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International Linear Collider (ILC)

Electron positron collisions !

Superconducting acceleration technology 

Ecms tuneable between 200 GeV and 500GeV, 
posible upgrade to 1TeV 

Integrated L = 500 fb-1 (2 years of running) 

Beams are polarised:                                
P(e-) ≈ ± 80% , P(e+) ≈ ± 30%!

About 31 km site length 

!

ILD and SiD detectors are optimised for: 
Particle Flow Algorithm (PFLOW)

ILD SiD

The energy of charged 
hadrons will be measured 
by the tracking detectors!

The energy of photons 
will be measured by the 
electromagnetic 
calorimeter  !

The hadronic 
calorimeter is then used 
only to measure the 
energy of neutral 
hadrons
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Compact Linear Collider (CLIC)

Electron-positron collider in the multi-TeV energy 
range 

About 48 km site length   

The c.o.m. energy: √s = 3 TeV (default design)                                 
500 GeV - 1.5 TeV 

Luminosity: L = 2x1034 cm-2s-1                           

!

Intense R&D in the CLIC collaboration to fully 
develop two-beam acceleration at high gradients

A CLIC_ILD and CLIC_SiD detector concepts 
have been developed from the ILD and SiD 
detector concepts for ILC 

Modifications motivated by the more challenging 
experimental conditions at CLIC and by the 
higher collision energy

TA

BC2

decelerator, 24 sectors of ~900 m

BDS
2.75 km

IP
TA

BC2
BDS

2.75 km

48.3 km

Drive Beam

Main Beam

e+ main linace– main linac, 12 GHz, 100 MV/m, 21 km

3 CLIC DETECTOR CONCEPTS

For CLIC, time stamping capabilities of O(1 ns) need to be available for several subsystems. The
event readout will integrate over up to 312 bunch crossings. Time stamping could reduce the pile-up
from two-photon background events to  20 bunch crossings.

3.4 Subsystems
We will briefly introduce the CLIC detector concepts, going from small to large radius. Figures 3.1
and 3.2 show longitudinal and transverse cuts of the major components of CLIC_ILD and CLIC_SiD.
Table 3.1 compares the key parameters of the CLIC and ILC detector designs. Table 3.2 summarises
details of the CLIC_ILD and CLIC_SiD designs.

Fe Yoke

Fig. 3.1: Longitudinal cross section of the top quadrant of CLIC_ILD (left) and CLIC_SiD (right).

Table 3.1: Some key parameters of the ILC and CLIC detector concepts. The inner radius of the electro-
magnetic calorimeter is given by the smallest distance of the calorimeter to the main detector axis. For
the hadronic calorimeter, materials are given both for the barrel (B) and the endcap (E).

Concept ILD CLIC_ILD SiD CLIC_SiD

Tracker TPC/Silicon TPC/Silicon Silicon Silicon
Solenoid Field (T) 3.5 4 5 5
Solenoid Free Bore (m) 3.3 3.4 2.6 2.7
Solenoid Length (m) 8.0 8.3 6.0 6.5
VTX Inner Radius (mm) 16 31 14 27
ECAL rmin (m) 1.8 1.8 1.3 1.3
ECAL Dr (mm) 172 172 135 135
HCAL Absorber B / E Fe W / Fe Fe W / Fe
HCAL lI 5.5 7.5 4.8 7.5
Overall Height (m) 14.0 14.0 12.0 14.0
Overall Length (m) 13.2 12.8 11.2 12.8

76

CLIC_CDR

ILD SiD
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Motivation
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18

• A small change in Mh and Mt can 
drastically modify the conclusions 
regarding vacuum stability!

• Mt must be characterised well

• Learn about BSM physics from the deviations observed on Higgs and top EW 
couplings.  

• LHC cannot achieve enough accuracy in the measurement of the coupling 
deviations -> ILC accuracies are needed to access to fully significant deviations        
arXiv:1403.2893

arXiv:1205.6497

Top quark mass

Top quark electroweak couplings

http://arxiv.org/abs/1403.2893
http://arxiv.org/abs/1205.6497
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Precision in the measurement of the top quark mass

6

• Hadron colliders achieve precisions in the 
measurement of the top mass of ~ 0.76 GeV!

!
 Historical result, first ever LHC/Tevatron                                                       
 Combination [arXiv:1403.4427]

• At linear colliders there are two techniques to determine the mass of the top quark !

1. Direct reconstruction of top from its decay products (above threshold) 

Experimentally well-defined but the generated mass is not well-defined theoretically and non-
perturbative corrections could be substantial 

2. A scan of the top pair production threshold!

High degree of precision using a theoretically well-defined top mass (1S mass, can be 
transformed into other mass schemes). Precise top mass measurement with well-controlled 
theory uncertainties

See details about the 1S mass scheme: arXiv:hep-ph/9904468v2

Marcel Vos, Topics in top physics 18

Top quark mass

Historical result, first ever 

LHC/Tevatron Combination 

arXiv:1403.4427

A quark mass measurement to better than 0.5%

Consistent result in different initial and final states, kinematic regimes

Marcel Vos, Topics in top physics 18

Top quark mass

Historical result, first ever 

LHC/Tevatron Combination 

arXiv:1403.4427

A quark mass measurement to better than 0.5%

Consistent result in different initial and final states, kinematic regimes
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The tt threshold 

• Top mass input 174 GeV in the 1S 
mass scheme and αs = 0.118!

