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¤  The	
   top	
   quark	
   is	
   the	
   heaviest	
   elementary	
   par:cle	
   and	
   it	
   is	
   the	
  most	
  
strongly	
   coupled	
   to	
   the	
   mechanism	
   of	
   electroweak	
   symmetry	
  
breaking.	
  

¤  In	
   contrast	
   to	
   the	
   situa:on	
   at	
   hadron	
   colliders,	
   the	
   dominant	
   pair	
  
produc:on	
  process	
  e+e-­‐→A	
  involves	
  only	
  AZ0	
  and	
  Aγ	
  primary	
  ver:ces	
  	
  

¤  A	
  way	
  to	
  describe	
  the	
  current	
  at	
  the	
  AX	
  vertex:	
  

	
  

 

/γ	



Introduc:on	
  

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
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(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
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= i
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). The couplings or form factors e
F

X

i

and F

X

i

appearing in
Eqs. 1 and 2 are related via
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Within the Standard Model the F

i

have the following values:

F
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1V = �2

3
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1A = 0, FZ,SM

1V = � 1

4s
w

c

w
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4s
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, (4)

with s

w

and c

w

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

. The coupling
F

�

2V is related via F

�

2V = Q

t

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

t

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

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

2

¤  X	
  =	
  Z0,	
  γ	


¤  V	
  =	
  Vector	
  coupling	
  
¤  A	
  =	
  Axial	
  coupling	
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¤  The	
   c.o.m.	
   energy:	
   √s	
   =	
   500	
   GeV	
  
(default	
  design)	
  

¤  Luminosity:	
  L	
  =	
  500	
  X-­‐1	
  =	
  5	
  x105	
  pb-­‐1	
  
(es<mated	
  for	
  4	
  years	
  of	
  running)	
  

¤  Beams	
  are	
  	
  polarised:	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
P(e-­‐)	
  ≈	
  ±80%	
  ,	
  P(e+)	
  ≈	
  ±30%.	
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ILD	
  detector	
   is	
  op:mised	
  for	
  Par:cle	
  Flow	
  
Algorithm	
   (PFLOW),	
   i.e.	
  measure	
   par:cles	
  
in	
  jet	
  in	
  the	
  best	
  suited	
  sub-­‐detectors	
  

So	
  the	
  expected	
  energy	
  resolu:on	
  is:	
  

σ E / E ~ 3%

σ (pT ) / pT ≈ 2 ⋅10
−5 pT ⊕ a   

a =1·10-4  (multiple scattering)

σ (d0 ) = 5⊕ 1
pT

10
sinθ

"

#
$

%

&
' µm



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gives	
  three	
  different	
  final	
  states:	
  

1)	
  Fully	
  hadronic	
  (46.2%)	
  à	
  6	
  jets	
  at	
  final	
  state	
  	
  	
  	
  	
  

2)	
  Semi-­‐leptonic	
  (43.5%)	
  à	
  4	
  jets	
  +	
  lepton	
  +	
  neutrino	
  

3)	
  Fully	
  leptonic	
  (10.3%)	
  à	
  2jets	
  +	
  2	
  leptons	
  +	
  2	
  neutrinos	
  

¤  This	
  analysis	
  is	
  concentrate	
  mainly	
  on	
  the	
  events	
  which	
  have	
  a	
  semi-­‐leptonic	
  final	
  state	
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Experimental	
  environment	
  and	
  data	
  samples	
  

Introduction

The Analysis

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

2 Analysis at
p

s = 500GeV with an integrated luminosity
L = 500 fb

�1.

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

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

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.

Jérémy ROUËNÉ LAL Top at the ILC October 25, 2012 6 / 22

h_p://www-­‐flc.desy.de/lcnotes/	
  LC-­‐REP-­‐2013-­‐008	
  	
  

h_p://www-­‐flc.desy.de/lcnotes/	
  LC-­‐REP-­‐2013-­‐007	
  	
  



¤  Event	
  genera`on	
  
¤  WHIZARD:	
  event	
  genera:on	
  (samples	
  for	
  the	
  DBD)	
  
¤  PYTHIA:	
  Genera:on	
  of	
  parton	
  shower	
  and	
  hadronisa:on	
  
¤  	
  The	
  input	
  top	
  mass	
  to	
  WHIZARD	
  is	
  174	
  GeV	
  

¤  Latest	
  improvements	
  
¤  Single	
  top	
  background	
  ~15%	
  

¤  It	
  has	
  been	
  studied	
  but	
  its	
  final	
  state	
  it’s	
  so	
  similar	
  to	
  	
  
	
   	
  	
  	
  	
  	
  and	
  it	
  seems	
  no	
  posible	
  to	
  dis:nguish	
  these	
   	
   	
  
	
  	
  	
  	
  events.	
  

