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Single top production
• Single top vs tt production 
• Impact on a experimental study at 500 GeV 
• Impact in a study of top mass at threshold 
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• e+e- -> tt events at 500 GeV ILC 
• MonteCarlo Samples 
• WHIZARD MLM procedure and modelling   
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Single top

• This part of the talk is focused in the paper 
“Study of the single top production at high energy electron positron colliders”                         

http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3453-2

• The top quark has never been produced in e+e- machines

• The study of top quark properties is therefore one of the most exciting 
prospects for a future linear collider 

• Single top production, through                                      is abundant at e+e- 
colliders that operate at √s > 300 GeV
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STUDY OF SINGLE TOP PRODUCTION

AT HIGH ENERGY ELECTRON

POSITRON COLLIDERS

I.Garćıa, M.Perelló, E.Ros, M.Vos

IFIC (Univ. Valencia - CSIC)

Top production will play a important role in future high energy electron–positron colliders.

Detailed and precise calculations are readily available for the process e+e� ! tt, but single

top quark production is often not included. We evaluate the relevance of these events and

advocate the exploration of the related process e+e� ! W+bW�b̄.

1 Introduction

A high-luminosity, high-energy, linear e+e� collider yields excellent opportunities for preci-

sion tests of the Standard Model of particle physics. The combination of precisely calculable

electroweak production and strict control of the initial state with the relatively benign ex-

perimental environment and state-of-the-art detector systems allow for a characterization of

Standard Model and new physics processes with a precision that goes well beyond what can

be achieved at hadron colliders.

Two projects of linear electron-positron colliders are being considered: the International

Linear Collider (ILC [1, 2]) and the Compact Linear Collider (CLIC [3]). The physics case for

a linear e+e� machine has been made in great detail in References [4–11]. The specific case of

a multi-TeV e+e� collider is discussed in References [12–14]. In both cases, the center-of-mass

energy will exceed
p
s= 350 GeV, the threshold for top quark pair production. Unlike other

quarks, the top quark has never been produced in e+e� machines, and therefore a precise

measurement of electroweak top quark pair production is missing. The study of top quark

properties is therefore one of the most exciting prospects for a future linear collider [15].

Detailed full-simulation studies have been made of the prospects for a precise top quark mass

measurement [16] and characterization of the tt̄Z and tt̄� vertices [17].

Single top production, through the e+e� ! W�tb̄,W+t̄b process depicted in the central

panel of Figure 1, is abundant at e+e� colliders that operate at
p
s >300 GeV. Note that

for the t ! bW decay, this process gives rise to the same W+bW�b̄ final state as top pair

production. The same is true for a third group of processes: WWZ, WWh and WW�
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Fig. 1 Feynman diagrams for top quark pair production at a linear collider (e+e → Z/γ ∗ → t t̄ , left panel), single top production (e+e− →
W−t b̄,W+ t̄b, central panel), and triple gauge boson production (e+e− → W+W−Z , right panel)
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Fig. 2 Reconstructed invariant mass at thruth level of the hadronic
versus the leptonic side of t t̄ → W+bW−b̄ events. The events clus-
ter around the input top mass value, but one can observe a significant
amount of off-shell events

2 Distinguishing single top from top quark pair
production

As top quark pair production and single top quark produc-
tion give rise to the same six-fermion final state, the ques-
tion arises as to how one can distinguish both sources. At
a fundamental level the single top and top quark pair pro-
duction processes are entangled by interference between
the different diagrams. No algorithm can ever separate
them fully. However, one could hope to use some of the
marked features of the e+e− → t t̄ process to make it
stand out among the other processes that give rise to the
W+bW−b̄ final state. One could then hope to isolate sam-
ples that are enriched in top quark pairs or single top quark
events.

In Fig. 2 we present the invariant mass of the W+b and
W−b̄ combinations at truth level using e+e− → t t̄ →
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Fig. 3 Reconstructed beam energy at thruth level of the hadronic ver-
sus the leptonic side of W+bWb̄ events. The center-of-mass energy is
500 GeV, so double-top events cluster at beam energies of 250 GeV. In
single-top events, the beam energy follows the diagonal Elep+ Ehad =
500 GeV

W+bW−b̄ events generated with WHIZARD [21,22] at√
s = 500 GeV, including the effect of initial state radia-

tion and the beam energy spread expected at the ILC. The
majority of events is found around mW+b ∼ mW−b̄ ∼ mt .
However, in a significant fraction of events one of the W -
boson b-quark pairs has an invariant far from the top quark
mass. The cross is populated by a mixture of t t̄ events
with an off-shell top quark and genuine single-top produc-
tion through diagrams such as that in the central panel of
Fig. 1

In Fig. 3 we present the reconstructed beam energy of the
Wb decaying leptonically versus the Wb decaying hadron-
ically. The energy of the Wb pair tends to cluster at about
half the center-of-mass energy, as expected for double-top
events. We observe however a significant fraction of events
along the diagonal Elep + Ehad = √

s. Those are mostly
single top events. This figure suggests another potential cri-
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• In this work we investigate the impact of 
single top events in a few published analysis

http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3453-2
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• Question: how can one distinguish 
single top events from tt ?

• Answer: No algorithm can ever 
separate them fully -> interference 
between the production diagrams

•                                        events 
generated using WHIZARD at √s = 500 
GeV including ISR and the Beam energy 
spread expected at the ILC

S we consider a mass window to 
separate partially single and double-top 
events

Figure 1. Feynman diagrams for top quark pair production at a linear collider (e+e ! Z/�⇤ ! tt̄, left
panel), single top production (e+e� ! W�tb̄,W+t̄b, central panel), and triple gauge boson production
(e+e� ! W+W�Z, right panel).

production, with Z/�/h ! bb̄. Ultimately, all three processes yield the same set of six-

fermion final states. In many studies of the linear collider prospects for top physics, single

top quark production has been neglected. Notable exceptions are found in References [18, 19].