• NNLO calculations provided by the 
code TOPPIK 

• Corrections for ISR and luminosity 
spectrum 

• These correct ions resul t in a 
smearing of the cross section peak 
at threshold

7

9

6 Top mass measurement in a threshold scan

In addition to the direct reconstruction of the top quark mass,
a linear collider offers the possibility of a threshold scan,
which allows to measure the top mass in a theoretically well-
defined way, as discussed above.

To determine the top mass in a threshold scan, a mea-
surement of the tt̄ production cross section at several points
around the threshold is necessary. To identify top pair events
with high purity the same analysis procedure as for the in-
variant mass measurement is used, albeit with relaxed cuts
on the quality of the kinematic fit, resulting, together with
the changed kinematics and with reduced beam-induced back-
grounds, in substantially higher efficiency as detailed in Sec-
tion 4.5. Since the threshold behavior of the cross section
also depends on the strong coupling constant [34–36], the
top quark mass is extracted simultaneously with a

s

. Depend-
ing on the precision of a

s

at the time when such a mea-
surement will be performed, the strong coupling can alter-
natively be used as external input, as will also be discussed
below. Earlier studies [37] have shown that in addition to the
mass and the strong coupling constant, also the top quark
width is accessible in a threshold measurement, in particu-
lar when using other observables such as the top quark mo-
mentum distribution and the forward-backward asymmetry
in addition to the cross section. These additional aspects of tt̄

threshold measurements are beyond the scope of the present
paper.

For the correct description of the cross section near the
production threshold, the inclusion of higher-order QCD con-
tributions is necessary. Since no appropriate event generator
is publicly available at present, the study follows the strat-
egy of earlier studies performed for the TESLA collider [37]
by splitting the simulation study into two parts: the determi-
nation of the event selection efficiency and background con-
tamination, and the calculation of the top-pair production
cross section in the threshold region. In this approach, the
signal selection and background rejection is determined us-
ing fully simulated top-pair signal events as well as relevant
background channels at a nominal center-of-mass energy of
352 GeV, slightly above the production threshold for the se-
lected top mass of 174 GeV. For this, the full simulation,
reconstruction and event selection procedure as described in
Section 3 is followed. Data points along the threshold curve
are then generated by taking the signal cross section deter-
mined using NNLO calculations combined with the selec-
tion efficiency, adding background events assuming a con-
stant level over the considered energy range of 10 GeV as
determined from the full simulations. In the following, more
details are given on the individual steps.

In the analysis, we consider a threshold scan with 10
energy points spaced by 1 GeV from 344 GeV to 353 GeV,
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Fig. 4 Top pair production cross section from theory calculations, with
the luminosity spectrum (LS) of CLIC at 350 GeV and ISR as well as
for all effects combined.

with an integrated luminosity of 10 fb�1 each, resulting in a
total integrated luminosity of 100 fb�1.

6.1 The tt̄ threshold at CLIC

The top-pair signal cross section is determined using full
NNLO calculations provided by the code TOPPIK [8, 38].
The top mass input is set to 174 GeV in the 1S mass scheme
[8]. The strong coupling constant a

s

is taken to be 0.118.
Since TOPPIK provides the cross section in units of R, the
ratio of s(e+e

� ! X) to s(e+e

� ! µ+µ�), the appropri-
ate conversion factor of the energy-dependent cross section
e

+
e

� ! µ+µ� is applied in addition.
Since this cross section is calculated for the energy at the

e

+
e

� vertex, additional corrections for initial state radiation
(ISR) and for the luminosity spectrum of the collider have
to be applied. Initial state radiation is numerically folded
into the cross section calculated by TOPPIK following the
YFS (Yennie-Frautschi-Suura) solution as given in [39]. In
addition, the luminosity spectrum of CLIC operated at 350
GeV, which is characterized by a main peak containing 77%
of the full luminosity in the top 1% of the energy and by a
long tail to lower energies, is considered. Figure 4 illustrates
the influence of these effects on the cross section. Both ISR
and the luminosity spectrum result in a lowering of the cross
section since part of the collision events are moved to ener-
gies below the threshold. The tail to lower energies, but in
particular also the beam energy spread in the main peak of
the luminosity spectrum, result in a smearing of the cross
section peak at threshold.

• The smearing is due to the statistical efficiency, reduced by the luminosity spectra. 
Not affected by systematics.
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3. Reconstruction!
 Standard algorithms!
! Kinematic fitting: Grouping W-bosons and b-jets into top quarks

2. Simulation of the detector!
 Full simulation with high level of realism! ! !

1. Generated events (signal + background)!
 Pythia: e+e- → tt, WW, ZZ 

 WHIZARD: e+e- → qq, qqe+e-, qqeν

Event generation, detector simulation and reconstruction

e+e- → tt production at threshold CLIC@352 GeV mt = 174.0 GeV!
Γt = 1.37 GeV

+    beam backgrounds are included

Eur. Phys. J. C73 (2013) 2530
Katja Seidel, Frank Simon, Michal Tesar, Stephane Poss

8

Simulated electron positron 
collision producing several jets 
in the ILD-like detector at CLIC

http://arxiv.org/abs/1303.3758
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Top mass measurement in a threshold scan

• The cross-section depends on the top mass, so measuring the cross-section the 
top mass can be extracted (Also the αs, Yukawa coupling, top width…) 

• Inclusion of higher-order QCD contributions are needed for a correct description 
of the cross section 

• Determination of event selection efficiency and background contamination!

