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Abstract

A comprehensive study of bottom-quark pair and top-quark pair production using the lepton-+jets
channel at /s = 500 GeV is presented that benchmark the performance of the current so-called large
and small models of the ILD Detector. The event reconstruction exploits features of the detector such
as lepton identification, vertex charge reconstruction and particle ID with the central TPC of the ILD
Detector. With these techniques the final state leptons, the b-quark and b-quark and the W can be
unambiguously reconstructed. Both detector models perform similarly well with a slight advantage of
the large detector model. In case of top quark pair production the selection efficiency is between 30%
and 60% for semi-leptonic events. For this channel the note presents an update of the perspective of
the physics potential w.r.t. earlier studies for an integrated luminosity of 3200fb~". The results for
ete™ — bb demonstrate that also this channel can accurately measured at /s = 500 GeV.

1. Introduction

Heavy quarks may be messengers of new physics of primary importance [1]. Their large mass
compared with other fernions can be explained in Randall Sundrum models [2, 3] featuring warped
extra dimensions that are dual to model, which assume that the heavy quarks are composite objects [4].
High precision ete™ collisions with polarised beams around the TeV scale, as would be available with

the International Linear Collider ILC, are ideally suited to detect new physics effects [5, 6]. This note
presents detailed simulation studies with the ILD detector concept [7] of the processes ete™ — tt
and ete™ — bb at a centre-of-mass energy /s = 500 GeV. The analyses in Refs. [3, 6] carried out for

the ILD detector baseline design DBD [7] are ported to the large, IDR-L, and small, IDR-S, detector
models, respectively, of the ILD detector [7] for the International Linear Collider [9]. These detector
models differ by the outer radius of the TPC that is the central tracking device of ILD. The model
IDR-L features an outer TPC radius of 177 cm and the model IDR-S features an outer TPC radius of
143 cm.

Precise measurements of the electroweak couplings of third-generation quarks require superb detec-
tor performance in terms of flavour tagging including the event by event determination of the charge
of the final state jets to avoid for example migrations in polar angle spectra and/or to reconstruct
events in which the heavy quark charge is the only handle to distinguish between particles and anti-
particles. The charge determination happens mainly by a combination of the determination of the
summed charge of tracks pointing to a secondary vertex (Method labeled Vitx hereafter) or by the
identification of the charge of a final state Kaon (Method labeled K hereafter). The latter method
requires a successful particle identification by the detector. Therefore processes with heavy quark final
states are highly relevant for the benchmarking of the detector performance. In this note we will use
the eTe™ — bb and ete™ — tf final states to benchmark the tracking and vertexing capabilities of the
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ILD tracking system and the charged particle ID performance of the TPC. The results here benefit
from a refined analysis strategy for the ete™ — bb process. A more complete account of this analysis
strategy will be published in Ref. [10].

2. Methods, tools and Monte Carlo samples

For the event reconstruction we use the ILCSoft version v02-00-02. The software allows for a
full detector simulation and event reconstruction including digitisation steps. We use the versions
ILD_s5_01_v02 and ILD_15_01_v02 of the detector model.

For the event reconstruction we use the following methods

e ‘Core tools’
— We use the standard LeptonFinder of ILD to identify isolated electrons and muons in semi-

leptonic tt events.

— In case of ete™ — tt we use the generalised k; algorithm for eTe™ collisions as implemented
in the FastJet package [11].

In this algorithm the distance between two objects is calculated as
dij = min(E;°, E7°)(1 — cos0;;) /(1 = cos R) (1)

The distance of a particle ¢ to the beam is calculated according to.
dip = B2° (2)

The latter allows for removing background from 4--collisions.
The jet algorithm is run with the following settings: 5 =1 and R = 1.5.

— We use the LCFIPlus package [12] for vertex finding, the association of the vertices with
jets and flavour tagging.