A fully consistent analysis of the inclusive e+e� ! W+bW�b̄ is currently impossible. Even

if event generation for the ILC TDR routinely included the full 2 ! 6 matrix element at

leading order, higher-order corrections for this process are not available for the extraction of

top quark properties and couplings.

In this note we investigate the impact of single top events in the study of top quark pair

production.

2 Distinguishing single top from top quark pair production

As top quark pair production and single top quark production give rise to the same six-fermion

final state, the question arises as to how one can distinguish both sources. At a fundamental

level the single top and top quark pair production processes are entangled by interference

between the di↵erent diagrams. No algorithm can ever separate them fully. However, one

could hope to use some of the marked features of the e+e� ! tt̄ process to make it stand out

among the other processes that give rise to the W+bW�b̄ final state. One could then hope

to isolate samples that are enriched in top quark pairs or single top quark events.

In Figure 2 we present the invariant mass of the W+b and W�b̄ combinations at truth

level using e+e� ! tt̄ ! W+bW�b̄ events generated with MADGRAPH [20] at
p
s = 500

GeV, without initial state radiation. The top quark candidates are mostly on mass shell, We

observe however a significant fraction of the events o↵-shell. This figure suggests an (ad-hoc)

truth-level categorisation of events according to the number of on-shell top quark candidates.

In the following we consider a top quark pair production whenever |mWb �mMC
t | < 15 GeV

is satisfied for both Wb combinations. Events that meet only once this criterium are labeled

as single top quark events, and the remaining events are considered as non-top events.

2

Distinguishing single top from tt production
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Fig. 2 Reconstructed invariant mass at thruth level of the hadronic
versus the leptonic side of t t̄ → W+bW−b̄ events. The events clus-
ter around the input top mass value, but one can observe a significant
amount of off-shell events

2 Distinguishing single top from top quark pair
production

As top quark pair production and single top quark produc-
tion give rise to the same six-fermion final state, the ques-
tion arises as to how one can distinguish both sources. At
a fundamental level the single top and top quark pair pro-
duction processes are entangled by interference between
the different diagrams. No algorithm can ever separate
them fully. However, one could hope to use some of the
marked features of the e+e− → t t̄ process to make it
stand out among the other processes that give rise to the
W+bW−b̄ final state. One could then hope to isolate sam-
ples that are enriched in top quark pairs or single top quark
events.

In Fig. 2 we present the invariant mass of the W+b and
W−b̄ combinations at truth level using e+e− → t t̄ →
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Fig. 3 Reconstructed beam energy at thruth level of the hadronic ver-
sus the leptonic side of W+bWb̄ events. The center-of-mass energy is
500 GeV, so double-top events cluster at beam energies of 250 GeV. In
single-top events, the beam energy follows the diagonal Elep+ Ehad =
500 GeV

W+bW−b̄ events generated with WHIZARD [21,22] at√
s = 500 GeV, including the effect of initial state radia-

tion and the beam energy spread expected at the ILC. The
majority of events is found around mW+b ∼ mW−b̄ ∼ mt .
However, in a significant fraction of events one of the W -
boson b-quark pairs has an invariant far from the top quark
mass. The cross is populated by a mixture of t t̄ events
with an off-shell top quark and genuine single-top produc-
tion through diagrams such as that in the central panel of
Fig. 1

In Fig. 3 we present the reconstructed beam energy of the
Wb decaying leptonically versus the Wb decaying hadron-
ically. The energy of the Wb pair tends to cluster at about
half the center-of-mass energy, as expected for double-top
events. We observe however a significant fraction of events
along the diagonal Elep + Ehad = √

s. Those are mostly
single top events. This figure suggests another potential cri-
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• Question: how can one distinguish 
single top events from tt ?

• Answer: No algorithm can ever 
separate them fully -> interference 
between the production diagrams

•                                        events 
generated using WHIZARD at √s = 500 
GeV including ISR and the Beam energy 
spread expected at the ILC

• So we consider a mass window to 
separate partially single and double-top 
events

Figure 1. Feynman diagrams for top quark pair production at a linear collider (e+e ! Z/�⇤ ! tt̄, left
panel), single top production (e+e� ! W�tb̄,W+t̄b, central panel), and triple gauge boson production
(e+e� ! W+W�Z, right panel).

production, with Z/�/h ! bb̄. Ultimately, all three processes yield the same set of six-

fermion final states. In many studies of the linear collider prospects for top physics, single

top quark production has been neglected. Notable exceptions are found in References [18, 19].

A fully consistent analysis of the inclusive e+e� ! W+bW�b̄ is currently impossible. Even

if event generation for the ILC TDR routinely included the full 2 ! 6 matrix element at

leading order, higher-order corrections for this process are not available for the extraction of

top quark properties and couplings.

In this note we investigate the impact of single top events in the study of top quark pair

production.

2 Distinguishing single top from top quark pair production

As top quark pair production and single top quark production give rise to the same six-fermion

final state, the question arises as to how one can distinguish both sources. At a fundamental

level the single top and top quark pair production processes are entangled by interference

between the di↵erent diagrams. No algorithm can ever separate them fully. However, one

could hope to use some of the marked features of the e+e� ! tt̄ process to make it stand out

among the other processes that give rise to the W+bW�b̄ final state. One could then hope

to isolate samples that are enriched in top quark pairs or single top quark events.