• Threshold scan with 10 energy points spaced by 1 GeV from 344 GeV to 353 GeV 
with an integrated luminosity of 10 fb-1

9
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Threshold scans at ILC and CLIC
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Fig. 5 Background-subtracted simulated cross section measurements
for 10 fb�1 per data point, together with the cross section for the gen-
erator mass of 174 GeV as well as for a shift in mass of ±200 MeV.

6.2 Generation of data points

The signal and background efficiencies are determined using
fully simulated events as outlined in Section 3. The kine-
matic fit and the likelihood-based background rejection are
used to eliminate the majority of the non-tt̄ background.
Overall, a signal selection efficiency of 70.2%, including
the branching fractions of the considered fully-hadronic and
semi-leptonic top pair decays, is achieved. As for the 500
GeV case, the dominant background channels are rejected
at the 99.8% level, resulting in an effective cross section for
the remaining background of 73 fb.

Simulated data points are generated by taking the ISR
and luminosity-spectrum corrected top pair cross section at
the desired energy to calculate the nominal number of events
expected. The simulated number of signal events is deter-
mined on a random basis following a Gaussian distribution
with the mean set to the nominal number of events and the
standard deviation given by the square root of that number.
With the same method, background events are added, us-
ing a constant cross section of 73 fb as discussed above.
It is assumed that the nominal background contribution is
well known both from theory and from measurements below
threshold, so that the nominal number of background events
can be subtracted from the signal, leaving just the statistical
variations on top of the signal data with its own statistical
uncertainty.

Figure 5 shows the ten simulated data points for CLIC
with an integrated luminosity of 10 fb�1 at each point. To
illustrate the sensitivity of the data to the top quark mass,
the threshold behavior for a shift in mass of ±200 MeV is
also shown in the figure.

top mass [GeV]
173.95 174.00 174.05

s
α

0.116

0.118

0.120

σ1 

σ2 

[174.00 GeV; 0.1179]

CLIC

Fig. 6 Expected statistical errors from a simultaneous fit of the top
mass and the strong coupling constant, showing the correlation of the
two variables and the achieved precision.

6.3 Measurement of the top mass and a
s

The 1S mass of the top quark and the strong coupling con-
stant are extracted simultaneously with a two-dimensional
template fit. During the fitting procedure, the simulated data
points are compared with calculated cross sections (“tem-
plates”) for a grid of different mass and strong coupling val-
ues, generated with step sizes of 50 MeV and 0.0007 for
m

t

and a
s

, respectively. The fit results are then given by the
minimum of a two-dimensional parabolic fit to the c2 dis-
tribution of the different templates in the m

t

, a
s

plane. The
expected statistical uncertainty of these parameters from a
threshold scan is taken from the standard deviation of the
measured mass in 5000 trials with different simulated data
points. The results are illustrated in Figure 6, which shows
the clear correlation between the two parameters, and also
demonstrates that the fit itself does not introduce a bias on
the results.

At this stage of the analysis, the systematic error due
to theory uncertainties is included, taken as an overall nor-
malization uncertainty of the calculated cross section. Here,
two levels are considered: A normalization uncertainty of
3%, assumed as a reasonably conservative estimate of cur-
rent theory uncertainties [40], and an uncertainty of 1% op-
timistically assumed to be achievable with additional theo-
retical work in time for experiments at linear colliders.

The full results, including the theory uncertainty, are giv-
en in Table 3.

6.3.1 Alternative scenarios

In addition to the two dimensional fit with 10 data points,
other running and analysis scenarios are considered. When
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Fig. 7 Background-subtracted simulated cross section measurements
with the ILC luminosity spectrum for 10 fb�1 per data point, together
with the cross section for the generator mass of 174 GeV as well as for
a shift in mass of ±200 MeV.

1S top mass and a
s

combined 2D fit
m

t

stat. error 27 MeV
m

t

theory syst. (1%/3%) 5 MeV / 9 MeV
a

s

stat. error 0.0008
a

s

theory syst. (1%/3%) 0.0007 / 0.0022

Table 4 Summary of the 2D simultaneous top mass and a
s

determina-
tion with a threshold scan at ILC for 10 points with a total integrated
luminosity of 100 fb�1. Event selection and background rejection from
CLIC_ILD is used.

section rises faster due to the sharper main luminosity peak
at the ILC. This faster rise of the cross section is expected to
lead to somewhat reduced statistical uncertainties on the top
mass for a given integrated luminosity due to increased dif-
ferences between different mass hypotheses in the threshold
region.

