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Charged Triple Gauge Couplings (TGCs)

Z/γ
W +

W −
−→ LEP: ∼ 10−2 − 10−1 precision

Relevance today:
> Gauge boson BSM?
> Higgs coupling fit!
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Effective Field Theory (EFT)

Frank Simon (fsimon@mpp.mpg.de)Linear Collider Physics - LC Community Meeting, April 2019

Into the Unknown

�18

Searching for New Physics - Indirect Discoveries
(from now)

intensity  
frontier

Focus: Standard Model Precision Tests

on SM resonance

(2035: 3000 fb-1)

Collider Exploration

?

10-100 TeV

6=<latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit>

• Precision measurements to probe high scales

For many generic models & new interactions:  
Corrections to SM suppressed by 1/(mass scale)2


➫ Sensitivity grows with s
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Here: High-M BSM
=⇒ Effective Field Theory

Ldim-6 =
∑

i

f
(dim-6)
i

Λ2 O(dim-6)
i =⇒ To measure: ci =

f
(dim-6)
i

Λ2
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TGCs in SM-EFT
Ldim-6 =

∑
i

f
(dim-6)
i

Λ2 O(dim-6)
i =⇒ To measure: ci =

f
(dim-6)
i

Λ2

LTGC
dim−6 = ig1
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ν W b,ν
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µ
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W +

W −

gZ
1 =1 + fBΨ

m2
Z

Λ2

κγ =1 + (fBΨ + fW Ψ) m2
W

Λ2

λγ =3m2
W g2

2
Λ2 fW

=⇒ Deviations: ∆{gZ
1 , κγ , λγ} ∼ {ci · m2

W/Z}
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Extracting TGCs

e−

e+

W +

W −

Z/γ

e−

e+

W −

W +

νe

Key process: WW production
s-channel: TGCs {gZ

1 , κγ , λγ}

Idea: Minimize χ2 =
∑
bins

(
σmeas − σpred(TGCs)

∆σmeas

)2

However: s- and t-channel highly chirality dependent...
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Beam polarisation For m ∼ 0:
=̂ x% particles fixed helicity, (100 − x)% random helicity

> 1 polarised beam −→ 2 datasets: L enhanced / R enh.
> 2 polarised beam −→ 4 datasets: LR / RL / LL / RR enh.

σ chirality dependent! ( SM: U(1) × SU(2)L × SU(3) )

e−
L,R

e+
R,L

q
q̄′

l
ν

W

W

[R
.K

ar
l]

@ e+e− collider: high-precision σ
LR/RL
W W

=⇒ Beam polarisation measurement from WW pair production!
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Combined measurement

e−
L,R

e+
L,R W +

W −

> Triple Gauge Couplings
> Beam polarisations

Other SM parameters?

e−

e+

Z =⇒ Ae, ...

Here generalized: 1 total cross-sec. σtot
process & 1 asymmetry Aij,process per process

Extract

{gZ
1 , κγ , λγ , beam polarisations, σtot

process, Aij,process}

in parallel from measurement!
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Considered processes
Fit parameters: {gZ

1 , κγ , λγ , beam polarisations, σtot
process, Aij,process}

Processes:

e−

e+

e
ν

q
q̄′

W

2000 3D-Bins ×2(W ±)

e−

e+
q
q̄′

l
ν

W

W

2000 3D-Bins

e−

e+
q
q̄

l±
l̄∓

Z

Z

2000 3D-Bins

e−

e+ q

q̄

20 1D-Bins
e−

e+ l±

l̄∓

20 1D-Bins
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Combined fit setup

Minimize χ2 =
∑

processes,bins

(
σmeas − σpred(parameters)

∆σmeas

)2

{gZ
1 , κγ , λγ , beam polarisations, σtot

process, Aij,process}

Input:
> “Collider”: Energy, luminosity, polarisations
> “Measurement”: σmeas ∀processes, bins
> Theory: σpred ∀processes, bins

Theory: & parameter-dependence

Output:
> Parameter uncertainties /

sensitivities
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DISCLAIMERSo far:
> Only 250 GeV
> Generator level
> “Analysis”: ε = 60%, π = 80% ∀bins, processes

(motivated by WW full sim. study)

Not considered:
> ISR / Beam spectrum for 4f
> Detector & full analysis (all channels)
> Systematic Unc. (∆ε, ∆L, ...)

