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Abstract

The physics potential of a direct measurement of the top Yukawa coupling is inves-
tigated, using the process ete~ — ttH produced at a /s = 1.4 TeV Compact Linear
Collider (CLIC). Final states with six and eight jets are reconstructed. This study
addresses various aspects of the detector performance: jet clustering in complex
hadronic final states, missing energy reconstruction, flavour-tagging and the iden-
tification of high-energy leptons. The analysis is based on full CLIC_SiD detector
simulation using GEANT4. Beam-induced backgrounds from yy — hadrons inter-
actions are overlaid on top of the physics events. The expected precision on the top
Yukawa coupling is determined to be 4.27%, without beam polarisation.
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1. Introduction

The Standard Model (SM) of particle physics predicts a linear dependence between the Higgs-
fermion coupling strengths and the resulting fermion masses. The top quark is the heaviest
known fundamental particle, therefore its coupling to the Higgs boson (the top Yukawa coupling
gun) represents the strongest of the Higgs couplings. Precise measurement of the top Yukawa
coupling constitutes a test of the SM, and may provide sensitivity to physics beyond the SM.

The Compact Linear Collider (CLIC) [1] is a proposed future e*e™ collider with possible
staged centre-of-mass energies (1/s) of 350 GeV, 1.4 TeV and 3 TeV. One of the main focuses
of CLIC will be precision measurements of the properties of the Higgs boson. 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 (see Figure 1).
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Figure 1: Feynman diagram of the process of interest, e "¢~ — ttH, in which a top quark radiates a Higgs
boson.

In this note the statistical uncertainty of the top Yukawa coupling is measured at /s = 1.4 TeV
assuming 1.5 ab~! of integrated luminosity. Similar studies have been performed at /s = 1 TeV
using the SiD [2] and ILD [3] detectors at the International Linear Collider (ILC). The signal
and background cross-sections relevant for this analysis vary favourably as the centre-of-mass
energy increases from 1 TeV to 1.4 TeV, however the levels of beam-induced background at
CLIC are higher than at the ILC and must be controlled to perform precision measurements.

The ttH final state was not observed during Run I of the LHC [4, 5]. The expected precision
on the top Yukawa coupling as measured at the /s = 14 TeV LHC is 14% — 15% with 300 fb~!,
and 7% — 10% with 3000 fb~! of data [6].

2. Analysis framework

PHYSSIM [7] was used to generate all event samples, with the exception of the tt sample which
was produced in WHIZARD 1.95 [8, 9]. The expected luminosity spectrum at CLIC was taken
into account during the event generation. PYTHIA 6.422 [10] was used for hadronisation. Back-
grounds from the beam-beam process yy — hadrons were simulated and overlaid on top of the
physics processes. According to the expected bunch train structure and read-out electronics,
backgrounds from 60 bunch-crossings were overlaid on top of each physics event. The full
response of the CLIC_SiD detector [11, 12] was simulated for each event in GEANT4 [13, 14].



Events were reconstructed using the particle flow technique, implemented in Pandora PFA [15,
16]. The kt algorithm including beam jets [17, 18], implemented in FastJet [19], was used in
exclusive mode to cluster the jets of each event and to reject particles originating from beam-
beam backgrounds. The LCFIPlus [20] package was used to re-cluster the signal jets using the
Durham algorithm [21], and to flavour-tag these jets for charm and beauty probabilities. Simu-
lation, reconstruction and analysis were done with ILCDIRAC [22].

3. The CLIC_SiD detector model

The CLIC_SiD detector is based on the SiD detector concept [23] for the ILC, and adapted for
the beam conditions and higher centre-of-mass energy at CLIC. The detector design includes
fine-grained calorimetry, to enable particle flow analysis techniques. Tungsten is used as the
absorbing material throughout the ECAL and in the HCAL barrel, the HCAL endcap uses steel.
Both calorimeters are within a 5 T solenoidal magnetic field. The tracking system is fully based
on silicon pixel and strip technology. The vertex detector comprises ultra-thin hybrid pixel
sensors, and uses power-pulsing and air-flow cooling to minimise the material budget. The
outer tracking detector has five layers of thin silicon strip detectors. An instrumented iron yoke
provides the magnetic flux return, and detection for penetrating particles.