¤  γγàhadrons.	
  Is	
  a	
  process	
  superposed	
  to	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  which	
  degrades	
  severaly	
  the	
  angular	
  
distribu:ons.	
  It	
  has	
  been	
  reduced	
  with	
  kt	
  jet	
  algorithm.	
  

Event	
  generation	
  and	
  technical	
  remarks	
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  and	
  data	
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e+e− → tt IFIC-LAL, feb 2013

Fundamental issues: 
The good, the bad and the ugly

This is the vertex we want to probe

This is a background we can reduce

This is a probleme+e− → tt



¤  This	
  background	
  appears	
  mainly	
  in	
  the	
  very	
  forward	
  region.	
  	
  

¤  Durham	
  (1st	
  jet	
  algorithm)	
  includes	
  these	
  par:cles	
  in	
  the	
  jets.	
  

¤  Second	
   jet	
   clustering	
  with	
   kt	
   algorithm	
  à	
   creates	
   the	
   so	
   called	
   beam-­‐jets	
   where	
   very	
   forward	
  
par:cles	
  are	
  included	
  and	
  reduces	
  the	
  impact	
  in	
  the	
  final	
  jets.	
  

γγ	
  to	
  hadrons	
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kt	
  algorithm	
  with	
  a	
  jet	
  size	
  of	
  
R=1.50	
  gives	
  the	
  best	
  results	
  	
  	
  

cos(θW)	
  

Generator-­‐Whizard	
   Generator-­‐Whizard	
   Generator-­‐Whizard	
  

Reconstructed	
   Reconstructed	
  	
  R=1.00	
  

	
  	
  	
  	
  	
  	
  Durham	
  

Reconstructed	
  	
  R=1.50	
  

Excess	
  of	
  par:cles	
  in	
  
the	
  forward	
  region	
  



¤  Lepton	
  iden`fica`on	
  criteria:	
  
¤  Lepton	
  is	
  isolated	
  from	
  a	
  jet	
  

	
  

¤  b-­‐likeness	
  or	
  b-­‐tag	
  is	
  determined	
  analysing	
  secondary	
  ver:ces	
  à	
  jet	
  mass,	
  decay	
  length	
  and	
  
par:cle	
  mul:plicity.	
  A	
  b-­‐tag	
  value	
  is	
  assigned	
  to	
  each	
  jet. 	
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Event	
  selec:on	
  

reconstruction using the version ILD o1 v05 of the ILC software. In Ref. [13] it was
shown that the background can be nearly eliminated for the semi-leptonic final state
(95% purity). Therefore at this stage none of the listed background processes are
included in the analysis.

4 Event selection

The analysis starts out from the studies presented in detail in [13]. The samples
analysed here contain background generated by beam beam interactions, so-called
�� background. No cut to remove this background is applied in this analysis. Such
a study is left for future work. The produced t(t)-quark decays almost exclusively
in to a bW pair. The b quark hadronises giving rise to a jet. The W boson can
decay hadronically into light quarks, which turn into jets, or leptonically into a pair
composed by a charged lepton and a neutrino. The semi-leptonic process is defined
by events in which one W decays hadronically while the other one decays leptonically,
i.e.

tt ! (bW )(bW ) ! (bqq0)(b`⌫) (10)

In the Standard Model the fraction of semi-leptonic final states in e

+
e

� ! tt is about
43%. The charged lepton allows for the determination of the t quark charge. The
t quark mass is reconstructed from the hadronically decaying W which is combined
with one of the b-quark jets. In general leptons are identified using typical selection
criteria. The lepton from the W boson decay is either the most energetic particle in
a jet or has a sizeable transverse momentum w.r.t. neighboured jets. More specific
the following criteria are applied

x

T

= p

T,lepton

/M

jet

> 0.25 and z = E

lepton

/E

jet

> 0.6, (11)

where E
lepton

is the energy and p

T,lepton

the transverse momentum of the lepton within
a jet with energy E

jet

and mass M

jet

. The decay lepton in case of e and µ can be
identified with an e�ciency of about 85%, where the selection has a tendency to reject
low momentum leptons. The ⌧ leptons can decay themselves into e or µ, which are
collinear with the produced ⌧ but have lower momentum than primary decay leptons.
Taking into account the ⌧ leptons, the e�ciency to identify the decay lepton is about
70%.

