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Abstract

The contribution of additional samples to the background expectation in a direct measure-
ment of the top Yukawa coupling is investigated. In a previous study, the physics potential
of a direct measurement of the top Yukawa coupling was investigated, using the process
e’e” — ttH at a /s = 1.4TeV Compact Linear Collider (CLIC) and reconstructed using
the CLIC_SiD detector. The expected precision on the top Yukawa coupling was determ-
ined to be 4.27%, without beam polarisation. The inclusion of additional non-tt (+X) back-
grounds has slightly increased the background expectation and an updated precision on the
top Yukuwa coupling is determined to be 4.43% with no further optimisation of the selec-
tion.



Contents

Contents

1. Introduction 3
2. Analysis strategy 3
3. Simulation samples 3
4. Reconstruction 5
5. Selection efficiency 5
6. Results 6
7. Possible improvements 7
8. Conclusions 7
A. Semi-leptonic analysis variables 9
B. Hadronic analysis variables 16
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1. Introduction

The top quark is the heaviest known fundamental particle, therefore its coupling to the Higgs boson, the
top Yukawa coupling, g, represents the strongest of the Higgs couplings. The top Yukawa coupling

can be accessed through the process e"e” — ttH, which is sensitive to the strength of the coupling at
the ttH vertex squared.

The Compact Linear Collider (CLIC) [1] is a proposed future e e collider with possible staged
centre-of-mass energies (/s) of 350 GeV, 1.4TeV and 3 TeV. One of the main goals of CLIC will be
precision measurements of the properties of the Higgs boson.

The present note is an update on the estimation of the statistical uncertainty of the top Yukawa coupling
measured at /s = 1.4TeV assuming 1.5 ab~ ! of integrated luminosity [2]. The motivation for this study
was the need to determine whether additional sources of background, not considered in the original
analysis, would contribute to the total background estimation and have an effect on the measured top
Yukawa coupling uncertainty. The final states of these backgrounds and their kinematical distributions
vary greatly from those of the ttH signal. However, their high cross-sections warrant the study of their
contribution to the total expected backgrounds.

+

2. Analysis strategy

The additional backgrounds were processed in the same manner as the samples in the original analysis.
Two mutually exclusive event samples were produced by first identifying leptons and sorting events
into two streams: one with exactly one identified lepton (semi-leptonic channel) and one with no iden-
tified leptons (hadronic channel), and then forcing jet reconstruction in each stream into 6 and 8 jets
respectively. Events were selected using a boosted decision tree (BDT) as implemented in the Toolkit
for Multivariate Data Analysis, TMVA [3], which is a multivariate classifier integrated into the ROOT
analysis framework. Gradient boosting was used. The training for two BDTs, one for each channel, was
done in the original analysis and it was applied to all the events in the additional samples. The additional
samples were not used to train the BDT.

3. Simulation samples

WHIZARD 1.95 [4, 5] was used to generate all events in the additional samples. PYTHIA 6.422 [6] was
used for hadronization. The full response of the CLIC_SiD detector [7, 8] was simulated for each event
in GEANT4 [9, 10]. All samples are simulated with unpolarised beams.

Table 1 gives details of the simulated samples used in this study. The first two rows in the table cor-
respond to the signal samples in the original analysis, included here for comparison. The first additional
sample (gqqq) is mostly WW production, while the second (ggqqvVv) is WW fusion, where “v” can be v
or V. The third additional sample (gggqlVv) has a large fraction of tt, while the fourth (gggqll) is mostly
727 fusion. Here “q” can be g or g and / = e, u, 7. The fourth column of the table shows the sample
weight, which scales the simulated samples to an integrated luminosity of 1.5 ab .

There is a considerable fraction of tt events present in ggqqlVv (see Figure 1), which have already been
accounted for in a dedicated sample and they need to be removed. A veto on tt events is implemented
by reconstructing the two top masses at generator level and excluding all events in ggqq/v where both
of these reconstructed masses satisfy 150 GeV/ < M, <200GeV/ ¢*. The reconstruction of tt is done
by selecting events with a bb pair. The lepton and neutrino are used to reconstruct a W, while the four
quarks: bbgq', where ¢’ can be a bottom, are used to reconstruct (along with the first W) the second W
and the two tops. The assignment of quarks that minimizes a Xz function parametrised in the top and W
masses is selected to reconstruct the tt event. This xz function is defined by
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Table 1: The four additional backgrounds and the two signal channels for comparison. Column 1 shows the
simulated process. Column 2 shows the assumed cross-section. Column 3 shows the expected number of
events in 1.5ab~'. Column 4 shows the sample weight.