4. Analysis strategy

The analysis strategy is presented in detail in the following sections, however a brief overview
is given here. The bb decay of the 126 GeV /c?> Higgs boson is considered, corresponding to
a branching ratio of 56%. Top quarks decay into a b jet and a W boson, where the W can
subsequently decay either hadronically (68%) or leptonically (32%). There are therefore three
possible final states of the top pair containing 0, 1 or 2 leptons depending on the decay of the
two W bosons.

In this analysis two final states of the top pair are studied, the ‘all jets’ final state with a
branching ratio of 46% and the ‘lepton-+jets’ final state with a branching ratio of 45%. The ‘di-
lepton’ tt final state is not considered, as it has a branching fraction of only 9%, and much larger
backgrounds. This results in two channels for the ttH decay,

e the fully-hadronic channel, giving a ttH final state of eight jets,
e the semi-leptonic channel, giving a ttH final state of six jets, one lepton and one neutrino,

where the two channels are distinguished by the number of leptons present.

Leptons originating from W decays are identified in each event (described in Section 6). If
zero leptons are found, the event is classified as fully-hadronic. If one lepton is found, the event
is classified as semi-leptonic. Events in which more than one lepton are found are not analysed
further.

All particles in an event which were not identified as leptons are clustered by the kt algo-
rithm into a specific number of jets, plus two beam jets (see Section 7). Events classified as
fully-hadronic are clustered into eight jets, and those classified as semi-leptonic into six jets.



The particles clustered into the beam jets are assumed to have originated from beam-beam back-
grounds, and are removed from the event.

The particles included in the six or eight jets are then re-clustered using the Durham algorithm,
and flavour-tagging of each jet is performed (see Section 8). Jets are combined together using
kinematic information to give W=, top and Higgs candidates. A selection is used to separate
signal from background, allowing the uncertainty on the ttH cross-section to be measured (see
Section 9).

To translate the measured uncertainty on the cross-section into a measurement of the uncer-
tainty on the top Yukawa coupling, a correction is applied to take into account the Higgsstrahlung
diagram. This diagram contributes to e*e~ — ttH but is not sensitive to the top Yukawa cou-
pling (see Figure 2). The correction factor is calculated by considering the cross-section for the
process e e — ttH as a function of the value of the top Yukawa coupling at /s = 1.4 TeV (see
Figure 3). Beamstrahlung is included in the simulation, which reduces the effective centre-of-
mass energy of the collisions. The correction factor is equal to the slope of the cross-section at
the SM value of the top Yukawa coupling.
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Figure 2: Feynman diagram of the Higgsstrahlung process, in which the ttH final state is achieved by the
Z/y* radiating a Higgs boson.

5. Simulation samples

Table 1 gives details of the simulated samples used in this analysis. The fully-hadronic and
semi-leptonic channels of interest are simulated, in addition to ttH decays to other final states
and a number of background channels. Other eight-fermion final states included as background
are ttZ and ttbb decays, in which a top quark radiates a Z or g — bb. These samples are
simulated separately for each final state of the top pair. The six-fermion final state channel of
tt is simulated for all possible decay modes. This process is a significant background due to
its comparatively large cross-section. All samples are simulated with unpolarised beams. The
weight of each simulated sample is much smaller than 1, with the exception of the weight for
the high cross-section tt sample which is of order 1.
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Figure 3: Cross-section for the process eTe~ — ttH as a function of the value of the top Yukawa coupling
(gun), calculated at /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 1.5ab~!. Column 4 shows the sample weight. The number of jets refers to

the tt decay only.

Process Cross-section (fb) Evtin 1.5ab~!  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 /4 bb 0.315 473 0.02
ttH, 4 jet, H /4 bb 0.303 455 0.02
ttH, 2 jet, H /4 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




6. Lepton identification

The first step of the analysis is to identify and reconstruct leptons from W= decays. This section
details how leptons are distinguished from all other reconstructed particles in the event. As
expected due to their rapid decay, tau leptons demonstrate different behaviour to electrons and
muons. Two searches are therefore implemented. Isolated leptons (electrons and muons) are
searched for first, using a combination of track energy, calorimeter energy, impact parameter
and isolation information. Then tau leptons are searched for, by considering highly energetic,
low-multiplicity jets which must be isolated from other activity in the detector.

