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Outline

•Why?
• Future colliders  
• a short overview for younger scientists 

(in no particular order)
• Physics reach (highlights)
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what about detectors?
• I will not talk about detector design but the executive summary is that 

there are multiple detector prototypes on the market 

• Many more details on detectors in Nigel Watson’s 
talk later this workshop 

• All general-purpose detectors with excellent performance at least similar but 
usually much better than modern LHC detectors, including excellent b and c 
quark tagging, low (<1 GeV) energy photon and lepton measurement 
capabilities and high rapidity acceptance 
• ATLAS/CMS-like but with suitable resolution, efficiency, acceptance
• More ambitious using really cutting edge technologies such as monolithic active 

pixels, modern drift chambers using si-detector technology, next-generation 
highly granular calorimetry etc

• Both full and fast simulation are commonly used, while parameterized 
detector simulation (e.g. DELPHES) is also frequently used for more 
phenomenology-oriented studies
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Why new colliders?

• Why build a better telescope? 
• Why build a better microscope?

Let’s focus on the physics and on
what we know
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Curiosity!

src:  http://www.smbc-comics.comFreya Blekman, YETI 20191/7/19 8
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From European Strategy in 2013: “ambitious post-LHC accelerator project” 
Study kicked-off in Geneva in Feb 2014

International collaboration to Study 
Colliders fitting in a new ~100 km 
infrastructure, fitting in the Genevois

• Ultimate goal: 
100 TeV pp-collider (FCC-hh) 

à defining infrastructure 
requirements 

Two possible first steps: 

• e+e- collider (FCC-ee) 
High Lumi, ECM =90-400 GeV

• HE-LHC  16T Þ 27 TeV 
in LEP/LHC tunnel

Possible addition:

• p-e (FCC-he) option

~16 T magnets

From what we know today :
the way by FCC-ee is probably the fastest and cheapest 
way to 100 TeV.
That combination also produces the most physics.  It is 
the assumption in the following. 

also a good start for µC!

Future Circular Colliders at CERN

‹#›1/7/19 Freya Blekman, YETI 2019



Top	physics	at	FCC	
Clement	Helsens	CERN-EP	
On	behalf	of	the	FCC	study	group	
ICHEP	2018,	Seoul	
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Future Circular Collider FCC-ee
• High-luminosity ee circular collider proposed in 

new 80-100 km tunnel near CERN

• Flexible centre-of-mass-energy from 90 to 400 
GeV

• Top physics run at 365 GeV
• Schedule (and physics) complementary to LHC 

and in synergy with upgrade to FCC-hh (pp @ 
100 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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Technical Schedule for each of the 3 options
20 22 24 26 28 30 32 34 38 40

Civil Engineering FCC-hh ring

Dipole short models

16 T dipole indust. prototypes
16 T dipoles preseries

16 T series productionSC
 M

ag
ne

ts

CE FCC-ee ring + injector

FC
C-

hh
FC

C-
ee

HE
-L

HC

Strategy Update 2026 – assumed project decision

Installation HE-LHC

LHC Modification

42

Technical Design Phase

36

Installation + test FCC-ee

Installation + test FCC-hh
CE TL to LHC        

LHC Removal

Dipole long models

Injector

16 T magnets

FCC-hh

FCC-ee
HE-LHC

schedule constrained by 16 T magnets & CE
→ earliest possible physics starting dates
• FCC-ee: 2039
• FCC-hh: 2043
• HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

Possible Timeline of the FCCs



Introduction

Compact LInear Collider

Conceptual Design (CDR) presented in 2012 CERN-2012-007

high gradient, two-beam acceleration scheme

staged implementation plan with energy from 380 GeV to 3 TeV

footprint of 11 to 50 km

e
� polarisation

For details refer to: D.Schulte, The CLIC accelerator project status and plans,
parallel session Accelertor: Physics, Perforamnce, and R&D for Future Facilities
A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 3 / 17

CLiC: Compact Linear Collider
• Future e+e- collider with 

access to >=TeV sqrt(s)
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Compact Linear Collider CLIC

I Future e
+

e
≠ collider at the TeV scale

I Novel accelerator technique based on
radio-frequency devices and a two-beam
acceleration scheme with gradient
100 MV/m

I CDR published in 2012
I First beams in 2035

Energy staging

Stage
Ô

s [GeV] Lint [fb≠1]
1 380 500
top scan 350 100
2 1500 1500
3 3000 3000

Cf. talk #884: The CLIC accelerator

project status and plans (D. Schulte)

Cf. talk #526: Top physics at the first

CLIC stage (F. Zarnecki)

Ulrike Schnoor Top-Quark Physics at High-Energy CLIC - 6 July 2018 2 / 13

• Accelerator techniques are novel and rely on two beam 
acceleration involving gradients over 100 MV/m!