Process Cross section (fb) Events in 1.5 ab~! Sample weight
ttH, 6 jet, H — bb 0.431 647 0.03
ttH, 4 jet, H — bb 0.415 623 0.03
q9949 1326 1.989 x 10° 8.11
qqqqvyVv 24.7 37050 0.17
qq9q9qlv 115.3¢ 68338 1.22
qqqqll 71.7 107550 0.65

“Before tt removal.

2 o 2 L 2 o 2
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where M, =174.0GeV /¢?, 6, =1.1 GeV /c?, M+ =80.4 GeV/c?, oy+ =14 GeV /c? are obtained from
Gaussian fits to the distributions of generator level top and W masses.

The fraction of events identified as tt and removed using this method is 40%. Unless expressly stated
otherwise, all figures and table entries in this note do not include events in ggqglv which are identified
as tt in this manner. Interference effects with the removed process are small and neglected.
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Figure 1: tt events present in gggqlv. (a): Generator level top mass reconstructed from blv. (b): Generator
level top mass reconstructed from bgq'. The mass window used for the veto is shown in both graphs
(150 GeV /c* < M, <200 GeV /c?). All distributions are normalized to unity.
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4. Reconstruction

Lepton identification is described in detail in the original analysis. Electrons, muons and hadronically
decaying taus are identified and events with exactly one lepton are selected for the semi-leptonic channel.
Events with no identified leptons are selected for the hadronic channel. The lepton finder fails to identify
leptons more often in the gggqll sample than in ggqqlv (see Table 2). However, the final states in gqqqll
originate mostly from ZZ fusion, hence these dileptons are mostly the beam leptons after radiation of a
photon or Z bosons. These high-energy electrons and positrons have polar angle distributions that are
peaked in the forward direction and many are outside of the detector acceptance (see Figure 2). Leptons
in gqqqll at high polar angles are mostly high energy beam electrons. Leptons in gqqq/v are from
leptonic decays of W. Appendices A and B show the event shapes, b-tags and kinematic distributions
of the new backgrounds in the semi-leptonic and hadronic channel, respectively. The corresponding
signal distributions in each channel are also shown for comparison. As can be seen in the figures in the
appendices, the distributions of these backgrounds vary greatly from those of the ttH signal, and in most
samples only a few percent of the events survive the analysis selection, which is described in the next
section.
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Figure 2: Generator level 6 of the true lepton in ggggll (cyan) and in ggqqlv (red). All distributions are normal-
ized to unity.

5. Selection efficiency

The cut values on the BDT response in the semi-leptonic and hadronic channles were determined in the
original analysis. These correspond to the values for the optimal selection, which maximised the signal

significance defined as
S

VS+B’
where S denotes the number of selected signal events, and B the number of selected background events.

This resulted in a maximum significance of 8.36 in the semi-leptonic channel and of 9.17 in the hadronic
channel, corresponding to cut values on the BDT response of 0.26 and 0.14, respectively. The BDT

ey
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response of the additional samples is shown in Figure 3. Applying the selection on the BDT response with
these cuts results in the efficiencies shown in Table 2. The overall signal significance is then recalculated
after adding the contribution of the additional samples to the total background expectation.
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Figure 3: BDT response for background samples, scaled to the number of events expected in 1.5 ab . (a): Semi-
leptonic channel. The signal in this channel (6 jets + 1 lepton) is shown (shaded) for comparison. (b):
Hadronic channel. The signal in this channel (8 jets + O lepton) is shown (shaded) for comparison.

Table 2: Selection efficiency for each event sample. Column 1 shows the simulated process. Column 2 shows
the number of events (and percent) in which O leptons were found. Column 3 shows the number (and
percent) of these ‘zero lepton’ events which pass the BDT trained for the hadronic channel. Column 4
shows the number of events (and percent) in which 1 lepton was found. Column 5 shows the number
(and percent) of these ‘one lepton’ events which pass the BDT trained for the semi-leptonic channel.