The identified lepton is removed from the list of reconstructed particles and the
remaining final state is again clustered into four jets. Two of these must be identified
as being produced by the b-quarks of the t quark decay. The b-likeness or b-tag is
determined with the LCFIPlus package, which uses information of the tracking system
as input. Secondary vertices in the event are analysed by means of the jet mass, the
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remaining final state is again clustered into four jets. Two of these must be identified
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Eff	
  ~	
  70%	
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Tagged	
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  <	
  1	
  

The	
  2	
  jets	
  with	
  higher	
  b-­‐tag	
  value	
  



¤  The	
   signal	
   is	
   reconstructed	
   by	
   choosing	
   the	
   combina:on	
   of	
   b	
   quark	
   jet	
   and	
   W	
  
boson	
  that	
  minimises	
  the	
  following	
  equa:on:	
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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.

)θcos(
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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

8

¤  Some	
  cuts:	
  
¤  Hadronic	
  mass	
  of	
  the	
  final	
  state:	
  
¤  Reconstructed	
  W	
  mass:	
  
¤  Reconstructed	
  top	
  mass:	
  
¤  Isolated	
  lepton:	
  the best candidate 

¤  b-­‐tag	
  values:	
  b-tag1 > 0.8 & b-tag2 > 0.3 

	
  

¤  The	
  en`re	
  selec`on	
  retains:	
  
¤  51.9%	
  for	
  the	
  configura:on	
  P,P’	
  =	
  -­‐1,+1	
  (Lem-­‐handed	
  electrons)	
  
¤  55.0%	
  for	
  P,P’	
  =	
  +1,	
  -­‐1	
  (Right-­‐handed	
  electrons)	
  

 

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.

 of the b - 68 (GeV) * P
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1

10

210

310

all rec
all rec

Good combinaison
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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
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Observables	
   e-­‐Le+R	
   e-­‐Re+L	
  

σ(X)	
   1564	
   724	
  

AFB	
   0.38	
   0.47	
  

FR	
   0.25	
   0.76	
   λhel = 2FR −1

where	
  FR	
  is	
  the	
  frac:on	
  of	
  right-­‐handed	
  tops	
  

σ (+)    AFB (+)   λhel (+)    (+ = eR
− )

σ (−)    AFB (−)   λhel (−)    (− = eL
− )
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AFB =
Ntop(cosθ > 0)− Ntop(cosθ < 0)
Ntop(cosθ > 0)+ Ntop(cosθ < 0)

e−

t

t

e+θ

-­‐1	
  <	
  AFB	
  <	
  1	
  

Measurement	
  of	
  observables	
  

	



¤  The	
  sign	
  of	
  the	
  top	
   is	
  the	
  one	
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  the	
  lepton	
  

¤  For	
  t	
  we	
  change	
  θ	
  to	
  θ + π	



	
  

	
  
ECFA	
  LC2013.	
  European	
  Linear	
  Collider	
  Workshop.	
  27-­‐31	
  May	
  



Results	
  for	
  AFB	
  

I.García	
  IFIC	
  (Valencia)	
  

12	
  

We	
   can	
   see	
   a	
   clear	
   migra`on	
  
effect	
  for	
  lem-­‐handed	
  electrons	
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Figure 4: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.
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cos✓bW
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The observables p⇤
b

and cos✓
bW

have already been introduced in Sec. 4. The defined
�

2 comprises in addition the Lorentz factor �

t

= E

t

/M

t

of the final state t quark,
which is shown in Figure 5. The correct association of the of jets from b quarks
to that from W bosons is checked with the MC truth information Events in which
this association went wrong, labelled as bad combination in Figs. 2 and 5, lead to a
distorted distribution in these observables.

For �2
< 15 the reconstructed spectrum agrees very well with the generated one.

