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• Previous studies and what we learned from them
• Ongoing studies
• What we should discuss and find a solution for together
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Outline
of this talk

• Introduction: what’s the problem?
• Previous studies and what we learned from them
• Ongoing studies
• What we should discuss and find a solution for together

The central question for this talk:
How can we define the interface between 

• experimental / detector-level projections
• including projected systematic uncertainties

• and global fitting, e.g. in SMEFT?
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Introduction
Why do we need to discuss this?

• Up to now, detector-level projections -  also many measurements eg at LEP - are presented in terms 
of pseudo-observables:

• eg for ee->Z->ff:  ALR, AFB, …
• or for WW: g1, 𝛋, 𝛌 , …

• Advantages:
• limited set of parameters extracted from measured (eg angular) distributions at detector-level,

• i.e. compare “data” to detector-level MC for different values of the parameters
• extract parameters from fit of detector-level prediction (as function of parameters) to “data”

• straight-forward inclusion of systematic uncertainties (determined independently)
• crucial: minimisation of impact of systematic effects by joint extraction of nuisance 

parameters together with the physics parameters
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Importance of treating detector systematics in combined interpretation
Illustration J.Beyer, EPS-HEP 2021 https://indico.desy.de/event/28202/contributions/105243

DESYª 16

– + +–
Flipped

Polarisation

Different

Physics

Same

Detector

Systematic effects will have
uniquely global signatures if 

included in combined fit!

https://indico.desy.de/event/28202/contributions/105243
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DESYª 16

– + +–
Flipped

Polarisation

Different

Physics

Same

Detector

Systematic effects will have
uniquely global signatures if 

included in combined fit!

Combination of data sets with  
different beam polarisations  

 
—taken “quasi-concurrently” with 

fast (few Hz) helicity flipping — 
 

can strongly reduce the impact of 
systematic effects in a combined fit

https://indico.desy.de/event/28202/contributions/105243
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So what’s the problem?
Can’t we stick with the previously used scheme?

• in a global fit, eg in SMEFT, “everything depends on everything”
• eg:

• WW is not the only process with sensitivity to cTGCs
• WW also depends on other SMEFT operators 

• therefore
•  a 3x3 covariance matrix of g1, 𝛋, 𝛌 as result of detector-level study is not sufficient

• on the other hand
• directly interpreting detector-level MC in SMEFT would require propagation of expected 

modifications to detector-level, for all to be included measurements => unrealistic complexity?
• thus need

• some intermediate level, at which detector effects have been minimized / eliminated — but 
still sufficient information is preserved to combine with other measurements in global fit



Previous studies
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Early Theory-Level Studies
for TESLA :)

• Theory-level study (Markus Diehl et al 2003!)
• optimal observables
• most general set of CP conserving and CP violating triple-gauge boson couplings (28 real 

parameters!) 
• can all be disentangled and constrained at a centre-of-mass energy of 500 GeV with polarised 

beams (incl. transverse polarisation for some of the CPV couplings)
• no detector, no systematics
• but more general than Dim6-SMEFT (in ZWW / yWW vertex)
• fun fact: fortran77 implementation of OOs for all 28 coupling parameters 

exists and happily compiles & runs 
=> true code longelivity !!! ;)

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

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

https://inspirehep.net/literature/595359
https://inspirehep.net/literature/622066
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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 

poalrisations => 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
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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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Some Results
ILD & SiD for ILC TDR

• Polarisation from TGC fit much better than total cross-sections aka “modified Blondel scheme” 
• small fraction of like-sign data eg 5…10% sufficient to reach 0.1% on polarisations
• LEP TGCs to few 10-4 with 1ab-1 at 500 GeV

PhD Thesis I. Marchesini

Introduction Methods Results at
p

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

Results at
p
s = 500GeV (ILD [2,3])

Total vs di↵erential cross-section: semi-leptonic channel

I equal luminosity shares for ++,+�,�+,��
I production angle adds significant information (but “unfair” comparison:

total cross-section method could be extended beyond W+W�
...)

I high |P(e+)| increases precision (also for |P(e�)|)
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https://inspirehep.net/literature/1083212
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Introduction Methods Results at
p

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

Luminosity Sharing

How much running time needed for ++ and ��?

I like-sign combinations less interesting for SM phyics

I 10% to 20% like-sign lumi rather close to optimum (50%)

I even 2% halfs already total lumi needed for 0.2% precision
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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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Finer binning (!) 
=> preferably unbinned  
analyses in the future

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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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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https://inspirehep.net/literature/1750427
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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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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!

TGC Limits @ 68% CL
0.05− 0 0.05

γλ∆

γκ∆

1
Z

g∆

LEP2 ILC 250

simultaneous fit 
of all three 
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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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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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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TGC ECMS[GeV] e+e− → µνqq̄ e+e− → eνqq̄ comb.
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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
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https://inspirehep.net/literature/2648144
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First Steps  - 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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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:

−iM s
sW =v̄(p+)ieγµ

(

1

2swcw

1 − γ5

2
−

sw

cw

)

u(p−)
−igµν

k2
0 − M2

Z
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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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Wanted
Basic requirements

A general scheme which
• is physics-wise consistent - all relevant parameter <-> observable relations contained
• allows to constrain nuisance parameters in addition to physics parameters

• can be added in SMEFT? 
• Global (L, P etc) easy? 
• Differential like acceptance ????

• can use the full experimental information without “exploding” the complexity (#parameters, 
#inputs)

• Optimal observables for nuisance parameters?
• Predictions of variations on detector level ?

• Your idea here!


