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¤  The top quark is the heaviest elementary particle 

¤  The top decays before hadronization: correlation between angular 
distribution of  the decay products and the spin of  the top à helicity 
angles 

¤  The aim of  this study is to measure the couplings of  the top quark 
with γ and Z boson via the precision measurement of  some 
observables 
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Γ tt (γ,Z )
μ = ie[γμ[F 1Vγ,Z +F 1Aγ,Z γ5]+ (pt− pt)μ2mt

[F 2Vγ,Z +F 2Aγ,Z γ5]]
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Top couplings with γ/Z 
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¤  Protons are composite 

¤  Unknown √s for partons 

¤  Partons are not polarised 

¤  Protons: Strong Interaction à Lot of  
jets. Significant background 

¤  High energy collisions 

 

¤  Electrons and positrons are pointlike 
particles 

¤  Known √s  à 500 GeV in ILC 

¤   Beams can be polarised 

¤  Electrons: EW Interaction à Negligible 
bakcground 

¤  High precision results 
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pp q q

Colisionador de Hadrones o Colisionador de Leptones??


e+ e−

En General:!

Colisionador de Hadrones: !
ALTA ENERGIA!

Colisionador de Leptones: !
ALTA PRECISIÓN!

PERO AMBOS SON NECESARIOS Y COMPLEMENTARIOS!

EJEMPLO: Descubrimiento de W y Z en SPS (Super Proton Synchrotron), 

posterior construcción de LEP (Large Electrón Positron collider) para obtener

medidas precisas de los mismos. !



International Linear Collider (ILC) 
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¤  This study is done in the case of  the ILC à  e+e- collider 

¤  The center-of-mass energy: √s = 500 GeV  

¤  Luminosity: L = 500 fb-1 = 5 x108 pb-1 (estimated for 4 years of  running) 

¤  Beams are  polarised: P(e-) ≈ ± 80 % P(e+) ≈ ± 30 %. This allows to double our 
observables using left-handed and right-handed polarisations 
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¤  The ILD is one detector for the ILC 

¤  The detectors are optimized for Particle Flow 
Algorithm 

The International Large Detector (ILD) 
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σ (pT ) / pT ≈ 2 ⋅10
−5 pT ⊕ a   

a =1·10-4  (multiple scattering)

Detailed	
  Geant4	
  model	
  and	
  sophis1cated	
  
reconstruc1on	
  so5ware	
  allow	
  realis1c	
  
es1mates	
  of	
  performance	
  

¤  Performance: 
¤  Vertex 

¤  Tracking 

¤  Calorimetry σ E / E ≈
30%
E
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¤  The analysis is done on the events where one of  the tops has a semi-
leptonic decay: 

¤  We use the charge of  the lepton to know the charge of  the top 

¤  The full simulation is done with ILD detector (Mokka + Whizard software) 

¤  The reconstruction is based on the Particle Flow Algorithm (Pandora) and 
has been done recently with Marlin on the data samples for the DBD! 
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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.
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¤ Total cross section (σ)	



¤ The Forward-Backward Asymmetry (AFB) 

¤ Helicity angle (θhel) 

 

Observables 
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¤  The Forward-Backward Asymmetry 

 

 

AFB 
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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 

I.García IFIC (Valencia) 
IX Jornadas Red Española Futuros Colisionadores 
Valencia, 19 December 2012 

Analysis 

	



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

¤  For t we change θ to θ + π	



 

 



Results for AFB 
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We can see a clear migration effect for left-handed electrons 
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Where does this migration come from? 

 

 

	



¤  There are two ways to reconstruct the top: 
¤  t1 = W + b1 

¤  t2 = W + b2  

¤  As we don’t know the sign of  the reconstructed b-jet, about 30% of  
the times we combine the W with the wrong b-jet to create the top 
quark. 

¤  This gives a wrong direction of  the reconstructed top and produce 
the migration effect. 
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How to cure migration?  χ2  strategy 

 

 ¤  If  we cut on χ2 we reduce the 
number of  wrong b-jets 

¤  No χ2 cut: 
¤  Efficiency: 70% 

¤  *AFB(reco) = 21% /AFB(true) = 31,7% 

¤  χ2 < 30: 
¤  Efficiency: 38% 

¤  *AFB(reco) = 30,7% /AFB(true) = 31,7% 

 

 

!! = !!"# − 174
!!"#$

!
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!!"!"

!
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!!!∗
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*For left-handed electrons 

 

 



       Final results for AFB 
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¤  In the rest frame of  the top, θhel is the angle between the initial 
direction of  the top and the lepton. 

