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Introduction
Overview on WW /singleW in e+e- 

• single and pairwise production

• total number of W bosons produced 

in ILC250 + ILC500 running ≈ 1.2E8

• FCCee very similar (1E8)

• This talk:


• Triple Gauge Couplings

• Flavour Physics with W’s: CKM 

matrix elements

• ongoing work, contributing to 

ECFA focus topics

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

WW production

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

single-W  
production



WW and singleW | J. List | LCWS2024 | July 10 2024 2

Introduction
Overview on WW /singleW in e+e- 

• single and pairwise production

• total number of W bosons produced 

in ILC250 + ILC500 running ≈ 1.2E8

• FCCee very similar (1E8)

• This talk:


• Triple Gauge Couplings

• Flavour Physics with W’s: CKM 

matrix elements

• ongoing work, contributing to 

ECFA focus topics

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

WW production

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

single-W  
production



WW and singleW | J. List | LCWS2024 | July 10 2024 2

Introduction
Overview on WW /singleW in e+e- 

• single and pairwise production

• total number of W bosons produced 

in ILC250 + ILC500 running ≈ 1.2E8

• FCCee very similar (1E8)

• This talk:


• Triple Gauge Couplings

• Flavour Physics with W’s: CKM 

matrix elements

• ongoing work, contributing to 

ECFA focus topics

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

WW production

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

Uli Einhaus  |  ECFA WG1 Flav Workshop   |  18.04.2024  |  Page 3

W Channels

● WW production has 3 categories:
leptonic, semileptonic, hadronic

● ‘Single-W’ entails t-channel process 
where the initial beam particles remain 
and its interference with (semi)leptonic 
WW process with an eν, but is very 
forward boosted

● Use Isolated Leptons to categorise!

single-W  
production



Triple Gauge Couplings



WW and singleW | J. List | LCWS2024 | July 10 2024 4

Triple Gauge Couplings
Definitions and LEP / LHC status

analysis technique plays an important role - 
watch out whether

• binned or unbinned analysis

• 5 or 3 angles used

• single- or multi-parameter fits

• treatment of systematics

• …

2.2. The Standard Model as an effective field theory

2.2.3. Anomalous Triple Gauge Couplings

Gauge boson self-interactions are a special target since they encode the fundamental
gauge structure of the interactions (section 2.1.1). Part of this study focuses on one
such process: the triple gauge boson interactions with the corresponding triple gauge
couplings (TGC).

The Standard Model at tree-level only contains so-called charged triple-gauge boson
interactions with the vertices 𝑊𝑊𝑍 and 𝑊𝑊𝛾, often generalized as 𝑊𝑊𝑉 (𝑉 = 𝑍/𝛾).
In a first very general step, the phenomenological effective lagrangian for these vertices
includes all operators up to dimension-six which conform with the Lorentz structure of
the bosons [61, 62].

𝑖𝑔𝑊𝑊𝑉 ℒ𝑊𝑊𝑉
eff = 𝑔𝑉1 𝑉𝜇 (𝑊−𝜇𝜈𝑊+𝜈 − 𝑊+𝜇𝜈𝑊−𝜈) + 𝜅𝑉𝑊+𝜇 𝑊−𝜈 𝑉𝜇𝜈

+ 𝜆𝑉𝑚2𝑊 𝑉𝜇𝜈𝑊+𝜌𝜈 𝑊−𝜌𝜇 + 𝑖𝑔𝑉5 𝜀𝜇𝜈𝜌𝜎 [(𝜕𝜌𝑊−𝜇) 𝑊+𝜈 − 𝑊−𝜇 (𝜕𝜌𝑊+𝜈)] 𝑉𝜎
+ 𝑖𝑔𝑉4 𝑊−𝜇 𝑊+𝜈 (𝜕𝜇𝑉𝜈 + 𝜕𝜈𝑉𝜇) − ̃𝜅𝑉2 𝑊−𝜇 𝑊+𝜈 𝜀𝜇𝜈𝜌𝜎𝑉𝜌𝜎
− �̃�𝑉2𝑚2𝑊 𝑊−𝜌𝜇𝑊+𝜇𝜈𝜀𝜈𝜌𝛼𝛽𝑉𝛼𝛽