For the generation of data points with the ILC luminosity
spectrum, the signal selection efficiencies and the residual
background contribution are determined with the CLIC_ILD
detector concept. While there are some differences between
this detector concept and the ones developed for the ILC, it
is not expected that this will have a sizeable impact on the
efficiencies in the present study.

Figure 7 and Table 4 summarize the results of the com-
bined extraction of the 1S top mass and the strong coupling
constant at ILC. As expected, the statistical uncertainties are
reduced compared to a threshold scan at CLIC, with a 20%
reduction of the uncertainty of the mass and a 10% reduc-
tion of the uncertainty of a

s

. The theory systematics as well
as other systematic uncertainties studied here are unchanged
compared to those at CLIC. Thus, the difference in statisti-
cal precision provided by the two different collider concepts

top mass [GeV]
173.95 174 174.05

s
α

0.116

0.118

0.12

σ1 

σ2 

[174.01 GeV; 0.1180]

ILC
CLIC detector

Fig. 8 Expected statistical errors from a simultaneous fit of the top
mass and the strong coupling constant using the ILC luminosity spec-
trum, showing the correlation of the two variables and the achieved
precision.

does not result in a significant difference of the overall pre-
cision of the top mass measurement in a threshold scan.

7 Conclusions

A linear e

+
e

� collider based on CLIC technology provides
the capabilities for a precise measurement of the mass of
the top quark both at and above threshold. We have stud-
ied the expected precision obtainable in top pair production
events with a scan around the threshold and with the direct
reconstruction of the invariant mass of the top decay prod-
ucts at an energy of 500 GeV, each assuming a total inte-
grated luminosity of 100 fb�1. The studies have been per-
formed with realistic GEANT4-based detector simulations
including physics and machine-related backgrounds using
full particle flow event reconstruction.

Above threshold, the mass of the top quark, here de-
fined as the invariant mass of the decay products, can be
measured with a statistical precision of 80 MeV combining
fully-hadronic and semi-leptonic top pair decays. System-
atic uncertainties originating from the jet energy scale can be
controlled to a similar level using the direct reconstruction of
the W bosons in the top pair decays and Z decays to bb̄ from
other sources. Since the measurement of the invariant mass
is interpreted in the context of the top mass definition pro-
vided by the event generator PYTHIA, there are additional,
potentially sizeable theoretical uncertainties when translat-
ing the result into theoretically well-defined mass schemes,
which are not included in the quoted uncertainty.

In a threshold scan, the top mass can be determined in a
theoretically well defined way, here using the 1S mass, with

CLIC!ILC!

The cross section for ILC rises faster due to the luminosity peak is narrower!
!
But it does not result in a significant difference of the precision of the top quark 
mass measurement
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Measurement of the top mass and αs at CLIC and ILC

• Statistical uncertainty of top mass around 30 MeV (CLIC ~ 20% larger than ILC 
due to different luminosity spectrum) 

• In addition: Experimental and theoretical systematics, and uncertainties from the 
conversion to the MS mass scheme. Total uncertainty below 100 MeV within 
reach.

11
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Fig. 5 Background-subtracted simulated cross section measurements
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6.2 Generation of data points

The signal and background efficiencies are determined using
fully simulated events as outlined in Section 3. The kine-
matic fit and the likelihood-based background rejection are
used to eliminate the majority of the non-tt̄ background.
Overall, a signal selection efficiency of 70.2%, including
the branching fractions of the considered fully-hadronic and
semi-leptonic top pair decays, is achieved. As for the 500
GeV case, the dominant background channels are rejected
at the 99.8% level, resulting in an effective cross section for
the remaining background of 73 fb.

Simulated data points are generated by taking the ISR
and luminosity-spectrum corrected top pair cross section at
the desired energy to calculate the nominal number of events
expected. The simulated number of signal events is deter-
mined on a random basis following a Gaussian distribution
with the mean set to the nominal number of events and the
standard deviation given by the square root of that number.
With the same method, background events are added, us-
ing a constant cross section of 73 fb as discussed above.
It is assumed that the nominal background contribution is
well known both from theory and from measurements below
threshold, so that the nominal number of background events
can be subtracted from the signal, leaving just the statistical
variations on top of the signal data with its own statistical
uncertainty.

Figure 5 shows the ten simulated data points for CLIC
with an integrated luminosity of 10 fb�1 at each point. To
illustrate the sensitivity of the data to the top quark mass,
the threshold behavior for a shift in mass of ±200 MeV is
also shown in the figure.
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Fig. 6 Expected statistical errors from a simultaneous fit of the top
mass and the strong coupling constant, showing the correlation of the
two variables and the achieved precision.

6.3 Measurement of the top mass and a
s

The 1S mass of the top quark and the strong coupling con-
stant are extracted simultaneously with a two-dimensional
template fit. During the fitting procedure, the simulated data
points are compared with calculated cross sections (“tem-
plates”) for a grid of different mass and strong coupling val-
ues, generated with step sizes of 50 MeV and 0.0007 for
m

t

and a
s

, respectively. The fit results are then given by the
minimum of a two-dimensional parabolic fit to the c2 dis-
tribution of the different templates in the m

t

, a
s

plane. The
expected statistical uncertainty of these parameters from a
threshold scan is taken from the standard deviation of the
measured mass in 5000 trials with different simulated data
points. The results are illustrated in Figure 6, which shows
the clear correlation between the two parameters, and also
demonstrates that the fit itself does not introduce a bias on
the results.