For this cut on �

2, the reconstruction e�ciency is 27.6%. The Fig. 6 demonstrates
the improved agreement between the reconstructed and generated direction of the
t quark direction in case P ,P 0 = �1,+1. The forward-backward asymmetry A

t

FB

can be derived from these angular distributions. For completeness it has to be noted
that e↵ects of beam related �� background on the angular distribution have been
studied. The reconstruction of the angular distribution works better without these
e↵ects. The detailed treatment and quantification of these e↵ects is left for further
studies.

The numerical results are given in Tab. 2 and compared with the generated
value. The statistical error is corrected for the realistic beam polarisations P ,P 0 =
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  gives	
  a	
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  direc:on	
  of	
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  reconstructed	
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  and	
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  the	
  migra:on	
  effect.	
  

	
  

	
  

¤  This	
  migra:on	
  comes	
  from	
  the	
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combina`on	
   of	
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  W	
   and	
   the	
   b-­‐jet	
  
to	
  reconstruct	
  the	
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  quark	
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How	
  to	
  cure	
  migra:on?	
  	
  χ2	
  	
  strategy	
  

	
  

	
  ¤  If	
  we	
  cut	
  on	
  χ2	
  we	
  reduce	
  the	
  number	
  of	
  wrong	
  combina:ons	
  of	
  W	
  and	
  b-­‐jet	
  

¤  χ2	
  	
  <	
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  efficency	
  :	
  29.6%	
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Figure 4: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.
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Figure 5: Lorentz factor of the top to define the quantity �2, see Eq. 14, for the selection
of well reconstructed events in case of P,P 0 = �1,+1 beam polarisation.

For �2
< 15 the reconstructed spectrum agrees very well with the generated one.

For this cut on �

2, the reconstruction e�ciency is 27.6%. The Fig. 6 demonstrates
the improved agreement between the reconstructed and generated direction of the
t quark direction in case P ,P 0 = �1,+1. The forward-backward asymmetry A

t

FB

can be derived from these angular distributions. For completeness it has to be noted
that e↵ects of beam related �� background on the angular distribution have been
studied. The reconstruction of the angular distribution works better without these
e↵ects. The detailed treatment and quantification of these e↵ects is left for further
studies.

The numerical results are given in Tab. 2 and compared with the generated
value. The statistical error is corrected for the realistic beam polarisations P ,P 0 =
±0.8,⌥0.3. It shows that for the standard luminosity statistical precisions of better
than 2% can be expected. When selecting well reconstructed events the systematic
error due to the ambiguities is expected to be significantly smaller than the statistical
error.

P ,P 0 (At

FB

)
gen.

A

t

FB

(�
AFB/AFB

)
stat.

[%]
�1,+1 0.360 0.344 1.7 (for P ,P 0 = �0.8,+0.3)
+1,�1 0.433 0.428 1.3 (for P ,P 0 = +0.8,�0.3)

Table 2: Statistical precisions expected for At

FB

for di↵erent beam polarisations.
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The	
  χ2	
  cut	
  removes	
  the	
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  effect	
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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

1

�

d�

dcos✓

hel

=
1 + �

t

cos✓
hel

2
=

1

2
+ (2F

R

� 1)
cos✓

hel

2

�

t

= 1 for t
R

�

t

= �1 for t
L

(15)

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

13

¤  The	
  slope	
  (λt)	
  of	
  the	
  distribu:on	
  gives	
  the	
  frac:on	
  
of	
  tL	
  and	
  tR	
  in	
  the	
  sample.	
  

	
  

	
  

)helecos(
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 10

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

coshel

+
R e-

Le
 +

L e-
Re

Generator - Whizard
Reconstructed

coshel

Leptons	
  not	
  well	
  isolated	
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  jet:	
  
lower	
  energy	
  

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.

The parameter �

t

can be derived from the slope of the helcity angle distribu-
tion that is obtained by a fit to the linear part of the angular distribution in the
range cos✓

hel

= [�0.6, 0.9]. The results are summarised in Table 3 for the two initial
beam polarisations P = ±1 and P 0 = ⌥1, where the statistical error is given for
P ,P 0 = ⌥0.8,±0.3. The results are compared with the values of �

t

as obtained for
the generated sample. A quarter of shift between the generated and the reconstructed
value is taken into account for the systematic error of the measurement. The result
changes by about 1% when changing the fit range to cos✓

hel

= [(�0.4, 0.5), 0.9]. The
errors on the slope from the variation of the fit range and that from the di↵erence
between generated and reconstructed slope are added in quadrature.