(2.58)
This general Lagrangian contains two overall couplings of the two vertices

𝑔𝑊𝑊𝛾 = 𝑒 , 𝑔𝑊𝑊𝑍 = 𝑒 cot 𝜃𝑤 , (2.59)

and 14 additional complex couplings (𝑔𝑉1 , 𝑔𝑉4 , 𝑔𝑉5 , 𝜅𝑉, ̃𝜅𝑉, 𝜆𝑉, �̃�𝑉; 𝑉 = 𝑍/𝛾), correspond-
ing to 28 free real-numbered variables. In the pure SM the four couplings 𝑔𝑍1 , 𝑔𝛾1 , 𝜅𝑍 and𝜅𝛾 are one, all others are zero.

The LEP parametrisation

The LEP experiments were the first ones to achieve a precision good enough to mea-
sure the triple gauge boson interaction [3, 58]. Since the precision was not good enough
to measure all possible 28 parameters, the experiments introduced a “LEP parametri-
sation” that employs additional assumptions and constraints to reduce the number of
parameters [54, 58, 61, 63]. The study here uses that same parametrisation, with the
assumptions described in the following.

First is the restriction to C- and P-conserving parameters. This step brings the largest
reduction in the number of parameters, leaving only 6 free parameters: 𝑔𝛾1 , 𝑔𝑍1 , 𝜅𝛾, 𝜅𝑍,𝜆𝛾, and 𝜆𝑍. At LEP, the motivation for this harsh restriction was a lack of sensitivity and
statistics [58]. Introducing electromagnetic gauge invariance further fixes 𝑔𝛾1 = 1. The
last assumption is the invariance under 𝑆𝑈(2)L ⊗ 𝑈(1)Y, which requires two additional

23

most general WWV (V=Z/𝝲) Lagrangian: 14 complex couplings (=28 real parameters):  

often (incl. SMEFT) restricted to 

“LEP parametrisation” due to lack of data:


C, P invariance, EM gauge & SU(2)xU(1) invariance  
=> g1Z,  𝝹𝝲, 𝝺𝝲

SM: 
g1Z = g1𝝲 = 𝝹Z = 𝝹𝝲 = 1 

all others = 0 

ee->WW: relevant 5 angles
100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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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 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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Theory-Level Studies
using optimal observables

• Markus Diehl et al 2003 (!)
• all 28 real parameters (no detector, no background…)
• can disentangle all at 500 GeV with polarised beams 

• For Snowmass SMEFT fits (Jorge de Blas et al):
• three “LEP” couplings (no detector, no systematics)
• ~100x gain beyond HL-LHC!

• Jiayin Gu et al: OOs with ML
• ILD Delphes card
• optionally 10% ZZ background
=> application of theory-level OO
to real analysis can lead to huge
bias — but when MLing OO on reco
data with background, this can be 
corrected (to be studied further)

Eur.Phys.J.C 27 (2003) 375-397 
& Eur.Phys.J.C 32 (2003) 17-27 Energy-dependent!

JHEP 05 (2024) 292

arXiv:2206.08326
20

3-aTGC fit, detector-level sample with background
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! 10% ZZ background. A large bias can be introduced if we failed to take
account of it!

! SALLY-DBA: trained with both signal and backgrounds with the correct
weighting to reconstruct the α̂(x) for the combined differential cross
section.

Jiayin Gu Fudan University

From Optimal Observables to Machine learning in EFT analyses of e+e− → W+W−

https://inspirehep.net/literature/595359
https://inspirehep.net/literature/622066
https://inspirehep.net/literature/2743699
https://arxiv.org/abs/2206.08326
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Detector-level Simulations
ILD & SiD for ILC TDR (Marchesini, Rosca, Barklow ~2011 ff)

