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Motivation

Properties of the top quark

Mass: important parameter of the SM 
(vacuum stability) 
Width: top decays before hadronisation
Yukawa coupling: strongly coupled to 
Higgs field
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Sensitivity to BSM physics

Electroweak couplings: looking for 
deviations from the SM values 
Is the top quark a composite object? 
Is it just an ordinary quark?  
M.Peskin LCWS15 - Canada

Degrassi et al. 

; critical value:  mt = 171.1 GeVmt = 173.1± 0.7 GeV

A physics program of the top quark is mainly divided in two blocks

CLIC (and future e+e- colliders generally) gives 
the opportunity to study the top quark with 
unprecedented precision

Top quark studies should have an important 
weight in the LC programs
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Current status: Top Mass
Hadron colliders (LHC and Tevatron) achieved a precision in the 
    measurement of the top mass of ~ 0.76 GeV in March 2014
    Combination of consistent set of measurements from 4 experiments (ATLAS, CMS, CDF and D0) 

New results from CMS even more precise  
   ~ 0.5 GeV September 2015

4Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

LHC - Defining the Top Today

• LHC as a top quark factory: 1 top pair per second!

• The mass is now known with  

~ 0.5 GeV uncertainty
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Top$mass$
improving$$precision$

$

"""""22"LCWS2015$–$November$3,$2015$ Nadia$Pastrone$$INFN$Torino$

CMS,$arXiv:1509.04044$

•"avoid"double"coun4ng"systema4cs"
•"reMcalibrate"inMsitu"(JES,"…)"
•"minimize"uncertain4es"by"selec4ng"
(weigh4ng)"carefully"the"data"

500$MeV$
just$crossed$

outperforming expectations / projections  
for Snowmass!

Top$mass$
improving$$precision$

$

"""""23"LCWS2015$–$November$3,$2015$ Nadia$Pastrone$$INFN$Torino$

500$MeV$
just$crossed$

LHC already exceeding prospects, and the 
projection goes even beyond: 

CMS: 200 MeV after 3000 fb-1 (conventional 
method, CMS-FTR-13-017-PAS) based on 
“assumptions [that] are optimistic but not 
unrealistic”

arXiv:1403.4427

Top$mass$combina*on$

"""""20"LCWS2015$–$November$3,$2015$ Nadia$Pastrone$$INFN$Torino$
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Current status: Top EW couplings
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ATLAS/CMS have improved their analyses considerably  

5σ observation for all top + EW associated production 
channel 

Still soft limits in the top quark form factors

First observations of ttV (V=W,Z,γ) production at the LHC

Access to the top-Z and 
top-γ vertices at the LHC

σ(ttW ), σ(ttZ ) and (ttγ ) expected to be altered in new Physics models

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

LHC - Defining the Top Today

• First observations of ttV (V= Z, W) production

5

aW$and$aZ$measurements$

Nadia$Pastrone$$INFN$Torino$ 18"LCWS2015$–$November$3,$2015$

tt production in association with W or Z @ 8 TeV

• ttW and ttZ small expected cross sections  ( ~200 fb @ 8TeV) 

• ttZ production cross section provide most accessible direct measurement to the 
coupling of the top quark to the Z  

• Both "(ttW) and "(ttZ) expected to be altered in new physics models 

• ttZ at 7 TeV measured by CMS and found to be twice the SM  value   
   (with large  uncertainties)          

       
21
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Dominant production modes:

CMS Coll., PRL 110,172002 (2013)
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Dominant production modes:

CMS Coll., PRL 110,172002 (2013)

provides access to  
top-Z coupling at LHC

aV$observa*on$

19"LCWS2015$–$November$3,$2015$

ttW, ttZ cross sections @ 8 TeV

Measured cross sections: 

The observed (expected) significance of: 
                 - ttW is  5.0" (3.2") 
                 - ttZ  is  4.2" (4.5")

25

ATLAS, arXiv:1509.05276Post fit results (per region):
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Cross section measurements:

ttW, ttZ cross sections @ 8 TeV
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Cross section measurements:

ttW:    3.8 σ (exp)  4.8 σ (obs) 
ttZ:     5.7 σ (exp)  6.4 σ (obs) 

ttW:    3.2 σ (exp)  5.0 σ (obs) 
ttZ:     4.5 σ (exp)  4.2 σ (obs) 

CMS,$$arXiv:1510.01131$

ATLAS,$$arXiv:1509.05276$
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ttW, ttZ cross sections @ 8 TeV

Measured cross sections: 
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                 - ttW is  5.0" (3.2") 
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Cross section measurements:

ttW, ttZ cross sections @ 8 TeV
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Cross section measurements:
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Cross section measurements:

ttW, ttZ cross sections @ 8 TeV
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Cross section measurements:

ttW, ttZ cross sections @ 8 TeV
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Cross section measurements:

ttW:    3.8 σ (exp)  4.8 σ (obs) 
ttZ:     5.7 σ (exp)  6.4 σ (obs) 

ttW:    3.2 σ (exp)  5.0 σ (obs) 
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ATLAS, arXiv:1509.05276 CMS, arXiv:1510.01131 ATLAS, arXiv:1502.00586 

ttW ttZ ttg 

ATLAS 5.0 σ 
ArXiv:1509.05276 

4.2 σ 
ArXiv:1509.05276 

5.3 σ (7 TeV) 
ArXiv:1502.00586 

CMS 4.8 σ 
ArXiv:1510.01131 

6.4 σ 
ArXiv:1510.01131 

CMS-PAS-
TOP-13-011 

ttγ



I.Garcia (Ignacio.Garcia@ific.uv.es)CLIC Workshop 2016
CLICdp:Physicis and Analysis

ttH and tH production

3

• ttH: Higgs production in association with ttbar gives |Yt|  

• SM: σSM = 129 fb-1 

• tH: Higgs production in association with single top probes  
relative sign of the top-Higgs coupling Yt 

• SM: very small σSM = 18 fb-1  

• BSM: !t=Yt/YtSM =-1, σSM = 234 fb-1 

ttH: Higgs from tops only H: Higgs from tops, bottoms, new physics

23

ttH combination

• Best fit signal strength 
• μttH= 1.9+0.8

-0.7  - ATLAS 
• μttH= 2.9+1.0

-0.9  - CMS 
• μttH= 2.3+0.7

-0.6 - Сombined 
• significance - 4.4σ obs (2.0σ exp) 

• Combined upper limits on σ/σSM 
• 3.2 obs (1.4 exp) - ATLAS 
• 4.5 obs (1.7 exp) - CMS

Combined  μttH

Current status: Yukawa Coupling

6
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ttH: Direct Access to the Top Yukawa Coupling

• Very complex final state

16
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Higgs and Top Decay Modes

6

• ttH results in complex final states 
• Higgs decay modes 

• ttH(bb) - highest branching 
fraction, abundant tt 
background  

• ttH(WW,!!, ZZ) - second 
highest branching fraction, 
good signal purity  

• ttH(γγ) - low branching 
fraction, clean mass peak 

• tt decay modes 
• single lepton  - tt → 2bqq’lν 
• dilepton - tt → 2blνlν 
• all jets  - tt → 2bqq’q’’q’’’

H→γγ - 0.2%

H→WW 

H→ZZ 
H→!!

H→bb 

Higgs Branching Fractions

Intense search at the LHC in various channels:

➫ quickly rising sensitivity!

And: large progress on theory - both for signal 
(NLO QCD, matching to PS, off-shell effects, 
EW corrections, soft gluon resummation) 

and backgrounds (ttbb, ttV, ttVV)
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highest branching fraction, 
good signal purity  

• ttH(γγ) - low branching 
fraction, clean mass peak 

• tt decay modes 
• single lepton  - tt → 2bqq’lν 
• dilepton - tt → 2blνlν 
• all jets  - tt → 2bqq’q’’q’’’

11%
6%

3%

21% 58%

H→γγ - 0.2%

H→WW 

H→ZZ 
H→!!

H→bb 

Higgs Branching Fractions

Intense search at the LHC in various channels:

➫ quickly rising sensitivity!

