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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
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High Energy Physics with a Higgs
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November%14th,%2018% Proposal%on%WG%Higgs%physics% 13%

Towards'new'discoveries'via'the'Higgs'sector'
%

•  No%clear%indica@on%where%new%physics%is%hiding,%hence%experimental%observa@ons%will%have%to%
guide%us%in%our%explora@on.%

•  One%of%the%avenues%is%to%explore%as%fast%as%possible,%and%as%wide%as%possible,%the%Higgs%sector.%
o  Yukawa%couplings%
o  SelfHcouplings%(HHH%and%HHHH)%
o  Couplings%to%Z/W/γ/g%
o  Rare%SM%and%BSM%decays%(H!Meson+γ,%Zγ,%FCNC,%µe/τµ/τe,%…)%
o  CP%viola@on%in%Higgs%decays%
o  Invisible%decay%
o  Mass%and%width%
o  …%

•  Important%progress%will%be%made%on%Higgs%physics%with%the%LHC%and%the%HLHLHC.%
•  To%discover%new%physics%inaccessible%to%the%(HLH)LHC,%future%colliders%will%be%complementary.%
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The Higgs boson is the simplest Q-bit/particle:
as far as we know, it has 

no spin, no charge, no structure.
This vacancy can make its richness: 

e.g., unlike other SM particle, it can easily couple to a Hidden Sector 
⇗ A formidable tool to explore the deepest principles of Nature ⇖
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Which Machine(s)?

!3

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 √s limited by synchroton radiation
 higher luminosity 
 several interaction points
 precise E-beam measurement

  ( O(0.1MeV) via resonant depolarization) 

Circular Linear
 easier to upgrade in energy 

 easier to polarize beams

 large beamsthralung 

 “greener”: less power consumption*

*energy	consump.on	per	integrated	luminosity	is	lower	at	circular	colliders	but	the	energy	consump.on	per	GeV	is	lower	at	linear	collider	

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

                (w/ optimized design) 

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

Hadrons

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

the best way to go there is to start with a e+e- Higgs factory
Linear or Circular?

 Higher luminosity
 Z-pole run

 Can be extended in energy
 Polarised beams
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Future of HEP
ECFA Higgs study group ‘19

Hi!s-mantics

Divination "r#gh Hi!s
Friday, January 27, 2012

+ 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.

4/58
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Future of HEP

T0

2032

2030

2035

2037

2040

2045

2030

Subject to large uncertainty
1) need a scientific consensus

2) political approval 
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Possible	scenarios	of	future	colliders

2020 2070

HL-LHC:	13	TeV	3-4	ab-1		

20402030

FCC	hh:	100	TeV	20-30	ab-1

HE-LHC:	27	TeV	10	ab-1		

2050 2060

CLIC:	380	GeV	
1.5	ab-1

Ja
pa
n

	C
ER

N

ILC:	250	GeV		
2	ab-1

CepC:	90/160/240	GeV	
16/2.6/5.6	ab-1	

500	GeV	
4	ab-1

FCC-ee:		
90/160/250	GeV		
150/10/5	ab-1	

FCC	hh:	100	TeV	20-30	ab-1		

Ch
in
a SppC	aim	similar	to	FCC-hh	

LHeC:	1.2TeV	
0.25-1	ab-1© FCC-eh:	3.5	TeV	2	ab-1

Proton	collider
Electron		collider
Electron-Proton		collider

2080

Construction/Transformation

7	years

10	years

11	years

8	years

2090
13/05/2019

350-365	GeV		
1.7	ab-1	

1.5	TeV	
2.5		ab-1

3	TeV	
5		ab-1

9	years

20km	tunnel	

100km	tunnel	

100km	tunnel	

11	km	tunnel	
29	km	tunnel	 50	km	tunnel	

FCC	hh:	150	TeV	≈20-30	ab-1		
11	years

15	years

1	TeV	
≈	4-5.4	ab-1

31km	tunnel	 40	km	tunnel	

100km	tunnel	

4	years

8	years

8	years

8	years

6	years2	years

Preparation

5	years

Ursula Baesler, Granada 13.05.2019
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Colliders being considered

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 that 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

p
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. [9]. For these colliders the number of seconds per year is 1.2⇥107 based on CERN
experience [9]. 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. ILC500 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.

