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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

DESY

Markus Diehl

Deutsches Elektronen-Synchroton DESY

Collider physics

in Hamburg

Theory Jamboree

Hamburg, 12 June 2015

( christophe.grojean@desy.de )

Christophe GrojeanChristophe Grojean
DESY (Hamburg) 

Humboldt University (Berlin)

Higgs couplings discussion 
(with a special focus on the impact of EW, diboson, polarisation)

— Preparation for ESPP —



Christophe Grojean Vidyo, April 29, 2019

breathtaking successes
 in O(6) years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)
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HEP with a Higgs boson

Particle physics is not so much about particles but more about fundamental principles

The meaning of the Higgs

 About 10-10s after the Big Bang, the Universe filled with the Higgs substance 
because it saved energy by doing so:

 “the vacuum is not empty” 
(even when    → 0, not a Casimir effect)

 The masses are emergent quantities due to a non-trivial vacuum 
structure
 There are only a finite number of particles (the SM ones) that acquire 

their mass via the Higgs vev

 There exists a new type (non-gauged) of fundamental forces: matter-
dependent forces (e≠μ), e.g. familon, relaxion, Higgs portals...

~

Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC

multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues like 

EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15 rare Higgs decays: h→μμ, h→γZ
 Higgs flavor violating couplings: h→μτ and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/Ψ+γ ) and measurement of couplings to light quarks 

 exotic Higgs decay channels: 
h→ ET, h→4b, h→2b2μ, h→4τ,2τ2μ, h→4j, h →2γ2j, h→4γ, h→γ/2γ+ET, 

h→isolated leptons+ET, h→2l+ET, h→one/two lepton-jet(s)+X, h→bb+ET, h→ττ+ET ...
 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...

complementarity and synergy 
needed to achieve the full program

The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→μτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics
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The SM challenges to further progress
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Parametric uncertainties (mb,mc, αs…) are under control till 0.1% in Higgs couplings
Statistical uncertainty will become less and less important.

Systematics wall will be faced.

Progress requires a combination of 
• Better control of parametric uncertainties, e.g. PDFs
• Higher order theoretical computations, e.g. N…NLO
• Access to phase-space limited regions
• Understand correlations among different bins in diff. distributions

Benchmark HL-LHC +
SMEFT1 ILC250 ILC CLIC380 CLIC CEPC FCC-ee240 FCC-ee

geff
HZZ ExpStat 0.24 0.16 0.33 0.088 0.31 0.33 0.24

ExpStat + ThPar 0.25 0.17 0.34 0.11 0.31 0.34 0.24
ExpStat + ThIntr 0.3 0.28 0.38 0.29 0.35 0.37 0.31

ExpStat + Th 0.31 0.29 0.38 0.3 0.36 0.38 0.32
geff

HWW ExpStat 0.26 0.17 0.35 0.091 0.29 0.33 0.25
ExpStat + ThPar 0.27 0.18 0.35 0.11 0.3 0.34 0.26
ExpStat + ThIntr 0.35 0.32 0.42 0.32 0.37 0.4 0.35

ExpStat + Th 0.35 0.32 0.42 0.33 0.37 0.4 0.35
geff

Hgg ExpStat 1.2 1.1 1.4 1.1 1.2 1.2 1.2
ExpStat + ThPar 1.2 1.1 1.4 1.1 1.2 1.2 1.2
ExpStat + ThIntr 1.2 1.2 1.4 1.1 1.2 1.2 1.2

ExpStat + Th 1.3 1.2 1.4 1.1 1.2 1.2 1.2
geff

HZg ExpStat 8. 6.5 8.8 3.5 6.2 9.8 9.3
ExpStat + ThPar 8. 6.5 8.8 3.5 6.2 9.8 9.3
ExpStat + ThIntr 8. 7.1 8.9 4.1 6.2 9.8 9.5

ExpStat + Th 8. 7.1 8.9 4.1 6.2 9.8 9.5
geff

Hgg ExpStat 1.1 0.78 1.3 0.73 0.72 0.92 0.81
ExpStat + ThPar 1.1 0.78 1.3 0.74 0.72 0.93 0.81
ExpStat + ThIntr 1.1 0.82 1.3 0.77 0.75 0.96 0.84

ExpStat + Th 1.2 0.82 1.3 0.78 0.75 0.96 0.85
gHtt ExpStat 2.6 2.6 2.7 1.9 2.6 2.6 2.6

ExpStat + ThPar 2.6 2.6 2.7 1.9 2.6 2.6 2.6
ExpStat + ThIntr 2.6 2.6 2.7 1.9 2.6 2.6 2.6

ExpStat + Th 2.6 2.6 2.7 1.9 2.6 2.6 2.6
gHcc ExpStat 1.7 1.1 3.9 1.3 1.7 1.3 1.1

ExpStat + ThPar 1.8 1.2 4. 1.4 1.8 1.4 1.2
ExpStat + ThIntr 1.7 1.2 4. 1.3 1.8 1.3 1.2

ExpStat + Th 1.8 1.3 4. 1.4 1.8 1.4 1.3
gHbb ExpStat 0.66 0.39 0.91 0.17 0.47 0.56 0.46

ExpStat + ThPar 0.73 0.5 0.96 0.35 0.56 0.64 0.55
ExpStat + ThIntr 0.7 0.49 0.97 0.36 0.52 0.6 0.52

ExpStat + Th 0.77 0.58 1. 0.48 0.61 0.68 0.61
gHtt ExpStat 0.76 0.57 1.3 0.72 0.61 0.65 0.57

ExpStat + ThPar 0.76 0.57 1.3 0.72 0.61 0.65 0.57
ExpStat + ThIntr 0.79 0.62 1.3 0.76 0.64 0.68 0.61

ExpStat + Th 0.79 0.62 1.3 0.77 0.64 0.68 0.61
gHµµ ExpStat 4.1 3.9 4.3 3.4 3.8 3.9 3.8

ExpStat + ThPar 4.1 3.9 4.3 3.4 3.8 3.9 3.8
ExpStat + ThIntr 4.1 3.9 4.3 3.4 3.8 3.9 3.8

ExpStat + Th 4.1 3.9 4.3 3.4 3.8 3.9 3.8
dg1Z [⇥102] ExpStat 0.038 0.018 0.03 0.0012 0.061 0.063 0.035

ExpStat + ThPar 0.038 0.018 0.03 0.0012 0.061 0.063 0.035
ExpStat + ThIntr 0.038 0.018 0.03 0.0012 0.062 0.064 0.036

ExpStat + Th 0.038 0.018 0.03 0.0012 0.062 0.064 0.036
dkg [⇥102] ExpStat 0.054 0.023 0.041 0.0026 0.089 0.085 0.049

ExpStat + ThPar 0.054 0.023 0.041 0.0026 0.09 0.086 0.049
ExpStat + ThIntr 0.054 0.025 0.042 0.0026 0.089 0.086 0.049

ExpStat + Th 0.054 0.025 0.042 0.0026 0.089 0.085 0.049
lZ [⇥102] ExpStat 0.041 0.038 0.042 0.0018 0.09 0.089 0.05

ExpStat + ThPar 0.041 0.038 0.042 0.0018 0.09 0.089 0.05
ExpStat + ThIntr 0.041 0.038 0.042 0.0018 0.09 0.089 0.05

ExpStat + Th 0.041 0.038 0.042 0.0018 0.09 0.089 0.05

Table 9. Impact of the different SM theory uncertainties in Higgs processes on the 68% probability coupling reach at lepton
colliders.[JB: Add % to the Higgs couplings...]

energy stage where each collider can start operating at a Higgs factory, and subsequent upgrades to higher energies. (In the440

case of FCC, we also consider the results in combination with the other collider options foreseen as part of the FCC integrated441

program.)442

From the results we observe that, while the LHeC and HE-LHC would help in pushing the knowledge of some of the Higgs443

couplings closer to the 1 percent threshold, a future lepton collider seems to be required to go beyond this point, beating that444

precision for several of the gHX parameters. In particular, even at a low energy run, all future projects for lepton colliders can445

bring the precision of the Higgs coupling to vector bosons below 0.5%. (Note also that lepton colliders are the only type of446

Higgs factory able to provide an absolute normalization for the Higgs couplings, via the measurement of the e+e� ! ZH cross447

section using the recoil mass method.)448

While, based on the available projections, the overall performance of the CEPC run at 240 GeV seems slightly better in a few449

cases than the corresponding 240 GeV run at the FCC-ee6, e.g. for gHgg, the FCC-ee after running at 365 GeV and completing450

6Note that the better sensitivity to the HZg coupling is simply due to the absence of a projections at the FCC-ee for the H ! Zg channel. There is however
no reason why the FCC-ee should not be able to do similarly well for this process.

18/37

ECFA Higgs study group ‘19
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The SM challenges to further progress
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Parametric uncertainties (mb,mc, αs…) are under control till 0.1% in Higgs couplings
Statistical uncertainty will become less and less important.

Systematics wall will be faced.

