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The role of the top quark mass in the (B)SM
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•In the SM, mt can be related to mW and mH thanks 
to loop corrections  -> internal consistency of SM 

•Stability of EW potential at the Planck scale 
depends on value of mt, mH, and ⍺s via RGE for λ 
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JHEP 12 (2013) 089

Imperative to match enormous improvements 
expected for mW and mH and ⍺S at e+e- colliders
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Top quark mass at the LHC
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Direct measurements 
•Most precise (300 MeV) 
•Debated theoretical interpretation

Indirect measurements 
•Lower precision (order 1 GeV, improving) 
•Need improved theory predictions

Boosted measurements 
•May help with clarifying the 

picture, but still exploratory

Only lepton collider can provide 
unambiguous measurement of 

mt at the desired precision  
(few tens of MeV)
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tt threshold scan at e+e- colliders 

4

340 345 350
 [GeV]s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

) [
pb

]
t t

→- e+
(e
σ

 threshold - QQbar_Threshold NNNLOtt
ISR + CLIC LS Nominal

 1.37 GeVtΓ 171.5 GeV, PS
tdefault - m

 0.2 GeV± variations tm
 0.15 GeV± variations tΓ

CLICdp

simulated data points
 total-1100 fb

340 345 350
 [GeV]s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

) [
pb

]
t t

→- e+
(e
σ

 threshold - QQbar_Threshold NNNLOtt
ISR + CLIC LS 90% Charge

 1.37 GeVtΓ 171.5 GeV, PS
tdefault - m

 0.2 GeV± variations tm
 0.15 GeV± variations tΓ

CLICdp

simulated data points
 total-1100 fb

Figure 10: Illustration of a top-quark threshold scan at CLIC with a total integrated luminosity
of 100 fb�1, for two scenarios for the luminosity spectrum, nominal (left) and ‘reduced charge’
(right). The bands around the central cross section curve show the dependence of the cross section
on the top-quark mass and width, illustrating the sensitivity of the threshold scan. The error bars
on the simulated data points show the statistical uncertainties of the cross section measurement,
taking into account signal efficiencies and background levels.

The analysis is combined with higher order theory calculations of the signal process. Here, the
latest NNNLO QCD calculations, available in the program QQbar_threshold [22], are used.
The theory cross section is corrected for ISR and the luminosity spectrum of the collider using the
techniques described in [27]. This corrected cross section is then used to generate pseudodata and
the templates needed to fit the simulated data points to extract the top-quark mass.

In the context of the running scenario of CLIC discussed in Section 2.2, it is assumed that an
integrated luminosity of 100 fb�1 of the first stage of CLIC would be devoted to a scan of the top
pair production threshold. Here, a baseline scenario of ten equidistant points is assumed, with
10 fb per point and a point-to-point spacing of 1 GeV, in the energy range from 2mPS

t � 3GeV to
2mPS

t +6GeV. Such a threshold scan is shown in Figure 10, for two luminosity spectrum scenarios
discussed below. The bands illustrate the dependence of the cross section on the generated top-
quark mass and width. The error bars on the data points are statistical, taking into account signal
efficiencies and background levels. The top-quark mass is extracted using a template fit to the
measured cross sections as a function of centre-of-mass energy. The cross section templates are
simulated for different input mass values. The top-quark width is given by the SM expectation
provided by QQbar_threshold, which is around 1.37 GeV for the range of masses considered
here. For the calculation of the templates the width corresponding to the respective mass is used.
The extraction of the mass is performed directly in the PS mass scheme.

The luminosity spectrum of CLIC has a strong impact on the shape of the cross section in the
threshold region, which influences the extraction of top-quark properties. The smearing of the turn-
on behaviour and the would-be 1S peak of the cross section depends on the level of beamstrahlung
and the beam energy spread. A larger beam energy spread results in a more pronounced tail to
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•Measurement of WbWb total rate around the tt production threshold 
•Simultaneous measurement of top quark mass and width, without 

assuming SM relation between the two 
•Additional dependence on ⍺S and top Yukawa
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Figure 8: tt production cross section vs the center-of-mass energy near the threshold. The
e↵ects of the top quark mass, width, and the top quark Yukawa coupling and the strong
coupling constant on the theory cross section are indicated by the arrows. The e↵ects of ISR
(green) and the collider luminosity spectrum (LS) (blue) are also shown. The observable
cross section is given by the combination of both e↵ects (red). Figure taken from Ref. [94].

quarks. The Tevatron and LHC did probe the charged-current interaction vertex in top
quark decays and single-top-quark production [96]. The rare associated production pro-
cesses of top quarks with a photon, Z boson, or a Higgs boson observed at the LHC directly
probe the neutral current interactions of the top quark [97]. At the FCC-ee, top quark pair
production e+e� ! �

⇤
/Z ! tt is mediated by a photon or a Z boson. Thus, measurements

of the tt cross section can probe the electroweak couplings tt� and ttZ at the production
vertex.

The sensitivity of e+e� colliders operated above the tt production threshold to anomalous
electroweak couplings of the top quark is well-established [98, 99, 100, 89, 101]. Ref. [102]
has demonstrated that the couplings to the photon and the Z boson can be e↵ectively
disentangled at or slightly above the tt production threshold by measuring the top quark
polarization, using the charged leptons from the top quark decay as polarimeters.