Collider Type
p

s P [%] N(Det.) Linst L Time Refs. Abbreviation
[e�/e+] [1034] cm�2s�1 [ab�1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 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
240 GeV 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, 11] 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)
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 [12] 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 1.3 TeV - 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 1.8 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV - 1 1.5 2.0 25 [1] FCC-eh

3/58
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NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107 
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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)
• Could still valid even with light new physics 
• Captures leading effects of UV motivated scenarios (SUSY, composite)
• Doesn’t require BSM theoretical computations

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
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Kappa framework
• Kappa fit method described in https://arxiv.org/abs/1209.0040 :     LHC 

HXSWG interim recommendations to explore the coupling structure of a 
Higgs-like particle.
� k2

X = !HàX/ !SM
HàX 

� for top coupling above the ttH threshold:  k2
t =  "ttH/ "SM

ttH

• Not general parametrisation of BSM, but has the advantage of simple 
framework, largely known in the hep community
• Scheme adopted by Higgs@FutureColliders (H@FC):

� 10 coupling modifiers :  kW , kZ , kt , kb , kc , k# , k$ , kg , k% , kZ%
� kH

2 = !H/!H
SM = &(kj

2×BRj
SM)/(1-BRi,u) (BRi,u = BRinv + BRunt)

§ BRinv = Higgs boson non-SM decays with invisible final states
§ Brunt = Higgs boson non-SM decays difficult to separate from the background

� Higgs boson selfcoupling fixed to SM value
� Low-energy machines don’t have access to kt

6

2.1.3 Fitting scenarios167

To characterize the performance of future colliders in the k framework, we defined four benchmark scenarios, which are listed in168

Table 2. The goal of the kappa-0 benchmark, is to perform validation comparisons with results directly produced by the Future169

Collider collaborations, when available.[CG: Are kappa-0 fits available for all colliders in the submitted documents?170

This paragraph wants to say that we did a comparison with such fits but I had the impression that the inputs are not171

always available.][WV: Adressed by adding ’when available’ as discussed this morning.]Results of kappa-0 benchmarks172

are generally not included in the report when comparisons agree well. The goal of benchmarks kappa-1,2,3 is to display the173

impact of theoretical uncertainties on the standalone k results of the various future colliders (comparison of kappa-1 and174

kappa-2), and to expose the impact of allowing BSM Higgs decays, in combination with a measured or assumed constraint175

on the width of the Higgs, on the standalone k results (comparison kappa-2 and kappa-3). Finally, a comparison of scenarios176

kappa-3 and kappa-4 shows the impact of combing the HL-LHC data with each future accelerators.177

Experimental uncertainties – defined as statistical uncertainties and, when provided, experimental systematic uncertainties,178

background theory uncertainties and signal-acceptance related theory uncertainties – are included in all scenarios. Theory179

uncertainties, included from scenario kappa-2 onwards, entail uncertainties on the Higgs branching fractions predictions for all180

future colliders and uncertainties on production cross-section predictions for hadron colliders, as described in section 1.181

Scenario Exp. Uncertainties Theo. Uncertainties BRinv BRunt include HL-LHC

kappa-0 yes no fixed at 0 fixed at 0 no

kappa-1 yes no measured fixed at 0 no
kappa-2 yes yes measured fixed at 0 no
kappa-3 yes yes measured measured no

kappa-4 yes yes measured measured yes

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

2.2 Results from the kappa-framework studies and comparison182

[AN: authors: MARIA; Reviewers: Elisabeth + Fabio] [MC: Elisabeth, Fabio: please go ahead :). Note I have left all183

the comments and my replies (and rereplies) in for you to see and check if you agree with my reaction. There is one184

issue (whether to leave a note to the FC leaders) where there is dissension and Jorge would like to remove the comment.185

I would like your opinion on it - if you prefer to remove it go ahead.]186

The k-framework discussed in the previous section was validated comparing the results obtained with the scenarios187

described as kappa-0, kappa-1 and kappa-2 to the original results presented by the collaborations to the European Strategy. In188

general, good agreement is found. The only difference of note is the computation of the kt reach for the HL-LHC, projected189

to be 3.2% in Ref. [9] and found to be 2.9% with the framework used for this report and benchmark scenario kappa-2. This190

difference, at the level of 15%, is understood to be due to the different combination techniques and granularity of the input191

information used in Ref. [9] and in this paper. This effect is considered reasonably small and does not constitute a problem for192

the studies presented in this paper.193

Table 3 shows the effect of theoretical uncertainties on the Higgs branching ratio on the result. The integrated luminosity and194

running conditions considered for each collider are described in Table 1. This comparison is not suitable for hadron colliders,195

where as shown for HL-LHC in Ref. [9] the baseline input results to the benchmark fits include sizeable theoretical production196

uncertainties for signal and backgrounds.[CG: There is a bit of contradiction with the paragraph above: here one seems197

to imply that kappa-0 is not available for HL-LHC, while in the first paragraph, there is a quantitative comment on198

it.][MC: Right, sorry, I missed that kappa-0 is not intended to have theoretical uncertainties (I would rather it does).199

The reality is that we did the validation with kappa-1 and kappa-2 - kappa-0 came after. I have changed the previous200

paragraph to mention kappa-2 instead, but note that now kappa-0 is never used for anything in this version of the201

draft.] Table 3 is therefore restricted to future lepton colliders, and only to couplings where the impact of theory uncertainties202

is significant. The effect is most relevant for kW and kb in linear colliders. For kW , which has the smallest combined statistical203

and experimental uncertainty, the effect grows from kappa-1/kappa-2=1.8/1.8 at ILC250 to 0.28/0.55 with the full ILC program204

