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current	  status	

•  TBW	  background	  sample	  event	  generation	  complete	  
•  re-‐analysis	  including	  TBW	  background	  finished	  
•  paper	  writing	  now	  at	  final	  draft	  stage	  
•  final	  plots	  have	  been	  prepared	
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We report on the feasibility of the direct measurement of the top Yukawa coupling gt at the International11

Linear Collider (ILC) during its first phase of operation with a center-of-mass energy of 500 GeV. The signal and12

background models incorporate the non-relativistic QCD corrections which enhance the production cross section13

near the tt threshold. The e+e− → ttH signal is reconstructed in the 6-jet + lepton and the 8-jet modes. The14

results from the two channels are combined. The background processes considered are e+e− → tbW−/tbW+
15

(which includes e+e− → tt), e+e− → ttZ, and e+e− → ttg∗ → ttbb. We use a realistic fast Monte-Carlo detector16

simulation. Signal events are selected using event shape variables, through jet clustering, and by identifying17

heavy flavor jets. Assuming a Higgs mass of 120 GeV, polarized electron and positron beams with (Pe− ,Pe+) =18

(−0.8,+0.3), and an integrated luminosity of 1 ab−1, we estimate that the e+e− → ttH events can be seen19

with a statistical significance of 5.7!, corresponding to the relative measurement accuracy of the top Yukawa20

