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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
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The Higgs in the (B)SM landscape

The fundamental principles governing the structure of Higgs sector are yet unknown
(many arbitrary parameters taking seemingly un-natural values)

The Higgs plays a vital role in our life
(masses,  stability of vacuum, DM?, inflation?)

It has an intimate link with the high energy completion of the SM
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The Higgs plays a vital role in our life
(masses,  stability of vacuum, DM?, inflation?)

It has an intimate link with the high energy completion of the SM

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

typical Higgs coupling deformation:
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current (and future) LHC sensitivity O(10-20)% ⇔ ΛBSM > 500-700 GeV 

not doing better than direct searches 
(except maybe for flavor violating processes, e.g. h→μτ)
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current (and future) LHC sensitivity O(10-20)% ⇔ ΛBSM > 500-700 GeV 

not doing better than direct searches 
(except maybe for flavor violating processes, e.g. h→μτ)

Higgs precision programme is very much wanted
complementary and synergetic measurements are essential to achieve this goal
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Higgs precision: from κ to EFT
LHCHXSWG ’12
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µi =
�[i ! h]

(�[i ! h])SM
µf =

BR[h ! f ]

(BR[h ! f ])SM

48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H ! a1a1 ! 4!). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to
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Higgs precision: from κ to EFT

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W! LO coupling in the SM is pro-
portional to the metric tensor gµ! , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)!U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections !ii or the partial decay widths !ii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg " H " γγ as an example, one would use as cross section:

(! · BR) (gg " H " γγ) = !SM(gg " H) · BRSM(H " γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both !SM(gg " H) and BRSM(H " γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all ! · BR are recovered when all
κi = 1. In general, this means that for κi #= 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths !WW(!) and !ZZ(!) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (!F , !V ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of !V and !F . By convention
negative values of !F can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
"" is sensitive to the sign of !F through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of !F at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of !F . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that !F ! 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5# in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W " t interference in the H # "" channel and the H # W+W!

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

!V = 1.04 ± 0.05

!F = 0.98+0.11
!0.10

Is already at the 5% level for the !V parameter with the Run 1 dataset.
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The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
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Well suited parametrization for inclusive measurements 
But doesn’t do justice to wealth of information available (in particular at e+e- colliders)

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W! LO coupling in the SM is pro-
portional to the metric tensor gµ! , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)!U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections !ii or the partial decay widths !ii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg " H " γγ as an example, one would use as cross section:

(! · BR) (gg " H " γγ) = !SM(gg " H) · BRSM(H " γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both !SM(gg " H) and BRSM(H " γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all ! · BR are recovered when all
κi = 1. In general, this means that for κi #= 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths !WW(!) and !ZZ(!) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (!F , !V ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].
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negative values of !F can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
"" is sensitive to the sign of !F through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of !F at more than five
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in Fig. 11.17 assume that !F ! 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5# in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W " t interference in the H # "" channel and the H # W+W!

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

!V = 1.04 ± 0.05

!F = 0.98+0.11
!0.10

Is already at the 5% level for the !V parameter with the Run 1 dataset.

October 6, 2016 14:51

LHCHXSWG ’12

http://arxiv.org/abs/arXiv:1209.0040
http://arxiv.org/abs/arXiv:1209.0040


Christophe Grojean Higgs synergies Berlin, May 30, 20173

µi =
�[i ! h]

(�[i ! h])SM
µf =

BR[h ! f ]

(BR[h ! f ])SM

48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H ! a1a1 ! 4!). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
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(! · BR) (gg " H " γγ) = !SM(gg " H) · BRSM(H " γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both !SM(gg " H) and BRSM(H " γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all ! · BR are recovered when all
κi = 1. In general, this means that for κi #= 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths !WW(!) and !ZZ(!) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (!F , !V ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of !V and !F . By convention
negative values of !F can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
"" is sensitive to the sign of !F through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of !F at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of !F . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that !F ! 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5# in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W " t interference in the H # "" channel and the H # W+W!

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

!V = 1.04 ± 0.05

!F = 0.98+0.11
!0.10

Is already at the 5% level for the !V parameter with the Run 1 dataset.
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unique to EFT

Pros of EFT

 correlations between different channels/observables
 combination of measurements at different energies

e.g. EW precision data and Higgs measurements
 test of self-consistency
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Higgs synergy/complementarity
“(A∪B) > A+B”

1. (SM input parameter determination to control parametric uncertainties)

2. EW precision to achieve precision in Higgs measurements

3. Diboson data and Higgs data

4. LHC and FCC-ee for top Yukawa measurement

5. Distributions complementing rate measurements

6. 240 + 350 runs

7. ee/ep/pp (...PDF measurements to control PDF uncertainties in Higgs data)
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EW + Higgs
Potentially new BSM-effects in h physics 

could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

1 Reducing numbers of parameters
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EW + Higgs
1 Reducing numbers of parameters

2 Exploring different regions of parameter space (in specific models)
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Gauge bosons + Higgs

In EFT(dim-6)

8 deformations affecting Higgs physics alone

 2 deformations affecting Higgs and diboson data

TGC (1%) are a priori more 

constraining than Higgs (10%)

Is there any value in doing a global fit?
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Gauge bosons + Higgs

Strong correlations between 2 data sets

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W+W�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �2

WW (�g1,z, �� , �z).
For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �2

h(�g1,z, �� , . . . ), may lead to additional
constraints on aTGCs. Indeed, combining the likelihoods
�2
comb. = �2

h + �2
WW we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the

LEP-2 (WW)
Higgs
LEP-2 + Higgs

-1.5 -1.0 -0.5 0.0
-1.0

-0.5

0.0

0.5

1.0

�g1,z
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FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z
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�z

1

A =

0

@
0.043± 0.031
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1

A ,
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(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW ⇤ ! We⌫) [5], as in Ref. [7]. That
process probes mostly �� but it also a↵ects limits on

(TGC ∪ Higgs) > (TGC) + (Higgs) 

Falkowski et al ’15

In EFT(dim-6)

8 deformations affecting Higgs physics alone

 2 deformations affecting Higgs and diboson data

TGC (1%) are a priori more 

constraining than Higgs (10%)

Is there any value in doing a global fit?
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These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW ⇤ ! We⌫) [5], as in Ref. [7]. That
process probes mostly �� but it also a↵ects limits on
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We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W+W�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
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struct the 3D likelihood function �2

WW (�g1,z, �� , �z).
For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �2

h(�g1,z, �� , . . . ), may lead to additional
constraints on aTGCs. Indeed, combining the likelihoods
�2
comb. = �2

h + �2
WW we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the
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FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.
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These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW ⇤ ! We⌫) [5], as in Ref. [7]. That
process probes mostly �� but it also a↵ects limits on

(TGC ∪ Higgs) > (TGC) + (Higgs) 

Falkowski et al ’15

In EFT(dim-6)

8 deformations affecting Higgs physics alone

 2 deformations affecting Higgs and diboson data

TGC (1%) are a priori more 

constraining than Higgs (10%)

Is there any value in doing a global fit?