— In case of ete™ — bb we use the Valencia jet algorithm implemented in LCFIPlus [13]. In
this algorithm the distance between two objects is calculated as

d;j = 2min(Ei2*8, EJQ»B)(l — cos0;;)/R? (3)
The distance of a particle ¢ to the beam is calculated according to.
dip = E* sin® 0, (4)

The jet algorithm is run with the following settings: a =8=~v=1, R=14
We apply the option in which tracks belonging to a secondary vertex are replaced by one
B-hadron avoiding thus breaking of secondary vertices.

e Tools developed for the study

— We identify reconstructed tracks that have not been associated to secondary vertices from
B-Meson decays but belongs to this decay according to the Monte Carlo Truth information.
Based on this knowledge the algorithm described in Ref. [6] recovers the ‘lost’ tracks by
means of the impact parameters dy (transversal) and zo (longitudinal), information that
would be available from detector signals. In this present note the recovery uses only the
impact parameter dy since the algorithms needs to be adapted for the vertex smearing
present in the simulation for the IDR.
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— We identify charged Kaons by means of the dE /dx measured in the TPC of ILD. The particle
ID algorithm selects a strip in the dF/dz-momentum plane with a high kaon concentration.
The efficiency and the purity of the Kaon selection vary as a function of the width of this
strip.

— We finally calculate the jet charge and the polar angle of the bottom and top quark pair,
respectively.

The following method combines the results of the two (nearly independent) charge measurements
on the b and b jet into a robust charge determination.

Nacc:Np2+Nq2 2

p
Nrej = 2Npq Ncorr - Nacc . W (5)
L=p+q

where N is total number of events, Ng.. and N,.; are the number of events that were accepted
and rejected, respectively. The p and ¢ values represent the probabilities for a correct or an incorrect
reconstruction of the b quark charge, respectively. The correction has been applied to the bb studies
but not (yet) for ¢t. For the latter the selection scheme in ## is more involved rendéring its application
less straight forward since e.g. the b quarks are not necessarily back-to-back.

2.1. Monte Carlo samples

The signal samples were generated with WHIZARD 1.95. Top quark pair production is the dom-
inant process in the ete™ — bblvqq sample, but it contains also single t and WW Z. In case of the
t quark study we have analysed samples for the beam polarisations P,-,P.+ = +1,F1. In total
we analyse about 2200fb~! for each of the beam polarisations but we discard final states for which
W — 7v. In case of the b quark study-we have studied only‘the configuration P,-, P+ = —1,+1 since
this study is just considered as a supporting study for the ¢ quark analysis and the chosen polarisation
configuration is the more challenging for the detector performance due to larger migration effects in
the polar angle reconstruction. The bb events are extracted from a sample of simulated ¢gg. The total
integrated luminosity is about 46 fb~'. The genuine ete™ — bb at 500 GeV is about 4% of the total
cross section.

The control plots in Secs. 3 and 4.2 are given for the process eZeE — tt in this note.

3. Efficiencies and Control plots

Figure 1 demonstrates that the studies presented in this note test the detector performance for
very different momenta of the final state b quark.
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Figure 1: Momentum of the b-jet with cheated identification for e}, e; — bb and e;eg — tt processes.

Figs. 2 and 3 show the number of charged particles that is not associated correctly to the secondary
vertex as a function of the jet polar angle, normalized to the number of reconstructed tracks and broken
down by cause. Before the vertex recovery the fraction of missed charged particles is approximately
2 — 3.5%, for jets in the central detector, dominated by particles reconstructed with a low impact
parameter significance and a variety of other reasons. In the forward region the number of missed
tracks increases rapidly due to the limited acceptance. Beyond a peak is visible in particular in Fig. 3
around |cos@ = 0.8| that corresponds to the transition region between the barrel and the endcap of
ILD. After the vertex recovery the fraction of missed charged particles is reduced to a level of 2—2.5 %,
and the peak in the transition region is removed. Figure 3 demonstrates also a visible improvement in
the forward region. The results are shown for the large model but are similar for the small detector

model.
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Figure 2: Fraction of missed tracks created by charged particles as a function of the polar angle of the generated particles
before (left) and after (right) vertex recovery in case of the e eE — bb process.
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Figure 3: Fraction of missed tracks created by charged particles as a function of the polar angle of the generated particles
before (left) and after (right) vertex recovery in case of the e} e; — tt process:

