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Overview
- Measurement of WbWb production cross section at different center-of mass 

energies (340-365 GeV) around ttbar production threshold in e+e- collisions at 
FCC-ee 

- Different center-of mass energy points offer the measurements of   top mass, 
width,  top-Yukawa couplings and even look for new physics 
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- Dominant background 
contribution from e+e-→WW  

- Assuming 10-4 uncertainty on 
integrated luminosity

- Targeting semi-hadronic and hadronic 
decay modes (total branching fractions  
~90%) with integrated luminosity of 
41/fb per e.c.m at 340-355 GeV and 
2.65/ab at 365 GeV

sensitivity to top yukawa 
even beyond threshold 

sensitivity to top 
mass and width



Simulation and object selection
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- Signal (WbWb) and background (WW) samples with detector simulation (IDEA) 
incorporated using DELPHES  

- Two event categories:  
- semi-hadronic (hadronic) : exactly one (zero) isolated lepton (muon or electron) 

with p > 12 GeV
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   Simulation- Exclusive jet clustering 
- four (six) jets for the semi-hadronic (hadronic) 

channel 
- Signal-background discrimination using BDT

- Heavy-flavor jet tagging to control background 

used WP

pure 
in bkg

high 
signal

Lepton acceptance 
~99.5%   

(for all energy points)

semi-hadronichadronic



Event kinematics 
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Broader momentum spectrum for 
WW as compared to signal

larger boost in background peaks at zero for backgroundhadronic

semi-hadronic



BDT classifier training 
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- Classifier trained at 345 GeV for semi-hadronic and hadronic cases separately 
- Input variables include: lepton and jet kinematics 
- Three training configurations depending upon the flavor input 

- without any flavor information 
- with flavor information 
- with b-tagged jets only     

no flavor 

BDT score

same trained 
model works 
for all e.c.m 

points

340 GeV 365 GeV

BDT trained without any flavor information  
already shows good discrimination → less sensitive 

to tagger-related uncertainties  

hadronic



Cross section measurement 
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- Perform a simultaneous maximum likelihood fit to the b-tagged jet multiplicity in 
the signal and control regions in semi-leptonic and hadronic channels, after 
applying a cut on the BDT classifier  

- Normalization of the WW background freely floating in the fit and de-correlated 
between semi-leptonic and hadronic channels 

- Uncertainty on luminosity calibration (0.01%) → correlated between two channels

inputs to the fit 

control region with 
zero b-tagged jets

signal region with at 
least one b-tagged jet

1% total uncertainty

345 GeV (41 /fb)

hadronic



Cross section measurement-ii 
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0.12% total uncertainty 

2.2% total uncertainty dominated 
by background normalization

340 GeV (41 /fb)

365 GeV (2.65 /ab)

10^-3



Calculated cross section at N3LO, illustrating the 
effect of ISR and FCC-ee beam energy spectrum 
(0.23% gaussian spread per beam)

Plot illustrating the perturbative convergence 
of the non-relativistic (NR) QCD prediction for 
WbWb production around the tt production 
threshold

Fit of theory predictions to pseudo-data

More details in Matteo's plenary talk tomorrow! 
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ISR + BES

https://indico.in2p3.fr/event/32629/contributions/144243/


Fitted cross section

Additional high-statistic point (2.65/ab) at 365 GeV allows to measure top Yukawa 
coupling to 1.7% statistical uncertainty (assuming only Yukawa corrections to Ztt 
vertex)

Dependence on the beam energy resolution 
of the statistical uncertainty in the fitted 
mass and width
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considering 10 scan points (stat only!) 
(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 4: Typical Feynman diagrams contributing to ∆SM.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

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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Theoretical uncertainty

- Strong dependence on renormalisation scale at threshold, even at N3LO 
- Uncertainty from theory dependence much larger than experimental precision 
- Theory improvements needed to maximise precision
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Conclusions 
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- Performed a study of WW and WbWb production around the ttbar threshold for 
different values of center-of-mass energy points  

- Targeted events in semi-hadronic and hadronic categories  
- High lepton acceptance at all center-of-mass energy points (after a minimal cut on 

momentum) and 100% for jets (no event selection) 
- BDT classifier used for signal and background discrimination 

- Performed a simultaneous binned maximum likelihood fit to b-tagged jet 
distributions in the signal and background control regions to extract cross section 

- WW background well under control (per-mille level impact on WbWb cross 
section) 

- Simultaneous fit of N3LO theory prediction to measured cross section 
- 8 MeV (stat.) uncertainty in top mass 
- 11 MeV (stat.) uncertainty in top width 
- 1.7% (stat) uncertainty in top Yukawa, assuming only effect on Ztt vertex 

- Measurement of mass and width limited by QCD scale variations 
- Effect of theory uncertainties on top Yukawa to be studied



backup

Dependence of the total WbWb cross 
section on the renormalisation scale

Dependence of the fitted mass and 
width on the renormalisation scale



Dependence of the total WbWb cross section on the factorisation scale of the finite width 
effects. This dependence is expected to vanish when N3LO corrections for the non-resonant 
diagrams are included (currently NNLO)



Event kinematics (jets) -i
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hadronic 

semi-leptonic
e.c.m

leading jet momentum



b-tagged jets (tight working point)
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BDT classifier outputs
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hadronic 

semi-leptonic
e.c.m



b-tagging score (semihad)
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b-tagged jets post BDT cut (CR)

18



b-tagged jets SR post BDT cut 
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Results: 345 GeV, 41/fb
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Same as previous slide, but for 345 GeV
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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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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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with b-tagged jets 
with flavor no flavor 