Energy scenarios (staged)

sqrt(s) [GeV] Integrated luminosity 
[fb-1]

380 500
350 (top scan) 100

1500 1500

3000 3000



International Linear Collider ILC
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Bilokin S. ICHEP 2018 2

ILC project

● A new Higgs factory with

● Upgradable to higher energies 

● Highly granular general purpose detectors

● Well known initial state, low machine background 

● Polarized electron and positron beams

● Main goals:

– Precision measurement of Higgs couplings 

and Standard Model parameters

– Direct search of BSM particles

arxiv:1306.6327

arXiv:1710.07621

• ILC250 - start with an 
initial energy of 250 
GeV: 
important:
• Precision on 

dominated by 
integrated Lumi

• 250: reduced ability for 
direct BSM searches

• ILC250 should provide 
impressive precision 
Higgs physics

• Is upgradable in 
energy to study ttbar

????
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Circular colliders: CEPC

Center of mass energy 91 - 240 GeV
Max. luminosity (√s=240 GeV) 3 x 1034 cm-2s-1

Later install SPPC (pp collider) √s = 100-120 TeV

CEPC booster ring (100km)CEPC collider ring (100km)

Higgs, W, and Z modes

Syncrotron Radiation power 30MW/ beam, 
upgradable to 50MW/beam

CDR published in November 2018
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CEPC Site Selections

• 1) Qinhuangdao, Hebei Province�Completed in 2014�
• 2) Huangling, Shanxi Province�Completed in 2017)
• 3) Shenshan, Guangdong Province(Completed in 2016)
• 4) Baoding (Xiong an), Hebei Province (Started in August 

2017)
• 5) Huzhou, Zhejiang  Province (Started in March 2018)
• 6) Chuangchun, Jilin Province (Started in May 2018)

Huanghe Company participated
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CEPC
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Lumi. Higgs W Z Z(2T)
´1034 2.93 11.5 16.6 32.1

• Studies for site ongoing
• Qing Huang Dao “Site 1” (close to 

Beijing)  is used for studies CDR
• Top quark runs currently part of potential 

upgrade

Source: X. Lou, ICHEP18 plenaries 



Paths to realizing the e+e- collider(s) 
ILC  ILC250 is ready to go forward, waiting for a decision from the Japanese government

“The 2018 Asian Linear Collider Workshop (ALCW2018) is being held in Fukuoka, Japan from 
28 May to 1 June. At the meeting a statement was unanimously endorsed stressing the 

scientific importance of the ILC and urging the Japanese government to declare interest in 

hosting the project. A decision is now urgent because the European Strategy Group, which 
supported European participation in the ILC in the last update in 2013, needs input by the 
end of 2018 if the Project is to be integrated into their report.”

CLIC Can be implemented at CERN, as an international project, after completion of the LHC.

FCC-ee Can be implemented at CERN, as an international project, after the LHC.

CEPC: Chinese Government�”actively initiating major-international science project…”
	��2018�5��2018.3.14�http://www.gov.cn/zhengce/content/2018-03/28/content_5278056.htm

• focuses on “frontier science, large-fundamental science , global focus, 

international collaboration, …”
• by year 2020�3-5 projects will be chosen to go into “preparatory stage”, among 
which  1-2 projects will be selected.  More projects will be selected in later years.
• This is a likely path to realize CEPC.

Source: X. Lou, ICHEP18 plenaries 

????

http://www.gov.cn/zhengce/content/2018-03/28/content_5278056.htm


FCC-hh: 100 TeV proton-proton collider
• Nigel Watson will discuss 

more
• Physics- and analysis-wise 

this machine very similar 
to LHC – but with larger 
cross sections/better S/B 
ratio
• parton luminosities!
• And BIG analysis 

challenges: almost 
everything boosted, more 
forward production

• But for that you can design 
a detector that can do that

1/7/19 Freya Blekman, YETI 2019 19



FCC-hh is a HUGE discovery machine (if nature …),  but not only.