Impact of LHC WW data?

Impact of FCC-ee350GeV WW data?

�cZ cZZ cZ� c��/10 cZ�/10 cgg
eff �yc �yb �y� �y�/10 �Z

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

pr
ec
is
io
n

precision reach at CEPC 240GeV (5/ab) assuming different systematics for e+e-�WW

CEPC 240GeV (5/ab), all measurements included,
assuming the following systematics in each bin of the differetial distrubtions of e+e-�WW:
0%
0.5%
1%
2%
Higgs measurements only

(0.063)

Figure 12: Top: One-sigma constraints on aTGCs parameters for di�erent assumptions
about the systematic uncertainties a�ecting the e+e≠ 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 pair). 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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240 + 350
Runs at different energies break degeneracies plaguing coupling fits at 240GeV alone
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dark shade: individual fit assuming all other 10 parameters are zero
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Figure 18: Same as Fig. 8 but for FCC-ee.

Figure 19: Same as Fig. 8 but for ILC with 2 ab≠1 at 250 GeV and 200 fb≠1 at 350 GeV.
The 250 GeV run is divided into two runs with polarizations P (e≠, e+) = (≠0.8, +0.3)
and (+0.8, ≠0.3), and fractions 0.7 and 0.3, respectively (see Fig. 10).
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Figure 18: Same as Fig. 8 but for FCC-ee.

Figure 19: Same as Fig. 8 but for ILC with 2 ab≠1 at 250 GeV and 200 fb≠1 at 350 GeV.
The 250 GeV run is divided into two runs with polarizations P (e≠, e+) = (≠0.8, +0.3)
and (+0.8, ≠0.3), and fractions 0.7 and 0.3, respectively (see Fig. 10).
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Figure 11: Global GDP strength of the constraints in our eleven-dimensional parameter
space as a function the luminosity collected, without beam polarization, at a center-of-
mass energy of 240 GeV (for the CEPC and FCC-ee) and at 250 GeV, with polarized
beams (for the ILC). The dashed lines show the improvements brought by subsequent
runs at 350 GeV. A pure statistical scaling of constraints, in the absence of systematic
uncertainties, would have led to the slope of the dot-dashed line.

P (e≠, e+) = (≠0.8, +0.3) beam polarization. For comparison, we also show the reach of
a 240 GeV CEPC run with 5 ab≠1 of integrated luminosity and unpolarized beams. The
higher luminosity is able compensate for the lack of polarization and comparable overall
results are obtained. This is further quantified by Fig. 11 which displays the GDP of our
eleven-parameter fit as a function of luminosity collected at 250 GeV with polarized beams
and at 240 GeV with unpolarized ones. It is notably seen that only about 1.5 ab≠1 of addi-
tional luminosity are required without polarized beams to match the overall performance
obtained with 2 ab≠1 of polarized beams. With 5 ab≠1 and 10 ab≠1 collected at 240 GeV,
the CEPC and FCC-ee reach GDPs respectively 14% and 35% smaller than that of the
full ILC run (2 ab≠1) at 250 GeV.

4.4 Impact of systematic uncertainties in diboson production
Another important issue concerns the impact of systematic uncertainties on the con-
straints deriving from e+e≠ æ WW measurements. As discussed earlier, they have not yet
been determined by dedicated experimental studies except for the 500 GeV ILC run. The
top panel of Fig. 12 focuses on the aTGC parameters ”g1,Z , ”Ÿ“, and ⁄Z . Systematic un-
certainties ranging between 0 and 10% are assumed in each bin of the e+e≠ æ WW æ 4f
angular distributions. The constraints derived from diboson production only are shown
in lighter shades. Darker shades show their combination with Higgs measurements, which
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e+e- Colliders

CepC

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

ILC

2/ab @ 250GeV
P(e-,e+)=(±80%,±30%)
(200/fb @ 350GeV)
(4/ab @ 500GeV)

FCC-ee

10/ab @ 240GeV
(2.6/ab @ 350GeV)

CLIC

0.5/ab @ 350GeV
(1.5/ab @ 1.4TeV)

(3/ab @ 3TeV)

CEPC FCC-ee
[240 GeV, 5 ab≠1] [350 GeV, 200 fb≠1] [240 GeV, 10 ab≠1] [350 GeV, 2.6 ab≠1]

production Zh ‹‹̄h Zh ‹‹̄h Zh ‹‹̄h Zh ‹‹̄h
‡ 0.50% - 2.4% - 0.40% - 0.67% -

‡ ◊ BR ‡ ◊ BR
h æ bb̄ 0.21%F 0.39%˚ 2.0% 2.6% 0.20% 0.28%˚ 0.54% 0.71%
h æ cc̄ 2.5% - 15% 26% 1.2% - 4.1% 7.1%
h æ gg 1.2% - 11% 17% 1.4% - 3.1% 4.7%
h æ ·· 1.0% - 5.3% 37% 0.7% - 1.5% 10%

h æ WW ú 1.0% - 10% 9.8% 0.9% - 2.8% 2.7%
h æ ZZú 4.3% - 33% 33% 3.1% - 9.2% 9.3%
h æ ““ 9.0% - 51% 77% 3.0% - 14% 21%
h æ µµ 12% - 115% 275% 13% - 32% 76%
h æ Z“ 25% - 144% - 18% - 40% -

Table 2: The estimated precision of CEPC and FCC-ee Higgs measurements. We gather
the available estimations from Refs. [1, 2, 78], while the missing ones (highlighted in green)
are obtained from scaling with luminosity. See Appendix B for more details. Precisions
marked with a diamond ˚ are normalized to the cross section of the inclusive e+e≠ æ ‹‹̄h
channel which includes both the WW fusion and e+e≠ æ hZ, Z æ ‹‹̄. For the CEPC,
the precision of the ‡(hZ) ◊ BR(h æ bb̄) measurement (marked by a star F) reduces to
0.24% if one excludes the contribution from e+e≠ æ hZ, Z æ ‹‹̄, h æ bb̄ to avoid double
counting with e+e≠ æ ‹‹̄h, h æ bb̄. The corresponding information is not available for
the FCC-ee.