This improvement is quantified in Figs. 4 and 5 'where the purity of the b-charge reconstruction
is shown as a function of the b — tag value, the reconstructed b-momentum |[pp pqql, the number of
reconstructed tracks assigned to a secondary vertex Ny,.. and finally the polar angle of the b-hadron.
here denoted as | cos6|. The b-charge Purityis defined as

P, = Ncorrect/Njet,tot. (6)

with Neorrect being the number of b-jets with correctly reconstructed b quark charge. This value nor-
malised to the total number of b-jets Ny_jet tor. for which a charge assignment according to e.g. Table 2
can be made.

The improvement is larger for the process e} e} — tt than for e;eE — bb. Qualitatively this is
expected since as a consequence of the different b-jet momenta, see Fig. 1, also the tracks produced
in the decay of the b-hadron are softer in case of top-pair production. In case of eTe™ — tf the
improvement is 10% over a large range in |cosf| and mainly driven by three to five prong decays.
Both results will further improve once the vertex recovery takes also the the impact parameter zy into
account. Allresults shown so far in this section have been obtained for the large detector model. The
conclusions for the small detector model are similar.

The lower right panels of Figs. 5 and 4 show a drop in purity for large values of | cos|. This is
compatible with the drop in efficiency shown in Fig. 6 for the case e;ejg — bb as a function of the
polar angle of the reconstructed b-jet | cos 0|. Within statistical errors the results are the same for the
large and the small detector model. However, towards large values of | cos 8| the efficiency observed
for the large detector is systematically above that of the small detector.
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Figure 4: Purity before and after vertex recovery in case of the e, eE — bb process for different observables.
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Figure 5: Purity before and after vertex recovery in case of the e}, eg — tt process for different observables.
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Figure 6: Reconstruction efficiency for b-tagged jets. Note the figure shows the efficiency after the full selection given in
Tab. 1.
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A component that distinguishes the ILD Detector from other proposals for eTe™ colliders is the TPC
as the central tracking system. Beside the precise momentum measurement the dF/dx measurement
in the gaseous medium allows for a particle identification. Since around 87% of B-Mesons (neutral or
charged) contain a charged Kaon among their decay products the particle ID can support greatly the
charge determination of the b quark.

The left part of Fig. 7 shows the dE/dx values obtained in simulation for different particle types
as a function of the particle momentum. The lines indicate a strip with an accumulation of signals
produced by Kaons. A minimum momentum of 2 GeV is required for the selection of Kaons. The right
part of Fig. 7 shows the variation of the purity as as a function of the Kaon selection efficiency that
corresponds to a variation of the width of the strip in the previous figure. In general the efficiency is
higher for eZeE — tt than for eZeE — bb. This is expected since b-jets issue of the t quark is softer
the than the b-jets in case of eZeE — bb. Moreover, the efficiency obtained for IDR-L is on average
higher than for IDR-R. At least qualitatively this can be explained by the on average longer tracks is
case IDR-L that yield a better dF/dx resolution. A closer look into the separation power in different
momentum ranges is given in App. A.
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Figure 7: Left: Simulated dE/dz spectrum for different particle types. The lines indicate the cuts for the Kaon selection.
Right: Purity of the Kaon selection as a function of the Kaon selection efficiency.

4. Event selection

In the following the event selection of the two final states under study will be presented. The
different complexities of the final states require different set of cuts. The t quark is composed from its
decay products, the b quark and the W boson and the final state lepton.

