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Introduction 
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Figure 3: Cross-section for the process e+e�! ttH as a function of the value of the top Yukawa coupling
(gttH), calculated at

p
s = 1.4 TeV and including the effect of beamstrahlung.

Table 1: Simulated samples used in the analysis. The first two rows are the signal ttH channels, followed
by the ttH decays to other final states and the background channels. Column 1 shows the
simulated process. Column 2 shows the assumed cross-section. Column 3 shows the expected
number of events in 1.5 ab�1. Column 4 shows the sample weight. The number of jets refers to
the tt decay only.

Process Cross-section (fb) Evt in 1.5 ab�1 Sample weight

ttH, 6 jet, H ! bb 0.431 647 0.03
ttH, 4 jet, H ! bb 0.415 623 0.03

ttH, 2 jet, H ! bb 0.100 150 0.006
ttH, 6 jet, H 6! bb 0.315 473 0.02
ttH, 4 jet, H 6! bb 0.303 455 0.02
ttH, 2 jet, H 6! bb 0.073 110 0.004
ttbb, 6 jet 0.549 824 0.03
ttbb, 4 jet 0.529 794 0.03
ttbb, 2 jet 0.127 191 0.008
ttZ, 6 jet 1.895 2,843 0.1
ttZ, 4 jet 1.825 2,738 0.1
ttZ, 2 jet 0.439 659 0.03
tt 135.8 203,700 1.5
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ILC Operating Scenarios 

  First measurement happens at 500 GeV! 
  350 GeV can use input to improve the top threshold measurement 

  Top Yukawa coupling known at time of the scan   
  I will use energy ordering for this talk 
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Experimental Conditions 
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Present	
  at	
  all	
  energies,	
  both,	
  at	
  CLIC	
  and	
  at	
  ILC.	
  
All	
  measurements	
  use	
  strategies	
  to	
  mi4gate	
  these	
  background	
  processes	
  
	
  

hadrons	
  at	
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  TeV	
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  –	
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  1	
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Isolated Lepton Finding 

Two main strategies 
  Isolated Lepton Finding: Calorimeter 

activity in cone around lepton (PID 
from PandoraPFA, or from ratio of 
calorimeter contributions) 
  Remove leptons from event before jet 
clustering 

  Jet-based lepton finding: Include the 
leptons from the matrix element when 
forcing the event into N jets 
  Apply some cuts on the jet to identify it 
as an isolated lepton 
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Jet Finding 

Fastjet algorithms: 
  Force event into known number of jets taking into account isolated 
leptons 

  Durham (used in all analyses as final step): 
  Sensitive to background processes (worse at higher energies) 
  Jet mass increases with background 
  Forward region picks up more background 

  Anti-kt (used to remove background): 
  Hadron-collider kt algorithm: Beam Jets(!) 
  Picks up background in forward region as beam jet (could overlap with 
signal) 
  Uses eta rather than cosTheta 

  Valencia 
  Weds the cosTheta distance with a beam jet 
  Reasonable background rejection and jet size rather independent of angle 
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Flavor Tagging 

  Common to all analyses: LCFIPlus 
  Finds Vertices in all tracks before jet finding. 

ZVTop vertex finder  
  Boosted decision trees, trained separately at each energy 

  Energy-dependent background rejection 
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top Yukawa at 350 GeV 

  Measure the top Yukawa coupling in a threshold scan 
  Higher order corrections to the top pair production cross section are 

sensitive to the top Yukawa coupling 
  11 point threshold scan  (340 – 350 GeV), 10 / fb, 2 polarization 

states, 220 / fb total 
  9% effect on cross section 

  4.2% statistical uncertainty 
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also be derived from precise measurements of the cross sections since it is enhanced
by Higgs exchange diagrams (Fig.1), which is proportional to y2t .

The measurement accuracies of top quark mass, width, and yukawa coupling have
been studied by the previous work[7][8] and at the CLIC[9]. We report the latest
result at the ILC.

This paper is organized as follows. In Section 2, the framework used for the anal-
ysis is described. Section 3 explains our event reconstruction and selection designed

to suppress backgrounds. Section 4 is devoted to the extractions of the top quark
Yukawa coupling, its mass and width with estimations of the statistical errors on

these parameters. Finally, in Section 5, we summarize the results.

e+

e−

γ/Z∗

t

t

h g

Figure 1: Higgs exchange diagram for top pair production

2 Analysis Framework

2.1 Signal and Backgrounds

Since a top quark decays into a bottom quark and a W boson, the decay channels are
categorized by the decay of the two W bosons. If the final states of the two W s are

4 quarks, 2 quarks + 1 lepton + 1 neutrino, or 2 leptons + 2 neutrinos, the channels
are hereafter called 6-Jet, 4-Jet and 2-Jet, respectively. In this paper, a 6-Jet analysis

will be reported and the other top pair channels are treated as backgrounds.
Processes with high jet multiplicity and a comparable cross section to that of the
top pair production such as WW → qqqq, ZZ → qqqq, and ZH(ZH → qqH) are

considered as backgrounds. Other backgrounds with 6-Jet final states such as tbW ,
WWZ, and ZZZ will be added in the future.