At this stage of the analysis, the systematic error due
to theory uncertainties is included, taken as an overall nor-
malization uncertainty of the calculated cross section. Here,
two levels are considered: A normalization uncertainty of
3%, assumed as a reasonably conservative estimate of cur-
rent theory uncertainties [40], and an uncertainty of 1% op-
timistically assumed to be achievable with additional theo-
retical work in time for experiments at linear colliders.

The full results, including the theory uncertainty, are giv-
en in Table 3.

6.3.1 Alternative scenarios

In addition to the two dimensional fit with 10 data points,
other running and analysis scenarios are considered. When
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1S top mass and a
s

combined 2D fit
m

t

stat. error 27 MeV
m

t

theory syst. (1%/3%) 5 MeV / 9 MeV
a

s

stat. error 0.0008
a

s

theory syst. (1%/3%) 0.0007 / 0.0022

Table 4 Summary of the 2D simultaneous top mass and a
s

determina-
tion with a threshold scan at ILC for 10 points with a total integrated
luminosity of 100 fb�1. Event selection and background rejection from
CLIC_ILD is used.

section rises faster due to the sharper main luminosity peak
at the ILC. This faster rise of the cross section is expected to
lead to somewhat reduced statistical uncertainties on the top
mass for a given integrated luminosity due to increased dif-
ferences between different mass hypotheses in the threshold
region.

For the generation of data points with the ILC luminosity
spectrum, the signal selection efficiencies and the residual
background contribution are determined with the CLIC_ILD
detector concept. While there are some differences between
this detector concept and the ones developed for the ILC, it
is not expected that this will have a sizeable impact on the
efficiencies in the present study.

Figure 7 and Table 4 summarize the results of the com-
bined extraction of the 1S top mass and the strong coupling
constant at ILC. As expected, the statistical uncertainties are
reduced compared to a threshold scan at CLIC, with a 20%
reduction of the uncertainty of the mass and a 10% reduc-
tion of the uncertainty of a

s

. The theory systematics as well
as other systematic uncertainties studied here are unchanged
compared to those at CLIC. Thus, the difference in statisti-
cal precision provided by the two different collider concepts
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Fig. 8 Expected statistical errors from a simultaneous fit of the top
mass and the strong coupling constant using the ILC luminosity spec-
trum, showing the correlation of the two variables and the achieved
precision.

does not result in a significant difference of the overall pre-
cision of the top mass measurement in a threshold scan.

7 Conclusions

A linear e

+
e

� collider based on CLIC technology provides
the capabilities for a precise measurement of the mass of
the top quark both at and above threshold. We have stud-
ied the expected precision obtainable in top pair production
events with a scan around the threshold and with the direct
reconstruction of the invariant mass of the top decay prod-
ucts at an energy of 500 GeV, each assuming a total inte-
grated luminosity of 100 fb�1. The studies have been per-
formed with realistic GEANT4-based detector simulations
including physics and machine-related backgrounds using
full particle flow event reconstruction.

Above threshold, the mass of the top quark, here de-
fined as the invariant mass of the decay products, can be
measured with a statistical precision of 80 MeV combining
fully-hadronic and semi-leptonic top pair decays. System-
atic uncertainties originating from the jet energy scale can be
controlled to a similar level using the direct reconstruction of
the W bosons in the top pair decays and Z decays to bb̄ from
other sources. Since the measurement of the invariant mass
is interpreted in the context of the top mass definition pro-
vided by the event generator PYTHIA, there are additional,
potentially sizeable theoretical uncertainties when translat-
ing the result into theoretically well-defined mass schemes,
which are not included in the quoted uncertainty.

In a threshold scan, the top mass can be determined in a
theoretically well defined way, here using the 1S mass, with

CLIC!
ILC!
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Top quark electroweak couplings at the ILC

!

• The process e+e- → tt involves only ttZ0 and ttγ primary vertices !

• A way to describe the current at the ttX vertex: 

• See details in:

/γ

where: 
V = Vector coupling 
A = Axial coupling 
X = Z,γ

arxiv.org/abs/hep-ph/0601112

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

⇢
�
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�
F

X

1V (k
2) + �5F

X

1A(k
2)
�
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(q + q)µ
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X
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X
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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
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Non CP violating top quark couplings
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2. Simulation of the detector!
! Full realistic simulation of the ILD detector concept

1. Generated events (signal)!
!
 WHIZARD: Generate 6 fermions final state e+e- → qqbblν


	 Pythia: Parton shower and hadronisation
+ WbWb and beam backgrounds added

e+e- → tt semi-leptonic channel at ILC@500 GeV http://www-flc.desy.de/lcnotes/  
LC-REP-2013-007 

M.S. Amjad, M. Boronat, et al

Beams are polarised!
(2 samples)!
1.               P(e-) ≈ -80% , P(e+) ≈ +30% 
2.               P(e-) ≈ +80% , P(e+) ≈ -30%
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Three-dimensional image of a 500-GeV t t̅ event 
simulated in the ILD detector

http://www-flc.desy.de/lcnotes/
http://www-flc.desy.de/lcnotes/
http://www-flc.desy.de/lcnotes/
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3. Reconstruction!
!
 Standard algorithms for event selection 
!
 Signal reconstruction: combination of b quark jet and W boson that minimises the 
 following equation 
!
!
!
!