And: large progress on theory - both for signal 
(NLO QCD, matching to PS, off-shell effects, 
EW corrections, soft gluon resummation) 

and backgrounds (ttbb, ttV, ttVV)

23

ttH combination

• Best fit signal strength 
• μttH= 1.9+0.8

-0.7  - ATLAS 
• μttH= 2.9+1.0

-0.9  - CMS 
• μttH= 2.3+0.7

-0.6 - Сombined 
• significance - 4.4σ obs (2.0σ exp) 

• Combined upper limits on σ/σSM 
• 3.2 obs (1.4 exp) - ATLAS 
• 4.5 obs (1.7 exp) - CMS

Combined  μttH(μ = σ/σSM)

ttH searches have been performed at the LHC in all main Higgs decay modes at 7 and 8 
TeV: 

Combined μttH
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Top quark at Future Linear Colliders
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Mt
yt
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αS

ttZ
ttγ
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Top pair threshold: Motivation

8

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015
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The Top Pair Threshold

8

• The cross-section around the 
threshold is affected by several 
properties of the top quark and by 
QCD

• Top mass, width, Yukawa 

coupling

• Strong coupling constant

mt

Γt

yt, αs

• Effects of some parameters are correlated; 
dependence on Yukawa coupling rather weak - 
precise external αs helps

The tt  cross-section around the threshold is affected 
by several properties of the top quark and by QCD 

• Top mass (mt), width (Γt), Yukawa coupling (yt)

• Strong coupling constant (αS)

Minor differences due to beam energy spectra of ILC, 
CLIC and FCC-ee

Kuhn, Acta Phys.Polon. B12 (1981) 347 

LCWS15 @ Whistler 9Marcel Vos (marcel.vos@i�c.uv.es)

Top mass from an LC threshold scan

Statistical precision for 1S/PS mass (10 x 10/fb): 

16 – 30 MeV 
Martinez, Miquel, EPJ C27, 49 (2003)

Seidel, Simon, Tesar, Poss, EPJ C73 (2013)

Horiguchi et al., arXiv:1310.0563

Simon: minor differences due to beam energy 

spectra of ILC, CLIC and FCC-ee

Simon: choice of scan range and points based on less precise 

LHC measurement

Ishikawa: add other observables to fit (A
FB

, p), extract Yukawa 

coupling (potential: 6%, but what about theory & a
s
?)

Threshold shape depends strongly on mass & width. 

Normalization sensitive to a
s
 and top Yukawa coupling.

Kuhn, Acta Phys.Polon. B12 (1981) 347

ILC and CLIC studies show that this threshold shape 
will be measured with impressive accuracy 

A scan of the ttbar threshold in e+e- collisions is the best method for a precise measurement of 
the top quark mass and other top properties 
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Position shift for PS mass:
- 310 MeV (LO to NLO) 
- 150 MeV (to NNLO)  
- 64 MeV (to NNNLO) 

Top pair threshold: Theory status

9

LCWS15 @ Whistler 10Marcel Vos (marcel.vos@i�c.uv.es)

Threshold theory

Beneke/Kiyo: N3LO description of tt production at threshold

Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser, 1506.06864 [hep-ph]

Position shift for PS mass: 310 MeV (LO to NLO) 150 MeV (to NNLO) 64 MeV (to NNNLO)

Improvement of factor 3 in uncertainty in peak height.

Alternative approach proposed by Kiyo/Mishima/Sumino: perform calcullation directly 

in terms of the MS mass (corrections LO → NLO are large, but rapid convergence, 

final scale uncertainty seems smaller, arXiv:1506.06542)

NNNLO QCD description of tt production at threshold: A decade of work to get the 3rd order!
Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser, 1506.06864 [hep-ph] 

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

Higher Order Calculations

11

• Two key steps forward this year:

• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

• NNNLO QCD calculations of thresholdPotential non-relativistic QCD

N3LO QCD corrections
[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:

- suggests uncertainties on the 50 MeV level 

Improvement of factor 3 in 
uncertainty in peak height 

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

Higher Order Calculations

11

• Two key steps forward this year:

• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

• NNNLO QCD calculations of thresholdPotential non-relativistic QCD

N3LO QCD corrections
[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:

Going beyond QCD

QCD uncertainties under control: ≥ 3%
Further corrections (v2 ≥ –2

s ≥ y2
t ≥ –) :

I Higgs corrections
I QED Coulomb potential
I Nonresonant production
I P-wave production
I Further NNLO electroweak corrections

[Grzadkowski, Kühn, Krawczyk, Stuart 1986; Guth, Kühn 1991; Hoang, Reißer 2004 & 2006]

Impact on the cross section
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0.0
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Extracting parameters
Top mass
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➫ suggests uncertainties on the 50 MeV level
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Uncertainty on strong coupling 

constant hits twice: 

- as a degree of freedom in the fit to 
extract 1S mass (δM1S ~ 42 MeV) - as a 
parametric uncertainty in the 1S → MS 
conversion 

Top pair threshold: Theory status 

10

If the αS uncertainty improves 
very considerably, a 12 MeV 
precision on the top quark MS 
mass is achieved 

Conversion of pole / 1S / PS mass to MS mass at NNNNLO QCD 

Theory uncertainty in 4-loop calculation < 10 MeV

See M.Perelló talk at Top Workshop 2015 Valencia

P. Marquard et al., arXiv:1502.01030, PRL114 (2015) 
+ uncertainty induced by αS uncertainty 

LCWS15 @ Whistler 13Marcel Vos (marcel.vos@i�c.uv.es)

Top quark mass & a
s

M. Perelló

Uncertainty on strong coupling constant strikes twice:
- as a degree of freedom in the fit to extract 1S mass (dM

1S
 goes from 12 MeV → 42 MeV)

- as a parametric uncertainty in the 1S → MS conversion 

M. Perelló, M. Vos, 2015

Current world average (lattice)

ttg x-section at ÷s = 500 GeV has similar sensitivity to a
s
 as threshold production, but very small top mass 

dependence. With large luminosity a competitive a
s
 can be obtained, provided theory & exp. systematics 

can be controlled to ~0.5%.

Top quark mass precision vs. prior 

knowledge of strong coupling strength

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

The Strong Coupling

15

LCWS 2015, Whistler, Nov 2 - 6, 2015 

Comments on 2015 World Average 

From S. Bethke @ Fcee WS 

Only at least NNLO based 
analyses shall be included!  ~40 MeV
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Top pair threshold: MC status

11
         J.R.Reuter           Top Physics in WHIZARD (+NLO/QCD)           LCWS 2015, Whistler, 4.11.15 

 Sanity checks:  correct limit for αs  ⟶ 0,  stable against variation of cutoff  ΔM  [15-30 GeV]

 Why include LL/NLL in a Monte Carlo event generator?
     Important effects: beamstrahlung; ISR; LO electroweak terms
     More exclusive observables accessible

         J.R.Reuter           Top Physics in WHIZARD (+NLO/QCD)           LCWS 2015, Whistler, 4.11.15 

 Sanity checks:  correct limit for αs  ⟶ 0,  stable against variation of cutoff  ΔM  [15-30 GeV]

 Why include LL/NLL in a Monte Carlo event generator?
     Important effects: beamstrahlung; ISR; LO electroweak terms
     More exclusive observables accessible

Forward-backward asymmetry
(norm. ⇒ good shape stability)

Afb :=
�(ptz > 0)� �(ptz) < 0)

�(ptz > 0) + �(ptz < 0)

Incorporation of ISR and luminosity 
spectrum

Now available: NLO simulation of the 
ttbar threshold in WHIZARD since version 
2.2.3  

More exclusive observables accesible 
beyond total cross section: Asymmetries, 
momentum distribution

Successful sanity check with theory calculations

330.0 337.5 345.0 352.5 360.0p
s [GeV]

0

250

500

750

1000

�
[fb

]

�NLL,full
NRQCD

�expanded,NLL,full
NRQCD [↵H, ↵H]

�o↵shell,NLO,full
QCD

�matched

NEW
18/01/2016 
Talk from 
J.Reuter  

ACAT 2016 

Many thanks to J.Reuter and A.Hoang

Good progress towards matched calculation, 
uncertainty bands to follow soon
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Top pair threshold: Top mass measurement
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Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

Experimental Consequences for Mass Precision

• For fully consistent treatment of 
scale uncertainties: Inclusion in 
template fit - bands instead of 
lines