2.2 Polarization and Integrated luminosity

The running scenario around the ILC ECM = 350 GeV, an operation as the top
factory, has not been decided yet. Here we assume the following settings. The data

will be acquired using two polarization configurations

P(e+, e−) = (+30%, -80%)

2

Horiguchi	
  et	
  al.	
  
arXiv:hep-­‐ex/1310.0563	
  

Ecm (GeV)
340 342 344 346 348 350

To
ta

l c
ro

ss
 s

ec
tio

n(
fb

)

0

200

400

600

800

 

 Top Width = 1.4 GeV (fixed)
)=(-80%,+30%)+,e- Pol.(e

 171.8 GeV 

 172 GeV 

 172.2 GeV 

 

(a) Obtained cross section error at various top masses.

Ecm (GeV)
340 342 344 346 348 350

To
ta

l c
ro

ss
 s

ec
tio

n(
fb

)

0

200

400

600

800

 

 Top Mass = 172.00 GeV (fixed)
)=(-80%,+30%)+,e- Pol.(e

 1.2 GeV 
 1.4 GeV 
 1.6 GeV 

 

(b) Obtained cross section error at various top widths.
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(c) The correlation of top mass and width in the fitting result.

Figure 5: Fitting result

11

PS	
  Top	
  
quark	
  
mass	
  



Top Yukawa at 500 GeV 

Sudo (ALCW15) 
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Significance of tth (hÆbb) Signal 

13 

(Pe,Pe+) (-0.8,+0.3) (+0.8,-0.3) 
Lumi. (fb-1) 500 1600 500 1600 
8 jets 2.17 3.89 1.40 2.53 
lν + 6 jets 2.00 3.58 1.29 2.32 
2l2ν + 4 jets 1.02 1.83 0.72 1.31 

S/ S + B 

• (Pe,Pe+)=(-0.8,+0.3) polarization makes better result. 
      -- number of signal is important. Details	
  in	
  next	
  talk	
  



Top Yukawa at 550 GeV 
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Top Yukawa at 1 TeV Price, et al. arXiv:1409.7157  
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Fig. 3 Distribution of the reconstructed Higgs mass in the ILD detector
for signal events (six jets + lepton mode), without beam-induced back-
grounds using the Durham algorithm, and with background, comparing
the Durham and kT algorithms. By itself, the kT algorithm performs
better than the Durham algorithm in terms of mitigating the effects of
beam-induced backgrounds.

eight jets, respectively. In either case, the isolated leptons
described in Section 6.1 are removed before the jet finding
steps.

Heavy flavor identification is primarily used to remove
the tt background. Both the six-jet and eight-jet final states
contain four b jets. The tt events contain no more than two
b jets from the top decays as do ⇠80% of ttZ. The fla-
vor tagging classifier for the measurement of ttH produc-
tion was trained on events with six quarks of the same flavor
produced in electron-positron annihilation. For the training,
60000 c and b jets, and 180000 light flavor quark jets are
used. These samples were chosen since the jets have simi-
lar kinematic properties as those in ttH signal events. For
a b-jet identification efficiency of 50%, the misidentifica-
tion fraction is found to be about 0.12% for c-jets and about
0.05% for light quark (uds) jets for both detectors, evalu-
ated using two-jet final states at

p
s = 91GeV [11]. The

misidentification fraction for c-jets (uds-jets) increases by
100% (60%) when incoherent electron-positron pairs and
g g ! hadrons processes are included in the simulation as
described in Section 5. For the six-quark final states at

p
s =

1TeV, the misidentification fractions typically degrade by
a factor of two in addition due to the varying jet energies
and the confusion in the jet clustering due to the increased
number of jets.

Figure 4(a) shows the distribution of the response from
the flavor-tagging multivariate selection for the jet that has
the third-highest tagging probability. In both analyses, the
shape of the distribution of the flavor tagging response, rather
than a simple cut, is used. The background channels, in par-
ticular tt , are dominated by the peak at low values. The peak

at higher values in the ttZ channel is due to events with four
genuine b jets.