Event generation, detector simulation and reconstruction

decay length and the particle multiplicity. The jets with the highest b-tag values are
selected. As shown in Fig. 1 the higher b-tag value is typically 0.92 while the smaller
one is still around 0.65.
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Figure 1: The b-tag values as a function of the polar angle of the jets with the highest b-tag
value (black dots) and of that with the second highest b-tag value (blue dots).

These values are nearly independent of the polar angle of the b quark jet but drop
towards the acceptance limits of the detector. Finally, the two remaining jets are
associated with the decay products of the W boson. The signal is reconstructed by
choosing that combination of b quark jet and W boson that minimises the following
equation:

d

2 =

✓
m

cand.

�m

t

�

mt

◆2

+

✓
E

cand.

� E

beam

�

Ecand.

◆2

+

✓
p

⇤
b

� 68

�

p

⇤
b

◆2

+

✓
cos✓

bW

� 0.23

�

cos✓bW

◆2

(12)

In this equation m

cand.

and E

cand.

are invariant mass and energy of the t quark candi-
date decaying hadronically, respectively, and m

t

and E

beam

are input t mass and the
beam energy of 250GeV. Beyond that it introduces the momentum of the b quark
jet in the centre-of-mass frame of the t quark, p⇤

b

and the angle between the b quark

8Efficiency of selection!
51.9% for  P,P’ = -1,+1 (Left-handed electrons) 
55.0% for P,P’ = +1, -1  (Right-handed electrons)

14
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Total cross section (σ)!

The Forward-Backward Asymmetry (AFBtop)!

The slope of the distribution of the helicity angle (λt)!

Observables

* F1Aγ = 0 because of the gauge invariance 

Standard model values
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So we can obtain the following CP conserving 6 couplings of the top to Z and γ 

But actually there are 6 independent observables = 3 observables x 2 polarisations 
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The Forward-Backward Asymmetry!

Measurement of observables
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Figure 6: Reconstructed forward backward asymmetry compared with the prediction by the
event generator WHIZARD after the application of a on �2 < 15 for the beam polarisations
P, P 0 = �1,+1 as explained in the text. Note that no correction is applied for the beam
polarisations P,P 0 = +1,�1
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This angular distribution is therefore linear and very contrasted between t

L

and t

R

.
In practice there will be a mixture of t

R

and t

L

(beware that here L and R mean left
and right handed helicities) and �

t

will have a value between -1 and +1 depending
on the composition of the t quark sample.

According to [16], the angle ✓
hel

is measured in the rest frame of the t quark with
the z-axis defined by the direction of motion of the t quark in the laboratory. As dis-
cussed in [4] this definition of ✓

hel

is not unique but some detailed investigations not
reproduced in this note have shown that the choice of [16] seems optimal. The observ-
able cos✓

hel

is computed from the momentum of the t quark decaying semi-leptonically
into a lepton, a b quark and a neutrino. If ISR 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 the t quark decaying hadronically, al-
lows for deducing the energy-momentum of the t quark decaying semi-leptonically. A
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Lorentz transformation boosts the lepton into the rest system of the t quark. This
should give a very precise knowledge of cos✓

hel

. To determine the helicity angle only
the angle of the lepton needs to be known. For the leptonic decays of the ⌧ lepton,
which significantly contribute to this analysis (10-15%), the charged lepton and the
⌧ lepton are approximately collinear and therefore the method remains valid.

6.1 Analysis of the helicity angle distribution

Based on the selection introduced in Sec. 4 the angular distribution of the decay
lepton in the rest frame of the t quark is shown in Fig. 7 for fully polarised beams.
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Figure 7: Polar angle of the decay lepton in the rest frame of the t quark.

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. 5. It is therefore not necessary to tighten the selection in the same way as
for A

t

FB

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

As outlined in Sec. 5 the migrations described there are provoked mainly by lon-
gitudinally polarised, soft W bosons from the decay of left handed t quarks. The
W

L

boson decay proportional to sin2✓. Therefore any boost into the rest frame of the
top leads predominantly to leptons with cos✓

hel

< 0.
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The helicity angle!
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Figure 6: Reconstructed forward backward asymmetry compared with the prediction by the
event generator WHIZARD after the application of a on �2 < 15 for the beam polarisations
P, P 0 = �1,+1 as explained in the text. Note that no correction is applied for the beam
polarisations P,P 0 = +1,�1
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This angular distribution is therefore linear and very contrasted between t

L

and t
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In practice there will be a mixture of t
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and t
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(beware that here L and R mean left
and right handed helicities) and �
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will have a value between -1 and +1 depending
on the composition of the t quark sample.

