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Summary of results 
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Figure 17: The response of the multivariate analysis for the semileptonic (left) and hadronic (right) decay
modes.

Figure 17 shows the cut efficiencies, purities, and significance for the BDTG output value for both264

modes. The optimal cut values of -0.49 (0.13) yield a maximal significance of 7.93 (7.58) leading to a265

statistical uncertainty on gttH of 6.6% (6.9%) for the hadronic (semileptonic) modes. The perfomance for266

each mode is significantly improved with the use of a TMVA over the cut based method. As with the cut267

based method the performance in the hadronic channel is observed to be better than the semileptonic channel268

as expected. When the results are combined an uncertainty on gttH of 4.7% is obsevered.269

9 Conclusions270

The uncertainty on the measurement of the top Higgs Yukawa coupling has been studied at 1 TeV for the271

hadronic and semileptonic decay modes using a conventional cut based approach and a multivariate analysis.272

The semileptonic analysis leads to an uncertainty of 6.9% (9.6%) for the multivariate (cut based) methods273

and the hadronic analysis yields improved values of 6.6% (7.2%). When the samples were combined an274

uncertainty on gttH of 4.7% is achieved via the multivariate method.275
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Significance	 Precision	 Efficiency	 Purity	
Semileptonic	 7.6	 6.9	 0.57	 0.27	
Hadronic	 7.9	 6.6	 0.54	 0.18	
Combined	 11.0	 4.7	

* Results are still preliminary as they are under internal review within ILD.	
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Mass resolutions 
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Figure 13: The reconstructed masses of the leptonic W boson (top left), leptonic top quark (top right),
hadronic W boson (middle left), hadronic top quark (middle right), Higgs boson (bottom left) and total mass
(bottom right) when there is exactly one identified isolated lepton in the event.

7 Cut Based Analysis228

The variables described in Section 6 were applied to the data sets to select the signal and reject the back-229

ground events. The variables were optimised to maximise the significance S = S/
p

S+B, of selecting the230

signal where S and B are the number of signal and background events passed the cut. Each cut was applied231

and optimised to the subset of events which passed all of the previous cuts.232

Table 2 shows the optimised cut values for the semileptonic analysis and the number of events expected233

passed each cut for the signal and backgrounds. The ttH events where the Higgs does not decay to a bb are234

incorporated into the tth!other events. Whilst the cuts before the b-tags demonstrate excellent background235

reduction, the main discriminant in this analysis is the b-tag3 cut as this yields the largest increases in the236
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Figure 13: The reconstructed masses of the leptonic W boson (top left), leptonic top quark (top right),
hadronic W boson (middle left), hadronic top quark (middle right), Higgs boson (bottom left) and total mass
(bottom right) when there is exactly one identified isolated lepton in the event.
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Table 2 shows the optimised cut values for the semileptonic analysis and the number of events expected233

passed each cut for the signal and backgrounds. The ttH events where the Higgs does not decay to a bb are234
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Figure 14: The reconstructed masses of the W boson (top left), top quark (top right), Higgs boson (bottom
left) and total mass (bottom right) when there are no identified isolated leptons. PLACEHOLDER: plot
needs backgrounds adding to it

signal significance of the sample. The small increases observed when applying the mass cuts is a result of237

the excellent background suppression from the previous cuts leading to only events which are consistent238

with ttH.239

The expected number of events for the hadronic selection are shown in Table 3. As observed in the240

semileptonic channel the main discriminant is the b-tagging. The final sample has a much larger significance241

than the semileptonic channel due to the cut on the number of isolated leptons removing less than one percent242

of the events compared with 42% for the semileptonic study. The large number of semileptonic events in the243

final hadronic sample is believed to be a result of the lepton isolation criteria which rejects the events which244

contain taus.245

Figure 16 demonstrates the power of the background suppression. Before any cuts have been applied the246

reconstructed Higgs mass peak in the signal is completely swamped by background events. Following the247

cuts the number of signal and background events remaining are comparable with each other and the Higgs248

mass peak is clearly visibly above the signal.249

After the cuts have been applied the efficiency of signal selection, esig, is 39.1% (15.1%) with a selected250

sample purity, rsel
sample, of 20.3% (31.0%) for the hadronic (semileptonic) mode. This yields a signal signif-251

icance of 7.20 (5.42) and a statistical uncertainty of 7.2% (9.6%) on the value of gttH. The uncertainty is252

reduced in the hadronic channel due to a higher relative cross section as the tau decays are rejected from the253

semileptonic channel. As the samples were split by the number of isolated leptons and minimal amounts254

of the signals remain as backgrounds in the final selections the final numbers can be combined to yield an255

overall significance of 9.01 and statistical uncertainty of 5.8% on the value of gttH.256
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Figure 14: The reconstructed masses of the W boson (top left), top quark (top right), Higgs boson (bottom
left) and total mass (bottom right) when there are no identified isolated leptons. PLACEHOLDER: plot
needs backgrounds adding to it
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* Results are still preliminary as they are under internal review within ILD.	
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Isolated Lepton 

Figure 10: A scatter plot showing the variables used in the lepton isolation for leptons originating from a W
boson (red) and all other leptons (blue).

