs sector are significantly stronger as they are
a�ected by the assumption we make about the EW measurements.

The lighter colours, orange, green and light grey, mark the bar plots and correlations
for the case where we include the Z pole runs for CEPC (240 GeV) and FCC-ee (240 GeV
and 240+365 GeV), respectively. All of the large correlations between the e�ective Higgs
couplings and the EW couplings drop o� leaving only correlations between ”Ÿ“ and ”ge‹

W

for all energies. Correlations between ”gZZ

H
and ”g1,Z remain as significant correlations

between the e�ective Higgs couplings and the aTGCs for the 240 GeV runs at both CEPC

– 31 –

Higgs

TGCEW

With Z-pole runs, only correlations 
between EW and TGC remain

Without Z-pole runs, there are large 
correlations between EW and Higgs

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

– 32 –

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

– 32 –

Z-pole runs at circular colliders isolate 
EW and Higgs sectors from each others

w/o Z-pole run w/ Z-pole run

J. De Blas et al. 1907.04311
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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 .

– 12 –

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

– 24 –

Gain reaches 80%

J. De Blas et al. 1907.04311



Christophe Grojean Higgs@Future Colliders WG EF01 kickoff, May 13, 202024

Higgs self-couplings is very interesting for a multitude of reasons 
(vacuum stability, hierarchy, baryogenesis, GW, EFT probe…). 

How much different from the SM can it be 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

�1802/23/12     
 Path towards measuring the Higgs potential                    Elisabeth Petit, CPPM, AMU/CNRS/IN2P3 8

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

e� �e

�̄ee+

h

e� e�

e+ e+

�e �e

�̄e �̄e

h

h
h

h

h

h

W

W

W

W

W

W

W

h

Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

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

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

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

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

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Higgs Self-Coupling
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
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Higgs@FC WG November 2019 Don’t need to reach HH threshold 
to have access to h3. 

Z-pole run is very important 
if the HH threshold cannot be reached

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 ee

2
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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
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Future Directions - I

• Higgs couplings at high-energy (relying on STXS?) 
1. off-shell gg → h* → ZZ → 4l 
2. boosted Higgs: Higgs + high-pT jet 
3. VH at large invariant mass (double differential distributions sometime needed to restore 

BSM/SM interference) 

• High pT distribution**: “energy helps accuracy” (☞ beware of EFT validity) 

1. BSM effects often grow with energy 
2. study of poorly populated phase space regions with smaller systematics

European Strategy Studies focused on inclusive measurements 
They don’t do justice to richness of kinematical distributions accessible  

at either leptonic machines (thanks to clean environment) or high-energy hadronic machines 

**some pheno projections were implemented in our SILH fit: di-fermions prod., ZH(bb), WZ 
at high-invariant mass but no full EFT analysis available yet
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Future Directions - II
• Estimate EFT uncertainties (NLO, dim-8 effects, linear vs quadratic…), NP in backgrounds, 

theoretical constraints (positivity, analyticity), SMEFT vs. HEFT… 

• Explore more flavour scenarios (and make connection with flavour data) 

• Full-fledged EFT analysis of diboson data (away from TGC dominance assumption) with 
statistically optimised observables 

• More combined Higgs and top analysis 
1. effects of top dipoles or 4 fermion ops. with tops 
2. constraints on top EW couplings from their NLO effects in Higgs and diboson processes 

(particularly relevant for low-energy colliders below ttH threshold) 

• Generalisation of (pseudo)-observables to report EFT fits  
1. give justice to differential measurements 
2. well suited for a global approach with H, EW, top, flavour 

• Don’t forget correlations 

• Provide more BSM interpretations, i.e., match to different models/UV dynamics. Which physics 
hypotheses do we want to test? Which consequences for cosmo?
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Conclusion

T0

2032

2030

2035

2037

2040

2045

2030

Subject to large uncertainty
1) need a scientific consensus

2) political approval 
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+ muon-collider + gamma-gamma collider + …
Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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don’t wait LHC to finish

➙ improved PDFs and interesting Higgs measurements too
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At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at
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2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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don’t wait LHC to finish

 Stay safe/healthy and live long! 
➙ improved PDFs and interesting Higgs measurements too