In Figure 2 we present the invariant mass of the W+b and W�b̄ combinations at truth

level using e+e� ! tt̄ ! W+bW�b̄ events generated with MADGRAPH [20] at
p
s = 500

GeV, without initial state radiation. The top quark candidates are mostly on mass shell, We

observe however a significant fraction of the events o↵-shell. This figure suggests an (ad-hoc)

truth-level categorisation of events according to the number of on-shell top quark candidates.

In the following we consider a top quark pair production whenever |mWb �mMC
t | < 15 GeV

is satisfied for both Wb combinations. Events that meet only once this criterium are labeled

as single top quark events, and the remaining events are considered as non-top events.
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production, with Z/�/h ! bb̄. Ultimately, all three processes yield the same set of six-

fermion final states. In many studies of the linear collider prospects for top physics, single

top quark production has been neglected. Notable exceptions are found in References [18, 19].

A fully consistent analysis of the inclusive e+e� ! W+bW�b̄ is currently impossible. Even

if event generation for the ILC TDR routinely included the full 2 ! 6 matrix element at

leading order, higher-order corrections for this process are not available for the extraction of

top quark properties and couplings.

In this note we investigate the impact of single top events in the study of top quark pair

production.
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level the single top and top quark pair production processes are entangled by interference

between the di↵erent diagrams. No algorithm can ever separate them fully. However, one

could hope to use some of the marked features of the e+e� ! tt̄ process to make it stand out

among the other processes that give rise to the W+bW�b̄ final state. One could then hope
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level using e+e� ! tt̄ ! W+bW�b̄ events generated with MADGRAPH [20] at
p
s = 500

GeV, without initial state radiation. The top quark candidates are mostly on mass shell, We

observe however a significant fraction of the events o↵-shell. This figure suggests an (ad-hoc)

truth-level categorisation of events according to the number of on-shell top quark candidates.

In the following we consider a top quark pair production whenever |mWb �mMC
t | < 15 GeV

is satisfied for both Wb combinations. Events that meet only once this criterium are labeled

as single top quark events, and the remaining events are considered as non-top events.
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Fig. 1 Feynman diagrams for top quark pair production at a linear collider (e+e → Z/γ ∗ → t t̄ , left panel), single top production (e+e− →
W−t b̄,W+ t̄b, central panel), and triple gauge boson production (e+e− → W+W−Z , right panel)
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Fig. 2 Reconstructed invariant mass at thruth level of the hadronic
versus the leptonic side of t t̄ → W+bW−b̄ events. The events clus-
ter around the input top mass value, but one can observe a significant
amount of off-shell events

2 Distinguishing single top from top quark pair
production

As top quark pair production and single top quark produc-
tion give rise to the same six-fermion final state, the ques-
tion arises as to how one can distinguish both sources. At
a fundamental level the single top and top quark pair pro-
duction processes are entangled by interference between
the different diagrams. No algorithm can ever separate
them fully. However, one could hope to use some of the
marked features of the e+e− → t t̄ process to make it
stand out among the other processes that give rise to the
W+bW−b̄ final state. One could then hope to isolate sam-
ples that are enriched in top quark pairs or single top quark
events.

In Fig. 2 we present the invariant mass of the W+b and
W−b̄ combinations at truth level using e+e− → t t̄ →
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Fig. 3 Reconstructed beam energy at thruth level of the hadronic ver-
sus the leptonic side of W+bWb̄ events. The center-of-mass energy is
500 GeV, so double-top events cluster at beam energies of 250 GeV. In
single-top events, the beam energy follows the diagonal Elep+ Ehad =
500 GeV

W+bW−b̄ events generated with WHIZARD [21,22] at√
s = 500 GeV, including the effect of initial state radia-

tion and the beam energy spread expected at the ILC. The
majority of events is found around mW+b ∼ mW−b̄ ∼ mt .
However, in a significant fraction of events one of the W -
boson b-quark pairs has an invariant far from the top quark
mass. The cross is populated by a mixture of t t̄ events
with an off-shell top quark and genuine single-top produc-
tion through diagrams such as that in the central panel of
Fig. 1

In Fig. 3 we present the reconstructed beam energy of the
Wb decaying leptonically versus the Wb decaying hadron-
ically. The energy of the Wb pair tends to cluster at about
half the center-of-mass energy, as expected for double-top
events. We observe however a significant fraction of events
along the diagonal Elep + Ehad = √

s. Those are mostly
single top events. This figure suggests another potential cri-
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Single top properties
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• We have checked at truth level the composition of                                    
samples, using the mass window of 15 GeV, and typically is:

              e-Le+R            e-Re+L

✓ tt events:     90,2%    →    94,3%
✓ single top:     8,9%    →      5,6%
✓ non-top:         0,9%    →      0,1%

1. The fraction of single-tops is non-negligible (5-10%)

2. Single top content depends on the beam 
polarisation (lower for e-Re+L ) and the centre-of-
mass energy (up to ~50%)

1 %

9 %

90 %

tt events
Single top
Non-top

It may have a significant impact in the measurement of the top quark properties

Figure 1. Feynman diagrams for top quark pair production at a linear collider (e+e ! Z/�⇤ ! tt̄, left
panel), single top production (e+e� ! W�tb̄,W+t̄b, central panel), and triple gauge boson production
(e+e� ! W+W�Z, right panel).

production, with Z/�/h ! bb̄. Ultimately, all three processes yield the same set of six-

fermion final states. In many studies of the linear collider prospects for top physics, single

top quark production has been neglected. Notable exceptions are found in References [18, 19].

A fully consistent analysis of the inclusive e+e� ! W+bW�b̄ is currently impossible. Even

if event generation for the ILC TDR routinely included the full 2 ! 6 matrix element at

leading order, higher-order corrections for this process are not available for the extraction of

top quark properties and couplings.

In this note we investigate the impact of single top events in the study of top quark pair

production.

