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• Full studies of WW (and eνW) at √s between 161 GeV up to ~365 GeV

• Typically covered in projections for future e+e- colliders within the so-called 
aTGC-dominance assumption (justified at LEP2, not so clear at future e+e-): 
All possible new physics effects correcting the process other than aTGC are constrained 

much better by other processes (typically EWPO) and can be neglected

→ Studies performed in the context of sensitivity to aTGC (only)

WWdiff Focus Topic

Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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• Full studies of WW (and eνW) at √s between 161 GeV up to ~365 GeV

• Typically covered in projections for future e+e- colliders within the so-called 
aTGC-dominance assumption (justified at LEP2, not so clear at future e+e-): 
All possible new physics effects correcting the process other than aTGC are constrained 

much better by other processes (typically EWPO) and can be neglected

→ Studies performed in the context of sensitivity to aTGC (only)

• Plus one can also study sensitivity to CP-violating couplings at future e+e- 
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gauge couplings (TGCs) that are phenomenologically parameterized as [111], in the
broken phase,
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Clearly, all the terms in the first bracket violate both bP and dCP while conserve bC,
and conversely, the last term in Eq. (35) violates both bC and dCP while conserves bP .

In contrast, all the operators in Eq. (4) conserve bC but violate bP and dCP . Therefore,
fixing our notations as in [112] in the unbroken phase,
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one can readily obtain the matching between these two formalisms:
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e�, (37)

e�� = e�Z = 6g2ec3W , bZ = 0. (38)

Note that all results are in perfect agreement with those in [40, 113] after a notation
transformation.

The OPAL collaboration has reported their measurements of e�Z = �0.18+0.24
�0.16 and

eZ = �0.20+0.10
�0.07 in [114], which can thus be used to constrain ecWB and ec3W in Eq. (36).

While these bounds are weak, it is essential to include them to lift the flat directions.
On the other hand, these operators also modify the production and the decay of
the Higgs at the LHC [115–117]. As a result, stringent bounds on these operators
have been obtained from the h ! 4` channel, which are included in our fit. In
addition, for future lepton colliders, we also utilize the angular asymmetries A(1)

�
and

A
(2)
�

from e+e� ! ZH production [118] and their projections at both future circular
lepton colliders [119] and linear ones [120]. Recall that these angular asymmetric
observables in [119] are parameterized using the mass eigenstates
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one can readily match these b↵’s onto those in our notations in Eq. (35) and find
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• Full studies of WW (and eνW) at √s between 161 GeV up to ~365 GeV

• Understanding aTGC precision is also important for Higgs

• and in general for global interpretations, be in the SMEFT or in UV complete 
models

– Trilinear Gauge Couplings:
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while lz, is an independent parameter.

– Yukawa couplings:
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where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.
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where, again, not all terms are independent3:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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aTGC and Higgs to vector couplings generated by same new physics 
 (SMEFT correlations) 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
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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

@
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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
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• Also in most cases restricted to use partial information, e.g. differential in polar 
angle as in LEP2 final results:

• Use all differential information, e.g. Statistical Optimal Observables

Introduction κ fit EFT Framework Results 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?
! Choose a conservative 50W efficiency to compensate

the omission of systematics...
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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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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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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

δg1,Z δκγ λZ
0.0000

0.0005

0.0010

0.0015

pr
ec
is
io
n

precision reach of aTGCs at CEPC 240GeV
binned distributions, ϵ=80%
optimal observables, ϵ=80%
optimal observables, ϵ=50%

5.6/ab, e+e-→WW semileptonic channel, statistics only

ϵ: signal selection efficiency
: individual fit

Jiayin Gu JGU Mainz

Higgs couplings @ CLIC (and other future colliders)

Idealized: Full simulation studies needed
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• Basic questions on e+e- → W+W- at future Higgs factories:

• Sensitivity to aTGC (CP-preserving & CP-odd) from full simulation studies

✓ Impact of polarization/energy?

✓ Gain from combining with eνW?

✓ Can we neglect other contributions at future e+e-? 

‣ Answer may depend on other EW measurements → Global study

✓ What are the needs in terms of precision of SM calculations to match the 
experimental precision? Doable?

✓ Interplay WW-Higgs for aTGC/HVV?

• Sensitivity gain wrt HLLHC? ← HLLHC projections?

• Monte Carlo samples needed?

