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Outline

• Introduction: Top Physics at Future Colliders


• Linear Colliders in brief


• Top quarks in e+e- collisions


• Top properties: Mass


• Top as a BSM probe: Electroweak couplings


• The Top Yukawa Coupling


• Summary
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Top Physics at Future Colliders
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• The top mass is the leading uncertainty in the study of the 
vacuum stability of the SM

‣ As the heaviest SM particle, the Top plays an important role in this: Strongest 
coupling to the Higgs field, potential sensitivity to New Physics

• Deviations from the SM expectations in electroweak couplings 
could point to BSM physics at higher scales

• Key motivation for future energy frontier colliders after the Higgs discovery:


• Full understanding of EWSB


• Discovering / constraining New Physics to find the “breaking point” of the 
Standard Model - and to answer fundamental open questions

‣ Top is the only quark that has not yet been studied in e+e- collisions - will benefit 
substantially from further precision measurement

Top physics will be a key component for any future collider
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ILC - The International Linear Collider

• Currently the most advanced concept for a future energy frontier collider

• e+e- collider, baseline energy 500 GeV, high luminosity: 2 x 1034 cm-2s-1


• staged construction, starting from 250 GeV / 350 GeV


• upgrade to 1 TeV possible (extension of linacs), luminosity upgrade by rate increase
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Technical Design Report completed in early 2013

main linacs: 
superconducting RF acceleration 

structures, 35 MV/m

polarised positron source

polarised electron source

two detectors sharing one IR
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CLIC - The Compact Linear Collider

• A possible future energy frontier collider at CERN

• e+e- collisions at up to 3 TeV with high luminosity (~ 6 x 1034 cm-2s-1 at 3 TeV)

• Staged construction 350 - 500 GeV, ~ 1.5 TeV, 3 TeV - detailed energies under study, 

based on physics and technical considerations

• Based on two-beam acceleration: gradients of 100 MV/m

!

• Development phase until ~2018 - CDR completed in 2012
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Detector Systems at Linear Colliders

• Low-mass, high precision 
vertexing & tracking


• Highly granular calorimeters


• Particle flow event 
reconstruction
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• Detailed simulation models implemented in GEANT4

• Realistic event reconstruction including pattern recognition, tracking, PFA


‣ Full simulation studies used for all results presented hereDetectors

Experimental hall 

 SiD (Silicon Detector)

ILD (International Large Detector)

Detector (SiD/ILD) specif ications

25 m x 142 m x 42 m (height)Hall size 
The ILD detector in detail

Height
Length
Weight
Superconducting solenoid
Vertex detector spatial resolution
Central tracker (TPC) spatial resolution

The SiD detector in detail
Height
Length
Weight 
Superconducting solenoid
Vertex detector spatial resolution
Central semiconductor tracker spatial resolution

~ 16 m

~ 14 m

60	
�    μm	
�    (220	
�    layers)
3	
�    μm
3.5 teslas
~ 14,000 tonnes
~ 14 m

~ 11 m
~ 10,100 tonnes
5 teslas
<	
�    5	
�    μm
8	
�    μm	
�    (5	
�    layers)

• CLIC detectors based on ILC concepts, with modifications in the calorimeters, vertex 
and forward regions to account for higher energy and higher backgrounds
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Top Quark Physics at Linear Colliders

• The dominant production mechanism: Top pair production

7

• Rich physics opportunities:
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• The dominant production mechanism: Top pair production
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• Rich physics opportunities:

• Top properties: mass, width, 
decay modes

• BSM sensitivity: CP violation, 

flavor-changing decays,…
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• Rich physics opportunities:

• Top properties: mass, width, 
decay modes

• BSM sensitivity: CP violation, 

flavor-changing decays,…

• Top properties: mass, width, 

• Yukawa coupling,  

strong coupling constant

• Electroweak couplings - 

sensitivity to BSM physics
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Top Quark Physics at Linear Colliders

• The dominant production mechanism: Top pair production
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• Rich physics opportunities:

• Top properties: mass, width, 
decay modes

• BSM sensitivity: CP violation, 

flavor-changing decays,…

• Top properties: mass, width, 

• Yukawa coupling,  

strong coupling constant

• Electroweak couplings - 

sensitivity to BSM physics• Measurements enabled by


• known initial state & clean final state


• Possibility for polarized beams - crucial for coupling measurements
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Identifying & Reconstructing Top Quarks
• Strategy depends on targeted ttbar final state

