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Introduction

• This talk is focused in the article arXiv:1411.2355

• 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, trough                                      is abundant at e+e- 
colliders that operate at √s > 300 GeV

• In this work we investigate the impact of single top events in a few published 
analysis
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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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Distinguishing single top from tt production

• Question: how can one distinguish 
single top form tt ?

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

•                                        events generated 
using MADGRAPH at √s = 500 GeV 
without ISR

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

• We have checked at truth level the composition of this sample of input events, 
using the mass window of 15 GeV

✓ tt events: 89%
✓ single top: 10%
✓ non-top: 1% 

The fraction of single-tops is non-negligible and may have a significant impact 
on the measurement of top quark properties



ILD Analysis/Software Meeting, December 10  I. Garcia 

Experimental study at √s = 500 GeV
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• The selected sample contains a 5.6% of single top after selection cuts -> increase 
in the measured cross-section

• The forward-backward asymmetry is even more sensitive -> we obtain a value 
of 0.24 instead of the expected 0.34

Impact of the single top

the top predefined mass in the Monte Carlo within a window of 15 GeV. We find in this way

that the fraction of tt events is equal to 89%, single tops are 10% and non-top events 1%.

Using MADGRAPH, we observe that W+bW�b̄ events are produced by some 60 Feynman

diagrams, where 2 of them are double-tops, but only 10 of them contain a single top quark,

the rest being mostly WWZ, ZZh and WW� events. The fraction of single-tops is far from

negligible and may have a significant impact on the measurement of top quark properties and

the search for signs of new physics in tt̄ production.

The selection cuts include a �2 formed by the reconstructed top mass, beam energy and

b–quark energy in the top rest frame. Only the hadronically decaying top is used in the

analysis. The details of this analysis can be found in [17].

Table 1 summarizes the selection e�ciencies at various stages of the analysis:

Table 1. Selection e�ciencies for various events samples.

WbWb single t tt

✏1 51.6% 50.3% 51.8%

✏2 27.2% 13.5% 29.0%

✏3 26.8% 14.6% 28.5%

where ✏1 includes kinematical and identification cuts, ✏2 the hadronic top �2, and ✏3 both

hadronic and leptonic top �2. The �2 cut used to obtain ✏2 and ✏3 is adjusted to obtain the

same e�ciency on the total sample. We observe that single top events have less e�ciency

than double top events, as expected, since a beam energy compatible with half the center-

of-mass energy is included in the �2 definition. The inclusion of the leptonic top in the �2

does not improve the rejection. This can also be explained: once an event passes the beam

energy constraint, momentum conservation (forced by the neutrino reconstruction) imposes a

similar invariant mass on both the hadronic and leptonic sides of the event, whether the event

is a single or a double top. In other words, the leptonic side does not provide any additional

background rejection. We conclude that the selected sample contains 5.6% of single top

events with the corresponding increase in the measured cross-section. The forward-backward

asymmetry is even more sensitive, since the obtained value is 0.25 instead of the expected

0.34.

Finally we discuss briefly the single top content as a funtion of beam polarization. The

fraction of W+bW�b̄ events that corresponds to single top quark production is quite sensitive

to the polarization of the electron and positron beams. For unpolarized beams at 500 GeV

the sample contains nearly 90% of events with two on-shell top quarks, 9% of events with

a single top quark and 1% processes without on-shell top quarks. For a fully left-handed

electron beam and fully right-handed positron beam (e�Le
+
R) the total cross-section is nearly

three times larger. The top quark pair fraction drops to 88%. The single top and non-top

fractions grow to 10% and 2%, respectively. For the opposite (e�Re
+
L ) configuration, the total

5

∈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
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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
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Analysis of top mass at threshold
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• We also review the study [arXiv:1303.3758v3, Katja Seidel, Frank Simon  et al.]

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

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

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

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%
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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
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Analysis of top forward-backward asymmetry at threshold
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• WHIZARD M1Stop = 172 GeV

It has no sense to calculate e+e- -> tt to higher orders

NNLO
e+e- -> WbWbLO

e+e- -> WbWb

NLO
e+e- -> WbWb

LO
e+e- -> tt

AFB

√s

2Mtop

Thanks to Fabian Bach
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calculations at NNLO are implemented in a MC generator.

5 Energy dependence

 [GeV]s
0 500 1000 1500 2000 2500 3000

cr
o
ss

-s
e
ct

io
n
 [
p
b
]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

b 
-

 b W+ W→ -e+e

 b 
-

 b W+ W→ t t → -e+e

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

Energy dependence

8

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

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.
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Conclusions

• Single top is very important in e+e- —> tt analysis

• Single top events cannot be separated form tt final states

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

9
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THANK YOU FOR YOUR ATENTION
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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

Distinguishing single top from tt production

• 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
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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


