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Outline

• The FCC-ee collider expected to produce large, 

clean top quark pair sample

• Top quark mass and width important 

parameters SM and contribution loops

• Probing electroweak couplings ttZ and ttγ with 

unprecedented precision

• FCC-ee can pin down role of the top quark in 

physics beyond the Standard Model, also at 

higher scales: 

• tested by measuring Flavour Changing Neutral 

Currents
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FCC-ee: Introduction 
• High-luminosity ee circular collider

proposed in new 80-100 km tunnel 

near CERN

• Flexible centre-of-mass-energy 

from 90 to 400 GeV

• Schedule (and physics) 

complementary and in synergy with 

FCC-hh (pp @ 100 TeV)

• Explore energy scales to at least10 TeV

– With precision measurements, 20-50 fold improvement on many SM 

parameters such as
• mZ mW mtop sin2θW

eff RB, αQED αS, top and Higgs couplings

• Potential to directly or indirectly discover BSM physics 
• Understand BSM through quantum effects in loops

• DM as invisible decay of H as Higgs factory

• FCNC in Z and ttbar, flavour physics

• Very diverse exotica programme 
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Dashed lines : Possible energy and luminosity upgrades

Top physics at the FCC-ee
• The strength of the FCC-ee

program:

• span several centre-of-mass energies: 

from Tera-Z to 350 GeV

• Using separate e+ and e- storage rings 

and target  β*γ ~1-2 mm means high 

luminosity at all energies

• Where/when does top physics 

come in the program? 
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• @350 GeV and just above threshold @370 GeV: 
• cross section ttbar: ~0.5 pb

• dedicated run at/around 2mtop ‘Mega-Top’ 

• 2 ab-1 = 1M top pairs 
• with 4 IP: 0.5 year/IP    (arxiv:1601.06640)

• Dedicated run at 370 GeV for top electroweak couplings

• Single top quark sample: byproduct of 240 GeV run
• at H+Z mass

See: arXiv:1308.6176

Physics meetings public:

https://indico.cern.ch/category/5259



merit of mtop threshold scan

At lepton colliders, measurement of photons from 
ISR can be used to scan cross section vs centre-
of-mass
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arXiv:1604.08122

• FCC-ee will measure αs with unprecedented precision at Z 
pole and WW threshold

• Cross section shape depends strongly on top quark mass and 
width, αs and Yt

• Top mass and width can be measured directly with an accurate 
top cross section threshold scan
• Improved αs drastically improves correlations mt, Γt and Yt



mtop threshold scan

• Threshold shape depends strongly on mtop and Γtop so indirectly Vtb

• Size of resonance behavior at and above threshold can be used to 
indirectly constrain Ytop
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As can be seen, at the FCC-ee:  

- an enhancement of  the steepness of  the threshold profile 

- larger absolute value of  the ttbar effective cross section 

 

With 100fb-1  and an ILD/CLIC like detector: 16MeV@FCCee 

The threshold shape is also affected by luminosity spectrum and ISR. They lead to: 

Ø  an overall reduction of  the ttbar effective cross section (as they shift a fraction of   

     the luminosity below the threshold energy) 

Ø broadening of  the threshold turn-on because of  the tail at low-energy & the width of  

the main luminosity peak. 

Top quark mass from the threshold scan 

F.Simon 	

Top mass and threshold scan
• The threshold shape is 

affected by ISR and luminosity 

profile 
• Width of turn-on affected by width 

luminosity peak

• Possibility to shift below threshold 

energy means reduction in effective 

cross section
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F.Simon 	

• The FCC-ee has very steep 

luminosity profile, enhancing 

size of top sample and 

knowledge of centre-of-mass

• With 100 fb-1 and a ILD/CLIC-

style detector FCC-ee can 

measure top quark mass with 

16 MeV statistical accuracy!



Uncertainties on mtop
• Uncertainty due to αS:

• Δmtop = 2.7 MeV × (Δαs/0.0001)  5.4 MeV

• Input measured (at FCC-ee) with precision of 
Δαs < 0.0002 using W/Z boson hadronic 
branching fraction

• See talk Mario Antonelli at ICHEP2016 

• Theory uncertainty: 
• Description shape e+e- to bWbW calculated at 

NNLL

• Most important NNLL dependence 
• 1S-MSbar scheme top mass 

• Recent developmenst:     
• Uncertainty mtop 23 MeV (parton shower level)

• Experimental (statistics) uncertainty 8-14 MeV 
depending on 1D or 2D fit
• 10 MeV stat uncertainty mtop within reach if 

theory improvement continues
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NNLL top-antitop production at threshold Maximilian Stahlhofen
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Figure 2: The band labeled “NNLL” represents the prediction of stot(e
+ e− → t t̄) in the threshold region

with (a) and without (b) the NNLL ultrasoft mixing contribution to c1(n ) in addition to all other known

QCD corrections up to NNLL order. The other bands refer to the complete NLL and LL results, respectively

and are identical in both panels. All bands were generated by varying the renormalization parameter n

between 0.1 and 0.4 and using the 1S-mass scheme [25] with m1S = 172 GeV. Further input parameters

were Gt = 1.46 GeV for the top width and as(MZ) = 0.118 for the strong coupling in the MS scheme. In the

peak region of the NNLL result in panel b the scale variation is around ± 1.7%.