8
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Identifying & Reconstructing Top Quarks
• Strategy depends on targeted ttbar final state
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Semi-leptonic:

• isolated lepton ID, momentum measurement

• provides t / tbar identification


• missing energy measurement
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Semi-leptonic:

• isolated lepton ID, momentum measurement

• provides t / tbar identification


• missing energy measurement

Universal

• Flavor tagging:

• b - identification

• b/c separation


• b-Jet energy measurement

• light Jet reconstruction & 

energy measurement
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Semi-leptonic:

• isolated lepton ID, momentum measurement

• provides t / tbar identification


• missing energy measurement

Universal

• Flavor tagging:

• b - identification

• b/c separation


• b-Jet energy measurement

• light Jet reconstruction & 

energy measurement

All-hadronic

• global hadronic energy reconstruction
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Top Mass at e+e- Colliders
• Measurement in top pair production, two possibilities, each with advantages and dis-

advantages:

• Invariant mass


• experimentally well defined 
(but not theoretically:  
“PYTHIA mass”)


• can be performed at arbitrary  
energy above threshold: 
high integrated luminosity


• Threshold scan

• theoretically well understood,  

can be calculated to higher orders


• needs dedicated running of  
the accelerator (but is also in a  
sweet spot for Higgs physics)


‣ The “ultimate” mass measurement at a LC!
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{{
LO 

NLO resummation 

P. Uwer, LCForum 02/2012
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Reconstruction and kinematic Mass - Performance

• Very low non-ttbar background

• S/B ~8.5 (12) for FH (SL) at 500 GeV

• S/B ~4.5 directly above threshold


• High reconstruction efficiency

• 34% (44%) for FH (SL) at 500 GeV

• 92% for selected decay modes at 

threshold
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Full simulations with a detailed 
detector model, signal, physics & 
machine backgrounds

Mass fit - Result:

stat. uncertainty on mt: 80 MeV (FH + SL) [100 fb-1] 
stat. uncertainty on Γt: 220 MeV (FH + SL)

exp. systematics of similar order 

in addition: substantial theoretical / interpretation uncertainties
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The Top Threshold - Ultimate Sensitivity
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• 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
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Here: Extract mass and αs

• Effects of some parameters are correlated; 
dependence on Yukawa coupling rather weak - 
precise external αs helps
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From Theory to Experiment: Collider Effects
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• The luminosity spectrum of the collider and ISR 
affect the shape of the threshold
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From Theory to Experiment: Collider Effects
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The effects:ISR tail
• ISR tail: lowering of 

effective L at top energy

• The luminosity spectrum of the collider and ISR 
affect the shape of the threshold
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BS tail • BS tail: lowering of effective 
L at top energy

The effects:ISR tail
• ISR tail: lowering of 

effective L at top energy

• The luminosity spectrum of the collider and ISR 
affect the shape of the threshold
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BS tail • BS tail: lowering of effective 
L at top energy

LS & ISR broadening

• LS & ISR broadening: 
smearing of Xsection due 
to beam energy spread, BS 
tail and ISR

The effects:ISR tail
• ISR tail: lowering of 

effective L at top energy

• The luminosity spectrum of the collider and ISR 
affect the shape of the threshold
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Threshold Scans at Linear Colliders

• The precise threshold shape depends on the 
collider

• rather small differences between ILC and CLIC

13

NB: Assuming unpolarized beams - LC beams can be 
polarized, increasing cross-sections / reducing backgrounds

• Assume an integrated luminosity of  
100 fb-1, equally spread over 10 points
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Statistical Precision from Threshold Scan

14

Fit Results

• Additional possibilities:


• With high precision external αs the Top 
Yukawa coupling can be measured with  
~ 7% (stat) precision


• The top width can also be included in the 
fit - uncertainties (stat) ~ 30 MeV

EPJ C73, 2540 (2013)

arXiv:1310.0563

[MeV] Δm theory 1%/3% Δα theory 1%/3%

ILC - 2D Fit 27 5/9 0.0008 0.0009/0.0022

CLIC - 2D Fit 34 5/8 0.0009 0.0008/0.0022

[MeV] Δm theory 1%/3% αs 

ILC - 1D Fit 18 18/55 21

CLIC - 1D Fit 22 18/56 20
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Fit Results