Ref. [102] projects a precision of 1(3)⇥10�3 for the anomalous vector coupling of �(Z), and
of 1(2) ⇥ 10�2 for the anomalous axial coupling. Any deviation of these couplings from the
SM values would signal the presence of new physics. An analysis of a circular-collider-like
scenario in Ref. [100] in the SMEFT confirms that the sensitivity to top quark electroweak
couplings exceeds that of the HL-LHC by an order of magnitude and demonstrates the
added value of e+e� collision data at a center-of-mass energy well above the tt production
threshold to disentangle four-fermion and two-fermion operators.

The precise measurement of top quark couplings to a photon or the Z boson are essential
to precisely determine the top quark Yukawa coupling at the FCC-hh [102]. While the top
quark Yukawa coupling can be determined with high statistical accuracy at hadron colliders,
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Linear collider: direct access to yt via ttH production 
Circular collider: indirect access to yt via loop diagrams
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Figure 4: Typical Feynman diagrams contributing to ∆SM.
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Figure 5: Typical Feynman diagrams contributing to ∆MSSM.

front-end and calls Fortran for the time-consuming parts of the calculation. In addition
an interface to SPheno [35] is provided, which generates numerical values for the masses
and mixing angles on the basis of a certain SUSY breaking scenario.

In the numerical discussion we will restrict ourselves to the SUSY breaking scenario
based on minimal supergravity (mSUGRA) and use the Snowmass Points and Slopes
(SPS) [36, 37] in order get an impression of size of the corrections. In addition to the
five mSUGRA parameters m0, m1/2, tan β, A0 and sgn(µ) (cf. Tab.1) which serve as
input for the spectrum generator we use the following input values for the remaining SM
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Figure 1: One-loop Higgs correction to the colour Coulomb potential.

theory and the threshold expansion, the Higgs mass is of order of the hard scale, and
not the potential scale, which has significant impact on the structure of the contributions.
On the other hand the counting of the coupling simply determines at which orders in the
expansion the Higgs contributions appear and we will justify our choice below.

The effective field theory setup is described in detail in [10]. We recall that the domi-
nant S-wave production cross section is proportional to the imaginary part of the spectral
function of the vector current

Π(v)(q2) =
3

2m2
t

c2vG(E) + . . . , (2.1)

where cv is the hard matching coefficient of the vector current, E =
→
s− 2mt, and G(E)

is the Green function in potential-nonrelativistic QCD (PNRQCD), i.e. the propagator
of a non-relativistic top anti-top pair. The Higgs contributions to cv are discussed in
Section 2.1. To compute the corrections to the Green function the Higgs contributions
to the PNRQCD Lagrangian have to be determined. Counting mH ∼ mt implies that
the Yukawa-potential exp(−mHr)/r generated by Higgs exchange between the top quarks
is replaced by the local interaction δ(3)(r)/m2

H as is apparent from the Higgs propagator
1/(q2 +m2

H) in momentum space, where q2 ∼ m2
t v

2 can be neglected (expanded) relative
to m2

H . On the other hand, with mH ∼ mtv, both terms would have to be kept. The
contribution to the momentum-space potential is therefore simply

δHV = −
y2t

2m2
H

. (2.2)

We note that this is suppressed by v3 with respect to the leading QCD Coulomb potential
αs/q2, where one power of v arises from the counting of the Yukawa coupling, and two
powers from the relative factor q2/m2

H . The Higgs-induced potential is thus a NNNLO
effect. The corresponding correction to the Green functionG(E) is computed in Section 2.2.

Furthermore we have to consider corrections to the colour Coulomb potential as shown
in Fig. 1. With mH ∼ mt counting, only the hard loop momentum region can yield a
contribution. Since the external momenta are potential they have to be expanded, and we
are left with an O(y2t ) zero-momentum transfer correction to the ψ†ψA0 top-quark-gluon
coupling of the NRQCD Lagrangian. However, since the top field is renormalized in the
on-shell scheme this contribution cancels.
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front-end and calls Fortran for the time-consuming parts of the calculation. In addition
an interface to SPheno [35] is provided, which generates numerical values for the masses
and mixing angles on the basis of a certain SUSY breaking scenario.

In the numerical discussion we will restrict ourselves to the SUSY breaking scenario
based on minimal supergravity (mSUGRA) and use the Snowmass Points and Slopes
(SPS) [36, 37] in order get an impression of size of the corrections. In addition to the
five mSUGRA parameters m0, m1/2, tan β, A0 and sgn(µ) (cf. Tab.1) which serve as
input for the spectrum generator we use the following input values for the remaining SM
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Figure 3: Cross section as a function of centre-of-mass energy for the main top-quark pair produc-
tion processes at an e+e� collider for a top-quark mass of mt = 174 GeV and a Higgs boson mass
of mH = 125 GeV. The leading-order expectations for unpolarised beams with ISR are shown. The
effect of beamstrahlung is not included.

selections have been applied.

All three energy stages contribute to the global sensitivity to new physics from the precision mea-
surement of tt production properties. These measurements make use of the electron beam polarisa-
tion available at CLIC: the cross section for e+e� ! tt is enhanced (reduced) by 34% at 380 GeV
for the -80% (+80%) polarisation configuration; and at the higher-energy stages, the cross section
is 30% larger (smaller) when operating with -80% (+80%) beam polarisation.