(ILC250 and ILC500), and from 0.86/0.99 at CLIC380 to 0.11/0.37 with the full CLIC program (CLIC380, CLIC1500 and205

CLIC3000). The source of this increased impact of theoretical uncertainties is discussed in detail in Section 2.4.206

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper, in which207

95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, HE-LHC. The208

6/36

Working scenarios mostly for internal checks

Results presented in main text (and appendix)

Assumption kV<1 made for hadron collider alone
(not needed for ee-colliders)

impact of allowing BSM Higgs decays, in combination with a measured or assumed constraint on the width of the Higgs, on
the standalone k 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 provided, experimental systematic uncertainties,
background theory uncertainties and signal-acceptance related theory uncertainties – are included in all scenarios. Theory
uncertainties on the Higgs branching fractions predictions for all future colliders and uncertainties on production cross section
predictions for hadron colliders, as described in Section 2, are partially included; intrinsic theory uncertainties, arising from
missing higher-order corrections, 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.

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

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

3.2 Results from the kappa-framework studies and comparison

The k-framework discussed in the previous section was validated comparing the results obtained 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 only difference to note is the computation of the kt reach for the HL-LHC, projected to be 3.2% in
Ref. [10] and found to be 2.9% with the framework used for this report and benchmark scenario kappa-2. This difference, at
the level of less than 10%, is understood to be due to the different assumptions on the correlations and to the granularity of
the input information used in Ref. [10] and in this paper. This effect is considered reasonably small and does not constitute a
problem for the studies presented in this paper.

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 sheer power of the kappa framework to constrain new physics, and the
potential for it of the different colliders discussed. In general the precision is at the per cent level, and that in the final stage
of the future colliders a precision of the order of few per-mille would reachable for several couplings, for instance kW and
kZ . 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 kc, not accessible at HL-LHC and HE-LHC, and kt , only accessible above the ttH/tH threshold. Not all
colliders reported results for all possible decay modes in the original reference documentation listed in Table1, the most evident
example of this being the Zg channel. In this standalone collider scenarios, the corresponding parameters were left to float in
the fits, and in the kappa-3 scenario the HL-LHC results drive the result. 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 standalone 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 kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Table 24
in Appendix D.

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC. The
results correspond to the kappa-3 scenario, which combines the data of LHeC and HE-HLC with the HL-LHC. As discussed
before, for these hadron colliders a constraint on |kV | 1 is applied in this case, as no direct access to the Higgs width is
possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
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Kappa Framework
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Results of kappa-2 fit
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Results of kappa-3 fit
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Kappa-3: +HL-LHC  
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modified version (x-scale) of the plot in the report for illustration purposes 
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Results of kappa-3 fit

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 

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

2. Statistically limited channels: aa, mumu, Za

ECFA Higgs study group ‘19
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EFT framework
• Many advantages offered by the EFT approach

� Among these: describes correlation of New Physics (NP) effects in different 
types of observables in the Higgs sector and outside

• The following scenarios are under study:
� We limit our analysis to Dim-6 Operators; we focus on holomorphic /SU(2)-

linearly realised Lagrangian
� We don’t consider BSM Higgs boson decays

8

scenario EWPO Flavour

SMEFT 1 No uncertainties universal

SMEFT 1’ No uncertainties non universal

Repeat SMEFT 1 and 1’ including Higgs selfcoupling (!3)

• EWPO: electroweak 
precision observable We plan to show fit results in term of effective couplings, 

defined from physical observables (as opposed to showing 
dim-6 operator coefficients) 

scenario EWPO Flavour

SMEFT 2 Expected unc. universal

SMEFT 2’ Expected unc. non universal

• Flavour universality:
� "gHtt /"gSM

Htt = "gHcc /"gSM
Hcc

� "gH## /"gSM
H## = "gH$$ /"gSM

H$$

SMEFT: Bottom-Up approach

�11
Jorge de Blas 
INFN - University of Padova

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

SMEFT fit scenarios

Flavour “assumptions”: Neutral Diagonal (ND)

5 SM + 30 New Physics Parameters

Under these hypotheses we’ll perform a fit to the future projections at each collider for 
EWPO: W and Z propertiesSingle Higgs boson processes

Diboson production (aTGC) (Top production)

– Vector couplings to fermions:

�L
vff,hvff

6
= gp

2

�
1 + 2h

v

�
W

+

µ

⇣
�̂g

W `

L
⌫̄�̄µe + �̂g

Wq

L
ū�µd + �̂g

Wq

R
ū�µd + h.c.