FCC-hh physics is dominated by three features: 

Highest center of mass energy ® a big step in high mass reach!
ex: strongly coupled new particles up to >30 TeV
Excited quarks, Z’, W’, up to ~tens of TeV  
Give the final word on natural Supersymmetry, extra Higgs etc..  reach up to 5-20 TeV 
Sensitivity to high energy phenomena in e.g. WW scattering            

HUGE production rates for single and multiple production of SM bosons (H, W, Z) and quarks
Higgs precision tests  using ratios to  e.g. gg/µµ/ tt/ZZ,  ttH/ttZ @<% level
Precise determination of triple Higgs coupling (~3% level) and quartic Higgs coupling
detection of rare decays  H ® Vg  (V= r, j, J/y, ¡, Z…) 
search for invisibles (DM searches, RH neutrinos in W decays)
renewed interest for long lived (very weakly coupled) particles.    
rich top and HF physics program  

Cleaner signals for high Pt physics 
allows clean signals for channels presently difficult at LHC (e.g. H ® bb)

20

FCC-hh discovery potential highlights

1/7/19 Freya Blekman, YETI 2019
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Future lepton colliders luminosities

Clear advantage in luminosity for circular colliders vs. linear colliders.
Linear colliders (CLIC) have higher energy reach, but less than a pp collider.
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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 	

Collider: does it matter which one?

• 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

1/7/19 Freya Blekman, YETI 2019 22
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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 	

• Both sample size and knowledge of 

uncertainty centre-of-mass create 

important uncertainties 

• ISR/luminosity profile sharper for 

circular machines

• can be optimised for expected 

physics performance



Circular e+e- colliders: FCC-ee, CepC
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e+e-→ HZ

µ+

µ-

❑ Basic measurements similar for all  e+e-colliders
◆ Some differences in experimental conditions

◆ e+e- → HZ at √s = 240-250 GeV : Higgs boson are tagged with a Z and mRecoil = mH

● Measure sHZ (∝ gHZ
2) independently of H decay: absolute determination of gHZ

● Measure sHZ × BR(H → invisible) and many exclusive decays sHZ × BR(H → XX)
● Infer Higgs width GH from sHZ × BR(H → ZZ) (µ gHZ

4/GH) 
● Fit couplings gHX from BR(H → XX) and GH in a model-independent manner

◆ e+e- → HZ completed with WW fusion at √s = 350-365 GeV at FCC-ee
● Improves all precisions, especially on gHW and GH

● First glance at top Yukawa coupling lt and Higgs self coupling lH (next slides)
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Analysis at lepton colliders
crash course for a hadron collider physicist

• At lepton colliders, measurement of 
photons from ISR can be used to 
accurately measure centre-of-mass of 
each event

• Triggers are not really an issue typically

• Relatively few backgrounds that are SM-
based (few ‘fake’ backgrounds)ß

• Strategy jet reconstruction is very 
different: typically fitting all 
information in event for the expected 
jet multiplicity
• And different jet reconstruction 

algorithms
• So effectively *always* 4 jets in HH-

>bbbb, ttbar->l+jets, etc

1/7/19 Freya Blekman, YETI 2019 24

Introduction

CLIC running scenario CERN-2016-004

Three construction stages (each 5 to 7 years of running)
for an optimal exploitation of its physics potential

p
s = 380 GeV with 500 fb�1 + 100 fb�1 at tt̄ threshold

focus on precision Standard Model physics,
in particular Higgs and top-quark measurements
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p
s = 1.5 TeV with 1500 fb�1

p
s = 3 TeV with 3000 fb�1

focus on direct and indirect BSM searches,
but also additional Higgs boson and top-quark studies

Other CLICdp contributions to ICHEP’2018 parallel sessions:

Ulrike Schnoor, Top-quark physics at high-energy CLIC operation (yesterday)

Matthias Artur Weber, Higgs physics at CLIC (Higgs Physics)

Roberto Franceschini, BSM searches at CLIC (Beyond the Standard Model)

Eva Sicking, The CLIC detector (Detector R&D for present and future...)

A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 4 / 17



FCC-ee 

240 GeV

FCC-ee

365 GeV

Total Integrated Luminosity (ab-1) 5 1.5

# Higgs bosons from e+e-→HZ 1,000,000 180,000

# Higgs bosons from fusion process 25,000 45,000

FCC-ee
5 ab-1@240 GeV
~1.5 ab-1@365 GeV

Higgs Factory!

