
1

Diboson measurements at future e+e− colliders

Jiayin Gu

Fudan University

First ECFA Workshop on e+e− Higgs/EW/Top Factories
October 6, 2022

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders



2

Diboson

▶ Why do we study it?
▶ Why not? (e.g. free by-product of a Higgs factory)
▶ An important part of the global SMEFT analysis.
▶ Connected to the Higgs couplings (in the SMEFT framework).

▶ Diboson is an old subject! (LEP II era)
▶ Probing the Weak Boson Sector in e+e− → W+W−, Hagiwara, Peccei,

Zeppenfeld, Hikasa (Nucl.Phys.B 282 (1987) 253-307)
▶ Triple gauge boson couplings, G. Gounaris et al., 1996
▶ Electroweak Measurements in Electron-Positron Collisions at W-Boson-Pair

Energies at LEP, S. Schael et al., [1302.3415] (LEP summary paper, 2013)

▶ LHC: pp→ WW/WZ (see the next talk)
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(EFT) Parameterizaiton
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▶ e+e− → WW at lepton colliders
▶ Focusing on tree-level CP-even dimension-6 contributions:

▶ e+e− → WW can be parameterized by
δg1,Z, δκγ , λZ, δgee

Z,L, δgee
Z,R, δgeν

W , δmW

▶ mW is usually much better constrained.
▶ W branching ratios can be modified by additional operators (but only affect

the total rates).
▶ Ignore δVff type couplings⇒ 3 aTGCs!

Not necessarily a good approximation! (See [1610.01618] Zhengkang Zhang)
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You can’t really separate Higgs from the EW gauge bosons!

▶ OHℓ = iH†←→DµHℓ̄Lγ
µℓL,

O′
Hℓ = iH†σa←→DµHℓ̄Lσ

aγµℓL,
OHe = iH†←→DµHēRγ

µeR
▶ modifies gauge couplings of fermions,
▶ also generates hVff type contact

interaction.

▶ OHW = ig(DµH)†σa(DνH)Wa
µν ,

OHB = ig′(DµH)†(DνH)Bµν

▶ generate aTGCs δg1,Z and δκγ ,
▶ also generates HVV anomalous

couplings such as hZµ∂νZµν .
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Impacts on EFT fits, LHC + LEP

▶ Higgs better measured⇒ Higgs helps
diboson;

▶ Diboson better measured⇒ diboson
helps Higgs. (usually the case)

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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Figure 5.4: LEP combined d[σWW(BReν+BRµν)]/dcosθW− distributions for the four chosen en-
ergy intervals. The combined values (points) are superimposed on the four-fermion predictions
from KandY and RACOONWW.

99

▶ Note: LEP bounds should have been
better!

▶ The LEP summary paper did not
provide global-fit results for the 3
aTGCs.

▶ The distributions of W decay angles
were not provided.
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[arXiv:1508.00581] Falkowski et al.

[arXiv:1302.3415] LEP WW paper
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You also have to measure the Higgs!

▶ Some operators can only be probed with the Higgs particle.

▶ |H|2WµνWµν and |H|2BµνBµν

▶ H→ v/
√
2, corrections to gauge couplings?

▶ Can be absorbed by field redefinition! This applies to any operators in the
form |H|2OSM.

cSMOSM vs. cSMOSM +
c
Λ2
|H|2OSM

= (cSM +
c v2
2Λ2

)OSM + terms with h

= c′SMOSM + terms with h

▶ probed by measurements of the hγγ and hZγ couplings, or the hWW and
hZZ anomalous couplings.

▶ or Higgs in the loop (different story...)

▶ Yukawa couplings, Higgs self couplings, ...
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Energy enhancement

▶ Goldstone equivalence: At very high energy, the longitudinal modes
should be viewed as the goldstones!
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▶ Leading BSM amplitude ∼ E2

M2 .

▶ W+W− and hZ are related
(especially at high energy).
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[arXiv:1712.01310] Franceschini et al. (sign denotes helicity)



8

Energy vs. Precision

▶ Precision
▶ Lepton colliders at ∼ 240GeV, large statistics,

clean environment.
▶ High precision ⇒ E≪ Λ

Ideal for EFT studies!

▶ Energy
▶ High energy tails are very sensitive to new

physics effects,
▶ but are usually poorly measured.
▶ This lead to problems in the interpretation of

EFT...