While the measurement inputs of LHC and LEP measurements are too lengthy to
be reported in this paper, here we simply list the results from the global fits in terms
of one sigma constraints and the correlation matrix, which can be used to reconstruct
the chi-square. The chi-square can then be combined with the ones of the future e+e≠

colliders to reproduce the results in Fig. 7 and Table 11. In Table 8, we list the current
constraints in Ref. [23], obtained from the LHC 8 TeV Higgs measurements and LEP
e+e≠ æ WW measurements. While Ref. [23] explicitly assumes flavor universality for
the Yukawa couplings, it is a good approximation to simply assume the constraints given
there apply to third-generation couplings. Since we explicitly assume the future results
are SM-like, for consistency, we also set the central values of current results to zero when
combining them with the future collider results. In Table 9 and 10, we list the results for
the 14 TeV LHC with 300 fb≠1 and 3000 fb≠1 luminosity, derived from projection by the
ATLAS collaboration [65] which collected information from various other sources, while
the information about the composition of each channel are extracted from Refs. [66–70].
While ”yc is set to zero in obtaining these results (due to the fact that Ref. [65] did not
provide estimations for the decay h æ cc̄), it is not set to zero when the ‰2 is combined
with the ones from future e+e≠ colliders. However, this has little impact on the results of
the combined fits.
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ILC
[250 GeV, 2 ab≠1] [350 GeV, 200 fb≠1] [500 GeV, 4 ab≠1] [1 TeV, 1 ab≠1] [1 TeV, 2.5 ab≠1]

production Zh ‹‹̄h Zh ‹‹̄h Zh ‹‹̄h tt̄h ‹‹̄h tt̄h ‹‹̄h tt̄h
‡ 0.71% - 2.1% - 1.1% - - - - - -

‡ ◊ BR
h æ bb̄ 0.42% 3.7% 1.7% 1.7% 0.64% 0.25% 9.9% 0.5% 6.0% 0.3% 3.8%
h æ cc̄ 2.9% - 13% 17% 4.6% 2.2% - 3.1% - 2.0% -
h æ gg 2.5% - 9.4% 11% 3.9% 1.4% - 2.3% - 1.4% -
h æ ·· 1.1% - 4.5% 24% 1.9% 3.2% - 1.6% - 1.0% -

h æ WW ú 2.3% - 8.7% 6.4% 3.3% 0.85% - 3.1% - 2.0% -
h æ ZZú 6.7% - 28% 22% 8.8% 2.9% - 4.1% - 2.6% -
h æ ““ 12% - 44% 50% 12% 6.7% - 8.5% - 5.4% -
h æ µµ 25% - 98% 180% 31% 25% - 31% - 20% -
h æ Z“ 34% - 145% - 49% - - - - - -

Table 3: The estimated precision of ILC Higgs measurements. For the 250 GeV,
350 GeV and 500 GeV runs, all numbers are scaled from Ref. [55] (Table 13), except for
‡(hZ) ◊ BR(h æ Z“) which is scaled from the CEPC estimation. A beam polarization
of P (e≠, e+) = (≠0.8, +0.3) is assumed. The 1 TeV run is only included in Fig. 17 of
Appendix C, while the estimations are taken from Ref. [56] which assumes a polarization
of P (e≠, e+) = (≠0.8, +0.2).

CLIC
[350 GeV, 500 fb≠1] [1.4 TeV, 1.5 ab≠1] [3 TeV, 2 ab≠1]

production Zh ‹‹̄h ‹‹̄h tt̄h ‹‹̄h
‡ 1.6% - - - -

‡ ◊ BR
h æ bb̄ 0.84% 1.9% 0.4% 8.4% 0.3%
h æ cc̄ 10.3% 14.3% 6.1% - 6.9%
h æ gg 4.5% 5.7% 5.0% - 4.3%
h æ ·· 6.2% - 4.2% - 4.4%

h æ WW ú 5.1% - 1.0% - 0.7%
h æ ZZú - - 5.6% - 3.9%
h æ ““ - - 15% - 10%
h æ µµ - - 38% - 25%
h æ Z“ - - 42% - 30%

Table 4: The estimated precision of CLIC Higgs measurements taken from Ref. [57],
which assumes unpolarized beams and considers only statistical uncertainties. In addition,
we also include the estimations for ‡(hZ) ◊ BR(h æ bb̄) at high energies in Ref. [35],
which are 3.3% (6.8%) at 1.4 TeV (3 TeV). For simplicity, the measurements of ZZ fusion
(e+e≠ æ e+e≠h) are not included in our analysis.

C Additional figures
Here we provide additional results of the global fits. In our study, conservative estimates
have been made for the measurements of the diboson process (e+e≠ æ WW ) which often
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Table 4: The estimated precision of CLIC Higgs measurements taken from Ref. [57],
which assumes unpolarized beams and considers only statistical uncertainties. In addition,
we also include the estimations for ‡(hZ) ◊ BR(h æ bb̄) at high energies in Ref. [35],
which are 3.3% (6.8%) at 1.4 TeV (3 TeV). For simplicity, the measurements of ZZ fusion
(e+e≠ æ e+e≠h) are not included in our analysis.

C Additional figures
Here we provide additional results of the global fits. In our study, conservative estimates
have been made for the measurements of the diboson process (e+e≠ æ WW ) which often
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Future measurements used in the fit

2 E�ective-field-theory framework
A global e�ective-field-theory treatment of any process requires to consider simultane-
ously all contributing operators appearing in a complete basis, up to a given dimension.
Assuming baryon and lepton number conservation, we restrict ourselves to dimension-
six operators. As mentioned in the introduction, we would like to model the following
processes:

• Higgsstrahlung production: e+e≠ æ hZ (rates and distributions),
followed by Higgs decays in various channels,

• Higgs production through weak-boson-fusion: e+e≠ æ ‹‹̄h,

• Higgs production in association with top quarks: e+e≠ æ tt̄h,

• weak boson pair production: e+e≠ æ WW (rate and distributions).