• 500 GeV and 1 TeV
• joint extraction of 3 TGCs (LEP parametrisation) and beam 

polarisations => model impact of all parameters on detector-level
• restricted to WW -> munuqq and WW->enuqq 
• 3 TGCs and their covariance matrix passed  on to global 

interpretations, e.g. SMEFT fits

Introduction Methods Results at
p

s = 500 GeV Results at
p
s = 1 TeV Conclusions

Di↵erential Methods

Di↵erential Cross-Section d�/d cos ✓W

I cos✓W ' 1: independent of TGCs

I more general: “new physics”

expected to have di↵erent

cos✓W -dependence than SM

WθCos
-1 -0.5 0 0.5 1

n
 e

ve
n

ts

210

310

410

510

=-0.035
z
1g

SM

Double-Di↵erential Cross-Section d2�/d cos ✓Wd cos ✓decay

I cos ✓decay : decay angle in W restframe (W polarisation!)

I semi-leptonic: polar angle of charged lepton

I fully hadronic: average polar angle of jets

Beam Polarisation and TGCs in e+e� ! W+W�
at the ILC J. List 7

PhD Thesis I. Marchesini

Introduction Methods Results at
p

s = 500 GeV Results at
p
s = 1 TeV Conclusions

Polarisation from d2�/d cos ✓Wd cos ✓decay (SiD [6])
P(e+, e�) = (+1,�1) cos ✓decay vs cos✓W P(e+, e�) = (�1,+1)

1000 fb
�1

, equal share +�, �+ cos ✓ range P(e+, e�) �P(e�)/P(e�) �P(e+)/P(e+)

avoid TGC region 0.8 < cos ✓ < 1 (+0.2,�0.8) 15% 38.5%
avoid TGC region 0.8 < cos ✓ < 1 (�0.2,+0.8) 0.58% 11.5%
assume SM �1 < cos ✓ < 1 (+0.2,�0.8) 7.25% 19%

assume SM �1 < cos ✓ < 1 (�0.2,+0.8) 0.51% 9%

assume SM �1 < cos ✓ < 1 sum 0.25% 1.45%

complementary method, gives compatible result with ILD

Beam Polarisation and TGCs in e+e� ! W+W�
at the ILC J. List 15

https://inspirehep.net/literature/1083212
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This is not 
consistent as  
interplay with 
other operators  
and other 
processes is 
neglected!

https://inspirehep.net/literature/1083212
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More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included) 
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!

TGC Limits @ 68% CL
0.05− 0 0.05

γλ∆

γκ∆

1
Z

g∆

LEP2 ILC 250

simultaneous fit 
of all three 
couplings

PhD Thesis R. Karl

https://inspirehep.net/literature/1750427
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36 2.2. SM SCATTERING AMPLITUDES

−iM t
sW =

j′µ
t,Z

︷ ︸︸ ︷

v̄(p+)ieγµ

(

1

2swcw

1 − γ5

2
−

sw

cw

)

v(p1)
−igµν

k2
0 − M2

Z

·ū(p2)
ie

sw
√

2
γρ 1 − γ5

2

i (γαqα + m)

q2 − m2
ieγν

(

1

2swcw

1 − γ5

2
−

sw

cw

)

u(p−)

·
−igρσ

k2
1 − M2

W

ū(p4)
ie

sw
√

2
γσVq

1 − γ5

2
v(p3)

︸ ︷︷ ︸

j′σ
s,W,q

(2.38a)

=

⎧

⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎩

j′µt,Z,RR
−igµν

k2
0−M2

Z

· −e2

sw

√
2
ū↓(p2)γρ i(γαqα)

q2−m2 γν
(

1−2s2
w

2swcw

)

u↓(p−)· −igρσ

k2
1−M2

W

j′σs,W,q

j′µt,Z,LL
igµν

k2
0−M2

Z

· −e2

sw

√
2
ū↓(p2)γρ i(γαqα)

q2−m2 γν
(

1−2s2
w

2swcw

)

u↓(p−)· −igρσ

k2
1−M2

W

j′σs,W,q

(2.38b)

Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.

Z
W−

W +

e−

e+ ν

e+

d

ū

Z

W−W−

e−

e+

ν

e+

d

ū

Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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(2.39)

https://inspirehep.net/literature/1750427


WW and singleW | J. List | LCWS2024 | July 10 2024 7

More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included) 
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!