coupling to be |"gt/gt |= 9%.21

PACS numbers: 13.66.Jn, 12.39.Hg, 13.66.Fg, 14.65.Ha, 14.80.Bn,22

I. INTRODUCTION23

The standard model (SM) of elementary particle physics24

stands on two pillars. The first pillar is the gauge principle,25

which has been verified by precision electroweak measure-26

ments. The second pillar consists of the electroweak symme-27

try breaking which is yet to be tested by experiment. The dis-28

covery of the Higgs boson will be of particular importance29

in explaining the mass generation mechanism. Within the30

SM, the Yukawa interaction of the top quark and the Higgs31

boson generates the mass term which breaks the electroweak32

gauge symmetry. The measurement of the strength of the top33

Yukawa coupling gt can shed light on the mechanism behind34

the generation of the top quark mass.35

The top-quark Yukawa interaction could be measured in-36

directly using the production mechanism of the Higgs boson37

through the top quark loop at the LHC experiments. The in-38

direct measurement unfortunately cannot give a full descrip-39

tion of the top-quark Yukawa interaction, for suppose we ob-40

serve an anomaly in the Higgs production cross section; it41

would be difficult to distinguish whether this effect is due to42

an anomaly in the top Yukawa interaction itself, or because43

there are contributions from unknown particles propagating in44

the loop connecting the initial state and the Higgs boson. In45

order to distinguish these two effects, it would be highly de-46

sirable to measure the top Yukawa interaction directly. At the47

LHC, the direct production process gg→ ttH in the H → bb48

channel is marred by jet combinatorial background [1]. While49

the H → ## or H → $+$− channels are expected to yield50

cleaner signals [2], which could allow for the discovery of the51

gg→ ttH process, the uncertainty in the top Yukawa coupling52

value would be affected by the potentially large uncertainties53

in the Higgs branching fraction measurements. We show that54

a future e+e− linear collider, such as the International Linear55

Collider (ILC), can play a critical role in the determination of56

the top Yukawa coupling through the direct measurement of57

e+e− → ttH in the H → bb channel.58

Feasibility studies of the top quark Yukawa interaction at59

a future e+e− linear collider have a long history [3, 4]. A60

serious feasibility study of a direct measurement of the top61

Yukawa coupling using the process e+e− → ttH at the center-62

of-mass (CM) energy
√
s= 800 GeV was performed in [5, 6],63

which incorporated realistic experimental conditions expected64

at a linear collider experiment. More recently, there have been65

increased interests in how well the top Yukawa coupling can66

be measured in the first phase of a linear collider experiment,67

whose CM energy reaches up to
√
s = 500 GeV. An analy-68

sis for
√
s = 500 GeV was carried out in [7]. It was noted69

that at this energy the bound-state effects between t and t en-70

hance the ttH production cross section significantly, since the71

relative momentum of t and t is typically small [8–14]. A72

reanalysis was performed in the Snowmass workshop, incor-73

porating the enhancement effect by tt resonance formation as74

well as an enhancement effect that can be obtained by polar-75

izing the e+e− beams [15]. The conclusion was that the top76

Yukawa coupling can be measured to roughly 10% accuracy,77

including statistical errors only, with an integrated luminosity78

of 1 ab−1.79

In this paper, we investigate the feasibility of measuring80

the top Yukawa coupling at
√
s = 500 GeV using the process81

e+e− → ttH for the Higgs mass of 120 GeV. The new as-82

pects of this study as compared to the previous ones are as83

follows. We implement the enhancement factor by tt bound-84

state effects into the event generator, both for the ttH signal85

and the ttZ background events; the latter is particularly im-86

portant since the expected measurement accuracy of the top87



TBW	  process	

•  the	  TBW	  process	  contains	  the	  t-‐tbar	  resonance	  
–  other	  examples	  of	  TBW	  include	  WW*	  -‐>	  Wtb	  

•  TBW	  xsec	  is	  roughly	  1.1	  times	  t-‐tbar	  
•  the	  non-‐resonant	  contribution	  is	  equally	  important	  in	  our	  

analysis	  since	  the	  background	  contribution	  of	  this	  process	  is	  
due	  to	  mis-‐reconstruction	  (jet	  clustering	  &	  b-‐tagging)	

3

three groups, depending on the decay mode of theW bosons.160

Their branching fractions are161

(i) 8-jet mode: 45%,162

(ii) 6-jet + lepton mode (e or µ): 29%,163

(iii) 4-jet + 2-lepton mode (ee, eµ, or µµ): 5%,164

where we have omitted the contribution of the top decays to165

tau (t → b!+"! and t → b!−"!), since we only reconstruct166

electrons and muons from the top in this study. The 8-jet mode167

and the 6-jet + lepton mode are chosen for reconstruction.168

The following processes are identified as possible back-169

ground sources which can mimic the ttH signatures:170

(i) e+e− → tbW−/tbW+ → bW+bW−,171

(ii) e+e− → ttZ→ bW+bW−bb,172

(iii) e+e− → ttg∗ → bW+bW−bb.173

The cross sections for these processes are shown as a function174

of
√
s in Fig. 2. We will refer to the e+e− → tbW−/tbW+
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FIG. 2. Production cross section of the e+e− → ttH signal (shown
with and without tt bound-state effects), together with those of the
main background processes, ttH (Higgs radiated off the Z boson),
ttZ, tt, tbW−/tbW+ (denoted as tbW ), and ttg∗ → ttbb, as a func-
tion of the CM energy without beam polarizations. The initial state
radiation and beamstrahlung effects are included.
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process as e+e− → tbW . The e+e− → tbW process includes178