Several combinations of operators a�ecting these processes are however well constrained by
other measurements. As discussed in Section 3.4, electroweak precision observables could
be constrained to a su�cient level, although this remains to be established explicitly. At
leading order, CP-violating operators give no linear contribution to the Higgs rates but
could manifest themselves in angular asymmetries [29, 31]. They could moreover be well
constrained by dedicated searches. Under restrictive assumptions, indirect constraints
arising from EDM experiments [39–41] for instance render Higgs CP-violating asymme-
tries inaccessible at future colliders [31]. As a first working hypothesis, we thus assume
electroweak and CP-violating observables are perfectly constrained to be standard-model
like.

Throughout this paper, we only retain the interferences of e�ective-field-theory ampli-
tudes with standard-model ones. The squares of dimension-six operator amplitudes are
discarded. They are formally of the same c2/�4 order as the interferences of dimension-
eight operators with standard-model amplitudes. Due to the strong constraints imposed
by future lepton colliders on c/�2, we generically expect the discarded terms to have small
e�ects on our results. It was however demonstrated that the interference of dimension-six
operators with standard-model amplitudes can su�er accidental suppressions sourced by
helicity selection rules [42]. This could invalidate the naïve hierarchy between c/�2 and
c2/�4 terms. We do nevertheless not expect those e�ects, exact in a high-energy limit,
to be significant at the 240–500 GeV energies we are primary interested in. Light fermion
dipole operators also have interactions with standard-model amplitudes that su�er drastic
mass suppressions. As a consequence, their dominant e�ects also arise at the c2/�4 level.
We however leave the study of this family of operators for future work.

Under the above assumptions, together with flavor universality, it was shown that
there are 10 independent combinations of operators that contribute to Higgs (excluding
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1.5 ab≠1 at 1.4 TeV and 2 ab≠1 at 3 TeV. We follow the latter plan in order to make
use of its estimations. While the implementation of beam polarization is also likely
at CLIC, we follow again Ref. [57] and assume unpolarized beams.

In the rest of this section, we summarize the important aspects of each of the measure-
ments we take into account. We detail the assumptions made in the many cases where
necessary information are not provided in the literature. The numerical inputs we use are
given in Appendix B.

3.1 Higgsstrahlung production
Rate measurements

e�

e+

Z/�

Z

h

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

The Higgsstrahlung process (see Fig. 1) dominates the Higgs production modes at lep-
ton colliders below center-of-mass energies of about 450 GeV where weak-boson fusion
takes over. Its cross section is maximized around 250 GeV but bremsstrahlung makes it
more advantageous for circular collider to run at 240 GeV. At this energy, an integrated
luminosity of 5 ab≠1 would yield about 1.06 ◊ 106 Higgses. At 250 GeV, 2 ab≠1 of data
collected 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 indepen-
dently 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 re-
solving (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 measurement
of the rare h æ Z“ decay, while not very constraining for the SM hZ“ coupling, could
be very important in resolving 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 process e+e≠ æ hZ, Z æ ‹‹̄, h æ bb̄ and the weak-boson fusion
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uncertainty (one standard deviation) on each asymmetry A measured with N events is
given by [31]

‡A =
Û

1 ≠ A2

N
¥ 1Ô

N
. (3.2)

Only Higgs decays to bottom quarks (e+e≠ æ hZ , Z æ ¸+¸≠ , h æ bb̄) are included in
Ref. [31]. We also include the charm-quark and gluon pair channels (e+e≠ æ hZ , Z æ
¸+¸≠ , h æ bb̄, cc̄, gg) to marginally reduce the statistical uncertainty. For the CEPC,
with 5 ab≠1 collected at 240 GeV, this constitute a subsample of approximately 2.8 ◊ 104

Higgsstrahlung events. For the ILC, the e�ects of beam polarizations on the asymme-
tries is taken into account. No systematic uncertainty is included. We however expect
statistical uncertainties to be dominant given the fairly rare but clean Z decay to leptons.

3.2 Higgs production through weak boson fusion
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Z
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�

�̄

Figure 3: Two contributions to the e+e≠ æ ‹‹̄h process: weak-boson fusion (left), and
e+e≠ æ hZ, Z æ ‹‹̄ (right).

The Higgs couplings to W , Z bosons, and photons are related by SU(2)L gauge in-
variance. As such, the measurement of the weak boson fusion process is complementary
to that of the Higgsstrahlung process. So, a combination of the two measurements can
e�ciently resolve the degeneracy among the EFT parameters that contribute to the pro-
duction processes. The weak-boson fusion cross section grows with energy, so that it is
better measured at center of mass energy of 350 GeV or above. Nevertheless, the mea-
surement at 240 GeV can still provide important information, especially if runs at higher
energies are not performed.

Importantly, Higgsstrahlung with Z decay to neutrinos (e+e≠ æ hZ, Z æ ‹‹̄) yields
the same final state as weak-boson fusion (see Fig. 3) and has a rate about six times larger
at a center-of-mass energy of 240 GeV (without beam polarization). Isolating the weak-
boson fusion contribution is therefore di�cult at that center-of-mass energy (see Fig. 3.16
on page 75 of Ref. [1]). For the CEPC and FCC-ee at 240 GeV, we therefore consider an
inclusive e+e≠ æ ‹‹̄h sample to which the two processes contribute, and only use the
h æ bb̄ channel for which the precision on the e+e≠ æ ‹‹̄h rate measurement is reported
in the literature. We neglect the contributions of the weak-boson fusion in the other Higgs
decay channels of e+e≠ æ hZ, Z æ ‹‹̄. For the ILC, Ref. [56] states that a ‰2 fit of the
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energies are not performed.

