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     Linear Colliders
✴ The LHC discovery of Higgs particle completed all the particles 
needed in SM.  
✴ Now we are aiming at precisely measuring the properties of these 
particles to search for signs of new physics. 
✴ Challenges towards precision can adequately be met in a clean 
environment !  e+e- colliders. Chapter 2. Higgs Boson
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Figure 2.8.21: Expected precision from the full ILC program of tests of the Standard
Model prediction that the Higgs coupling to each particle is proportional to its mass.
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✴ The top physics is one of the three pillars of linear collider physics 
program.  
✴ Current on-going studies in the ILC collaboration include:  

!  Properties of top: mass, width and cross section

!  Coupling of top, namely, top Yukawa coupling                            

!  BSM: anomalous couplings to BSM gauge bosons (Z’, W’, Extra 
dimension etc) !  Top Electroweak coupling.
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tøt !" (bW)(bW) !" (bqq)(bl! )

2 Analysis at
#

s = 500 GeV with an integrated luminosity
L = 500 fb! 1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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and other reasons, thet quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weakttX vertex described
in the Standard Model byVector andAxial vector couplingsV and A to the vector
bosonsX = �, Z 0,

Generally speaking, ane+ e! linear collider (LC) can measuret quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production processe+ e! ! tt goes directly through thettZ 0 and tt�
vertices. There is no concurrent QCD production oft quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at thettX vertex. The Ref. [1] uses
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with k2 being the four momentum of the exchanged boson andq 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
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with sw and cw being the sine and the cosine of the Weinberg angle✓W . The coupling
F "

2V is related viaF "
2V = Qt (g" 2)/ 2 to the anomalous magnetic moment (g" 2) with

Qt being the electrical charge of thet quark. The couplingF2A is related to the dipole
moment d = ( e/2mt)F2A (0) that violates the combinedCharge andParity 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 theInternational Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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! ! X$=$Z0,$γ"
! ! V$=$Vector$coupling$
! ! A$=$Axial$coupling$
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105-6 ttbar pairs production 
at sqrt[s]=500 GeV with 500 fb-1!



Top electroweak couplings

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this 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 = ! , Z0.

Generally speaking, an e+ e! linear collider (LC) can measure t quark electro-
weak 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 ttZ0 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. Ref. [3] uses:
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with k2 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

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:
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with sw and cw being the sine and the cosine of the Weinberg angle #W .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F "

2V is related via
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and other reasons, thet quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weakttX vertex described
in the Standard Model byVector andAxial vector couplingsV and A to the vector
bosonsX = �, Z 0,
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with sw and cw being the sine and the cosine of the Weinberg angle✓W . The coupling
F "

2V is related viaF "
2V = Qt (g" 2)/ 2 to the anomalous magnetic moment (g" 2) with

Qt being the electrical charge of thet quark. The couplingF2A is related to the dipole
moment d = ( e/2mt)F2A (0) that violates the combinedCharge andParity 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 theInternational Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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!  new physics models 

In SM, X=" , Z 

CP violating

F !
2V = Qt (g ! 2)/ 2 to the anomalous magnetic moment (g ! 2) with Qt being the

electrical charge of thet quark. The coupling F2A is related to the dipole moment
d = ( e/2mt)F2A (0) that violates the combinedCharge andParity symmetry CP. Due
to the ! /Z 0 interference thet pair production is sensitive to the sign of the individual
form factors. This is in contrast to couplings oft quarks to ! and Z 0 individually
where the form factors enter only quadratically. The authors of [4] use LEP data to
set indirect constraints on the electric form factorsF Z

1V,A . These limits are su! cient
to exclude an ambiguity forF Z

1A but not for F Z
1V . In [4] also rough estimates for|F ! ,Z

2V |
are given.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [5], which can operate at centre-of-mass energies between theZ 0 pole
to 1 TeV. The ILC provides an ideal environment to measure these couplings. The
tt pairs would be copiously produced, several 100,000 events at