2 Distinguishing single top from top quark pair production

As top quark pair production and single top quark production give rise to the same six-fermion

final state, the question arises as to how one can distinguish both sources. At a fundamental

level the single top and top quark pair production processes are entangled by interference

between the di↵erent diagrams. No algorithm can ever separate them fully. However, one

could hope to use some of the marked features of the e+e� ! tt̄ process to make it stand out

among the other processes that give rise to the W+bW�b̄ final state. One could then hope

to isolate samples that are enriched in top quark pairs or single top quark events.

In Figure 2 we present the invariant mass of the W+b and W�b̄ combinations at truth

level using e+e� ! tt̄ ! W+bW�b̄ events generated with MADGRAPH [20] at
p
s = 500

GeV, without initial state radiation. The top quark candidates are mostly on mass shell, We

observe however a significant fraction of the events o↵-shell. This figure suggests an (ad-hoc)

truth-level categorisation of events according to the number of on-shell top quark candidates.

In the following we consider a top quark pair production whenever |mWb �mMC
t | < 15 GeV

is satisfied for both Wb combinations. Events that meet only once this criterium are labeled

as single top quark events, and the remaining events are considered as non-top events.
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Experimental study at √s = 500 GeV
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IFIC/LAL study of ILC lepton+jets tt @ 500 GeV [arXiv:1307.8102]
Analysis based on the study of cross-sections and the asymmetries

Even in the best case (e-Re+L), the selected sample contains a ~5% of single top 
after quality cuts -> increase in the measured tt cross-section

Impact in the cross-section

Impact in the forward-backward asymmetry

The forward-backward asymmetry is even more sensitive -> the measured 
value is 0.32 instead of the expected 0.34 (6% smaller)

∈1: kinematical and identification cuts
∈2: χ2 cut formed by the Mtop, Ebeam and Eb*

selected. As shown in Fig. 4 the higher b-tag value is typically 0.92 while the smaller286

one is still around 0.65. Both values are clearly distinct from those obtained for jets287

from light quarks. Their b-tag value is around 0.14.288
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Figure 4: The b-tag values as a function of the polar angle of the jets. The two highest
b-tag values (black and blue dots) are associated to b quark jets. The third set of values
(red dots) is obtained for jets from light quarks.

These values are nearly independent of the polar angle of the b quark jet but drop289

towards the acceptance limits of the detector. Finally, the two remaining jets are290

associated with the decay products of the W boson. The signal is reconstructed by291

choosing that combination of b quark jet and W boson that minimises the following292

equation:293

d2 =

✓
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-294

date decaying hadronically, respectively, and m
t

and E
beam

are input t mass and the295

beam energy of 250GeV. Beyond that it introduces the momentum of the b quark jet296

12

e-Le+R WbWb ttbar tWb

ε1(%) 52,4 52,8 51,8

ε2 (%) χ2 < 15 36,7 38,3 26,8

AFBReco χ2 < 15 0,32 0,34 0,04
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Analysis of top mass at threshold

8

• We also review the study [arXiv:1303.3758v3, Katja Seidel, Frank Simon  et al.]

• NLO calculations for W+bW-b process in WHIZARD 2.2.3 around the double-
top production threshold (MC top mass 174 GeV)

• Content of single top and non-top events in the W+bW-b

Table 2. Single top and non-top content of the W+bW�b̄ sample, for unpolarized and polarized
beams, as a function of the center-of-mass energy.

p
s e�e+ e�Le

+
R e�e+

(GeV) (LO) (LO) (NLO)

344 23% 36% 32%

345 19% 30% 22%

346 13% 26% 15%

347 9% 19% 9%

348 7% 14% 6%

349 5% 10% 5%

 [GeV]s
344 346 348 350 352 354

 [p
b]

σ

0.1

0.2

0.3

0.4

0.5  threshold - 1S mass = 174.0 GeVtt
b-bW+ W→ -e+e

t t→ -e+e

WHIZARD NLO with ISR

Figure 4. Cross-sections at NLO, according to WHIZARD, for W+bW�b̄ and tt̄ production in e+e�

annihilations with unpolarized beams, as a function of center-of-mass energy, around the double-top
threshold region. The 1S-top mass is set to 174 GeV.

20 MeV. The W+bW�b̄ and tt̄ curves are displayed Figure 4. This result is also supported

by a recent calculation at NNLO [26], where unfortunately initial state radiation is missing.

One can see however that the tt̄ cross-section is, as before, shifted down from the inclusive

7

The tt cross-section may be 
obtained quite exactly by 
shifting down the W+bW-b 
cross-section by some 0.022 pb
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Analysis of top mass at threshold

9

• This result is also supported by the NNLL result in: 
A.H. Hoang, C.J. Reisser, P. Ruiz-Femenia, Phase space matching and finite lifetime effects for top-
pair production close to threshold. 

Phys. Rev. D 82, 014005 (2010). arXiv:1002.3223  

The presence of single top events modifies significantly the cross-section in 
the threshold region

Eur. Phys. J. C (2015) 75 :223 Page 5 of 7 223

the ILC at this energy, and the effect of polarized beams.
The energy range and top quark mass follow the choices in
Ref. [16].