Importantly, Higgsstrahlung with Z decay to neutrinos (e+e≠ æ hZ, Z æ ‹‹̄) yields
the same final state as weak-boson fusion (see Fig. 3) and has a rate about six times larger
at a center-of-mass energy of 240 GeV (without beam polarization). Isolating the weak-
boson fusion contribution is therefore di�cult at that center-of-mass energy (see Fig. 3.16
on page 75 of Ref. [1]). For the CEPC and FCC-ee at 240 GeV, we therefore consider an
inclusive e+e≠ æ ‹‹̄h sample to which the two processes contribute, and only use the
h æ bb̄ channel for which the precision on the e+e≠ æ ‹‹̄h rate measurement is reported
in the literature. We neglect the contributions of the weak-boson fusion in the other Higgs
decay channels of e+e≠ æ hZ, Z æ ‹‹̄. For the ILC, Ref. [56] states that a ‰2 fit of the
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recoil mass distribution is used to separate the weak-boson-fusion and the Higgsstrahlung
processes. We thus consider that the precision on ‡(e+e≠ æ ‹‹̄h) ◊ BR(h æ bb̄) quoted
in Ref. [55] applies directly to the weak-boson fusion contribution. Both processes reach
equal rates at a center-of-mass energy close to 350 GeV (without beam polarization). At
this and higher energies, we thus assume that their distinct recoil-mass distributions are
su�cient to e�ciently separate them. More details on the treatment of this measurement
can be found in Appendix B.

3.3 Higgs production in association with tops
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Figure 4: Leading order diagrams for the e+e≠ æ tt̄h process. In the SM, the dominant
contribution are the ones involving the top Yukawa coupling. Other EFT contributions
(including that of four-fermion operators, not depicted) should be well constrained by
other measurements.

The e+e≠ æ tt̄h production of a Higgs boson in association with top quarks (see
Fig. 4) requires a large center-of-mass energy which is only achieved at a linear collider.
A 10% precision on ‡(tt̄h) ◊ BR(h æ bb̄) could be achieved with 4 ab≠1 of ILC data
collected at

Ô
s = 500 GeV (scaled from 28% of the 500 fb≠1 result in Ref. [55]). At CLIC,

1.5 ab≠1 of 1.4 TeV data should yield an 8.4% precision [57]. In the SM, the dominant
contributions to this process involve a top Yukawa coupling. The radiation of a Higgs
from the s-channel Z boson is comparatively negligible [3]. In the e�ective field theory,
we only include modifications of the top Yukawa coupling. Other contributions should be
su�ciently constrained by the measurement of top pair production and other processes.
Neither the four-point Zhtt interaction depicted on Fig. 4 (bottom-right), nor four-fermion
operator contributions are thus accounted for here.

3.4 Weak boson pair production
The diagrams contributing to the e+e≠ æ WW process, at leading order, are depicted
in Fig. 5. The s-channel diagrams with an intermediate Z or photon involve triple gauge
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su�ciently constrained by the measurement of top pair production and other processes.
Neither the four-point Zhtt interaction depicted on Fig. 4 (bottom-right), nor four-fermion
operator contributions are thus accounted for here.

3.4 Weak boson pair production
The diagrams contributing to the e+e≠ æ WW process, at leading order, are depicted
in Fig. 5. The s-channel diagrams with an intermediate Z or photon involve triple gauge
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Figure 5: Leading-order diagrams contributing to e+e≠ æ WW . The s-channel diagram
on the left with an intermediate Z or photon involves a triple gauge coupling.

couplings. Considering CP-even dimension-six operators only, the aTGCs are traditionally
parameterized using ”g1,Z , ”Ÿ“ and ⁄Z [58, 59], defined in Eq. (A.5). Among them, ”g1,Z

and ”Ÿ“ are generated by e�ective operators that also contribute to Higgs observables.
As pointed out in Ref. [23], this leads to an interesting interplay between Higgs and TGC
measurements.

Triple gauge couplings have been measured thoroughly at LEP2 [60]. Various studies
of future lepton colliders’ reach have also been carried out [61–63]. At future circular
colliders, most of the W pairs are likely to be be produced at 240 GeV, as a byproduct
of run for Higgs measurements which requires large luminosities. At this energy, the
e+e≠ æ WW cross section is approximately two orders of magnitude larger than that of
e+e≠ æ hZ. With 5 ab≠1, the CEPC would thus produce about 9 ◊ 107 e+e≠ æ WW
events, thereby improving significantly our knowledge of TGCs. A run at 350 GeV, probing
a di�erent combination, could bring further improvement on the constraints. Longitudinal
beam polarization is also very helpful in probing the aTGCs. With 500 fb≠1 collected at
500 GeV and P (e≠, e+) = (±80%, û30%) beam polarization, the ILC could constrain the
three TGCs to the 10≠4 level [61].

For the CEPC and FCC-ee prospects, we follow Ref. [63] which exploited kinematic
distributions in the e+e≠ æ WW æ 4f process. Five angles can be reconstructed
in each such event: the polar angle between the incoming e≠ and the outgoing W ≠,
and two angles specifying the kinematics of both W s’ decay products. When both W s
decay leptonically, the W mass constraints allow to fully reconstruct the kinematics up
to a fourfold ambiguity at most. Here, we make the optimistic assumption that the
correct solution is always found. In the hadronic decays of W , one can not discriminate
between the quark and anti-quark. The angular distributions of the W decay products
are folded. We divide the di�erential distributions of each angle into 20 bins (10 in folded
distributions). Uncorrelated Poisson distributions are assumed in each bin and their ‰2

are summed over. The total ‰2 is constructed by summing over the ‰2 of all the angular
distributions of all decay channels.

Given the huge statistics that would be collected, and although they were neglected
in Ref. [63], the systematic uncertainties could play an important role. Theoretical un-
certainties could also become limiting. At the moment, there is however no dedicated
experimental study of TGCs measurements at future circular colliders. We therefore
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Higgs Basis

The leading new-physics e↵ects are usually associated with EFT operators with the

lowest dimensionality, namely the dimension-6 ones. In the following we restrict our atten-

tion to these operators and neglect higher-order e↵ects. To further simplify our analysis we

also assume that the new physics is CP-preserving and flavor universal. With these restric-

tions we are left with 10 independent operators that a↵ect Higgs physics at leading order

and have not been tested below the % accuracy in existing precision measurements [13].2

Before discussing our operator basis, it is important to mention that a much larger set of

dimension-6 operators could in principle be relevant for Higgs physics. A first class of these

operators include deformations of the SM Lagrangian involving the light SM fermions. They

correct at tree level the Higgs processes but also a↵ect observables not involving the Higgs.

Therefore most of them have already been tested with good precision in EW measurements.

A second set of dimension-6 operators involve the top quark and are typically much less

constrained. However they a↵ect Higgs physics only at loop level, thus their e↵ects are

usually not very large. We postpone a more detailed discussion to section 2.2.