At higher energies, processes where the top-quark pair is produced in association with other parti-
cles are accessible, see for example Figure 4c and Figure 4d. The ttH cross section has a maximum
around

p
s = 800 GeV. This process enables direct measurements of the top Yukawa coupling and

allows the study of CP properties of the Higgs boson in the ttH coupling. As the luminosity of
a linear collider increases with the centre-of-mass energy, the optimal energy in terms of yield at
which to study this process is above the maximum of the cross section. The energy stage at 1.5 TeV
(or the previous baseline of 1.4 TeV as used here) is ideally suited for studying this process as the
production rate is close to its maximum.

The cross section for top-quark pair production in vector boson fusion (VBF), such as e+e� !
ttnene (see Figure 4b), has an approximately logarithmic increase with the centre-of-mass energy.
Hence, studies of such processes benefit from the highest possible centre-of-mass energy available
at CLIC.
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Figure 12: 68% CL statistical uncertainty contours of two-parameter fits to the top threshold re-
gion, combining the top-quark mass and width (left) and the top-quark mass and the top Yukawa
coupling (right). The contours are shown for both the nominal luminosity spectrum and the ‘re-
duced charge’ option, in both cases assuming an integrated luminosity of 100 fb�1.

offer advantages for the top-quark mass measurement. This conclusion changes when extending
the analysis to other parameters such as the top-quark width or Yukawa coupling. As is apparent
from the width of the green band representing the effect of changes in top-quark width in Fig-
ure 10, the sensitivity to the width is considerably lower using the nominal luminosity spectrum
compared with the ‘reduced charge’ scenario. Figure 12 shows the 68% CL contours for a simul-
taneous fit of the top-quark mass and width (left) and top-quark mass and the Yukawa coupling
(right). The marginalised 1 s statistical uncertainties for the two dimensional mass and width fit
are 24 (21) MeV for mt and 57 (51) MeV for Gt for the nominal (‘reduced charge’) luminosity spec-
trum. For the two-dimensional mass and Yukawa coupling fit, the corresponding uncertainties are
28 (24) MeV for mt and 7.5 (8.4)% for yt . In particular for the combined extraction of the mass and
the width, the ‘reduced charge’ option provides an improved resolution that largely compensates
for the penalty of the reduced luminosity.

It should also be noted that the energy points for the threshold scan, and the integrated luminosities
recorded at each point, can be optimised to maximise the precision for a given observable. Owing
to the steeper turn-on behaviour of the cross section in the ‘reduced charge’ option, the potential
for this optimisation is expected to be bigger in this case, in particular for measurements of the
mass and width.

Systematic uncertainties in a threshold scan

Given the high statistical precision of the top-quark mass measurement at threshold, systematic
uncertainties are likely to limit the ultimate precision. Various sources of uncertainties have been
investigated, including beam energy [27], knowledge of the luminosity spectrum [92], selection
efficiencies and residual background levels [27], non-resonant contributions [12, 93–97], para-
metric uncertainties from the strong coupling [98], and theoretical uncertainties estimated from
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CLIC and CEPC threshold studies
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Fig. 6 The two-dimensional likelihood scan for top quark mass vs αS
using two energy points optimised for this scenario. The color shows
the negative log likelihood values. The square marker shows the top
quark mass and αS used in the expected nominal value. The contour
lines show the 1, 2 and 3 σ bands derived from the likelihood

Fig. 7 The two-dimensional likelihood scan for top quark mass vs
width using two energy points optimised for this scenario. The color
shows the negative log likelihood values. The square marker shows the
top quark mass and width used in the expected nominal value. The
contour lines show the 1, 2 and 3 σ bands derived from the likelihood

The experimental efficiency of the future detectors are yet
to know. We assume several possible scenarios for the level
of this uncertainty: 0.5%, 1%, 3% and 5%. This uncertainty
impacts directly on the signal yields and results in a mea-
surement uncertainty of the top mass of 5 MeV, 9 MeV, 27
MeV and 45 MeV, respectively.

The background is considered to be subtracted cleanly
from the observed data given the good signal-background
separation in their shapes, such as the reconstructed top quark
mass or a combined kinematic variable, and the statistical
dominance of the signal events in the final fitting region. The
background uncertainties are added to the likelihood function
Eq. 2 as a nuisance parameter constrained by a Gaussian prior.
The background efficiencies are taken from Ref. [11], and
the cross-sections are calculated at LO including initial-state

Fig. 8 The two-dimensional likelihood scan for top quark mass vs αS
using two energy points optimised for this scenario, using different
fractions of luminosity. The square marker shows the top quark mass
and αS used in the expected nominal value. The contour lines represent
the 1 σ bands derived from the likelihood. There are five contour lines
for the five different schemes of luminosity fractions on the two energy
points

Fig. 9 The two-dimensional likelihood scan for top quark mass vs
width using two energy points optimised for this scenario, using dif-
ferent fractions of luminosity. The square marker shows the top quark
mass and width used in the expected nominal value. The contour lines
represent the 1 σ bands derived from the likelihood. There are five con-
tour lines for the five different schemes of luminosity fractions on the
two energy points

radiation with Wizard V1.95 [28,29],1 as shown in Table 5.
Considering the background uncertainty as 1% optimistically
and 5% conservatively, a measurement uncertainty of top
quark mass of 4 MeV and 18 MeV is reached. From this, the
background uncertainty is crucial. Measures like taking data
below the threshold to constrain the background might need
to be considered.