Progress requires a combination of 
• Better control of parametric uncertainties, e.g. PDFs
• Higher order theoretical computations, e.g. N…NLO
• Access to phase-space limited regions
• Understand correlations among different bins in diff. distributions

Status of NNLO

14

NNLO scale uncertainty bands of 1-2%. 

Is the theory uncertainty indeed 1-2%? 

theoretical uncertainties

S. Farry | University of Liverpool 24/22
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Which Machine(s)?

!4

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

                (w/ optimized design) 

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

Hadrons

^
Exploration machines are at the heart of HEP

Current consensus: 
the best way to go there is to start with a Higgs factory

Linear or Circular?

 Higher luminosity
 Z-pole run

 Can be extended in energy
 Polarised beams
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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 Higgs)
• 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
• Challenged if there is no mass gap between weak scale and new physics
• Should we include the option of new exotic decays? Not inconsistent but more model-

dependent
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Figure 4: with and without hZ asymmetries. Note that with the inclusion of e+e≠ æ
WW , and especially with the 350 GeV Higgs measurements, the hZ asymmetries become
less useful, which is what we expect (since we have more handles to resolve flat directions).
Note that Higgs measurements include both hZ and ‹‹̄h.
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Which measurements are needed?
Higgs coupling measurement is not relying on Higgs data alone

Need a machine that is complete and efficient at different energies
Zh

✓2
e+

e�

�

`+

`�

✓1 z

Figure 2: Definition of the � = {◊1, ◊2, „} angles in a e+e≠
æ hZ event (taken from

Ref. [31]). Note the two polar angles are respectively defined in the center-of-mass and Z
restframes.

by beam polarization. Reversing the polarization also flips the sign of the cZ“ and c“⇤
prefactors, given the opposite signs of the left- and right-handed couplings of the Z to
electrons.

Angular asymmetries

Three angles and two invariant masses fully characterize the di�erential distribution of the
e+e≠

æ hZ æ hff̄ process (see Fig. 2). It naturally provides information complementary
to that of the total rate alone. The e�ective-field-theory contributions to the angular
distributions have been thoroughly studied in Ref. [29]. At tree level and linear order
in the e�ective-field-theory parameters, they can all be captured through the following
asymmetries:

A◊1 = 1
‡

⁄

d � sgn{cos(2◊1)}
d ‡

d � ,

A
(1)

„
= 1

‡

⁄

d � sgn{sin „}
d ‡

d � ,

A
(2)

„
= 1

‡

⁄

d � sgn{sin(2„)} d ‡

d � ,

A
(3)

„
= 1

‡

⁄

d � sgn{cos „}
d ‡

d � ,

A
(4)

„
= 1

‡

⁄

d � sgn{cos(2„)} d ‡

d � ,

Ac◊1,c◊2 = 1
‡

⁄

d � sgn{cos ◊1 cos ◊2}
d ‡

d � , (3.2)

where � = {◊1, ◊2, „} and the sgn function gives the sign of its argument. Among these
asymmetries, A

(1)

„
and A

(2)

„
are sensitive to CP-violating parameters (or absorptive parts

of amplitude), while A◊1 and A
(4)

„
depend on the same combination of operator coe�-

cients. In the absence of CP violation, the angular observables therefore provide three
independent constraints on e�ective-field-theory parameters. The corresponding Higgs-
basis expressions are provided in Appendix D.

A phenomenological study of these angular asymmetries at circular e+e≠ colliders
has been performed in Ref. [31]. In particular, it was shown that the uncertainties on

11

http://arxiv.org/abs/arXiv:1704.02333
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1) with a run at 240/250 GeV alone, it is crucial to have access to angular distributions 
to break degeneracies (e.g. 20%-50% for hZZ)
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less useful, which is what we expect (since we have more handles to resolve flat directions).
Note that Higgs measurements include both hZ and ‹‹̄h.
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1) with a run at 240/250 GeV alone, it is crucial to have access to angular distributions 
to break degeneracies (e.g. 20%-50% for hZZ)
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Which measurements are needed?
Higgs coupling measurement is not relying on Higgs data alone

Need a machine that is complete and efficient at different energies

2) with a second run at higher energy makes it less important to look at distributions

Zh
✓2

e+

e�

�

`+

`�

✓1 z

Figure 2: Definition of the � = {◊1, ◊2, „} angles in a e+e≠
æ hZ event (taken from

Ref. [31]). Note the two polar angles are respectively defined in the center-of-mass and Z
restframes.

by beam polarization. Reversing the polarization also flips the sign of the cZ“ and c“⇤
prefactors, given the opposite signs of the left- and right-handed couplings of the Z to
electrons.

Angular asymmetries

Three angles and two invariant masses fully characterize the di�erential distribution of the
e+e≠

æ hZ æ hff̄ process (see Fig. 2). It naturally provides information complementary
to that of the total rate alone. The e�ective-field-theory contributions to the angular
distributions have been thoroughly studied in Ref. [29]. At tree level and linear order
in the e�ective-field-theory parameters, they can all be captured through the following
asymmetries:

A◊1 = 1
‡

⁄

d � sgn{cos(2◊1)}
d ‡

d � ,

A
(1)

„
= 1

‡

⁄

d � sgn{sin „}
d ‡

d � ,

A
(2)

„
= 1

‡

⁄

d � sgn{sin(2„)} d ‡

d � ,

A
(3)

„
= 1

‡

⁄

d � sgn{cos „}
d ‡

d � ,

A
(4)

„
= 1

‡

⁄

d � sgn{cos(2„)} d ‡

d � ,

Ac◊1,c◊2 = 1
‡

⁄

d � sgn{cos ◊1 cos ◊2}
d ‡

d � , (3.2)

where � = {◊1, ◊2, „} and the sgn function gives the sign of its argument. Among these
asymmetries, A

(1)

„
and A

(2)

„
are sensitive to CP-violating parameters (or absorptive parts

of amplitude), while A◊1 and A
(4)

„
depend on the same combination of operator coe�-

cients. In the absence of CP violation, the angular observables therefore provide three
independent constraints on e�ective-field-theory parameters. The corresponding Higgs-
basis expressions are provided in Appendix D.

A phenomenological study of these angular asymmetries at circular e+e≠ colliders
has been performed in Ref. [31]. In particular, it was shown that the uncertainties on
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æ WW measurements at the
CEPC. Each of the five angular distributions is divided into 20 bins (or 10 bins for the
angles characterizing W decays in indistinguishable quark–antiquark pairs). We assume
a fixed relative uncertainty each bin, and no correlation among them. A benchmark value
of 1% is used elsewhere in this paper, for CEPC and FCC-ee measurements. Bottom:
One-sigma reach of the 240 GeV CEPC run for di�erent systematic uncertainties in the
di�erential measurements of diboson production.
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Introduction Refined TGC analysis EW corrections Conclusion

Impact on the Higgs fit

δcZ cZZ cZ□ cγγ cZγ cgg
eff δyt δyc δyb δyτ δyμ λZ
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precision reach of the 12-parameter EFT fit (Higgs basis)
LHC 300/3000 fb-1 Higgs + LEP e+e-→WW
CEPC 240GeV (5.6 ab-1), without/with HL-LHC
CEPC 240GeV (optimal observables in WW)

! δg1,Z , δκγ → cZZ , cZ" , cγγ , cZγ

! How well can we actually do? Need an experimental analysis!

! Note: other EW parameters can also enter e+e− → WW !

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit

Introduction Refined TGC analysis EW corrections Conclusion

A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Assume ∆bvb ≈ ∆bi�i ?

e−

e+

Z/γ

W−

W+

e−

e+

ν

W−

W+

100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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ϕ*θ*
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z

y

f1

f2

Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the g

Z

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ

∗
l

and φ
∗
l
, together with cos θW . This
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optimal observables, statistical uncertainties only
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5.6/ab, semileptonic channel, 80% selection efficiency

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit De Blas, Durieux, Grojean, Gu, Paul ’in progress

Diboson analysis can still be improved, e.g., using optimised observables
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lepton colliders are combined with HL-LHC
imposed U(2) in 1&2 gen quarks
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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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EW measurement’s impact on Higgs
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Decouple Higgs data from EW data

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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EW measurement’s impact on Higgs
Z pole runs remove some correlations among SM deformations

Decouple Higgs data from EW data

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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Polarisation Impact

e�

e+

Z/�

Z

h

Figure 1: Leading-order contribution to the Higgsstrahlung process, e+e≠
æ hZ.

with P (e≠, e+) = (≠0.8, +0.3) beam polarization would contain approximatively 6.4◊105

Higgses. The latter polarization configuration maximizes the e+e≠
æ hZ cross section.

The recoil mass of the Z gives access to the inclusive e+e≠
æ hZ rate independently of

the exclusive Higgs decay channels measurements. The Higgsstrahlung process can also
be measured at higher center-of-mass energies. Despite the smaller cross sections, this
allows to probe di�erent combinations of EFT parameters and is thus helpful for resolving
(approximate) degeneracies among them. The estimated measurement precisions at each
collider and at di�erent energies are shown in Table 2, 3 and 4 of Appendix B, where
further details are also provided.