Process Zero leptons  Pass HAD BDT One lepton Pass SL BDT

9999 1.637x10°  (82%) 195 (1%) 301343 (15%) O (0%)

qqq9qvVv 33760 (91%) 1 (0.3%) 3021 8%) O (0%)

qq9q94qlv 24812 (36%) 11 (4%) 38893 (57%) 70 (18%)

qqqql! 50865 (47%) 1 0.1%) 37668 (35%) O (0%)
6. Results

After the full analysis selection, the samples studied contribute a relatively small number of new events
to the total background expectation estimated in the original analysis. The additional backgrounds con-
tribute 70 new events to the semi-leptonic channel and 208 new events to the hadronic channel. Using the
updated background expectation, the significance in the semi-leptonic and in the hadronic channel is 8.12
and 8.80, respectively. These can be calculated directly from the yields obtained in the original analysis
after adding the contributions of the additional backgrounds [2]. The sensitivity to the cross-section can
now be calculated directly from the inverse of the signal significance. Assuming an integrated luminosity
of 1.5ab ™", the cross-section can be measured with an accuracy of 12.31% in the semi-leptonic channel
and 11.36% in the hadronic channel. The combined precision of the two channels is 8.35%. This is the
error-weighted mean of two independent measurements.
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To extract the uncertainty on the top Yukawa coupling (Ag,y) from the measured uncertainty on the
cross-section (Ao (ttH)), the following relation is used [2]:

2

Therefore, the uncertainty on the measured cross-section of 8.35% translates into a precision on the
top Yukawa coupling of 4.43%.

7. Possible improvements

The original selection was not altered in this analysis of additional backgrounds. The BDTs used here
to reject background events were trained only with the background samples considered in the original
analysis. A first step in an improved analysis of these additional samples would be the training of the
BDT including these backgrounds. Additionally, the 4-jet topology of the gggq sample, which is rich in
events with back-to-back W bosons, could be used to further increase the rejection of this background. It
would be expected that angular variables such as the A¢ between the two Ws on the plane perpendicular
to the beam direction could be useful in separating signal from background in an MVA selection. To
investigate the discriminating potential of this and other variables, the particles in gggq were clustered
into 4 jets in an attempt to reconstruct events with a recoiling back-to-back topology. The kr algorithm
including beam jets [11, 12], implemented in FastJet [13], was used in the exclusive mode to cluster the
jets of each event and to reject particles originating from beam-beam backgrounds. The LCFIPlus [14]
package was used to re-cluster particles not in beam jets using the Durham algorithm [15]. In both
algorithms jet clustering was forced to 4 jets. The same steps were repeated with the two signal samples
from the original analysis, and the distributions of A¢ and W mass were compared (see Figure 4). As
expected, events in gqqq tend to aggregate to high absolute values of A@, consistent with two recoiling
W bosons. Unfortunately, events in the 8-jet signal also concentrate toward high values of A¢, and the
hadronic final state is the only one affected by this background after the analysis selection. On the other
hand, the shapes of the reconstructed W mass distributions exhibit significant differences between the
qqqq background sample and the 8 jet signal sample, and this variable could be used to further reduce
the contribution of this background to the hadronic channel.

8. Conclusions

The contribution of additional samples to the background expectation in a direct measurement of the top
Yukawa coupling was investigated. Only two of the samples studied had non-negligible contributions
to the background, with gggqg contributing the most events in the hadronic final state. Given that this
contribution is relatively small (see Table 2) compared to the total background expectation estimated
in the original analysis, no action was taken here to reduce this background. However, the first step
in an improved analysis would be to reduce the 195 selected ggqq events in the hadronic channel by
reconstructing as 4 jets.

Using the updated background estimation, the new uncertainty on the measured cross-section trans-
lates into a precision on the top Yukawa coupling of 4.43%. This is a small increase to the 4.27%
estimated in the original analysis.
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Figure 4: PFOs clustered into 4 jets. A¢ between reconstructed W bosons and number of leptons = 0 (a) and 1
(b). Reconstructed W mass with number of leptons = 0 (c) and 1 (d). All distributions are normalized
to unity.
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A. Semi-leptonic analysis variables

Kinematic variables, b-tags and event shapes in the semi-leptonic channel. The additional backgrounds
are compared to the signal sample (ttH, 4 jet, H — bb). All distributions are normalized to unity.
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B. Hadronic analysis variables

Kinematic variables, b-tags and event shapes in the hadronic channel. The additional backgrounds are
compared to the signal sample (ttH, 6 jet, H — bb). All distributions are normalized to unity.
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Figure 15: c-tag value plots of the four highest b-tagged jets, normalised to unit area.
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Figure 17: Angular variable plots, normalised to unit area.
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Figure 19: Jet energy variable plots, normalised to unit area.
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