Except:
Polarisation
Theory uncert. (partially)

as fit parameters
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Lepton collider options

Linear

Typical: L ∼ 2 ab−1, e− (& e+) polarised

Circular

Typical: L ∼ 10 ab−1, e− & e+ unpolarised

=⇒ 6 scenarios:

> Luminosity: 2 ab−1 / 10 ab−1

> Polarised beams:
e−&e+ : 45%(−+), 45%(+−), 5%(−−), 5%(++)
e− : 80%(−0), 20%(+0)
None : 100%(00)
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Combined fit results

∆gZ1 ∆ γ ∆λγ
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Fit EW + non-0 pol.,
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(Pe− , Pe+)

(80%,30%)

(80%,0%)

(0%,0%)
2ab−1

10ab−1

> gZ
1 , λγ :

10 fb−1 unpol. ≈ 2 fb−1 pol.
> κγ :

10 fb−1 unpol. � 2 fb−1 pol.

* (0%, 0%) case may benefit
from more distributions
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Combined fit results ∆P/P ∼ 10−3 − 10−4 [Appendix]

σtot
process =

∑
LR,RL,...

σij,process Aij,process = (σij − σji) / (σij + σji)

(Definition process-dependent)
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Overall similar sensitivities.
However: 0-polarisations fixed!
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If 0 6= 0?
Reminder: Only fitting non-0 polarisations

−→ Less fit parameters =⇒ Physical??
> Circular: Maybe... (Sokolov-Ternov)
> Linear: Need to measure!
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=⇒ If 0 = 0 not guaranteed, large uncertainties!
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If 0 6= 0?

∆gZ1 ∆ γ ∆λγ
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> No significant effect
on TGCs

But:
Syst. unc. not considered!
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Adding systematics... Ongoing study

(schematic)

> No polarisation: Deviations ambiguous
> 2 (4) correlated polarisation settings: ε effect in all, TGC effect enhanced in 1 (2)
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TGCs & the future of HEP

∆gZ1 ∆ γ ∆λγ
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> Studied here:

TGCs
+

EW cross sections /
theory unc.

+
polarisations

> Significant improvement with
beam polarisation
(w/o detector effects, ...!)
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BACKUP
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Combined fit: polarisation
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W W → µνqq gZ
1 -dependence [R. Karl]

220 10.2. TRIPLE GAUGE COUPLING MEASUREMENT
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Figure 10.7: The change of the normalized single-differential cross section due to a ±10% relative
deviation in gZ1 is shown for the µνqq̄′ final state at 250GeV. It is displayed in comparison to the
SM distribution for the different chiral states.

contributions from the singleW production for this chiral state, the µνqq̄′ final state is
forbidden within the SM. Nevertheless, both final states provide a significant sensitivity
to the aTGCs.
The results here were only presented for a center-of-mass energy of 250GeV. The results
for 500GeV can be found in Appendix C.3.1. Additionally, two-dimensional projections of
the aTGC coefficients of the scaling function are also presented there. Before addressing
the achievable precision of the aTGC measurement, a small intermezzo on the precision
and validation of the aTGC coefficients is presented in order to illustrate the necessity of
a matrix element calculation.

10.2.3. Necessary Precision and Validation of the Scaling Function Coefficients

The coefficients T are determined directly from a fiducial cross section calculated by
the phase space integration of the S-matrix element. Since the fiducial cross section is
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W W → µνqq check cross section vs. full MC check [R. Karl]

Comparing matrix element differential distributions with MC distributions (incl. ISR &
Beamstrahlung):

9.2. IMPLEMENTATION OF SINGLE-DIFFERENTIAL CROSS SECTIONS INTO GLOBALFIT 173
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Figure 9.7: The normalized differential cross section of the µνqq̄′ final state at 250GeV shown as
a function of the polar angle θW− of the W− and the polar θ∗l of the down-type lepton in the rest
frame of the corresponding W boson. The left(right) plots correspond to the e−Le

+
R(e
−
Re

+
L) initial

state. The black line represents the calculation from the matrix elements and the blue points
represents the creation from MC event samples.

give a conservative estimation on the achievable polarization precision.

9.2.1.3 Angular Distribution of the eνqq̄ Final State

The singleW production, initially introduced in chap. 4.1.2.2, is additionally split by the
sign of the W boson in order to obtain a strong dependence on the chiral structure. The
final state of the singleW− is e+νqq̄′, assuming the W− decays hadronically. This final
state can also be obtained from the W -pair production where the W+ decays into e+ν.
Thus, there will be interference terms between the singleW and W -pair production which
have to be taken into account. Fig. 9.8 shows the distributions for the complete final state
e+νqq̄′. A detailed discussion on the individual distributions will be presented further
below including the quite unexpected distribution for ϕ∗e. Since the W -pair production is
completely suppressed for equal initial chiral states, the distribution for the e−Le

+
L initial

state only has contributions from the singleW production. For the invariant mass of
the sum of the positron and neutrino four-momenta meν , the clear peak at the W -mass
originate from the contribution of the W -pair production, thus it would be possible to
separate singleW and W -pair production by a simple cut on this invariant mass. Since
all angular distributions of combination of both processes show a strong the sensitivity
on the chiral structure, as seen in fig. 9.8, there is no need to separate single and pair
production for the e+νqq̄′ final state. In fact, the complete final state can be used directly
for polarization determination.