TGC Limits @ 68% CL
0.05− 0 0.05

γλ∆

γκ∆

1
Z

g∆

LEP2 ILC 250

simultaneous fit 
of all three 
couplings

PhD Thesis R. Karl
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·ū(p2)
ie

sw
√

2
γρ 1 − γ5

2

i (γαqα + m)

q2 − m2
ieγν

(

1

2swcw

1 − γ5

2
−

sw

cw

)

u(p−)

·
−igρσ

k2
1 − M2

W
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Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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ū

Z

W−W−

e−

e+

ν

e+

d

ū

Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included) 
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!
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couplings
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Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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224 10.2. TRIPLE GAUGE COUPLING MEASUREMENT

ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆P−e−

[

10−4
] 250 1.64 · 103 73.7 73.4

500 1.71 · 103 20.7 20.1

∆P +
e−

[

10−4
] 250 178 11.4 9.91

500 189 7.47 6.25

∆P−e+

[

10−4
] 250 644 33.2 31

500 765 16.2 14.1

∆P +
e+

[

10−4
] 250 1.22 · 103 53.2 53

500 1.44 · 103 17.3 16.1

TGC ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆g
[

10−4
] 250 45.8 15.8 13.9

500 8.46 4.14 3.52

∆κ
[

10−4
] 250 54.9 19 16.5

500 8.85 4.63 3.65

∆λ
[

10−4
] 250 68.6 22.5 21.6

500 15.6 6.14 5.77

Table 10.9: Polarization and aTGC precisions as obtained from the µνqq̄′ and eνqq̄′ final state

individually and combined. Results are given for 250 GeV and 500 GeV for 1 ab−1 with a sharing

of 45%(40%) for the opposite-sign and 5%(10%) for the like-sign configurations at 250(500) GeV,

respectively. A global selection efficiency of 60% and a global purity of 80% is considered but no

uncertainties on all three quantities are taken into account.

yield enough information for an unambiguous measurement of the four beam polarization

parameters. The same result is also expected without aTGC measurement but this is

not explicitly shown here. In contrast, the eνqq̄′ final state yields a substantially better

precision by up to two orders of magnitude. This can be explained by the additional

contribution from the equal chiral states (e−L e+
L and e−Re+

R) and, possibly, the fact that this

final state is used charge separated in e−ν̄qq̄′ and e+νqq̄′. It is thus not surprising that

for the combined measurement the precision for almost all polarization parameters at the

two energies is completely given by the eνqq̄′ final state.

A completely different scenario is given for the aTGC precision. The eνqq̄′ final state still

yields the better precision but by less than one order of magnitude. Furthermore, the

µνqq̄′ final state contributes significantly to the combined measurement, which was not

the case for the polarization measurement. This demonstrates that the aTGCs and the

polarization measurement influence the eνqq̄′ and µνqq̄′ final state in a complementary

https://inspirehep.net/literature/1750427
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More recently
including 250 GeV (~2017-2018)

• Extrapolation of 500 GeV / 1 TeV detector-level studies to 250 GeV
• And first look into “single-W” contribution to evqq final-state  

(detector effects parametrized, but systematics included) 
=> single-W important contribution to TGC precicision  
=> must be fully included in the future!
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ū↓(p2)γρ i(γαqα)

q2−m2 γν
(

1−2s2
w

2swcw

)

u↓(p−)· −igρσ

k2
1−M2

W

j′σs,W,q

(2.38b)

Again, k0 is the momentum transfer to the Z boson, while k1 is momentum transfers to

the W− boson. Due to the radiation of the W boson, a left-handed electron is required

in the initial state and as a result the t-channel process is not permitted for the e−Re+
L

initial helicity state. For the positron, both helicity eigenstates are possible since the Z

boson couples to both. This allows a contribution from the e−L e+
L initial helicity state.

