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NEED MORE TOP PHYSICS! 

2

➤Top being the heaviest quark (and particle) in the SM is the one 
that most strongly influences the Higgs and its potential 


➤Its mass leads to a yukawa coupling of about 1. Coincidence? 

➤Top mass also close to the critical value between the region 
where the Higgs potential is stable up to the Plack scale (or not)

FCC will complete redefine the landscape of top 
studies and measurements: each machine providing 
the ultimate precision for various flagship 
measurements, greatly improving over HL-LHC 
precision studies. 

t H
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➤ Mass and Width 

➤ (anomalous) Couplings: yt, gtWb, gZtt, gγtt 

➤ FCNC and rare decays

➤ Asymmetries & other properties

➤ multi-top+multi-boson production

➤ single top measurements

➤ tops in the initial state (topPDF)

➤ physics with/of (hyper)-boosted tops


Not discussing here top production from decay of NP particles 


HL-LHC will extend significantly the current top precision results (see YR WG1 report 
https://arxiv.org/abs/1902.04070 ) however the FCC projects goes order(s) of magnitudes 
beyond in precision and can reach completely unexplored parameter space. 

THE SHOPPING LIST 

3

The FCC project can achieve in a 
coherent way the ultimate 

precision on measurement of top 
properties

FCC-ee

FCC-hh
Complementary info & details  

in Frank Simon’s talk 
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TOP PROGRAM @FCC-EE
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➤ Run of ~1.5 ab-1 above tt threshold @365GeV (Mega-Top) for top properties 
measurement 


➤ Dedicated energy scan of 0.2 ab-1 at tt threshold for mass measurement 

➤ Profit of the run at 240GeV (5ab-1) dedicated to HZ production for top FCNC


➤ periodic returns at the Z-peak in « FCC-ee top » conditions for calibration

THE FUTURE CIRCULAR COLLIDERS

Figure 2.2: Luminosity as a function of centre-of-mass for the FCC-ee with two interaction points. The
simulated luminosity is shown, together with a slightly more conservative one. Also shown are those
estimated for the ILC – assuming a 500 GeV upgrade – CLIC and CEPC, at the time of submission

increased sensitivity of possibly up to 5� to the Higgs self-coupling from its energy-dependent effect on
the ZH cross-section [23].

Table 2.1: Run plan for FCC-ee in its baseline configuration with two experiments. The number of WW
events is given for the entirety of the FCC-ee running at and above the WW threshold.

Phase Run duration Centre-of-mass Integrated Event
(years) Energies (GeV) Luminosity (ab�1) Statistics

FCC-ee-Z 4 88-95 150 3 ⇥ 10
12 visible Z decays

FCC-ee-W 2 158-162 12 108 WW events
FCC-ee-H 3 240 5 106 ZH events
FCC-ee-tt 5 345-365 1.5 106

tt events

The FCC-ee experimental environment and detectors have been discussed in Chapter 7 of the
FCC-ee CDR Volume, Experiment environment and detector designs. A few important features are
summarised below.

The Machine-Detector Interface governs the geometry of the detector that is close to the beam
line. The central detector magnetic field is limited to 2 Tesla by the fact that the beams cross at a 30 mrad
angle, to avoid that the residual transverse fields generate emittance blow up and loss of luminosity.

The strong focusing of the beams ( �y ' 1 mm) requires a short distance between the focusing
quadrupoles L⇤

= 2.2 m. This forces the luminosity detectors to stand even closer; a luminosity mea-
surement with a relative experimental precision of 10

�4 will require a mechanical tolerance of 1 µm on
the radial dimension of the luminosity calorimeter. Several observables rely on an excellent luminosity
measurement (the Z line shape, the W pair threshold and the Higgs and top production cross-sections
and mass determination).

A small beam pipe (1.5 cm inner radius) and the possibility to bring a vertex detector to a small

PREPRINT submitted to Eur. Phys. J. C
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PRECISION TOP MASS MEASUREMENT

5

➤Precision measurements are a portal to new physics effects at high scales, the clean 
environment and large statistics at FCC-ee will allow to probe effects at much higher energies. 