We note that the presence of single top events modifies
significantly the cross-section. Moreover, the fraction of sin-
gle top events varies rapidly across the threshold region. This
does not mean, however, that the top mass measurement is
affected. According to the method proposed in [16], a fit is
performed to the cross-section measurement, using a pre-
defined function obtained from the double-top calculation
at NNLO. As long as the shape of the curve is not modi-
fied, the result is not affected. The W+bW−b̄ and t t̄ curves
are displayed in Fig. 4. We observe that according to the
NLO calculation of theW+bW−b̄ cross-section, the t t̄ cross-
section may be obtained quite exactly by shifting down the
W+bW−b̄ cross-section by some 0.022 pb. After fixing this
offset with the measurement at 344 GeV we fit theW+bW−b̄
shape with the curve for t t̄ production. We find the best-fit
mass is shifted by 30 MeV with respect to the input mass.
This bias is of a similar size as the statistical uncertainty. We
emphasize that this estimate should be considered as an upper
limit. A more sophisticated treatment is likely to reduce the
uncertainty due to the modelling of the single top contami-
nation further. Ultimately, this uncertainty is absent in a fit of
the prediction for the inclusive e+e− → W+bW−b̄ process
to the data.

This result is also supported by the NNLL result in
Ref. [30], that we reproduce in Fig. 5. The calculations are
not directly comparable, as initial state radiation and beam
energy spread are not included in Ref. [30]. The authors find
that the impact of a cut on the Wb mass is an approximately
constant shift. The cross-section for t t̄ events withWbmassin
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Fig. 5 Cross-sections at NNLL, according to Hoang et al. [30], for t t̄
production in e+e− annihilations with unpolarized beams a function of
center-of-mass energy. The 1S-top mass is set to 174 GeV
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Fig. 6 The effect on the cross-section of non-resonant corrections,
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in the t t̄ threshold region. The cross-section for unpolarized beams is
given as a function of center-of-mass energy. With respect to the orig-
inal publication, the curve is shifted such that the 1S peak coincides
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a range −15 < mWb − mt < 15 is, as before, shifted down
from the inclusive cross-section by 0.050 pb. Finally, Fig. 6
shows the effect of non-resonant effects on the WbWb cross-
section. Again, the shift in the cross section is essentially
constant across the threshold region.

The single top content of the samples depends strongly
on the energy, as seen in Table 2. In analyses where the top
quark is reconstructed and cuts are applied on the mass and/or
energy of the candidates, the selection efficiency can be quite
different for top quark pair and single top events (up to 50 %
smaller for single top in the example above). This means that,
after correcting for efficiency, the shape of the curve will be
deformed if single top events are ignored. Note that this does
not apply to Ref. [16], since in this analysis no selection
cuts based on reconstructed top quark mass and energy are
applied.

As the most precise calculations are only available for the
e+e− → t t̄ process, none of the studies of future collider
prospects so far has taken into account the full W+bW−b̄
process. As soon as the necessary tools have been developed
we suggest to repeat the study of the top quark mass extrac-
tion of future lepton colliders using W+bW−b̄ events and
polarized beams.

5 Energy dependence

The composition of the W+bW−b̄ sample is energy depen-
dent as shown in Fig. 7, that presents the unpolarized LO
cross-sections for e+e− → W+bW−b̄. The solid line cor-
responds to the full 2 → 4 process, including single top

123

The tt cross-section may be 
obtained quite exactly by 
shifting down the W+bW-b 
cross-section by some 0.050 pb
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Energy dependence

10

• The composition of W+bW-b is energy dependent

calculations at NNLO are implemented in a MC generator.

5 Energy dependence
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Figure 6. Cross-section for W+bW�b̄ and tt events produced in unpolarized electron-positron anni-
hilations as a function of the center-of-mass energy. The curves are obtained using WHIZARD at LO.

The composition of the W+bW�b̄ sample is energy dependent as shown in Fig. 6, that

presents the unpolarized LO cross-sections for e+e� ! W+bW�b̄. The solid line corresponds

to the full 2 ! 4 process, including single top production and non-top production. The

dashed line presents the results for the e+e� ! tt̄ ! W+bW�b̄ process. All results have been

obtained using WHIZARD. The di↵erence between the tt̄ cross-section and the full 2 ! 4

result is 10% at 500 GeV and rises to 20% at 1 TeV and nearly 50% at 3 TeV.

The relatively small contribution of the e+e� ! tt̄ process at large center-of-mass energy

is confirmed by an analysis of the number of on-shell top quarks (|mWb �mMC
t | < 15 GeV)

in W+bW�b̄ events at 3 TeV. The fraction of events with two on-shell top quarks is 48%,

events with a single on-shell top quark make up 35% of the sample and the remaining 17% of

events has no on-shell top quarks. We conclude that while the rate for the e+e� ! tt̄ process

9

unpolarised LO

10 %

20 %

50 %

The rate for the e+e- -> tt drops at very large centre-of-mass energy, single top 
and non-top increase rapidly

Generator tool: 
WHIZARD 2.2

Unpolarised LO cross-
sections 

full 2->4 process
tt process
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Matrix Element Matching and Parton Shower

• Compare a number of alternative schemes to generate e+e- -> tt 
events at 500 GeV ILC 

• WHIZARD 2.2.2. includes an implementation of the MLM matching 
procedure  

• Modelling uncertainties on the cross-section and AFB

• Validate the IFIC/LAL study of ILC lepton+jets tt @ 500 GeV 
performed with samples generated with the WHIZARD 1.95 without 
MLM Matching
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MONTE CARLO SAMPLES

• tt+jets events in the Matrix Element and matched to the Parton Shower with 3 additional 
jets (maximum) 

• ISR and FSR are included and beams are 100% polarised (R=+100%, L=-100%) 

• Then the events are passed to the PYTHIA8 for the parton shower and the 
hadronisation

The generated samples are:

inclusive 

Modelling uncertainties for e+e� ! tt̄ events and
validation with WHIZARD 2.2.2

I. Garćıa , E. Ros and M. Vos

IFIC, Universitat de Valencia CSIC, c/ Catedràtico José Beltràn, 2 46980 Paterna, SPAIN

October 7, 2014

Abstract
In this note we compare a number of alternative schemes to generate e+e� ! tt̄

events at a 500 GeV ILC, in particular the impact of the modelling uncertainties on
the analysis that establishes the ILC potential for the measurement of the couplings
of the top quark to � and Z bosons [1]. For this purpose di↵erent e+e� ! tt̄ samples
have been generated using the new version of the event generator WHIZARD 2.2.2 [2],
this sofware includes an implementation of the MLM matching procedure. The results
are compared to the inclusive e+e� ! tt̄ process with additional jets generated by the
Parton Shower. These results validate the TDR event samples and can be used to
estimate systematic uncertainties.