13
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 = 80 GeVµ threshold - Beneke et al. NNNLO - tt

ISR + ILC LS, mass fit incl. scale uncertainties
 171.5 GeVPS

tdefault - m
 171.45 GeVPS

tbest fit template,  m
 0.1 GeV±mass variations 

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)

 [MeV]
top

fit uncertainty on m
20 30 40 50

#

0
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600

 = 80 GeVµ = 171.5 GeV, PS
tm

, 340 - 349 GeV-110 x 10 fb
fit incl. NNNLO uncertainties

• Consequence: Fit uncertainty not purely 
statistical - for 10 x 10 fb-1

32 MeV fit uncertainty (including 19 MeV stat)

32 MeV fit uncertainty (including 19 MeV stat) 

Threshold scan: 10 x 10 fb-1, points spaced 
by 1 GeV from 340 to 349 GeV 

Frank Simon (fsimon@mpp.mpg.de)Top Threshold: Theory Uncertainties 
LCWS2015, Whistler, BC, November 2015

Impact of Scale Uncertainties on Threshold Scan

12
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 = 50 GeVµlow scale - 
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based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)

• Include scale variations in 
cross section calculation

• Default scale: 80 GeV

• Scales below 50 GeV lead 

to instable behavior - are 
not considered

• Substantial variations of 
cross section - beyond 
variations induced by 
parameters based on 
projected stat. uncertainties 
alone
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 = 50 ... 350 GeVµ

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)

For the first time: Incorporation of NNNLO scale 
uncertainties in the experimental evaluation

Based on CLIC/ILC top threshold study EPJ 
C73, 2540 (2013)

• CLIC_ILD detector model
• Efficiency and backgrounds from full 

simulations
• ILC TDR luminosity spectrum 

It translates into:
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Top mass measurements: Alternative techniques
LC scenarios start above threshold (ILC@500GeV, CLIC@380GeV), hence the first measurement 
top quark mass will be made there

13

Extraction of the top quark mass from the differential ttγ and ttg cross-section versus s' 

Precision seems competitive for √s ~ 400 GeV Boronat, Fuster, Gomis, in preparation  
(cf. m(b) at m(Z) at LEP, EPJC73 (2013) 2438, ATLAS-CONF-2014-053) 

•  The study is produced using Pythia 8.1 and it is limited to its theoretical 
capabilities and uncertainties 

•  Detailed calculations at high theoretical accuracy (NLO, NNLO…) are 
needed to make the result meaningful 

•  These curves represent the cross section as a function of ζs’ at parton 
level for several mt 

•  The curve is more sensitive to mt near the top production threshold, and 
the dependence diminishes as ζs’ grows 

ILC

REFERENCE CURVES AND TEMPLATE FITS 

•  Similarly to the parton study, the reference curves are constructed to 
perform template fits over N (~1000 - 2000) data sets to obtain the 
estimation of the top quark mass and its error 

Input mass mt = 173.1 GeV 

CLIC

See Marçà’s talk in this session

Conventional measurement on top decay products 

80 MeV stat. precision at 500 GeV 
→ input to clarify MC mass interpretation 
Seidel, Simon, Tesar, Poss, EPJ C73 (2013) 

LCWS15 @ Whistler 14Marcel Vos (marcel.vos@i�c.uv.es)

Alternative techniques

m
t
 = 180 GeV

m
t
 = 160 GeV

Extraction of the top quark mass from the 

differential ttg and ttg cross-section versus s'

Precision seems competitive for ÷s ~ 400 GeV
Boronat, Fuster, Gomis, in preparation

(cf. m(b) at m(Z) at LEP, EPJC73 (2013) 2438, ATLAS-CONF-2014-053)

Conventional measurement on top decay products 
80 MeV stat. precision at 500 GeV 

→ input to clarify MC mass interpretation
Seidel, Simon, Tesar, Poss, EPJ C73 (2013)

Scenarios start with 500 GeV. The first top quark mass measurement will be made there. 

Special opportunities at 1 TeV? Below threshold? 250 GeV seems unlikely to add much after 500 GeV

Boosted top quark jets at a 1 TeV e+e- collider 

- Extraction from top jets (Hoang, Mantry et al., PRD77 (2008) 074010 & 114003)

        (rigorous SCET interpretation, can “compete” with threshold scan)

- Experimental studies largely lacking so far
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9Roman Pöschl LCWS2015 – November 2015

Sensitivity to New Physics

Top is primary candidate to be a messenger new physics in many BSM models
Incorporating compositeness and/or extra dimensions 

Precision expected for top quark couplings will allow to distinguish between models
Remark: All presented models are compatible with LEP elw. precision data

Arxiv:1505.06020
EPJC (2015) 75:512

Statistical error:
√s ~ 500 GeV 
L = 500 fb-1

In e+e- colliders the ttbar production is via γ/Z

A way to describe the ttZ and ttγ vertices: arXiv:hep-ph/0601112 

New physics will modify the electro-weak ttX vertex described in the SM 

Top quark couplings

14

  

5Roman Pöschl LCWS2015 – November 2015

Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z

0,

Generally speaking, an e

+
e

� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e

+
e

� ! tt goes directly through the ttZ

0 and tt�

vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX

µ

(k2
, q, q) = ie

⇢
�
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⇣
e
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1V (k
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t

⇣
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F

X

2V (k
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e
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2A(k
2)
⌘�

.

(1)
with k

2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �

µ

with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX
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Within the Standard Model the F

i

have the following values:

F

�,SM

1V = �2
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, F
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, (4)

with s

w

and c

w

being the sine and the cosine of the Weinberg angle ✓
W

. The coupling
F

�

2V is related via F

�

2V = Q

t

(g�2)/2 to the anomalous magnetic moment (g�2) with
Q

t

being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about

2

Vector Axial Tensorial CPV

Precision expected for top quark 
couplings will allow to distinguish 
between models 
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Top quark couplings: Sensitivity vs √s

15

Detailed study at ILC@500GeV


Simple evaluation of statistical uncertainty at different scenarios (CLIC@380GeV, 
ILC@1TeV, CLIC@1.4TeV..)

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

Top quark couplings: sensitivity vs. sqrt(s)

F
1V

; shallow minimum → optimal around 400 GeV

F
1A

; A
FB 

degraded strongly close to threshold → 500 GeV

F
2V

; impact of new physics grows strongly with energy → 1-3 TeV

Electron polarization only

Nominal beam polarization 
(e- 80%, e+ 30%)

stat. dominated uncertainty: 
ds/s ~ 1/÷N        d A

FB
 = (1 – A2

FB
) x ds/s

Integrated luminosity: 2 x 250/fb 

Divide by ÷2

Simple evaluation of statistical uncertainty.  A thorough full-simulation CLIC study started.

Truly optimal: comprehensive program at several energies See next talk by R. Poeschl
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Top quark couplings: sensitivity vs. sqrt(s)

F
1V

; shallow minimum → optimal around 400 GeV

F
1A

; A
FB 

degraded strongly close to threshold → 500 GeV

F
2V

; impact of new physics grows strongly with energy → 1-3 TeV

Electron polarization only

Nominal beam polarization 
(e- 80%, e+ 30%)

stat. dominated uncertainty: 
ds/s ~ 1/÷N        d A

FB
 = (1 – A2

FB
) x ds/s

Integrated luminosity: 2 x 250/fb 

Divide by ÷2

Simple evaluation of statistical uncertainty.  A thorough full-simulation CLIC study started.

Truly optimal: comprehensive program at several energies See next talk by R. Poeschl

“Sweet spot” around 400-600 GeV

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

Top quark couplings: sensitivity vs. sqrt(s)

F
1V

; shallow minimum → optimal around 400 GeV

F
1A

; A
FB 

degraded strongly close to threshold → 500 GeV

F
2V

; impact of new physics grows strongly with energy → 1-3 TeV

Electron polarization only

Nominal beam polarization 
(e- 80%, e+ 30%)

stat. dominated uncertainty: 
ds/s ~ 1/÷N        d A

FB
 = (1 – A2

FB
) x ds/s

Integrated luminosity: 2 x 250/fb 

Divide by ÷2

Simple evaluation of statistical uncertainty.  A thorough full-simulation CLIC study started.