• Additional possibilities:


• With high precision external αs the Top 
Yukawa coupling can be measured with  
~ 7% (stat) precision


• The top width can also be included in the 
fit - uncertainties (stat) ~ 30 MeV

EPJ C73, 2540 (2013)

arXiv:1310.0563

[MeV] Δm theory 1%/3% Δα theory 1%/3%

ILC - 2D Fit 27 5/9 0.0008 0.0009/0.0022

CLIC - 2D Fit 34 5/8 0.0009 0.0008/0.0022

[MeV] Δm theory 1%/3% αs 

ILC - 1D Fit 18 18/55 21

CLIC - 1D Fit 22 18/56 20

naive assumption: global normalisation 
uncertainty of cross section
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC

15

 [GeV]s'
330 335 340 345 350 355 360

fra
ct

io
n 

/ 3
0 

M
eV

-410

-310

-210 ILC 350 GeV

CLIC 350 GeV

FCCee 350 GeV

normalized over full energy range



 [GeV]s
345 350 355

cr
os

s 
se

ct
io

n 
[p

b]

0

0.2

0.4

0.6

0.8

1

1.2

1.4
 threshold - 1S mass 174 GeVtt
TOPPIK NNLO
ILC 350 LS+ISR

CLIC 350 LS+ISR
FCCee 350 LS+ISR

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

Frank	  Simon	  (fsimon@mpp.mpg.de)
Perspec'ves	  for	  Top	  Physics	  at	  (I)LC	  
TOP2014,	  Cannes,	  October	  2014

Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC

15

 [GeV]s'
330 335 340 345 350 355 360

fra
ct

io
n 

/ 3
0 

M
eV

-410

-310

-210 ILC 350 GeV

CLIC 350 GeV

FCCee 350 GeV

normalized over full energy range

‣ Slight differences in statistics due to cross 
section, changes in sensitivity due to 
steepness of threshold turn-on


‣ For 100 fb-1, no polarization, 1D mass fit:

FCCee ILC CLIC

16 MeV 18 MeV 21 MeV (stat)
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‣ Slight differences in statistics due to cross 
section, changes in sensitivity due to 
steepness of threshold turn-on


‣ For 100 fb-1, no polarization, 1D mass fit:

FCCee ILC CLIC

16 MeV 18 MeV 21 MeV (stat)

!
Differences between different collider options  

(with identical running scenarios) are very small 

!

Polarization (possible only in LCs) can boost cross-sections or  
reduce backgrounds, resulting in increased sensitivity
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Systematics: First Studies

• Measurements at the top threshold will likely be systematics limited 
- first studies have been done, still incomplete

!

Mass:  

• Statistical uncertainty for 100 fb-1 (reasonably modest program) 
~ 20 - 30 MeV (stat) 

• Experimental Systematics

• Beam Energy: ~ 30 MeV or lower


• Non-ttbar background, selection efficiencies: ~ 10 MeV 

• Luminosity Spectrum (studied for CLIC LS with reconstruction of spectrum via Bhabha 
scattering): ~ 6 MeV 
!

• Theory Systematics

• Expected to be significant, naive estimates provide numbers of up to O 100 MeV - 

Requires a dedicated study - in progress for NNNLO calculations of cross-section at 
threshold
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Electroweak Couplings of the Top Quark

• The production of top pairs provides direct 
access to electroweak couplings - axial and 
vector form factors

17

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:

�ttX
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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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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

2

X: Z, γ A: axial coupling V: vector coupling

• In total: 5 non-trivial CP-conserving  
form factors:
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Top quark electroweak couplings at the ILC

!

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

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

• See details in:

/�

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

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

= 0 due to  
gauge invariance

• Accessible through measurements of:

• Total cross-section 

• Forward-backward Asymmetry AFB 
• Helicity Angle λ distribution (related to fraction of left- and right-handed tops)


• For each: Two polarizations e-L - e+R, e-R - e+L ➫ LC polarised beams crucial!
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Accessing EW Couplings: Asymmetries & Angles

• Forward-backward asymmetry:

18
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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
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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 ✓
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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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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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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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The cross section can be measured to  
0.5% (stat. + lumi) 

The cross section!