⌘

+
p
g2 + g0 2

�
1 + 2h

v

�
Zµ

hP
f=u,d,e,⌫

�̂g
Zf

L
f̄�µf +

P
f=u,d,e

�̂g
Zf

R
f̄�µf

i
, (8)

where, again, not all terms are independent3:

�̂g
W `

L
= �̂g

Z⌫

L
� �̂g

Ze

L
, �̂g

Wq

L
= �̂g

Zu

L
VCKM � VCKM �̂g

Zd

L
. (9)

In the case of Flavour Universality, all the �̂g are proportional to the identity corresponding to a total of 8
parameters: (�̂gZu

L
)ij ⌘ �gZu

L
⇥ �ij , etc. However the right handed charged current, associated to �̂gWq

R
does not

interfere with the SM amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters
to 7.

In the case of Neutral Diagonality, the assumption �̂g
ij

/ �ij is relaxed, allowing for the four coe�cients

associated to the third quark family (�̂gZu

L
)33, (�̂gZd

L
)33, (�̂gZu

R
)33, (�̂gZd

R
)33 as well as all diagonal coe�cients

associated to leptons to be di↵erent. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios

of Flavour Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘ {�m, cgg, �cz, c�� , cz� , czz, cz⇤, �yu, �yd, �ye, �z} +
�
�g

Zu

L
, �g

Zd

L
, �g

Z⌫

L
, �g

Ze

L
, �g

Zu

R
, �g

Zd

R
, �g

Ze

R

 
,

SMEFTND ⌘ {�m, cgg, �cz, c�� , cz� , czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z}

+
�
(�gZu

L
)qi

, (�gZd

L
)qi

, (�gZ⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi

, (�gZd

R
)qi

, (�gZe

R
)`
 
q1=q2 6=q3, `=e,µ,⌧

.

While we have chosen to present the degrees of freedom used in the di↵erent fitting scenarios described above
using the parameterization of the Higgs basis, one can of course do the same in any other basis. In particular,
the mapping between the Higgs basis parameters in the previous Lagrangians and the Wilson coe�cients in
other popular dimension-6 bases in the literature can be found in Section 3 and appendices A and B in [?].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures
from the SM in the global fit to EWPO, Higgs boson rates and diboson production. We will, however, also
consider another more simplified scenario, designed exclusively to study (1) the interplay between the EW and
Higgs constraints, and (2) the impact of the SM theory uncertainties in Higgs boson processes. The impact of
the EW precision constraints on Higgs boson measurements will be illustrated comparing the results of the fit
in the SMEFTND scenario, with the analogous ones assuming the electroweak precision observables are known
with infinite accuracy, both from experiment and theory. We will refer to this idealized case as a scenario with
perfect EW constraints. In practice, this means that any new physics contributions to the EWPO are bounded
to be exactly zero. This includes all possible corrections to the V ff vertices as well as any possible modification
to the W mass, i.e.

�
�m, (�gZu

L
)qi

, (�gZd

L
)qi

, (�gZ⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi

, (�gZd

R
)qi

, (�gZe

R
)`
 
⌘ 0. (10)

As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are
negligible, which makes it suitable to isolate the e↵ect of the SM theory uncertainties in Higgs processes in the
fit. Imposing the previous constraints in Eq. (10) we are thus left with a total of 12 parameters for this scenario
assuming perfect EW constraints:

SMEFTPEW ⌘ { cgg, �cz, c�� , cz� , czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (11)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on
the nature of the UV theory and to frame the EFT results in terms of particularly well-motivated scenarios.
Understandably, heavy new physics is the more visible in low energy observables the more strongly it is coupled.
In this respect models with a Composite Higgs (CH) are the natural arena in which to perform indirect studies
of new physics. The basic idea of CH models is that all the degrees of freedom of the SM apart from the Higgs

3Here we choose a slightly di↵erent convention for the dependent couplings with respect to [?,?], and we express everything in
terms of the modifications of the neutral currents.

8

See E. Petit’s talk for results including Higgs pair production and H self-coupling

See arXiv:1905.03764 [hep-ph] for extra scenario with flavour universality (SMEFTFU) 

-Hff and Vff (HVff) diagonal in the physical basis 
-Vff (HVff) flavour universality respected by first 2 quark families  

-For H & EW exploration purposes only 
-Cumbersome from model-building 
point of view to avoid FCNC

EFT Framework
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Experimental Inputs
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Higgs (and EW) physics at Future Colliders

�19

• 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) LEP/SLD (Z-pole) + 

HL-LHC + W (ILC) 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)

LEP/SLD (Z-pole) + 
HL-LHC + W (CLIC) 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 -

Warning

Warning

Warning
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Global fit results
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Global EFT fit
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Figures of Merit with Respects to HL-LHC 
Global fit results
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Fig. by M. Cepeda

Improvement with respect to HL-LHC
M. Cepeda for Higgs@FC WG
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Theoretical UncertaintiesImpact of SM theory uncertainties
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Comparison of SM Theory uncertainties in Higgs calculations

Impact of SM theory uncertainties
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• Sensitivity to NP depends on accuracy of SM calculations. Distinguish 2 types of 
uncertainties:


• Parametric theory uncertainties: For an observable O, this is the error 
associated to the propagation of the experimental error of the SM input 
parameters to the prediction OSM .