Simulator-level information can be used to match generated particles to reconstructed particles
and vice-versa, a process known as ‘truth-matching’. The properties of reconstructed leptons
from W* decays are determined in this way (see Section 6.1). This allows the two search
algorithms to be tuned, enabling them to distinguish between reconstructed leptons and other
reconstructed particles (see Sections 6.2 and 6.3).

6.1. Properties of leptons from W* decays

The electrons and muons originating from W decays have high reconstructed track energies, in
the range of 50 GeV — 350 GeV (see Figure 4). This is much higher than the energy of typical
particles in jets. The decay products of tau leptons have much less energy than electrons and
muons, however are still significantly more energetic than particles originating from showers
within jets.
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Figure 4: Events from the simulated semi-leptonic ttH sample. (a): The reconstructed track energy of
all reconstructed truth-matched electrons (red), muons (blue) and tau decay products (green)
from W decays. ‘Others’ denotes reconstructed tracks not truth-matched to a simulated signal
lepton. The maximum of all histograms is set to one. (b): The track energy of all reconstructed
particles not truth-matched to a lepton. ‘Loose’, ‘default’ and ‘tight’ refers to the level of
beam-induced background suppression. Histograms are scaled to have unit area.



Due to the short lifetime of top quarks and W bosons, the electrons and muons from W+
decays typically originate from the primary vertex (PV) of the event. Conversely, b quarks and
tau leptons have a longer lifetime and their decay products may originate from a displaced vertex.
The impact parameter (IP) of a track describes the perpendicular distance between the track and
PV, at the track’s point of closest approach to the PV. It can be decomposed into longitudinal
(Zy) and radial (dy) components, which combine to give the 3D IP:

Ry=/Z}+d3. (1)

Figure 5 shows the three IP variables for reconstructed truth-matched leptons from W decays,
and for all other reconstructed particles. As expected, reconstructed electrons and muons have
significantly smaller IP than other reconstructed particles in the event.
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Figure 5: Impact parameter of truth-matched reconstructed electrons (red), muons (blue) and tau de-
cay products (green) from W decays, and all other reconstructed particles in the event not
truth-matched to a lepton (black). (a): The radial IP component dy. (b): The longitudinal IP
component Zy. (c): The combined 3D IP Ry (see Equation 1).

Electrons, muons and hadrons have different interaction cross-sections in the materials which
make up the detector. Therefore, information from the calorimeter system can be used to infer
the identity of particles. The ratio of the energy deposited in the ECAL with the total energy
deposited in both ECAL and HCAL
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is shown in Figure 6 for reconstructed, truth-matched leptons from W= decays and all other
reconstructed particles not truth-matched to a lepton. As electrons are contained within the
ECAL, they form a peak at Rcar, = 1. Muons deposit a minimum amount of ionisation energy
throughout the calorimeters, and form a peak at Rcap, =~ 0.2. Tau decay products can be leptonic
or hadronic, and therefore can not be identified in this way.

A final method for identifying leptons from W= decays is to consider their isolation within
the event. As most particles originate from showers within jets, they are reconstructed in ‘busy’
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Figure 6: Calorimeter energy ratio (see Equation 2) of reconstructed, truth-matched electrons (red),
muons (blue), tau decay products (green) and all other reconstructed particles not truth-
matched to a lepton (black).

regions of the detector with high occupancy. The electrons and muons from W= decays are
expected to be more isolated. Tau decay products, while not isolated from each other, should
also exist within a lower occupancy region of the detector.

Figure 7 shows the energy within a cone of size cos(6) = 0.995 around the particle’s track as
a function of track energy. Electrons are seen to radiate more than muons, as expected, although
both flavours of leptons are typically highly energetic and highly isolated (low cone energy), in
contrast to other particles. Considering cone energy as a function of track energy (rather than
cone energy independently) allows the identification of highly energetic leptons which radiate
photons at small angles.
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Figure 7: Cone energy as a function of track energy. (a): Reconstructed, truth-matched electrons. (b):
Reconstructed, truth-matched muons. (c): Other reconstructed particles not truth-matched to a
lepton.



6.2. Selection of isolated leptons

Using information from the above section, a selection based on track energy, calorimeter energy,
impact parameter and isolation was devised to distinguish electrons and muons from W= decays
from other particles in the event. The IsolatedLeptonFinder Marlin processor [24] was used.