 

 

Helicity angle (θhel) 
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Study of the distribution of cos(✓
helicity

)

Method

✓
helicity

In the rest frame of the top, ✓
hel

is the angle between the direction
of the top and the lepton.

-~
t⌘

⌘
⌘

⌘⌘3l

Q
Q

Q
QQk⌫

�
�

�
��↵

b

✓
helst

We find the direction of the
leptonic top by measuring the
one of the hadronic top and
assuming momentum
conservation.

Then we make a Lorentz
transform to the top rest frame
to calculate cos(✓

hel

).
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¤  We mesure the momentum of  the top 
and then we make a Lorentz transform 
to the top rest frame to obtain cosθhel 

 

 



¤  The slope (λt) of  the distribution 
gives the fraction of  tL and tR in 
the sample. 

 

 

cosθhel distribution 

16 I.García IFIC (Valencia) 
IX Jornadas Red Española Futuros Colisionadores 
Valencia, 19 December 2012 

Analysis 

to the axial and vector couplings. This was justified under the assumption that
only Z would mix with Kaluza Klein particles but of course this assumption is
model dependent. One could then use the two asymmetries ALR (the polarization
asymmetry) and AFBt (the forward-backward asymmetry) to extract the vector and
axial couplings of the Z boson. One could, alternatively, use the two cross sections
measured with the two signs of electron polarization: L for Pe-=-1 and R for Pe-=1.
The latter measurement is the most precise method since it uses all top final states
and benefits from the highest e�ciency. Also it is not a↵ected by the ambiguous
solutions[2]appearing in the AFBt measurement. For cross section measurements
one needs to control to a few 0.1% the following parameters:

• Luminosity and Polarisation

• E�ciency and contamination

• QED, QCD and electroweak corrections

For asymmetries most of these e↵ects tend to cancel with the exception of po-
larization which is therefore a critical parameter for all analyses.

In this note, one shows that it is possible to measure two additional quantities,
allowing to extract independently the photon and Z couplings. More precisely, one
will describe a method with allows to measure the amount of tL and tR, that is the
amount of left handed and right handed top quarks.

One could therefore measure 4 independent quantities:

• For each polarization, one measures the production cross section which gives
access to �

L

and �

R

, the cross sections for e�
L

and e

�
R

.

• For each polarization, one measures the amount of tR and of tL using the
lepton angular distribution in the top rest system.

The following section explains how this is possible and the next sections evaluate
accuracies.

1.2 Method

The helicity approach has been suggested for top studies at Tevatron [3]. In the rest
system of the top quark, the angle of the lepton from the W is distributed like:

1

�

d�

dcos✓

hel

=
1 + �

t

cos✓

hel

2

�

t

= 1 for t

R

�

t

= �1 for t

L

This angular distribution is therefore linear and very contrasted between tL and
tR as shown in the next figure. In practice one will have of mixture of tR and tL
(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 top sample.

6
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¤  On a large part of  the range 
the distribution is more 
robust to ambiguities, even 
without χ2 cut 

 

 



Extraction of  the Physics 
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q  We have 2 polarisations 
q  1) 

q  2) 

q  So, we have 6 observables 

q  With these 6 observables, we can obtain the following 5 couplings of  the top 
quark  

P(e− ) = +80%   P(e+ ) = −30%
P(e− ) = −80%   P(e+ ) = +30%

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

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

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

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

"
#
$

%$
⇒

F1V
γ    *     F2V

γ

F1V
Z   F1A

Z   F2V
Z

'
(
$

)$

"
#
$

%$
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γ = 0 always because of  the gauge invariance 
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Summary of  the results 
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Observables e-
Le+

R
 e-

Re+
L

 

σ(fb) 964 ± 2 489.0 ± 1.5 

AFB 0.307 ± 0.003 0.447 ± 0.004 

λhel -0.45 ± 0.008 0.58 ± 0.0012 

Couplings* SM*Value* LHC*300*fb61* e+e6**this*study*

ΔFγ1V$ %0.66$
+0.043$
%0.041$

±$0.004$

ΔFZ$1V$ 0.23$ +0.34$
%0.72$

±0.008$

ΔFZ$1A 0.59$
+.079$
%0.091$ ±0.0045$

Fγ2V$
FZ2V$

0.015$
0.018$

±0.04$
±0.3$

±0.0016$
±0.0040$

$
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Preliminary estimation of  the 
precision we can reach 

F.#Richard#November#2012# Page#5#
!

samples:!
!

P=0.8!P’=(0.3!  σ+=489!fb!!! 25530!SL!events!

P=(0.8!P’=0.3!  σ−=964!fb!!! 50320!SL!events!