25

Higgs width at FCC-ee (or CPEC)
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Comparison with other e+e- colliders

• Just from the sheer 
number of Higgs 
bosons, CPEC and FCC-
ee have a clear gain 
beyond other ee
colliders

261/7/19 Freya Blekman, YETI 2019



27

Higgs self-coupling

❑ √s dependence of  the “effective” gHZ and gHW to the Higgs self-coupling
◆ Accessible from the high-precision runs at 240, (350), and 365 GeV

● Arising from Higgs-triangle and -loop diagrams

Very large HZ datasets allow gZH measurements of extreme precision

Indirect and model-dependent probe of Higgs self-coupling

A precision on dkl of ±40%
can be achieved, and of ±35%
in combination with HL-LHC.
If cZ if fixed to its SM value,
then the precision on dkl
improves to ±20%

1/7/19 Freya Blekman, YETI 2019
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electron Yukawa coupling
s-channel Higgs production
unique opportunity for measurement 
close to SM sensitivity

highly challenging; s(ee→H) = 1.6 fb;       

various Higgs decay channels studied

studied monochromatization 
scenarios

‣ baseline: 6 MeV energy spread, L 
= 2 ab-1

‣ optimized: 10 MeV energy spread, 
L = 7 ab-1

‣ limit ~3.5 times SM in both cases

1/7/19 Freya Blekman, YETI 2019
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BSM Higgs

Significant improvement in most rare decay modes sensitive 
to exotic Higgs decay

arXiv:1612.09284

1/7/19 Freya Blekman, YETI 2019



Top physics at lepton colliders

• Where/when does top physics come 

in the programs? 

1/7/19 Freya Blekman, YETI 2019 30

• @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 

• Just above threshold is optimal for top electroweak couplings and other 
properties measurements

• Top production in the continuum (including searches) at higher energies

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

F. Bedeschi, INFN-Pisa



merit of mtop threshold scan

1/7/19 Freya Blekman, YETI 2019 31

arXiv:1604.08122

• Most ee colliders aim to 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

1/7/19 Freya Blekman, YETI 2019 32

arXiv:1604.08122



Mass and width for some ee collider scenarios

Freya Blekman, YETI 2019

F. Simon

Top	physics	at	FCC	
Clement	Helsens	CERN-EP	
On	behalf	of	the	FCC	study	group	
ICHEP	2018,	Seoul	
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With 0.2 ab-1

FCC-ee can achieve 
following 
uncertainties:

Top mass: 45 MeV
Top width: 17 MeV

1/7/19 33



Compact Linear Collider CLIC

I Future e
+

e
≠ collider at the TeV scale

I Novel accelerator technique based on
radio-frequency devices and a two-beam
acceleration scheme with gradient
100 MV/m

I CDR published in 2012
I First beams in 2035

Energy staging

Stage
Ô

s [GeV] Lint [fb≠1]
1 380 500
top scan 350 100
2 1500 1500
3 3000 3000

Cf. talk #884: The CLIC accelerator

project status and plans (D. Schulte)

Cf. talk #526: Top physics at the first

CLIC stage (F. Zarnecki)

Ulrike Schnoor Top-Quark Physics at High-Energy CLIC - 6 July 2018 2 / 13

• Measurement using top mass peak possible at all CLIC 

scenarios

• Highest statistics at first stage CLIC: 500 fb-1 at 380 GeV

1/7/19 Freya Blekman, YETI 2019 34

CLIC has excellent top physics overview paper: 1807.02441

CLIC mass measurement: direct and 

threshold scan

Top-quark mass

Direct reconstruction
Possible for all energies above the threshold (continuum)
Largest statistics expected at the first CLIC stage

Expected distribution of the reconstructed invariant mass
for hadronic top-quark decays, for 500 fb�1 at 380 GeV CLIC

Hadronic tt events

  [GeV] tm
0 50 100 150 200 250

Ev
en

ts

0

5000

10000

15000 All events
4-f + qq

CLICdp ) statistical uncertainty: 42 MeV

Combined statistical uncertainty on
the top-quark mass: 40 MeV

Reconstruction of the top-quark to
W boson mass ratio
) 60 MeV statistical uncertainty

on the top-quark mass

A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 9 / 17

Top-quark mass

Direct reconstruction
Possible for all energies above the threshold (continuum)
Largest statistics expected at the first CLIC stage