• Intrinsic theory uncertainties: Estimate of the net size associated with the 
contributions to OSM from missing higher-order corrections in perturbation 
theory.


• Somewhat artificial distinction (Exp. determination of SM inputs rely in SM 
calculations, e.g. QED), but useful to isolate the effect of theory uncertainties in 
certain calculations


• To isolate effects of SM Higgs uncertainties from others (e.g. EWPO) we use the 
SMEFTPEW benchmark scenario


• Focus the comparison on results at future lepton collider Higgs factories


Are current projections for SM theory uncertainties in Higgs processes 
enough compared to the expected experimental sensitivity?

ECFA Higgs study group ‘19
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Impact of Z-pole measurementsGlobal fit results
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Dark/Light: SMEFTPEW (Perfect EWPO) / SMEFTND (Global fit)May 2019

Figure 4. 68% probability reach on Higgs couplings and aTGC at the different lepton colliders from the Global fit SMEFTND,
compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFTPEW ). The difference (partially)
illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats on this study.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at
hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the
assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in
Eq. (13) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 6 we translate
the results of the fit in Figure 5 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and
setting all O(1) coefficients exactly to 1, i.e.
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (12) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the
new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
weakly coupled scenarios. The implications of some of these results will be discussed in detail, and in combination with the
information from direct searches, in Ref. [49].

1.3 Impact of Standard Model theory uncertainties in Higgs calculations

As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
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Assuming LEP precision

Perfect EW measurements

Impact of EWPO (Z pole measurements)  in Higgs coupling sensitivity

Difference due to absence of precise enough EWPO at LC (no Z pole run)
Can be mitigated by using: (1) High-energies  (2) EWPO from radiative return

More details on J.B, G. Durieux, C. Grojean, J. Gu, A. Paul, To appear, 2019 

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul to appear
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• FCC-ee and CEPC benefit a lot (>50% on HVV) from Z-pole run

• FCC-ee and CEPC EW measurements are almost perfect for what concerns Higgs physics

• LEP EW measurements are a limiting factor to Higgs precision at ILC, especially for the first runs
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Impact of Beam Polarisation
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Impact of Beam Polarisation
J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul to appear

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(10%) 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

increased sensitivities Polarised vs. Unpolarised scenarios @ 250GeV
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Higgs self-coupling
Higgs self-couplings is very interesting for a multitude of reasons 

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

How much 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?
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What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

+ )

What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

What if ECM < 2 mh + mZ?
•  At 240 GeV:


•  But what if we have:

•  We would never know?

h

Ze

e

2

�Zh =

L = LSM � 1

3!
�hASMh3

+ (

Conclusions
•  In fact, the following two scenarios

                               or

are distinguishable due to NLO effects.

•  Indirect constraint has ambiguity

•  Measurements at multiple energies can 
lead to ellipse-plot constraints.



L = LSM

�240� = 100 (2�Z + 0.014�h)%

L = LSM � 1

3!
�hASMh3

M. McCullough ’14

Is a deviation in ZH sourced by modified coupling to Z or by H3?
Need a global fit analysis

!19
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Higgs self-coupling
Higgs self-couplings is very interesting for a multitude of reasons 

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

How much 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?

Figure 7. Double Higgs production at hadron (left) [37] and lepton (right) [31] colliders as a function of the modified Higgs
cubic self-coupling. [CGv2: The RHS plot will be changed. First, the ILC500 ZHH xs will be added and the horizontal
bands will be erased since the bound on klambda depends on the value of klambda][FMv2: To be more consistent
with the left-hand plot can we also use l3/l SM

3 in the right-handed one? I would also take out the
MadGraph5_aMC@NLO tag on the first one.]

1. an exclusive analysis of HH production, i.e., a fit of the double Higgs cross section considering only deformation of the690

Higgs cubic coupling;691

2. a global analysis of HH production, i.e., a fit of of the double Higgs cross section considering also all possible deformations692

of the single Higgs couplings that are already constrained by single Higgs processes;693

(a) the global fit does not consider the effects at higher order of the modified Higgs cubic coupling to single Higgs694

production and to Higgs decays;695

(b) these higher order effects are included;696

3. an exclusive analysis of single Higgs processes at higher order, i.e., considering only deformation of the Higgs cubic697

coupling;698

4. a global analysis of single Higgs processes at higher order, i.e., considering also all possible deformations of the single699