1 Monte Carlo samples

Thus, samples of tt̄+ jets events can be generated with up to 3 additional jets in the Matrix
Element and matched to the Parton Shower. In this study e

+
e

� ! tt̄ is the base process
and for the additional processes, 1, 2 and 3 jets are added to the final state. The number
of events is 106 in all generated samples and the ISR and FSR are included. Following the
di↵erent generated samples are shown:

• e

+
e

� ! tt̄ events for e�
L

e

+
R

and e

�
R

e

+
L

beam polarisation configurations.

• e

+
e

� ! tt̄+tt̄j+tt̄jj+tt̄jjj events considering also some additional cuts, in particular,
the minimum transvers momentum of the additional jets. For e�

L

e

+
R

some samples with
di↵erent cuts have been generated (p

tmin > 10, 15, 20, 25 GeV) and only p

tmin > 10 for
e

�
R

e

+
L

.

where L means 100% left-handed polarised e

± and R 100% right-handed polarised e

±.

The generated events are then passed to the PYTHIA8 simulation program to generate
de parton shower and subsequent hadronisation.
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October 7, 2014

Abstract
In this note we compare a number of alternative schemes to generate e+e� ! tt̄

events at a 500 GeV ILC, in particular the impact of the modelling uncertainties on
the analysis that establishes the ILC potential for the measurement of the couplings
of the top quark to � and Z bosons [1]. For this purpose di↵erent e+e� ! tt̄ samples
have been generated using the new version of the event generator WHIZARD 2.2.2 [2],
this sofware includes an implementation of the MLM matching procedure. The results
are compared to the inclusive e+e� ! tt̄ process with additional jets generated by the
Parton Shower. These results validate the TDR event samples and can be used to
estimate systematic uncertainties.

1 Monte Carlo samples

Thus, samples of tt̄+ jets events can be generated with up to 3 additional jets in the Matrix
Element and matched to the Parton Shower. In this study e

+
e

� ! tt̄ is the base process
and for the additional processes, 1, 2 and 3 jets are added to the final state. The number
of events is 106 in all generated samples and the ISR and FSR are included. Following the
di↵erent generated samples are shown:

• e

+
e

� ! tt̄ events for e�
L

e

+
R

and e

�
R

e

+
L

beam polarisation configurations.

• e

+
e

� ! tt̄+tt̄j+tt̄jj+tt̄jjj events considering also some additional cuts, in particular,
the minimum transvers momentum of the additional jets. For e�

L

e

+
R

some samples with
di↵erent cuts have been generated (p

tmin > 10, 15, 20, 25 GeV) and only p

tmin > 10 for
e

�
R

e

+
L

.

where L means 100% left-handed polarised e

± and R 100% right-handed polarised e

±.
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ANALYSIS CHAIN 

• Analysis is done using truth particles - No detector simulation

1. Semi-leptonic events are selected keeping only 1-lepton events 

2. Stable particles are passed to FastJet -> Reconstruction of the 4 jets using kt algorithm 
with R = 1.5 exclusive clustering mode

3. b-tagging: look for the closest jets to the b and b Monte Carlo particles. 

4. Top candidates are reconstructed using the χ2 method (as always) 

6. Similar cuts are applied.  
• 180 < Mhad < 420 GeV
•  50 < MW < 120 and 120 < Mtop < 270 GeV

2 Analysis chain

The first step of the analysis is to selected the tt̄ semi-leptonic decay events using the num-
ber of leptons in the process, in this case it must be one. So the selected events will be
e

+
e

� ! tt̄ ! l⌫qqbb̄.

After that, stable particles are passed to FastJet [3] in order to reconstruct the 4 jets
in the process. The jet reconstruction is done employing the longitudinally invariant k

t

algorithm with a jet radius of R = 1.5. b-likeness is determined using the information of the
Monte Carlo particles. The procedure is to look for the closest jets to the b and b̄ Monte
Carlo particles. So this tricky b-tagging has a great precision. Then the two remaining
jets are associated with the decay products of the W boson. The signal is reconstructed by
choosing that combination of b jet and W boson that minimises the following equation:

d

2 =

✓
m

cand.

�m

t

�

mt

◆2

+

✓
E

cand.

� E

beam

�

Ecand.
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b

� 68

�

p
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b

◆2

+

✓
cos✓

bW

� 0.23

�

cos✓bW

◆2

(1)

In order to reach the maximum similarity with the analysis in [1], the same cuts are
applied for the selection of the semi-leptonic tt̄ events. The cut in the hadronic mass of the
final state 180 < M

had

< 420 GeV and the mass windows for the reconstructed W -boson
and t-quark are chosen to 50 < M

W

< 250 GeV and 120 < M

top

< 270 GeV.
As expected the observable At

FB

is deteriorated after the reconstruction of the signal due
to the migrations. So it is necessary to be more strict in the selection of the events. For do
that, the following quantity is used to estimate the quality of the reconstructed events

�
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✓
�
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�

�t
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�

p

⇤
b

◆2

+

✓
cos✓

bW

� 0.26

�
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(2)

As in [1], �2
< 15 is the chosen cut to mitigate the migration in spite of loosing e�ciency

of selection.