the e+e− → tt. The e+e− → tbW final state consists of up179

to two b jets, as opposed to four b jets for our ttH signal.180

The tbW channel can be therefore reduced to a small frac-181

tion by identifying the flavor of the b quarks in the final state182

(b-tagging) and by counting the number of b jets. Because183

of the large tbW cross section, a significant amount of tbW184

background remains even if there is a small rate of event mis-185

reconstruction, which occurs equally likely for events in and186

away from the top pair resonance, thus making it important to187

include the non-resonant contributions.188

In contrast to the tbW process, the processes ttZ and ttg∗189

can have identical final states as those of the ttH process if190

the Z boson or the hard gluon g∗ decays into a bb pair. In191

this case, the signal extraction will depend strongly on the192

resolution of the Higgs mass reconstructed from the two b-193

jets. The unpolarized cross section for ttZ is 1.3 fb, including194

the tt bound-state effects similar to that expected for the sig-195

nal process; without including this correction, the cross sec-196

tion becomes 0.7 fb. For ttg∗ → ttbb, the unpolarized cross197

section is 0.7 fb. We note that there is no tt bound-state ef-198

fects in the ttg∗ process because the tt system is not a color199

singlet in this case. The cross sections at
√
s = 500 GeV200

for our signal and background processes are summarized in201

Tab. I. The signal and background samples have been pro-202

TABLE I. Cross sections at
√
s = 500 GeV for the signal and

background processes are shown for the different beam polariza-
tions. The e+e− → ttH and e+e− → ttZ processes include the tt
bound-state effects. The ttH, ttZ, and ttg∗ processes all decay as
bW+bW−bb while the tbW+/tbW− process (denoted as tbW ) de-
cays as bW+bW−. The number of events N used in this study is
shown for each sample, along with its equivalent luminosity L .

Process $ (fb) N L (ab−1)
e−L e

+
R → ttH 1.07 5.00×104 47.8

e−L e
+
R → ttZ 4.04 5.00×104 12.4

e−L e
+
R → ttg∗ 1.93 5.00×104 25.9

e−L e
+
R → tbW 1633. 1.00×107 6.1

e−R e
+
L → ttH 0.45 5.00×104 92.6

e−R e
+
L → ttZ 1.32 5.00×104 37.8

e−R e
+
L → ttg∗ 0.86 5.00×104 58.2

e−R e
+
L → tbW 700. 1.00×107 14.3

203

204

duced with pure beam polarizations. Unless otherwise noted,205

our results weight these samples to match the beam polariza-206

tions of (Pe− ,Pe+) = (−0.8,+0.3) [17].207

IV. ANALYSIS FRAMEWORK208

Signal and background events are generated using the209

physsim [18] event generator, based on the full helicity210

amplitudes including gauge boson decays, calculated using211

HELAS [19] and BASES [20], which properly takes into ac-212

count the angular distributions of the decay products. For213

the event generation, the following values are used: %(MZ) =214

1/128, sin2 &W = 0.230, %s = 0.120, MW = 80.0 GeV, MZ =215

91.18 GeV, Mt = 175 GeV, and MH = 120 GeV. The ef-216

fects of initial state radiation and beamstrahlung are included.217

The tt bound-state effects results in a roughly twofold increase218

in the ttH signal cross section at
√
s = 500GeV, as shown in219

Fig. 3. The four-momenta of the final-state quarks and leptons220221

are passed as input to Pythia 6.4 [21] for parton showering222

and hadronization. The detector response is simulated using223

the QuickSim [22] fast Monte-Carlo detector simulator.224

The detector consists of the beam pipe, a vertex detector, a225

drift chamber, an electromagnetic calorimeter (ECAL), and226

a hadronic calorimeter (HCAL). The crossing angle of the227

beams are also taken into account. Each hit in the tracking228

detector is smeared according to the detector resolution spec-229

ified in Tab. II. For each charged particle, the parameters de-230

scribing its helical trajectory are smeared according to the full231
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TBW	  sample	

•  TBW	  sample	  size	  has	  been	  increased	  from	  5	  million	  (per	  
beam	  polarization)	  to	  10	  million	  

•  this	  ensures	  enough	  MC	  statistics,	  with	  Lequiv	  over	  6	  ab-‐1	  
–  (we	  assume	  L=1	  ab-‐1	  in	  our	  anlaysis)	
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three groups, depending on the decay mode of theW bosons.160

Their branching fractions are161

(i) 8-jet mode: 45%,162

(ii) 6-jet + lepton mode (e or µ): 29%,163

(iii) 4-jet + 2-lepton mode (ee, eµ, or µµ): 5%,164

where we have omitted the contribution of the top decays to165

tau (t → b!+"! and t → b!−"!), since we only reconstruct166

electrons and muons from the top in this study. The 8-jet mode167

and the 6-jet + lepton mode are chosen for reconstruction.168
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process as e+e− → tbW . The e+e− → tbW process includes178

the e+e− → tt. The e+e− → tbW final state consists of up179

to two b jets, as opposed to four b jets for our ttH signal.180
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duced with pure beam polarizations. Unless otherwise noted,205