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders



8

Energy vs. Precision

▶ Precision
▶ Lepton colliders at ∼ 240GeV, large statistics,

clean environment.
▶ High precision ⇒ E≪ Λ

Ideal for EFT studies!

▶ Energy
▶ High energy tails are very sensitive to new

physics effects,
▶ but are usually poorly measured.
▶ This lead to problems in the interpretation of

EFT...

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders



9

e+e− → WW with Optimal Observables

▶ TGCs (and additional EFT parameters) are sensitive
to the differential distributions!

▶ One could do a fit to the binned distributions of all
angles.

▶ Not the most efficient way of extracting information.
▶ Correlations among angles are sometimes ignored.

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

▶ In the limit of large statistics (everything is Gaussian)
and small parameters (linear contribution dominates),
the best possible reaches can be derived analytically!

dσ
dΩ = S0 +

∑
i

S1,i gi , c−1
ij =

∫
dΩS1,iS1,j

S0
· L ,

▶ The optimal observables are given by Oi =
S1,i
S0

, and
are functions of the 5 angles.
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

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

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

(cos θ∗h,φ
∗
h)↔ (− cos θ∗h,φ

∗
h + π), (5.16)

which is folded in the following way:

φ∗h > 0→ (cos θ∗h,φ
∗
h)

φ∗h < 0→ (− cos θ∗h,φ
∗
h + π). (5.17)

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

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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ϵ: signal selection efficiency
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[arXiv:1907.04311] de Blas, Durieux, Grojean, JG, Paul
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Updates on the WW analysis with Optimal Observables

▶ How well can we do it in practice?
▶ detector acceptance, measurement

uncertainties, ...

▶ What we have done
(in the snowmass study)

▶ detector acceptance
(|cos θ| < 0.9 for jets, < 0.95 for leptons)

▶ some smearing
(production polar angle only, ∆ = 0.1)

▶ ILC: marginalizing over total rate (δN)
and effective beam polarization (δPeff)

▶ Constructing full EFT likelihood and
feed it to the global fit. (For illustration,
only showing the 3-aTGC fit results here.)

▶ Further verifications (by
experimentalists) are needed.
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Higgs + EW SMEFT Global fit (see Victor’s talk yesterday)

▶ Global fit
▶ Z-pole, diboson and Higgs processes are all connected in the SMEFT

framework.
▶ Usually ∼ 20-30 parameters (instead of 2499) if we focus on CP-even

effects in Higgs and electroweak measurements.
▶ Of course we can add more (e.g. top operators)! (but not in this talk...)

▶ Limits on all the c(6)i
Λ2

▶ Results depend on operator bases, conventions, ...

▶ Present the results in terms of effective couplings
([arXiv:1708.08912], [arXiv:1708.09079], Peskin et al.)

▶ g(hZZ), g(hWW) couplings have multiple contributions: hZµZµ, hZµνZµν ...

defined as: g(hZZ) ∝
√

Γ(h→ ZZ) , g(hWW) ∝
√

Γ(h→ WW) .

▶ Present the results with some fancy bar plots!
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Results from the recent snowmass study
[2206.08326] de Blas, Du, Grojean, JG, Miralles, Peskin, Tian, Vos, Vryonidou (see Victor’s talk yesterday)
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Machine Learning

▶ How well can we measure diboson in practice?
▶ detector acceptance, measurement uncertainties, ISR ...

▶ Analytical methods becomes more difficult and time consuming when we
include more realistic effects.

▶ Machine Learning is a promising solution for the extraction of information
(theory parameters) from complicated collider data.

▶ Already implemented in pp→ ZW. [2007.10356] Chen, Glioti, Panico, Wulzer
▶ Current work with Shengdu Chai, Lingfeng Li on e+e− → WW with machine

learning.

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders

[arXiv:1805.00013] Brehmer, Cranmer, Louppe, Pavez
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Machine Learning (preliminary results, Shengdu Chai, JG, Lingfeng Li)

▶ Scale (size of the ellipses) is arbitrary.
▶ Semileptonic channel, jet smearing + ISR, 3-aTGC fit

▶ Naively applying truth-level optimal observables could lead to a large bias!
▶ It’s easier for machine learning to take care of systematics! (Current method

is basically a “ML version of optimal observables”.)

▶ When will Machine take over?