Truly optimal: comprehensive program at several energies See next talk by R. Poeschl

Eur. Phys. J. C (2015) 75:512  
DOI 10.1140/epjc/s10052-015-3746-5 



I.Garcia (Ignacio.Garcia@ific.uv.es)CLIC Workshop 2016
CLICdp:Physicis and Analysis

Top quark couplings: Sensitive vs √s
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LCWS15, Whistler, Nov 2015 Marcel Vos (marcel.vos@i�c.uv.es)

Complete 20-year ILC programme

H20: 500/fb @ 500 GeV, 200/fb @ 350 GeV, 500/fb @ 250 GeV, 3500/fb @ 500 GeV, 1500/fb @ 250 GeV

Sensitivity to new physics well beyond the direct kinematic reach

Complete 20-year ILC program ->

Based on phenomenology described in Pomerol et al. arXiv:0806.3247 

Can probe scales of ~25 TeV in typical scenarios 
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Measure 2 observables for 2 beam polarisations: total cross section and forward-backward asymmetry

Reconstruction of e+e-→tt→lνbqqb final states

17

CLIC@380GeV L=500fb-1

Top quark couplings: Full MC studies

always because of the gauge invariance

 512 Page 2 of 11 Eur. Phys. J. C   (2015) 75:512 

scattering of a particle with spin 1/2 and a given magnetic
moment.

Within the Standard Model the F1 have the following val-
ues at tree level:

Fγ ,SM
1V = 2

3
, Fγ ,SM

1A = 0, FZ ,SM
1V

= 1
4swcw

(
1 − 8

3
s2
w

)
, FZ ,SM

1A = − 1
4swcw

, (2)

while all the F2 are zero. In Eq. 2 sw and cw are the sine and
the cosine of the Weinberg angle θW . The scale dependence of
the form factors is a consequence of higher order corrections.
The corrections of the vector currents lead to the anomalous
electro-magnetic and weak-magnetic moments represented
by FX

2V that correct the gyromagnetic ratio gt of the t quark.
Typical values for these corrections are in the rangeO(10−3−
10−2) [6]. Corrections to the axial-vector current result in the
Form Factors FX

2A that are related to the dipole moment dX
t =

(e/2mt )FX
2A(0) that in turn violates the combined Charge

and Parity symmetry CP . Otherwise said, all couplings but
FX

2A(k
2) conserve CP .

The Form Factors FZ
1V,A are related to couplings of t

quarks with left and right-handed helicity to the Z0:

gZL = FZ
1V − FZ

1A, gZR = FZ
1V + FZ

1A (3)

Trivially, the same equations apply correspondingly to the
photon couplings gγ

L
In this paper the precision of CP conserving form fac-

tors and couplings as introduced above will be derived by
means of a full simulation study of the reaction e+e− →
t t̄ at a centre-of-mass energy of

√
s = 500 GeV with

80 % polarised electron beams and 30 % polarised positron
beams using experimentally well defined observables. Spe-
cial emphasis will be put on the selection efficiency and the
polar angle of the final state t quarks. Both experimental
quantities are suited to monitor carefully experimental sys-
tematics that may occur in the extraction of form factors and
couplings.

The results presented in the following are based on the
studies described in detail in Refs. [7,8].

2 Top quark production at the ILC

The tree level diagram for pair production of t quarks at the
ILC is presented in Fig. 1a.

The decay of the top quarks proceeds predominantly
through t → W±b. The subsequent decays of theW± bosons
to a charged lepton and a neutrino or a quark-anti-quark pair
lead to a six-fermion final state. The study presented in this
article focuses on the ’lepton+jets’ final state l±νbb̄q ′q̄ rep-
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Fig. 1 Diagrams that contribute to the e+e− → lνbb̄q ′q̄ production:
a tree level t t̄ pair production, b single t quark production

resenting a branching fraction of about 43.4 % on all t t̄ pair
decays.

Several other Standard Model processes give rise to the
same final state. The most important source is single t quark
production through the process e+e− → WW ∗ → Wtb̄ →
l±νbb̄q ′q̄ . One of the diagrams contributing to this pro-
cess is presented in Fig. 1b. Another relevant source is
the Z0W+W− production. Due to the coupling of initial
state electrons or positrons to W bosons both sources con-
tribute nearly exclusively in a configuration with left-handed
polarised electron beams and right-handed polarised positron
beams.

In that case single t quark and Z0W+W− boson produc-
tion can yield a total production rate of up to 10 % of that
of the pair production diagram of Fig. 1a. Experimentally,
Z0W+W− production can be distinguished rather efficiently
from t t̄ pair production, but a clean separation of final states
with a single t quark seems impossible. A realistic experi-
mental strategy must therefore consider the W+bW−b̄ inclu-
sively [9].

2.1 Observables and form factors

In case of polarised beams Ref. [10] suggests to express the
form factors introduced in Sect. 1 in terms of the helicity of
the incoming electrons,

F L
i j = −Fγ

i j +
(

− 1
2 + s2

w

swcw

) (
s

s − m2
Z

)

FZ
i j

F R
i j = −Fγ

i j +
(

s2
w

swcw

) (
s

s − m2
Z

)

FZ
i j , (4)

with i = 1, 2 and j = V, A and mZ being the mass of
the Z0 boson. The tree level cross section for t t̄ quark pair
production for an electron beam polarisation I = L , R reads

σI = 2ANcβ[(1 + 0.5γ −2)(F I
1V )

2 + (F I ′
1A)

2 + 3F I
1VF

I
2V

+(1 + 0.5γ 2)(F I
2V )

2], (5)
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Trends in upcoming studies

Top pair production is effectively ee->6f
process

- Role of  (indistinguishable) single top production (Eur. Phys. J. C (2015) 75: 223) 
  Only relevant for e

L

- QCD and electroweak corrections for top decay chain

- Effects of finite top width and V
tb
 instead of Γ

t
 

- Exploitation of information of final state by matrix element method (arxiv: 1503.04247)
  Unbiased access to tensorial CP violating form factors !? 

- Exotic decays as e.g. t->ch
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Fig. 2 Left Reconstructed forward–backward asymmetry compared
with the prediction by the event generator WHIZARD [18] for two con-
figurations of the beam polarisations.Right The same but after the appli-
cation of a on χ2 < 15 for the beam polarisations Pe− ,Pe+ = −1,+1

as explained in the text. Note, that in both figures no correction is applied
for the beam polarisations Pe− ,Pe+ = +1,−1. The figure on the right
hand side shows also the residual Standard Model background

Table 2 Statistical precisions expected for the cross sections and At
FB

for different beam polarisations

Pe− ,Pe+ (δσ/σ )stat. (%) (δAt
FB/A

t
FB)stat. (%)

−0.8,+0.3 0.47 1.8

+0.8,−0.3 0.63 1.3

tight selection however reduces the efficiency in case of left-
handed initial electron beams from 55 to 28 %. With this
the forward backward asymmetry can be determined to a
statistical precision of better than 2 %. The precise results
corrected to the beam polarisations Pe− ,Pe+ = ±0.8,∓0.3
are given in Table 2 together with those for the cross section,
see previous section. A more straightforward, albeit experi-
mentally more challenging, way to control the migrations is
to measure the charge of the b quarks that are issue of the t
quark decay. References [22,23] describe the determination
of the b quark charge using secondary tracks. The same value
of At

FB is obtained at a comparable selection efficiency [8].
This means that At

FB can be determined with two independent
methods.

Hard gluon radiation may alter the polar angle distribution
of the final state t quarks. The WHIZARD version 1.95 used
for the study generates hard gluons only via the interface to
PYTHIA that generates the parton shower. Therefore results
presented before have been checked with a study on parton
level using the most recent version 2.2.2 of WHIZARD that
correctly accounts for hard gluon radiation. No significant
difference has been observed.

4 Discussion of systematic uncertainties

In the previous sections measurements of either cross sec-
tions or asymmetries have been presented. This section

makes an attempt to identify and quantify systematic uncer-
tainties, which may influence the precision measurements.

• Luminosity The luminosity is a critical parameter for
cross section measurements only. The luminosity can be
controlled to 0.1 % [24].

