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Primary observables

• absolute cross sections for different species of fermions σf (s)

• Forward-backward asymmetries AFB(s) (sensitive to parity
violation)
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measurements @ Z peak at LEP

E
cm

 [GeV]

σ
h

a
d
 [

n
b

]

σ from fit

QED corrected

measurements (error bars
increased by factor 10)

ALEPH

DELPHI

L3

OPAL

σ
0

Γ
Z

M
Z

10

20

30

40

86 88 90 92 94

E
cm

 [GeV]

A
F

B
(µ

)

A
FB

 from fit

QED corrected

average  measurements

ALEPH
DELPHI
L3
OPAL

M
Z

A
FB

0

-0.4

-0.2

0

0.2

0.4

88 90 92 94

Large differences due to QED initial state radiation

σ
T

(s) =

∫ 1

z0

dzH(z; s)σ̂
T

(zs) AFB(s) =
πα2Q2

eQ
2
f

σtot

∫ 1

z0

dz
1

(1 + z)2
H

FB
(z; s) σ̂

FB
(zs)

F. Piccinini (INFN, Pavia) Physics at e+e− 18 September 2018 4 / 22



Pseudo-observables

• Idea: extract as much as possible information on the Z properties
independently of the event selection details

Observable Symbol
hadronic peak cross-section σh
partial leptonic and hadronic widths Γl (l = e, µ, τ), Γc, Γb
total width ΓZ
hadronic width Γh
invisible width Γinv
ratios Rl, Rb, Rc
forward-backward asymmetries AlFB , AbFB , AcFB
polarization asymmetries Pτ , P b

left-right asymmetry (SLC) AeLR
effective sine sin2 ϑleff , sin2 ϑbeff
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High exp. precision and th. precision

• Exp. precision at the level of 0.01% or better
• How accurate are theoretical predictions? The one-loop example

• we have to rely on perturbation theory
• the “theoretical accuracy” is given by the size of the next (not

calculated) perturbative order
• the tree-level approximation has an uncertainty of the order of

several %, as proved by the calculated effects at one-loop
approximation =⇒ we need to include higher order effects

γ , Z γ , Z

f

f

W W

f

f′

• in the loop we have to sum over all possible (also heavy) particles
which couple to γ and/or Z
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Not only fermions but also bosons...
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• Theoretical predictions become sensitive to all the spectrum and
structure of the theory: mt, number of light neutrinos, mH , non
abelian γWW and ZWW vertices

• mt experimental uncertainty becomes a source of th. uncertainty
=⇒ very important the run at the tt̄ threshold
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The “indirect” discovery of the quark top at LEP

• before 1995 the dependence on mt could be used to “measure”
mt from a best-fit to Z-peak data (χ2 depends quadratically on
GF (m2

t −m2
b) in a gauge theory with SSB)
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the same could be said about mH

• however, dependence on mH is only logarithmic
• at the end of LEP1
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some years later, after switching on LHC
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possible contour 68% plot after FCC-ee running
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Nν from Z invisible width

R0
inv =

Γinv

Γll
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R0
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(
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• from LEP Z-peak measurements

Nν = 2.9840± 0.0082

δNν ' 10.5
δnhad

nhad
⊕ 3.0

δnlept

nlept
⊕ 7.5

δL
L

δL
L = 0.061% =⇒ δNν = 0.0046

ADLO, SLD and LEPEWWG, Phys. Rept. 427 (2006) 257, hep-ex/0509008

• δNν severely affected by luminosity uncertainty through σ0
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QED processes: candles for e+e− collider luminosity

• Luminosity is a machine (process independent) parameter
entering every experimental cross-section

Nobs

L = σ → L =
NX
obs

σXtheory

• in order to minimize δL, the reference process X has to have
large statistics, be well calculable theoretically, be cleanly
detectable (small systematics)

• the best choice are QED processes, in particular Bhabha
? at small angles
• huge statistics, by far dominated by photon t-channel contribution

(only QED, no “Z contamination”)

• to reduce the theoretical error on σ all the relevant radiative
corrections (RC) must be included