"
s = 500 GeV for

an integrated luminosity of 500 fb! 1. It is possible to almost entirely eliminate the
background from other Standard Model processes. The ILC will allow for polarised
electron and positron beams. With the use of polarised beams,t and t quarks oriented
toward di" erent angular regions in the detector are enriched in left-handed or right-
handedt quark helicity [6]. This means that the experiments can independently access
the couplings of left- and right-handed chiral parts of thet quark wave function to
the Z 0 boson and the photon. In principle, the measurement of the cross section
and forward-backward asymmetryAt

F B for two di" erent polarisation settings allows
extracting both, the photon and Z 0 couplings of thet quark for each helicity state.
This study introduces the angle of the decay lepton in semi-leptonic decays of thett
in the rest frame of thet quark. This angle will be called thehelicity angle. The
slope of the resulting angular distribution is a measure for the fraction oft quarks in
left-handed helicity state, tL and right-handed helicity state, tR, in a given sample.
There are therefore six independent observables

¥ The cross section;

¥ The forward backward asymmetryAt
F B ;

¥ The slope of the distribution of the helicity angle;

for two beam polarisations. For the extraction of the sixCP conserving form factors
deÞned for theZ 0 and the photon,F1V , F1A and F2V , the following observations have
to be taken into account: Close to thett threshold the observables depend always
on the sum F1V + F2V . Therefore a full disentangling of the form factors will be
imprecise for energies below about 1 TeV. Hence, in the present study either the
four form factorsF1V,A are varied simultaneously, while the twoF2V are kept at their

3
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Top electroweak couplings

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
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and other reasons, thet quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weakttX vertex described
in the Standard Model byVector andAxial vector couplingsV and A to the vector
bosonsX = �, Z 0,

Generally speaking, ane+ e! linear collider (LC) can measuret quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production processe+ e! ! tt goes directly through thettZ 0 and tt�
vertices. There is no concurrent QCD production oft quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at thettX vertex. The Ref. [1] uses

! ttX
µ (k2, q, q) = ie

!
�µ

"
#F X

1V (k2) + �5
#F X

1A (k2)
$

+
(q " q)µ

2mt

"
#F X

2V (k2) + �5
#F X

2A (k2)
$%

.

(1)
with k2 being the four momentum of the exchanged boson andq 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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2A (k2)

'
%

,

(2)
with �µ! = i

2 (�µ�! " �! �µ). The couplings or form factors#F X
i and F X

i appearing in
Eqs. 1 and 2 are related via

#F X
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&
F X

1V + F X
2V

'
, #F X

2V = F X
2V , #F X

1A = " F X
1A , #F X

2A = " iF X
2A . (3)

Within the Standard Model the Fi have the following values:

F " ,SM
1V = "

2
3

, F " ,SM
1A = 0, F Z,SM

1V = "
1

4swcw

(
1 "

8
3

s2
w

)
, F Z,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle✓W . The coupling
F "

2V is related viaF "
2V = Qt (g" 2)/ 2 to the anomalous magnetic moment (g" 2) with

Qt being the electrical charge of thet quark. The couplingF2A is related to the dipole
moment d = ( e/2mt)F2A (0) that violates the combinedCharge andParity 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 theInternational Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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ILC sensitivity to the 6 form factors

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest 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], Standard
Model Þelds would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, thet quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weakttX
vertex described in the Standard Model byVector andAxial vector couplingsV and
A to the vector bosonsX = ! , Z 0.

Generally speaking, ane+ e! linear collider (LC) can measuret quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production processe+ e! ! tt goes directly through thettZ 0 and
tt! vertices. There is no concurrent QCD production oft quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at thettX vertex. Ref. [3] uses:
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(1)
with k2 being the four momentum of the exchanged boson andq 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

Applying the Gordon identity to the vector and axial vector currents in Eq.1 the
parametrisation of thettX vertex can be written as:
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with sw and cw being the sine and the cosine of the Weinberg angle#W .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The couplingF "

2V is related via

2

!  new physics models 

In SM, X=" , Z 

F !
2V = Qt (g ! 2)/ 2 to the anomalous magnetic moment (g ! 2) with Qt being the

electrical charge of thet quark. The coupling F2A is related to the dipole moment
d = ( e/2mt)F2A (0) that violates the combinedCharge andParity symmetry CP. Due
to the ! /Z 0 interference thet pair production is sensitive to the sign of the individual
form factors. This is in contrast to couplings oft quarks to ! and Z 0 individually
where the form factors enter only quadratically. The authors of [4] use LEP data to
set indirect constraints on the electric form factorsF Z