• Polarisation The polarisation is a critical parameter for
all analyses. It enters directly the cross section measure-
ments. The studies presented in [25] using W pair pro-
duction lead to an uncertainty of 0.1 % for the polarisa-
tion of the electron beam and to an uncertainty of 0.35 %
for the polarisation of the positron beam. This translates
into an uncertainty of 0.25 % on the cross section for
Pe− ,Pe+ = −0.8,+0.3 and 0.18 % on the cross sec-
tion for Pe− ,Pe+ = +0.8,−0.3. The uncertainty on the
polarisation can be neglected with respect to the statisti-
cal uncertainty for At

FB.
• Beamstrahlung and beam energy spread The mutual

influence of the electromagnetic fields of the colliding
bunches provokes radiation of photons known as Beam-
strahlung. This Beamstrahlung modulates the luminosity
spectrum, i.e. moves particles from the nominal energy to
smaller energies. At the ILC for a centre-of-mass energy
of 500 GeV about 60 % of the particles are expected to
have 99 % or more of the nominal energy [4]. The beam
energy spread, i.e. the RMS of this main luminosity peak
is 124 MeV for the electron beam and 70 MeV for the
positron beam [4]. Both effects play a role at the t t̄ thresh-
old [26] and can be neglected at energies well above this
threshold.

• Experimental uncertainties in top quark reconstruction
As discussed in Sect. 3.1 migrations have to be taken
into account for the measurement of At

FB, in particu-
lar for the polarisations Pe− ,Pe+ = −0.8,+0.3. These
migrations are reduced by stringent requirements on the
event selection using a χ2 analysis. This in turn leads
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as explained in the text. Note, that in both figures no correction is applied
for the beam polarisations Pe− ,Pe+ = +1,−1. The figure on the right
hand side shows also the residual Standard Model background

Table 2 Statistical precisions expected for the cross sections and At
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t
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−0.8,+0.3 0.47 1.8

+0.8,−0.3 0.63 1.3

tight selection however reduces the efficiency in case of left-
handed initial electron beams from 55 to 28 %. With this
the forward backward asymmetry can be determined to a
statistical precision of better than 2 %. The precise results
corrected to the beam polarisations Pe− ,Pe+ = ±0.8,∓0.3
are given in Table 2 together with those for the cross section,
see previous section. A more straightforward, albeit experi-
mentally more challenging, way to control the migrations is
to measure the charge of the b quarks that are issue of the t
quark decay. References [22,23] describe the determination
of the b quark charge using secondary tracks. The same value
of At

FB is obtained at a comparable selection efficiency [8].
This means that At

FB can be determined with two independent
methods.

Hard gluon radiation may alter the polar angle distribution
of the final state t quarks. The WHIZARD version 1.95 used
for the study generates hard gluons only via the interface to
PYTHIA that generates the parton shower. Therefore results
presented before have been checked with a study on parton
level using the most recent version 2.2.2 of WHIZARD that
correctly accounts for hard gluon radiation. No significant
difference has been observed.

4 Discussion of systematic uncertainties

In the previous sections measurements of either cross sec-
tions or asymmetries have been presented. This section

makes an attempt to identify and quantify systematic uncer-
tainties, which may influence the precision measurements.

• Luminosity The luminosity is a critical parameter for
cross section measurements only. The luminosity can be
controlled to 0.1 % [24].

• Polarisation The polarisation is a critical parameter for
all analyses. It enters directly the cross section measure-
ments. The studies presented in [25] using W pair pro-
duction lead to an uncertainty of 0.1 % for the polarisa-
tion of the electron beam and to an uncertainty of 0.35 %
for the polarisation of the positron beam. This translates
into an uncertainty of 0.25 % on the cross section for
Pe− ,Pe+ = −0.8,+0.3 and 0.18 % on the cross sec-
tion for Pe− ,Pe+ = +0.8,−0.3. The uncertainty on the
polarisation can be neglected with respect to the statisti-
cal uncertainty for At

FB.
• Beamstrahlung and beam energy spread The mutual

influence of the electromagnetic fields of the colliding
bunches provokes radiation of photons known as Beam-
strahlung. This Beamstrahlung modulates the luminosity
spectrum, i.e. moves particles from the nominal energy to
smaller energies. At the ILC for a centre-of-mass energy
of 500 GeV about 60 % of the particles are expected to
have 99 % or more of the nominal energy [4]. The beam
energy spread, i.e. the RMS of this main luminosity peak
is 124 MeV for the electron beam and 70 MeV for the
positron beam [4]. Both effects play a role at the t t̄ thresh-
old [26] and can be neglected at energies well above this
threshold.

• Experimental uncertainties in top quark reconstruction
As discussed in Sect. 3.1 migrations have to be taken
into account for the measurement of At

FB, in particu-
lar for the polarisations Pe− ,Pe+ = −0.8,+0.3. These
migrations are reduced by stringent requirements on the
event selection using a χ2 analysis. This in turn leads
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Fig. 2 Left Reconstructed forward–backward asymmetry compared
with the prediction by the event generator WHIZARD [18] for two con-
figurations of the beam polarisations.Right The same but after the appli-
cation of a on χ2 < 15 for the beam polarisations Pe− ,Pe+ = −1,+1

as explained in the text. Note, that in both figures no correction is applied
for the beam polarisations Pe− ,Pe+ = +1,−1. The figure on the right
hand side shows also the residual Standard Model background

Table 2 Statistical precisions expected for the cross sections and At
FB

for different beam polarisations

Pe− ,Pe+ (δσ/σ )stat. (%) (δAt
FB/A

t
FB)stat. (%)

−0.8,+0.3 0.47 1.8

+0.8,−0.3 0.63 1.3

tight selection however reduces the efficiency in case of left-
handed initial electron beams from 55 to 28 %. With this
the forward backward asymmetry can be determined to a
statistical precision of better than 2 %. The precise results
corrected to the beam polarisations Pe− ,Pe+ = ±0.8,∓0.3
are given in Table 2 together with those for the cross section,
see previous section. A more straightforward, albeit experi-
mentally more challenging, way to control the migrations is
to measure the charge of the b quarks that are issue of the t
quark decay. References [22,23] describe the determination
of the b quark charge using secondary tracks. The same value
of At

FB is obtained at a comparable selection efficiency [8].
This means that At

FB can be determined with two independent
methods.

Hard gluon radiation may alter the polar angle distribution
of the final state t quarks. The WHIZARD version 1.95 used
for the study generates hard gluons only via the interface to
PYTHIA that generates the parton shower. Therefore results
presented before have been checked with a study on parton
level using the most recent version 2.2.2 of WHIZARD that
correctly accounts for hard gluon radiation. No significant
difference has been observed.

4 Discussion of systematic uncertainties

In the previous sections measurements of either cross sec-
tions or asymmetries have been presented. This section

makes an attempt to identify and quantify systematic uncer-
tainties, which may influence the precision measurements.

• Luminosity The luminosity is a critical parameter for
cross section measurements only. The luminosity can be
controlled to 0.1 % [24].

• Polarisation The polarisation is a critical parameter for
all analyses. It enters directly the cross section measure-
ments. The studies presented in [25] using W pair pro-
duction lead to an uncertainty of 0.1 % for the polarisa-
tion of the electron beam and to an uncertainty of 0.35 %
for the polarisation of the positron beam. This translates
into an uncertainty of 0.25 % on the cross section for
Pe− ,Pe+ = −0.8,+0.3 and 0.18 % on the cross sec-
tion for Pe− ,Pe+ = +0.8,−0.3. The uncertainty on the
polarisation can be neglected with respect to the statisti-
cal uncertainty for At

FB.
• Beamstrahlung and beam energy spread The mutual

influence of the electromagnetic fields of the colliding
bunches provokes radiation of photons known as Beam-
strahlung. This Beamstrahlung modulates the luminosity
spectrum, i.e. moves particles from the nominal energy to
smaller energies. At the ILC for a centre-of-mass energy
of 500 GeV about 60 % of the particles are expected to
have 99 % or more of the nominal energy [4]. The beam
energy spread, i.e. the RMS of this main luminosity peak
is 124 MeV for the electron beam and 70 MeV for the
positron beam [4]. Both effects play a role at the t t̄ thresh-
old [26] and can be neglected at energies well above this
threshold.