Expected distribution of the reconstructed invariant mass
for hadronic top-quark decays, for 500 fb�1 at 380 GeV CLIC

Semi-leptonic tt events

  [GeV] tm
0 50 100 150 200 250

Ev
en

ts

0

2000
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6000 All events
4-f + qq

CLICdp Combined statistical uncertainty on
the top-quark mass: 40 MeV

Reconstruction of the top-quark to
W boson mass ratio
) 60 MeV statistical uncertainty

on the top-quark mass

A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 9 / 17
• All hadronic:            statistical 

uncertainty on mass 42 MeV

• Semi-leptonic:         statistical 

uncertainty on mass 56 MeV

• Combination all hadronic + semi-leptonic:: 40 MeV!



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

1/7/19 Freya Blekman, YETI 2019 35



Sensitivity FCNC: 95% CL exclusion limits

1/7/19 Freya Blekman, YETI 2019 36

Example:FCC-ee expects to substantially 

improve beyond HL-LHC

CDRs in preparation, many new/updated 

Numbers available soon!

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

FCNC Branching Ratios at Colliders

�39

➞ test SUSY, little 
Higgs, technicolor...

2 ab-1

K. Skovpen

FCC-ee

FCC-ep

FCC-pp

see talk O. Cakir



Outlook
• Lepton Colliders= Precision physics with BSM sensitivity 

• Lepton colliders offer unexplored physics and unprecedented 
precision

• Four potential ee machines – physics input/studies ongoing
• CLIC and FCC-ee have ttbar in their ‘standard’ programme, for CPEC 

and ILC it is part of the upgrade planning
• Knowledge most SM parameters accessible can be improved by 

factors > 10 if sample is large enough 
• Example: Top quark mass and width can be measured down to 16 

MeV and 37 MeV respectively, depending strongly on size of sample 
and accelerator scenario 

• Not all work is done – CDRs have appeared but your help 
is needed to make these machines happen
• And your opinion is even more important!
• Many opportunities for new ideas for interesting short (and 

not-so-short) studies in collider physics

1/7/19 Freya Blekman, YETI 2019 37
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Higgs self-coupling at FCC-hh

Enormous di-Higgs samples produced at 
FCC-hh

s(100 TeV) / s(14 TeV) ≅ 40

L (FCC-hh) / L (HL-LHC) ≅ 10

Naively, factor 20 smaller statistical uncertainty

Studied a number of final states

bbɣɣ most sensitive channel dµ ≅ 2-4%
dϰ≅ 5%Details in arXiv:1606.09408 and arXiv1802.01607

EFT Lagrangian

1/7/19 Freya Blekman, YETI 2019



Simulation of ee-> bWbW

         J.R.Reuter                      Exclusive Top Threshold Matching                   ICHEP 2018, Seoul, 7.7.18

/ 20 18Summary & Outlook
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Next steps:  higher QCD order, EW corrections (ISR matching!!), soft gluons … … …
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• Complete vNRQCD threshold / QCD-NLO continuum matching available
• Can in principle be reweighted to NNNLO QCD accuracy at threshold 
• To do still: EW corrections, semi-leptonic/hadronic top decays, ttH threshold matching, top 

threshold matched with EWcorrections
• WHIZARD 2.6 framework for automated NLO QCD (almost) done ➝WHIZARD 3.0 [EW in validation] 

Source: WHIZARD collaboration

Ongoing work by Chokoufe/Reuter/Weiss 
(2015)
Liebler/Moorgat-Pick/Papanasthasiou (2015)
Chokoefe/Kilian/Lindert/Reuter/Pozzorini/Weis
s (2016) 



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

1/7/19 Freya Blekman, YETI 2019 41

Reference: arXiv: 1503.01325

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 ! ⌧+⌧� events and of the tau polarization was su�cient 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.