A few important comments are in order. As mentioned in Section 2, the measure-
ment of the rare h æ Z“ decay, while not very constraining for the SM hZ“ coupling,
could be very important to resolve the degeneracies of EFT parameters in the production
processes. Therefore, while the estimation of this measurement is not available for the
FCC-ee and ILC, we scale the precision estimated for the CEPC, assuming the domi-
nance of statistical uncertainties. Some care must also be taken to avoid potential double
counting between the e+e≠

æ hZ, Z æ ‹‹̄, h æ bb̄ process and the weak-boson fu-
sion e+e≠

æ ‹‹̄h, h æ bb̄, which yield the same final state. This is further discussed
in Section 3.2 and Appendix B. Note also that the interferences between s-channel Z
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Figure 10: One-sigma precision reach of ILC runs at 250 GeV with 2 ab≠1 of integrated
luminosity shared between P (e≠, e+) = (≠0.8, +0.3) and (+0.8, ≠0.3) beam polarization
configurations. The corresponding fractions are denoted as F(≠+) and F(+≠) = 1 ≠ F(≠+).
For the sake of comparison, the constraints resulting from a CEPC run at 240 GeV with
5 ab≠1 of integrated luminosity collected without beam polarization are also shown. The
dark shades correspond to the constraints obtained when one single parameter is kept at
the time, assuming all others vanish.

4.3 Impact of beam polarization at linear colliders

The possibility of longitudinal beam polarization constitutes a distinct advantage for lin-
ear colliders. Implementing it at circular colliders may be di�cult (especially at high
center-of-mass energies) and not economically feasible [2]. Dividing the total luminosity
into multiple runs of di�erent polarization configurations e�ectively provides several in-
dependent observables and helps constraining di�erent direction of the e�ective-theory
parameter space. In Fig. 10, we examine what subdivision of the total ILC luminosity
at 250 GeV would optimize the final precision reach. We follow the ILC TDR [3] and
assume that the ILC could achieve a maximum beam polarization of 80% for electrons
and 30% for positrons. Ref. [58] proposes a run plan with four polarization configurations
sgn{P (e≠, e+)} = (≠, +), (+, ≠), (≠, ≠), (+, +) and corresponding luminosity fractions
of 67.5%, 22.5%, 5%, and 5%, respectively. The (≠, ≠) and (+, +) polarizations could
serve to probe exotic new physics, like electron dipole or Yukawa operators. They however
suppress the rate of Higgs and gauge boson production and are thus not very helpful for
the precision study of these processes. For simplicity, we will thus only consider the (≠, +)
and (+, ≠) polarizations. Uncertainty estimates are often only provided for an entire run
in the P (e≠, e+) = (≠0.8, +0.3) configuration. Scaling with statistics is performed to
obtain estimates for other scenarios, assuming no correlation among the measurements
carried out with di�erent polarizations. In agreement with the proposal of Ref. [58],
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FIG. 76: Projected Higgs boson coupling uncertainties for selected scenarios from Table XVII. In particular it shows that atp
s = 250GeV, 2 ab�1 with polarised beams yield comparable results to a much larger data set of 5 ab�1 with unpolarised

beams.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.66 0.35 0.51 0.36
HWW 0.65 0.35 0.52 0.37
Hbb 1.1 0.58 0.78 0.63
H⌧⌧ 1.2 0.75 0.86 0.72
Hgg 1.7 0.95 1.2 0.97
Hcc 1.9 1.2 1.3 1.1
H�� 1.2 1.0 1.1 1.0
H�Z 5.7 2.6 9.0 6.8
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.5 1.6 1.7 1.4
�inv 0.36 0.32 0.34 0.30

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVII
but including projected improvements in precision electroweak measurements. At this moment (as I understand it - MEP )
the uncertainties on precision electroweak results described in the FCC-ee CDR [278] are used in all columns. It would be

interesting to add 2 columns with ILC + Gigaz.
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ILC250 ILC500 CEPC FCC-ee CLIC350 CLIC1.4 CLIC3
coupling EFT fit EFT fit  fit  fit  fit  fit  fit
HZZ 0.57 0.38 0.25 0.17 0.6 0.6 0.6
HWW 0.55 0.37 1.4 0.43 1.0 0.6 0.6
Hbb 1.0 0.60 1.3 0.61 2.1 0.7 0.7
H⌧⌧ 1.2 0.77 1.5 0.74 3.1 1.4 1.0
Hgg 1.6 0.96 1.5 1.01 2.6 1.4 1.0
Hcc 1.8 1.2 2.2 1.21 4.4 1.9 1.4
H�� 1.1 1.0 1.6 1.3 - 4.8 2.3
Hµµ 4.0 3.8 5.0 3.8 - 12.1 5.7
Htt - 6.3 - - - 3.0 3.0
HHH - 27 - - - 35 9
�tot 2.4 1.6 2.8 1.3 4.7 2.6 2.5
�inv 0.36 0.32 < 0.3 - - - -

TABLE XVII: Projected uncertainties in the Higgs boson couplings quoted in the CDRs presented to the European Strategy
Study. The methodology of the fit is indicated. The precise definition of a Higgs coupling uncertainty for the ILC EFT

analysis is given at the end of Sec. 11.1 and in the caption of Tab. XVI. For the ILC, the values are taken from Tab. XVI. For
the CEPC, the values are taken from Ref. [283], Tab. 11.4. For the FCC-ee, the values are taken from Ref. [284], Tab. 1.2. As
discussed later, the capability for �inv is similar to that for CEPC. For CLIC, the values are taken from Ref. [285], Tab. 2,
with HHH values from Ref. [215]. All values are given in percent (%). The bottom lines give, for reference, the projected
uncertainties in the Higgs boson total width and the 95% confidence limits on the Higgs boson invisible width. For ILC,

CEPC, and FCC-ee, the values given for the �� and µµ modes are those combined with expected LHC results.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350 2/ab-350
coupling pol. pol. unpol. unpol e

� pol.
HZZ 0.57 0.38 0.69 0.40 0.51
HWW 0.55 0.37 0.67 0.40 0.50
Hbb 1.0 0.60 0.88 0.65 1.0
H⌧⌧ 1.2 0.77 0.96 0.74 1.3
Hgg 1.6 0.96 1.2 0.98 1.6
Hcc 1.8 1.2 1.4 1.1 2.2
H�� 1.1 1.0 1.2 1.0 1.1
H�Z 9.1 6.6 9.6 9.1 8.9
Hµµ 4.0 3.8 3.8 3.7 4.0
Htt - 6.3 - - -
HHH - 27 - - -
�tot 2.4 1.6 1.9 1.5 2.4
�inv 0.36 0.32 0.34 0.30 0.58
�other 1.6 1.2 1.1 0.95 1.6

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the EFT method, with ILC
uncertainties per unit of luminosity and assuming a run with the quoted integrated luminosity and energy. The notation is

that of Tab. XVI. The first two columns are identical to the ILC values from Tab. XVI. In the last column, we assume ± 80%
electron polarisation and zero positron polarisation.

and present results from the ILC global fit in a number
of scenarios.

The projections in Ref. [126] are based on operational
experience with detectors that have successfully made
measurements on the Higgs boson, have exceeded their
expectations from the proposal stage, and, based on
that experience, expect further improvements beyond the
level of their current methodologies. These estimates are
based on extrapolation of current results. They do de-
pend on the assumption that the improvement of the
ATLAS and CMS detectors by the Phase-II upgrades
will fully compensate for the e↵ects of the high-pileup
environment expected at the HL-LHC. With this under-

standing, these estimates give the expectations for the
performance of the ATLAS and CMS experiments in the
HL-LHC program.

In addition to the formal HL-LHC projections, which
are ATLAS/CMS combinations, the individual LHC ex-
periments have actually produced two sets of projections,
a final one (S2) described above and a maximally conser-
vative one (S1) that includes the increase in statistics
from HL-LHC but uses only current methodologies and
current estimates of systematic errors. It is interesting
to us to compare the S1 and S2 projections, since this
comparison gives an idea of the improvements expected
by the LHC experiments beyond the current state of the
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2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.50 0.35 0.41 0.34
HWW 0.50 0.35 0.42 0.35
Hbb 0.99 0.59 0.72 0.62
H⌧⌧ 1.1 0.75 0.81 0.71
Hgg 1.6 0.96 1.1 0.96
Hcc 1.8 1.2 1.2 1.1
H�� 1.1 1.0 1.0 1.0
H�Z 9.1 6.6 9.5 8.1
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30
�other 1.6 1.2 1.1 0.94

TABLE XIX: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVIII
but including projected improvements in precision electroweak measurements. In the first two columns, the polarised collider
projections from Tab. XVIII are modified to include an improvement by a factor 10 in A`, as discussed in Sec. 8.4. In the
second two columns, the unpolarised collider projections from from Tab. XVIII are modified to include the improvement of

the uncertainties on precision electroweak observables described in the FCC-ee CDR [284].

art to the end of the HL-LHC program. In Tab. XX we
have quoted both the S1 numbers from CMS (those from
ATLAS are similar) and the final (S2) projections from
Ref. [126]. At the S2 level, the systematic errors are esti-
mated to be small enough that the projections benefit by
about 20% from making an ATLAS/CMS combination.