• Experimental uncertainties in top quark reconstruction
As discussed in Sect. 3.1 migrations have to be taken
into account for the measurement of At

FB, in particu-
lar for the polarisations Pe− ,Pe+ = −0.8,+0.3. These
migrations are reduced by stringent requirements on the
event selection using a χ2 analysis. This in turn leads
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with the prediction by the event generator WHIZARD [18] for two con-
figurations of the beam polarisations.Right The same but after the appli-
cation of a on χ2 < 15 for the beam polarisations Pe− ,Pe+ = −1,+1

as explained in the text. Note, that in both figures no correction is applied
for the beam polarisations Pe− ,Pe+ = +1,−1. The figure on the right
hand side shows also the residual Standard Model background
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tight selection however reduces the efficiency in case of left-
handed initial electron beams from 55 to 28 %. With this
the forward backward asymmetry can be determined to a
statistical precision of better than 2 %. The precise results
corrected to the beam polarisations Pe− ,Pe+ = ±0.8,∓0.3
are given in Table 2 together with those for the cross section,
see previous section. A more straightforward, albeit experi-
mentally more challenging, way to control the migrations is
to measure the charge of the b quarks that are issue of the t
quark decay. References [22,23] describe the determination
of the b quark charge using secondary tracks. The same value
of At

FB is obtained at a comparable selection efficiency [8].
This means that At

FB can be determined with two independent
methods.

Hard gluon radiation may alter the polar angle distribution
of the final state t quarks. The WHIZARD version 1.95 used
for the study generates hard gluons only via the interface to
PYTHIA that generates the parton shower. Therefore results
presented before have been checked with a study on parton
level using the most recent version 2.2.2 of WHIZARD that
correctly accounts for hard gluon radiation. No significant
difference has been observed.

4 Discussion of systematic uncertainties

In the previous sections measurements of either cross sec-
tions or asymmetries have been presented. This section

makes an attempt to identify and quantify systematic uncer-
tainties, which may influence the precision measurements.

• Luminosity The luminosity is a critical parameter for
cross section measurements only. The luminosity can be
controlled to 0.1 % [24].

• Polarisation The polarisation is a critical parameter for
all analyses. It enters directly the cross section measure-
ments. The studies presented in [25] using W pair pro-
duction lead to an uncertainty of 0.1 % for the polarisa-
tion of the electron beam and to an uncertainty of 0.35 %
for the polarisation of the positron beam. This translates
into an uncertainty of 0.25 % on the cross section for
Pe− ,Pe+ = −0.8,+0.3 and 0.18 % on the cross sec-
tion for Pe− ,Pe+ = +0.8,−0.3. The uncertainty on the
polarisation can be neglected with respect to the statisti-
cal uncertainty for At

FB.
• Beamstrahlung and beam energy spread The mutual

influence of the electromagnetic fields of the colliding
bunches provokes radiation of photons known as Beam-
strahlung. This Beamstrahlung modulates the luminosity
spectrum, i.e. moves particles from the nominal energy to
smaller energies. At the ILC for a centre-of-mass energy
of 500 GeV about 60 % of the particles are expected to
have 99 % or more of the nominal energy [4]. The beam
energy spread, i.e. the RMS of this main luminosity peak
is 124 MeV for the electron beam and 70 MeV for the
positron beam [4]. Both effects play a role at the t t̄ thresh-
old [26] and can be neglected at energies well above this
threshold.

• Experimental uncertainties in top quark reconstruction
As discussed in Sect. 3.1 migrations have to be taken
into account for the measurement of At

FB, in particu-
lar for the polarisations Pe− ,Pe+ = −0.8,+0.3. These
migrations are reduced by stringent requirements on the
event selection using a χ2 analysis. This in turn leads

123

Eur. Phys. J. C   (2015) 75:512 Page 5 of 11  512 

)topθcos(
-1 -0.5 0 0.5 1

1000

2000

3000

4000

5000
L
+eR

-e

R
+eL

-e
Reconstructed
Generator - Whizard

)topθcos(
-1 -0.5 0 0.5 1

1000

2000

3000

4000

5000
L
+eR

-e
R
+eL

-e
2χReconstructed with cut on 

SM Background
Generator - Whizard

Fig. 2 Left Reconstructed forward–backward asymmetry compared
with the prediction by the event generator WHIZARD [18] for two con-
figurations of the beam polarisations.Right The same but after the appli-
cation of a on χ2 < 15 for the beam polarisations Pe− ,Pe+ = −1,+1

as explained in the text. Note, that in both figures no correction is applied
for the beam polarisations Pe− ,Pe+ = +1,−1. The figure on the right
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tight selection however reduces the efficiency in case of left-
handed initial electron beams from 55 to 28 %. With this
the forward backward asymmetry can be determined to a
statistical precision of better than 2 %. The precise results
corrected to the beam polarisations Pe− ,Pe+ = ±0.8,∓0.3
are given in Table 2 together with those for the cross section,
see previous section. A more straightforward, albeit experi-
mentally more challenging, way to control the migrations is
to measure the charge of the b quarks that are issue of the t
quark decay. References [22,23] describe the determination
of the b quark charge using secondary tracks. The same value
of At

FB is obtained at a comparable selection efficiency [8].
This means that At

FB can be determined with two independent
methods.

Hard gluon radiation may alter the polar angle distribution
of the final state t quarks. The WHIZARD version 1.95 used
for the study generates hard gluons only via the interface to
PYTHIA that generates the parton shower. Therefore results
presented before have been checked with a study on parton
level using the most recent version 2.2.2 of WHIZARD that
correctly accounts for hard gluon radiation. No significant
difference has been observed.

4 Discussion of systematic uncertainties

In the previous sections measurements of either cross sec-
tions or asymmetries have been presented. This section

makes an attempt to identify and quantify systematic uncer-
tainties, which may influence the precision measurements.

• Luminosity The luminosity is a critical parameter for
cross section measurements only. The luminosity can be
controlled to 0.1 % [24].

• Polarisation The polarisation is a critical parameter for
all analyses. It enters directly the cross section measure-
ments. The studies presented in [25] using W pair pro-
duction lead to an uncertainty of 0.1 % for the polarisa-
tion of the electron beam and to an uncertainty of 0.35 %
for the polarisation of the positron beam. This translates
into an uncertainty of 0.25 % on the cross section for
Pe− ,Pe+ = −0.8,+0.3 and 0.18 % on the cross sec-
tion for Pe− ,Pe+ = +0.8,−0.3. The uncertainty on the
polarisation can be neglected with respect to the statisti-
cal uncertainty for At

FB.
• Beamstrahlung and beam energy spread The mutual

influence of the electromagnetic fields of the colliding
bunches provokes radiation of photons known as Beam-
strahlung. This Beamstrahlung modulates the luminosity
spectrum, i.e. moves particles from the nominal energy to
smaller energies. At the ILC for a centre-of-mass energy
of 500 GeV about 60 % of the particles are expected to
have 99 % or more of the nominal energy [4]. The beam
energy spread, i.e. the RMS of this main luminosity peak
is 124 MeV for the electron beam and 70 MeV for the
positron beam [4]. Both effects play a role at the t t̄ thresh-
old [26] and can be neglected at energies well above this
threshold.

• Experimental uncertainties in top quark reconstruction
As discussed in Sect. 3.1 migrations have to be taken
into account for the measurement of At

FB, in particu-
lar for the polarisations Pe− ,Pe+ = −0.8,+0.3. These
migrations are reduced by stringent requirements on the
event selection using a χ2 analysis. This in turn leads
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Abstract Top quark production in the process e+e− → t t̄
at a future linear electron positron collider with polarised
beams is a powerful tool to determine indirectly the scale of
new physics. The presented study, based on a detailed simu-
lation of the ILD detector concept, assumes a centre-of-mass
energy of

√
s = 500 GeV and a luminosity of L = 500 fb−1

equally shared between the incoming beam polarisations of
Pe− ,Pe+ = ±0.8,∓0.3. Events are selected in which the
top pair decays semi-leptonically and the cross sections and
the forward–backward asymmetries are determined. Based
on these results, the vector, axial vector and tensorial CP
conserving couplings are extracted separately for the pho-
ton and the Z0 component. With the expected precision, a
large number of models in which the top quark acts as a
messenger to new physics can be distinguished with many
standard deviations. This will dramatically improve expec-
tations from e.g. the LHC for electro-weak couplings of the
top quark.