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 = �, Z):

�ttX
µ = �ie

⇢
�µ

�
FX
1V + �5F

X
1A

�
+

�µ⌫

2mt
(pt + pt̄)

⌫
�
iFX

2V + �5F
X
2A

��
, (1)

with, in the standard model, vanishing F2s and

F �
1V = �2

3
, FZ

1V =
1

4 sin ✓W cos ✓W

✓
1� 8

3
sin2 ✓W

◆
, (2)

F �
1A = 0 , FZ

1A =
1

4 sin ✓W cos ✓W
. (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 . (4)

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

tion, based on Ref. [6], uses the following A,B,C,D parameterization (with v = �, Z):

�µ
ttv =

g

2


�µ {(Av + �Av)� �5(Bv + �Bv)}+

(pt � pt̄)µ

2mt
(�Cv � �Dv�5)

�
, (5)
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FIG. 1. The eight fi(x, cos ✓) functions and the standard-model contribution S0(x, cos ✓) for `�

at
p
s = 365GeV. Left column, from top to bottom: f1 = f�

A ; f3 = f�
B ; f5 = f�

C ; and f7 = f�
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, ✓ is the lepton polar angle, and x is the reduced lepton energy, defined as x = 2E`
mt

q
1��
1+� ,

where � is the top velocity and mt is the top mass.
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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 )
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Large and pure ‘MegaTop’ sample good for FCNC 

• In this case 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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FCC-ee Clear distinction between tqγ
and ttbar in semileptonic final state 



FCNC at CLIC
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Top-quark FCNC decays

Analysis procedure

event classification and pre-selection
based on flavour tagging, lepton and photon identification,
global event properties and jet clustering results

kinematic fit (for signal and background hypothesis)

final selection based on multivariate analysis (BDT)

Event classification for t ! cH

Semi-leptonic BDT response
0.4− 0.2− 0 0.2 0.4

Ev
en

ts

0

10000

20000

30000
hadronic
semi-leptonic
leptonic
4f + qq

CLICdp
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Top-quark FCNC decays

Results
Expected limits for 500 fb�1 collected at 380 GeV CLIC
calculated using the CLs approach

BR(t ! cg) < 4.7 · 10�5

2.0� 3.4 · 10�4 (CMS@HL-LHC)

BR(t ! cH)⇥ BR(H ! bb) < 1.2 · 10�4

2 · 10�4 (ATLAS@HL-LHC)

BR(t ! cE/) < 1.2� 4.1 · 10�4
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• Advanced analyses (including machine 
learning, full simulation)    with 380 GeV, 500 
fb-1 dataset

Compact Linear Collider CLIC

I Future e
+

e
≠ collider at the TeV scale

I Novel accelerator technique based on
radio-frequency devices and a two-beam
acceleration scheme with gradient
100 MV/m

I CDR published in 2012
I First beams in 2035

Energy staging

Stage
Ô

s [GeV] Lint [fb≠1]
1 380 500
top scan 350 100
2 1500 1500
3 3000 3000

Cf. talk #884: The CLIC accelerator

project status and plans (D. Schulte)

Cf. talk #526: Top physics at the first

CLIC stage (F. Zarnecki)

Ulrike Schnoor Top-Quark Physics at High-Energy CLIC - 6 July 2018 2 / 13



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

Flavor Changing Neutral Current Couplings

�33

FCC-ep

-e

+e

,Z  γ

c,u=q

t

b

Z

t

+W

√s=350 GeV

√s=240 GeV and √s=350 GeV

FCC-ee

Br(t→qγ), Br(t→qZ)<O(10-6-10-5)

H. Khanpou
S. Khatibi
M. Khatiri 
M. M. Najafabadi 

MVA

Top Quarks in p-e collisions?
• Note that proton-electron collider scenarios also have top physics 

sensitivity

• Particularly FCNC and Vtb
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- Christian Schwanenberger -Top Quark Physics at FCC FCC Week 2018

Flavor Changing Neutral Current Couplings

�34
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FCC-ee

Br(t→qγ), Br(t→qZ)<O(10-6-10-5)

H. Khanpou
S. Khatibi
M. Khatiri 
M. M. Najafabadi 

Turk Cakir, Yilmaz, 
Denizli, Senol, 
Karadeniz, O. Cakir, 
Adv. High Energy Phys. 
2017, 1572053 (2017) 

MVA LHeC, 1 ab-1 2σ 3σ 5σ 

BR(t->uγ) 4.0x10-6 7.5x10-6 1.5x10-5 

BR(t->cγ) 4.0x10-5 9.0x10-5 2.0x10-4 
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Compact Linear Collider CLIC

