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

Expert Team (“done”)
• coordinated by: Jorge de Blas & Alexander Grohsjean  
• further members: Patrizia Azzi, Tim Barklow, Ansgar Denner, Wolfgang Kilian, JL, Frank Siegert
• 2 meetings in 2023: July 12, September 25

Motivation
• Constraints on gauge boson interactions = crucial ingredients to global interpretations, 

be it in SMEFT or in UV complete models
• new physics contributions to aTGCs and Higgs can be closely connected  

=> complementary approaches

Now forming: team to work on this focus topic 
• Leonhard Reichenbach (CERN, CLD), Andre Silva & UE/JL (DESY, ILD), 

Jiayin Gu (Fudan, CEPC)
• coordinated by: Jorge de Blas & Alexander Grohsjean  

https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics/WWdiff
https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics/WWdiff
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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
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Previous Studies I
for future e+e- colliders

• Theory-level studies (Diehl et al ~2002!), optimal observables:   
most general set of CP conserving and CP violating triple-gauge 
boson couplings (28 real parameters!) can be constrained at a 
centre-of-mass energy of 500 GeV with polarised beams

• Detector-level simulations (Marchesini, Rosca, Barklow ~2011 ff): 
• 500 GeV and 1 TeV, 
• joint extraction of 3 TGCs (LEP parametrisation) and beam 

poalrisations
•  LO MC
• restricted to WW -> munuqq and WW->enuqq 
• 3 TGCs and their covariance matrix passed  

on to global interpretations, e.g. SMEFT fits

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.
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Introduction Methods Results at
p

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

Constraints on Triple Gauge Couplings

from same simultaneous fit

I reach a few 10
�4

for all three couplings

I increasing |P(e+)| does not help significantly here

I with 500 fb
�1

or more, finer binning of data possible

) significant improvement for ��
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΂�΂� 'PVS�GFSNJPO aUT� 1PMBSJTBUJPO NFBTVSFNFOU JO UIF QSFTFODF PG QIZTJDBM QBSBNFUFST

	B
 	C


'JHVSF ΂�ͽ΀�� " DPNQBSJTPO PG UIF 5($ VODFSUBJOUJFT 	B
 GSPN UIF aUT XJUI B GSFF PS
aYFE ƻ֨֐ QBSBNFUFS TIPXT UIBU B MJNJUFE LOPXMFEHF PG UIF MFGU�SJHIU BTZNNFUSZ �
NPEFMFE UISPVHI ƻ֨֐ BT GSFF QBSBNFUFS � DBO EFUFSJPSBUF UIF 5($ QSFDJTJPO ESBTUJ�
DBMMZ
 NPTU OPUBCMZ GPS �ݙݬ 5IJT BêFDUT UIF VOQPMBSJTFE NFBTVSFNFOU TUSPOHFS UIBO
BOZ NFBTVSFNFOU XJUI QPMBSJTFE CFBNT
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 PG
UIF 	�
 �
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'JHVSF ΂�ͽ΁�� ͽ%�DPOaEFODF FMMJQTFT PG UIF 5($ QBSBNFUFST JO UIF aUT XJUI UIF EFGBVMU
QBSBNFUFS TFU TIPX UIBU CFBN QPMBSJTBUJPO JNQSPWFT UIF 5($ QSFDJTJPO JO POF TQFDJaD
EJSFDUJPO� 5IF FMMJQTFT BTTVNF(BVTTJBO VODFSUBJOUJFT GPS BMM QBSBNFUFST 	QSPCMFNBUJD
GPS ݙބ BT TFFO JO aHT� ΂�΀ BOE ΂�΁
�

ͼͿͼ
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Previous Studies II
for future e+e- colliders

• Extrapolation to 250 GeV (Karl ~2018)
• More recently: 

• statistical optimal observables for all the CP even 
interactions contributing at LO in SMEFT used in 
global fits, (but only) based on theory-level 
distributions (de Blas et al).

• 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 (Beyer)

TGC Limits @ 68% CL
0.05− 0 0.05

γλΔ

γκΔ

1
Z

gΔ

LEP2 ILC 250

simultaneous fit 
of all three 
couplings
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Goals 
of this focus topic

• Main objective:  
understand the full potential of e+e- colliders wrt 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. 

• Also important:  
establish the complementarity with HL-LHC and to clarify gain expected at future e+e- colliders.

2.2. SM SCATTERING AMPLITUDES 35
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where mν is the neutrino mass which can be neglected due to its very small value. k1

and k2 are the momentum transfers to the W− and W + bosons, respectively. The color

coding highlights the corresponding part of the Feynman diagram, shown in fig. 2.4. This

demonstrates that the t-channel of the W production can only be generated for a left-

handed electron and right-handed positron helicity configuration. Since this contribution

can only be obtained for one of the four helicity configurations, it has the largest sensitivity

to the chiral structure.
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Figure 2.5: Radiation of a single W − after a s-channel (left) and a t-channel (right) Z-exchange.