To be selected as an electron or muon from a W+ decay, a particle’s track energy must be
greater than 15 GeV. This selection retains 96.5% of reconstructed, truth-matched electrons and
muons from W= decays and 9.6% of all other reconstructed particles not truth-matched to a
lepton. A selection on IP is applied, requiring that dy, Zy and Ry are all less than 0.05 mm. The
calorimeter energy ratio Rcay, is required to be greater than 0.9 or within the range 0.05 — 0.3, to
remove particles which do not behave as electrons or muons in the calorimeters. A polynomial
isolation selection, dependent on the reconstructed particle’s energy, is applied to the particle’s
cone energy (see Figure 8). The requirement is:

100, if > 10 GeV.
Particle energy (GeV) > { 1 cone energy e 3)

10 x cone energy (GeV), if cone energy < 10 GeV.

This removes non-leptons whilst retaining high-energy leptons which radiate a photon. Figure 8c
appears significantly different from Figure 7¢ because the selection has removed the majority of
particles. The remaining set of reconstructed particles contains a high fraction of leptons (within
jets for instance), but these particles are not truth-matched to a lepton from a W= decay.

In combination these requirements retain 87.3% of truth-matched electrons and muons, and
0.4% of other reconstructed particles not truth-matched to a lepton from a W decay.
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Figure 8: Cone energy as a function of track energy, after application of the polynomial selection used
to identify isolated leptons. (a): Reconstructed, truth-matched electrons. (b): Reconstructed,
truth-matched muons. (c): Other reconstructed particles not truth-matched to a lepton.

6.3. Selection of tau leptons

The TauFinder Marlin processor [25] was adapted in the following ways to identify the products
from tau decays, and to combine them to form reconstructed tau leptons. A ‘seed’ track is re-
quired to have pr greater than 10 GeV /c. All particles within a cone of angle 0.04 rad are added
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to the seed to form the tau candidate, providing each particle has pr greater than 2 GeV /¢ and
Ro within the range 0.01 mm — 0.5 mm. These numbers were determined from truth-matched
simulation to best describe tau lepton decays in this analysis. The reconstructed tau candidate
must be composed of an odd number of charged tracks, and must have invariant mass less than
1.5 GeV/c?. This is slightly lower than the tau invariant mass, however the undetected neutrino
means that taus are rarely reconstructed with an invariant mass higher than this. An isolation ring
is defined from 0.04 rad — 0.25 rad around the tau seed. There must be less than five particles in
the isolation ring and their energy must sum to less than 5 GeV.

6.4. Performance of the lepton finder

The isolated lepton finder and tau finder process every event, using the criteria above to search
for leptons from W= decays. In combination, they may find zero, one, or more leptons per
event. The rate of lepton finding was studied for all event samples (see Table 2). It was found
that 92% of hadronic ttH decays were correctly classified as having zero leptons, and 68% of
semi-leptonic ttH events were found to have one lepton. This figure includes losses due to
non-isotropic detector coverage and detection efficiency. In the semi-leptonic channel, when an
isolated lepton is found it is the lepton from the W* decay 87% of the time. When a tau lepton is
found, it is the tau from the W decay 85% of the time. A figure showing the number of leptons
found per event for each sample is presented in Figure 17.

Table 2: Results of the lepton finding per simulated event sample. Column 1 shows the simulated pro-
cess. Column 2 shows the expected number of events in 1.5ab~!. Column 3 shows the number
of events found to have O leptons, and this number as a percentage of the total number of ex-
pected events. Column 4 shows the number of events found to have 1 lepton, and this number
as a percentage of the total number of expected events. The sum of columns 3 and 4 is not
necessarily equal to the total number of events expected in 1.5 ab~! as some events are found to
have more than 1 lepton. The number of jets refers to the tt decay only.