For a random initial state, t- and s-channel can not be separated. By using defined

initial helicity eigenstates, however, the contributions of both diagrams can be accessed

individually, providing a far deeper insight into different interactions.
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Figure 2.6: Contributions to the e+νūd final state that involve Triple Gauge Couplings. The

left diagram corresponds to W pair production and the right to single W production. The color

coding highlights the different parts of the diagram for a better illustration of the matrix element

calculation, seen in eq. 2.39 for the W -pair diagram and in eq. 2.40 for single W diagram.

This specific structure can also be observed for the Triple Gauge Coupling (TGC)

contribution, shown in fig. 2.6. Taking the W decays from the t-channel contribution,

shown in eq. 2.36, and the s-channel Z exchange from eq. 2.31, the matrix element for the

W -pair production via Triple Gauge Couplings can directly be determined to
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224 10.2. TRIPLE GAUGE COUPLING MEASUREMENT

ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆P−e−

[

10−4
] 250 1.64 · 103 73.7 73.4

500 1.71 · 103 20.7 20.1

∆P +
e−

[

10−4
] 250 178 11.4 9.91

500 189 7.47 6.25

∆P−e+

[

10−4
] 250 644 33.2 31

500 765 16.2 14.1

∆P +
e+

[

10−4
] 250 1.22 · 103 53.2 53

500 1.44 · 103 17.3 16.1

TGC ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.

∆g
[

10−4
] 250 45.8 15.8 13.9

500 8.46 4.14 3.52

∆κ
[

10−4
] 250 54.9 19 16.5

500 8.85 4.63 3.65

∆λ
[

10−4
] 250 68.6 22.5 21.6

500 15.6 6.14 5.77

Table 10.9: Polarization and aTGC precisions as obtained from the µνqq̄′ and eνqq̄′ final state

individually and combined. Results are given for 250 GeV and 500 GeV for 1 ab−1 with a sharing

of 45%(40%) for the opposite-sign and 5%(10%) for the like-sign configurations at 250(500) GeV,

respectively. A global selection efficiency of 60% and a global purity of 80% is considered but no

uncertainties on all three quantities are taken into account.

yield enough information for an unambiguous measurement of the four beam polarization

parameters. The same result is also expected without aTGC measurement but this is

not explicitly shown here. In contrast, the eνqq̄′ final state yields a substantially better

precision by up to two orders of magnitude. This can be explained by the additional

contribution from the equal chiral states (e−L e+
L and e−Re+

R) and, possibly, the fact that this

final state is used charge separated in e−ν̄qq̄′ and e+νqq̄′. It is thus not surprising that

for the combined measurement the precision for almost all polarization parameters at the

two energies is completely given by the eνqq̄′ final state.

A completely different scenario is given for the aTGC precision. The eνqq̄′ final state still

yields the better precision but by less than one order of magnitude. Furthermore, the

µνqq̄′ final state contributes significantly to the combined measurement, which was not

the case for the polarization measurement. This demonstrates that the aTGCs and the

polarization measurement influence the eνqq̄′ and µνqq̄′ final state in a complementary

+single-W

https://inspirehep.net/literature/1750427
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Even more recently
4f and 2f final state combination with detector effects eg acceptance

• detector acceptance in forward region 
was a leading systematic in ee->𝛍𝛍 at 
LEP

• future colliders aims for much higher 
precision  
=> can we eliminate this source of 
uncertainty by extracting the acceptance 
directly together with physics 
parameters? 

• detailed study of ability to reduce 
impact systematics by combined fits 
to differential cross sections of 2f and 
4f processes including many nuisance 
parameters at 250 GeV using LEP 
parametrisation

PhD Thesis J. Beyer

DESYª 12

Implementing μ acceptance

cos(θ)
1-1-1 0

width w

center
c

7o 7o

SiD @ ILC

Simplified picture:
Event passes if all μ’s inside box

[ILC TDR – Volume 4] Fit parameters: Δc, Δw

DESYª 16

Example:
2ab-1 unpolarised

Free parameters:

Polarisations & Lumi
(w/ constraints)

μ acceptance 
parameters

accept. width & lumi anticorrelated 16

https://inspirehep.net/literature/2648144


CKM Matrix elements
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The Motivation
Complementarity to B decays 

• main motivation: 

• persistent 3𝞂-level discrepancy in |Vcb| from B decays:


• difficult to solve in B decays due to inherent hadronic uncertainties — absent in (real) W 
decays!