4.1. Analysis details specific to the e; e, — bb analysis
LER

Table 1 shows the selection efficiencies for the e;e}rz — bb analysis. In this case events that are
subject to the radiative return to the Z, implying an energetic final state photon, have to be suppressed.
Therefore cuts on the sum of the masses of the two jets and a cut on the photon energy are introduced.
The overall efficiency after selection of events with consistent b quark charge is with around 28% to
29% similar for both detector models. For the b-charge measurement opposite charges in opposite jets
are required. The charges are either derived from the tracks pointing to the secondary vertex or from
the Kaon charge or from a combination of both. An event is selected if there is one combination with
a consistent result. The efficiencies for the different methods are given in Tab. 2. The purity of the
different methods is shown in Fig. 8. In both cases there is no large difference between the two detector
models although the large detector seems to perform slightly better for the double Kaon method, in
agreement with the observations in the right part of Fig. 7.



eZeE — bb at 500 GeV

IDR-L IDR-S
Signal | Bgyg/S Braa.z/S | Signal | Byg/S Brad.z/S
Full sample 100.0% | 1800.5% | 359.1% 100.0% | 1800.6% | 359.0%
brag(jetr) > 0.9 and beag(jeta) > 0.2 | 70.2% | 2.3% 147.7% | 69.9% | 2.3% 149.0%
Mietytjet, > 200GeV 68.2% | 1.4% 6.7% 67.8% | 1.2% - | 6.7%
Ephoton < 100GeV 64.8% 1.3% 1.7% 64.3% 1.2% 1.6%
double jet-charge measurement 28.9% | 1.0% 1.0% 27.9% |.0.9% 1.0%

Table 1: Selection efficiency and B/S rejection for some background sources

ey eE — bb at 500 GeV

IDR-L | IDR-S
Vitr+Vitx 12.9% | 12.8%
K+K 4.4% 4.0%
Vist+ K (diff. jets) | 3.9% | 3.7%
Viz+K (same jet) | 7.7% | 7.4%

Table 2: Final selection efficiency, after double jet-charge measurement
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s 4.2. Analysis details specific to the e;e}r{ — tt analysis

166 The t quark is composed from its decay products, the b quark and the W boson and the charge of
167 the lepton is a measure to distinguish the ¢ from the ¢ quark.
168 Figure 9 shows in the left panel the energy distribution of the isolated lepton in the laboratory

1o frame. The distribution features a maximum at around 30 GeV and a tail towards higher energies. The
wo right panel shows the polar angle spectrum of the isolated lepton. The distribution decreases slightly
m with a sharp drop at the acceptance limit of the detector. The distribution reveals also acceptance
w2 drops at cosf; = 0 and cosf, = 0.8 that correspond to the position of the TPC anode plate and the
3 barrel-endcap transition region, respectively.
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Figure 9: Left: Energy of the isolated lepton in e} eg — tt. Right: Polar angle distribution of the isolated lepton in
e;ef =tk
LER :

174 For completeness Fig, 10 shows the mass distribution of the hadronic W and the hadronic ¢ quark.
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Figure 10: Left: Mass distribution of the hadronic W in e}, e; — tt. Right: Mass distribution of the hadronic t quark

. — + s
in eLeR—>tt‘

Tables 3 and 5 give the efficiencies after each cut applied for the selection of #t events. The first
part lists General selection cuts that were already used in Ref. [5].