We call to the reader’s attention the fact that the im-
provements projected for HL-LHC from the current AT-
LAS and CMS uncertainties on the HZZ and HWW

couplings are very significant already in the S1 analysis.
This is because the high statistics of the HL-LHC allows
one to make use of the vector boson fusion production
mode, which has a low cross section but relatively small
theoretical and modelling uncertainties. On the other
hand, the projected improvement in the Hbb couplings
is based mainly on a higher-precision understanding of
analyses such as that shown in the upper plot of Fig. 45.

The ILC estimates have a very di↵erent basis. It is
always risky to estimate errors for experiments that have
not yet been constructed or taken data. We have de-
signed the ILC detectors to have the superb performance
characteristics detailed in Secs. 6 and 7. As far as is
possible today, these projected performances are justi-
fied by R&D and test beam measurements. However,
from this point, we wished to be quite conservative. We
then take the expected precision of our measurements to
be those of our current analyses of fully simulated, digi-
tised events. This conservative choice is the basis of the
estimates quoted in Sec. 11.1. Experience at all other
colliders has shown that final precision with real data
exceeds such a priori estimates.

To compare these projections with those for HL-LHC,
we have defined four scenarios, called S1*, S1, S2*, S2.
The projections in Tab. XX labeled S1* are those from
Tab. XVI in Sec. 11.1. While, as we have stressed, the

ILC analysis is highly model-independent, the LHC anal-
ysis relies on certain model assumptions that are di�cult
to remove with only the constraints available at a hadron
collider. The LHC results in Tab. XX assume that the
Higgs boson has no decay modes beyond those predicted
in the SM, and they assume that the Higgs boson cou-
plings to WW and ZZ are modified only by a rescaling.
In the ILC EFT analysis, each of these these couplings de-
pends on two additional independent constants ⇣W and
⇣Z defined in Eq. 8. For a sharper comparison, then,
we have then recast the ILC EFT analysis adding these
two assumptions, that is, assuming no Beyond-Standard-
Model decays and assuming ⇣W = ⇣Z = 0. This gives
the set of values labelled S1. We do foresee some im-
provements in our analyses, as described in Sec. 8.4.
These reflect improvements to our methods that are un-
der study and seem promising but are not yet completely
validated. Making these improvements gives the uncer-
tainties S2* and S2 (for model-independent and model-
dependent EFT fits) quoted in Tab. XX. These estimates
are intended give an indication that the ILC capabilites
are not fixed but rather are improvable with further ex-
perimental e↵ort. We remind the reader that all esti-
mates quoted for ILC require certain specific inputs from
HL-LHC, as explained in Sec. 11.1. Our use of HL-LHC
results nicely illustrates the complementarity of the two
machines, as is discussed in that section.

It is subtle to directly compare the projections for HL-
LHC and ILC taking into account their two di↵erent
philosophies. On the ILC side, since we have no experi-
ence with the actual operation of the detectors and the
accelerator, we have been very cautious in making ex-
trapolations beyond our current full-simulation results to
the actual performance that we might eventually achieve.
We therefore regard our scenario S1, and even our sce-

v3: 05.04.2019

Standard ILC EW

Improved ILC EW



Christophe Grojean Vidyo, April 29, 2019 11

Polarisation Impact
ILC study: how much luminosity does polarisation buy you?

81

0

0.5

1

1.5

2

2.5

3

3.5

4

Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]

Z W b τ g c invΓ hΓ γ γZ

sc
al

ed
 b

y 
1/

3

µ

sc
al

ed
 b

y 
1/

2

t

sc
al

ed
 b

y 
1/

2

λ

sc
al

ed
 b

y 
1/

20

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

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

Model Independent Fit LCC Physics WG

FIG. 76: Projected Higgs boson coupling uncertainties for selected scenarios from Table XVII. In particular it shows that atp
s = 250GeV, 2 ab�1 with polarised beams yield comparable results to a much larger data set of 5 ab�1 with unpolarised

beams.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.66 0.35 0.51 0.36
HWW 0.65 0.35 0.52 0.37
Hbb 1.1 0.58 0.78 0.63
H⌧⌧ 1.2 0.75 0.86 0.72
Hgg 1.7 0.95 1.2 0.97
Hcc 1.9 1.2 1.3 1.1
H�� 1.2 1.0 1.1 1.0
H�Z 5.7 2.6 9.0 6.8
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.5 1.6 1.7 1.4
�inv 0.36 0.32 0.34 0.30

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVII
but including projected improvements in precision electroweak measurements. At this moment (as I understand it - MEP )
the uncertainties on precision electroweak results described in the FCC-ee CDR [278] are used in all columns. It would be

interesting to add 2 columns with ILC + Gigaz.

tal proposal, reflecting the stage where we are now. We6402

promise to achieve the levels of precision that we have6403

discussed here, and we fully expect to exceed this ex-6404

pectation when a large collaboration of physicists makes6405

active use of the data that will be produced by the ILC.6406

The projections in Ref. [124] are created from a very6407

di↵erent basis. These are projections based on opera-6408

tional experience with detectors that have successfully6409

made measurements on the Higgs boson, have exceeded6410

their expectations from the proposal stage, and, based on6411

that experience, expect further improvements beyond the6412

level of their current methodologies. These estimates are6413

based on extrapolation of current results. They do de-6414

pend on the assumption that the detector performances6415

will not be seriously degraded in the expected high-pileup6416

environment. Nevertheless, these are the expectations for6417

the performance of the ATLAS and CMS experiments in6418

the HL-LHC program.6419

v0: 25.02.2019
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ILC250 ILC500 CEPC FCC-ee CLIC350 CLIC1.4 CLIC3
coupling EFT fit EFT fit  fit  fit  fit  fit  fit
HZZ 0.57 0.38 0.25 0.17 0.6 0.6 0.6
HWW 0.55 0.37 1.4 0.43 1.0 0.6 0.6
Hbb 1.0 0.60 1.3 0.61 2.1 0.7 0.7
H⌧⌧ 1.2 0.77 1.5 0.74 3.1 1.4 1.0
Hgg 1.6 0.96 1.5 1.01 2.6 1.4 1.0
Hcc 1.8 1.2 2.2 1.21 4.4 1.9 1.4
H�� 1.1 1.0 1.6 1.3 - 4.8 2.3
Hµµ 4.0 3.8 5.0 3.8 - 12.1 5.7
Htt - 6.3 - - - 3.0 3.0
HHH - 27 - - - 35 9
�tot 2.4 1.6 2.8 1.3 4.7 2.6 2.5
�inv 0.36 0.32 < 0.3 - - - -

TABLE XVII: Projected uncertainties in the Higgs boson couplings quoted in the CDRs presented to the European Strategy
Study. The methodology of the fit is indicated. The precise definition of a Higgs coupling uncertainty for the ILC EFT

analysis is given at the end of Sec. 11.1 and in the caption of Tab. XVI. For the ILC, the values are taken from Tab. XVI. For
the CEPC, the values are taken from Ref. [283], Tab. 11.4. For the FCC-ee, the values are taken from Ref. [284], Tab. 1.2. As
discussed later, the capability for �inv is similar to that for CEPC. For CLIC, the values are taken from Ref. [285], Tab. 2,
with HHH values from Ref. [215]. All values are given in percent (%). The bottom lines give, for reference, the projected
uncertainties in the Higgs boson total width and the 95% confidence limits on the Higgs boson invisible width. For ILC,

CEPC, and FCC-ee, the values given for the �� and µµ modes are those combined with expected LHC results.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350 2/ab-350
coupling pol. pol. unpol. unpol e

� pol.
HZZ 0.57 0.38 0.69 0.40 0.51
HWW 0.55 0.37 0.67 0.40 0.50
Hbb 1.0 0.60 0.88 0.65 1.0
H⌧⌧ 1.2 0.77 0.96 0.74 1.3
Hgg 1.6 0.96 1.2 0.98 1.6
Hcc 1.8 1.2 1.4 1.1 2.2
H�� 1.1 1.0 1.2 1.0 1.1
H�Z 9.1 6.6 9.6 9.1 8.9
Hµµ 4.0 3.8 3.8 3.7 4.0
Htt - 6.3 - - -
HHH - 27 - - -
�tot 2.4 1.6 1.9 1.5 2.4
�inv 0.36 0.32 0.34 0.30 0.58
�other 1.6 1.2 1.1 0.95 1.6

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the EFT method, with ILC
uncertainties per unit of luminosity and assuming a run with the quoted integrated luminosity and energy. The notation is

that of Tab. XVI. The first two columns are identical to the ILC values from Tab. XVI. In the last column, we assume ± 80%
electron polarisation and zero positron polarisation.

and present results from the ILC global fit in a number
of scenarios.