The variations in the beam energy could also lead to
uncertainties on the top quark mass measurement. The beam
energy uncertainty was reported at a level of 10−4 in the

1 This estimation is sufficient to get the correct order of magnitude for
the background impacts. For a more precise measurement up to NLO
+ NLL to date, the latest Wizard can be used [30].

123

CLIC, 100 fb-1 
•10 equally-spaced points (1 GeV) with 10 fb-1 each 
•2D fits of mt/Γt and mt/yt  

•Stat: 20 MeV (mt), 50 MeV (Γt), 8% (yt) 
•Γt measurement penalised by broad luminosity spectrum 
•40 MeV theoretical uncertainty (N3LO NR-QCD)

269 Page 10 of 11 Eur. Phys. J. C (2023) 83 :269

Table 5 Background cross-section near the top threshold and at 500
GeV

Ecm(GeV) 352 500

qq(fb) 24149 ± 69 12136 ± 46

W+W−(fb) 11628 ± 4 7708 ± 3

ZW+W−(fb) 11.07 ± 0.01 36.16 ± 0.02

Z Z (fb) 703.5 ± 0.3 447.9 ± 0.2

Table 6 The expected statistical and systematical uncertainties of the
top quark mass measurement in optimistic and conservative scenarios
at CEPC

Source mtop precision (MeV)

Optimistic Conservative

Statistics 9 9

Theory 9 26

Quick scan 3 3

αS 17 17

Top width 10 10

Experimental efficiency 5 45

Background 4 18

Beam energy 2 2

Luminosity spectrum 3 5

Total 25 59

operation of LEP [31,32] and the studies of ILC [33], which
already impacts the top quark measurement less than the sta-
tistical uncertainty as discussed in Ref. [11]. In the CEPC
scenario, the beam energy could vary 2.6 MeV as estimated
from the accelerator team. This impacts the measurement of
top quark mass maximally by 2 MeV, way below the statis-
tical uncertainty.

The other aspect from the beam is the uncertainty of the
luminosity spectrum. Variations on the spread of the luminos-
ity spectrum, i.e. the width σLS in Eq. 1, of 10% and 20% are
considered. The corresponding uncertainties on the top quark
mass measurement are 3 MeV and 5 MeV, respectively. These
are quite different than the CLIC scenario in Ref. [11] given
the different controls of the luminosity spectrum in circular
and linear colliders. Furthermore, the improvement of the
top quark mass measurement by having a better luminosity
spectrum, e.g. a smaller spread σLS , is evaluated. The reduc-
tion of the energy spread σLS of 20% and 50% can lead to
the statistical uncertainty of top quark mass measurement of
9.0 MeV and 8.4 MeV, with respect to our nominal statistical
uncertainty of 9.1 MeV. It appears that a large improvement
in luminosity spectrum does not bring much improvement in
top quark mass measurement, mostly due to the fact that the
majority of the particles in the beams are already constrained

well with a small spread of about 500 MeV at the t t̄ threshold
with circular colliders.

Taking into account all these uncertainties, the CEPC is
expected to measure the top quark mass with a precision
of 25 MeV and 59 MeV in the optimistic and conservative
assumptions, respectively, as shown in Table 6.

7 Conclusions

We have studied the expected precision of the top quark mass,
width and αs in t t̄ production using an energy scan around
the t t̄ threshold based on the CEPC scenario, assuming a
total integrated luminosity of 100 fb−1. This study is per-
formed with the package QQbar_threshold (2.2.0), includ-
ing the effects of the initial state radiation and the luminosity
spectrum.

We focus on a discussion of the measurement with one
energy point (two energy points) for the top mass (and the
width or αS) with the full luminosity, which turns out to be
an efficient way of measurement of the top mass at a high
precision. The method of one energy point has a statisti-
cal uncertainty with a few MeV better than the scan with
multiple energy points. This advantage might be worn out
in the process of locating the optimal energy point or pos-
sibly large systematic uncertainties from the experimental
efficiency. A better understanding of this would require fur-
ther studies with more realistic uncertainties of the efficiency
in the future.

In the one energy point method, measuring one parame-
ter at a time while keeping others to their SM predictions,
the precision can reach 9 MeV for top quark mass, 26 MeV
for top quark width and 0.00039 for αS considering only the
statistical uncertainty. The systematic uncertainties from αS ,
width, theory, experimental efficiency and the background
subtraction could have the leading impact in the final preci-
sion. The systematic uncertainties from the beam energy and
the luminosity spectrum influence much mildly. The total
uncertainty of top quark mass measurement at CEPC can
reach 25 MeV optimistically and 59 MeV conservatively at
the optimal centre-of-mass energy. We also discussed mea-
surement of two parameters simultaneously. The scan needs
two energy points which should have complementary sen-
sitivity of the two parameters in question. The precision of
simultaneous measurements does not exceed the fits with one
parameter at a time.