our results weight these samples to match the beam polariza-206

tions of (Pe− ,Pe+) = (−0.8,+0.3) [17].207
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Signal and background events are generated using the209

physsim [18] event generator, based on the full helicity210

amplitudes including gauge boson decays, calculated using211

HELAS [19] and BASES [20], which properly takes into ac-212

count the angular distributions of the decay products. For213

the event generation, the following values are used: %(MZ) =214
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91.18 GeV, Mt = 175 GeV, and MH = 120 GeV. The ef-216

fects of initial state radiation and beamstrahlung are included.217

The tt bound-state effects results in a roughly twofold increase218

in the ttH signal cross section at
√
s = 500GeV, as shown in219

Fig. 3. The four-momenta of the final-state quarks and leptons220221

are passed as input to Pythia 6.4 [21] for parton showering222

and hadronization. The detector response is simulated using223

the QuickSim [22] fast Monte-Carlo detector simulator.224

The detector consists of the beam pipe, a vertex detector, a225

drift chamber, an electromagnetic calorimeter (ECAL), and226

a hadronic calorimeter (HCAL). The crossing angle of the227

beams are also taken into account. Each hit in the tracking228

detector is smeared according to the detector resolution spec-229

ified in Tab. II. For each charged particle, the parameters de-230

scribing its helical trajectory are smeared according to the full231



cut	  re-‐optimization	

•  the	  analysis	  cuts	  have	  been	  re-‐optimized.	  
•  we	  find	  a	  tighter	  thrust	  cut	  to	  be	  more	  effective	  

–  it	  was	  found	  that	  the	  thrust	  cut	  in	  the	  old	  analysis	  (with	  TT	  
sample)	  was	  not	  optimized	  
•  thrust	  cut	  0.85	  -‐>	  0.77	  (6-‐jet	  +	  lepton)	  
•  thrust	  cut	  0.80	  -‐>	  0.70	  (8-‐jet)	  

•  minor	  adjustments	  to	  other	  cuts	  (yclus	  &	  mass	  cuts)	   8
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FIG. 6. The distributions of the cut variables in the 8-jet analysis are shown: (a) thrust, (b) Y8→7, (c) mass of the top candidate, (d) mass of the
Higgs candidate. Each sample is weighted assuming an integrated luminosity of 1 ab−1 with beam polarizations (Pe− ,Pe+) = (−0.8,+0.3). In
each of these 4 plots, all the event selection criteria are applied except for the cut on the variable shown. The arrows indicate the optimized cut
values.

corrections, which will be critical for precise background es-480

timation. For the e+e− → tt process, the electroweak correc-481

tions are known at the 1-loop level [28], with further improve-482

ments expected in the coming years. QCD corrections are al-483

ready known at the 3-loop level [29–33]. For the e+e− → ttZ484

process, the known QCD corrections at the 1-loop level [34]485

include the tt bound-state effects. Since our study also incor-486

porates the tt bound-state effects, it will be necessary to calcu-487

late the higher order corrections in order to properly estimate488

the theoretical uncertainties in the e+e− → ttZ cross section.489
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FIG. 5. The distributions of the cut variables in the 6-jet + lepton analysis are shown: (a) thrust, (b) Y5→4, (c) mass of the top candidate, (d)
mass of the Higgs candidate. Each sample is weighted assuming an integrated luminosity of 1 ab−1 with beam polarizations (Pe− ,Pe+) =
(−0.8,+0.3). In each of these 4 plots, all the event selection criteria are applied except for the cut on the variable shown. The arrows indicate
the optimized cut values.