~4% (stat. + syst.)2% (stat. + syst.) 
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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

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

The helicity approach has been suggested for top studies at Tevatron [16]. In the
rest system of the t quark, the angle of the lepton from the W boson is distributed
like:
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precision on asymmetry: 
~2% (stat+ syst)

ILD full simulations

• ILC, 500 GeV, 500 fb-1 


• Two polarisation configurations:


• e-Re+L: P(e-) -80%, P(e+) +30%

• e-Le+R: P(e-) +80%, P(e+) -30%



Frank	  Simon	  (fsimon@mpp.mpg.de)
Perspec'ves	  for	  Top	  Physics	  at	  (I)LC	  
TOP2014,	  Cannes,	  October	  2014

Electroweak Couplings: Expected Precision

• The combination of polarised cross-
section, asymmetry and helicity angle 
measurements gives access to all 
relevant couplings - with percent to 
permille - level precision
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Figure 8: Comparison of statistical precisions on CP conserving form factors expected at
the LHC, taken from [1] and at the ILC. The LHC results assume an integrated luminosity
of L = 300 fb�1. The results for ILC assume an integrated luminosity of L = 500 fb�1 atp
s = 500GeV and a beam polarisation P = ±0.8,P 0 = ⌥0.3.
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Additional potential may exist 
with additional measurements and 
higher energy - potentially further 
improved BSM sensitivities 
Not studied yet...

precision on total cross-section: 
~0.5% (stat+ lumi)

* Snowmass 2005 projection

LHC 14 TeV, 300 fb-1

*  
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Direct Access to Top Yukawa Coupling
• Direct measurement of the top Yukawa coupling  

via the process ttH

• complex final state, low cross-section

• ~ 8% measurement of the cross section at 1 TeV:  

4% uncertainty on yt for 1 ab-1

• First measurements at 500 GeV - slight 

energy boost to 550 GeV would help 
enormously - 6% on yt with 1.6 ab-1
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MC

Higgs physics at the ILC Felix Sefkow     Hamburg, 28.8.2014 

Top Yukawa coupling

• Counting experiment, multi-jet final states 
• 4% measurement of gttH possible 
• sizeable QCD corrections 
• a few more GeV beam energy most valuable

16

Top Yukawa Coupling 
The largest among matter fermions, but not yet directly observed  

1 ab�1@500GeV
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1.2. ILD layout and performance

Figure III-1.3
Three-dimensional
view of a typical multi
jet final state at the
ILC (500 GeV t¯t event
with multi-hadronic
final state). The pic-
ture was generated by
the detailed detector
simulation of the ILD
detector.

1.2 ILD layout and performance

The ILD concept has been designed as a multi-purpose detector. A high precision vertex detector is
followed by a hybrid tracking layout, realised as a combination of silicon tracking with a time projection
chamber, and a calorimeter system. The complete system is located inside the large solenoid. On
the outside of the coil, the iron return yoke is instrumented as a muon system and as a tail catcher
calorimeter.

The vertex detector is realised as a multi-layer pixel-vertex detector (VTX), with three super-layers
each comprising two layers, or a 5 layer geometry. In either case the detector has a pure barrel
geometry. To minimise the occupancy from background hits, the first super-layer is only half as long
as the outer two. Whilst the underlying detector technology has not yet been decided, the VTX is
optimised for point resolution and minimum material thickness.

A system of silicon strip and pixel detectors surrounds the VTX detector. In the barrel, two
layers of silicon strip detectors (SIT) are arranged to bridge the gap between the VTX and the TPC.
In the forward region, a system of two silicon-pixel disks and five silicon-strip disks (FTD) provides
low angle tracking coverage.

A distinct feature of ILD is a large volume time projection chamber (TPC) with up to 224 points
per track. The TPC is optimised for 3-dimensional point resolution and minimum material in the
field cage and in the end-plate. It also allows dE/dx based particle identification.

Outside the TPC a system of Si-strip detectors, one behind the end-plate of the TPC (ETD)
and one in between the TPC and the ECAL (SET), provide additional high precision space points
which improve the tracking performance and provide additional redundancy in the regions between
the main tracking volume and the calorimeters.