• LHC prospects: ~10%

• Higgs Factories offer O(108) W bosons in clean e+e- environment, theory uncertainties 

estimated to be at the 10-4 level

• but also all other CKM MEs!

• Naive number of event level of sensitivity (100%, no background):
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The Motivation
Complementarity to B decays 

• main motivation: 

• persistent 3𝞂-level discrepancy in |Vcb| from B decays:


• difficult to solve in B decays due to inherent hadronic uncertainties — absent in (real) W 
decays!


• LHC prospects: ~10%

• Higgs Factories offer O(108) W bosons in clean e+e- environment, theory uncertainties 

estimated to be at the 10-4 level

• but also all other CKM MEs!

• Naive number of event level of sensitivity (100%, no background):

How close can we get 
in real-life? 

Implications for 
detector design? 



WW and singleW | J. List | LCWS2024 | July 10 2024 11

State-of-the-Art
Higgs Factory Projections
• M. Tammaro et al:


• parametrised flavour tagging as developed for 
IDEA@FCCee


• 2f (“QCD”) background only

• dependence on syst. uncertainty on tagging 

efficiencies

• brand-new CEPC-240 study


• ILD@CEPC in full simulation (MokkaPlus + Marlin)

• 2f, 4f and Higgs backgrounds                                   

=> considering only 2f is too optimistic…

• dominant systematics: tagging efficiency and 

background, assume convervative (~LEP) and 
optimistic (4-8 x better than LEP) scenario


• extrapolation to ILC250 conditions

arXiv:2406.01675

https://arxiv.org/abs/2406.01675
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State-of-the-Art
Higgs Factory Projections
• M. Tammaro et al:


• parametrised flavour tagging as developed for 
IDEA@FCCee


• 2f (“QCD”) background only

• dependence on syst. uncertainty on tagging 

efficiencies

• brand-new CEPC-240 study


• ILD@CEPC in full simulation (MokkaPlus + Marlin)

• 2f, 4f and Higgs backgrounds                                   

=> considering only 2f is too optimistic…

• dominant systematics: tagging efficiency and 

background, assume convervative (~LEP) and 
optimistic (4-8 x better than LEP) scenario


• extrapolation to ILC250 conditions

arXiv:2406.01675

Planned: Confirm with ILD@ILC, include single W, look at hadronic channel, add 500 GeV (~doubles #Ws)

https://arxiv.org/abs/2406.01675


Ongoing Work ILD/CLD
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0.978255 0.0445287 0.00728686 0.00261936 0.030413

0.00494118 0.776436 0.112436 0.0200619 0.215153 0.00559503
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WW / single W channel separation
Define uniquely & overlap free in order to allow easy combination afterwards

• based on MiniDST


• IsolatedLeptonTagging & 
TauFinder


• cut-based overlay rejection


• reshuffle events according to 
NPFO, ptmiss, Mmiss


• forward acceptance important 
for evqq due to single-W


• qqqq, 𝝻𝝼qq => ready for 
analysis


• e𝝼qq, 𝞃𝝼qq would profit from 
reconstruction improvements

https://github.com/ILDAnaSoft/miniDST
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WW / single W channel separation
Define uniquely & overlap free in order to allow easy combination afterwards

• based on MiniDST


• IsolatedLeptonTagging & 
TauFinder


• cut-based overlay rejection


• reshuffle events according to 
NPFO, ptmiss, Mmiss


• forward acceptance important 
for evqq due to single-W


• qqqq, 𝝻𝝼qq => ready for 
analysis


• e𝝼qq, 𝞃𝝼qq would profit from 
reconstruction improvements

tau missed

https://github.com/ILDAnaSoft/miniDST
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WW / single W channel separation
Define uniquely & overlap free in order to allow easy combination afterwards