TABLE III. Summary of cuts in the analysis of the 6-jet + lep-
ton mode, denoted as 6 j. We denote the 4-jet + 2-lepton mode
as 4 j, and the 8-jet mode as 8 j. Estimated yields are given as-
suming an integrated luminosity of 1 ab−1 with beam polarizations
(Pe− ,Pe+) = (−0.8,+0.3). Refer to the text for the details of the
b-tagging requirement and the mass cuts.

ttH(6 j) ttH(8 j) ttH(4 j) tbW ttZ ttg∗ (bb)
no cuts 282.3 289.5 68.3 980738.5 2406.9 1159.6
single isolated lepton 179.6 20.7 28.3 340069.0 790.6 397.7
thrust < 0.77 145.7 18.5 19.2 144999.0 616.7 266.0
Y5→4 > 0.005 125.5 16.6 9.2 12297.7 416.2 113.7
b-tagging 49.0 1.3 2.9 172.9 53.3 37.8
mass cuts 39.5 1.2 0.4 23.0 33.9 13.2

VI. ANALYSIS OF THE 8-JET MODE376

A. Isolated lepton rejection377

In the 8-jet analysis, the 6-jet + lepton mode can become378

a source of background as a result of splitting the jets by the379

jet clustering procedure. To reduce this kind of background,380

we look for isolated leptons using the same prescription used381

in the 6-jet + lepton analysis. Events containing one or more382

isolated leptons are discarded in the 8-jet analysis. This proce-383

dure ensures that the 6-jet + lepton and 8-jet samples are sta-384

tistically independent from each other, allowing for a straight-385

forward combination of the two results.386

B. Event shape387

Similarly to the 6-jet + lepton analysis, the thrust variable388

T is used to reduce the tt background. It is found that T < 0.7389

is optimal for the 8-jet mode.390

C. Jet clustering391

In the 8-jet mode analysis, the jet clustering is performed392

over all particles in the event to form eight jets. We keep the393

jet transition values Yn→n−1. The value for Y8→7 is found to be394

useful in discriminating ttH events from tt events. We require395

Y8→7 > 0.0007 in the event selection.396

D. Identification of heavy flavor jets397

We follow a similar procedure as in the 6-jet + lepton mode398

for the identification of b-jets. We use a different optimization399

for the tight b-jet, which is modified to be (Q,NQ) = (3.0,2).400

The definition of the loose b-jet remains the same. The same401

requirement for the Higgs candidate is used: a tight b-jet and402

a loose b-jet. In the rest of the event, we require that there is403

a tight b-jet and an additional loose b-jet, so that each of the404

two top candidates contains a b-jet.405

8-‐jet	  mode	6-‐jet	  +	  lepton	  mode	
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E. Invariant mass of top/W /Higgs candidate406

Similarly to the 6-jet + lepton mode, if there are multiple407

possible combinations of jets, we define the quantity !2 as408

!2 =

(

mj1 j2 −MH

"H

)2
+

(

mj3 j4 j5 −Mt

"t

)2
+

(

mj6 j7 j8 −Mt

"t

)2
+

(

mj3 j4 −MW

"W

)2
+

(

mj6 j7 −MW

"W

)2
, (8)

and choose the permutation of jets { j1, j2, ..., j8} which mini-409

mizes the !2 value under the b-tagging requirements. Here, j1410

and j2 are used to form the Higgs candidate. The three jets j3,411

j4, and j5 are used to reconstruct the first top candidate, while412

j6, j7, and j8 are used to reconstruct the second top candidate.413

The same values for "t , "W , and "H are used as in the 6-jet +414

lepton analysis.415

Final cuts are applied on the invariant mass of the top and416

Higgs candidate. For both top candidates, the mass is required417

to be in the range of 140 GeV < mj j j < 215 GeV. The Higgs418

candidate mass is required to be in the range of 80 GeV <419

mj j < 150 GeV.420

F. Results421

The estimated signal yields are summarized in Tab. IV for422

the case of polarized beams (Pe− ,Pe+) = (−0.8,+0.3), as-423

suming an integrated luminosity of 1 ab−1. The resulting dis-424

tributions for the thrust, Y8→7, the top mass, and the Higgs425

mass are shown in Fig. 6. The signal significance in the 8-jet426

mode is 4.2, corresponding to the measurement accuracy of427

the top Yukawa coupling of |#gt/gt | = 12%. With unpolar-428

ized beams (Pe− ,Pe+) = (0.0,0.0), the significance becomes429

3.3, corresponding to |#gt/gt |= 15%.430

TABLE IV. Summary of cuts in the analysis of the 8-jet mode, de-
noted as 8 j. We denote the 6-jet + lepton mode as 6 j, and the
4-jet + 2-lepton mode as 4 j. Estimated yields are given assum-
ing an integrated luminosity of 1 ab−1 with beam polarizations
(Pe− ,Pe+) = (−0.8,+0.3). Refer to the text for the details of the
b-tagging requirement and the mass cuts.