Higgs couplings.700

Until recently, the method (1.) was mostly followed. For most colliders, it gives similar results as method (2.a) as the701

single Higgs constraints are weaker than that derived from HH production. A notable exception is at FCC-hh where the 1%702

uncertainty on the top Yukawa coupling can challenge the determination of k3 at the 5% level. [BHv1: I found that sentence703

awkward, very long and wondered if a "not" is missing? In think you want to say: Until recently, the method (1.) was704

mostly followed. For most colliders, it gives similar results as method (2.a) as the single Higgs constraints are weaker705

than that derived from HH production. A notable exception being at FCC-hh where the 1% uncertainty on the top706

Yukawa coupling can challenge the determination of k3 at the 5% level. ] [EPv1: I think I agree so I changed to your707

suggestion, but maybe Christophe should validate.] Method (2.b) should be considered for peculiar scenarios where the708

deviation of the Higgs cubic coupling is parametrically enhanced compared to other Higgs coupling deviations. Insufficient709

information is currently available, both on the experimental side, e.g. the correlations among the diffferent mhh bins, and on the710

theoretical side, e.g. full EFT dependence of the double Higgs production cross section, for Method (2.b) to be implemented711

in a consistent way. Therefore, we do not report any result for that method. Methods (3) and (4) are particularly relevant for712

low-energy colliders below the double Higgs production threshold. Above this threshold, these methods can still be relevant to713

complement results from the double Higgs analysis, for instance by helping to resolve the degeneracy between the SM and a714

second minimum of the likelihood. While this does not modify the 1s bound on k3, it can impact the bound starting at the 2s715

level due to the non-Gaussian profile of the likelihood.716

Table 9 reports the sensitivity at the various colliders of the Higgs cubic coupling determination. The results are also717

summarised in Fig. 8. Even though the likelihood is not a symmetric function of k3, the current level of precision in this718

27/41

Sensitivity on Higgs cubic self-coupling is obtained in many different ways:
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Higgs self-coupling
Higgs self-couplings is very interesting for a multitude of reasons 

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

How much 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?

Higgs requirements from theory, Georg Weiglein, QU Future Facilities Platform — Higgs Meeting, Hamburg, 05 / 2019

Single-Higgs processes: λ enters at loop level

�25
02/23/12     
 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:

[E. Petit ’19]
Note: it is 
highly artificial 
to assume that 
there is a large 
shift in λ, but 
no change 
anywhere else!

Don’t take one bound and use it for a model where it doesn’t apply!
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Table 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. All the numbers
reported correspond to a simplified combination of the considered collider with HL-LHC, which provides approximated by a
50% constraint on k3. The numbers in the first column (i.e. "di-H excl." or Method (1)) correspond to the results given by the
future collider collaborations and in parenthesis, we report our derived estimate obtained in the binned analysis described in the
text. In the three last columns, i.e. Methods (2a), (3) and (4), we report the results computed by the Higgs@FC working group.
For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Methods (1) and (2.a)

cannot be used, hence the dash signs in the corresponding cells. No sensitivity was computed along Method (2.a) for HE-LHC
and CLIC3000 but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of
results available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC.

collider (1) di-H excl. (2.a) di-H glob. (3) single-H excl. (4) single-H glob.

HL-LHC +60
�50% (50%) 52% 46% 50%

HE-LHC 10-20% (n.a.) n.a. 41% 50%
ILC250 � � 28% 49%
ILC350 � � 28% 47%
ILC500 27% (27%) 27% 26% 37%

CLIC380 � � 45% 50%
CLIC1500 36% (36%) 36% 40% 49%
CLIC3000

+11
�7 % (n.a.) n.a. 35% 49%

FCC-ee240 � � 19% 48%
FCC-ee365 � � 19% 34%

FCC-ee/eh/hh 5% (5%) 6% 18% 25%
CEPC � � 17% 49%

Table 12. Upper bounds, in % , on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on
BRunt in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 570. 320. 420. 330. 430. 290. 310. 280.
kd 270. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.4 7.5 9.9 6.6 7. 6.4
kc 1.2 0.87 measured directly

a tree-level coupling squared, i.e. all decays H ! f̄ f , where f is any SM fermion of the first or second generation, or indirectly,
i.e. through interfering amplitudes or loops, such as H ! gg and H ! gZ. We will also briefly present results on very rare
exclusive decays, which could provide indirect information on the light-quark Yukawa couplings. We follow the notation
introduced in the k-framework and consider the rescaling factors ki = yi/ySM

i introduced previously for the couplings to quarks
ku,kd ,kc,ks and for kµ , and for the loop induced processes, kg and kZg . The values of kµ ,kg ,kZg ,kc have been obtained from
the kappa-3,-4 fits presented in Section 3.2 and we do not reproduce them here, while the upper bounds on ku,kd ,ks (kc for
hadron colliders) are obtained from the upper limits on BRunt. Constraints on flavour-changing Higgs boson interactions are not
reported here.