In conclusion, the study shows that CEPC is capable of
measuring the top quark mass with a precision below 59
MeV using the single energy point. The method requires a
good understanding of theory, experimental efficiency and
background estimations, and also requires a low-luminosity
scan to locate the optimal energy point.

123

CEPC, 100 fb-1 
• Optimised 2-points scan 

(maximises precision, but 
reduces testability of theory) 

• Reduced correlation between 
measured parameters

Recall: uncertainty in top mass 
and width ~300 MeV at LHC
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FCC-ee detector-level studies: signal selection
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•Detector-level Delphes simulation 
•Hadronic and semi-hadronic final 

states (>80% branching ratio in total) 
•Exclusive jet clustering with (4) 6 jets 

in (semi-) hadronic channel

•Semi-hadronic: select events based on 
reconstructed lepton (99.5% acceptance) 

•Hadronic: no selection (100% acceptance)

•BDT trained without flavour information 
(kinematic observables only) 

•Flavour information used at later stage
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Stable acceptance over the 
entire range relevant for FCC-ee
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FCC-ee: WbWb x-sec fit
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WW control region  
(0 b-tagged jets)

340 GeV 365 GeV

•b-tagged jet multiplicity -> extra handle on WW 
•Simultaneous fit to WbWb signal region (>1b) 

and WW control region (0b) 
•Simultaneous fit to hadronic and semi-hadronic 

final states (uncorrelated backgrounds)

WW background well under control 
over the entire range relevant for 

FCC-ee [340-365] GeV

•Impact of b-tagging calibration (and 
other systematics) to be assessed 

•In-situ calibrations can be envisaged
3
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Fit of near-threshold prediction

of [23, 24] is included in addition to the QCD corrections [25, 26, 27]. More precisely,
the electroweak corrections are assumed to be a flat 1.7% of the leading-order width.
In contrast to all other functions, we use the Fermi constant GF instead of the running
QED coupling as input parameter. Finally, a number of options available for other
functions are ignored. In particular, the electroweak corrections cannot be turned o↵ or
altered in any way and the bottom quark is always assumed to be massless.

4. Structure of the cross section

Before discussing the optional settings in detail, we first give an overview over the
structure of the cross section as defined in eqs. (1), (2) up to N3LO in PNRQCD. A
more detailed account of the e↵ective field theory framework is given in [28, 29].

4.1. Power counting

In PNRQCD, an expansion in ↵s ⇠ v ⌧ 1 is performed, where v = [
p
s/mQ � 2]1/2

is the non-relativistic velocity of the quarks and mQ their pole mass. The Coulomb
interaction leads to terms scaling with powers of ↵s/v ⇠ 1, which are resummed to
all orders. Concerning the electroweak interactions including the Higgs boson, we
choose the power counting ↵ ⇠ y

2
t
⇠ ↵

2
s
for the QED coupling constant and the
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•N3LO calculation (NR-QCD) including EW and Higgs effects + ISR 
•Top mass in potential subtracted (PS) scheme, suitable for threshold 

•Folded with FCC-ee beam energy spectrum (BES): 0.23 % / beam 
•3-dimensional fit of mt, Γt, yt , with profiled ⍺S (uncert. from Z)

Ecm [GeV] Integrated lumi
340-345 410 fb-1

365 2.65 ab-1

•8 (11) MeV statistical uncertainty 
in mt (Γt), including param. uncert.  

•yt can be determined to 1.7% (stat) 
•Assuming only effect on Ztt vertex

cf. CLIC: 2.7% (stat) in yt with 2.5 ab-1 of ttH

Baseline scenario: 10 equally-spaced (0.5 GeV) equal lumi (41 fb-1) points

8
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Dependence on theory & beam energy spectrum

9

•Width depends on beam energy resolution more strongly than mass 
•Expect the other way around for beam energy calibration (under study) 

•Both mass and width measurements currently limited by renormalisation 
scale uncertainties (30/40 MeV, depending on assumptions)

How much can we expect 
the theory predictions to 

be improved?
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mt above the tt production threshold

10
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Figure 13: Prediction of the observable (left) for mt(mt) = 166, 167 GeV (where mt(mt) denotes
the top-quark mass in the MS scheme, evaluated at the top-quark mass in the MS scheme) with
the matched NNLL threshold and NNLO continuum calculation for

p
s = 380 GeV (solid line) and

folded with the CLIC luminosity spectrum (dashed line). Pseudodata (right) generated with the
matched NNLL threshold and NNLO continuum calculation for

p
s = 380 GeV and folded with

the CLIC luminosity spectrum. The markers give a statistical uncertainty estimated from the ±1s
envelope of 1500 datasets of 1.0ab�1. The shaded area gives the envelope of the scale variation
presented in Table 6.

the luminosity spectrum uncertainty adds an uncertainty less than 10 MeV on the top-quark mass
determination.