3 Results

In this section we show the e�ciencies retained after the selection cuts and the values of
the forward-backward asymmetry for the di↵erent generated tt̄ + jets and the inclusive tt̄

samples. In the second column of the Table 1 is shown the e�ciency after the cuts in the
masses of the reconstructed particles. The third column shows the final e�ciency retained
applying also the quality cut �2

< 15.
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After that, stable particles are passed to FastJet [3] in order to reconstruct the 4 jets
in the process. The jet reconstruction is done employing the longitudinally invariant k

t

algorithm with a jet radius of R = 1.5. b-likeness is determined using the information of the
Monte Carlo particles. The procedure is to look for the closest jets to the b and b̄ Monte
Carlo particles. So this tricky b-tagging has a great precision. Then the two remaining
jets are associated with the decay products of the W boson. The signal is reconstructed by
choosing that combination of b jet and W boson that minimises the following equation:
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In order to reach the maximum similarity with the analysis in [1], the same cuts are
applied for the selection of the semi-leptonic tt̄ events. The cut in the hadronic mass of the
final state 180 < M

had

< 420 GeV and the mass windows for the reconstructed W -boson
and t-quark are chosen to 50 < M

W

< 250 GeV and 120 < M

top

< 270 GeV.
As expected the observable At

FB

is deteriorated after the reconstruction of the signal due
to the migrations. So it is necessary to be more strict in the selection of the events. For do
that, the following quantity is used to estimate the quality of the reconstructed events

�

2 =

✓
�

t

� 1.435

�

�t

◆2

+

✓
p

⇤
b

� 68

�

p

⇤
b

◆2

+

✓
cos✓

bW

� 0.26

�

cos✓bW

◆2

(2)

As in [1], �2
< 15 is the chosen cut to mitigate the migration in spite of loosing e�ciency

of selection.

3 Results

In this section we show the e�ciencies retained after the selection cuts and the values of
the forward-backward asymmetry for the di↵erent generated tt̄ + jets and the inclusive tt̄

samples. In the second column of the Table 1 is shown the e�ciency after the cuts in the
masses of the reconstructed particles. The third column shows the final e�ciency retained
applying also the quality cut �2

< 15.

2

Maintaining the maximum similarity with the previous analysis
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Validation and systematic uncertainties

14

 (GeV)topM
120 140 160 180 200 220 2400

5000

10000

15000

20000

25000

30000

tt

 > 10 GeV)
mint+jets (ptt

 > 25 GeV)
mint+jets (ptt

 (GeV)WM
50 60 70 80 90 100 110 120 130 1400

5000

10000

15000

20000

25000

30000

35000

40000

tt

 > 10 GeV)
mint+jets (ptt

 > 25 GeV)
mint+jets (ptt

Reconstructed W mass Reconstructed top mass

Mass distributions are practically not affected by the matched
additional jets



Ignacio.Garcia@ific.uv.esWorkshop on Top Psychics at LC 2015 - IFIC Valencia 30/06-02/07 2015

Validation and systematic uncertainties
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Modelling uncertainties
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p

tmin (GeV) E�ciency (%) E�ciency �

2
< 15 (%)

10 87,1 36,7
15 86,9 36,3
20 86,9 36,4
25 86,7 35,7

unmatched tt̄ 86,8 36,7

Table 1: E�ciencies of selection

In Table 2 are summarised the values of the forward-backward asymmetry A

t

FB

. (At

FB

)
gen

is obtained directly from the generated Monte Carlo particles and A

t

FB

is the forward-
backward asymmetry of the top quark after the jet reconstruction.

A

t

FB

=
N(cos✓ > 0)�N(cos✓ < 0)

N(cos✓ > 0) +N(cos✓ < 0)
(3)
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)
gen

A

t

FB

A

t

FB

�

2
< 15

10 0,3944 0,3332 0,390
15 0,3963 0,3300 0,391
20 0,3917 0,3269 0,386
25 0,3925 0,3254 0,389

unmatched tt̄ 0,3895 0,3259 0,382

Table 2: At

FB

and the statistical uncertainties

The statistical uncertainties for (At

FB

)
gen

, At

FB

and A

t

FB

�

2
< 15 are 0, 0015, 0, 0016 and

0, 002 respectively which are between 0.4/0.5% of the value. The calculation has been done
using the error propagation method in equation 3, where the error of N =

p
N .

Figure 1 shows the angular distribution of the reconstructed top quark for di↵erent
samples and both beam polarisations. The distribution for inclusive tt̄ without additional
jets is also shown.

As the results show, di↵erences between the matched and unmatched simulations are
small. We therefore consider that the event generation with WHIZARD 1.9 is su�ciently
accurate.
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2
< 15 (%)

10 87,1 36,7
15 86,9 36,3
20 86,9 36,4
25 86,7 35,7

unmatched tt̄ 86,8 36,7

Table 1: E�ciencies of selection

In Table 2 are summarised the values of the forward-backward asymmetry A

t

FB

. (At

FB

)
gen

is obtained directly from the generated Monte Carlo particles and A

t

FB

is the forward-
backward asymmetry of the top quark after the jet reconstruction.

A
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=
N(cos✓ > 0)�N(cos✓ < 0)

N(cos✓ > 0) +N(cos✓ < 0)
(3)

p

tmin (GeV) (At

FB

)
gen

A

t

FB

A

t

FB

�

2
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10 0,3944 0,3332 0,390
15 0,3963 0,3300 0,391
20 0,3917 0,3269 0,386
25 0,3925 0,3254 0,389

unmatched tt̄ 0,3895 0,3259 0,382

Table 2: At

FB

and the statistical uncertainties

The statistical uncertainties for (At

FB

)
gen

, At

FB

and A

t

FB

�

2
< 15 are 0, 0015, 0, 0016 and

0, 002 respectively which are between 0.4/0.5% of the value. The calculation has been done
using the error propagation method in equation 3, where the error of N =

p
N .