The projections in Ref. [126] are based on operational
experience with detectors that have successfully made
measurements on the Higgs boson, have exceeded their
expectations from the proposal stage, and, based on
that experience, expect further improvements beyond the
level of their current methodologies. These estimates are
based on extrapolation of current results. They do de-
pend on the assumption that the improvement of the
ATLAS and CMS detectors by the Phase-II upgrades
will fully compensate for the e↵ects of the high-pileup
environment expected at the HL-LHC. With this under-

standing, these estimates give the expectations for the
performance of the ATLAS and CMS experiments in the
HL-LHC program.

In addition to the formal HL-LHC projections, which
are ATLAS/CMS combinations, the individual LHC ex-
periments have actually produced two sets of projections,
a final one (S2) described above and a maximally conser-
vative one (S1) that includes the increase in statistics
from HL-LHC but uses only current methodologies and
current estimates of systematic errors. It is interesting
to us to compare the S1 and S2 projections, since this
comparison gives an idea of the improvements expected
by the LHC experiments beyond the current state of the
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2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.50 0.35 0.41 0.34
HWW 0.50 0.35 0.42 0.35
Hbb 0.99 0.59 0.72 0.62
H⌧⌧ 1.1 0.75 0.81 0.71
Hgg 1.6 0.96 1.1 0.96
Hcc 1.8 1.2 1.2 1.1
H�� 1.1 1.0 1.0 1.0
H�Z 9.1 6.6 9.5 8.1
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30
�other 1.6 1.2 1.1 0.94

TABLE XIX: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVIII
but including projected improvements in precision electroweak measurements. In the first two columns, the polarised collider
projections from Tab. XVIII are modified to include an improvement by a factor 10 in A`, as discussed in Sec. 8.4. In the
second two columns, the unpolarised collider projections from from Tab. XVIII are modified to include the improvement of

the uncertainties on precision electroweak observables described in the FCC-ee CDR [284].

art to the end of the HL-LHC program. In Tab. XX we
have quoted both the S1 numbers from CMS (those from
ATLAS are similar) and the final (S2) projections from
Ref. [126]. At the S2 level, the systematic errors are esti-
mated to be small enough that the projections benefit by
about 20% from making an ATLAS/CMS combination.

We call to the reader’s attention the fact that the im-
provements projected for HL-LHC from the current AT-
LAS and CMS uncertainties on the HZZ and HWW

couplings are very significant already in the S1 analysis.
This is because the high statistics of the HL-LHC allows
one to make use of the vector boson fusion production
mode, which has a low cross section but relatively small
theoretical and modelling uncertainties. On the other
hand, the projected improvement in the Hbb couplings
is based mainly on a higher-precision understanding of
analyses such as that shown in the upper plot of Fig. 45.

The ILC estimates have a very di↵erent basis. It is
always risky to estimate errors for experiments that have
not yet been constructed or taken data. We have de-
signed the ILC detectors to have the superb performance
characteristics detailed in Secs. 6 and 7. As far as is
possible today, these projected performances are justi-
fied by R&D and test beam measurements. However,
from this point, we wished to be quite conservative. We
then take the expected precision of our measurements to
be those of our current analyses of fully simulated, digi-
tised events. This conservative choice is the basis of the
estimates quoted in Sec. 11.1. Experience at all other
colliders has shown that final precision with real data
exceeds such a priori estimates.

To compare these projections with those for HL-LHC,
we have defined four scenarios, called S1*, S1, S2*, S2.
The projections in Tab. XX labeled S1* are those from
Tab. XVI in Sec. 11.1. While, as we have stressed, the

ILC analysis is highly model-independent, the LHC anal-
ysis relies on certain model assumptions that are di�cult
to remove with only the constraints available at a hadron
collider. The LHC results in Tab. XX assume that the
Higgs boson has no decay modes beyond those predicted
in the SM, and they assume that the Higgs boson cou-
plings to WW and ZZ are modified only by a rescaling.
In the ILC EFT analysis, each of these these couplings de-
pends on two additional independent constants ⇣W and
⇣Z defined in Eq. 8. For a sharper comparison, then,
we have then recast the ILC EFT analysis adding these
two assumptions, that is, assuming no Beyond-Standard-
Model decays and assuming ⇣W = ⇣Z = 0. This gives
the set of values labelled S1. We do foresee some im-
provements in our analyses, as described in Sec. 8.4.
These reflect improvements to our methods that are un-
der study and seem promising but are not yet completely
validated. Making these improvements gives the uncer-
tainties S2* and S2 (for model-independent and model-
dependent EFT fits) quoted in Tab. XX. These estimates
are intended give an indication that the ILC capabilites
are not fixed but rather are improvable with further ex-
perimental e↵ort. We remind the reader that all esti-
mates quoted for ILC require certain specific inputs from
HL-LHC, as explained in Sec. 11.1. Our use of HL-LHC
results nicely illustrates the complementarity of the two
machines, as is discussed in that section.

It is subtle to directly compare the projections for HL-
LHC and ILC taking into account their two di↵erent
philosophies. On the ILC side, since we have no experi-
ence with the actual operation of the detectors and the
accelerator, we have been very cautious in making ex-
trapolations beyond our current full-simulation results to
the actual performance that we might eventually achieve.
We therefore regard our scenario S1, and even our sce-

v3: 05.04.2019

Standard ILC EW

Improved ILC EWILC80/30 vs ILC0/0
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FIG. 76: Projected Higgs boson coupling uncertainties for selected scenarios from Table XVII. In particular it shows that atp
s = 250GeV, 2 ab�1 with polarised beams yield comparable results to a much larger data set of 5 ab�1 with unpolarised

beams.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.66 0.35 0.51 0.36
HWW 0.65 0.35 0.52 0.37
Hbb 1.1 0.58 0.78 0.63
H⌧⌧ 1.2 0.75 0.86 0.72
Hgg 1.7 0.95 1.2 0.97
Hcc 1.9 1.2 1.3 1.1
H�� 1.2 1.0 1.1 1.0
H�Z 5.7 2.6 9.0 6.8
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.5 1.6 1.7 1.4
�inv 0.36 0.32 0.34 0.30

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVII
but including projected improvements in precision electroweak measurements. At this moment (as I understand it - MEP )
the uncertainties on precision electroweak results described in the FCC-ee CDR [278] are used in all columns. It would be

interesting to add 2 columns with ILC + Gigaz.

tal proposal, reflecting the stage where we are now. We6402

promise to achieve the levels of precision that we have6403

discussed here, and we fully expect to exceed this ex-6404

pectation when a large collaboration of physicists makes6405

active use of the data that will be produced by the ILC.6406

The projections in Ref. [124] are created from a very6407

di↵erent basis. These are projections based on opera-6408

tional experience with detectors that have successfully6409

made measurements on the Higgs boson, have exceeded6410

their expectations from the proposal stage, and, based on6411

that experience, expect further improvements beyond the6412

level of their current methodologies. These estimates are6413

based on extrapolation of current results. They do de-6414

pend on the assumption that the detector performances6415

will not be seriously degraded in the expected high-pileup6416

environment. Nevertheless, these are the expectations for6417

the performance of the ATLAS and CMS experiments in6418

the HL-LHC program.6419
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ILC250 ILC500 CEPC FCC-ee CLIC350 CLIC1.4 CLIC3
coupling EFT fit EFT fit  fit  fit  fit  fit  fit
HZZ 0.57 0.38 0.25 0.17 0.6 0.6 0.6
HWW 0.55 0.37 1.4 0.43 1.0 0.6 0.6
Hbb 1.0 0.60 1.3 0.61 2.1 0.7 0.7
H⌧⌧ 1.2 0.77 1.5 0.74 3.1 1.4 1.0
Hgg 1.6 0.96 1.5 1.01 2.6 1.4 1.0
Hcc 1.8 1.2 2.2 1.21 4.4 1.9 1.4
H�� 1.1 1.0 1.6 1.3 - 4.8 2.3
Hµµ 4.0 3.8 5.0 3.8 - 12.1 5.7
Htt - 6.3 - - - 3.0 3.0
HHH - 27 - - - 35 9
�tot 2.4 1.6 2.8 1.3 4.7 2.6 2.5
�inv 0.36 0.32 < 0.3 - - - -

TABLE XVII: Projected uncertainties in the Higgs boson couplings quoted in the CDRs presented to the European Strategy
Study. The methodology of the fit is indicated. The precise definition of a Higgs coupling uncertainty for the ILC EFT

analysis is given at the end of Sec. 11.1 and in the caption of Tab. XVI. For the ILC, the values are taken from Tab. XVI. For
the CEPC, the values are taken from Ref. [283], Tab. 11.4. For the FCC-ee, the values are taken from Ref. [284], Tab. 1.2. As
discussed later, the capability for �inv is similar to that for CEPC. For CLIC, the values are taken from Ref. [285], Tab. 2,
with HHH values from Ref. [215]. All values are given in percent (%). The bottom lines give, for reference, the projected
uncertainties in the Higgs boson total width and the 95% confidence limits on the Higgs boson invisible width. For ILC,

CEPC, and FCC-ee, the values given for the �� and µµ modes are those combined with expected LHC results.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350 2/ab-350
coupling pol. pol. unpol. unpol e

� pol.
HZZ 0.57 0.38 0.69 0.40 0.51
HWW 0.55 0.37 0.67 0.40 0.50
Hbb 1.0 0.60 0.88 0.65 1.0
H⌧⌧ 1.2 0.77 0.96 0.74 1.3
Hgg 1.6 0.96 1.2 0.98 1.6
Hcc 1.8 1.2 1.4 1.1 2.2
H�� 1.1 1.0 1.2 1.0 1.1
H�Z 9.1 6.6 9.6 9.1 8.9
Hµµ 4.0 3.8 3.8 3.7 4.0
Htt - 6.3 - - -
HHH - 27 - - -
�tot 2.4 1.6 1.9 1.5 2.4
�inv 0.36 0.32 0.34 0.30 0.58
�other 1.6 1.2 1.1 0.95 1.6

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the EFT method, with ILC
uncertainties per unit of luminosity and assuming a run with the quoted integrated luminosity and energy. The notation is

that of Tab. XVI. The first two columns are identical to the ILC values from Tab. XVI. In the last column, we assume ± 80%
electron polarisation and zero positron polarisation.

and present results from the ILC global fit in a number
of scenarios.