A highly segmented electromagnetic calorimeter (ECAL) provides up to 30 samples in depth and
small transverse cell size, split into a barrel and an end cap system. For the absorber Tungsten has
been chosen, for the sensitive area silicon diodes or scintillator strips are considered.

This is followed by a highly segmented hadronic calorimeter (HCAL) with up to 48 longitudinal
samples and small transverse cell size. Two options are considered, both based on a Steel-absorber
structure. One option uses scintillator tiles of 3 ◊ 3 cm2, which are read out with an analogue
system. The second uses a gas-based readout which allows a 1 ◊ 1 cm2 cell geometry with a binary or
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• Japan has expressed interest to host ILC - with the goal of a global project with 
substantial financial contributions from outside, and the establishment of an 
“international city”


• A site choice has been made:  
北上市 (Kitakami) in Northern Japan
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• Japan has expressed interest to host ILC - with the goal of a global project with 
substantial financial contributions from outside, and the establishment of an 
“international city”


• A site choice has been made:  
北上市 (Kitakami) in Northern Japan

• Strong support by local government and 
population

• Over the next ~ 1.5 years, a review 
process with committees by the 
Japanese science ministry MEXT is 
taking place - physics case and technical 
issues


• First contacts on government level about 
international participation have started
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Summary

• Linear colliders will be capable of producing top quarks in a very clean environment: 
Excellent conditions for precision measurements of top quark properties and couplings

!

• The invariant mass can be reconstructed with an experimental precision of  
O 100 MeV (stat+ syst), but suffers from substantial theoretical uncertainties 


• A threshold scan provides the ultimate mass precision in a theoretically well-understood 
setting: Statistical uncertainties on the 20 - 30 MeV level, with comparable experimental 
systematics, studies of theoretical uncertainties ongoing


‣ Total uncertainty of ~ 100 MeV or better in reach

!

• Polarised beams at linear colliders allow detailed measurements of top electroweak 
couplings with the separation of axial and vector and Z and γ contributions

• accuracies on the percent to permille level expected

!

• A direct measurement of the top Yukawa coupling via the ttH process on the 2 - 4% level 
(depending on integrated luminosity) at 1 TeV

22



Frank	  Simon	  (fsimon@mpp.mpg.de)

Backup

23Perspec'ves	  for	  Top	  Physics	  at	  (I)LC	  
TOP2014,	  Cannes,	  October	  2014



Frank	  Simon	  (fsimon@mpp.mpg.de)
Perspec'ves	  for	  Top	  Physics	  at	  (I)LC	  
TOP2014,	  Cannes,	  October	  2014

Systematics on Mass - Details
• Incomplete - but looked at several key aspects:

• Theory uncertainties currently based on simple scaling of cross section (1%, 3%) (10 

MeV up to ~50 MeV, depending on fit strategy -> uncertainty mostly absorbed in αs 
uncertainty for combined fits) - More sophisticated studies planned, based on results 
by Beneke et al., see next talk 


• Non-ttbar background: 5% uncertainty results in 18 MeV uncertainty on mass 
(After selection, the non-ttbar background cross section is ~ 70 fb, so 5% uncertainty 
can be reached with ~ 6 fb-1 below threshold)


• Beam energy: Expect 10-4 precision on CMS energy: ~30 MeV uncertainty on mass - 
potential for further improvement?


• Luminosity spectrum - first study based on CLIC 3 TeV model (substantially more 
complicated than ILC): ~ 6 MeV uncertainty from fit of LS parameters

24
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potential for further improvement?
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“Interpretation” uncertainty: 
Theory uncertainties are incurred when transforming the 1S mass used to describe 
the threshold to the MSbar mass - currently O ~ 100 MeV, depending on αs precision 
and number of orders - significant reduction possible when needed
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ILC Cost

25

• Not surprising: An energy frontier collider is 
expensive

• Rather solid cost estimate for the  

500 GeV machine: ~ 8 Billion USD 


• Biggest component: Main linac, acceleration 
structures

Chapter 15. ILC TDR Value Estimate

superconducting RF components, including their cryogenic systems and RF-power systems, represent
about 76% of the estimate for all non-CFS components.

Figure 15.7. TDR Value estimate by technical system. Also shown for comparison is the escalated RDR. The num-
bers give the TDR estimate for each system in MILCU.