➤In particular the SM fits need a precise knowledge of the top quark mass (in a well defined 
scheme) possibly below the 100MeV which is extremely difficult to achieve at a pp collider even 
with the statistics of the HL-LHC. 
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TOP MEASUREMENTS FROM THRESHOLD SCAN @FCC-ee
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➤ Cross section shape depends strongly on top quark mass & width (and Yt): threshold scan to measure 

➤ choice of fit points optimized based on theory uncertainties (F. Simon arXiv:1611:03399v1(2016))

➤ threshold shape affected by ISR and machine beam energy spread

➤ Best measurement of Yt will be eventually obtained with FCC-hh 

FCC Physics Opportunities

be measured below the percent level without the need of polarised beams. In addition, this clean sample
can be used to search for exotic production or decay of top quarks via flavour changing neutral currents
(FCNC). The anomalous single top production via the tZq and tgq vertices can be studied also with the
5 ab�1 collected at

p
s = 240 GeV.

6.2.1 Precision Measurements at the Threshold
The precise measurement of the top quark mass is a major goal of the FCC-ee physics programme. At
an e

+
e
� collider the possibility of performing an energy scan around the top pair production threshold

provides the highest accuracy. The tt̄ production cross-section shape at around twice the top mass de-
pends strongly on mtop, but also on the width of the top quark �top, the strong coupling constant and the
Yukawa coupling ytop. The theoretical uncertainties around the top threshold region have been reviewed
in Ref. [164], and they drive the optimum choice of the scan points in the centre of mass energy. The ex-
traction of the top mass value can be performed as a one parameter fit fixing the value of the other inputs
to their SM expectations, or as a simultaneous fit to measure the mass, width, or the Yukawa coupling
at the same time, as shown in Fig.6.2. The resulting statistical uncertainty on mtop (�top) is 17 MeV
(45 MeV). The corresponding systematic error due to the knowledge of the centre of mass energy (to be
known with a precision smaller than 10 MeV) is 3 MeV. The precise measurement of ↵s to 2x10�4 by
measurements at lower energies contributes with 5 MeV to the top mass uncertainty. The current status
of the theory uncertainty from the NNNLO calculations is of the order of 40 MeV for the mass and the
width. The top Yukawa coupling could be extracted indirectly with a 10% uncertainty.
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Figure 6.1: Production cross section of top quark pairs (left) in the vicinity of the production threshold,
with different values of the masses and widths.

6.2.2 Precision Measurement of the Top Electroweak Couplings
In many extensions to the standard model couplings of top quark pairs to Z/g⇤ can be enhanced. These
are directly probed at FCC-ee as they represent the main production mechanism for tt̄ production at
e
+
e
� colliders. It is essential to be able to disentangle the tt̄Z and tt̄g processes to provide separation

among different new physics models. In the case of linear e
+
e
� colliders this is one of the motivations to

implement longitudinal polarisation of the beams. However, it has been shown [165] that FCC-ee’s very
large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state
particles in the process e

+
e
� ! tt̄, as any anomalous coupling would alter the top polarisation as

well. In that case, this anomalous polarisation would be transferred in a maximum way to the top-
quark decay products via the weak decay t!Wb, leading to an observable modification of the final

68
PREPRINT submitted to Eur. Phys. J. C
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TOP MEASUREMENTS FROM THRESHOLD SCAN @FCC-ee
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With 200 fb-1 FCC-ee can measure mtop(Γtop) with ~17(45) MeV statistical accuracy.
Systematics: 3MeV from center of mass energy, 5MeV from αs (2x10-4 as measured at lower energy) 
and ~40MeV from theory uncertainties (NNNLO) 

TOP QUARK MEASUREMENTS
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Mass & Yukawa Coupling

�14

Extension of 1σ contour:  
mass: +29 MeV, - 26 MeV

yt: +0.12, -0.11

Theory uncertainty (symm.): 
mass: 36 MeV; yt: 0.11 
αs parametric uncertainty (0.0002)

mass: 3 MeV; yt: 0.02

• 2D Mass & Yukawa fit

For comparison: default 10 point scan:  
2D mass: +28.5 MeV, - 26.5 MeV; 47 MeV (theo)

2D Yukawa: +0.08, 0.12 MeV; 0.165 (theo) 

Figure 6.2: Statistical uncertainty contours of a two-parameter fit to the top threshold region combining
the mass and width (left) or the Yukawa coupling (right) for an integrated luminosity of 200 fb�1.

kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos ✓ and the
reduced lepton energy x =

2E`

mtop

q
1��
1+� measured in top semi-leptonic decays at

p
s = 365 GeV with

one million tt̄ events allows a precision of 0.5% to be obtained for the vector and axial couplings of
the top to the Z and 1.5% for the ones to the photon. The fit includes conservative assumptions on the
detector performance, such as lepton identification and angular/momentum resolution and b quark jet
identification. The precision of these measurements would allow testing and characterisation of possible
new physics models that could affect the EW couplings of the top quark, see for example Fig.6.3.