For the singleW+ production, the conditions are equivalent. As shown in fig. 9.9, the
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Polarimeter effect on polarisation [R. Karl]

158 8.2. THE METHODS OF MAXIMUM LIKELIHOOD AND LEAST SQUARES

stronger for the electron polarization than for the positron polarization is expected due to
the higher absolute polarization for the electron beam but it was never explicitly tested
within the scope of this study.

Without Constraint With Constraint

E[GeV] 500 350 250 500 250 500 350 250 500 250

L[1/fb] 500 200 500 3500 1500 500 200 500 3500 1500

∆P−e−/P 2.1 3.3 1.7 0.8 0.95 1.2 1.3 1.1 0.69 0.79

∆P+
e−/P 0.45 0.83 0.45 0.17 0.26 0.44 0.78 0.44 0.17 0.26

∆P−e+/P 2 3.2 1.5 0.75 0.87 1.5 2 1.3 0.71 0.81

∆P+
e+/P 3.6 5.4 2.6 1.3 1.5 1.9 2 1.7 1.1 1.2

Table 8.4: The final precision of the polarization
[
10−3] after each run of the H-20 scenario as

shown in fig. 8.11. The red colored values exceed the 0.25% polarimeter precision, while the blue
colored values can improve the precision to be better than the polarimeter precision due to the soft
constraint.

For a more detailed comparison, the final precisions for each run of the H-20 scenario
were summarized in tab. 8.4 for both scenarios with and without polarimeter constraint. It
can be seen that for low luminosity runs, up to a factor of 2 better precision can be reached,
while the runs with large integrated luminosity are nearly the same. Nevertheless, it has
to be pointed out that this is not meant to be the final result. It should only demonstrate
the impact of a polarimeter constraint on the measurement precision and the consequent
necessity for low integrated luminosity runs. There are important issues to be taken care
of:

• Spin Tracking and Collision Effects:
As described in chap. 3.2, the polarimeter will measure the beam polarization far
away from the IP. Misalignment of the beam and depolarization effects in collisions
will also contribute systematic uncertainties which are not yet taken into account.

• Bias in Polarimeter Constraint:
So far, the polarimeter constraint was assumed to measure the "real" value within
a Gaussian uncertainty. However, this does not have to be the case. There could
also be a bias in the polarimeter constraint, which can directly originate from the
polarimeter measurement, created from the spin tracking or from an unknown source.
The impact of a bias in the polarimeter constraint on the precision also has to be
studied.

• Systematic Values and Uncertainties:
The current results are only for statistical uncertainties. A realistic description of all
systematic quantities (L, ε,B), their uncertainties (∆L,∆ε,∆B) and correlations
(corr (Li,Lj) , corr (εi, εj) , corr (Bi,Bj)) has to be taken into account in order to
receive a realistic precision.
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Polarimeter induced bias [R. Karl]

What if polarimeter measures P off by 1σ?
10.1. CHIRAL CROSS SECTION MEASUREMENT 209
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Figure 10.2: Pull distribution of the total cross section measurement for 30% positron beam
polarization (black) and for unpolarized positron beam (red) using 1000 toy measurements and
single-differential cross sections described in chap. 9.2. For all toy measurements, a polarimeter
constraint was used with a relative uncertainty of 2.5 · 10−3 and a relative offset of the same value.

absence of positron beam polarization. Thus, it can be concluded that the zero positron
polarization can not be accurately measured from collision data. The only option is
the measurement by polarimeter which alone does not fulfill the precision requirement.
Furthermore, positron polarization provides a deeper insight into chiral structures and is
essential for their accurate measurement.
On the other hand, the measurement of the left-right asymmetry described by the PNPs
βk is also affected. Possible deviations from the SM prediction (β 6= 0), which would
indicate the presence of new physics, could either be missed due to a larger uncertainty
on βk or could be suspected from some residual positron polarization as illustrated for the
case of the left-right asymmetry measurement at SLD [104, 105] discussed in chap. 3.2.
Without positron polarization, it is not possible to simultaneously measure the left-right
asymmetry and the beam polarization with the desired precision.
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Single parameter fit sensitivity comparison [arXiv:1903.01629]

2.3. PHYSICS BEYOND THE STANDARD MODEL 53

In order to provide a direct result for aTGC precision at 250GeV, the current study, which
will be discussed chap. 10.2, was performed including the use of different channels.
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Figure 2.11: TGC precisions for LEP 2, Run1 at LHC, HL-LHC and the ILC at
√
s = 250 GeV

with 2000 fb−1 luminosity (ILC 250) using one parameter fits (top) and for LEP 2 and ILC 250
using three parameter fits (bottom). [2]
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