The Value estimates broken down by Area (Accelerator) System are shown separately for
both the conventional facilities and the components in Fig. 15.8. The system labeled “Common”
refers to infrastructure elements such as computing infrastructure, high-voltage transmission lines
and main substation, common control system, general installation equipment, site-wide alignment
monuments, temporary construction utilities, soil borings and site characterisation, safety systems
and communications.
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Figure 15.8. Distribution of the ILC value estimate by system and common infrastructure, in ILC Units. The num-
bers give the TDR estimate for each system in MILCU.

The component value estimates for each of the Accelerator Systems include their respective RF
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3.2. Accelerator Layout & Design

Figure 3.5
ILC TDR Value esti-
mate cost basis.

Lab + contractor 
estimate  

24%

Lab engineering
estimate  

32%

Industrial 
Study
15%

EXFEL 
procurement
18%

Vendor 
quote
11%

 

 

Figure 3.6
Distribution of cost by
sub-system.
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Magnets and
Power Supplies

Cryogenics

Installation

These totals represent an increase of 7% in value and a reduction of 8% in explicit labour relative
to the estimates made for the 2007 Reference Design Report (after adjustment for inflation from
2007 to 2012). The major contribution to the increase was the cryomodule cost which was based on
current industrial studies and actual European XFEL contracts extrapolated to ILC quantities, rather
than older industrial studies and engineering estimates. This increase was o�set in several areas due
in large part to the more e�cient TDR design.

Any schedule for a project such as the ILC is determined by the availability of resources and the
ability to utilise them e�ciently. Without knowledge of the chosen Governance and Project Manage-
ment structure and funding profiles, a more accurate schedule cannot be formulated. Nonetheless,
making some reasonable assumptions in these areas, it appears that the overall construction schedule
is determined by the civil construction activities in the central campus region covering the detector
halls, the damping rings, and the injectors. These elements are site dependent. The Main Linac
schedule is determined by the delivery of the SCRF cryomodules, which are the technical components
with the longest lead time. A funding profile which peaks at 15% of the total project cost in year four
is consistent with a nine-year period between ground breaking and the start of beam commissioning.
Machine installation starts in year seven. A representative schedule for a mountainous site is shown in
Fig. 3.7.

Executive Summary ILC Technical Design Report: Volume 1 21

• The construction cost will 
be spread over ~ 10 years, 
and shared across the globe 
- details to be worked out!


• Many contributions 
expected “in kind”: 
production of components 
“at home”, installation in ILC 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ILC - Current Schedule

26

2014 2015 2016 2017 2018 

Engineering R&D 
Schedule 

(LCC-PreLab) 

Pre-construction 
Schedule 

(LCC-PreLab) 

Staging Scenario 
(LCB, LCC) 

Further Action Plan before Construction 

10 



reproduced in this note have shown that the choice of [16] seems optimal. The observ-
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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
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
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Accessing EW Couplings: Asymmetries & Angles

• Helicity Angle

27

ILD full simulations

• ILC, 500 GeV, 500 fb-1 


• Two polarisation configurations:


• e-Re+L: P(e-) -80%, P(e+) +30%

• e-Le+R: P(e-) +80%, P(e+) -30% precision on helicity angle: 

~4% (stat+ syst)

ICHEP Valencia 2-9 July 2014 Ignacio.Garcia@ific.uv.es 16

The Forward-Backward Asymmetry!

Measurement of observables

)topθcos(
-1 -0.5 0 0.5 1

0

1000

2000

3000

4000 L
+eR

-e

R
+eL

-e
2χReconstructed with cut on 

Generator - Whizard

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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The distribution exhibits a drop in reconstructed events towards cos✓
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= �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.
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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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Figure 2: Distributions of the momentum of the b quark jet in the centre-of-mass frame of
the t quark, p⇤
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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.
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=
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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The cross section can be measured to  
0.5% (stat. + lumi) 

The cross section!