• based on MiniDST


• IsolatedLeptonTagging & 
TauFinder


• cut-based overlay rejection


• reshuffle events according to 
NPFO, ptmiss, Mmiss


• forward acceptance important 
for evqq due to single-W


• qqqq, 𝝻𝝼qq => ready for 
analysis


• e𝝼qq, 𝞃𝝼qq would profit from 
reconstruction improvements

tau missed

fwd e missed

https://github.com/ILDAnaSoft/miniDST
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WW / single W channel separation
Define uniquely & overlap free in order to allow easy combination afterwards

• based on MiniDST


• IsolatedLeptonTagging & 
TauFinder


• cut-based overlay rejection


• reshuffle events according to 
NPFO, ptmiss, Mmiss


• forward acceptance important 
for evqq due to single-W


• qqqq, 𝝻𝝼qq => ready for 
analysis


• e𝝼qq, 𝞃𝝼qq would profit from 
reconstruction improvements

tau missed

fwd e missed

fwd e missed & fake 𝞃

https://github.com/ILDAnaSoft/miniDST
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Single W: forward tracking for electrons
Double challenge due to forward and bremsstrahlung

• electron reconstruction and its systematic uncertainties 
crucial for singleW analysis


• central values and pulls of track parameters biased 

• no improvement when using correct mass in track fit

• large bremsstrahlung => Gaussian Sum Filter?

• goal: use ACTS in key4hep, do this for all Higgs Factory 

concepts providing full detector simulation
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Figure 6.6.: Track parameters of electrons with standard tracking and track refitting

intermediate success: 
run same performance 

evaluation in key4hep on 
CLD and ILD data
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WW: production angle
verifying effects of ISR on generator level

at 250 GeV, rather small 
ISR effects 

decay angles & reco-level 
= work in progress

q qν e→-e+e

WW rest frame
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This work is organised as follows: In Sect. 2 we recall the helicity amplitudes and
cross sections of the process using a spin density matrix formalism. In Sect. 3 the
optimal-observable method is presented in the form as it is used in our numerical
calculations. We explain our technique to implement the simultaneous diagonalisa-
tion in a numerically stable way. The role of discrete symmetries in the framework
of optimal observables is described. Many of the symmetry relations are well known,
notably the classification of the TGCs into four symmetry classes [1] and its appli-
cability to the optimal-observable method [16, 18]. Other properties are used for a
check on the numerics. In Sect. 4 the dependence of the sensitivity on longitudinal
beam polarisation is illustrated by a simple model. In Sect. 5 we show analytically
that one is insensitive to one of the imaginary CP conserving couplings in the case of
longitudinal beam polarisation. However, this particular coupling becomes accessible
with transverse beam polarisation. In Sect. 6 we present our numerical results, in
Sect. 7 our conclusions.

2 Cross Section

First we briefly recall the differential cross section of the process

e− + e+ → W− + W+

↪→ f1 + f 2 ↪→ f3 + f4
(1)

for arbitrary initial beam polarisations, where the final state fermions are leptons or
quarks. Our notation for particle momenta and helicities is shown in Fig. 1. Our
coordinate axes are chosen such that the e− momentum points in the positive z-
direction and the y unit vector is given by êy = (k× q)/|k× q|.

Figure 1: Momenta and helicities of the particles in the e+e− c.m. frame.

5
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Particle ID for FlavourTag
towards CKM matrix elements

• recent addition to MarlinReco: Comprehensive PID (CPID) 

• new: trainings for single particles, ee->qq and ee-> qqqq 

• use as imput for ML flavourtag

Uli Einhaus  |  ILD Meeting  |  16.01.2024  |  Page 6

Structure of the CPID workflow

● for regular users
● for module developers
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Uli Einhaus  |  SW & Ana Meeting  |  25.03.2024  |  Page 5

Current benchmark: 4fWWhad (for W analysis)

● Train: singleP, infer: 4fWWhad

● singleP with 0.1 GeV < p < 1 GeV are only split in 4 log bins due to statistics