• at present the theoretical ingredients to reach 0.01% are available

F. Piccinini (INFN, Pavia) Physics at e+e− 18 September 2018 13 / 22



Independent way for ν count: νν̄γ at higher energies

• radiative return to the Z peak through emission of a hard photon
• provided large enough luminosity is available to be competitive

with Γinv method (not a problem at future e+e− colliders!)
at LEP2, 190 GeV ≤ √s ≤ 208 GeV, L ∼ 600 pb−1
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• agreement of data with SM predictions at % level
• Nν = 2.98± 0.05± 0.04 (L3) (important but not competitive with the Γinv method)

• similar results for ALEPH, DELPHI and OPAL

L3 Collab., P. Achard et al., CERN-EP/2003-068 (2003)
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νν̄γ@FCC-ee: ratio measurements

• a factor 103/104 of improvement in luminosity w.r.t. LEP allows to
exploit the ratios

dσ(e+e− → νν̄γ)

dσ(e+e− → µ+µ−γ)

in order to cancel common systematics (such as luminosity)
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• µ+µ− only s−channel but
ISR and FSR

• νµ and ντ f.s.: only
s−channel ISR

• νe f.s.: ISR with t−channel
• νe f.s.: also W radiation

• preliminary investigations show that QED effects are very small
talk by S. Jadach at FCC-ee physics Workshop, Paris, 27-29 October 2014
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Direct MW measurement at WW threshold
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• by using the lineshape dependence on MW at threshold
=⇒MW measurement with uncertainty ∆MW ∼ 0.6 MeV
(precision 200 times higher than the best present MW direct
measurement)

talk by P. Azzurri at FCC Week 2018, Amsterdam
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Anomalous triple gauge couplings

Probing the Anomalous Triple Gauge
Couplings at the FCC-ee

Jiayin Gu (IHEP)
gujy@ihep.ac.cn

Introduction
The determination of the triple gauge couplings (TGC) has very
important implications on beyond-standard-model physics. At
lepton colliders, the TGCs can be probed with the measure-
ments of the diboson process, e+e− →WW .
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ν
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Figure 1: The two diagrams that contribute to e+e− →WW .

In the presence of CP-even dimension-six operators, the TGCs
are given by

Ltgc = igsθWAµ(W−νW+
µν −W+νW−µν)

+ ig(1 + δgZ1 )cθWZµ(W−νW+
µν −W+νW−µν)

+ ig [(1 + δκZ)cθWZµν + (1 + δκγ)sθWAµν ]W−µ W
+
ν

+
ig

m2
W

(λZcθWZµν + λγsθWAµν)W−ρv W+
ρµ . (1)

Gauge invariance further implies δκZ = δg1,Z − t2θW δκγ and
λZ = λγ . This leaves 3 independent anomalous TGC parame-
ters (aTGCs), δg1,Z , δκγ and λZ .

Measuring e+e− → WW at FCC-ee
√
s Luminosity # of events

161 GeV 10 ab−1 ∼ 3× 107

240 GeV 5 ab−1 ∼ 8× 107

350 GeV 0.2 ab−1 ∼ 0.2× 107

365 GeV 1.5 ab−1 ∼ 1.5× 107

Table 1: A summary of the WW measurements at FCC-ee.

FCC-ee could measure the diboson process (e+e− → WW )
at several energies as listed in Table 1. In addition to the to-
tal rates, it is also very important to measure the differential
distributions, which can be parameterized by five angles – the
production polar angle (θW ) and two decay angles for each W ,
shown in Fig. 2.
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

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

h (cos θ∗
l ) and φ∗

h (φ∗
l ).