P ,P 0 (�
t

)
gen.

(�
t

)
rec.

(��
t

)
stat.

(��
t

)
syst.

for P ,P 0 = ⌥0.8,±0.3
�1,+1 -0.519 -0.489 0.016 0.011
+1,�1 0.544 0.547 0.016 0.010

Table 3: Results on �
t

derived from the slope of the helicity angle distribution with errors
for di↵erent beam polarisations at the ILC.

7 Discussion of systematic uncertainties

In the previous sections measurements of either cross sections or asymmetries have
been presented. This section makes an attempt to identify and quantify systematic
uncertainties, which may influence the precision measurements.

• Luminosity: The luminosity is a critical parameter for cross section measure-
ments only. The luminosity can be controlled to 0.1% [15].

• Polarisation: The polarisation is a critical parameter for all analyses. It enters
directly the cross section measurements. The studies for the DBD using W

pair production [16] lead to an uncertainty of 0.1% for the polarisation of the

15
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¤  Luminosity	
  
¤  It	
  can	
  be	
  controlled	
  to	
  0.1%	
  

¤  Polarisa`on	
  
¤  DBD	
  studies	
  à	
  0.1%	
  e-­‐	
  beam,	
  0.35%	
  e+	
  beam	
  	
  
¤  σP,P’=-­‐0.8,+0.3	
  :	
  0.25%	
  and	
  σP,P’=+0.8,-­‐0.3:	
  0.18%	
  

¤  Migra`ons	
  
¤  Cure	
  migra:on	
  in	
  AFBL	
  leads	
  to	
  a	
  penalty	
  in	
  efficiency	
  

¤  Theory	
  

¤  Electroweak	
  and	
  QCD	
  correc:ons	
  (ongoing)	
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¤  QCD	
  uncertain:es	
  are	
  lower	
  than	
  sta:s:cal	
  errors	
  	
  

¤  EW	
  uncertain:es	
  are	
  large	
  for	
  one-­‐loop	
  but	
  lower	
  values	
  are	
  expected	
  for	
  two-­‐

loops	
  (not	
  done	
  yet)	
  

¤  Calcula:on	
  is	
  done	
  for	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  process,	
  not	
  for	
  top	
  decay	
  modes	
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Figure 2: (a) The LO, NLO, NNLO and N3LO predictions for the ratio R(s) of the tt̄ production
rate and that of massless fermions, LO, NLO, NNLO and N3LOas a function of center-of-mass
energy

p
s. (b) The maximum variation (in %) in the LO, NLO, NNLO and N3LO cross section

prediction due to alternative choices for the renormalization scale: µ = 2
p
s. These figures present

a compilation of results reported in References [1, 3, 2].

loop calculation is presented in Reference [4]. The correction to the total cross section is found
to be approximately -3%. The EW correction to the forward-backward asymmetry is large,
approximately 10% [5, 4].

The above discussion refers to corrections to the process e+e� ! tt̄. We expect further
corrections of order �t/mt ⇠ 1% to appear if the decay of the top quarks is included in the
calculation.

We conclude that the state-of-the-art calculations are not yet at the level that they can safely
be ignored in this study. QCD uncertainties are under relatively good control, with uncertainties
to the cross section of the order of a few per mil and order 1% on the forward-backward asymmetry.
But electroweak corrections are large and an estimate of the size of the O(↵2) correction is not
readily obtained. We encourage theoretical groups to

0.3 Jet reconstruction in the presence of �� ! hadrons

background

The linear collider experiments present a relatively benign environment. Superposed on each hard
e+e� scatter a number of background sources lead to additional particles. Two of these have been
studied in some detail. Photons radiated o↵ the incoming electron and positron beams in the
intense field of the opposing beam (beamstrahlung) produce e+e� pairs (coherent and incoherent

N3LO	
  à	
  δσQCD	
  ~	
  3‰	
  	
  and	
  δΑFB
QCD	
  	
  ~	
  1%	
  

e+e− → tt



Extraction	
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  the	
  Physics	
  

	
  
q  So	
   once	
   6	
   observables	
   are	
   mesured,	
   we	
   can	
   obtain	
   the	
   following	
   5	
  

couplings	
  of	
  the	
  top	
  quark	
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σ (+)    AFB (+)   λhel (+)    (+ = eR
− )

σ (−)    AFB (−)   λhel (−)    (− = eL
− )