● As before / expected: training on single particles shifts in particular from pions to 
muons

calibration, 1-100 GeV current run, 1-100 GeV current run, 0.1-100 GeV
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https://github.com/iLCSoft/MarlinReco/tree/master/Analysis/PIDTools
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calibration, 1-100 GeV current run, 1-100 GeV current run, 0.1-100 GeV

p=0.1-100 GeV

https://github.com/iLCSoft/MarlinReco/tree/master/Analysis/PIDTools
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Particle ID for FlavourTag
towards CKM matrix elements

• recent addition to MarlinReco: Comprehensive PID (CPID) 

• new: trainings for single particles, ee->qq and ee-> qqqq 

• use as imput for ML flavourtag
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Structure of the CPID workflow

● for regular users
● for module developers
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Current benchmark: 4fWWhad (for W analysis)

● Train: singleP, infer: 4fWWhad

● singleP with 0.1 GeV < p < 1 GeV are only split in 4 log bins due to statistics

● As before / expected: training on single particles shifts in particular from pions to 
muons

calibration, 1-100 GeV current run, 1-100 GeV current run, 0.1-100 GeV

p=0.1-100 GeV

0.1-1GeV works well  
thanks to ToF

https://github.com/iLCSoft/MarlinReco/tree/master/Analysis/PIDTools
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Current benchmark: 4fWWhad (for W analysis)

● Train: singleP, infer: 4fWWhad

● singleP with 0.1 GeV < p < 1 GeV are only split in 4 log bins due to statistics

● As before / expected: training on single particles shifts in particular from pions to 
muons

calibration, 1-100 GeV current run, 1-100 GeV current run, 0.1-100 GeV

p=0.1-100 GeV

0.1-1GeV works well  
thanks to ToF

lepton ID below 1 GeV  
needs improvement!

https://github.com/iLCSoft/MarlinReco/tree/master/Analysis/PIDTools
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better performance than LCFIPlus over large parts of the b and c tagging efficiencies 

one of the first trainings with this architecture, a lot of possibilities for optimization 
(architecture, hyperparameters, features, over-training in c-jet category…)

22

ParticleNet: ROC curves - comparison to LCFIPlus
validation data

| Machine Learning Flavour Tagging for Future Higgs Factories | Mareike Meyer, 12/10/2023

17

FlavourTag beyond LCFIPlus
towards CKM matrix elements

• Flavour Tagging being revolutionized by ML

• Example here: FlavorTaggingML — ParticleNet 

adapted to ILD (M. Meyer / F. Gaede)

• many others (M. Selvaggi, T. Suehara, M. Ruan…) even 

better, e.g. Transformer based

• Application in physics analysis requires more than a nice 

ROC curve => need inference from Marlin / Gaudi! 
• for FlavorTaggingML training and inference now available 

from Marlin, via MarlinMLFlavorTagging

• brand-new: integration of inference into ILD-MiniDST 
• upcoming: new training including full CPID and s-tagging 

better performance than LCFIPlus over large parts of the b and c tagging efficiencies 

one of the first trainings with this architecture, a lot of possibilities for optimization 
(architecture, hyperparameters, features, over-training in c-jet category…)

22

ParticleNet: ROC curves - comparison to LCFIPlus
validation data

| Machine Learning Flavour Tagging for Future Higgs Factories | Mareike Meyer, 12/10/2023
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and vs c bkg
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separation still  
better in LCFPlus!



WW and singleW | J. List | LCWS2024 | July 10 2024

Conclusions
and Outlook

18

• W’s are an integral part of the physics program of future e+e- colliders


• most W physics is above threshold


• several new results / analyses contributing to ECFA Higgs Factory study  

• TGCs


• great place to look for new physics


• beam polarisation and high energy boost sensitivity


• how to best interface full experimental studies with global interpretations? 

• extension to more general WWV vertex (incl. CPV etc)? 

• CKM MEs


• complementary to B-decays, independent theory uncertainties


• competitive measurents possible for Vcb and others


• great impact from new ML-based flavour taggers


• likely limited by experimental systematics (tagging efficiencies, background,…)


• ongoing ILD/CLD:  

• inclusion of single-W processes => improvement of forward electron reconstruction


• coherent approach to include all WW / single-W channels 


• application of new PID and flavour tagging tools
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