A convenient choice for dimension-6 operators is provided by the “Higgs basis” [3, 14]

in which the Higgs is assumed to be part of an SU(2)L doublet and operators connected

to the LHC Higgs searches are separated from the others that can be tested in observables

not involving the Higgs.3 The 10 e↵ective operators we will focus on can be split into three

classes: the first one contains deformations of the Higgs couplings to the SM gauge bosons,

parametrized by

�cz , czz , cz⇤ , ĉz� , ĉ�� , ĉgg , (2.2)

the second class is related to deformations of the fermion Yukawa’s

�yt , �yb , �y⌧ , (2.3)

and finally the last e↵ect is a distortion of the Higgs trilinear self-coupling

� . (2.4)

The corresponding corrections to the Higgs interactions in the unitary gauge are given by
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2The assumption of flavor universality is not crucial for our analysis. It is only introduced to restrict the

EFT analysis to the operators that can only be tested in Higgs physics. The same can be done in several

other flavor scenarios, as for instance minimal flavor violation and anarchic partial compositeness.
3For the relation between the independent couplings in the Higgs basis and the Wilson coe�cients of

other operator bases, see [14].
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In the above expressions we denoted by g, g0, gs the SU(2)L, U(1)Y and SU(3)c gauge

couplings respectively. The electric charge e is defined by the expression e = gg0/
p
g2 + g02.

Notice that in the Higgs basis the distortion of the trilinear Higgs coupling is encoded in

the parameter ��3 and denotes an additive shift in the coupling, Lself � �(�SM
3 + ��3)vh3.

In our notation � denotes instead a rescaling of the Higgs trilinear coupling, as specified in

eq. (2.5). We use this modified notation in order to make contact with previous literature

discussing the measurement of the Higgs self-coupling.

In eqs. (2.5) and (2.6) we also used a non-standard normalization for the ĉgg, ĉ��
and ĉz� parameters. The contact Higgs coupling to gluons has been normalized to the

LO top loop prediction in the SM computed in the infinite mt limit, whereas we included

an additional factor 1/⇡2 in the couplings ĉ�� and ĉz� . The relation with the standard

normalization of ref. [3] is given by

cgg =
1

12⇡2
ĉgg ' 0.00844ĉgg , c�� =

1

⇡2
ĉ�� ' 0.101ĉ�� , cz� =

1

⇡2
ĉz� ' 0.101ĉz� . (2.7)

With these normalizations values of order one for ĉgg, ĉ�� and ĉz� correspond to BSM

contributions of the same order of the SM gluon fusion amplitude and of the H ! �� and

H ! Z� partial widths.

Since our analysis takes into account NLO corrections to the single-Higgs production

and decay rates, it is important to discuss the issue of renormalizability in our EFT setup.

In general, when we deform the SM Lagrangian with higher-dimensional operators, a careful

renormalization procedure is needed when computing e↵ects beyond the LO. However, as

discussed in ref. [6], if we are only interested in NLO e↵ects induced by a modified Higgs

trilinear self-coupling, no UV divergent contributions are generated. This is a consequence

of the fact that the Higgs trilinear coupling does not enter at LO in single-Higgs observables

but only starts to contribute at NLO. As far as the modified trilinear is concerned, our

setup essentially coincides with that of ref. [6], so we can carry over to our framework their

results. We report them in appendix A for completeness.

Possible subtleties could instead arise considering the NLO contributions due to de-

formations of the single-Higgs couplings, since these interactions already enter in the LO
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+ ĉ��

e2

4⇡2
Aµ⌫A

µ⌫

+ czz
g2 + g02

4
Zµ⌫Z

µ⌫ + ĉz�
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3For the relation between the independent couplings in the Higgs basis and the Wilson coe�cients of

other operator bases, see [14].
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where the parameters �cw, cww, cw⇤, c�⇤, ĉ
(2)
gg and �y

(2)
f are dependent quantities, defined

as

�cw = �cz ,

cww = czz + 2
g02

⇡2(g2 + g02)
ĉz� +

g04

⇡2(g2 + g02)2
ĉ�� ,

cw⇤ =
1

g2 � g02

h
g2cz⇤ + g02czz � e2

g02

⇡2(g2 + g02)
ĉ�� � (g2 � g02)

g02

⇡2(g2 + g02)
ĉz�

i
,

c�⇤ =
1

g2 � g02

h
2g2cz⇤ +

�
g2 + g02

�
czz � e2

⇡2
ĉ�� � g2 � g02

⇡2
ĉz�

i
,

ĉ(2)gg = ĉgg ,

�y
(2)
f = 3�yf � �cz . (2.6)

In the above expressions we denoted by g, g0, gs the SU(2)L, U(1)Y and SU(3)c gauge

couplings respectively. The electric charge e is defined by the expression e = gg0/
p
g2 + g02.

Notice that in the Higgs basis the distortion of the trilinear Higgs coupling is encoded in

the parameter ��3 and denotes an additive shift in the coupling, Lself � �(�SM
3 + ��3)vh3.

In our notation � denotes instead a rescaling of the Higgs trilinear coupling, as specified in

eq. (2.5). We use this modified notation in order to make contact with previous literature

discussing the measurement of the Higgs self-coupling.

In eqs. (2.5) and (2.6) we also used a non-standard normalization for the ĉgg, ĉ��
and ĉz� parameters. The contact Higgs coupling to gluons has been normalized to the

LO top loop prediction in the SM computed in the infinite mt limit, whereas we included

an additional factor 1/⇡2 in the couplings ĉ�� and ĉz� . The relation with the standard

normalization of ref. [3] is given by

cgg =
1

12⇡2
ĉgg ' 0.00844ĉgg , c�� =

1

⇡2
ĉ�� ' 0.101ĉ�� , cz� =

1

⇡2
ĉz� ' 0.101ĉz� . (2.7)

With these normalizations values of order one for ĉgg, ĉ�� and ĉz� correspond to BSM

contributions of the same order of the SM gluon fusion amplitude and of the H ! �� and

H ! Z� partial widths.

Since our analysis takes into account NLO corrections to the single-Higgs production

and decay rates, it is important to discuss the issue of renormalizability in our EFT setup.

In general, when we deform the SM Lagrangian with higher-dimensional operators, a careful

renormalization procedure is needed when computing e↵ects beyond the LO. However, as

discussed in ref. [6], if we are only interested in NLO e↵ects induced by a modified Higgs

trilinear self-coupling, no UV divergent contributions are generated. This is a consequence

of the fact that the Higgs trilinear coupling does not enter at LO in single-Higgs observables

but only starts to contribute at NLO. As far as the modified trilinear is concerned, our

setup essentially coincides with that of ref. [6], so we can carry over to our framework their

results. We report them in appendix A for completeness.