"
#
$

%$
⇒

F1V
γ    *     F2V

γ

F1V
Z   F1A

Z   F2V
Z

'
(
$

)$

"
#
$
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*	
  F1Aγ	
  =	
  0	
  always	
  because	
  of	
  the	
  gauge	
  invariance	
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- F1(γ/Z) form	
  factors	
  can	
  be	
  extracted	
  
simultaneously	
  considering	
  ΔF2V(γ/Z) = 0 
 
- And	
  F2V(γ/Z) are	
  extracted	
  fixing	
  all	
  F1(γ/Z) 
to	
  their	
  SM	
  values	
  

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

+0.002
�0.002

� eFZ
1A -0.59 +0.052

�0.060
+0.009
�0.013

+0.006
�0.006

� eF �
2V 0.015 +0.038

�0.035
+0.004
�0.004

+0.001
�0.001

� eFZ
2V 0.018 +0.270

�0.190
+0.004
�0.004

+0.002
�0.002

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, either the four form factors eF1 or the two form factors eF2 are
allowed to vary independently. The sensitivities are based on statistical errors only.

8 Interpretation of results

The results on the reconstruction e�ciency, At

FB

and �

t

presented in the previous
sections are transformed into precisions on the form factors e

F

i

. The results are sum-
marised in Table 4 and Figure 8 and are compared with results of earlier studies for
a linear e+e� collider as published in the TESLA TDR [6] as well as with precisions
expected for the LHC. For completeness, Tab. 5 compares sensitivites expected at the
LHC with the results from the TESLA TDR [6] for CP violating form factors not
calculated in the present study. Note, that in the LHC and TESLA studies only one
form factor was varied at a time while in the present study two or four form factors are
varied simultaneously, see Sec. 1. It is obvious that the measurements at an electron
positron collider lead 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 [19]. 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 [20] there are additional
massive gauge bosons in an assumed extra dimension. The model predicts increased

17

1V

γ
F~ 1V

ZF~ 1A
ZF~ 2V

γ
F~ 2V

ZF~

U
nc
er
ta
in
ty

-310

-210

-110

1 ILC (preliminary)

LHC (hep-ph/0601112)

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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¤  χ2	
  op:misa:on	
  

¤  Theore:cal	
  errors	
  (EW	
  and	
  QCD)	
  à	
  help	
  from	
  theore<cians	
  is	
  needed!	
  	
  

¤  CP	
  viola:on	
  form	
  factors	
  (F2AX)à	
  looking	
  for	
  new	
  observables	
  

¤  Posibili:es	
  to	
  measure	
  the	
  b-­‐quark	
  charge	
  
¤  b-­‐quark	
  charge	
  measurement	
  for	
  fully	
  hadronic	
  top	
  decays	
  

¤  It	
  is	
  measured	
  correctly	
  in	
  about	
  60%	
  of	
  the	
  cases	
  
¤  Include	
  this	
  method	
  in	
  the	
  	
  semi-­‐leptonic	
  top	
  decays	
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¤  Polarisa:on	
  allows	
  to	
  double	
  the	
  number	
  of	
  observables	
  

¤  Semi-­‐leptonic	
  events	
  can	
  be	
  selected	
  with	
  an	
  efficiency	
  about	
  55%	
  
¤  The	
  cross	
  sec:on	
  can	
  be	
  measured	
  to	
  a	
  sta:s:cal	
  precision	
  of	
  about	
  0.5%	
  
¤  The	
  forward-­‐backward	
  asymmetry	
  to	
  a	
  precision	
  be_er	
  than	
  2%	
  for	
  both	
  polarisa:ons	
  
¤  The	
  slope	
  of	
  helicity	
  distribu:on	
  to	
  a	
  precision	
  of	
  about	
  4%	
  

¤  LC	
  can	
  characterize	
  _Z	
  _γ	
  ver:ces	
  with	
  accuracies	
  one	
  or	
  two	
  orders	
  of	
  magnitude	
  

beler	
  than	
  LHC	
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σ E / E ≈ 3%  (E en GeV) 

Par:cle	
  Flow	
  (a	
  powerful	
  tool	
  to	
  measure	
  the	
  energy	
  of	
  the	
  jets)	
  	
  

¤  Measurement	
  of	
  the	
  charged	
  par:cle	
  momentum	
  in	
  the	
  tracker	
  à	
  charged	
  component	
  
of	
  the	
  jet	
  

¤  Measurement	
   of	
   the	
   momentum	
   of	
   the	
   neutral	
   component	
   of	
   the	
   jet	
   =	
   total	
   energy	
  
measured	
  in	
  the	
  calorimetry	
  –	
  energy	
  of	
  the	
  charged	
  par:cles	
  in	
  the	
  calorimeter.	
  