References

[1] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group], arXiv:hep-ph/0106315;

T. Abe et al. [American Linear Collider Working Group], in Proc. of the APS/DPF/DPB Summer

Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, arXiv:hep-ex/0106057;

A. Juste et al., arXiv:hep-ph/0601112.

[2] G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 51, 1125 (1995) [Erratum-ibid. D 55, 5853

(1997)] [arXiv:hep-ph/9407339].

[3] A. H. Hoang, Acta Phys. Polon. B 34, 4491 (2003) [arXiv:hep-ph/0310301].

[4] A. Pineda and A. Signer, arXiv:hep-ph/0607239.

[5] M. Beneke, Y. Kiyo, K. Schuller, PoS RADCOR2007, 051 (2007). [arXiv:0801.3464 [hep-ph]].

[6] M. Luke, A. Manohar and I. Rothstein, Phys. Rev. D61, 074025 (2000) [arXiv:hep-ph/9910209].

[7] A. H. Hoang, A. V. Manohar, I. W. Stewart and T. Teubner, Phys. Rev. Lett. 86, 1951 (2001)

[arXiv:hep-ph/0011254]; A. H. Hoang, A. V. Manohar, I. W. Stewart and T. Teubner, Phys. Rev. D 65,

014014 (2002) [arXiv:hep-ph/0107144].

[8] A. H. Hoang, C. J. Reisser, P. Ruiz-Femenia, Phys. Rev. D82, 014005 (2010). [arXiv:1002.3223

[hep-ph]].

[9] M. Beneke, B. Jantzen, P. Ruiz-Femenia, Nucl. Phys. B840, 186-213 (2010). [arXiv:1004.2188

[hep-ph]].

[10] A. A. Penin, J. H. Piclum, [arXiv:1110.1970 [hep-ph]].

[11] A. H. Hoang, Phys. Rev. D 69, 034009 (2004) [arXiv:hep-ph/0307376].

[12] A. V. Manohar and I. W. Stewart, Phys. Rev. D 63, 054004 (2001) [arXiv:hep-ph/0003107].

[13] A. Pineda, Phys. Rev. D 66, 054022 (2002) [arXiv:hep-ph/0110216].

7

arXiv: 1111.4486



Motivations for Top quark studies 

Radiative corrections connect mW, mt, and mH ... 

Both top quark and Higgs boson are contributing 

to 1-loop W/Z propagators: 

Assuming , GF and MZ as inputs, M2
W at 

1-loop is given by: 

New	physics	
The presence of  a new physics with  

EW couplings would change this picture! 

FCC-Rome	 4	

Prospectives EWK t-W fits after FCC-ee

• Improvements mtop, αS, MW at FCC-ee
• Would improve understanding consistency SM in top-W-H 

radiative corrections

• Standard Model line uncertainty dominated by Z 
boson mass error
• Without FCC-ee it’s 2.2 MeV!
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Electroweak couplings to top
• ttZ, ttγ couplings can be enhanced in extra 

dimensions and (particularly) composite Higgs 
models
• Directly probed as production process FCC-ee

• Use lepton energy and angular distributions top 
decay to disentangle ttZ from ttγ in l+jets
• Large luminosity more than compensates for lack 

beam longitudinal polarisation

• Sensitivity investigated in optimal observable 
analysis in arXiv:1503.01325 using form factor 
approach:

___
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Reference: arXiv: 1503.01325



Electroweak couplings to top

• Each contributes differently to double-
differential cross section 

• Lepton angle (cos θ)

• x (reduced lepton energy) 

• Sum contributions fitted to data         
SM+δAZ/γ+δBZ/γ
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Reference: arXiv: 1503.01325

Standard Model

Angular modifications 



Electroweak couplings to top

Reference: arXiv: 1503.01325

• Fit includes conservative 
assumptions detector 
performance such as b-tagging, 
lepton identification and 
angular/momentum resolution

• Expected precision of order 10-2 

to 10-3 

• Expected uncertainty on bounds 
ttZ/ttγ couplings dominated by 
theory uncertainty on prediction 
mechanism

• Optimal centre-of-mass energy is 
365-370 GeV

• Also confirmed by full analysis 
using Whizard and assumed FCC-
ee detector performance
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Constraining BSM with Z/γ to ttbar

• Precision measurement 
has great potential to 
constrain BSM
• AZ/γ and BZ/γ parameters can be 

interpreted as gR and gL

• Cross section constraint of 
~2% can be used to 
constrain BSM well 
beyond LHC precisions 
• in this case Composite Higgs 

models
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• Note: 2% uncertainty cross section 

depends on controlling large QCD 

uncertainties near threshold!