The polar angle of the t quark cos 8 is reconstructed from the hadronically decaying ¢ quark. For
the polar angle spectrum the charge of the ¢t quark has to be determined and the b quark and the
W-boson have to be correctly associated. This is more involved in the eZeE — tt case than in the
egez — tt case due to the different kinematics provoked by the V — A interaction of the t quark
decay. The different steps for an accurate reconstruction of the polar angle spectrum are listed in the

following?.

e In a first step further cuts on the sum of the Lorentz factor of the two tops of ¥4 + 4f > 2.4
is applied. Here 7/'%¢ is the Lorentz factor of the hadronically decaying ¢ quark and ~{ the
Lorentz factor of the leptonically decaying ¢ quark.-In case of e, ejg — tt a cut on the B-hadron

momentum of pp ped. > 15 GeV is applied in addition.

e The semi-leptonic decay of the ¢ quark gives powerful information for the event reconstruction
giving rise to the variable L.,;, which means the charge of the isolated lepton plus a cut on the
event quality of x2 < 15 that is motivated in Ref. [5].

e For the b quark charge determination the used methods are very much similar to those in 2. The
vertex charge is supported by the requirements of btag > 0.8 and a minimal hadron momentum
of 25 GeV as motivated in Ref. [6]2.

e The various methods of measuring the b quark charge are also combined with the charge of the
had

isolated lepton L. In this case an additional cut on v;* > 1.23 is applied.

e The final decision on the ¢ quark charge is obtained from the sum of the charges associated to
the different methods. If the sum is smaller (greater) than zero then the hadronically decaying
t quark candidate is said to be the ¢ quark (¢ quark).

Table 3 gives the final selection efficiency for the case e} e}, — tt after the inclusion of the respective
cuts. Table 4 shows the accumulated efficiencies for ¢t identification after progressive application of the
various methods described in the list of items above. The addition of methods other than that based
on the lepton charge only (‘Method 1’ in Tab. 4) increases the efficiency by around 38%. Figure 11

IWe are aware that the set of cuts does not look straight forward and needs revision in the Post-IDR phase.
?In the ete~ — bb analysis this additional requirement was removed. It would have to be investigated whether this
requirement can be omitted in case of e, eJ}g — tt, too

11



202

203

204

205

206

207

208

209

210

211

212

213

214

215

ep el — tt at 500 GeV

General selection cuts IDR-L | IDR-S
Isolated Lepton 92.1% | 92.1% Methods ‘ IDR-L ‘ IDR-S
btag; > 0.8 or btags > 0.3 81.2% | 81.1% 1 Loyt 22.1% | 21.9%
Thrust < 0.9 81.2% | 81.1% 2 L+Vtx 28.6% | 28.4%
Hadronic mass 78.2% | 78.2% 3 L+K 29.6% | 29.3%
Reconstructed myy and m; | 73.4% | 73.4% 4 Vtx+Vitx 30.1% | 29.7%
t quark polar angle spectrum 5 K+K 30.3% | 29.9%
APeT TS24 62.2% | 61.8% 6 Viz+K (same jet) 30.5% | 30.1%
|PB.had| > 15 GeV 34.5% | 33.9% 7 Vtz+K (different jet) | 30.6% | 30:2%
“tt identification” 30.6% | 30.2%

Table 4: Efficiency increase after the progressive ap-
b quark polar angle spectrum plication of the various methods introduced to en-
No additional cuts sure a correct association of the W boson and the

b quark in case of e} e; —» tt. The final efficiency
in the last line of this table corresponds to the effi-

Table 3: Event selection efficiencies after pre- . . . . = . .
M p ciency given in the line “tt identification” of Tab. 3.

selection and reconstruction of the polar angle spec-
trum of the ¢ quark and that of the underlying b
quark for the process e eE — tt.

shows for completeness the purity of the selection for those cases in which the information from the ¢
quark and the # quark decay have been combined. As in case of eZeE — bb differences between the
large and the small detector are observed for those combinations that include Kaons with the biggest
difference for the pure Kaon combination K + K. The Kaon measurement is the domain of the TPC
and the two models feature different outer TPC radii.