Possible subtleties could instead arise considering the NLO contributions due to de-

formations of the single-Higgs couplings, since these interactions already enter in the LO
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with

6 deformations of Higgs couplings to gauge bosons

12 parameters 

5 deformations of Higgs couplings to fermions

The leading new-physics e↵ects are usually associated with EFT operators with the

lowest dimensionality, namely the dimension-6 ones. In the following we restrict our atten-

tion to these operators and neglect higher-order e↵ects. To further simplify our analysis we

also assume that the new physics is CP-preserving and flavor universal. With these restric-

tions we are left with 10 independent operators that a↵ect Higgs physics at leading order

and have not been tested below the % accuracy in existing precision measurements [13].2

Before discussing our operator basis, it is important to mention that a much larger set of

dimension-6 operators could in principle be relevant for Higgs physics. A first class of these

operators include deformations of the SM Lagrangian involving the light SM fermions. They

correct at tree level the Higgs processes but also a↵ect observables not involving the Higgs.

Therefore most of them have already been tested with good precision in EW measurements.

A second set of dimension-6 operators involve the top quark and are typically much less

constrained. However they a↵ect Higgs physics only at loop level, thus their e↵ects are

usually not very large. We postpone a more detailed discussion to section 2.2.

A convenient choice for dimension-6 operators is provided by the “Higgs basis” [3, 14]

in which the Higgs is assumed to be part of an SU(2)L doublet and operators connected

to the LHC Higgs searches are separated from the others that can be tested in observables

not involving the Higgs.3 The 10 e↵ective operators we will focus on can be split into three

classes: the first one contains deformations of the Higgs couplings to the SM gauge bosons,

parametrized by

�cz , czz , cz⇤ , ĉz� , ĉ�� , ĉgg , (2.2)

the second class is related to deformations of the fermion Yukawa’s

�yt , �yb , �y⌧ , (2.3)

and finally the last e↵ect is a distortion of the Higgs trilinear self-coupling

� . (2.4)

The corresponding corrections to the Higgs interactions in the unitary gauge are given by

L � h

v

"
�cw

g2v2

2
W+

µ W�µ + �cz
(g2 + g02)v2

4
ZµZ

µ

+ cww
g2

2
W+

µ⌫W
�µ⌫ + cw⇤g

2
�
W�

µ @⌫W
+µ⌫ + h.c.

�
+ ĉ��

e2

4⇡2
Aµ⌫A

µ⌫

+ czz
g2 + g02

4
Zµ⌫Z

µ⌫ + ĉz�
e
p
g2 + g02

2⇡2
Zµ⌫A

µ⌫ + cz⇤g
2Zµ@⌫Z

µ⌫ + c�⇤gg
0Zµ@⌫A

µ⌫

#

+
g2s

48⇡2

✓
ĉgg

h

v
+ ĉ(2)gg

h2

2v2

◆
Gµ⌫G

µ⌫ �
X

f


mf

✓
�yf

h

v
+ �y

(2)
f

h2

2v2

◆
f̄RfL + h.c.

�

� (� � 1)�SM
3 vh3 , (2.5)

2The assumption of flavor universality is not crucial for our analysis. It is only introduced to restrict the

EFT analysis to the operators that can only be tested in Higgs physics. The same can be done in several

other flavor scenarios, as for instance minimal flavor violation and anarchic partial compositeness.
3For the relation between the independent couplings in the Higgs basis and the Wilson coe�cients of

other operator bases, see [14].
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Finally, the triple gauge couplings are given by

Ltgc = igs◊W Aµ(W ≠‹W +
µ‹ ≠ W +‹W ≠

µ‹)
+ ig(1 + ”gZ

1 )c◊W Zµ(W ≠‹W +
µ‹ ≠ W +‹W ≠

µ‹)
+ ig [(1 + ”ŸZ)c◊W Zµ‹ + (1 + ”Ÿ“)s◊W Aµ‹ ] W ≠

µ W +
‹

+ ig

m2
W

(⁄Zc◊W Zµ‹ + ⁄“s◊W Aµ‹)W ≠fl
v W +

flµ , (A.5)

where Vµ‹ © ˆµV‹ ≠ ˆ‹Vµ for V = W ±, Z, A. Imposing gauge invariance, one obtains
”ŸZ = ”g1,Z ≠ t2

◊W
”Ÿ“ and ⁄Z = ⁄“, and the contribution from NP can be parameterized

by 3 aTGCs, ”g1,Z , ”Ÿ“ and ⁄Z . ”g1,Z and ”Ÿ“ are related to the Higgs observables and
can be expressed as

”g1,Z = 1
2(g2 ≠ gÕ2)

Ë
≠g2(g2 + gÕ2)cZ⇤ ≠ gÕ2(g2 + gÕ2)cZZ + e2gÕ2c““ + gÕ2(g2 ≠ gÕ2)cZ“

È
,

”Ÿ“ = ≠ g2

2

A
c““

e2

g2 + gÕ2 + cZ“
g2 ≠ gÕ2

g2 + gÕ2 ≠ cZZ

B
. (A.6)

To summarize, under the assumptions we make, the contribution from dimension-
six operators to the potential in Eq. (A.1) can be parameterized by the following non-
redundant set of 12 parameters:

”cZ , cZZ , cZ⇤ , c““ , cZ“ , cgg , ”yt , ”yc , ”yb , ”y· , ”yµ , ⁄Z . (A.7)

It is straightforward to translate results obtained in the Higgs basis to other bases
of dimension-six operators. While all non-redundant basis are equivalent, we found the
one listed in Table 1 particularly convenient under our assumption that the to Z-pole and
W -mass measurements are perfectly standard-model like. In this basis, the 12 parameters
of Eq. (A.7) are replaced by the following ones,

LD6 = cH

v2 OH + ŸW W

m2
W

OW W + ŸBB

m2
W

OBB + ŸHW

m2
W

OHW + ŸHB

m2
W

OHB

+ ŸGG

m2
W

OGG + Ÿ3W

m2
W

O3W +
ÿ

f=t,c,b,·,µ

cyf

v2 Oyf
, (A.8)

where the normalization of the parameters are also defined. To go from the SILH’ basis [13,
14] to the one in Table 1, one simply trades OW , OB æ OW W , OW B using