1V,A . These limits are su! cient
to exclude an ambiguity forF Z

1A but not for F Z
1V . In [4] also rough estimates for|F ! ,Z

2V |
are given.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [5], which can operate at centre-of-mass energies between theZ 0 pole
to 1 TeV. The ILC provides an ideal environment to measure these couplings. The
tt pairs would be copiously produced, several 100,000 events at

"
s = 500 GeV for

an integrated luminosity of 500 fb! 1. It is possible to almost entirely eliminate the
background from other Standard Model processes. The ILC will allow for polarised
electron and positron beams. With the use of polarised beams,t and t quarks oriented
toward di" erent angular regions in the detector are enriched in left-handed or right-
handedt quark helicity [6]. This means that the experiments can independently access
the couplings of left- and right-handed chiral parts of thet quark wave function to
the Z 0 boson and the photon. In principle, the measurement of the cross section
and forward-backward asymmetryAt

F B for two di" erent polarisation settings allows
extracting both, the photon and Z 0 couplings of thet quark for each helicity state.
This study introduces the angle of the decay lepton in semi-leptonic decays of thett
in the rest frame of thet quark. This angle will be called thehelicity angle. The
slope of the resulting angular distribution is a measure for the fraction oft quarks in
left-handed helicity state, tL and right-handed helicity state, tR, in a given sample.
There are therefore six independent observables

¥ The cross section;

¥ The forward backward asymmetryAt
F B ;

¥ The slope of the distribution of the helicity angle;

for two beam polarisations. For the extraction of the sixCP conserving form factors
deÞned for theZ 0 and the photon,F1V , F1A and F2V , the following observations have
to be taken into account: Close to thett threshold the observables depend always
on the sum F1V + F2V . Therefore a full disentangling of the form factors will be
imprecise for energies below about 1 TeV. Hence, in the present study either the
four form factorsF1V,A are varied simultaneously, while the twoF2V are kept at their

3



Observables 

Observables
"  Cross section of ttbar production
"  Forward-Backward asymmetry AFB

"  Helicity angle #helicity         
      #helicity: lepton direction in t rest frame

Polarized beam 
useful! 

ILC pol. beam option:  
(e-,e+)=(±0.8,$ 0.3)
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Top production and decays are very 
different form the other fermions. 
Many (interesting) angular 
correlations emerge, which can be 
used to extract various information.
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tøt !" (bW)(bW) !" (bqq)(bl! )

2 Analysis at
#

s = 500 GeV with an integrated luminosity
L = 500 fb! 1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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FIG. 4. The di ! erential cross-sections for producing top-quark pairs at a 400 GeV e+ e!
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Forward-Backward Asymmetry
blep.

q

bhad.

q�

blep.

q

bhad.

q�

Figure 6: In case of a tR decay, the jets from the W dominate the reconstruction of the
polar angle of the t quark. In case of a tL the W is practically at rest and jets from the
b quark dominate the and reconstruction of the polar angle of the t quark.

The described scenarios are encountered as shown in Figure7. First, the recon-
structed spectrum of polar angles of thet quark in the case of right handed electron
beams is in reasonable agreement with the generated one. On the other hand the
reconstruction of cos! t in case of left-handedt quarks su! ers from considerable mi-
grations. As discussed, the migrations are caused by a wrong association of jets
stemming from b quarks to jets stemming fromW decays. This implies that the
reconstruction of observables will get deteriorated. This implication motivates to re-
strict the determination of At

F B in case ofP, P � = ! 1, +1 to cleanly reconstructed
events as already studied previously in [25,26].

)top!cos(
-1 -0.5 0 0.5 1

1000

2000

3000

4000

5000
L
+eR

-e

R
+eL

-e

Reconstructed

Generator - Whizard

Figure 7: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.

The quality of the reconstructed events is estimated by the following quantity

15

)top!cos(
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SM Background
Generator - Whizard

Figure 9: Reconstructed forward backward asymmetry together with residual Standard
Model background compared with the prediction by the event generator WHIZARD after
the application of a on �2 < 15 for the beam polarisations P, P ! = ! 1,+1 as explained in
the text. Note that no correction is applied for the beam polarisations P ,P! = +1, ! 1

error due to the ambiguities is expected to be signiÞcantly smaller than the statistical
error.