The constraints of the couplings to first and second generation quarks are given in Table 12 and displayed in Fig. 12, based
on the results on BRunt. For kc the hadron colliders reach values of O(•), and lepton colliders and LHeC are expected to
improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥ the
SM value while for the first generation it ranges from 100-600⇥ the SM value. For those, compared to the HL-LHC, the other
colliders improve by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of BRunt relies on assuming
kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared to HL-LHC but the higher
energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10, respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [65] is based on the direct search for h ! e+e�. A preliminary
study at the FCCee [66] has assessed the reach of a dedicated run at

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

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

While the limits quoted on kc from hadron colliders (see Table 12) have been obtained indirectly, we mention that progress

34/58
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Table 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. All the numbers
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future collider collaborations and in parenthesis, we report our derived estimate obtained in the binned analysis described in the
text. In the three last columns, i.e. Methods (2a), (3) and (4), we report the results computed by the Higgs@FC working group.
For the leptonic colliders, the runs are considered in sequence. For the colliders with
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cannot be used, hence the dash signs in the corresponding cells. No sensitivity was computed along Method (2.a) for HE-LHC
and CLIC3000 but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of
results available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC.
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Table 12. Upper bounds, in % , on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on
BRunt in the kappa-3 scenario.
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ks 13. 7.3 9.4 7.5 9.9 6.6 7. 6.4
kc 1.2 0.87 measured directly

a tree-level coupling squared, i.e. all decays H ! f̄ f , where f is any SM fermion of the first or second generation, or indirectly,
i.e. through interfering amplitudes or loops, such as H ! gg and H ! gZ. We will also briefly present results on very rare
exclusive decays, which could provide indirect information on the light-quark Yukawa couplings. We follow the notation
introduced in the k-framework and consider the rescaling factors ki = yi/ySM

i introduced previously for the couplings to quarks
ku,kd ,kc,ks and for kµ , and for the loop induced processes, kg and kZg . The values of kµ ,kg ,kZg ,kc have been obtained from
the kappa-3,-4 fits presented in Section 3.2 and we do not reproduce them here, while the upper bounds on ku,kd ,ks (kc for
hadron colliders) are obtained from the upper limits on BRunt. Constraints on flavour-changing Higgs boson interactions are not
reported here.

The constraints of the couplings to first and second generation quarks are given in Table 12 and displayed in Fig. 12, based
on the results on BRunt. For kc the hadron colliders reach values of O(•), and lepton colliders and LHeC are expected to
improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥ the
SM value while for the first generation it ranges from 100-600⇥ the SM value. For those, compared to the HL-LHC, the other
colliders improve by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of BRunt relies on assuming
kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared to HL-LHC but the higher
energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10, respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [65] is based on the direct search for h ! e+e�. A preliminary
study at the FCCee [66] has assessed the reach of a dedicated run at

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

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

While the limits quoted on kc from hadron colliders (see Table 12) have been obtained indirectly, we mention that progress
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ee colliders
will establish at 95%CL that 

the Higgs self-coupling exists
ILC will establish it at 5σ

 FCC-hh will probe 
the quantum corrections 

of the Higgs potential
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Conclusions
CLIC allows to measure the Higgs trilinear self-coupling

✦ first precision determination  (only O(50%) possible at HL-LHC)

✦ VBF and DHS main channels at stage II and stage III  
(possible exploitation of differential distribution in VBF)

✦ ultimate CLIC precision ~10% at 68% CL
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Light Yukawas

Table 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. All the numbers
reported correspond to a simplified combination of the considered collider with HL-LHC, which provides approximated by a
50% constraint on k3. The numbers in the first column (i.e. "di-H excl." or Method (1)) correspond to the results given by the
future collider collaborations and in parenthesis, we report our derived estimate obtained in the binned analysis described in the
text. In the three last columns, i.e. Methods (2a), (3) and (4), we report the results computed by the Higgs@FC working group.
For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Methods (1) and (2.a)

cannot be used, hence the dash signs in the corresponding cells. No sensitivity was computed along Method (2.a) for HE-LHC
and CLIC3000 but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of
results available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC.

collider (1) di-H excl. (2.a) di-H glob. (3) single-H excl. (4) single-H glob.

HL-LHC +60
�50% (50%) 52% 46% 50%

HE-LHC 10-20% (n.a.) n.a. 41% 50%
ILC250 � � 28% 49%
ILC350 � � 28% 47%
ILC500 27% (27%) 27% 26% 37%