6.5 Jet Clustering186

The signal and backgrounds were clustered using the Durham algorithm into 6 and 8 jet final states. The187

distance parameter between n and (n+1) jets in the final state is given by188

Yi j =
min(E2

i ,E
2
j )(1� cosqi j)

E2
CM

(7)189

where i=n and j=(n+1) jets, and cosqi j is the angle between the jets. If the event is forced into more jets than190

necessary, Yi j becomes small. As the values of i and j are signal dependant the two signals used different191

values of Yi j. For the semileptonic decay mode the values of Y45 and Y56 were interesting to study the change192

between 6 and 7 jets, and the hadronic mode used Y67 and Y78.193

6.6 Flavour Tags194

Both the semileptonic and the hadronic signals have four b-jets in the final state, two from the top decays195

and two from the Higgs decay. The tt background will only contain two b-jets from the top decays as will196

⇠80 % of ttZ. The flavour tagging is thus a very good discriminant between the signal and backgrounds.197

The b-tag values from LCFIPlus were ordered from largest to smallest and cuts were made on the third and198

fourth values to remove the events containing just two b-jets.199

Figure 12 shows the differences in the expected profiles of the third and fourth largest b-tags. For the200

background, there are small peaks at higher values of the b-tag due to the small contributions from genuine201

backgrounds with four b-jets, but the shape, especially tt, is dominated by the peak at small values.202
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Figure 9: The total visible energy for events with and without gg !hadrons clustered using the Durham
algorithm, and the kt algorithm for the semileptonic mode.

Lepton Efficiency Composition
W!e, µ W! t !e, µ Other e, µ Fake e, µ

Electrons 84.0% 94.2% 2.9% 1.6% 2.3%
Muons 90.5% 96.3% 2.4% 1.2% 0.7%

Table 1: The performance of the isolated lepton finder including the efficiency of selecting a genuine lepton
from a W decay, and the composition of the selected samples including fake leptons.

large amount of ISR, and events which contained multiple neutrinos in the final state.174

6.3 Number of Particle Flow Objects175

Events with a small number of PFOs were rejected to further protect against backgrounds with multiple176

neutrinos especially those containing two leptons, two neutrinos, and just four jets. This is of particular177

relevance for the tt background which contains two lepton processes with high cross sections in the final178

state.179

6.4 Thrust180

The thrust of an event is given by181

T = max Âi |n̂ ·~pi|
Âi |~pi|

(6)182

where pi is the momentum of the jet. The thrust of an event with two back to back jets is one whereas for183

an event where the jets are spherically symmetric in the detector is 0.5. As the tt system is effectively a two184

fermion system the thrust of the event is larger than the ttH, ttZ, and ttbb.185
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Cut leptonic semileptonic hadronic ttH !other ttZ ttbb tt Sp
S+B

Total Events 151.4 628.7 652.7 1046.1 5332.4 1434.5 308800.9 1.11
Nisolep=1 74.6 363.5 5.0 371.8 1581.5 439.9 101295.2 1.13

610< Evis <1000 49.6 338.5 4.7 312.7 1228.9 373.8 75507.1 1.21
nPFOs>154 15.0 235.0 4.1 195.0 589.0 194.5 12605.9 2.00
Thrust<0.88 12.5 205.6 3.7 168.9 492.6 140.0 6092.3 2.44

log10(Y45)>-2.25 7.7 151.3 3.2 108.5 295.2 91.0 2067.2 2.90
log10(Y56)>-3.35 6.9 145.1 3.2 106.2 277.6 86.0 1836.1 2.92

b-tag1 >0.96 6.7 135.1 2.8 79.8 216.9 78.3 1367.8 3.11
b-tag2 >0.91 6.1 118.2 2.3 41.2 135.1 66.9 715.2 3.59
b-tag3 >0.67 5.5 102.1 1.6 5.7 59.4 56.0 137.2 5.33
b-tag4 >0.04 5.5 100.5 1.5 5.4 58.3 54.8 128.7 5.34

c2 <450 5.3 100.0 1.4 5.2 56.8 53.7 126.0 5.36
364< MTotal <808 5.2 99.7 1.4 5.2 56.5 53.5 124.7 5.36

0< Mlep
W <360 5.1 99.5 1.4 5.2 56.5 53.3 122.5 5.37

84< Mlep
t <442 5.1 99.5 1.4 5.2 56.5 53.2 121.9 5.37

28< Mhad
W <392 5.1 99.4 1.4 5.1 56.5 53.1 121.3 5.38

96< Mhad
t <420 5.1 99.4 1.4 5.1 56.5 53.0 121.0 5.38

98< MH <234 4.4 94.8 1.2 4.6 46.1 48.2 106.7 5.42
cos(qhel)<1 4.4 94.8 1.2 4.6 46.1 48.2 106.7 5.42

Table 2: The number of events passed each cut when the cut values are optimised to select the semileptonic
signal with maximum significance. The ttH!other is the background where the Higgs boson does not decay
to a bb pair.