~4% (stat. + syst.)2% (stat. + syst.) 
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Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

28
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• Driven by production and decay:

• Production in pairs, decay to W and b

28

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic
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Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

28

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic

• At hadron colliders: Hard to pick out top pairs from QCD background - Use one 
and two-lepton final states


• At lepton colliders: Top pairs easy to identify, concentrate on large branching 
fractions and controllable missing energy (not more than one neutrino!)
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Analysis Strategy

• Identify the type of top decay according to number of isolated leptons

• all-hadronic (0 leptons), semi-leptonic (1 lepton), leptonic (>1 lepton) -> rejected


• Jet clustering (exclusive kt algorithm) according to classification: 6 or 4 jets


• Flavor-tagging: Identify the two most likely b-jet candidates


• W pairing: Jets / leptons into W bosons

• Unique in the semi-leptonic case: 1 W from two light jets, 1 W from lepton & missing 

Energy

• 3 possibilities (4 light jets) in all-hadronic case - Pick combination with minimal 

deviation from nominal W mass


• Kinematic fit - Use Energy/momentum conservation to constrain event

• Performs the matching of W bosons an b-Jets to t candidates

• Enforces equal t and anti-t mass: Only one mass measurement per event

• Provides already good rejection on non-tt background


• Additional background rejection with likelihood method based on event variables 
(sphericity, b-tags, multiplicity, W masses, dcut, top mass w/o kin fit)

29
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Analysis Challenges & Event Simulation - CLIC

• Key reconstruction challenge at CLIC: pile-up of γγ -> hadrons background, 
rejected with timing & pt cuts and with jet finding based on kt algorithm


• Also relevant for ILC: No pile-up, but several γγ -> hadrons events / BX -  
Jet finding now follows CLIC experience

30

• Event generation with PYTHIA (for ttbar, LO) and WHIZARD, depending on 
final state


• Full GEANT4 detector simulation

• Reconstruction with PandoraPFA

no direct simulation of threshold - 
currently using NNLO cross sections 
- TOPPIK, Hoang & Teubner - 

both at and above 
threshold 100 fb-1 
assumed

… in addition: single top may be worth considering
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Mass Reconstruction Above Threshold

• Width less constrained than 
mass: substantial detector 
effects (peak width ~ 5 GeV 
compared to 1.4 GeV top 
width)

31
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Systematics - Invariant Mass above Threshold

• Still incomplete, but some key issues were investigated:

• Possible bias from top mass and width assumptions in detector resolution: Below 

statistical error, no indication for bias found

• Jet Energy Scale: Reconstruction of W bosons can be used to fix this to better than 

1% for light jets, assume similar precision for b jets from Z and ZZ events: Systematics 
below statistical uncertainties of the measurement


• Color Reconnection: Not studied yet - depends on space-time overlap of final-state 
partons from t and anti-t decay - Expected to be less than in WW at LEP2: 
Comparable or smaller systematics on mass - less than 100 MeV
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The key issue - and open question: 
Above threshold the “PYTHIA mass” is measured - not well defined theoretically 
➫ Substantial uncertainties in the interpretation of the measurements, far 
    outweighs statistical uncertainties 
➫ Some theory work in this direction already exists, but more is needed (also in 
    in terms of connecting theory and experimental observables) 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Systematics - Luminosity Spectrum

• Initial back-of-the envelope studies indicated possible systematics of  
10s of MeV - mainly related to the shape of the main luminosity peak


• The challenge: Determining the shape (and normalization) of the luminosity spectrum 
from data

• Accessible via energy and  

angle of e± from Bhabha events

• Parametrized by a complex  

19 parameter function,  
parameters determined from  
fits to Bhabha events  
(details: arXiv:1309.0372)
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original
reconstructed

E’/E0

First CLIC study: application 
of 3 TeV model to 350 GeV - 
not yet full simulations, scaled 
uncertainties
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Systematics - Luminosity Spectrum

• Impact of reconstructed 
luminosity spectrum on threshold 
behavior

• Currently still a small bias: 

slightly reduced peak luminosity 
in model  
(0.7% too low)


‣ Reason understood, straight-
forward to correct
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Global Results Summary - Luminosity Spectrum uncertainty for CLIC:
1D fit: Δmt = (± 22 (stat) ± 5.3 (lumi parameters) - 22 (lumi reco)) MeV  
2D fit: Δmt = (± 34 (stat) ± 6.0 (lumi parameters) + 5.5 (lumi reco)) MeV  

Δαs = (± 9 (stat) ± 2.5 (lumi parameters) + 10 (lumi reco)) x 10-4  