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

(cos θ∗
h, φ

∗
h) ↔ (− cos θ∗

h, φ
∗
h + π), (5.16)

which is folded in the following way:

φ∗
h > 0 → (cos θ∗

h, φ
∗
h)

φ∗
h < 0 → (− cos θ∗

h, φ
∗
h + π). (5.17)

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

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ∗

l and φ∗
l , together with cos θW . This

Figure 2: left: The cross section of WW at leading order. right: The
five angles in a WW event.
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Results
A chi-square fit is performed to estimate the precision reach of the three aTGCs at the FCC-ee.
We use only the semileptonic channel, with one W decaying to e or µ and the other to jets. The
distribution of each angle is divided into 20 bins. The chi-square is summed over all bins of
the five angles, considering only statistical uncertainties of signal events. The ambiguities in the
reconstructions of the hadronic W decay angles (which are “folded”) are also taken account of.
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Figure 3: left: The one-sigma precision reaches of the three aTGCs at the FCC-ee from the measure-
ments of e+e− → WW in the semileptonic channel. We consider only the effects of signal statistics
assuming a 100% signal efficiency. right: The inferred 95% CL reaches on the new physics scale of the
three dimension-six operators OHW = ig(DµH)†σa(DνH)W a

µν , OHB = ig′(DµH)†(DνH)Bµν and
O3W = 1

3!
gεabcW

a ν
µ W b

νρW
c ρµ with coefficients ci/Λ2.

Three scenarios are considered, which are the 240 GeV run only, the 365 GeV run only, and the
full FCC-ee program. The reaches of the 240 and 365 GeV runs are comparable despite the smaller
statistics of the 365 GeV run, which is compensated by the larger sensitivities to the aTGCs. A
combination of the two runs thus further improves the precision reach of the aTGCs. The results
are also translated into the reaches of the new physics scale of dimension-six operators OHW ,
OHB and O3W (see Refs. [3, 4]), which are at multiple TeV levels (assuming ci ∼ 1).

Sensitivities to the Anomalous Triple Gauge Couplings
To illustrate the sensitivities to the aTGCs and the importance of the differential distributions, we
show the linear dependence on the aTGCs of the differential cross sections for various angles and
center of mass energies in Fig. 4. A large benchmark value (0.5) is chosen to make the effects of
the aTGCs visible. Since the precision reach of the aTGCs are at O(10−3) or better, the linear
approximation works very well for our analysis.
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Figure 4: The linear dependence on the aTGCs of the differential cross sections of the production polar
angle θW− (top), decay polar angle θ∗ (middle) and azimuthal angle φ∗ (bottom) for

√
s = 161, 240, 350

and 365 GeV (left to right). To visualize the effects of the aTGCs, we set each of the 3 aTGCs to a large value
(0.5) while fixing the other two to zero, and compare the distributions with the SM prediction.

It is clear that the differential distributions contain useful information on the aTGCs (except for√
s = 161GeV at which the cross section is dominated by the t-channel diagram).

Future Directions
We have performed a simple analysis (under ideal assumptions) to estimate the precision reach of
the three aTGCs at the FCC-ee. A more realistic analysis needs to be done in the future to study the
impact of backgrounds, detector resolutions, selection efficiencies, and other possible effects. The
hadronic and dileptonic decay channels, while facing more challenges in the event reconstructions,
should be included to further improve the sensitivity to the aTGCs. One may also try to optimize
the statistical methods in order to extract all possible information from the measurements.
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In the presence of CP-even dimension-six operators, the TGCs
are given by

Ltgc = igsθWAµ(W−νW+
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Gauge invariance further implies δκZ = δg1,Z − t2θW δκγ and
λZ = λγ . This leaves 3 independent anomalous TGC parame-
ters (aTGCs), δg1,Z , δκγ and λZ .

Measuring e+e− → WW at FCC-ee
√
s Luminosity # of events

161 GeV 10 ab−1 ∼ 3× 107

240 GeV 5 ab−1 ∼ 8× 107

350 GeV 0.2 ab−1 ∼ 0.2× 107

365 GeV 1.5 ab−1 ∼ 1.5× 107

Table 1: A summary of the WW measurements at FCC-ee.

FCC-ee could measure the diboson process (e+e− → WW )
at several energies as listed in Table 1. In addition to the to-
tal rates, it is also very important to measure the differential
distributions, which can be parameterized by five angles – the
production polar angle (θW ) and two decay angles for each W ,
shown in Fig. 2.
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

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

h (cos θ∗
l ) and φ∗

h (φ∗
l ).