Figure 6.3: FCC-ee measurement uncertainties in the left and right coupling of the top to the Z (left) and
to the photon (right) displayed as an ellipse. In the left plot the SM value at (0,0) is compared to predicted
deviations from various composite Higgs model for f  1.6 TeV. The 4DCHMM [166] benchmark point
A is represented with a cyan marker.

6.2.3 Search for FCNC in Top Production or Decay
The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the
SM, leading to branching ratios of the order of 10

�13-10
�14. However, several extensions of the SM are

able to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. Significant enhancements for the FCNC top quark rare decays can take
place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC signal

PREPRINT submitted to Eur. Phys. J. C
69

Ytop can be extracted 
with a10% uncertainty 

Yt vs mtopΓt vs mtop
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A CASE STUDY  - MASS FROM THRESHOLD SCAN
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➤ The threshold measurement is primarily a counting experiment: need to identify the production 
of top pair events above the background.  

➤ profit of all the final state channels to maximize statistics

➤ l+jets and all-hadronic final state characterized by:


➤ large number of jets (4 to 6) 

➤ top basically at rest 

➤ two b-jets


➤ Priority is to devise an efficient selection  to optimize for measurement precision:

➤ study of different strategies for jet reconstructions and algorithms

➤ b-tagging algorithm WP

➤ even selection requirements 

➤ in principle no need for top kinematic fitting 


➤ Also: very important MC studies for correct description of threshold behavior (see Jeremy’s talk)

Jet reconstruction & b(c)-tagging WP  
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A CASE STUDY - DIFFERENTIAL VARIABLES AT THRESHOLD

9

➤ Threshold run to study the differential behaviour of other top variables 

➤ For instance, the asymmetry Afb, would need: 

➤ a precise reconstruction of top and anti-top (correct assignment) 

➤ large statistics coming from including also all-hadronic case 

➤ Perfect case study for hadronic jet reconstruction and kinematic fit 

Kinematic fit: correct association & b(c)-tagging WP

p@max	 AFB	

σtt	
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TOP MASS FROM RADIATIVE RETURNS - NEW CASE STUDY?
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➤ Top mass can be measured also from template fits of 
radiative ttγ events above threshold. 

➤  Study performed for CLIC 380GeV (1ab-1) with 90MeV 

uncertainty on top mass

➤ https://arxiv.org/pdf/1912.01275.pdf


➤ most sensitive region is where the √s’ is close to the 
production threshold 


➤ in this case the photon acceptance and energy are  
crucial variables


➤ effects from beam lumi spectrum and spread 

➤ no kinematic fit is necessary 


➤ not competitive with threshold mass measurement but 
orthogonal systematics 

photon Energy>5GeV and  

angle between 8o and 172o

Photon energy & acceptance
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ELECTROWEAK COUPLINGS OF THE TOP QUARK @FCC-ee
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FCC-ee expected precision of order 10-2 to 10-3 

TOP QUARK MEASUREMENTS

2
 0

.0
05

 G
eV

×
pr

ob
ab

ilit
y 

[%
] /

 0
.0

05
 

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8

 [GeV]tfitted m
171.3 171.4 171.5 171.6 171.7

[G
eV

]
t

Γ
fit

te
d 

1.2

1.25

1.3

1.35

1.4

1.45

1.5

1.55 -1FCCee, flexible, 200.0 fb
 = 171.5 GeVPS

tm
 = 1.37 GeVtΓ

2D template fit

preliminary
based on EPJ C73, 2530 (2013)