!
Extra!selections!were!necessary!to!remove!some!false!solutions!which!impacted!mainly!on!AFBt!for!!
left(handed!polarisation.!These!selections!remove!about!50%!of!the!selected!events.!!
!

III!Results!

!
Coupling! SM!Value! LHC!300!fb(1! e+e(!US!Study! e+e(!!this!study!!

(w/o!disentangling)!
ΔFγ1V! (0.66! +0.043!

(0.041!!
+0.047!!!200!fb(1!
!(0.047!!!P=0.8!

±!0.004!!!!!!!!!!(±0.0025)!

ΔFZ!1V! 0.23! +0.34!
(0.72!

+0.012!!!200!fb(1!
(0.013!!!!P=0.8!

±0.008!!!!!!!!!!!(±0.005)!

ΔFZ!1A 0.59! +.079!
(0.091!

+.052!!!!!200!fb(1!
(0.052!!!!P=0.8!

±0.0045!!!!!!!!!(±0.0034)!

Fγ2V!

FZ2V!
0.015!
0.018!

±0.04!
±0.3!!!!

±0.004!!!!!!
±0.0013!!!!!!!!

!!±0.0016!!!!!!!(±0.0012)!!!
!!±0.0040!!!!!!!(±0.0028)!!!!!!

!
Above!table!uses!Snowmass!conventions.!Our!results,!in!the!last!column,!were!obtained!with!full!!
disentangling!using!our!3!observables!with!two!polarisations.!Shown!in!parenthesis!are!the!figures!!
obtained!without!disentangling!which!appear!to!be!merely!degraded.!
The!following!plot!summarizes!the!comparisons!with!LHC.!

!
!

(gI2)t!
!

Assumptions 
 
LC (preliminary) 
√s = 500 GeV, L = 500/fb 
P(e-) = 80%, P(e+)=30% 
 
LHC (hep-ph/0601112) 
14 TeV, 300/fb 

Couplings 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Uncertainty 
(log scale) 

Γ tt (γ,Z )
μ = ie[γμ[F 1Vγ,Z +F 1Aγ,Z γ5]+ (pt− pt)μ2mt

[F 2Vγ,Z +F 2Aγ,Z γ5]]
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¤  Three observables are of  particular interest: σ, AFB and θhel  

¤  For AFB the migrations are understood and can be removed by a cut on χ2 

¤  The helicity distribution is studied and seems more robust to probe new physics 

¤  Polarization allows to disentangle γ and Z couplings  

¤  LC reaches accuracies one or two orders of  magnitud better than LHC 

¤  The final results will be included in the DBD of  ILC (coordinated by M.Peskin)  

¤  DBD: Detailed Baseline Design (first draft will be presented in early 2013) 
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Thanks for your attention 
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Where does this migration comes from? 

 

 

	



¤  Right-handed electron beam: 
¤  The W is emitted into the 

flight direction of  the top 
togheter with a soft b 

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



 

 

	



¤  Left-handed electron beam: 
¤  The W is emitted 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	



 

 

Study of the Forward Backward Asymmetry

Where does this migration comes from ?
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beam:
The W is emitted almost
at rest together 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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Jérémy ROUËNÉ LAL Top at the ILC October 25, 2012 13 / 22



Distributions. σ(-) (e-
L, e+

R) 

24 I.García IFIC (Valencia) 
IX Jornadas Red Española Futuros Colisionadores 
Valencia, 19 December 2012 

Backup 



Distributions. σ(-) (e-
L, e+

R) 

25 I.García IFIC (Valencia) 
IX Jornadas Red Española Futuros Colisionadores 
Valencia, 19 December 2012 

Backup 



Particle Flow 
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σ E / E ≈
30%

E
  (E en GeV)

Particle Flow (a powerful tool to measure the energy of  the jets)  

¤  Measurement of  the charged particle 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 particles in the calorimeter. 

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

Calormeter (Silicon-Tungsten) 

Great granularity of  the calorimeters 
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Comparison LHC vs ILC 

ATLAS ILC use 

σE /E (jets) 60 % /√E 30 % /√E Jet energy 

ΔpT / pT 
(charged track) 

muon-momentum 
(electron at ILC) 

σ(d0) (impact 

parameter) b-tagging 

Magnetic field 2 Tesla 3.5 Tesla - 
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2 ⋅10−5 pT ⊕ a  4 ⋅10−4 pT ⊕ a  

11⊕ 1
pT

70
sinθ

"

#
$

%

&
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pT

10
sinθ

"

#
$

%

&
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(pT and E in GeV) 
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