OB = OHB + 1
4OBB + 1

4OW B ,

OW = OHW + 1
4OW W + 1

4OW B , (A.9)

where OW B is directly related to the Z-pole measurements (S-parameter) and is thus
eliminated. The basis in Table 1 is also used in Ref. [17] with a di�erent notation. In
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its self coupling) and TGC measurements [13, 14, 16, 23].1 We however lift the flavor uni-
versality requirement and treat separately the top, charm, bottom, tau, and muon Yukawa
couplings. No flavor violation is allowed and we refer to Refs. [43–45] for studies of the
possible means to probe the light-fermion Yukawas at present and future experiments.
In total, 12 degrees of freedom are thus considered. While all non-redundant basis are
equivalent, we find the Higgs basis [38] particularly convenient. It is defined in the broken
electroweak phase and therefore closely related to experimental observables. Distinguish-
ing the operators contributing to electroweak precision measurements from the ones of
Higgs and TGC measurements is also straightforward in this basis. The parameters we
use are:

”cZ , cZZ , cZ⇤ , c““ , cZ“ , cgg , ”yt , ”yc , ”yb , ”y· , ”yµ , ⁄Z . (2.1)

Their exact definitions as well as a correspondence map to the SILH’ basis of gauge-
invariant dimension-six operators can be found in Appendix A. The numerical expressions
of the various observables we use as functions of these parameters are given in Appendix D.

Compared to the widely-used kappa framework, an important feature of this e�ec-
tive field theory is the appearance of Higgs couplings with Lorentz structures di�ering
from SM ones. In addition to ”cZ hZµZµ which modifies an existing SM coupling, the
cZZ hZµ‹Zµ‹ and cZ⇤ hZµˆ‹Zµ‹ interactions are for instance also generated by gauge-
invariant dimension-six operators. The e+e≠ æ hZ rate, at a given center-of-mass energy
and for a fixed beam polarization, depends on one combination of these parameters. Runs
at various energies, with di�erent beam polarizations, as well as additional measurements
are therefore crucial to constrain all other orthogonal directions. Measurements at higher
center-of-mass energy have an enhanced sensitivity to cZZ and cZ⇤. Angular asymmetries
in e+e≠ æ hZ, weak-boson-fusion production rate, weak-boson pair production, or the
h æ ZZú and h æ WW ú decays, each play a role. The measurement of the h æ Z“
decay is crucial too. The cZ“ coupling which contributes to the Higgsstrahlung process
otherwise remains loosely constrained and weakens the whole fit.

The treatment of the h æ gg, ““, and Z“ decays requires some special care. Given
that they are loop-level generated in the standard model, one may wish to include their
loop-level dependence in e�ective parameters like ”yt, ”yb, ”cW which rescale standard-
model interactions, or cZZ , cZ⇤, etc. which do not. Complete e�ective-field-theory results
at that order are however not currently available for the above processes (see Ref. [46] for
the treatment of h æ ““). The computation of next-to-leading-order e�ective-field-theory
contributions to processes that are not loop-level generated in the standard model would
also be needed to ensure a consistent global treatment. Misleading results can otherwise be
obtained. Let us illustrate this point with the dependence of the h æ ““ partial width on
c““ and ”yt, at tree- and loop-level, respectively. The Higgsstrahlung, weak-boson fusion,
and weak-boson pair production processes also depend at tree level on c““ and receive
loop corrections proportional to ”yt. A combination of these two parameters similar to

1Refs. [26, 32, 35] additionally set lepton and down-type Yukawa couplings equal while Ref. [17] focuses
on third-generation fermions instead of assuming flavor universality.

6

A. Falkowski ’15
LHCHXSWG YR4 ’16

https://cds.cern.ch/record/2001958/files/LHCHXSWG-INT-2015-001_2.pdf
https://cds.cern.ch/record/2001958/files/LHCHXSWG-INT-2015-001_2.pdf
http://arxiv.org/abs/arXiv:1610.07922
http://arxiv.org/abs/arXiv:1610.07922


Christophe Grojean Higgs synergies Berlin, May 30, 201715

Introducing the Global Determinant Parameter
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Figure 6: In a two-dimensional parameter space, the area of the Gaussian one-sigma
ellipse is proportional to the square root of the determinant of the covariance matrix,Ô

det ‡2. In n dimensions, the nth root of this quantity or global determinant parameter
(GDP) provides an average of constraints strengths. GDP © 2n

Ô
det ‡2 ratios measure

improvement in global constraint strengths independently of e�ective-field-theory operator
basis.

Global determinant parameter (GDP) We introduce a metric, dubbed global de-
terminant parameter, for assessing the overall strength of constraints. In a global analysis
featuring n degrees of freedom, it is defined as the determinant of the covariance ma-
trix raised to the 1/2n power, GDP © 2n

Ô
det ‡2. In a multivariate Gaussian problem,

the square root of the determinant is proportional to the volume of the one-sigma ellip-
soid (fi n

2 /�(n
2 + 1)

Ô
det ‡2) and therefore measures the allowed parameter space size (see

Fig. 6). Its nth root is the geometric average of the half lengths of the ellipsoid axes and
can thus serve as an average constraint strength. Interestingly, the ellipsoid volume trans-
forms linearly under rescalings of the fit parameters. So, ratios of GDPs do not depend
on parameters’ normalization. They are obviously also invariant under rotations in the
multidimensional parameters space. Such ratios are thus independent on the choice of
e�ective-operator basis used to describe the same underlying physics. We therefore judge
these quantities especially convenient to measure the improvement in global constraints
brought by di�erent run scenarios of future lepton colliders.

4 Results
We first discuss in this section the precision reach of the whole program of each colliders
before examining, in subsequent subsections, the impact of di�erent measurements, center-
of-mass energies, systematic uncertainties, and polarization. The CEPC is then taken as
an illustrative example (except when studying polarization) and the corresponding figures
for the FCC-ee and ILC are provided in Appendix C.

We show in Fig. 7 the one-sigma precision reach at various future lepton colliders on
our e�ective-field-theory parameters. These projections are compared to the reach of the

16

ratios of GDP are independent of  parameters normalization
ratios of GDP are independent of EFT operator basis

smaller GDP = better precision
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