February 2018

MPV
 contourσ1 
 contourσ2 

Frank Simon (fsimon@mpp.mpg.de)Top Threshold @ FCCee  - FCC Week April 2018

 [GeV]µ
100 200 300 400

Δ

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

1.2

 / 100 MeV (2D template fit)tmΔ
 (2D template fit)

t
yΔ

)
t

 (1D template fit, fixed m
t

yΔ

-1FCCee flexible top threshold scan ,  200.0 fb
 = 1.37 GeVtΓ = 171.5 GeV, PS

t
PS scheme, input m

preliminary
based on EPJ C73, 2530 (2013)

February 2018

 0
.0

1
×

pr
ob

ab
ilit

y 
[%

] /
 0

.0
05

 G
eV

 

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2

 [GeV]tfitted m
171.3 171.4 171.5 171.6 171.7

t
fit

te
d 

y

0.4

0.6

0.8

1

1.2

1.4

1.6
-1FCCee, flexible, 200.0 fb

 = 171.5 GeVPS
tm
 = 1.37 GeVtΓ

2D template fit

preliminary
based on EPJ C73, 2530 (2013)

February 2018

MPV
 contourσ1 
 contourσ2 

Mass & Yukawa Coupling

�14

Extension of 1σ contour:  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mass: 36 MeV; yt: 0.11 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Figure 6.2: Statistical uncertainty contours of a two-parameter fit to the top threshold region combining
the mass and width (left) or the Yukawa coupling (right) for an integrated luminosity of 200 fb�1.

kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos ✓ and the
reduced lepton energy x =

2E`

mtop

q
1��
1+� measured in top semi-leptonic decays at

p
s = 365 GeV with

one million tt̄ events allows a precision of 0.5% to be obtained for the vector and axial couplings of
the top to the Z and 1.5% for the ones to the photon. The fit includes conservative assumptions on the
detector performance, such as lepton identification and angular/momentum resolution and b quark jet
identification. The precision of these measurements would allow testing and characterisation of possible
new physics models that could affect the EW couplings of the top quark, see for example Fig.6.3.

Figure 6.3: FCC-ee measurement uncertainties in the left and right coupling of the top to the Z (left) and
to the photon (right) displayed as an ellipse. In the left plot the SM value at (0,0) is compared to predicted
deviations from various composite Higgs model for f  1.6 TeV. The 4DCHMM [166] benchmark point
A is represented with a cyan marker.

6.2.3 Search for FCNC in Top Production or Decay
The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the
SM, leading to branching ratios of the order of 10

�13-10
�14. However, several extensions of the SM are

able to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. Significant enhancements for the FCNC top quark rare decays can take
place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC signal

PREPRINT submitted to Eur. Phys. J. C
69

In some CHDM FCC-ee precision sensitivity up to 4TeV Z’ mass  - Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018 �19

➞ expected precision of order 10-2 to 10-3

{

SM

Janot, JHEP 1504 
(2015) 182

FCC-ee

ttZ and ttγ Vertex and Dipole Moments
- -

- Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018 �19

➞ expected precision of order 10-2 to 10-3

{

SM

Janot, JHEP 1504 
(2015) 182

FCC-ee

ttZ and ttγ Vertex and Dipole Moments
- -

➤ttZ, ttγ couplings can be directly probed in the tt production 
process at FCC-ee  

➤Large statistics and final state polarization allow a full separation of the ttZ/γ 
couplings with NO need for (long.) polarization in the initial state. 


➤Optimal  √s= 365 GeV  

➤precise ttZ coupling important input to Yt measurement at FCC-hh 
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A CASE STUDY - ELECTROWEAK COUPLINGS
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➤ The measurement of the EWK top coupling happens ABOVE the top 
threshold 


➤ Need to select top events (as for the mass). Focus on l+jets final state in 
current analysis. 


➤ Need to fit the two tops and assign correctly the b-jet to correct top 
quarks  (tops are basically at rest cannot profit of kinematical boost) 


➤ Study of the jet reconstruction

➤ Study of b (and c)-tagging: to exploit using the b-jet as observable as 

well (in addition to the lepton)

➤ study of kinematical fit optimizing the correct association

Kinematic fit: correct association & b(c)-tagging WP
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TOP FLAVOR CHANGING NEUTRAL CURRENTS 

13

➤ FCNC is a process where the 
top decays via a neutral 
exchange (Z,γ,g) instead of a W 

➤ It is forbidden at tree level in the 
SM and so highly suppressed 


➤ Enhancements from new physics!