¤  Total	
  energy	
  of	
  the	
  jet	
  =	
  charged	
  component	
  +	
  neutral	
  component	
  

Calormeter	
  (Silicon-­‐Tungsten)	
  

Great	
  granularity	
  of	
  the	
  calorimeters	
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Fundamental issues: 
The good, the bad and the ugly

This is the vertex we want to probe

This is a background we can reduce

This is a problem
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5 FastJet native jet algorithms

5.1 kt jet algorithm

The definition of the inclusive kt jet algorithm that is coded is as follows (and corresponds to [3],
modulo small changes of notation):

1. For each pair of particles i, j work out the kt distance

dij = min(k2
ti, k

2
tj) ∆R2

ij/R
2 (1)

with ∆R2
ij = (yi − yj)2 + (φi − φj)2, where kti, yi and φi are the transverse momentum, rapidity

and azimuth of particle i and R is a jet-radius parameter usually taken of order 1; for each
parton i also work out the beam distance diB = k2

ti.

2. Find the minimum dmin of all the dij, diB. If dmin is a dij merge particles i and j into a single
particle, summing their four-momenta (this is E-scheme recombination); if it is a diB then
declare particle i to be a final jet and remove it from the list.

3. Repeat from step 1 until no particles are left.

The exclusive longitudinally invariant kt jet algorithm [2] is similar except that (a) when a diB is the
smallest value, that particle is considered to become part of the beam jet (i.e. is discarded) and (b)
clustering is stopped when all dij and diB are above some dcut. In the exclusive mode R is commonly
set to 1.

5.2 Cambridge/Aachen jet algorithm

Currently the Cambridge/Aachen jet algorithm is provided only in an inclusive version [5], whose
formulation is identical to that of the kt jet algorithm, except as regards the distance measures, which
are:

dij = ∆R2
ij/R

2 , (2a)

diB = 1 . (2b)

Attempting to extract exclusive jets from the Cambridge/Aachen with a dcut parameter simply pro-
vides the set of jets obtained up to the point where all dij , diB > dcut. Having clustered with some
given R, this can actually be an effective way of viewing the event at a smaller radius, Reff =

√
dcutR,

thus allowing a single event to be viewed at a continuous range of Reff within a single clustering.

We note that the true exclusive formulation of the Cambridge algorithm [4] instead makes use an
auxiliary (kt) distance measure and ‘freezes’ pseudojets whose recombination would involve too large
a value of the auxiliary distance measure.

5.3 Anti-kt jet algorithm

This new algorithm, introduced and studied in [6], is defined exactly like the standard kt algorithm,
except for the distance measures which are now given by

dij = min(1/k2
ti, 1/k

2
tj) ∆R2

ij/R
2 , (3a)

diB = 1/k2
ti . (3b)

14

h_p://arxiv.org/pdf/1111.6097v1.pdf	
  



I.García	
  IFIC	
  (Valencia)	
  

26	
  

Where	
  does	
  this	
  migra:on	
  comes	
  from?	
  

	
  

	
  

	



¤  Right-­‐handed	
  electron	
  beam:	
  
¤  The	
  W	
  is	
  emi_ed	
  into	
  the	
  flight	
  

direc:on	
   of	
   the	
   top	
   togheter	
  
with	
  a	
  som	
  b	
  

¤  In	
   the	
   case	
   is	
   the	
   W	
   is	
   easily	
  
c omb i n e	
   t o	
   g o o d	
   b	
   t o	
  
reconstruct	
  the	
  top	



	
  

	
  

	



¤  Lem-­‐handed	
  electron	
  beam:	
  
¤  The	
  W	
  is	
  emi_ed	
  almost	
  at	
  rest	
  

togheter	
  with	
  a	
  hard	
  b	
  

¤  In	
   the	
   case	
   it	
   is	
   harder	
   to	
  
combine	
  the	
  W	
  and	
  the	
  good	
  b	
  
to	
  reconstruct	
  the	
  top	
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