The uncertainty on the mass measurement from theoretical uncertainties is estimated by varying
the renormalisation scales used in the non-relativistic QCD (NRQCD) calculation [112]. Two
parameters, h and f , are used to vary the scales; factors of h, h f , and h f 2 are applied to the hard,
soft, and ultra-soft scales, respectively. These scales correspond to the top-quark mass, top-quark
3-momentum, and kinetic energy of the tt system, respectively. These parameters are varied in the
intervals given in Table 6 and the corresponding cross-section distributions are generated, folded
with the CLIC luminosity spectrum, and fitted using the nominal distribution with the MS mass
mt(mt) as a free parameter. The results are shown in Table 6 and combined results in a theoretical
uncertainty estimate of ±100 MeV. The final precision on the top-quark mass is around 140 MeV
for 1.0ab�1.

7.3 Direct top-quark mass reconstruction in the continuum at 380 GeV

The top-quark invariant mass can be extracted from the large sample of top-quark pairs collected
above the threshold, in the continuum at 380 GeV. For this study only hadronic and semi-leptonic
final states are considered. In these final states the top-quark mass can be directly reconstructed
for the hadronic top-quark decay(s), without applying kinematic constraints. The VLC algorithm
is applied using a radius of 1.6 (b , g = 0.8) to cluster the final state hadrons into six or four
exclusive jets, for hadronic and semi-leptonic event reconstruction, respectively. For suppression of
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in theoretically well-defined mass schemes, avoiding interpretation uncertainties. Figure 13 illus-
trates the dependence of the cross section on the top-quark mass as a function of the effective tt
centre-of-mass energy,

s0 = s
✓

1�
2Egp

s

◆
,

where Eg is the energy of the ISR photon. The top-quark mass is extracted from a measurement of
dstt g/d

p
s0, by fitting templates computed from:

dstt g

dcosq d
p

s0
=

aem

p2 g(x,q)stt (s
0).

Here, g(x,q) is a calculable function of the polar angle q of the emitted photon, and the photon
energy fraction x = Eg/

p
s. The polar angle is integrated over a range in which the photon can be

measured in the detector, which excludes the photon being collinear with the incoming electron or
positron. This method requires only identification, rather than complete kinematic reconstruction,
of the top-quark candidates.

An accurate prediction of the
p

s0 distribution requires a matched calculation that includes the en-
hancement of the cross section at the tt production threshold from bound-state effects and remains
valid at centre-of-mass energies well above threshold. The theoretical predictions used in this
study are based on the NNLL renormalization group improved threshold cross section of [23], and
O(a3

s ) predictions for the continuum production [102, 103], which have been smoothly matched
together [104]. The cross section for e+e� ! tt +X + g ISR factorises into the ISR photon emission
from the incoming leptons and the e+e� ! tt +X inclusive production.

The differential cross section of the e+e� ! tt +X + g ISR process is given as a function of
p

s0 (or,
equivalently, Eg ) for specific values of s and mt . The input mass for the cross section is expressed
in the MS scheme, although for the calculation itself the 1S [105–107] and the MSR [108–110]
schemes are used. The polar angle q of the emitted photon is limited to the interval 10�<q <170�,
which agrees with the acceptance of the CLIC detector. The differential distribution in

p
s0 is shown

on the left hand side of Figure 13 for two different values of the top-quark mass. The maximum
sensitivity of the observable is reached at the tt pair production threshold.

The CLIC luminosity spectrum has an important effect on the observable distribution. The two
dashed curves on the left hand side of Figure 13 represent the distribution weighted by the lumi-
nosity spectrum. The binning in

p
s0 corresponds to the energy resolution of the CALICE silicon-

tungsten electromagnetic calorimeter physics prototype: 16.53/
p

E(GeV)� 1.07(%) [111]. Com-
pared with the ideal calculation shown in solid lines, the threshold peak is smeared out considerably.
The loss of sensitivity leads to an increase of the statistical uncertainty on the top-quark mass of
⇠ 60% for an integrated luminosity of 1.0ab�1. An estimate of the statistical precision is obtained
by fitting large numbers of pseudo-experiments, each corresponding to an integrated luminosity of
1.0ab�1, to the theoretical prediction with the mass as a free parameter. Pseudodata corresponding
to one mass point are shown on the right hand side of Figure 13. The distribution includes the effect
of the CLIC luminosity spectrum. Assuming a selection and reconstruction efficiency of 50% for
tt X g radiative events, consistent with the expected tt event selection and photon reconstruction
efficiency, the resulting statistical precision on the top-quark mass is 100 MeV. The propagation of
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Figure 15: Distributions of the top-quark mass reconstructed from the hadronic top-quark decays
for hadronic (left) and semi-leptonic (right) events, for 1.0ab�1 at 380 GeV CLIC.

forward-backward asymmetry, AFB, provide a simple way to probe the operators presented in Ta-
ble 3 and thus constitute a powerful tool for discovery and a deeper understanding of the nature of
the electro-weak symmetry breaking. The differential tt cross section, as a function of polar angle
q ⇤ of the top quark in the tt centre-of-mass system (defined with respect to the electron beam), is
here described by

ds
d(cos(q ⇤))

= s1(1+ cos(q ⇤))2 +s2(1� cos(q ⇤))2 +s3(1� cos2(q ⇤)). (8.1)