The projections in Ref. [126] are based on operational
experience with detectors that have successfully made
measurements on the Higgs boson, have exceeded their
expectations from the proposal stage, and, based on
that experience, expect further improvements beyond the
level of their current methodologies. These estimates are
based on extrapolation of current results. They do de-
pend on the assumption that the improvement of the
ATLAS and CMS detectors by the Phase-II upgrades
will fully compensate for the e↵ects of the high-pileup
environment expected at the HL-LHC. With this under-

standing, these estimates give the expectations for the
performance of the ATLAS and CMS experiments in the
HL-LHC program.

In addition to the formal HL-LHC projections, which
are ATLAS/CMS combinations, the individual LHC ex-
periments have actually produced two sets of projections,
a final one (S2) described above and a maximally conser-
vative one (S1) that includes the increase in statistics
from HL-LHC but uses only current methodologies and
current estimates of systematic errors. It is interesting
to us to compare the S1 and S2 projections, since this
comparison gives an idea of the improvements expected
by the LHC experiments beyond the current state of the
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2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.50 0.35 0.41 0.34
HWW 0.50 0.35 0.42 0.35
Hbb 0.99 0.59 0.72 0.62
H⌧⌧ 1.1 0.75 0.81 0.71
Hgg 1.6 0.96 1.1 0.96
Hcc 1.8 1.2 1.2 1.1
H�� 1.1 1.0 1.0 1.0
H�Z 9.1 6.6 9.5 8.1
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30
�other 1.6 1.2 1.1 0.94

TABLE XIX: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVIII
but including projected improvements in precision electroweak measurements. In the first two columns, the polarised collider
projections from Tab. XVIII are modified to include an improvement by a factor 10 in A`, as discussed in Sec. 8.4. In the
second two columns, the unpolarised collider projections from from Tab. XVIII are modified to include the improvement of

the uncertainties on precision electroweak observables described in the FCC-ee CDR [284].

art to the end of the HL-LHC program. In Tab. XX we
have quoted both the S1 numbers from CMS (those from
ATLAS are similar) and the final (S2) projections from
Ref. [126]. At the S2 level, the systematic errors are esti-
mated to be small enough that the projections benefit by
about 20% from making an ATLAS/CMS combination.

We call to the reader’s attention the fact that the im-
provements projected for HL-LHC from the current AT-
LAS and CMS uncertainties on the HZZ and HWW

couplings are very significant already in the S1 analysis.
This is because the high statistics of the HL-LHC allows
one to make use of the vector boson fusion production
mode, which has a low cross section but relatively small
theoretical and modelling uncertainties. On the other
hand, the projected improvement in the Hbb couplings
is based mainly on a higher-precision understanding of
analyses such as that shown in the upper plot of Fig. 45.

The ILC estimates have a very di↵erent basis. It is
always risky to estimate errors for experiments that have
not yet been constructed or taken data. We have de-
signed the ILC detectors to have the superb performance
characteristics detailed in Secs. 6 and 7. As far as is
possible today, these projected performances are justi-
fied by R&D and test beam measurements. However,
from this point, we wished to be quite conservative. We
then take the expected precision of our measurements to
be those of our current analyses of fully simulated, digi-
tised events. This conservative choice is the basis of the
estimates quoted in Sec. 11.1. Experience at all other
colliders has shown that final precision with real data
exceeds such a priori estimates.

To compare these projections with those for HL-LHC,
we have defined four scenarios, called S1*, S1, S2*, S2.
The projections in Tab. XX labeled S1* are those from
Tab. XVI in Sec. 11.1. While, as we have stressed, the

ILC analysis is highly model-independent, the LHC anal-
ysis relies on certain model assumptions that are di�cult
to remove with only the constraints available at a hadron
collider. The LHC results in Tab. XX assume that the
Higgs boson has no decay modes beyond those predicted
in the SM, and they assume that the Higgs boson cou-
plings to WW and ZZ are modified only by a rescaling.
In the ILC EFT analysis, each of these these couplings de-
pends on two additional independent constants ⇣W and
⇣Z defined in Eq. 8. For a sharper comparison, then,
we have then recast the ILC EFT analysis adding these
two assumptions, that is, assuming no Beyond-Standard-
Model decays and assuming ⇣W = ⇣Z = 0. This gives
the set of values labelled S1. We do foresee some im-
provements in our analyses, as described in Sec. 8.4.
These reflect improvements to our methods that are un-
der study and seem promising but are not yet completely
validated. Making these improvements gives the uncer-
tainties S2* and S2 (for model-independent and model-
dependent EFT fits) quoted in Tab. XX. These estimates
are intended give an indication that the ILC capabilites
are not fixed but rather are improvable with further ex-
perimental e↵ort. We remind the reader that all esti-
mates quoted for ILC require certain specific inputs from
HL-LHC, as explained in Sec. 11.1. Our use of HL-LHC
results nicely illustrates the complementarity of the two
machines, as is discussed in that section.

It is subtle to directly compare the projections for HL-
LHC and ILC taking into account their two di↵erent
philosophies. On the ILC side, since we have no experi-
ence with the actual operation of the detectors and the
accelerator, we have been very cautious in making ex-
trapolations beyond our current full-simulation results to
the actual performance that we might eventually achieve.
We therefore regard our scenario S1, and even our sce-
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Standard ILC EW

Improved ILC EWILC80/30 vs ILC0/0
1st column vs 3rd column of table XVIII?

Polarisation gain: 73% for HZZ
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ILC vs. FCC-ee?
1st column of table XVIII vs 4th column of table XIX?

Polarisation gain: 33% for HZZ

1st column vs 3rd column of table XIX?
Polarisation gain: 40% for HZZ

i.e. 2/ab polarised ~ 3.4/ab for unpolarised
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FIG. 76: Projected Higgs boson coupling uncertainties for selected scenarios from Table XVII. In particular it shows that atp
s = 250GeV, 2 ab�1 with polarised beams yield comparable results to a much larger data set of 5 ab�1 with unpolarised

beams.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.66 0.35 0.51 0.36
HWW 0.65 0.35 0.52 0.37
Hbb 1.1 0.58 0.78 0.63
H⌧⌧ 1.2 0.75 0.86 0.72
Hgg 1.7 0.95 1.2 0.97
Hcc 1.9 1.2 1.3 1.1
H�� 1.2 1.0 1.1 1.0
H�Z 5.7 2.6 9.0 6.8
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.5 1.6 1.7 1.4
�inv 0.36 0.32 0.34 0.30

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVII
but including projected improvements in precision electroweak measurements. At this moment (as I understand it - MEP )
the uncertainties on precision electroweak results described in the FCC-ee CDR [278] are used in all columns. It would be

interesting to add 2 columns with ILC + Gigaz.

tal proposal, reflecting the stage where we are now. We6402

promise to achieve the levels of precision that we have6403

discussed here, and we fully expect to exceed this ex-6404

pectation when a large collaboration of physicists makes6405

active use of the data that will be produced by the ILC.6406

The projections in Ref. [124] are created from a very6407

di↵erent basis. These are projections based on opera-6408

tional experience with detectors that have successfully6409

made measurements on the Higgs boson, have exceeded6410

their expectations from the proposal stage, and, based on6411

that experience, expect further improvements beyond the6412

level of their current methodologies. These estimates are6413

based on extrapolation of current results. They do de-6414

pend on the assumption that the detector performances6415

will not be seriously degraded in the expected high-pileup6416

environment. Nevertheless, these are the expectations for6417

the performance of the ATLAS and CMS experiments in6418

the HL-LHC program.6419
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ILC250 ILC500 CEPC FCC-ee CLIC350 CLIC1.4 CLIC3
coupling EFT fit EFT fit  fit  fit  fit  fit  fit
HZZ 0.57 0.38 0.25 0.17 0.6 0.6 0.6
HWW 0.55 0.37 1.4 0.43 1.0 0.6 0.6
Hbb 1.0 0.60 1.3 0.61 2.1 0.7 0.7
H⌧⌧ 1.2 0.77 1.5 0.74 3.1 1.4 1.0
Hgg 1.6 0.96 1.5 1.01 2.6 1.4 1.0
Hcc 1.8 1.2 2.2 1.21 4.4 1.9 1.4
H�� 1.1 1.0 1.6 1.3 - 4.8 2.3
Hµµ 4.0 3.8 5.0 3.8 - 12.1 5.7
Htt - 6.3 - - - 3.0 3.0
HHH - 27 - - - 35 9
�tot 2.4 1.6 2.8 1.3 4.7 2.6 2.5
�inv 0.36 0.32 < 0.3 - - - -