P, P ! (At
F B )gen. At

F B (! A F B /A F B )stat. [%]
! 1, +1 0.339 0.326 1.8 (for P, P ! = ! 0.8, +0.3)
+1, ! 1 0.432 0.420 1.3 (for P, P ! = +0 .8, ! 0.3)

Table 2: Statistical precisions expected for At
F B for di! erent beam polarisations.

7 Determination of the slope of the helicity angle distribu-
tion

The helicity approach has been suggested for top studies at Tevatron [27]. In the
rest system of thet quark, the angle of the lepton from theW boson is distributed
like:

1
!

d!
dcos"hel

=
1 + #tcos"hel

2
=

1
2

+ (2 FR ! 1)
cos"hel

2
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can be estimated. In reality these number may be somewhat worse given the fact
that in particular for eL the generated sample is contaminated by single top events.

6 Measurement of the forward backward asymmetry

For the determination of the forward-backward asymmetryAt
F B , the number of

events in the hemispheres of the detector w.r.t. the polar angle! of the t quark is
counted, i.e.

At
F B =

N (cos! > 0) � N (cos! < 0)
N (cos! > 0) + N (cos! < 0)

. (13)

Here, the polar angle of thet quark is calculated from the decay products in the
hadronic decay branch. The measurement of cos! depends on the correct association
of the b quarks to the jets of the hadronicb quark decays. The analysis is carried out
separately for a left-handed polarised electron beam and for a right handed polarised
beam. Therefore, two di⇥erent situations have to be distinguished, see also Fig.6:

• In case of aright-handed electron beam the sample is expected to be enriched
with t-quarks with right-handed helicity [6]. Due to the V � A structure of
the standard model an energeticW boson is emitted into the ßight direction
of the t-quark. The W boson decays into two energetic jets. Theb quark from
the decay of thet quark are comparatively soft. Therefore, the direction of
the t quark is essentially reconstructed from the direction of the energetic jets
from the W boson decay. This scenario is thus insensitive towards a wrong
association of the jet from theb quark decay to the jets from theW boson
decay

• In case of aleft-handed electron beam the sample is enriched witht quarks
with left-handed helicity. In this case theW boson is emitted opposite to the
ßight-direction of the t quark and gains therefore only little kinetic energy. In
fact for a centre-of-mass energy of 500 GeV theW boson is nearly at rest. On
the other hand the b quarks are very energetic and will therefore dominate
the reconstruction of the polar angle of thet quark. In this case a wrong
association of the jets from theW boson decay with that from theb quark can
ßip the reconstructed polar angle by" giving rise to migrations in the polar
angle distribution of the t quark.

The explanations above apply correspondingly to polarised positron beams andt-
quarks.

14

¥# polar angle of t quark
¥kinematics are determine by 
using top hadronic decays 
¥t(tbar) quark association by 
b(bbar) quark
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New idea for b charge measurement? 

Migration problem
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Helicity slope 
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Figure 10: Polar angle of the decay lepton in the rest frame of thet quark.

gitudinally polarised, soft W bosons from the decay of left handedt quarks. The
WL boson decay proportional to sin2! . Therefore any boost into the rest frame of the
top leads predominantly to leptons with cos! hel < 0.

The parameter" t can be derived from the slope of the helicity angle distribution
that is obtained by a Þt to the linear part of the angular distribution in the range
cos! hel = [ ! 0.6, 0.9] for P, P ! = ! 1, +1 and cos! hel = [ ! 0.9, 0.9] for P, P ! = +1 , ! 1
The results are summarised in Table3 for the two initial beam polarisationsP = ± 1
and P! = " 1 and the statistical error is given forP, P ! = " 0.8, ± 0.3. The results
are compared with the values of" t as obtained for the generated sample. A quarter
of the shift between the generated and the reconstructed value is taken into account
for the systematic error of the measurement. The result changes by about 1% when
changing the Þt range to cos! hel = [( ! 0.4, 0.5), 0.9] for P, P ! = ! 1, +1. The errors
on the slope from the variation of the Þt range and that from the di! erence between
generated and reconstructed slope are added in quadrature.