Figure 1 shows the angular distribution of the reconstructed top quark for di↵erent
samples and both beam polarisations. The distribution for inclusive tt̄ without additional
jets is also shown.

As the results show, di↵erences between the matched and unmatched simulations are
small. We therefore consider that the event generation with WHIZARD 1.9 is su�ciently
accurate.
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After selection 
cuts

Quality cut

Uncertainty in the selection 
efficiency is 0.3% 

The effect of the modelling is
increased with the quality cut
which goes to 1% for 

2 Analysis chain

The first step of the analysis is to selected the tt̄ semi-leptonic decay events using the num-
ber of leptons in the process, in this case it must be one. So the selected events will be
e

+
e

� ! tt̄ ! l⌫qqbb̄.

After that, stable particles are passed to FastJet [3] in order to reconstruct the 4 jets
in the process. The jet reconstruction is done employing the longitudinally invariant k

t

algorithm with a jet radius of R = 1.5. b-likeness is determined using the information of the
Monte Carlo particles. The procedure is to look for the closest jets to the b and b̄ Monte
Carlo particles. So this tricky b-tagging has a great precision. Then the two remaining
jets are associated with the decay products of the W boson. The signal is reconstructed by
choosing that combination of b jet and W boson that minimises the following equation:
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In order to reach the maximum similarity with the analysis in [1], the same cuts are
applied for the selection of the semi-leptonic tt̄ events. The cut in the hadronic mass of the
final state 180 < M

had

< 420 GeV and the mass windows for the reconstructed W -boson
and t-quark are chosen to 50 < M

W

< 250 GeV and 120 < M

top

< 270 GeV.
As expected the observable At

FB

is deteriorated after the reconstruction of the signal due
to the migrations. So it is necessary to be more strict in the selection of the events. For do
that, the following quantity is used to estimate the quality of the reconstructed events
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As in [1], �2
< 15 is the chosen cut to mitigate the migration in spite of loosing e�ciency

of selection.

3 Results

In this section we show the e�ciencies retained after the selection cuts and the values of
the forward-backward asymmetry for the di↵erent generated tt̄ + jets and the inclusive tt̄

samples. In the second column of the Table 1 is shown the e�ciency after the cuts in the
masses of the reconstructed particles. The third column shows the final e�ciency retained
applying also the quality cut �2

< 15.

2

Efficiencies of selection

Forward-Backward Asymmetry

Maximum variation 
(relative) about 2%  

Statistical uncertainty
~0.5% on these numbers
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Conclusions

• Single top has a significant impact in the measurement of the top 
quark properties when in e+e- → tt samples are analyzed

• Single top events cannot be fully separated from tt final states

• We claim to calculate e+e- → WbWb to high orders (NLO, NNLO, etc…) 
instead of e+e- → tt

• Matrix Element matching procedure has not a large impact in the cross-
section and the AFB
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Distinguishing single top from tt production
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Figure 3. Reconstructed beam energy at thruth level of the hadronic versus the leptonic side of
W+bW b̄ events. The center-of-mass energy is 500 GeV, so double-top events cluster at beam energies
of 250 GeV. In single-top events, the beam energy follows the diagonal Elep + Ehad = 500 GeV.

that NLO calculations are already available for the LHC). On the other hand, at
p
s = 500

GeV, the WHIZARD generator is able to provide fully reconstructed events, so in this section

we concentrate on the analysis of reconstructed W+bW�b̄ events. Our aim is to compare

selection e�ciencies for single and double-top events.

A study of cross-sections and asymmetries at
p
s = 500 GeV has been presented in [17]

using Monte Carlo events with polarized beams and integrated luminosity of 500 fb�1, as

expected for ILC. Final states of the type l⌫q1q2b1b2 are generated using the WHIZARD

Monte Carlo program. These events are mostly W+bW�b̄ events, where one W decays

hadronically and the other leptonically. Some 100 000 MC events were generated. In these

samples the beams are 100% polarized.

We have checked at truth level the composition of this sample of input events. A top

quark is defined as the combination of 3 quark 4-vectors, provided their invariant mass equals

4

• We also generated                                 
events with WHIZARD at √s = 500 GeV 
including ISR

• Only semi-leptonic decays are selected

•  Significant fraction of events in the 
diagonal —> Mostly single top events

19
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Figure 2. Reconstructed invariant mass at thruth level of the hadronic versus the leptonic side of
tt̄ ! W+bW�b̄ events. The events cluster around the input top mass value, but one can observe a
significant amount of o↵-shell events.

In Figure 3 we present the reconstructed beam energy of the Wb decaying leptonically

versus the Wb decaying hadronically, at truth level and using e+e� ! W+bW�b̄ events

generated with WHIZARD [21, 22] at
p
s = 500 GeV, including initial state radiation. The

beam energies cluster at about half the center-of-mass energy, as expected for double-top

events. We observe however a significant fraction of events along the diagonal Elep +Ehad =p
s. Those are mostly single single top events. This figure suggests a potential criterium for

partial separation of single and double-top events using the reconstructed beam energy.

3 Experimental study at
p
s = 500 GeV

In the continuum, double-top cross-sections are available at NNLO. Cross-sections for the

process W+bW�b̄ are for the moment only available at LO, but are required at least at NLO,

in order to have a precise evalution of the single-top contamination in double-top events (note

3

Elep+Ehad = √s
ISR

Elep+Ehad +EISR = √s
Potential criterium for the partial 

separation of single and double-top events