Process Evtin 1.5ab~!  Evt with 0 leptons  Evt with 1 lepton
ttH, 6 jet, H — bb 647 593 (91.8%) 49 (7.57%)
ttH, 4 jet, H — bb 623 178  (28.5%) 420  (67.5%)
ttH, 2 jet, H — bb 150 13 (8.42%) 61 (40.5%)
ttH, 6 jet, H /4 bb 473 306 (64.8%) 127 (26.8%)
ttH, 4 jet, H /4 bb 455 89  (19.5%) 246 (54.1%)
ttH, 2 jet, H /4 bb 110 6 (5.92%) 33 (30.1%)
tthb, 6 jet 824 737  (89.5%) 80 (9.68%)
tthb, 4 jet 794 222 (28.0%) 533 (67.1%)
ttbb, 2 jet 191 16  (8.37%) 78  (41.1%)
ttZ, 6 jet 2,843 2,335 (82.1%) 322 (11.3%)
ttZ, 4 jet 2,738 711 (26.0%) 1,678 (61.3%)
ttZ, 2 jet 659 54 (8.27%) 248 (37.7%)
tt 203,700 111,020 (54.5%) 77,110 (37.9%)
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7. Reconstruction of W+, top and Higgs candidates

The particles identified as leptons are removed from the event, and the remaining particles are
clustered into jets. This is achieved using the FastJet implementation of the kt algorithm, where
the level of background suppression and the jet clustering radius are to be determined (see Sec-
tion 7.1). Depending on the number of leptons found, the events are forced into six or eight jets
and two additional beam-jets, which take into account the forward particles from beam-induced
background.

Jets are combined to form W™, top and Higgs candidates by choosing the grouping which
minimises the y? function specific to the number of jets:

(Mo —My=)" (M3 —M,)*  (Mas — My)?
X% = > + T+ — “)
Ogt o o}
2 = (Miz —My=)* (M3 —M,)?  (Mas—My=)"  (Myse —My)*  (Mgs — My)?
8 vai 6(2 vai Gtz Glgl

where the indices of M represent each of the jets.

The reconstructed masses (M) and resolutions (o) of the W=, top and Higgs in the signal
channels are determined by truth-matching reconstructed particles in the jets to the generated
fermions. Example invariant mass spectra are shown in Figure 9, for a jet radius of 1.0 and
default timing and momentum cuts. It can be seen that the invariant mass distributions are not
symmetric. Therefore, RooFit [26] was used to fit each distribution with a modified Gaussian
function:

f=exp ( )

2

—(x—”)2> g=20f +or(x—p)?, x<p.
g=208+OoR(x—p)*, x> U

with mean y, two widths op, and or, and two parameters which modify the tails o and oR.
This allows the tails to be adjusted in a non-symmetric manner. The fitted distributions for this
particular example can be seen in Figure 10.

7.1. Choice of background suppression level and jet clustering radius

The level of background suppression and the jet radius used in the clustering algorithm were
both optimised to give the best resolution possible for this analysis.

The presence of the yy — hadrons background is of significant consequence. At+/s =1.4 TeV,
1.3 yy — hadrons interactions occur per bunch-crossing, producing particles with a combined
energy of over 200 GeV [27]. The majority of these particles have very small angle to the beam-
axis, however approximately 20 GeV is deposited in the calorimeters per bunch-crossing due to
this process. To reduce the effect of this background timing and momentum cuts are imposed on
all reconstructed particles. The importance of these cuts for this analysis is demonstrated in Fig-
ure 11. Without the background suppression, the reconstructed W invariant mass distribution is
smeared and shifted to higher mass. Implementing the background suppression allows the orig-
inal W invariant mass distribution to be recovered almost exactly. Three levels of background
suppression are available: ‘loose’, ‘default’ and ‘tight’.

12
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Figure 9: Normalised invariant mass distributions for the reconstructed, truth-matched candidates, using
jet clustering radius 1.0 and default timing and momentum cuts. (a): W=. (b): Top. (c): Higgs.
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Figure 10: As Figure 9. Each distribution is fitted with a modified Gaussian function (see Equation 5).

The jet clustering radius determines which particles get combined to form a reconstructed jet.
Too small a radius means that particles originating from the jet are lost, and the reconstructed
mass is too low. Conversely, too large a radius means clustering particles which do not belong
to the jet, causing the reconstructed mass to be too high. In both cases the resolution degrades.
Jet radii from 0.5 — 1.5 are considered.