The color coding highlights the different part of the diagram for a better illustration of the matrix

element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.

The next contribution is the radiation of a single W boson after a Z-exchange. As

seen in fig. 2.5, this can be generated via s-channel or t-channel which are discussed in the

following. Starting with the s-channel, the matrix element can be calculated via:
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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Theory state-of-the-art
of this focus topic

• LEP2 times: 
• differential cross section for W-pair production including W decays only known within the double-pole 

approximation, 
• implemented in YFSWW and RacoonWW 

• Later: 
• complete electroweak O(alpha) corrections in the SM calculated for some charged-current four-fermion 

production processes
• available in unpublished Racoon4f. 
• on top: also the LL ISR effects beyond O(alpha) in the structure-function approach

• SM extensions like the dimension-six SMEFT:
•  doable thanks to UFO models at LO 
• automated calculation of NLO QCD corrections via the UFO model SMEFT@NLO.
• automated calculation of NLO electroweak corrections will be completed and available in Madgraph 

and Whizard (expected to be large at high energies)
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To-dos
where you can join!

• full detector simulation WW and single-W processes at all energies
• event selection - all channels, incl. qqqq and single-W (forward electrons!)
• reconstruction of decay and production angles and (statistically) optimal observables 
• systematic uncertainties / nuisance parameters

• definition of interface between global interpretations and experimental studies, incl. systematics, 
nuisance parameters etc

• extension of global interpretations - and the required experimental inputs! - to CP violating 
couplings

• interplay / combination with HL-LHC - any chance of updated projections? 
• simple PR message: which energy scales can we probe with these measurements?
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Ressources to start from
is there more?

• last ILD qqlnu analysis: https://github.com/ILDAnaSoft/ILDbench_WWqqlnu 
=> Graham Wilson…

• recent MC samples in ILD available at 250 GeV  
=> will soon convert to mini-DST [1] incl. latest particle ID and flavour tag informations

• available MC samples from other detector concepts?  
 
 

[1] MiniDST: high-level reconstructed information and MC truth, root-readable, cf 
     https://github.com/ILDAnaSoft/miniDST

https://github.com/ILDAnaSoft/ILDbench_WWqqlnu
https://github.com/ILDAnaSoft/miniDST
https://github.com/ILDAnaSoft/ILDbench_WWqqlnu
https://github.com/ILDAnaSoft/miniDST
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Ressources to start from
is there more?

• last ILD qqlnu analysis: https://github.com/ILDAnaSoft/ILDbench_WWqqlnu 
=> Graham Wilson…

• recent MC samples in ILD available at 250 GeV  
=> will soon convert to mini-DST [1] incl. latest particle ID and flavour tag informations

• available MC samples from other detector concepts?  
 
 

[1] MiniDST: high-level reconstructed information and MC truth, root-readable, cf 
     https://github.com/ILDAnaSoft/miniDST

Interested?  
Sign up: http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff

https://github.com/ILDAnaSoft/ILDbench_WWqqlnu
https://github.com/ILDAnaSoft/miniDST
https://github.com/ILDAnaSoft/ILDbench_WWqqlnu
https://github.com/ILDAnaSoft/miniDST
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff
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First Steps  - ALL WORK IN PROGRESS - 
Channel classification via number / flavour of isolated leptons (Andre Silva)

• Number of reconstructed isolated leptons usind IsolatedLeptonTagger from MarlinReco/Analysis as provided on 
miniDST 

• hadronic: 87% no isolep found, 
12% a (fake) tau found

• leptonic: 77% 2 isolep found, 
missing cases mostly taus

• taunuqq: 61% tau found, 
24% 0 isolep found

• munuqq: 87% mu found, 
10% additional isolep found 

• enuqq: 
• large # of very forward e  

from single-W diagrams
• theta > 6.27deg : 62% e found 

20% no lep, 9% (fake) tau found, 
8% additional iso lep found

qq qq qq qq
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First Steps  - ALL WORK IN PROGRESS - 
Channel classification - invariant mass of hadronic system (Andre Silva)

• invariant mass of all PFOs after removing found isolated leptons and isolated photons (ISR)
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First Steps  - ALL WORK IN PROGRESS - 
The enuqq channel - WW and singleW - tracking efficiency (Leonhard Reichenbach)

• vs polar angle for electron/positron  (on eLpR sample, i.e. singleW dominated)
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2.2. SM SCATTERING AMPLITUDES 35
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where mν is the neutrino mass which can be neglected due to its very small value. k1

and k2 are the momentum transfers to the W− and W + bosons, respectively. The color

coding highlights the corresponding part of the Feynman diagram, shown in fig. 2.4. This

demonstrates that the t-channel of the W production can only be generated for a left-

handed electron and right-handed positron helicity configuration. Since this contribution

can only be obtained for one of the four helicity configurations, it has the largest sensitivity

to the chiral structure.
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Figure 2.5: Radiation of a single W − after a s-channel (left) and a t-channel (right) Z-exchange.