6.4 Reconstruction of W, top and Higgs Candidates

To form W, top and Higgs candidates from the reconstructed
jets, the following function is minimized for the final state
with eight jets:

c2
8 jets =

(M12 �MW)2

s2
W

+
(M123 �Mt)

2

s2
t

+
(M45 �MW)2

s2
W

+
(M456 �Mt)

2

s2
t

+
(M78 �MH)

2

s2
H

, (1)

where M12 and M45 are the invariant masses of the jet pairs
used to reconstructed the W candidates, M123 and M456 are
the invariant masses of the three jets used to reconstruct the
top candidates and M78 is the invariant mass of the jet pair
used to reconstruct the Higgs candidate. MW, Mt and MH
are the nominal W, top and Higgs masses. The resolutions
sW, st and sH were obtained from reconstructed jet combi-
nations matched to W, top and Higgs particles at generator
level. The corresponding function minimized for the six-jets
final state is given by:

c2
6 jets =

(M12 �MW)2

s2
W

+
(M123 �Mt)

2

s2
t

+
(M45 �MH)

2

s2
H

.

(2)

In the ILD analysis, the b tagging information is also used
to reduce the number of combinations by forming the Higgs
candidate from two of the four jets with the highest value of
the b-tagging classifier. The other jets in the event are used
to form the hadronic top candidates.

7 Event Selection

Events were selected using Boosted Decision Trees (BDTs)
as implemented in TMVA [30]. The BDTs were trained sep-
arately for the eight- and six-jets final states. The following
input variables were used:

– the four highest values of the b-tagging classifier. The
third (see Figure 4(a)) and fourth highest b-tag values are
especially suited to reject tt and most of the ttZ events,
both of which contain only two b jets;

– the event thrust [31] (see Figure 4(b)) defined as

T = max Âi |n̂ ·pi

|
Âi |pi

| , (3)

where pi is the momentum of the jet. Since the top quarks
in tt events are produced back-to-back, the thrust vari-
able has larger values in tt events compared to ttH, ttZ
or ttbb events;



Signal Extraction at 1 TeV 

  Reconstruct Signal in both, 6-jet and 8-jet signature 
  Take into account signal cross-feed 
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– the jet resolution parameter from the Durham algorithm
in the E recombination scheme Yi j, when combining i
jets to j = (i�1) jets. For the six-jets final state Y54 and
Y65 (see Figure 4(c)) are found to be effective, while Y76
and Y87 are used for the eight-jets final state. Isolated
leptons are removed prior to the jet clustering;

– the number of identified isolated electrons and muons
(ILD only);

– the missing transverse momentum, pmiss
T . Due to the lep-

tonic W boson decay, finite values of pmiss
T are recon-

structed for six-jets signal events while pmiss
T tends to-

wards zero for eight-jets signal events;
– the visible energy of the event defined as the scalar sum

of all jet energies;
– the masses M12, M123 and M45 as defined in Section 6.4.

For the eight-jets final state additionally the two variables
M456 and M78 as defined in Section 6.4 are included.

The ILD analysis includes the helicity angle of the Higgs
candidate as defined by the angle between the two b jet mo-
menta in the dijet rest frame.

To select events, cuts on the BDT response are applied.
The cuts were optimized by maximizing the signal signif-
icance given by: Sp

S+B , where S is the number of signal
events and B is the number of background events. As an ex-
ample, the reconstructed top and Higgs masses in six-jets
events after the cut on the BDT output are shown in Fig-
ure 5. The selection efficiencies (purities) for signal events
are 33.1% (27.7%) and 56.0% (25.2%) for the six- and eight-
jets analyses in ILD, respectively, and 30.5% (28.9%) and
45.9% (26.7%) in SiD. In Table 2 the expected yields are
shown separately for all investigated final states.

Table 2 Number of selected events for the different final states assum-
ing an integrated luminosity of 1 ab�1. The values obtained for the six-
and eight-jets final state selections are shown separately.

Detector ILD SiD
Sample Before cuts After Cuts

6 jets 8 jets 6 jets 8 jets
ttH 6 jets 628.7 208.0 65.5 191.6 57.4
ttH 8 jets 652.7 2.1 365.6 1.6 299.4
ttH ! other 1197.5 28.8 25.3 33.0 16.6
ttZ 5332.4 126.1 260.5 105.6 187.1
ttbb 1434.5 125.4 222.6 100.1 180.7
tt 308800.9 261.2 513.6 232.0 381.6
yt statistical uncertainty 6.9% 5.4% 7.0% 5.8%
combined 4.3% 4.5%