SM

- Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018

Flavor Changing Neutral Current Couplings
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FCNC GRAND SUMMARY 

14

FCC Physics Opportunities

will therefore indicate the existence of new physics. CMS and ATLAS obtained the best experimental
upper limits on FCNC couplings from single top quark production and from top quark decays, and their
sensitivity will greatly increase at the HL-LHC. The FCC-ee can perform a search for FCNC in top
decay using the 2 ab�1 collected above the top pair production threshold. It can also profit from studying
the anomalous single top production process with the 5 ab�1 at

p
s = 240 GeV. The sensitivity of the

FCC-ee to the quark FCNC couplings tqg and tqZ (q=u,c) has been studied in the e
�
e
+ !Z/g!tq̄ (t̄q)

channel, with a leptonic decay of the W boson. These preliminary analyses show that the FCC-ee can
reach a sensitivity for BR(t! qg) and BR(t!qZ) of about 10

�5, which is slightly below the sensitivity
of HL-LHC, see Fig.6.4. More optimised studies are expected in the future. It is therefore expected
that FCC-ee could confirm and help characterise a top FCNC decay signature (e.g. distinguish q=u from
q=c), should this be detected at the HL-LHC.
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[9] JHEP 07 (2017) 003
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from arXiv:1311.2028
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Figure 6.4: Summary of 95%C.L. limits in the search for FCNC in top production or decays for various
future collider options, compared to current LHC limits. The study of the top FCNC decays reach at
e
+
e
� linear colliders was recently presented in Ref. [167].

6.3 FCC-hh
The production rate of top quark pairs at FCC-hh is ⇠ 35 nb (Table 6.1), over 30 times larger than at the
LHC. This leads to ⇠ 10

12 top quarks produced during FCC-hh operation, to be used to explore the top
properties via both its production and decay features. As discussed in the case of EW and Higgs produc-
tion, the extended kinematic reach of top quarks leads to sensitivity to EFT operators [168] describing
possible deviations from the EW and QCD top couplings, complementary to what can be probed through
the precise measurements at FCC-ee. The large statistics allow also to extend the search for flavour-
changing neutral currents (FCNC) and other decays suppressed or forbidden in the SM. Furthermore,
each tt̄ event triggered by either quark, allows the study of the decays of the W boson and of the b

70
PREPRINT submitted to Eur. Phys. J. C

➤ FCC-ee similar reach to HL-
LHC: can provide studies in 
case of observation                        


➤ FCC-hh: best reach due to the 
very large statistics available. 
Exploiting boosted topologies 
to compensate large pileup                                                                    

FCC program can 
start probing 
anomalous BR from  
BSM models 
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A CASE STUDY - FCNC 
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➤ At 365 GeV the measurement looks for anomalies in the DECAY of one of the 
top quarks: 

➤ jet & photon reconstruction

➤ kinematic fit of the top (with different objects, also leptons and photons) 

➤ S/B improvement 


➤ At 240 GeV the measurement looks for a SM decaying top quark  (t->Wb) 
accompanied by a non-b quark

➤ requirements on b and charm tagging

➤ kinematic fits for the SM top and correct association of the jets 

➤ need of a  performant background reduction 


➤ Some preliminary studies (fromp INP) showed a significant effect on 
sensitivities due to b and c- tagging. Good starting point  

 b(c)-tagging WP & kinematic fit for S/B & association
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THE NEXT STEPS
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➤ The top physics program at FCC-ee collider allows to  achieve ultimate precision on 
fundamental SM parametes and extend sensitivites to more top properties. 

➤ This is a completely new regime, never been looked at before


➤ Top physics measurements, for their rich final state with many particles and lots of hadronic jets, 
are the perfect playground for our « case studies » geared toward the optimization and the 
detector requirements concerning: 

➤ hadronic jet reconstruction

➤ kinematical fits 

➤ b and c-tagging 


➤ some photons too (form ttgamma and FCNC) 

➤ Connection with theory and accurate MC description of top & background process at threshold 

and above

Concrete work is starting: looking forward having results soon! 
 Contact PPC coordinators for more info on how to get started 