ttH(8 j) ttH(6 j) ttH(4 j) tbW ttZ ttg∗ (bb)
no cuts 289.5 282.3 68.3 980738.5 2406.9 1159.6
reject isolated leptons 266.3 85.6 6.6 589716.0 1351.4 701.2
thrust < 0.7 167.7 44.0 2.7 107227.0 818.0 311.5
Y8→7 > 0.0007 130.1 17.4 0.4 6693.7 424.0 97.2
b-tagging 76.6 9.3 0.2 312.9 93.2 57.9
mass cuts 56.7 0.5 0.0 47.5 55.2 18.6

VII. CONCLUSIONS431

We have evaluated the accuracy of the top Yukawa cou-432

pling at
√
s = 500 GeV, taking into account the tt bound-433

state effects for the e+e− → ttH signal sample as well as the434

e+e− → ttZ background sample. Other backgrounds consid-435

ered were e+e− → tbW−/tbW+ → bW+bW− and e+e− →436

ttg∗ → bW+bW−bb. A simple cut-and-count analysis was437

performed for the 6-jet + lepton and 8-jet signal decay modes.438

We assume an integrated luminosity of 1 ab−1. Because the 6-439

jet + lepton sample and the 8-jet sample are statistically inde-440

pendent, the combined significance can be computed simply441

by summing the significances of the two modes in quadrature,442

assuming Gaussian statistics.443

With polarized beams (Pe− ,Pe+) = (−0.8,0.3), the com-444

bined significance is 5.7, corresponding to the measurement445

accuracy of the top Yukawa coupling of |#gt/gt |= 9%. With446

unpolarized beams (Pe− ,Pe+) = (0.0,0.0), the combined sig-447

nificance becomes 4.4, corresponding to |#gt/gt | = 11%.448

Note that these numbers only take into account the statistical449

uncertainty.450

The largest background contribution is the e+e− → ttZ pro-451

cess which survives the event selection procedure primarily452

because of the overlapping of the dijet mass for the Z and453

the Higgs. This can be reduced by improving the jet energy454

resolution and the jet clustering procedures, which in turn im-455

proves the mass resolution of the Higgs candidate. The second456

largest background contribution is the e+e− → tbW process.457

Thus it will be critical to be able to model the e+e− → tbW458

cross section accurately, particularly in the tails of its kine-459

matically allowed region.460

Our results indicate that the measurement of the top461

Yukawa coupling is possible down to the 10% level of sta-462

tistical precision at the ILC with
√
s = 500 GeV after taking463

into account the tt bound-state effects, which agrees with pre-464

vious predictions [15]. It will be critical to reduce the sys-465

tematic effects down to the level comparable to the statistical466

uncertainties. We expect the systematic uncertainties coming467

from the determination of the background rates to be the dom-468

inant effect. The amount of tbW background can be estimated469

by measuring the tbW cross section at
√
s = 500 GeV. The470

tt bound-state effects must also be verified by measuring the471

tt cross section at its production threshold (
√
s ≈ 350 GeV)472

which will be used to estimate the rate of the e+e− → ttH sig-473

nal and the e+e− → ttZ background. For this, it will be nec-474

essary to measure the differential cross section of e+e− → tt475

in order to separate the Higgs-exchange contribution via the476

t-channel which itself contains the top Yukawa coupling.477

On the theoretical front, it will be desirable to reduce the478

uncertainties in the production cross section coming from loop479
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FIG. 5. The distributions of the cut variables in the 6-jet + lepton analysis are shown: (a) thrust, (b) Y5→4, (c) mass of the top candidate, (d)
mass of the Higgs candidate. Each sample is weighted assuming an integrated luminosity of 1 ab−1 with beam polarizations (Pe− ,Pe+) =
(−0.8,+0.3). In each of these 4 plots, all the event selection criteria are applied except for the cut on the variable shown. The arrows indicate
the optimized cut values.