The jet clustering was performed on the semi-leptonic signal sample, in combination with
the application of background suppression cuts. There are thirty three unique combinations of
background suppression (3) and jet radius (11). For each combination, the six jets were grouped
into W=, top and Higgs candidates by truth-matching the particles in each jet. The masses (M)
and resolutions (o) were determined by fitting each invariant mass distribution with a modified
Gaussian (as in Figure 10). The fitted parameters for all combinations of background suppres-
sion and jet radius are presented in Figure 12. From this, it was decided to use jet radius 1.0
and the default level of background suppression, in order to minimise the low-mass width of the
reconstructed Higgs (see Figure 12f). The corresponding mass and resolution parameters nec-
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Figure 11: W invariant mass distribution for the semi-leptonic ttH signal sample with no yy — hadrons
background (blue), background and no timing and momentum cuts (red) and background
and ‘default’ timing and momentum cuts (green). The small bump at invariant mass of
170 GeV /c? occurs when all three jets from a top decay are clustered into two jets.

essary for Equation 4 are shown in Table 3. The fitted mass parameters are below the generator
values as some energy is lost via undetected neutrinos in the jets. For each possible permuta-
tion of jets within an event, the x> function is evaluated using either o, if the corresponding
mass measurement is lower than , or or if the mass measurement is higher than u. Given a
difference between the measured mass and the expected mass (, this places a different penalty
according to whether the measured mass is too high or too low.

Table 3: Invariant mass distribution parameters fitted from the optimal combination of default back-
ground suppression and a jet clustering radius of 1.0.

Mass (GeV/c?) o (GeV/c?) or ( GeV/c?)

W+ 79.4 6.0 6.5
Top 172.2 13.0 10.0
Higgs 119.8 12.5 7.5
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7.2. Result of y?> matching

The result of performing the x> matching of Equation 4 is shown in Figure 13, for the semi-
leptonic signal sample. The majority of events form W=, top and Higgs candidates close to
the expected masses. Events in the peaks of the invariant mass distributions typically have the
smallest ¥ values.
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Figure 13: Reconstructed invariant masses using the > method to group the jets (no truth-matching).
(a): WE. (b): Top. (c): Higgs.
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8. Beauty identification

As most of the backgrounds in this analysis do not have four b-jets in the final state, flavour-
tagging the reconstructed jets provides discriminating power between signal and background.

The LCFIPlus package is used to re-cluster the particles which were not identified as beam-
jets by FastJet. Secondary vertices are identified, and decay products from these vertices are
constrained to be within the same jet as their parent. Flavour-tagging is performed, assigning
each jet with a b- and c-tag probability (see for example Figure 14a). This is achieved using
simulated samples of e"e™ — qqqqqq, where all six quarks have the same flavour. A high
multiplicity of jets in the final states of these samples ensures the jets have similar kinematic
qualities to those in the analysis samples. Eight boosted decision trees (BDTs) are created; for
each of the two flavours, four BDTs are trained depending on the characteristics of the jets,
for example the number of secondary vertices or the existence of high impact parameter tracks.
Figure 14b shows the fake rates as a function of the efficiency for the b-jet flavour-tagging. For a
60% beauty efficiency, the retention rate for the charm background is 10%. Flavour-tag variables
for both signal channels are shown in the Appendices (Figures 20, 21, 27, and 28).

Hadronic — tt : T T e
tibb, 2 jet i
ttbb, 6 jet
ttbb, 4 jet
tTH, 2 jet, H — bb
ttH, 2 jet, H not— bb
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ttH, 4 jet, H not— bb 10° E Charm background 3
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ttZ, 4 jet 10375506 07 08 08 1
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-
<

Background eff

+ LF background

N

10° \§§\\x ) L

) AN MANNNY
0 0102 03 04 0506 07 08 09 1
Third highest b-tag Beauty eff.
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Figure 14: (a): Normalised beauty probability for the third highest b-tagged jet in the hadronic channel.
(b): Beauty-tagging efficiency as a function of light flavour background efficiency (red) and
charm background efficiency (green).
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9. Event selection

Events are selected using a BDT as implemented in TMVA [28]. Gradient boosting is used. A
pre-selection is made, requiring that all events have exactly zero or one isolated lepton, for the
hadronic and semi-leptonic channels respectively. Two BDTs are trained independently for the
analysis, one for each channel. A collection of variables is input to each BDT. There is large
overlap in the variables used in the two channels, with a few variables specific to one or the other
channel.