TABLE XVII: Projected uncertainties in the Higgs boson couplings quoted in the CDRs presented to the European Strategy
Study. The methodology of the fit is indicated. The precise definition of a Higgs coupling uncertainty for the ILC EFT

analysis is given at the end of Sec. 11.1 and in the caption of Tab. XVI. For the ILC, the values are taken from Tab. XVI. For
the CEPC, the values are taken from Ref. [283], Tab. 11.4. For the FCC-ee, the values are taken from Ref. [284], Tab. 1.2. As
discussed later, the capability for �inv is similar to that for CEPC. For CLIC, the values are taken from Ref. [285], Tab. 2,
with HHH values from Ref. [215]. All values are given in percent (%). The bottom lines give, for reference, the projected
uncertainties in the Higgs boson total width and the 95% confidence limits on the Higgs boson invisible width. For ILC,

CEPC, and FCC-ee, the values given for the �� and µµ modes are those combined with expected LHC results.

2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350 2/ab-350
coupling pol. pol. unpol. unpol e

� pol.
HZZ 0.57 0.38 0.69 0.40 0.51
HWW 0.55 0.37 0.67 0.40 0.50
Hbb 1.0 0.60 0.88 0.65 1.0
H⌧⌧ 1.2 0.77 0.96 0.74 1.3
Hgg 1.6 0.96 1.2 0.98 1.6
Hcc 1.8 1.2 1.4 1.1 2.2
H�� 1.1 1.0 1.2 1.0 1.1
H�Z 9.1 6.6 9.6 9.1 8.9
Hµµ 4.0 3.8 3.8 3.7 4.0
Htt - 6.3 - - -
HHH - 27 - - -
�tot 2.4 1.6 1.9 1.5 2.4
�inv 0.36 0.32 0.34 0.30 0.58
�other 1.6 1.2 1.1 0.95 1.6

TABLE XVIII: Projected uncertainties in the Higgs boson couplings computed using the EFT method, with ILC
uncertainties per unit of luminosity and assuming a run with the quoted integrated luminosity and energy. The notation is

that of Tab. XVI. The first two columns are identical to the ILC values from Tab. XVI. In the last column, we assume ± 80%
electron polarisation and zero positron polarisation.

and present results from the ILC global fit in a number
of scenarios.

The projections in Ref. [126] are based on operational
experience with detectors that have successfully made
measurements on the Higgs boson, have exceeded their
expectations from the proposal stage, and, based on
that experience, expect further improvements beyond the
level of their current methodologies. These estimates are
based on extrapolation of current results. They do de-
pend on the assumption that the improvement of the
ATLAS and CMS detectors by the Phase-II upgrades
will fully compensate for the e↵ects of the high-pileup
environment expected at the HL-LHC. With this under-

standing, these estimates give the expectations for the
performance of the ATLAS and CMS experiments in the
HL-LHC program.

In addition to the formal HL-LHC projections, which
are ATLAS/CMS combinations, the individual LHC ex-
periments have actually produced two sets of projections,
a final one (S2) described above and a maximally conser-
vative one (S1) that includes the increase in statistics
from HL-LHC but uses only current methodologies and
current estimates of systematic errors. It is interesting
to us to compare the S1 and S2 projections, since this
comparison gives an idea of the improvements expected
by the LHC experiments beyond the current state of the
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2/ab-250 +4/ab-500 5/ab-250 + 1.5/ab-350
coupling pol. pol. unpol. unpol
HZZ 0.50 0.35 0.41 0.34
HWW 0.50 0.35 0.42 0.35
Hbb 0.99 0.59 0.72 0.62
H⌧⌧ 1.1 0.75 0.81 0.71
Hgg 1.6 0.96 1.1 0.96
Hcc 1.8 1.2 1.2 1.1
H�� 1.1 1.0 1.0 1.0
H�Z 9.1 6.6 9.5 8.1
Hµµ 4.0 3.8 3.8 3.7
Htt - 6.3 - -
HHH - 27 - -
�tot 2.3 1.6 1.6 1.4
�inv 0.36 0.32 0.34 0.30
�other 1.6 1.2 1.1 0.94

TABLE XIX: Projected uncertainties in the Higgs boson couplings computed using the same methodology as in Tab. XVIII
but including projected improvements in precision electroweak measurements. In the first two columns, the polarised collider
projections from Tab. XVIII are modified to include an improvement by a factor 10 in A`, as discussed in Sec. 8.4. In the
second two columns, the unpolarised collider projections from from Tab. XVIII are modified to include the improvement of

the uncertainties on precision electroweak observables described in the FCC-ee CDR [284].

art to the end of the HL-LHC program. In Tab. XX we
have quoted both the S1 numbers from CMS (those from
ATLAS are similar) and the final (S2) projections from
Ref. [126]. At the S2 level, the systematic errors are esti-
mated to be small enough that the projections benefit by
about 20% from making an ATLAS/CMS combination.

We call to the reader’s attention the fact that the im-
provements projected for HL-LHC from the current AT-
LAS and CMS uncertainties on the HZZ and HWW

couplings are very significant already in the S1 analysis.
This is because the high statistics of the HL-LHC allows
one to make use of the vector boson fusion production
mode, which has a low cross section but relatively small
theoretical and modelling uncertainties. On the other
hand, the projected improvement in the Hbb couplings
is based mainly on a higher-precision understanding of
analyses such as that shown in the upper plot of Fig. 45.

The ILC estimates have a very di↵erent basis. It is
always risky to estimate errors for experiments that have
not yet been constructed or taken data. We have de-
signed the ILC detectors to have the superb performance
characteristics detailed in Secs. 6 and 7. As far as is
possible today, these projected performances are justi-
fied by R&D and test beam measurements. However,
from this point, we wished to be quite conservative. We
then take the expected precision of our measurements to
be those of our current analyses of fully simulated, digi-
tised events. This conservative choice is the basis of the
estimates quoted in Sec. 11.1. Experience at all other
colliders has shown that final precision with real data
exceeds such a priori estimates.

To compare these projections with those for HL-LHC,
we have defined four scenarios, called S1*, S1, S2*, S2.
The projections in Tab. XX labeled S1* are those from
Tab. XVI in Sec. 11.1. While, as we have stressed, the

ILC analysis is highly model-independent, the LHC anal-
ysis relies on certain model assumptions that are di�cult
to remove with only the constraints available at a hadron
collider. The LHC results in Tab. XX assume that the
Higgs boson has no decay modes beyond those predicted
in the SM, and they assume that the Higgs boson cou-
plings to WW and ZZ are modified only by a rescaling.
In the ILC EFT analysis, each of these these couplings de-
pends on two additional independent constants ⇣W and
⇣Z defined in Eq. 8. For a sharper comparison, then,
we have then recast the ILC EFT analysis adding these
two assumptions, that is, assuming no Beyond-Standard-
Model decays and assuming ⇣W = ⇣Z = 0. This gives
the set of values labelled S1. We do foresee some im-
provements in our analyses, as described in Sec. 8.4.
These reflect improvements to our methods that are un-
der study and seem promising but are not yet completely
validated. Making these improvements gives the uncer-
tainties S2* and S2 (for model-independent and model-
dependent EFT fits) quoted in Tab. XX. These estimates
are intended give an indication that the ILC capabilites
are not fixed but rather are improvable with further ex-
perimental e↵ort. We remind the reader that all esti-
mates quoted for ILC require certain specific inputs from
HL-LHC, as explained in Sec. 11.1. Our use of HL-LHC
results nicely illustrates the complementarity of the two
machines, as is discussed in that section.

It is subtle to directly compare the projections for HL-
LHC and ILC taking into account their two di↵erent
philosophies. On the ILC side, since we have no experi-
ence with the actual operation of the detectors and the
accelerator, we have been very cautious in making ex-
trapolations beyond our current full-simulation results to
the actual performance that we might eventually achieve.
We therefore regard our scenario S1, and even our sce-
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Standard ILC EW

Improved ILC EWILC80/30 vs ILC0/0
1st column vs 3rd column of table XVIII?