TABLE III. Summary of cuts in the analysis of the 6-jet + lep-
ton mode, denoted as 6 j. We denote the 4-jet + 2-lepton mode
as 4 j, and the 8-jet mode as 8 j. Estimated yields are given as-
suming an integrated luminosity of 1 ab−1 with beam polarizations
(Pe− ,Pe+) = (−0.8,+0.3). Refer to the text for the details of the
b-tagging requirement and the mass cuts.

ttH(6 j) ttH(8 j) ttH(4 j) tbW ttZ ttg∗ (bb)
no cuts 282.3 289.5 68.3 980738.5 2406.9 1159.6
single isolated lepton 179.6 20.7 28.3 340069.0 790.6 397.7
thrust < 0.77 145.7 18.5 19.2 144999.0 616.7 266.0
Y5→4 > 0.005 125.5 16.6 9.2 12297.7 416.2 113.7
b-tagging 49.0 1.3 2.9 172.9 53.3 37.8
mass cuts 39.5 1.2 0.4 23.0 33.9 13.2

VI. ANALYSIS OF THE 8-JET MODE376

A. Isolated lepton rejection377

In the 8-jet analysis, the 6-jet + lepton mode can become378

a source of background as a result of splitting the jets by the379

jet clustering procedure. To reduce this kind of background,380

we look for isolated leptons using the same prescription used381

in the 6-jet + lepton analysis. Events containing one or more382

isolated leptons are discarded in the 8-jet analysis. This proce-383

dure ensures that the 6-jet + lepton and 8-jet samples are sta-384

tistically independent from each other, allowing for a straight-385

forward combination of the two results.386

B. Event shape387

Similarly to the 6-jet + lepton analysis, the thrust variable388

T is used to reduce the tt background. It is found that T < 0.7389

is optimal for the 8-jet mode.390

C. Jet clustering391

In the 8-jet mode analysis, the jet clustering is performed392

over all particles in the event to form eight jets. We keep the393

jet transition values Yn→n−1. The value for Y8→7 is found to be394

useful in discriminating ttH events from tt events. We require395

Y8→7 > 0.0007 in the event selection.396

D. Identification of heavy flavor jets397

We follow a similar procedure as in the 6-jet + lepton mode398

for the identification of b-jets. We use a different optimization399

for the tight b-jet, which is modified to be (Q,NQ) = (3.0,2).400

The definition of the loose b-jet remains the same. The same401

requirement for the Higgs candidate is used: a tight b-jet and402

a loose b-jet. In the rest of the event, we require that there is403

a tight b-jet and an additional loose b-jet, so that each of the404

two top candidates contains a b-jet.405

6-‐jet	  +	  lepton	  
(-‐0.8,+0.3)	

8-‐jet	  
(-‐0.8,+0.3)	
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FIG. 5. The distributions of the cut variables in the 6-jet + lepton analysis are shown: (a) thrust, (b) Y5→4, (c) mass of the top candidate, (d)
mass of the Higgs candidate. Each sample is weighted assuming an integrated luminosity of 1 ab−1 with beam polarizations (Pe− ,Pe+) =
(−0.8,+0.3). In each of these 4 plots, all the event selection criteria are applied except for the cut on the variable shown. The arrows indicate
the optimized cut values.