At tree level the three terms can be related to the top-quark pair production cross sections for differ-
ent helicity combinations in the final state, s1,2,3. The coefficients in front of the helicity amplitudes
can be expressed using Equation 4.3 and Equation A.1 by taking into account the polarisation fac-
tors and summing over the different helicity states of the initial and final states. The forward and
backward cross sections, sF and sB, can be obtained by integrating the differential cross section
over the top-quark polar angle ranges, 0 < q ⇤ < p/2 and p/2 < q ⇤ < p , respectively. The total
production cross section, s tt , can be expressed as

s tt = sF +sB = (4/3)(2s1 +2s2 +s3), (8.2)

while the top-quark forward-backward asymmetry is defined as

AFB ⌘ sF �sB
sF +sB

=
1

s tt
2(s1 �s2). (8.3)

The latter is particularly important to probe and disentangle EFT operators that have a strong an-
gular dependence. Measurements with different beam polarisation, enriching the event samples in
either left-handed or right-handed top-quarks, allow the photon and Z-boson contributions [116] to
be disentangled, while data from two (or more) different centre-of-mass energies effectively con-
strain BSM operators whose effects grow with energy [117, 118]. Extracting s tt and AFB for the
full CLIC staging programme, thus allows all degrees of freedom in a global fit to be constrained,
as will be seen in Section 11.1.
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380 GeV, hadronic

Radiative events at 380 GeV 
•Hard ISR photon can allow production of tt pair at threshold 
•Recovers sensitivity to top mass 

•100 MeV statistical uncertainty for 1 ab-1  
•100 MeV theoretical uncertainty (NNLO+NNLL) 

Can this be envisaged at FCC-ee @ 365 GeV ?

Isolated µ–

Isolated µ–

Figure 20: Example displays of tt ! qqqqµnµ events in CLIC_ILD at
p

s = 380 GeV (top) andp
s = 3 TeV (bottom). The events include overlay of g g ! hadrons background as described in

Section 5.2. An isolated lepton is clearly seen along with four separate jets (top) or two larger
boosted jets (bottom).

The remaining PFOs are clustered in two subsequent steps following the approach outlined in
Section 6. The resulting two exclusive large-R jets are used as input to the top-quark tagging
algorithm that constitutes the basis for identification of the hadronically decaying top quark in the
following analysis.
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Boosted tt event at 3 TeV

JHEP 11 (2019) 003 

JHEP 11 (2019) 003 

JHEP 11 (2019) 003 

https://link.springer.com/article/10.1007/JHEP11(2019)003
https://link.springer.com/article/10.1007/JHEP11(2019)003
https://link.springer.com/article/10.1007/JHEP11(2019)003
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|Vts| at FCC-ee

11

Current measurements on 
‣ PDG value: 

• From  mixing, mediated via -  box diagrams
• Assume no NP in the loop
• Dominated by theory uncertainty from lattice QCD

Potential at  colliders
• Model-independent direct measurement
• ~ 6400  decays expected at FCC-ee (2.5 ab-1)

• Crucially depend on s-tagging performance
• Limited by statistical uncertainty

|Vts |
|Vts | = (41.5 ± 0.9) × 10−3

B0
s − B̄0

s t W

e+e−

t → Ws

From Xunwu’s 
talk [link]

Significance of 7.7 sigma -> |Vts| measurement 
with statistical precision of 10%

https://indico.in2p3.fr/event/32629/contributions/142842/
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Couplings to photon and Z boson
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Figure 1. The eight fi(x, cos θ) functions and the standard-model contribution S0(x, cos θ) for ℓ−

at
√
s = 365GeV. Left column, from top to bottom: f1 = fγ

A; f3 = fγ
B ; f5 = fγ

C ; and f7 = fγ
D.

Right column, from top to bottom: f2 = fZ
A ; f4 = fZ

B ; f6 = fZ
C ; f8 = fZ

D ; and S0. In all these

figures, θ is the lepton polar angle, and x is the reduced lepton energy, defined as x = 2Eℓ
mt

√
1−β
1+β ,

where β is the top velocity and mt is the top mass.
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From Xunwu’s talk [link]

JHEP 04 (2015) 182
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The aforementioned claim is revisited in the present study. The sensitivity to the top-

quark electroweak couplings is estimated here with an optimal-observable analysis of the

lepton angular and energy distributions of over a million events from tt̄ production at the

FCC-ee, in the ℓνqq̄bb̄ final states (with ℓ = e or µ), without incoming beam polarization

and with a centre-of-mass energy not significantly above the tt̄ production threshold.

Such a sensitivity can be understood from the fact that the top-quark polarization

arising from its coupling to the Z is maximally transferred to the final state particles via

the weak top-quark decay t → Wb with a 100% branching fraction: the lack of initial

polarization is compensated by the presence of substantial final state polarization, and by

a larger integrated luminosity. A similar situation was encountered at LEP, where the

measurement of total rate of Z → τ+τ− events and of the tau polarization was sufficient

to determine the tau couplings to the Z, regardless of initial state polarization [4, 5].

This letter is organized as follows. First, the reader is briefly reminded of the theoretical

framework. Next, the statistical analysis of the optimal observables is described, and

realistic estimates for the top-quark electroweak coupling sensitivities are obtained as a

function of the centre-of-mass energy at the FCC-ee. Finally, the results are discussed and

prospects for further improvements are given.

2 Theoretical framework

The top-quark couplings to the photon and the Z can be parameterized in several ways.