8 Results

The cross section can be directly obtained from the num-
ber of background-subtracted signal events after the selec-
tion. The uncertainty of the cross section measurement was
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Fig. 4 Distributions of the event selection variables for the different
signal and background processes in the ILD detector: (a) the third high-
est b-tag in the event; (b) the event thrust; (c) the jet resolution param-
eter Y65; (d) the number of reconstructed particles in the event. All
histograms are normalized to unit area.
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Fig. 5 Reconstructed top (a) and Higgs (b) masses for selected six-
jets events in the SiD detector. All histograms were normalized to an
integrated luminosity of 1 ab�1. The distribution for tt was scaled by
a factor of 0.5.

estimated using the number of selected signal and back-
ground events. Assuming an integrated luminosity of 1 ab�1

split equally between the P(e�,e+) = (�80%,+20%) and
P(e�,e+) = (+80%,�20%) beam polarization configura-
tions, the cross section can be measured with a statistical
precision of 10 – 11% using the eight-jets final state and
with a statistical precision of ⇡ 13% for the six-jets final
state.

The uncertainties of the measured cross sections trans-
late to precisions on the top Yukawa coupling of 5 – 6% and
⇡ 7% from the eight- and six-jets final states, respectively.
If both measurements are combined, the top Yukawa cou-
pling can be extracted with a statistical precision of better
than 4.5%.

For 1 ab�1 of data with only P(e�,e+)= (�80%,+20%)
polarization, this number improves to 4%. The precision for
the six-jets final state could be improved further if t leptons
were included in the reconstruction. Additional improve-

Error	
  on	
  g(-H)	
  in	
  
1	
  ab-­‐1	
  @	
  1	
  TeV	
  
	
  
Extapolated	
  
es4mate	
  for	
  total	
  
ILC	
  program	
  ~2%	
  
	
  
	
  



Top Yukawa at 1.4 TeV  
CLICdp-Note-2014-001   CLICdp-Note-2015-001  

  CLIC 1.4 TeV, 1.5 ab-1 

  Same basic strategy as ILC 1 TeV analysis 
  Added dedicated tau reconstruction, 2-jet reconstruction 
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Table 4: Selection efficiency for each event sample. Column 1 shows the simulated process. Column 2 shows the expected number of events in
1.5 ab�1. Column 3 shows the number of events in which 0 leptons were found. Column 4 shows the number (and percent) of these ‘0
lepton’ events which pass the BDT trained for the hadronic channel. Column 5 shows the number of events in which 1 lepton was found.
Column 6 shows the number (and percent) of these ‘1 lepton’ events which pass the BDT trained for the semi-leptonic channel. The number
of jets refers to the tt decay only.

Process Evt in 1.5 ab�1 Evt with 0 leptons Evt pass Had BDT Evt with 1 lepton Evt pass SL BDT

ttH, 6 jet, H ! bb 647 593 357 (60.2%) 49 9 (18.8%)
ttH, 4 jet, H ! bb 623 178 62 (35.1%) 420 233 (55.3%)

ttH, 2 jet, H ! bb 150 13 1 (10.7%) 61 20 (32.5%)
ttH, 6 jet, H 6! bb 473 306 38 (12.3%) 127 8 (6.52%)
ttH, 4 jet, H 6! bb 455 89 5 (5.81%) 246 19 (7.82%)
ttH, 2 jet, H 6! bb 110 6 0 (1.52%) 33 1 (3.66%)
ttbb, 6 jet 824 737 287 (38.9%) 80 8 (9.75%)
ttbb, 4 jet 794 222 44 (19.6%) 533 175 (32.9%)
ttbb, 2 jet 191 16 1 (8.71%) 78 14 (18.1%)
ttZ, 6 jet 2,843 2,335 316 (13.5%) 322 12 (3.68%)
ttZ, 4 jet 2,738 711 49 (6.86%) 1,678 170 (10.2%)
ttZ, 2 jet 659 54 1 (2.03%) 248 13 (5.23%)
tt 203,700 111,020 1,399 (1.26%) 77,110 523 (0.68%)

20

Final	
  number:	
  4.43%	
  error	
  on	
  g(-H)	
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Outlook 

  Room for improvement 
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Example	
  from	
  ZHH	
  analysis:	
  realis4c	
  reco	
  (leg)	
  vs.	
  perfect	
  reconstruc4on	
  (right)	
  
(including	
  perfect	
  jet	
  reco:)	
  20%	
  improvement	
  
Current	
  development:	
  Jet	
  clustering	
  for	
  EW	
  states	
  
Jet	
  substructure	
  not	
  used	
  
Personal	
  es4mate	
  for	
  achievable	
  precision	
  of	
  top	
  Yukawa	
  precision	
  at	
  a	
  Linear	
  Collider:	
  
<2%	
  
	
  