I Future e
+

e
≠ collider at the TeV scale

I Novel accelerator technique based on
radio-frequency devices and a two-beam
acceleration scheme with gradient
100 MV/m

I CDR published in 2012
I First beams in 2035

Energy staging

Stage
Ô

s [GeV] Lint [fb≠1]
1 380 500
top scan 350 100
2 1500 1500
3 3000 3000

Cf. talk #884: The CLIC accelerator

project status and plans (D. Schulte)

Cf. talk #526: Top physics at the first

CLIC stage (F. Zarnecki)
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CLIC forward-background asymmetry

• FB-asymmetry directly derived from top quark 
angular distributions and used to constrain 
SMEFT
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Top-quark couplings

Asymmetry measurement
Precise measurements of tt production cross section and
top-quark forward-backward asymmetry with di↵erent beam polarisation
) constrain top-quark couplings to the photon and the Z -boson

Forward-backward asymmetry can be directly extracted from the measured
top-quark angular distribution for the semi-leptonic events

*)θcos(
1− 0.5− 0 0.5 1

E
v
e

n
ts

 /
 0
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0
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1000

1500

2000

2500 <12 = 380 GeV, Ds
WHIZARD
Reco. corrected

) = -80%
-

P(e
) = +80%

-
P(e

CLICdp
ℒ
int
= 250 fb

−1

tighter cut on kinematic fit quality ) avoid bias
A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 10 / 17

Top-quark couplings

EFT interpretation
Possible BSM e↵ects induced by heavy new physics (above the direct
reach of CLIC) are universally described by E↵ective Field Theory (EFT)

Top-quark measurements at CLIC can be used to constrain 7 operators:
101 TeV102

10−4 10−3 10−2 10−1 TeV−2

CLICdp
semi-leptonic t t̄

single-operator limits

380GeV+1.4TeV+3TeV

380GeV

0.0035

0.0044

0.0034

0.0054

0.0077

0.057

0.056

0.0002Clq,B

0.00017Clq,W

0.00016Clt,B

0.004
CtB

0.0054
CtW

0.047C−

ϕq

0.046Cϕt

First CLIC stage crucial for constraining 4 operators

A.F.Żarnecki (University of Warsaw) Top-quark physics at the first CLIC stage July 7, 2018 11 / 17

Semileptonic ttbar with 
tightened kinematic fit to avoid 
bias on angle
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FIG. 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
p
s = 500GeV, and beam polarizations of P = ±0.8, P 0 = ⌥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
p
s = 365GeV,

with unpolarized beams and with an integrated luminosity of 2.4 ab�1, from the sole lepton angular

and energy distributions.

factor uncertainties were determined for any value of the assumed cross-section theoretical

error. The result is displayed in Fig. 5 for a theoretical error between 0.01% and 100%.

The uncertainties on the first four form factors stay below a few per mil if the total cross

section can be predicted with a precision of 2% or better. The uncertainty on FZ
1A remains

essentially una↵ected as long as the theoretical precision on the cross section is below 10%.
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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: going for 365! 

• Also confirmed by full analysis using 
Whizard and assumed FCC-ee detector 
performance
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Uncertainties on mtop
• Uncertainty due to αS:

• Δmtop = 2.7 MeV × (Δαs/0.0001) à 5.4 MeV
• Input measured (at FCC-ee) with precision of 

Δαs < 0.0002 using W/Z boson hadronic 
branching fraction

• 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 σtot(e+e− → t t̄) in the threshold region
with (a) and without (b) the NNLL ultrasoft mixing contribution to c1(ν) 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 ν
between 0.1 and 0.4 and using the 1S-mass scheme [25] with m1S = 172 GeV. Further input parameters
were Γt = 1.46 GeV for the top width and αs(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%.
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Threshold scan: what part of the 
spectrum is sensitive to what

• Spectrum very sensitive to theoretical uncertainties
• One approach: look at derivative of cross section
• Has sensitivity to changes in mass, width, top Yukawa, αS
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Top	at	threshold	scan	
•  DerivaIve	of	the	cross	secIon	

•  For	various	parameters	

•  Normalised	to	typical	changes	of	these	parameters	

	

•  UncertainIes		

•  Theory	uncertainty	from	scale	variaIons	lead	to		
~	45MeV	systemaIc	on	the	top	quark	mass		