TABLE III. Summary of cuts in the analysis of the 6-jet + lep-
ton mode, denoted as 6 j. We denote the 4-jet + 2-lepton mode
as 4 j, and the 8-jet mode as 8 j. Estimated yields are given as-
suming an integrated luminosity of 1 ab−1 with beam polarizations
(Pe− ,Pe+) = (−0.8,+0.3). Refer to the text for the details of the
b-tagging requirement and the mass cuts.

ttH(6 j) ttH(8 j) ttH(4 j) tbW ttZ ttg∗ (bb)
no cuts 282.3 289.5 68.3 980738.5 2406.9 1159.6
single isolated lepton 179.6 20.7 28.3 340069.0 790.6 397.7
thrust < 0.77 145.7 18.5 19.2 144999.0 616.7 266.0
Y5→4 > 0.005 125.5 16.6 9.2 12297.7 416.2 113.7
b-tagging 49.0 1.3 2.9 172.9 53.3 37.8
mass cuts 39.5 1.2 0.4 23.0 33.9 13.2

VI. ANALYSIS OF THE 8-JET MODE376

A. Isolated lepton rejection377

In the 8-jet analysis, the 6-jet + lepton mode can become378

a source of background as a result of splitting the jets by the379

jet clustering procedure. To reduce this kind of background,380

we look for isolated leptons using the same prescription used381

in the 6-jet + lepton analysis. Events containing one or more382

isolated leptons are discarded in the 8-jet analysis. This proce-383

dure ensures that the 6-jet + lepton and 8-jet samples are sta-384

tistically independent from each other, allowing for a straight-385

forward combination of the two results.386

B. Event shape387

Similarly to the 6-jet + lepton analysis, the thrust variable388

T is used to reduce the tt background. It is found that T < 0.7389

is optimal for the 8-jet mode.390

C. Jet clustering391

In the 8-jet mode analysis, the jet clustering is performed392

over all particles in the event to form eight jets. We keep the393

jet transition values Yn→n−1. The value for Y8→7 is found to be394

useful in discriminating ttH events from tt events. We require395

Y8→7 > 0.0007 in the event selection.396

D. Identification of heavy flavor jets397

We follow a similar procedure as in the 6-jet + lepton mode398

for the identification of b-jets. We use a different optimization399

for the tight b-jet, which is modified to be (Q,NQ) = (3.0,2).400

The definition of the loose b-jet remains the same. The same401

requirement for the Higgs candidate is used: a tight b-jet and402

a loose b-jet. In the rest of the event, we require that there is403

a tight b-jet and an additional loose b-jet, so that each of the404

two top candidates contains a b-jet.405

6-‐jet	  +	  lepton	  mode:	  
significance	  3.7,	  |Δgt/gt|	  =	  14%	  (-‐0.8,+0.3)	  
significance	  2.9,	  |Δgt/gt|	  =	  17%	  (0.0,0.0)	
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FIG. 6. The distributions of the cut variables in the 8-jet analysis are shown: (a) thrust, (b) Y8→7, (c) mass of the top candidate, (d) mass of the
Higgs candidate. Each sample is weighted assuming an integrated luminosity of 1 ab−1 with beam polarizations (Pe− ,Pe+) = (−0.8,+0.3). In
each of these 4 plots, all the event selection criteria are applied except for the cut on the variable shown. The arrows indicate the optimized cut
values.

corrections, which will be critical for precise background es-480

timation. For the e+e− → tt process, the electroweak correc-481

tions are known at the 1-loop level [28], with further improve-482

ments expected in the coming years. QCD corrections are al-483

ready known at the 3-loop level [29–33]. For the e+e− → ttZ484

process, the known QCD corrections at the 1-loop level [34]485

include the tt bound-state effects. Since our study also incor-486

porates the tt bound-state effects, it will be necessary to calcu-487

late the higher order corrections in order to properly estimate488

the theoretical uncertainties in the e+e− → ttZ cross section.489
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8-‐jet	  mode:	  
significance	  4.2,	  |Δgt/gt|	  =	  12%	  (-‐0.8,+0.3)	  
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conclusions	

•  TTH	  study	  now	  at	  final	  stage	  
–  paper	  final	  draft	  has	  been	  prepared	  

•  pending	  review	  of	  the	  co-‐authors	  (theorists),	  we	  will	  
upload	  the	  paper	  to	  arXiv	  next	  week	  
–  proceed	  to	  journal	  submission	