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

(cos θ∗
h, φ

∗
h) ↔ (− cos θ∗

h, φ
∗
h + π), (5.16)

which is folded in the following way:

φ∗
h > 0 → (cos θ∗

h, φ
∗
h)

φ∗
h < 0 → (− cos θ∗

h, φ
∗
h + π). (5.17)

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

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ∗

l and φ∗
l , together with cos θW . This

Figure 2: left: The cross section of WW at leading order. right: The
five angles in a WW event.
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Results
A chi-square fit is performed to estimate the precision reach of the three aTGCs at the FCC-ee.
We use only the semileptonic channel, with one W decaying to e or µ and the other to jets. The
distribution of each angle is divided into 20 bins. The chi-square is summed over all bins of
the five angles, considering only statistical uncertainties of signal events. The ambiguities in the
reconstructions of the hadronic W decay angles (which are “folded”) are also taken account of.
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Figure 3: left: The one-sigma precision reaches of the three aTGCs at the FCC-ee from the measure-
ments of e+e− → WW in the semileptonic channel. We consider only the effects of signal statistics
assuming a 100% signal efficiency. right: The inferred 95% CL reaches on the new physics scale of the
three dimension-six operators OHW = ig(DµH)†σa(DνH)W a

µν , OHB = ig′(DµH)†(DνH)Bµν and
O3W = 1

3!
gεabcW

a ν
µ W b

νρW
c ρµ with coefficients ci/Λ2.

Three scenarios are considered, which are the 240 GeV run only, the 365 GeV run only, and the
full FCC-ee program. The reaches of the 240 and 365 GeV runs are comparable despite the smaller
statistics of the 365 GeV run, which is compensated by the larger sensitivities to the aTGCs. A
combination of the two runs thus further improves the precision reach of the aTGCs. The results
are also translated into the reaches of the new physics scale of dimension-six operators OHW ,
OHB and O3W (see Refs. [3, 4]), which are at multiple TeV levels (assuming ci ∼ 1).

Sensitivities to the Anomalous Triple Gauge Couplings
To illustrate the sensitivities to the aTGCs and the importance of the differential distributions, we
show the linear dependence on the aTGCs of the differential cross sections for various angles and
center of mass energies in Fig. 4. A large benchmark value (0.5) is chosen to make the effects of
the aTGCs visible. Since the precision reach of the aTGCs are at O(10−3) or better, the linear
approximation works very well for our analysis.
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Figure 4: The linear dependence on the aTGCs of the differential cross sections of the production polar
angle θW− (top), decay polar angle θ∗ (middle) and azimuthal angle φ∗ (bottom) for

√
s = 161, 240, 350

and 365 GeV (left to right). To visualize the effects of the aTGCs, we set each of the 3 aTGCs to a large value
(0.5) while fixing the other two to zero, and compare the distributions with the SM prediction.

It is clear that the differential distributions contain useful information on the aTGCs (except for√
s = 161GeV at which the cross section is dominated by the t-channel diagram).

Future Directions
We have performed a simple analysis (under ideal assumptions) to estimate the precision reach of
the three aTGCs at the FCC-ee. A more realistic analysis needs to be done in the future to study the
impact of backgrounds, detector resolutions, selection efficiencies, and other possible effects. The
hadronic and dileptonic decay channels, while facing more challenges in the event reconstructions,
should be included to further improve the sensitivity to the aTGCs. One may also try to optimize
the statistical methods in order to extract all possible information from the measurements.

poster by J. Gu at FCC Week 2018, Amsterdam
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Higgs production at circular e+e− colliders

Patrick Janot 
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Higgs production at e+e− linear colliders
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after five years of running FCC-ee
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Comparison on λHHH between linear e+e− and pp

Patrick Janot 
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Summary

• rich physics potential of e+e− colliders
• very high precision measurements at Z peak give the strongest

internal consistency checks of the SM
• challenge for precision in theory calculations
• direct measurements of MW and mt at the respective thresholds

give strong input to the internal consistency checks
• Higgs couplings can be measured at the % level

• except for Htt, λHHH where pp colliders display more sensitivity, as
well as rare channels like HZγ
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