•  Scale	uncer.	are	roughly	equivalent	to	a	3%	
luminosity	uncertainty	->	
Needs	to	be	known	on	the	few	per	mille		

•  Beam	energy	leads	to	an	effecIve	shio	of	the	
curve	which	directly	translates	to	mass	value.		
Goal	<	~10	MeV		
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SensiIvity	to	
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SensiIvity	to	

Top	at	threshold	scan	
•  Cross	secIon	at	threshold	

•  Highly	sensiIve	to	quark	mass,	width,	αs	and	Yt		
•  Can	be	calculated	with	high	precision	
	

•  Measurement	of	the	top	pair	prod.	cross	secIon	
•  Different	energy	points	in	the	threshold	region		
•  Other	observables,	top	momentum,	AFB		

may	increase	sensiIvity	
	

•  Default	assumpIon	
•  Each	energy	point	with	equal	int.	luminosity		

•  OpImal	way	to	distribute	the	integrated	
luminosity	depends	on	the	variables	
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dσ/dX

• Leads to parts of spectrum with low sensitivity to scale variations, 
for example

• Scale uncertainties equivalent to luminosity uncertainties: target is 
few per mille accuracy

• Uncertainties beam energy can shift by up to 10 MeV!



Mass and width for some ee collider scenarios

Freya Blekman, YETI 2019

F. Simon
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FCC-ee 

240 GeV

FCC-ee

365 GeV

Total Integrated Luminosity (ab-1) 5 1.5

# Higgs bosons from e+e-→HZ 1,000,000 180,000

# Higgs bosons from fusion process 25,000 45,000

FCC-ee
5 ab-1@240 GeV
~1.5 ab-1@365 GeV

Higgs Factory!

52

Higgs production at FCC-ee (or CPEC)
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Higgs boson couplings
Precision Higgs coupling 
measurements
Absolute coupling measurements 
enabled by HZ cross section and total 
width measurement
Data at 365 GeV constrain total width

only used H®bb in fusion production 
so far

Tagging individual Higgs final states to 
extract various Higgs couplings
Couplings extracted from model-
independent fit
Statistical uncertainties are shown for 5 
ab-1@240 GeV and 1.5 ab-1@365 GeV
(from arXiv:1308.6176)
๏ all measurements are under review / 

are being redone
๏ possible improvements of 10-35% on 

cross section measurements

in % FCC-ee
240 GeV

+FCC-ee
365 GeV +HL-LHC

dgHZZ 0.25 0.22 0.21
dgHWW 1.3 0.47 0.44
dgHbb 1.4 0.68 0.58
dgHcc 1.8 1.23 1.20
dgHgg 1.7 1.03 0.83
dgH!! 1.4 0.8 0.71
dgHμμ 9.6 8.6 3.4
dgH"" 4.7 3.8 1.3
dgHtt 3.3
dΓH 2.8 1.56 1.3

Several couplings improve further by doing a combined
fit with HL-LHC

1/7/19 Freya Blekman, YETI 2019



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	

mZ
before FCC-ee

Prospectives EWK t-W fits

• 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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FIG. 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
p
s = 500GeV, and beam polarizations of P = ±0.8, P 0 = ⌥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
p
s = 365GeV,

with unpolarized beams and with an integrated luminosity of 2.4 ab�1, from the sole lepton angular

and energy distributions.

factor uncertainties were determined for any value of the assumed cross-section theoretical

error. The result is displayed in Fig. 5 for a theoretical error between 0.01% and 100%.

The uncertainties on the first four form factors stay below a few per mil if the total cross

section can be predicted with a precision of 2% or better. The uncertainty on FZ
1A remains

essentially una↵ected as long as the theoretical precision on the cross section is below 10%.
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lepton energy and angular resolutions, the event selection e�ciency, and the detector ac-

ceptance, as described above, for each value of the centre-of-mass energy. The variation of

these uncertainties with
p
s is shown in Fig. 3.
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FIG. 3. Variation with the centre-of-mass energy of the statistical uncertainties of the five top-

quark electroweak form factors considered in Ref. [3], at the FCC-ee. Left column, from top to

bottom: F �
1V , F

Z
1V , and FZ

1A. Right column: F �
2V and FZ

2V .

The first striking observation is that an increase of the centre-of-mass energy far beyond

11

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: going for 365! 

• Also confirmed by full analysis using 
Whizard and assumed FCC-ee detector 
performance
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