Polarisation gain: 73% for HZZ
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Doesn’t not include 
the luminosity gain by polarisation

(it is channel and model-dependent!)
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precision reach on effective couplings from full EFT global fit
ILC 250GeV +350GeV +500GeV , P(e-,e+)=(∓0.8,±0.3)
ILC 250GeV +350GeV +500GeV , P(e-,e+)=(∓0.8, 0)
ILC 250GeV +350GeV +500GeV , unpolarized

perfect EW
combined with HL-LHC
imposed U(2) in 1&2 gen quarks
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Polarisation Impact
De Blas, Durieux, Grojean, Gu, Paul ’in progress

(assuming the total luminosity is equally divided in +- and -+)

Polarisation does matter because it helps lifting some degeneracies among operators
Other runs at higher energies does the same. 

That’s why polarisation benefit fades away for 250+350+500 runs.
Question: can other kin. distribution at 250 GeV compensate for the absence of polarisation?

mailto:christophe.grojean@desy.de?subject=Optimised%20observable%20diboson%20analysis
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The Higgs self-coupling plays important roles
1) controls the quantum corrections to mH (hierarchy problem)
2) dictates the dynamics of EW phase transition and potentially conditions the 
generation of a matter-antimatter asymmetry via EW baryogenesis 

 14

The missing beast: Higgs self-coupling
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Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs self-couplings 

and leave the other Higgs coupling deviations undetectable

15Double Higgs production in the SM
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Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear
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The missing beast: Higgs self-coupling

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs self-couplings 

and leave the other Higgs coupling deviations undetectable

Under the assumption of heavy/decoupling new physics (i.e. analytic EFT Lagrangian)

deviation  of Higgs cubic self-coupling can be a priori large
3 ⌘ ghhh

gSMhhh
� 1 < 600 ⇠Perturbativity: where    is the typical deviation in single Higgs couplings ⇠

Stability of EW vacuum: 3 < 70 ⇠

O(1) sensitivity in Higgs self-coupling  is competitive to 5% sensitivity in single Higgs couplings

Relevant for particular models, e.g. Higgs DM-portal models, not for composite/susy

DiVita et al,: 1704.01953 Falkowski, Rattazzi: 1902.05936
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Production and decay of Higgs through couplings:


What sort of precision should we aim for?

•  95% confidence it exists: Around 50% accuracy

•  5σ discovery:  Around 20 % accuracy.

•  Quantum structure:  Around 5% accuracy.


Higgs Couplings


H

?


?

Standard Model


Standard Model


Standard Model


Standard Model


M. McCullough, DESY’18
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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


Z
e


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

h3  from h@NLO

http://arxiv.org/abs/arXiv:1312.3322


Christophe Grojean Vidyo, April 29, 2019

O6 corrections to VVh vertex
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals
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and the tensor coefficients of the two tensor integrals
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write
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where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain
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and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]
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and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as
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All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 

Gorbahn & UH, 1607.03773; Degrassi et al., 1607.04251; Bizoń, et al., 1610.05771
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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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:
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Conclusions

•  In fact, the following two scenarios


                               or



are distinguishable due to NLO effects.
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•  Measurements at multiple energies can 
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
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2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
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with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ
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(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.
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Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write
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c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)
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and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.
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and include the contributions from both the production of one real and one virtual EW
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All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
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2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
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with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2
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, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ
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(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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What if ECM < 2 mh + mZ?
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Self-Coupling at NLO


•  At NLO modified coupling enters in the 
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Conclusions

•  In fact, the following two scenarios
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are distinguishable due to NLO effects.



•  Indirect constraint has ambiguity


•  Measurements at multiple energies can 
lead to ellipse-plot constraints.
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At hadron colliders, deviation of h3 cannot be separated 

from deviations of other Higgs couplings!

flat direction!
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
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uncertainty assuming 0 aTGCs.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.
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1) with a run at 240 GeV only, bound starts to become 
meaningful only if perfect control of di-boson

2) combining 240+350 improves significantly the bounds 
on h3

S. Di Vita +, ‘17 See also F. Maltoni +.  ‘18

Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.

5

3) combination FCC-ee and HL-LHC is very powerful 
      (especially if cannot afford FCC-ee @ 350GeV)

Don’t need HE ee to measure h3

But a run @ 240 GeV alone is not enough
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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
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Stress that sensitivity on Higgs cubic self-couplings is often 
obtained in many different ways:
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EFT analysis is not good enough to robustly assess an asymmetric error and we report only symmetrised bounds. Note to719

readers: Several numbers are still being computed and will be added in the coming days, as well as an explanation on720

how they were computed. Comparison with estimates in the various ESU documents will be done and discussed in the721

next iteration of the document.722

collider method 1 method 2.a method 3 method 4

HL-LHC 50% 51%⌥ 150% 270%
HE-LHC 10-20% tba 46% 50%
FCC-hh 5% tba tba 25%⌥
ILC250 � � tba 47%⌥
ILC350 � � tba 44%⌥
ILC500 23% tba tba 36%⌥

CLIC380 � � tba 49%⌥
CLIC1500 36% tba tba 48%⌥
CLIC3000

+11
�7 % tba tba 47% ⌥

FCC-ee240 � � 50%⌥ 46%⌥
FCC-ee365 � � 12%⌥ 32%⌥

CEPC � � tba 46%⌥

Table 9. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All the numbers reported, except
in the first row, correspond to a simplified combination of the considered collider with HL-LHC which is approximated by a
50% constraint on k3 (the numbers with a ⌥ correspond to 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.

Note to readers: Several numbers are still being computed and will be added in the coming days. And the numbers
reported here are still preliminary. Further checks will be performed before releasing the document. LHeC will be
added too. [CGv2: We don’t have enough information to reproduce results of method 1 (we don’t have an EFT BDT
and the bin distributions in mhh doesn’t give good result. This is also preventing us to obtain sensbible results for
Method 2. I’ll drop this column in the table and I’m trying to obtain a crude estimate of the impact of a global fit vs
an exclusive fit. These estimates will go in the text.]

With a 50% sensitivity on k3, HL-LHC will establish the existence of the Higgs self-interaction at 95%CL. Several of the723

proposed FCs will reach a sensitivity of order 20%, thus establishing the existence of the self-interaction at 5s .724

Even more remarkable, CLIC3000 can reach a sensitivity of order 10% and FCChh of the order of 5%, where one could start725

probing the size of the quantum corrections to the Higgs potential directly.726

4 Rare Higgs boson decays727

[ANv1: authors: FABIO; Reviewers: Jorgen + Maria][FMv1: Jorgen reviewed. Ready for Maria’s review.]728

There are many reasons for the interest in rare Higgs boson decays. First, they provide access to Higgs couplings which729

are expected to be small in the SM and have not yet been directly probed. A leading example is the coupling to second and730

first generation fermions, whose determination would test the hypothesis that same Higgs doublet is responsible for the mass731

generation of the lighter states of the SM. More specifically, the measurement of several Yukawa couplings will allow the732

comparison of ratios of couplings with ratios of masses on the one hand, and test constants of proportionality on the other. The733

second motivation is that processes which are predicted to be rare in the SM, offer enhanced sensitivity to new physics residing734

at high scales. A leading example is the search for flavour-changing neutral interactions, which are extremely suppressed in the735

SM and if detected would reliably point to the existence of new physics. Third, peculiar and rare final state signatures can736

have a special connection with beyond-the-SM scenarios. One example is H decaying to invisible, which is used to constrain737

scenarios featuring DM candidates. In the SM, the H can decay invisibly via H ! 4n with a branching ratio of 0.11%. Finally,738

Yukawa interactions with first generation fermions are the cornerstone of the low-energy constraints on CP violation of the739

couplings on the third generation. The typical example here are limits obtained by the EDM’s on the CP-odd interaction of the740

third generation fermions (section 5).741

The reach of various colliders for rare decays, depends in the first place on the available statistics of the Higgs bosons being742

produced. The expected rates are presented in the Appendix, Table 15.743

In the following, we restrict ourselves to a summary of the prospects to bound or determine the size of the interactions of744

the Higgs to the other SM particles through decays. These can occur either directly, through a process which is proportional to745

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,746
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h3 prospects

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

-2 -1 0 1 2 3

CLIC

ILC

FCC-ee
&

CEPC

HL-LHC

-2 -1 0 1 2 3

binned Mhh in ννhh (4 bins)

+ Zhh at 1.4 TeV

350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

above + 1TeV(2/ab)

above + 500GeV(4/ab)

250GeV(2/ab)+350GeV(200/fb)

250GeV(2/ab) only

FCC-ee with zero aTGCs

240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

240GeV(5/ab)+350GeV(200/fb)

240GeV(5/ab) only (CEPC)

14TeV(3/ab), LHC WG report

δκλ (≡
λ3

λ3SM
-1)

bounds on δκλ from EFT global fit

68%,95%CL bounds, lepton collider only
68%,95%CL bounds, combined with HL-LHC

68%,95%CL bounds, 1h only
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DiVita et al, arXiv: 1711.03978  
(updated with latest HL-LHC) projections

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
bounds on ��
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✦ only FCC-hh can compete 
in sensitivity

Dark: 68%CL, Light: 95%CL
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