As a supplementary remark please note that methods available also for the fully hadronic final
state yield efficiencies of 14.4% when using Methods 4-7 of Tab. 4 and 6.9% when using only Method
4, respectively.

o 09
g T ] epel — tt at 500 GeV
bl SO — ] General selection cuts IDR-L | IDR-S
Y S — Isolated Lepton 94.1% | 94.0%
r i 1 btag, > 0.8 or btags > 0.3 84.9% | 84.8%
ol —— A Thrust < 0.9 84.9% | 84.8%
e 1 Hadronic mass 82.2% | 82.3%
07 . Reconstructed my, and my | 77.6% | 77.5%
F 1 t quark polar angle spectrum
r ILD | T+ 4f > 24 [64.1% | 64.1%
ost | ! ! ! ! ] b quark polar angle spectrum
VBVIX  K+K VK ViK' Vixel KL Vitx+Vitx ‘ 10.8% ‘ 10.3%

Table 5: Event selection efficiencies after pre-selection and recon-
Figure 11: Purities of the various combinations struction of the polar angle spectrum of the t quark and that of the
to distinguish between the ¢ and the ¢ quark.  underlying b for the process egez — tt

Table 5 shows the selection efficiencies for the case eﬁe}f — tt. The cut scenario for the reconstruc-
tion of the polar angle of the ¢ quark is much simpler than in case of e e;% — tt. The reason is that
the t quark direction is in first approach given by the W boson such that a wrong association of W
boson and b quark doesn’t alter the ¢t quark direction. For the polar angle spectrum of the underlying
b quark the analysis is restricted to the the combination of the vertex charge. This is further discussed
in Sec. 5.
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5. Results

Figure 12 shows the spectrum of the polar angle cos 6, after the selection given in Tabs. 1 and 2 and
the application of Eq. 5 for e}, eE — bb. Large and small detector agree within statistical uncertainties.

3

« 2
o L m
% 10 efe,— bb @ 500GeV, 46 fb™ N
Q2 i ]
*E : LO EW matrix element - Whizard 1.95 _-*__*i
L 8+ —— IDRL 4 —
[ ---+-- IDR-S ]

- = N

6 — —~— =

- e .

i = §

ar S ]

i S §

2r T -
e ILD
O\HMHMH\H\\H\\Hy\\u\u\\\u\\u
-1 -08-06-04-02 0 02 04 06 08 1
cosf,

Figure 12: Polar angle spectrum for e eg — bb at /s = 500 GeV after correction for acceptance and migrations due to
charge mismeasurement, see Eq. 5, for the two ILD Detector models.

The left part of Fig. 13 shows the polar angle distribution of t# of the generated and reconstructed
data for the large and the small detector models. For this all cuts and methods given in Tabs. 3
and 4 have been applied. Overlaid and here and in the following figures, mainly to guide the eye,
is a polynomial of second degree motivated by the approximate do/dcosf; ~ Scos?6; + Acos0;
dependence of the differential cross section. The right part shows the polar angle distribution of the
underlying b quark for the same set of cuts. The polar spectrum can be accurately reconstructed over
the entire polar angle. Acceptance drops.at large absolute values of the polar angle become visible in
the polar angle spectrum of the b quark (In this case no attempt was made to correct for acceptance
as in Fig. 12). However, in the range —0.8 < cosf, < 0.8 also the polar angle of the b quark can be
accurately reconstructed.
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Figure 13: Results for e}, eg — tt at /s = 500 GeV for the two ILD Detector models: Left: Polar angle distribution for
t quark. Right: Polar angle distribution for the b quark that is issue of the t quark decay. The distributions for IDR-S
is normalised to the one for IDR-L so that both histograms will be on the same level. For details on the selection, see
text and Tabs. 3 and 4.
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Figure 14: Same as Fig. 13 for egez — tt. For details on the selection, see text and Tab. 5.