P, P ! (" t )gen. (" t )rec. (#" t )stat. (#" t )syst.

for P, P ! = " 0.8, ± 0.3
! 1, +1 -0.484 -0.437 0.011 0.013
+1, ! 1 0.547 0.534 0.013 0.006

Table 3: Results on ! t derived from the slope of the helicity angle distribution with errors
for di! erent beam polarisations at the ILC.
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Figure 9: Reconstructed forward backward asymmetry together with residual Standard
Model background compared with the prediction by the event generator WHIZARD after
the application of a on ! 2 < 15 for the beam polarisationsP, P! = ! 1, +1 as explained in
the text. Note that no correction is applied for the beam polarisationsP, P! = +1 , ! 1

error due to the ambiguities is expected to be signiÞcantly smaller than the statistical
error.

P, P ! (At
F B )gen. At

F B (! A F B /A F B )stat. [%]
! 1, +1 0.339 0.326 1.8 (for P, P ! = ! 0.8, +0.3)
+1, ! 1 0.432 0.420 1.3 (for P, P ! = +0 .8, ! 0.3)

Table 2: Statistical precisions expected forAt
F B for di! erent beam polarisations.

7 Determination of the slope of the helicity angle distribu-
tion

The helicity approach has been suggested for top studies at Tevatron [27]. In the
rest system of thet quark, the angle of the lepton from theW boson is distributed
like:

1
!

d!
dcos"hel

=
1 + #tcos"hel

2
=

1
2

+ (2 FR ! 1)
cos"hel

2

17! t = 1 for tR ! t = ! 1 for tL (15)

This angular distribution is therefore linear and very contrasted betweentL and tR.
In practice there will be a mixture oftR and tL (beware that hereL and R mean left
and right handed helicities) and! t will have a value between -1 and +1 depending
on the composition of thet quark sample.

According to [27], the angle"hel is measured in the rest frame of thet quark with
the z-axis deÞned by the direction of motion of thet quark in the laboratory. As
discussed in [6] this deÞnition of "hel is not unique but some detailed investigations
not reproduced in this note have shown that the choice of [27] seems optimal. The
observable cos"hel is computed from the momentum of thet quark decaying semi-
leptonically into a lepton, a b quark and a neutrino. If initial state radiation e! ects
(with the photon lost in the beam pipe) are neglected, one can simply assume energy
momentum conservation. This, by means of the energy-momentum of thet quark
decaying hadronically, allows for deducing the energy-momentum of thet quark de-
caying semi-leptonically. A Lorentz transformation boosts the lepton into the rest
system of thet quark. This should give a very precise knowledge of cos"hel . To de-
termine the helicity angle only the angle of the lepton needs to be known. For the
leptonic decays of the# lepton, which signiÞcantly contribute to this analysis (10-
15%), the charged lepton and the# lepton are approximately collinear and therefore
the method remains valid.

7.1 Analysis of the helicity angle distribution

Based on the selection introduced in Sec.5 the angular distribution of the decay
lepton in the rest frame of thet quark is shown in Fig.10 together with the residual
Standard Model background for fully polarised beams. The background is small
relative to the signal and to a good approximation ßat. It has therefore only a minor
inßuence on the slope of the signal distribution and will be neglected in the following.

The distribution exhibits a drop in reconstructed events towards cos"hel = ! 1.
This drop can be explained by the event selection which suppresses leptons with small
energies. Outside this region and in contrast to e.g. the forward-backward asymmetry
the reconstructed angular distribution agrees very well with the generated one. This
means that this observable su! ers much less from the migration e! ect described in
Sec. 6. It is therefore not necessary to tighten the selection in the same way as
for At

F B . The reason for the bigger robustness of the angular distribution can be
explained by kinematics.

As outlined in Sec.6 the migrations described there are provoked mainly by lon-
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#helicity: lepton direction 
in t rest frame
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less prominent

missing leptons 
with small energy 

causes a dip
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tøt !" (bW)(bW) !" (bqq)(bl! )

2 Analysis at
#

s = 500 GeV with an integrated luminosity
L = 500 fb! 1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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Result : sensitivity of ILC to the 
form factors

Coupling SM value LHC [3] e+ e! [8] e+ e! [ILC DBD ]
L = 300 fb! 1 L = 300 fb! 1 L = 500 fb! 1

P, P" = ! 0.8, 0 P, P" = ± 0.8, " 0.3

! !F !
1V 0.66 +0 .043

! 0.041
!
!