In ref. [3], for example, the analysis makes use of the usual form factors denoted F1, F2,

defined in the following expression (with X = γ, Z):

ΓttX
µ = −ie

{
γµ

(
FX
1V + γ5F

X
1A

)
+

σµν
2mt

(pt + pt̄)
ν
(
iFX

2V + γ5F
X
2A

)}
, (2.1)

with, in the standard model, vanishing F2s and

F γ
1V = −2

3
, FZ

1V =
1

4 sin θW cos θW

(
1− 8

3
sin2 θW

)
, (2.2)

F γ
1A = 0, FZ

1A =
1

4 sin θW cos θW
. (2.3)

The sensitivities are expressed therein in terms of F̃1, F̃2 defined as

F̃X
1V = −(FX

1V + FX
2V ) , F̃X

2V = FX
2V , F̃X

1A = −FX
1A , F̃X

2A = −iFX
2A . (2.4)

On the other hand, the optimal-observable statistical analysis presented in the next

section, based on ref. [6], uses the following A,B,C,D parameterization (with v = γ, Z):

Γµ
ttv =

g

2

[
γµ {(Av + δAv)− γ5(Bv + δBv)}+

(pt − pt̄)
µ

2mt
(δCv − δDvγ5)

]
, (2.5)

which easily relates to the previous parameterization with

Av + δAv = −2i sin θW
(
FX
1V + FX

2V

)
, Bv + δBv = −2i sin θWFX

1A , (2.6)

δCv = −2i sin θWFX
2V , δDv = −2 sin θWFX

2A . (2.7)
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•Can be simultaneously constrained at FCC-ee via lepton 
kinematics in semi-leptonic decay channel 

•Requires differential measurement in lepton azimuthal 
angle and (reduced) energy (x) 

•Does not require beam polarisation!
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Figure 4. (Modified from ref. [3]). Statistical uncertainties on CP-conserving top-quark form
factors expected at the ILC (blue) and the LHC (red). The figure was modified to include the
projections from the FCC-ee. The results for the LHC assume an integrated luminosity of 300 fb−1

and a centre-of-mass energy of 14TeV. The results for the ILC assume an integrated luminosity of
500 fb−1 at

√
s = 500GeV, and beam polarizations of P = ±0.8, P ′ = ∓0.3. The ILC projections

are obtained from the measurements of the total top-quark pair production cross section, together
with the top-quark forward-backward asymmetry. The FCC-ee projections are obtained at

√
s =

365GeV, with unpolarized beams and with an integrated luminosity of 2.4 ab−1, from the sole
lepton angular and energy distributions.

Precision on F γ
1V FZ

1V F γ
1A FZ

1A

Only three FX
1V,A 1.2 10−3 2.9 10−3 0.0 10−2 2.2 10−2

All four FX
1V,A 1.2 10−3 3.0 10−3 1.3 10−2 2.4 10−2

√
s = 500GeV 5.5 10−3 1.5 10−2 1.0 10−2 2.2 10−2

Table 1. Precision on the four FX
1V,A expected with 2.4 ab−1 at

√
s = 365GeV at the FCC-ee, if

F γ
1A is fixed to its standard model value (first row) or if this constraint is relaxed (second raw). The

precisions expected with 500 fb−1 at
√
s = 500GeV are indicated in the third row.
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JHEP 04 (2015) 182

Ongoing detector-level analysis 
with FCC-ee Delphes simulation 

https://indico.in2p3.fr/event/32629/contributions/142842/
https://link.springer.com/article/10.1007/JHEP04(2015)182
https://link.springer.com/article/10.1007/JHEP04(2015)182
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Summary and outlook
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•Plenty of potential to constrain top quark properties and 
couplings at (and above) the tt production threshold 

•Possibility to determine top quark Yukawa coupling with 
competitive precision 

•Determination of top quark mass and width currently 
limited by theoretical uncertainties (30/40 MeV) 

•Need improvements on theory predictions

Thank you
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Figure 4.4. Same as Fig. 4.1, now comparing the sequential impact of the separate
→

s runs at the FCC-ee with
respect to the baseline fit. We display the e!ects of adding the projected FCC-ee dataset at, first,

→
s = 91 GeV

(blue), followed by adding
→

s = 240 GeV (orange) and finally adding both
→

s = 161 and 365 GeV (green), which
completes the FCC-ee dataset listed in Table 4.1.

proposed running scenarios, see also the Fisher information matrix in Fig. 4.2.

Fig. 4.4 illustrates the sequential impact of the datasets collected at di!erent values of
→

s at the

FCC-ee. First we show the values of the ratio Rωci when only the Z-pole EWPOs at
→

s = 91 GeV are

included in the fit, then when also the Higgs factory dataset from the
→

s = 240 GeV is accounted for,

and finally for the full FCC-ee dataset, which includes also the WW run at 161 GeV and the tt̄ run at

365 GeV. Fig. 4.4 indicates that the largest impact is obtained when the Higgs, diboson, and fermion-pair
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arXiv:2404.12809

See Marcel’s talk on global 
interpretations [link]

•Efforts started with FCC-ee simulation for both top 
properties and couplings, showing promising results 

•Aiming at being included in the input to the strategy, 
and at further improvements in the future

https://arxiv.org/abs/2404.12809
https://indico.in2p3.fr/event/32629/contributions/140478/