CLIC380 � � 45% 50%
CLIC1500 36% (36%) 36% 40% 49%
CLIC3000

+11
�7 % (n.a.) n.a. 35% 49%

FCC-ee240 � � 19% 48%
FCC-ee365 � � 19% 34%

FCC-ee/eh/hh 5% (5%) 6% 18% 25%
CEPC � � 17% 49%

Table 12. Upper bounds, in % , on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on
BRunt in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 570. 320. 420. 330. 430. 290. 310. 280.
kd 270. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.4 7.5 9.9 6.6 7. 6.4
kc 1.2 0.87 measured directly

a tree-level coupling squared, i.e. all decays H ! f̄ f , where f is any SM fermion of the first or second generation, or indirectly,
i.e. through interfering amplitudes or loops, such as H ! gg and H ! gZ. We will also briefly present results on very rare
exclusive decays, which could provide indirect information on the light-quark Yukawa couplings. We follow the notation
introduced in the k-framework and consider the rescaling factors ki = yi/ySM

i introduced previously for the couplings to quarks
ku,kd ,kc,ks and for kµ , and for the loop induced processes, kg and kZg . The values of kµ ,kg ,kZg ,kc have been obtained from
the kappa-3,-4 fits presented in Section 3.2 and we do not reproduce them here, while the upper bounds on ku,kd ,ks (kc for
hadron colliders) are obtained from the upper limits on BRunt. Constraints on flavour-changing Higgs boson interactions are not
reported here.

The constraints of the couplings to first and second generation quarks are given in Table 12 and displayed in Fig. 12, based
on the results on BRunt. For kc the hadron colliders reach values of O(•), and lepton colliders and LHeC are expected to
improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥ the
SM value while for the first generation it ranges from 100-600⇥ the SM value. For those, compared to the HL-LHC, the other
colliders improve by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of BRunt relies on assuming
kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared to HL-LHC but the higher
energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10, respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [65] is based on the direct search for h ! e+e�. A preliminary
study at the FCCee [66] has assessed the reach of a dedicated run at

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

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

While the limits quoted on kc from hadron colliders (see Table 12) have been obtained indirectly, we mention that progress

34/58

Figure 12. Summary plot illustrating the limits that can be obtained from rare Higgs decays on the couplings.

6 Sensitivity to Higgs CP

Barring the strong-CP problem, in the SM the only source of CP violation stems from fermion mixing in the charged currents,
while the Higgs boson is predicted to have CP-even, flavour-diagonal interactions. Detecting non-zero CP-odd components in
the Higgs interactions with the SM particles, would therefore clearly point to physics beyond the Standard Model. Departures
from the SM can be efficiently parametrised in terms of a limited set of (flavour conserving) dimension-6 operators. Employing
the Higgs basis, the (P-violating/C-conserving) CP-violating (CPV) HVV couplings are given by

dL
hVV

CPV =
h
v

h
c̃gg

g2
s

4
Ga

µn G̃a
µn + c̃aa

e2

4
Aµn Ãµn + c̃za

e
p

g2 +g02

2
Zµn Ãµn + c̃zz

g2 +g02

4
Zµn Z̃µn + c̃ww

g2

2
W+

µnW̃�
µn

i
, (29)

where, gs, g and g0 are the SU(3), SU(2)L and U(1)Y gauge coupling constants and Ṽµn = 1
2 eµnrsVrs . Out of the four

electroweak parameters, only three are independent at this order in the EFT expansion. In particular,

c̃ww = c̃zz +2s2
q c̃za + s4

q c̃aa. (30)

The (P-violating/C-violating) CP-violating (yet flavour-diagonal) interactions of the Higgs boson with fermions can be
parametrised as

L
h f f

CPV = �k̄ f m f
h
v

ȳ f (cosa + ig5 sina)y f , (31)

where the angle a parametrizes the departure from the CP-even case. Another, equivalent parametrization employs k f = k̄ f cosa
and k̃ f = k̄ f sina , where k f = 1+dy f in the notation used for the CP conserving cases in the k-framework (with k > 0). The
pure scalar coupling corresponds to a = 0 (k̃ f = 0), a pure pseudoscalar coupling to a = 90� (k f = 0), while CP violation
occurs in all other intermediate cases.

Sensitivity to the CP-odd operators can arise from two distinct classes of observables. The first class includes CP-even
observables, such as total cross sections or single particle inclusive distributions. In this case, CP-odd operators contribute in a
way that is analogous to CP-even operators, i.e. affecting rates and shapes. The second class includes observables that are
built to be directly sensitive to CP violation, i.e. they are zero (at the lowest order) if CP is conserved. Limits obtained from
this second class are therefore automatically insensitive to the presence of higher-dimensional CP-conserving operators and
deviations from zero would uniquely point to CP violation.

Sensitivity to the CP-odd hgg interaction comes from gluon fusion processes at the inclusive level, while direct sensitivity to
CP violation can arise only starting from final states featuring at least two jets in the final state. Studies performed at the LHC
exist, yet no dedicated investigation for future colliders has been documented. Sensitivity to the CP-odd hVV weak operators
comes from Higgs-strahlung processes (WH and ZH), the vector boson fusion and the Higgs decay into four charged leptons
(H ! 4`). Studies have been performed both at the level of rates/distributions and via CP-sensitive observables [10].
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More correlations among EW observables at 
CEPC240 than at FCC240. Why?

Look carefully at the plot
and you’ll see that, with a dedicated Z-pole,

the correlations between Higgs and EW 
observables go away
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