+0 .002
! 0.002

! !F Z
1V 0.23 +0 .240

! 0.620
+0 .004
! 0.004

+0 .002
! 0.002

! !F Z
1A -0.59 +0 .052

! 0.060
+0 .009
! 0.013

+0 .006
! 0.006

! !F !
2V 0.015 +0 .038

! 0.035
+0 .004
! 0.004

+0 .001
! 0.001

! !F Z
2V 0.018 +0 .270

! 0.190
+0 .004
! 0.004

+0 .002
! 0.002

Table 4: Sensitivities achievable at68.3% CL for CP conserving form factors !F X
1V,A and !F X

2V
deÞned in Eq.1 at the LHC and at linear e+ e! colliders. The assumed luminosity samples
and, for e+ e! colliders, the beam polarisation, are indicated. In the LHC studies and in
earlier studies for a linear e+ e! collider as published in the TESLA TDR [8] study, only
one coupling at a time is allowed to deviate from its Standard Model value. In the present
study, denoted asILC DBD , either the four form factors !F1 or the two form factors !F2 are
allowed to vary independently. The sensitivities are based on statistical errors only.

be obtained at the LHC are to be revisited in the light of the real LHC data. A Þrst
result on associated production of vector boson andtt pairs is published in [31].

For completeness, Tab.5 compares sensitivities obtained in the mentioned simu-
lation study for the LHC with the results from the TESLA TDR [8] for CP violating
form factors not calculated in the present study.

The expected high precision at a lineare+ e! collider allow for a profound dis-
cussion of e! ects of new physics. The Þndings can be confronted with predictions
in the framework of Randall-Sundrum models and/or compositeness models such
as [2,32,33,34,35,36] or Little Higgs models as e.g. [37]. All these models entail de-
viations from the Standard Model values of thet quark couplings to theZ 0 boson
that will be measurable at the ILC. The interpretation of the results presented in
this article in terms of the cited and maybe other models is in preparation and left
for a future publication. Comments and contributions from theory groups are highly
welcome.

10 Summary and outlook

This article presents a comprehensive analysis oftt quark production using the
semi-leptonic decay channel. Results are given for a centre-of-mass energy of

#
s =
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Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di! erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are brießy re-
viewed.

The QCD corrections toe+ e! ! tt production are known up toN 3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AF B [12]. The perturbative series shows good convergence. In Figure2(a) the LO,
NLO , NNLO and N 3LO predictions for the ratio R(s) of the total cross section for
e+ e! ! tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.

 (GeV)s
440 460 480 500 520 540 560

R
(s

)

1.2

1.25

1.3

1.35

1.4

1.45

1.5

1.55

1.6

LO

LO3N

NLO

NNLO

(a) Perturbation series
 (GeV)s

440 460 480 500 520 540 560

 (
%

)
s

=
µ

|/R
/2s

=
µ

 -
 R

s
=

2
µ

|R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

LO3N

NLO

NNLO

(b) Scale variations

Figure 2: (a) The prediction for the ratio R(s) of the tt production rate and that of massless
fermions, as a function of centre-of-mass energy

"
s. (b) The maximum variation (in %)

in the cross section prediction due to alternative choices for the renormalisation scale:
µ = 2

"
s. These Þgures present a compilation of results reported in References [11,13,12].

The N 3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of todayÕs state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di! erential distri-
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✴QCD corrections are known up to N3LO

✴Electroweak corrections are known at one-loop level
e! e+ ! tøt e! e+ ! tøt!
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Figure 2: The total cross-section as a function of center-of-mass energy. The left Þgure is
the result of tøt production and the right Þgure shows the result of thetøt! reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.
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After obtaining the QED correction, we deÞne the genuine weak correction in the #
scheme:

$W = $EW " $QED . (6)

Having subtracted the genuine weak correction in the# scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ! r . The genuine weak correction in theGµ scheme is deÞned by

$Gµ
W = $W " n! r, (7)

with ! r = 2.55% forMH = 120 GeV andn = 3(2) for tøt! (for tøt) production respectively.