Cut leptonic semileptonic hadronic tth!other ttZ ttbb tt Sp
S+B

Total Events 151.4 628.7 652.7 1046.1 5332.4 1434.5 308800.9 1.11
Nisolep=0 20.9 261.2 647.9 556.7 3226.1 932.5 188911.4 1.47
Evis> 650 9.8 221.0 636.2 497.5 2743.5 849.3 157389.6 1.58

Thrust<0.87 8.1 187.8 577.6 440.1 2219.7 540.9 46916.1 2.56
log10(Y78)>-4 3.7 143.6 549.5 415.5 1926.6 474.6 27472.1 3.12
b-tag4 >0.38 1.9 81.0 275.0 17.6 230.0 209.6 680.6 7.11

cos(qhel)<0.9 1.6 73.8 263.7 16.5 215.9 189.2 584.9 7.19
Mt >120 1.5 68.9 255.4 15.6 207.8 178.5 530.93 7.20

Table 3: The number of events passed each cut when the cut values are optimised to select the hadronic
signal with maximum significance. The ttH !other is the background where the Higgs boson does not
decay to a bb pair.
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Cut leptonic semileptonic hadronic ttH !other ttZ ttbb tt Sp
S+B

Total Events 151.4 628.7 652.7 1046.1 5332.4 1434.5 308800.9 1.11
Nisolep=1 74.6 363.5 5.0 371.8 1581.5 439.9 101295.2 1.13

610< Evis <1000 49.6 338.5 4.7 312.7 1228.9 373.8 75507.1 1.21
nPFOs>154 15.0 235.0 4.1 195.0 589.0 194.5 12605.9 2.00
Thrust<0.88 12.5 205.6 3.7 168.9 492.6 140.0 6092.3 2.44

log10(Y45)>-2.25 7.7 151.3 3.2 108.5 295.2 91.0 2067.2 2.90
log10(Y56)>-3.35 6.9 145.1 3.2 106.2 277.6 86.0 1836.1 2.92

b-tag1 >0.96 6.7 135.1 2.8 79.8 216.9 78.3 1367.8 3.11
b-tag2 >0.91 6.1 118.2 2.3 41.2 135.1 66.9 715.2 3.59
b-tag3 >0.67 5.5 102.1 1.6 5.7 59.4 56.0 137.2 5.33
b-tag4 >0.04 5.5 100.5 1.5 5.4 58.3 54.8 128.7 5.34

c2 <450 5.3 100.0 1.4 5.2 56.8 53.7 126.0 5.36
364< MTotal <808 5.2 99.7 1.4 5.2 56.5 53.5 124.7 5.36
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84< Mlep
t <442 5.1 99.5 1.4 5.2 56.5 53.2 121.9 5.37

28< Mhad
W <392 5.1 99.4 1.4 5.1 56.5 53.1 121.3 5.38

96< Mhad
t <420 5.1 99.4 1.4 5.1 56.5 53.0 121.0 5.38

98< MH <234 4.4 94.8 1.2 4.6 46.1 48.2 106.7 5.42
cos(qhel)<1 4.4 94.8 1.2 4.6 46.1 48.2 106.7 5.42

Table 2: The number of events passed each cut when the cut values are optimised to select the semileptonic
signal with maximum significance. The ttH!other is the background where the Higgs boson does not decay
to a bb pair.

Cut leptonic semileptonic hadronic tth!other ttZ ttbb tt Sp
S+B

Total Events 151.4 628.7 652.7 1046.1 5332.4 1434.5 308800.9 1.11
Nisolep=0 20.9 261.2 647.9 556.7 3226.1 932.5 188911.4 1.47
Evis> 650 9.8 221.0 636.2 497.5 2743.5 849.3 157389.6 1.58

Thrust<0.87 8.1 187.8 577.6 440.1 2219.7 540.9 46916.1 2.56
log10(Y78)>-4 3.7 143.6 549.5 415.5 1926.6 474.6 27472.1 3.12
b-tag4 >0.38 1.9 81.0 275.0 17.6 230.0 209.6 680.6 7.11

cos(qhel)<0.9 1.6 73.8 263.7 16.5 215.9 189.2 584.9 7.19
Mt >120 1.5 68.9 255.4 15.6 207.8 178.5 530.93 7.20

Table 3: The number of events passed each cut when the cut values are optimised to select the hadronic
signal with maximum significance. The ttH !other is the background where the Higgs boson does not
decay to a bb pair.
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Isolated lepton finding based on: 
-  Lepton ID (Calorimeter energies) 
-  Impact parameter significance 
-  Jet-based isolation (LAL Lepton Finder)	

* Results are still preliminary as they are under internal review within ILD.	