✓ Start from semi-leptonic, then consider fully leptonic and hadronic


• Practical question: Output of studies so they can be included in Global 
interpretations?  
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• More details: 

• GitLab page:  

https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics/WWdiff

https://arxiv.org/pdf/2401.07564
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5 WWdiff — Full studies of WW and e⌫W

Expert Team: Patrizia Azzi, Timothy Barklow, Jorge de Blas, Ansgar Denner, Alexander Grohsjean,
Wolfgang Kilian, Jenny List, Frank Siegert

Motivation
Constraints on gauge boson interactions are crucial ingredients to global interpretations, be it in SMEFT
or in UV complete models. In particular, in models where the electroweak symmetry is linearly realised
in the light fields, new physics contributions to anomalous triple gauge couplings are directly connected
to corrections on Higgs couplings, establishing a complementarity between the two sectors of measure-
ments.

Previous experimental studies
For future e+e� colliders, it has been shown from theory-level studies that in principle even the most
general set of CP-conserving and CP-violating triple-gauge boson couplings, in total 28 real parameters,
can be constrained at a centre-of-mass energy of 500GeV with polarised beams [114–116]. Detector-
level simulations have been conducted at energies of 500GeV [117] and 1TeV [118], but considering
only the three triple anomalous gauge couplings of the so-called LEP parametrisation. These studies used
on LO MC, and were restricted to semi-leptonic W -pair events with electrons and muons, i.e. they neither
included single-W processes, nor events with ⌧ leptons, nor fully hadronic events. The three couplings
and their covariance matrix was then passed on to global interpretations, e.g. SMEFT fits. More recently,
the formalism of statistical optimal observables for all the CP-even interactions contributing at LO in the
dimension-six SMEFT parametrisation have been used in global fits [63, 113], also at lower centre-of-
mass energies and including the information from all final states of the W+W� decays, but only based
on theory-level distributions.

Theory State-of-the-Art
On the Standard Model side, at LEP2 times, the differential cross section for W -pair production in-
cluding W decays was only known within the double-pole approximation, as implemented in the event
generators YFSWW [119] and RACOONWW [120]. Later, the complete electroweak O(↵) correc-
tions in the Standard Model were calculated for the charged-current four-fermion production processes
e+e� ! ⌫⌧⌧+µ�⌫̄µ, ud̄µ�⌫̄µ, and ud̄sc̄ [98, 121]. These calculations are available in an unpublished
follow-up code of RACOONWW named RACOON4F. It includes on top of the full O(↵) corrections also
the leading-logarithmic initial-state-radiation effects beyond O(↵) in the structure-function approach
(following Ref. [122] and references therein). For a more detailed summary on the status of theoretical
predictions for e+e� ! W+W�

! 4f we refer to Section 8 of Ref. [102] and the discussion in Sec. 4.
Predictions in SM extensions like the dimension-six SMEFT are doable thanks to UFO models

like, e.g. SMEFTSIM [123, 124] at LO, which can be used in MADGRAPH [125]. Automated calcula-
tion of NLO corrections in QCD is doable via the UFO model SMEFT@NLO [126]. The automated
calculation of NLO electroweak corrections will be completed and available in codes like MADGRAPH
and WHIZARD [127]. Such electroweak corrections are expected to be large at high energies accessible
to some of the e+e� collider projects under consideration.

Goals of this Focus Topic
Therefore the main objective of this focus topic is to understand the full potential of e+e� colliders with
respect to gauge boson interactions, using the full differential information from W -pair and single-W
events to extract CP-even and CP-odd couplings, based on detailed detector simulation with assessments
of systematic uncertainties, at all centre-of-mass energies.
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Abstract

In order to stimulate new engagement and trigger some concrete studies in areas where
further work would be beneficial towards fully understanding the physics potential of an
e+e� Higgs / Top / Electroweak factory, we propose to define a set of focus topics. The
general reasoning and the proposed topics are described in this document.
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• Any results related to this focus topic to be included in ECFA e+e- Higgs/EW/Top 
factory report ← Input to the next European Strategy Update

• Timeline dictated by next update of the European Strategy for Particle Physics

‣ Accelerated wrt original estimates

‣ Community input to be submitted by March 31, 2025
(ESPPU process to be concluded in June 2026) 

• First version of ECFA study report should be completed by (mid) December

‣ Comments could be included later, but updates of results will be difficult

• Effective deadline:  3rd ECFA workshop on e+e- Higgs, Top & Electroweak Factories

‣ October 9-11, 2024

‣ Results should be presented there

‣ 1 page draft summery of results should be available

• Studies can continue afterwards and can be published independently

Timeline of ECFA e+e- Higgs/EW/Top factory study
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