The left part of Fig. 14 shows the polar angle spectrum for the case e}}e}f — tt after application of
the cuts introduced in Tab. 5. The generated spectrum can be very precisely reconstructed. The right
hand part of Fig. 14 shows the polar angle spectrum of the underlying b quark. Here only events with
consistent vertex-charge measurements have been included. The polar angle of the b quark can also in
this case be very well reconstructed. However, the efficiency drops to 10% as already quantified in the
lower part of Tab. 5. The inclusion of the other methods is subject to further studies.

Comparing the spectra of the underlying b quarks demonstrates more clearly than the actual ¢ quark
polar angle spectra the different polarisations of the ¢ quarks projected out by the flight direction of
the b quark. In case of e, eg — tt the final state is enriched with left-handed ¢ quarks. In this case the
b quark is preferably emitted in the direction of the ¢t quark. Therefore the two polar angle spectra in
Fig. 13 look similar to each other. In case of ezef — tf the final state is enriched with right-handed
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t quarks. In this case the b quark is preferably emitted opposite to the direction of the t-quark. The
polar angle of the b quark is a consequence of the Jacobian peak in the vicinity of cos Oy, = 0, with
cos by, being the opening angle between the b quark and the W boson, generated by the boost of
the back-to-back configuration in the centre-of-mass frame of the decaying ¢ quark into the laboratory
frame.

5.1. Interpretation of the results

Table 6 lists the generated and reconstructed value of the forward-backward asymmetry A% p ..o
as an estimator for the quality of the reconstruction.

epel — tt epel — 1t
IDR-L [ IDR-S [ IDR-L [ IDR-S
AL B en 0.329 0.430
Abp veco | 0342 ] 0340 | 0.430 | 0.430

Table 6: Selection efficiencies and resulting A%B reco for both beam polarisations and the two detector models under
study. '

So far the results have been presented for full beam polarisation. Using the known formula [14]

1
OP,_ P+ = Z [(1 - ,Pe—lpe"')(o—*ﬁ* + 0’+’,) + (Pe_ - ’Pe‘*')(UJr,* - U*d*)] ; (7)

with o_  and o _ being the fully polarised. cross-sections; the results can be extrapolated to the
realistic beam polarisations of P.-,P.+ = F0.8, £0.3. The resulting Born level cross sections are
1070 fb in case of P.-,P.+ = —0.8, +0.3 and 519fb in case of P,—, P.+ = +0.8, —0.3. The resulting
statistical errors for an integrated luminosity of £ = 1600fb™! at each of the two polarisation settings
are given in Table 7.

Pe—s Per | (00/0)star. (%] | (0A% /AL p)star. [7)]
—0.8,40.3 0.17 0.7
IPR-LA 68 0.3 0.25 0.53
—0.8,40.3 0.17 0.7
DR +0.8, 0.3 0.25 0.53
Table 7: Statistical precisions expected for the cross sections and A} g for the case P,—, P+ = —0.8,+0.3 and the two

detector models under study.

For both, the cross section and the forward backward asymmetry it can be expected that even at
full luminosity the statistical error has to be taken into account. However, the systematic errors need
to be carefully estimated. For the present analysis it would have to be checked how much the sample
is contaminated by events for which the semi-leptonic decay yields 7-leptons or the 7-leptons are taken
into account as‘in [5]. The contamination by fully hadronic ¢ events can be expected to be small.

To put the results into context, the precisions on the cross-sections and the forward-backward
asymmetries are translated into precisions on electromagnetic form factors of the ¢t quark. Figure 15
shows the precisions at the 10 level expected at ILC500. The precisions are compared with those
expected after the full HL-LHC running and estimations produced for FCC-ee [15] at the same confi-
dence level. For ILC500, the two sets F; and F5 have been extracted separately but within each set
the uncertainties have been extracted simultaneously. The projections for HL-LHC are derived from
the individual constraints of EFT Wilson coefficients presented in Tab.C2.3 of Ref. [16] (the most
favourable scenario for HL-LHC). These figures demonstrate clearly the superiority of a linear ete™
collider with polarised beams operated at an adequate centre-of-mass energy.
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Figure 15: Precisions the on electromagnetic t quark form factors expected after ILC500 compared with those expected
after the full HL-LHC running and an estimation for FCC-ee after 5000 fb~1. The EFT does not include operators that
map onto the F’ ;V form factor. See text for further details.