1 Introduction

The main goal of current and future machines at the energy
frontier is to understand the nature of electro-weak symmetry
breaking. This symmetry breaking can be generated by the
existence of a new strong sector, inspired by QCD, that may
manifest itself at energies of around 1 TeV. In all realisations
of the new strong sector, as for example Randall–Sundrum
models [1] or compositeness models [2], the strength of the
coupling to this new sector of the Standard Model fields are

a e-mail: poeschl@lal.in2p3.fr

supposed to increase with their mass. For this and other rea-
sons, the heavy top quark or t quark with a mass of approx-
imately mt = 173 GeV [3] is expected to be a window to
any new physics at the TeV energy scale. New physics can
modify the electro-weak t t̄ X vertex described in the Stan-
dard Model by Vector and Axial vector couplings V and A
to the vector bosons X = γ , Z0. At the International Linear
Collider, ILC [4], that will collide electron and positrons at
a centre-of-mass energy of 500 GeV, t quark electro-weak
couplings can be measured at the % level.

In contrast to the situation at hadron colliders, the leading-
order pair production process e+e− → t t̄ goes directly
through the t t̄ Z0 and t t̄γ vertices. There is no concurrent
QCD production of t quark pairs, which increases greatly
the potential for a clean measurement. A parametrisation of
the t t̄ X vertex valid to all orders of perturbation theory may
be written as 1:

"t t̄ X
µ (k2, q, q̄) = ie

{
γµ(FX

1V (k
2)+ γ5FX

1A(k
2))

− σµν

2mt
(q + q̄)ν(i F X

2V (k
2)+ γ5FX

2A(k
2))

}
, (1)

with e being the electrical charge of the electron, k2 =
(q+q̄)2 being the squared four-momentum of the exchanged
boson and q and q̄ being the four-vectors of the t and
t̄ quark, respectively. Further, γµ are the Dirac matrices lead-
ing to vector currents of fermions and γ5 is the Dirac matrix
allowing to introduce an axial-vector current into the theory.
Finally, σµν = i

2 (γµγν − γνγµ) allows for describing the

1 A dependence on an additional term (q + q̄)µ · F3 can be neglected
in the limit of a vanishing electron mass [5].

123CLIC: similar precision to ILC except for the coupling 
F1AZ that suffers the large statistical error of AFB ~5% 

Conservative scenario for CLIC: NNNL calculations at 
threshold predict a 3% theory uncertainty 

ILC and CLIC can characterise precisely ttγ and ttZ 
vertices, an order of magnitude better than LHC 
prospects from associated production 
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These form factors dγ,Z(s) can have imaginary (i.e., absortive) parts. The real
parts Re[dγ,Z(s)] induce a difference int the t and t̄ polarizations orthogonal to the
scattering plane of reaction. Non-zero absorptive parts Im[dγ,Z(s)] lead to a difference
in the t and t̄ polarizations along the top direction of flight.

In this section we consider the production of a top quark pair via the collision of
an unpolarized positron beam and a longitudinally polarized electron beam:

e+(e+) + e−(e−, p) → t(kt) + t̄(kt̄). (3)

Here p is the longitudinal polarization of the electron beam (p = 1 refers to right
handed electrons). For our purposes the most interesting final states are those from
semileptonic t decay and non-leptonic t̄ decay and vice versa:

t t̄ → ℓ+(q+) + νℓ + b+Xhad(qX̄), (4)

t t̄ → Xhad(qX) + ℓ−(q−) + ν̄ℓ + b̄ , (5)

where the 3-momenta in eqs. (3) - (5) refer to the e+e− c.m. frame.
CP-violating interactions can affect the t̄t production and decay vertices.

As shown eq.(1) the current at the tt̄γ(Z) vertex depends in 8 form factors, F γ,Z
1V ,

F γ,Z
1A , F γ,Z

2V and F γ,Z
2A . The first six form factors are CP conserving and the procedures

to extract them have been described in [1]. It is intended from now on to define
similar procedures to extract the remaining CPV form factors, F γ,Z

2A . Since these
form factors may develop an imaginary part, there are in reality 4 form factors to
extract. The way to extract these form factors is to construct asymmetries that are
CP violating.

A well known example is the asymmetry of the lepton with respect to the produc-
tion plane [7]:

ORe
+ = (q̂∗+ × q̂X̄) · ê+ ORe

− = (q̂∗− × q̂X) · ê+ (6)

So one can demonstrate that A = O+ − O− is proportional to F2A. For the
imaginary part of the form factor, one has to build observables of the type:

OIm
+ = −[1 + (

√
s

2mt
− 1)(q̂X̄ · ê+)2]q̂∗+ · q̂X̄ +

√
s

2mt
q̂X̄ · ê+q̂∗+ · ê+ (7)

The observable OIm
− is defined to be the CP image of OIm

+ . It is obtained from
OIm

+ by the substitutions q̂X̄ → −q̂X , q̂∗+ → −q̂∗−, ê+ → ê+

2
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The “baseline” study is limited to CP-conserving form factors, but e+e- is known to do well also 
for CP-violationg F2A at least since TESLA times

Reconstructing optimal CP observables from W. Bernreuther et. al. arXiv:hep-ph/9602273  
In the lepton + jets final state:

Where
q= charged lepton momentum
X = hadronic top system
 e = positron momentum

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z

0,

Generally speaking, an e

+
e

� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e

+
e

� ! tt goes directly through the ttZ

0 and tt�

vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX

µ

(k2
, q, q) = ie

⇢
�

µ

⇣
e
F

X

1V (k
2) + �5

e
F

X

1A(k
2)
⌘
+

(q � q)
µ

2m
t

⇣
e
F

X

2V (k
2) + �5

e
F

X

2A(k
2)
⌘�

.

(1)
with k

2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �

µ

with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX

µ

(k2
, q, q) = �ie

⇢
�

µ

�
F

X

1V (k
2) + �5F

X

1A(k
2)
�
+

�

µ⌫

2m
t

(q + q)µ
�
iF

X

2V (k
2) + �5F

X

2A(k
2)
��

,

(2)
with �

µ⌫

= i

2 (�µ�⌫ � �

⌫

�

µ

). The couplings or form factors e
F

X

i

and F

X

i

appearing in
Eqs. 1 and 2 are related via

e
F

X

1V = �
�
F

X

1V + F

X

2V

�
,

e
F

X

2V = F

X

2V ,

e
F

X

1A = �F

X

1A ,

e
F

X

2A = �iF

X

2A . (3)

Within the Standard Model the F

i

have the following values:

F

�,SM

1V = �2

3
, F

�,SM

1A = 0, FZ,SM

1V = � 1

4s
w

c

w

✓
1� 8

3
s

2
w

◆
, F

Z,SM

1A =
1

4s
w

c

w

, (4)

with s

w

and c

w

being the sine and the cosine of the Weinberg angle ✓
W

. The coupling
F

�

2V is related via F

�

2V = Q

t

(g�2)/2 to the anomalous magnetic moment (g�2) with
Q

t

being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about

2
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In Ref.[7] is shown that one can design fully optimized observables O of this type
which would allow to extract Re[F γ,Z

2A ] and Im[F γ,Z
2A ] with the best posible analyzing

accuracy. This method closely follows what has been done for τ physics at LEP.

In order to go beyond the TESLA TDR [8] results, what is needed is full dis-
entaglement. This seems posible since there are two asymmetries available for each
polarization.

Eqs. (8) and (9) show a reasonable approximation to write these CP violation
asymmetries [9].

ARe
γ,Z = ⟨ORe

+ ⟩ − ⟨ORe
− ⟩ = cγ[PRe(F γ

2A) +KZRe(FZ
2A)] (8)

AIm
γ,Z = ⟨OIm

+ ⟩ − ⟨OIm
− ⟩ = dγ[Im(F γ

2A) + PKZIm(FZ
2A)] (9)

where cγ = 0.35, P = ±1 (e− polarisation), KZ = −0.6 and considering dγ ∼
cγ = 0.35

Measuring these observables for two polarisations one can very easily isolate each
F γ,Z
2A term.