According to [16], the angle ✓
hel

is measured in the rest frame of the t quark with
the z-axis defined by the direction of motion of the t quark in the laboratory. As dis-
cussed in [4] this definition of ✓

hel

is not unique but some detailed investigations not
reproduced in this note have shown that the choice of [16] seems optimal. The observ-
able cos✓

hel

is computed from the momentum of the t quark decaying semi-leptonically
into a lepton, a b quark and a neutrino. If ISR 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 the t quark decaying hadronically, al-
lows for deducing the energy-momentum of the t quark decaying semi-leptonically. A
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and the W boson. The measured values are compared with the expected ones and
the denominator is the width of the measured distributions. Distribution of latter
two observables are shown in Fig. 2. Note, that the figure shows separately good and
badly reconstructed events. This is explained in Sec. 5. Further cuts on jet thrust
T < 0.9 and on the hadronic mass of the final state 180 < m

had.

< 420GeV are
applied. In addition the mass windows for the reconstructed W -boson and t-quark
are chosen to 50 < m

W

< 250GeV and 120 < m

t

< 270GeV.
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(a) Momentum of b jet at top rest frame.
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(b) Angle between b-jet and W.

Figure 2: Distributions of the momentum of the b quark jet in the centre-of-mass frame of
the t quark, p⇤

b

and the cosine of the angle ✓
bW

between the b quark and the W boson.

The entire selection retains 53.5% signal events for the configuration P ,P 0 =
�1,+1 and 56.5% for the configuration P ,P 0 = +1,�1.

5 Measurement of the forward backward asymmetry

Garc̀ıa For the determination of the forward-backward asymmetry A

t

FB

, the num-
ber of events in the hemispheres of the detector w.r.t. the polar angle ✓ of the t quark
is counted, i.e.

A

t

FB

=
N(cos✓ > 0)�N(cos✓ < 0)

N(cos✓ > 0) +N(cos✓ < 0)
. (13)

Here, the polar angle of the t quark is calculated from the decay products in the
hadronic decay branch. The direction measurement depends on the correct associa-
tion of the b quarks to the jets of the hadronic b quark decays. The analysis is carried
out separately for a left-handed polarised electron beam and for a right handed po-
larised beam. Therefore, two di↵erent situations have to be distinguished, see also
Fig. 3:
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This angular distribution is therefore linear and very contrasted between t
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and t
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.
In practice there will be a mixture of t

R

and t

L

(beware that here L and R mean left
and right handed helicities) and �

t

will have a value between -1 and +1 depending
on the composition of the t quark sample.

According to [16], the angle ✓
hel

is measured in the rest frame of the t quark with
the z-axis defined by the direction of motion of the t quark in the laboratory. As dis-
cussed in [4] this definition of ✓

hel

is not unique but some detailed investigations not
reproduced in this note have shown that the choice of [16] seems optimal. The observ-
able cos✓

hel

is computed from the momentum of the t quark decaying semi-leptonically
into a lepton, a b quark and a neutrino. If ISR 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 the t quark decaying hadronically, al-
lows for deducing the energy-momentum of the t quark decaying semi-leptonically. A
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The cross section can be measured to  
0.5% (stat. + lumi) 

The cross section!

~4% (stat. + syst.)2% (stat. + syst.) 
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Sensitivities for the electroweak couplings

17

Coupling SM value LHC [1] e+e� [6] e+e�[ILC DBD]
L = 300 fb�1 L = 300 fb�1 L = 500 fb�1

P,P 0 = �0.8, 0 P,P 0 = ±0.8,⌥0.3

� eF �
1V 0.66 +0.043

�0.041
�
�

+0.002
�0.002

� eFZ
1V 0.23 +0.240

�0.620
+0.004
�0.004

+0.003
�0.003

� eFZ
1A -0.59 +0.052

�0.060
+0.009
�0.013

+0.005
�0.005

� eF �
2V 0.015 +0.038

�0.035
+0.004
�0.004

+0.003
�0.003

� eFZ
2V 0.018 +0.270

�0.190
+0.004
�0.004

+0.006
�0.006

Table 4: Sensitivities achievable at 68.3% CL for CP conserving form factors eFX

1V,A and

eFX

2V defined 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 [6] study,
only one coupling at a time is allowed to deviate from its Standard Model value. In the
present study, denoted as ILC DBD, the form factors are allowed to vary independently.
The sensitivities are based on statistical errors only.

calculated in the present study. Note, that in the LHC and TESLA studies only one
form factor was varied at a time while here all six form factors are varied simultane-
ously. It is obvious that the measurements at an electron positron collider leads to
a spectacular improvement and thus allow for a profound discussion of e↵ects of new
physics. Two examples are given in the following.