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders

PRELIMINARY



14

Machine Learning (preliminary results, Shengdu Chai, JG, Lingfeng Li)

▶ Scale (size of the ellipses) is arbitrary.
▶ Semileptonic channel, jet smearing + ISR, 3-aTGC fit

▶ Naively applying truth-level optimal observables could lead to a large bias!
▶ It’s easier for machine learning to take care of systematics! (Current method

is basically a “ML version of optimal observables”.)

▶ When will Machine take over?

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders

PRELIMINARY



15

Conclusion

▶ Diboson is an important measurement!

▶ Energy and precision are both important for the diboson measurement!

▶ Machine learning is (likely to be) the future!

▶ Future directions
▶ CP-odd operators?
▶ Loop contributions of dim-6 operators?
▶ Beyond dim-6?

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders
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A lesson from history

“Our future discoveries must be looked for in the sixth
place of decimals.”

— Albert A. Michelson

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders
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backup slides

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders
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Neutral diboson?

▶ Zγ/ZZ measurements can probe neutral aTGCs (generated by dim-8
operators). (See e.g. [1902.06631, 2008.04298], Ellis et al. for recent work on it.)

▶ Think beyond TGC: Dim-8 operators also generate contact interactions
with +− final state helicities. [1806.09640] Bellazzini, Riva

▶ which are subject to positivity bounds!

▶ The diphoton (e+e− → γγ) channel offers a clean probe of the positivity
bounds! [arXiv:2011.03055] JG, Lian-Tao Wang, Cen Zhang
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e+e− → WW parameterization

Ltgc = igsθW Aµ(W−νW+
µν −W+νW−

µν)

+ ig(1 + δgZ
1)cθW Zµ(W−νW+

µν −W+νW−
µν)

+ ig
[
(1 + δκZ)cθW Zµν + (1 + δκγ)sθW Aµν

]
W−

µ W+
ν

+
ig

m2
W
(λZcθW Zµν + λγsθW Aµν)W−ρ

v W+
ρµ , (1)

▶ Imposing Gauge invariance one obtains δκZ = δg1,Z − t2θWδκγ and
λZ = λγ .

▶ “Higgs effective coupling basis”
(+ deviations in W BR. δmW is constrained very well by W mass measurements.)

δg1,Z, δκγ , λZ, δgee
Z,L, δgee

Z,R, δgeν
W , δmW

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders
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D6 operators

OH = 1
2
(∂µ|H2|)2 OGG = g2

s |H|2GA
µνGA,µν

OWW = g2|H|2Wa
µνWa,µν Oyu = yu|H|2q̄LH̃uR + h.c. (u → t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2q̄LHdR + h.c. (d → b)
OHW = ig(DµH)†σa(DνH)Wa

µν Oye = ye|H|2̄lLHeR + h.c. (e → τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!

gϵabcWa ν
µ Wb

νρWc ρµ

OW = ig
2
(H†σa←→DµH)DνWa

µν OB = ig′
2
(H†←→DµH)∂νBµν

OWB = gg′H†σaHWa
µνBµν OHℓ = iH†←→DµHℓ̄LγµℓL

OT = 1
2
(H†←→DµH)2 O′

Hℓ = iH†σa←→DµHℓ̄LσaγµℓL
Oℓℓ = (ℓ̄LγµℓL)(ℓ̄LγµℓL) OHe = iH†←→DµHēRγµeR
OHq = iH†←→DµHq̄LγµqL OHu = iH†←→DµHūRγµuR
O′

Hq = iH†σa←→DµHq̄LσaγµqL OHd = iH†←→DµHd̄RγµdR

▶ SILH’ basis (eliminate OWW, OWB, OHℓ and O′
Hℓ)

▶ Modified-SILH’ basis (eliminate OW, OB, OHℓ and O′
Hℓ)

▶ Warsaw basis (eliminate OW, OB, OHW and OHB)

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders
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Diboson Interference Resurrection [1707.08060] Azatov et al., [1708.07823] Panico et al.

▶ The interference between SM and
dim-6 amplitudes are suppressed if
they have different helicities.

▶ The interference is resurrected by
considering the diboson decays!
A(ffVV)→ A(6f)

▶ These dim-6 effects show up in the
azimuthal angles of the W/Z decay.

Jiayin Gu Fudan University

Diboson measurements at future e+e− colliders

[arXiv:1712.01310] Franceschini et al.

[1708.07823] Panico et al.

black line: SM, blue area: C3W = 0.2TeV−2