3 WHIZARD + Full simulation

The events generated with WHIZARD are restricted to the physics of the SM so F γ,Z
2A

couplings are all zero and the asymmetries defined in eqs.(8) and (9) should be zero
too.

As shown Figure 1, ORe
± distributions are centered at zero, however OIm

± distribu-
tions are afected by polarisation P and are asymmetric but it is balanced when AIm

is calculated, see Table 2.

CPV obs Generated RMS δstat Reconstructed RMS δstat
⟨ORe

+ ⟩ 0.003411 0,45 0.0014 0.003477 0,47 0.002
⟨ORe

− ⟩ -0.002492 0,45 0.0014 -0.0006084 0,47 0.002
⟨OIm

+ ⟩ -0.08611 0,50 0.0016 -0.03002 0,50 0.002
⟨OIm

− ⟩ -0.08428 0,50 0.0016 -0.02615 0,50 0.002

Table 1: Mean values of the ORe,Im
± observables for P = −1.

3

These observables have simple relations to the four F2A form factors

One can easily isolate F2A from previous lineal relations

Full simulations results exist for ILC@500GeV and 
CLIC@380GeV

Paper of LC potential in the CPV sector in preparation 
(IFIC-LAL collaboration) 

Confirm sensitivity of TESLA TDR study 

0.2 Final results and conclusions

Quantity Re[F �
2A] Re[FZ

2A] Im[F �
2A] Im[FZ

2A]
SM value at tree level 0 0 0 0
LHC 0.12 0.25 0.12 0.25
TESLA TDR 0.007 0.008 0.008 0.010
ILC@500 GeV 0.007 0.011 0.007 0.012
CLIC@380 GeV 0.009 0.013 0.008 0.016

Table 6: Standard deviations of CP-violating form factors derived from the statis-
tical precisions on the ORe,Im

± observables.
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Figure 3: Graphical comparison of statistical precisions on CP-violating form factors
expected for...

the results of the full simulation are in agreement with the parton-level study[]
performed for the TESLA TDR [8].

We have investigated the observables presented in [6] to constrain the CP vi-
olating form factors of the interaction between top quarks and electroweak gauge
bosons.

The results on a Standard Model sample with full simulation of the detector
response qualitatively confirm the findings of J. Rouene. Migrations are observed

Preliminary
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The top Yukawa coupling gtth can be directly measured via ttH channel 

Recent / ongoing benchmark studies based on full  
detector simulations 

02/07/2015 Philipp Roloff ttH at the LC 2

ttH production cross section

• Large impact of tt bound-state effects 
up to 600 GeV

• Broad maximum around 800 GeV

• The tt cross section decreases steeper 
with increasing √s than the ttH signal

Recent / ongoing benchmark studies 
based on full detector simulations:

500 GeV, ILC (ILD): 
Yuji Sudo
1 TeV, ILC (ILD & SiD):
Tony Price, Ph.R.,
Jan Strube, Tomohiko Tanabe
1.4 TeV, CLIC (CLIC_SiD):
Sophie Redford, Ph.R., Marcelo Vogel

Phys. Rev. D 84, 014033 (2011)

02/07/2015 Philipp Roloff ttH at the LC 3

g
tth

2

top Yukawa coupling

→ The ttH cross 
section is directly 
sensitive to the top 
Yukawa coupling g

ttH

Small contribution from
Higgsstrahlung events:

Δ g ttH

gttH
=c⋅Δσ

σ

No Higgsstrahlung: c = 0.50
ILC 1 TeV: c = 0.52
CLIC 1.4 TeV: c = 0.53

CLIC
1.4 TeV
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02/07/2015 Philipp Roloff ttH at the LC 5

Reconstruction issues

Investigated final states:
“8 jets”: t(→qqb)t(→qqb)H(→bb)
“6 jets”: t(→qqb)t(→lνb)H(→bb)
[ “4 jets”: t(→lνb)t(→lνb)H(→bb) ]

ttH→τvqqbbbb

Crucial tests of 
various detector
Performance and 
reconstruction aspects:

• Jet reconstruction 
in complex final states
• Flavour tagging
• Charged lepton 
identification
• Missing energy 
reconstruction

CLIC, 1.4 TeV

Broad maximum around 800GeV

Talk by Ph.Roloff at Top Workshop 2015 - Valencia
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About 4% precision on the top Yukawa coupling achievable with 1ab-1 at 1TeV at the ILC or 
1.5 ab-1 at 1.4TeV at CLIC

Investigation of other observables in ttH events possible, like differential distributions to 
explore the CP properties.

Top Yukawa coupling: ttH studies
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02/07/2015 Philipp Roloff ttH at the LC 5

Reconstruction issues

Investigated final states:
“8 jets”: t(→qqb)t(→qqb)H(→bb)
“6 jets”: t(→qqb)t(→lνb)H(→bb)
[ “4 jets”: t(→lνb)t(→lνb)H(→bb) ]

ttH→τvqqbbbb

Crucial tests of 
various detector
Performance and 
reconstruction aspects:

• Jet reconstruction 
in complex final states
• Flavour tagging
• Charged lepton 
identification
• Missing energy 
reconstruction

CLIC, 1.4 TeV Crucial tests of various detector performance 
and reconstruction aspects: 

• Jet reconstruction in complex final states 
• Flavour tagging 
• Charged lepton identification 
• Missing energy reconstruction  
• Background rejection: tt, other ttH, ttZ, ttg(g→bb)
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F. Zarnecki: Measurement of FCNC top decays at ILC/CLIC studied at parton level. 

FCNC top decays: t ➔ cH

25

LCWS15 @ Whistler 20Marcel Vos (marcel.vos@i�c.uv.es)

Linear Collider t → cH prospects

F. Zarnecki: Parton-level study in WHIZARD with 2HDM signal and major SM backgrounds

Basic event selection:

● 1 lepton + Etmiss + 4 jets, among which 3 b-jets

● 0 lepton, no Etmiss, 6 jets, among which 3 b-jets

Reconstruction:

Create spectator top candidate (blv, or bqq) and signal top (bbq)

Higgs candidate is bb combination in signal top candidate

SM background can be controlled using 

b-tagging and kinematic constraints 

even with imperfect b-tagging and finite 

jet energy resolution 

Limits improve proportional to # top pairs

Order of magnitude better sensitivity wrt 

LHC after complete ILC programme

BR(t → ch) × BR(h → bb )̄ 

Expected limits on BR(t → ch) × BR(h → bb )̄ ~ 10−5 depending on the energy, luminosity and 
detector parameters in a H-20 LC full program.

Top workshop Valencia July 15
https://indico.cern.ch/event/381148/session/5/contribution/4/attachments/759420/1674930/toplc2015.pdf

Decay t→c h is most interesting:
• well constrained kinematics
• test of Higgs boson couplings 
• seems to be most difficult for LHC 

Two Higgs Doublet Model (2HDM) 
as a test scenario 

https://indico.cern.ch/event/381148/session/5/contribution/4/attachments/759420/1674930/toplc2015.pdf
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FCNC top decays: Status of further studies
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Full detector simulation and reconstruction samples of t→cΗ generated  

• Validation of parton-level results 
• Waiting for the analysis to produce first results 

Last version of WIZHARD includes more FCNC couplings:

• top-photon, top-gluon and top-Z 
• t→cγ and e+e-→tc events generated and waiting to be analysed

t ➔ cH(cZ, cγ)
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Summary 

Top at Future Linear Colliders
• tt threshold scan: ~ 50 MeV precision in top mass including the different uncertainty 

sources. Alternative methods in continuum can reach O(100 MeV) precision 

• ILC and CLIC can characterise precisely CP conserving and also CP violating ttγ and 
ttZ vertices, an order of magnitude better than LHC 

• About 4% precision on the top Yukawa coupling achievable with 1ab-1 at 1TeV at the 
ILC or 1.5 ab-1 at 1.4TeV at CLIC 

• Expected limits on t →  ch, ~10−5 in a parton level study and new full simulation 
samples waiting to be analysed

27

Top at Hadron Colliders
• Top mass measured with a precision of 500 MeV 
• 5σ significance observed for all top ttV (V=W,Z,γ) production channels 
• Yukawa coupling signal strength μttH =2.3 +0.7 -0.6  ATLAS and CMS combination 
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