8.1 An example: The Randall-Sundrum scenario

The sensitivity new physics can be parameterised by general dimension six oper-
ators contributing to the tt� and ttZ

0 vertex [21]. However, the potential of the ILC
might be demonstrated more clearly by presenting a concrete example with one par-
ticular model. In the original model of Randall and Sundrum [22] there are additional
massive gauge bosons in an assumed extra dimension. The modelpredicts increased
couplings of the t quark, and perhaps also the b quark, to these Kaluza-Klein parti-
cles. Following the analysis in [23,24,25], one can fix the parameters of the model
so that these enhancements fit the two anomalies observed in the forward-backward
asymmetry for b quarks A

b

FB

at LEP1 and for t quarks A

t

FB

at the Tevatron. This
gives a viable model of t quark interactions associated with top and Higgs compos-
iteness. Figure 9 shows the expected modifications of the helicity angle distributions
within this scenario for a Kaluza-Klein mass of M

KK

= 2TeV. Staying within the
framework of the Randall-Sundrum model, the ILC at

p
s = 500GeV can observe

17

Present study denoted 
as ILC DBD

	
 [1] arXiv:hep-ph/0601112  

LHC studies 
(Snowmass 2005)

Coupling SM value LHC [1] e+e� [6] e+e�[ILC DBD]
L = 300 fb�1 L = 300 fb�1 L = 500 fb�1

P,P 0 = �0.8, 0 P,P 0 = ±0.8,⌥0.3

� eF �
1V 0.66 +0.043

�0.041
�
�

+0.002
�0.002

� eFZ
1V 0.23 +0.240

�0.620
+0.004
�0.004

+0.003
�0.003

� eFZ
1A -0.59 +0.052

�0.060
+0.009
�0.013

+0.005
�0.005

� eF �
2V 0.015 +0.038

�0.035
+0.004
�0.004

+0.003
�0.003

� eFZ
2V 0.018 +0.270

�0.190
+0.004
�0.004

+0.006
�0.006

Table 4: Sensitivities achievable at 68.3% CL for CP conserving form factors eFX

1V,A and

eFX

2V defined 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 [6] study,
only one coupling at a time is allowed to deviate from its Standard Model value. In the
present study, denoted as ILC DBD, the form factors are allowed to vary independently.
The sensitivities are based on statistical errors only.

calculated in the present study. Note, that in the LHC and TESLA studies only one
form factor was varied at a time while here all six form factors are varied simultane-
ously. It is obvious that the measurements at an electron positron collider leads to
a spectacular improvement and thus allow for a profound discussion of e↵ects of new
physics. Two examples are given in the following.

8.1 An example: The Randall-Sundrum scenario

The sensitivity new physics can be parameterised by general dimension six oper-
ators contributing to the tt� and ttZ

0 vertex [21]. However, the potential of the ILC
might be demonstrated more clearly by presenting a concrete example with one par-
ticular model. In the original model of Randall and Sundrum [22] there are additional
massive gauge bosons in an assumed extra dimension. The modelpredicts increased
couplings of the t quark, and perhaps also the b quark, to these Kaluza-Klein parti-
cles. Following the analysis in [23,24,25], one can fix the parameters of the model
so that these enhancements fit the two anomalies observed in the forward-backward
asymmetry for b quarks A

b

FB

at LEP1 and for t quarks A

t

FB

at the Tevatron. This
gives a viable model of t quark interactions associated with top and Higgs compos-
iteness. Figure 9 shows the expected modifications of the helicity angle distributions
within this scenario for a Kaluza-Klein mass of M

KK

= 2TeV. Staying within the
framework of the Randall-Sundrum model, the ILC at

p
s = 500GeV can observe

17

500/fb at 500 GeV yields 1-2 orders of magnitude 
better sensitivity than the LHC (300/fb at 14 TeV)

http://arxiv.org/abs/hep-ph/0601112
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Summary

Top electroweak couplings!Top mass at threshold!

Statistical uncertainty of top mass 
around 30 MeV !
(CLIC ~ 20% larger than ILC due to 
different luminosity spectrum). 
!
!
!
Total uncertainty below 100 MeV in 
reach, expected to be dominated by 
theory systematics. 

Lo
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Conclusions

• In a threshold scan, the top mass can be determined in a theoretically well defined way, 
using 1S mass scheme 

!

• These studies confirm the expectation that a linear e+e- collider will be capable of measuring 
the mass of the top quark with 30 MeV error 

!

• Polarisation allows to double the number of observables 

!

• It is a powerful tool for analysis because it also allows full separation between axial and 
vectorial couplings and between ttZ and ttγ vertices 

!

• In LC with polarised beams we can measure with accuracies one or two orders of magnitude 
better than LHC
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CLIC@CERNCLIC@CERN 

Ties Behnke, 27.5.2014 ILC - ILD 9 9 

Tunnel implementations  (laser straight) 

Central MDI & Interaction Region 

Slide by Steinar Stapnes, CERN 
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ILC@Japan

Ties Behnke, 27.5.2014 ILC - ILD 50 http://www.city.oshu.iwate.jp/htm/ilc/archives/rayofhopee.pdf 
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tt decay modes

24

TAE2013

Top quark pairs: final states and background

Bottom line: charged leptons are useful at a hadron collider

!!!!!!!!!!!!!!!!!!!!!!!gives!three!different!final!states:1

1

!"

"

Fully!leptonic!(10.3%)!1
2jets!+!2!leptons!+!2!neutrinos"

Fully!hadronic!(46.2%)1
!6!jets!at!final!state!!!"

SemiDleptonic!(43.5%)1
!4!jets!+!lepton!+!neutrino"

e+e− → tt