7

with ! t the angle of the top quark.
Fig 4 shows the results forAF B as a function of the center-of-mass energy. The

Þgures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left Þgure is the results fortøt production and right one is the results fortøt"
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values ofAF B in tøt" production directly with its value for tøt
production. From the Þgures, we Þnd thatAF B in tøt" production is larger thanAF B in tøt
production. This is the most important result of the paper. The e! ect should be clearly
observable at the ILC.

4 Conclusions

We have presented the fullO(#) electroweak radiative corrections to the processe+ e! !
tøt" and e+ e! ! tøt at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge Þxing condition which
includes Þve gauge parameters. With the UV, IR Þniteness and gauge parameters inde-
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Outlook
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Figure 11: Comparison of statistical precisions onCP conserving form factors expected at
the LHC, taken from [3] and at the ILC. The LHC results assume an integrated luminosity
of L = 300 fb! 1. The results for ILC assume an integrated luminosity ofL = 500 fb! 1 at!

s = 500 GeV and a beam polarisationP = ± 0.8, P" = " 0.3.
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¥ Experimental issues (some are common                          
with the other top physics measurements):

% b-tagging and charge identification
% jet algorithm (Durham-algorithm, kt-algorithm etc...)
% luminosity measurement
% refinement of the current analysis

¥ Theoretical topics : 
% theoretical uncertainties (QCD, electroweak corrections)
% CP violating observable 
% new observables, new ideas (e.g. more angular correlation)! 

Y. Kiyo, E.K. in preparation



Result : sensitivity of ILC to the 
form factors

Coupling LHC [3] e+ e! [8]
L = 300 fb! 1 L = 300 fb! 1

P, P" = ! 0.8, 0

! Re !F !
2A

+0 .17
! 0.17

+0 .007
! 0.007

! Re !F Z
2A

+0 .35
! 0.35

+0 .008
! 0.008

! Im !F !
2A

+0 .17
! 0.17

+0 .008
! 0.008

! Im !F Z
2A

+0 .035
! 0.035

+0 .015
! 0.015

Table 5: Sensitivities achievable at68.3% CL for the top quark magnetic and electric dipole
form factors !F V

2A deÞned in Eq.1, at the LHC and at for a linear e+ e! collider as published in
the TESLA TDR [ 8]. The assumed luminosity samples and, for TESLA, beam polarisation,
are indicated. In the LHC study and in the TESLA study only one coupling at a time is
allowed to deviate from its Standard Model value. The sensitivities are based on statistical
errors only

500 GeV and an integrated luminosity ofL = 500 fb! 1 shared equally between the
beam polarisations.P = ± 0.8 and P" = " 0.3.

Semi-leptonic events, including those with! leptons in the Þnal state can be
selected with an e! ciency of about 55%. The cross section of the semi-leptonic
channel of tt quark production can therefore be measured to a statistical precision
of about 0.5%. The second observable is the forward-backward asymmetryAt

F B . It
was shown that in particular for predominantly left handed polarisation of the initial
electron beam theV ! A structure leads to migrations, which distort the theoretical
expectedAt

F B . These migrations can be remedied by tightening the selection criteria
of the events. Taking into account this correction the forward-backward asymmetry
can be determined to a precision of better than 2% for both beam polarisations.
Finally, the study introduced the slope of the helicity angle distribution, which is a
new observable for ILC studies. This observable measures the fraction oft quarks
of a given helicity in the event sample. This variable is very robust against e.g. the
migration e" ects and can be measured to a precision of about 4%.

The observables together with the unique feature of the ILC to provide polarised
beams allow for a largely unbiased disentangling of the individual couplings of the
t quark to the Z 0 boson and the photon. These couplings can be measured with high
precision at the ILC and, when referring to the results in [3], always more than one
order of magnitude better than it will be possible at the LHC withL = 300 fb! 1. A
study of form factors using real LHC data is however eagerly awaited.

The precision as obtained in the present study for the ILC would allow for the
veriÞcation of a great number of models for physics beyond the Standard Model.
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