The color coding highlights the different part of the diagram for a better illustration of the matrix

element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.

The next contribution is the radiation of a single W boson after a Z-exchange. As

seen in fig. 2.5, this can be generated via s-channel or t-channel which are discussed in the

following. Starting with the s-channel, the matrix element can be calculated via:
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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First Steps  - ALL WORK IN PROGRESS - 
The enuqq channel - WW and singleW - tracking efficiency (Leonhard Reichenbach)

• vs pt for electron/positron  (on eLpR sample, i.e. singleW dominated)
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where mν is the neutrino mass which can be neglected due to its very small value. k1

and k2 are the momentum transfers to the W− and W + bosons, respectively. The color

coding highlights the corresponding part of the Feynman diagram, shown in fig. 2.4. This

demonstrates that the t-channel of the W production can only be generated for a left-

handed electron and right-handed positron helicity configuration. Since this contribution

can only be obtained for one of the four helicity configurations, it has the largest sensitivity

to the chiral structure.
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Figure 2.5: Radiation of a single W − after a s-channel (left) and a t-channel (right) Z-exchange.

The color coding highlights the different part of the diagram for a better illustration of the matrix

element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.
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ū↓(p2)γρ i(γαqα)

q2−m2
e
γν
(

1−2s2
w

2swcw

)

v↑(p1)· −igρσ

k2
1−M2

W

j′σs,W,q

jµ
s,Z,RL

−igµν

k2
0−M2

Z

· −e2

sw

√
2
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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where mν is the neutrino mass which can be neglected due to its very small value. k1

and k2 are the momentum transfers to the W− and W + bosons, respectively. The color

coding highlights the corresponding part of the Feynman diagram, shown in fig. 2.4. This

demonstrates that the t-channel of the W production can only be generated for a left-

handed electron and right-handed positron helicity configuration. Since this contribution

can only be obtained for one of the four helicity configurations, it has the largest sensitivity

to the chiral structure.
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Figure 2.5: Radiation of a single W − after a s-channel (left) and a t-channel (right) Z-exchange.

The color coding highlights the different part of the diagram for a better illustration of the matrix

element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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Looks worse than official CLD / ILD performance, however no cos(theta) cut applied here
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can only be obtained for one of the four helicity configurations, it has the largest sensitivity
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ū

e+

Figure 2.5: Radiation of a single W − after a s-channel (left) and a t-channel (right) Z-exchange.

The color coding highlights the different part of the diagram for a better illustration of the matrix

element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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can only be obtained for one of the four helicity configurations, it has the largest sensitivity

to the chiral structure.

e−

e+

Z

e+

e−

ν

W−

d

ū
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element calculation, seen in eq. 2.37 for the s-channel diagram and in eq. 2.38 for the t-channel

diagram.
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Here, k0 is the momentum transfer to the Z boson, while k1 is the momentum transfers

to the W− boson. As expected, the dependence is completely given by the coupling to

the s-channel Z, described in eq. 2.31. For the s-channel diagram, only opposite initial

helicity states are allowed.

The t-channel diagram consists of the same parts with the same coupling strength but

with a small but essential difference: The initial and final spinors have been switched.

This changes the helicity dependence completely:
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KEY POINT: same analysis run on CLD and ILD - thanks to Key4HEP 
=> THIS is a perfect example for joint work in the ECFA study!
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Beyond the first steps
Interfacing experimental projections to global interpretation

• these analyses will proceed to
• select WW and singleW events from full SM background
• reconstruct W kinematics => production and decay angles  (all five)

• how will we then interface to global fits? 
• provide projections on differential cross-sections?  

=> even 3D differential challenging in terms of MC statistic, 5D hopeless? 
• optimal observables?  

=> unclear how to treat systematic uncertainties - and in particular their reduction via nuisance 
parameters? 

need a discussion here, to culminate into a concrete prescription which data  
- format, binning, central values, statistical and systematical covariance matrices, …  -  
should be provided for input to global fits?
=> next topical meeting of WWdiff?
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Conclusions
and outlook

• work on WWdiff focus topic has started
• but coverage is “thin” and partiallly very short-term (eg master student) 

=> more active people very much welcome  
=> get in touch and/or sign up on mailing list 

• tools, MC samples to get started are there 
• more MC samples from other detectors would be highly welcome - coherent analysis of data from 

different detector concepts IS POSSIBLE thanks to Key4HEP
• need to define interface between experimental projections & global fits
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=> more active people very much welcome  
=> get in touch and/or sign up on mailing list 

• tools, MC samples to get started are there 
• more MC samples from other detectors would be highly welcome - coherent analysis of data from 

different detector concepts IS POSSIBLE thanks to Key4HEP
• need to define interface between experimental projections & global fits

Interested?  
Sign up: http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=ECFA-WHF-FT-WWdiff