6. Summary

This note presents a study of the processes ete™ — tf and ete™ — bb with polarised beams at
Vs = 500 GeV. The events are simulated and reconstructed with the large and the small models of the
ILD detector.

In case of t quark pair production the analysis focuses on the semi-leptonic decay channel in which
the isolated lepton is available for the distinction between the ¢ quark and the ¢ quark. In case of
the eTe™ — bb process the distinction has to be made by the measurement of the b quark charge,
which helps also for a proper reconstruction of the ¢t quark pair. The charge of the b quark can be
reconstructed with a purity of 80% using the combination of information available from the vertex
charge, Kaons that have been measured in the TPC of ILD or isolated leptons in case of t-quark
production.

The analysis shows that both; the large and the small detector model, are capable to provide
a high precision measurement of the cross-section and the polar angle spectrum of semi-leptonic ¢t
events with a mild advantage for the large detector. Assuming a total intergrated luminosity of
£ = 3200 fb~! shared equally between the beam polarisations P, -, P+ = F0.8, £0.3, the cross sections
of tt production can be measured to a statistical precision of about 0.2% and the forward backward
asymmetry to a statistical precision of around 0.6%. The statistical precision on the cross section and
the forward backward asymmetries are compatible with the scaling of the results found in [5].

For the first time the polar angle spectrum of the underlying b quark, issue of the ¢ quark decay,
is presented. This spectrum reveals more clearly the acceptance drop towards large polar angles. Still
the polar angle of the b quark can be reconstructed accurately within | cos 8| < 0.8 for the two studied
beam polarisations P,-,P.+ = +1,F1. In case P,-,P.+ = +1,—1 the efficiency drops however to
10% (compared with 30% for the case P.—,P.+ = +1,—1). since only the vertex charge is used for
this measurement. Here further work is clearly needed to improve the event yield. Both results allow
however already now for the perspective that in the future the fully hadronic final state can be taken
into account for the analysis and that observables specific to the produced b quark can be addressed.

The study of the ¢f production has been accompanied by the second benchmark study ete™ — bb.
Since only 46 fb~! are available for this channel it should be rather considered as an auxiliary study.
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However, it is shown that the polar angle spectrum can be very well reconstructed even for the hard b
jets and that migrations can be controlled at a satisfactory level. It is therefore justified to conclude
that ILD should be able to make precision measurements in this channel even at a centre-of-mass
energy of 500 GeV.

Both analyses reveal a slight preference for the large detector model. This is most clearly visible
in the purity of the charge measurement using Kaons, which may depend on the actual TPC radius
due to the different track lengths.

Also in the future all heavy quark studies should be carried out in close cooperation with each
other. As can be seen from the present study there are many common issues between the studies.
In the future emphasis will be put on systematic uncertainties given e.g. by hemisphere correlations.
These studies may be more involved in case of ¢f since in general the two b quarks are not back-to-back.
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A. Details on particle separation via dE/dx

In Fig.8.6 of the IDR the separation power between different particle types is given. A useful
supplementary information of this summary is the relativ frequency of the different particle types.
The Fig. 16 displays the normalised dE/dz spectrum for different particles in different momentum
ranges for the large and the small detector model. In both cases there is a clear separation of Kaons
from pions. The latter are however much more abundant. There is only a small population of protons.
Figure 17 shows the dF/dx spectra for the two processes under study.
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Figure 16: Projection of dE/dz for several momentum ranges. Comparison of hadron separation performance by different
detector models in bb final states.
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Figure 17: Projection of dE/dx for several momentum ranges. Comparison of hadron separation performance by the
large model for different topologies.
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