• Currently theory uncertainty at 370 

GeV is about 3-4% 
• Larger at 350 GeV

• We are not far from 2% needed

gL = g

2
(Az +Bz )

gR = g

2
(Az -Bz )



Flavour Changing Neutral Currents

• FCNC are one of the best handles on 

constraining SM/indirectly discovering BSM in 

the top sector

• Almost all popular BSM extensions predict 

increased rare decays of the top quark
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arXiv:1311.2028 



Large and pure ‘MegaTop’ sample good for FCNC 

• As usual in FCNC analyses, taking 
an effective Lagrangean approach

• FCNC tqZ and tqγ: top quark+light
quark jet final states
• Due to lower total mass, already 

sensitivity at 240 GeV FCC-ee run 
(ee --> HZ)

• Can be analysed in full hadronic
and semileptonic top decays 
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Clear distinction between tqγ and 
ttbar in semileptonic final state 



Sensitivity FCNC: 95% CL exclusion limits

• Limits in all-hadronic and lepton+jets

channel compatible
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Sqrt(s) and lumi 240 GeV
100 fb-1

240 GeV
10 ab-1

350 GeV
3 ab-1

BR(t->qγ) 
all hadronic

1.43 x 10-4 3.17 x 10-5

BR(t->qγ) 
semileptonic

- 2.01 x 10-5 9.86 x 10-6

BR(t->qZ) (σμν)
All hadronic

1.86 x 10-4 4.12 x 10-5

BR(t->qZ) (σμν)
semileptonic

- 2.44 x 10-5 1.41 x 10-6

BR(t->qZ) (γμν)
All hadronic

3.78 x 10-4 8.22 x 10-5

BR(t->qZ) (γμν)
semileptonic

- 5.02 x 10-5 5.27 x 10-5
FCC-ee expected to substantially 
improve beyond HL-LHC



Summary
• FCC-ee great machine for precision measurements in the top quark 

sector

• Very high luminosity up to 2 ab-1  (baseline: 1 ab-1)

• with 0.5 pb ttbar cross section

• Different center-of-mass-energies (Z, WW,ZH, ttbar) possible

• Properties and indirect BSM constraints competitive

• Nb: FCC-ee precision can probe scales up to 100 TeV

• not discussed here, see M. Antonelli’s talk

• Most measurements top sector at this point limited by theory 

• FCC-ee can measure top quark mass with threshold scan:

• Statistical uncertainty: 10 MeV

• Total uncertainty dominated by theoretical input

• Top couplings ttZ and ttγ can be measured to  ~ 1% accuracy

• And substantial BSM sensitivity for Composite Higgs-like models

• Limits FCNC of order 10-5 - 10-6
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Outlook

• Top physics = Precision physics with 

BSM sensitivity at FCC-ee

• Many opportunities for interesting short (and 

not-so-short) studies for the FCC technical 

design report due 2018 

• Ask me after the talk, we are always happy to 

train interested physicists!

Thank you for your attention!
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Backup
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Potential physics studies

Freya Blekman - 5 February 2016 - 10th FCC-ee physics workshop

• FCC-ee at 2mtop 350 GeV:

• top mass measurement 

around threshold @350GeV

• intertwined with mass but 
dedicated measurement could 
improve sensitivity:

• top Yt measurement

• top width 

• Rare decays

• FCNC 

• Anomalous couplings

• Forward-backward asymmetry

top physics wish list
X

• Single top physics @240GeV:

• higher integrated luminosity 
will really help here

• direct measurement Vtb

• Anomalous couplings FCNC

• also @240 GeV

• Interference ttbar/WbWb and 
single top production is open topic 

• needs further exploration and 
interaction with pheno group

• The case for 500 GeV run

• direct extraction of Yt from 
ttH

• any other BSM signal to look 
for?  



Forming an international 

collaboration to study: 

• pp-collider (FCC-hh)       

 defining infrastructure 

requirements 

• e+e- collider (FCC-ee) as 

potential first step  

ECM=90-400 GeV

• p-e (FCC-he) option

• 80-100 km infrastructure 

in Geneva area

~16 T  100 TeV pp in 100 km

FFC-ee -> FCC-hh

21
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Provide highest possible luminosity from Z to tt by exploiting b-factory technologies: 
• separate e- and e+ storage rings 
• very strong focussing: β*y = 1 - 2 mm  (target,  baseline -- work in progress!)
• top-up injection 
• crab-waist crossing 

Event statistics :

Z peak Ecm :   91 GeV 5 1012    e+e- Z   
WW threshold Ecm : 161 GeV 108       e+e- WW
ZH threshold Ecm : 240 GeV 106       e+e- ZH
tt threshold Ecm : 350 GeV 106       e+e-tt

LEP x 105

LEP x 2.103

Never done
Never done
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(FCC-ee)