The following variables are used in both channels:

the reconstructed Higgs mass. This discriminates background from ttbb and ttZ, where
no Higgs is present (see Figures 19e, 26e);

the number of reconstructed particles in the event. This is strongly correlated to the num-
ber of jets in the event (see Figures 22¢, 29c¢);

the visible energy contained in jets (see Figures 22c, 29a);

the amount of missing pr, calculated by summing the momentum in the transverse plane
for each jet and the possible one lepton. In the six-jet analysis, the neutrino from the
leptonic W+ decay will cause some missing pr (see Figures 22f, 29d);

the y? of the jet grouping, as described in Equation 4 (see Figures 22d, 29b);
the event shape variables thrust, sphericity and aplanarity (see Figures 18, 25);

the four highest b-tag values of the event, and the corresponding c-tag values (see Fig-
ures 20, 21, 27, 28);

the cosine of the decay angle of the H — bb decay, and the cosine of the angles between
the Higgs and each top quark (see Figures 23, 30);

the distance value between the two closest jets, defined by the Durham jet clustering algo-
rithm for jets i and j =i+ 1 as

min(E?,E?)(1—cos 6; ;)

yij = — : (6)

where +/s is the centre-of-mass energy, E the jet energies and i, j are chosen to minimise
the distance of the two jets which are merged. The jet transition values yss, ys¢ and ye7
are used in the BDT to discriminate signal from lower jet multiplicity backgrounds, in
particular tt (see Figures 24, 31).

Variables used only for the semi-leptonic analysis are:

the cone energy of the isolated lepton (see Figure 22b);

the ratio of energy deposits in the calorimeter of the isolated lepton, as described in Equa-
tion 2 (see Figure 22a).

18



Variables used only for the hadronic analysis are:
o the energy of the four lowest-energy jets (see Figure 32);
e the cosine of the angle of the two jets closest to the beam-axis (see Figure 30).

The event samples are split randomly in two. The first random half of each sample is input
to TMVA, and is further split in two to train and test the BDT. These samples are weighted
to represent 1.5ab~'. Figure 15 shows the trained BDT response to the training and testing
datasets. No sign of overtraining is observed.

.Signal train e Signal test

Bkg train o Bkg test

Semi-leptonic

-08-06-04-02 0 02 04 06 0.8 -08-06-04-02 0 02 04 0.6 0.8
BDT response BDT response

(@) (b)

Hadronic

Figure 15: BDT overtraining check showing the normalised BDT response for training and testing sam-
ples. (a): Semi-leptonic channel. (b): Hadronic channel.

The selection on the BDT response value is chosen using the second random half of the event
samples. The BDT response is calculated for each event (see Figure 16). The optimal selection
is calculated by finding the maximum significance, defined as:

S
JSTB'

where S denotes the number of selected signal events, and B the number of selected back-
ground events. This results in a significance of 8.36 in the semi-leptonic channel, and 9.17
in the hadronic channel.

)

9.1. Selection efficiency

Applying the selection on BDT response to the event samples results in the efficiencies shown
in Table 4.
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Figure 16: BDT response for signal and background samples, scaled to the number of events expected
in1.5ab"". (a): Semi-leptonic channel. (b): Hadronic channel.

10. Results

Sensitivity to the ttH cross-section can be calculated directly from the inverse of the signal sig-
nificance. Assuming an integrated luminosity of 1.5 ab™!, the ttH cross-section can be measured
with an accuracy of 12.0% in the semi-leptonic channel and 10.9% in the hadronic channel. The
combined precision of the two channels is 8.1%.

To extract the top Yukawa coupling (gyy) from the measured cross-section (o (ttH)), signal
samples were simulated using different input values of the coupling. It was calculated (see
Figure 3) that:

Agun _ ) 53, AC(H)
guH o(ttH)
This factor is slightly bigger than 0.5 because of the additional signal-like events produced by
Higgsstrahlung (see Figure 2).

Therefore, the uncertainty on the measured cross-section translates into a precision on the top
Yukawa coupling of 4.27%. If beam polarisation were included in the analysis, it is expected
that the precision would be less than 4%. This result is comparable with the /s = 1 TeV ILC
study, which found a precision of 4.5% [2]. Both results from linear colliders are significantly
more precise than the LHC experiments are expected to achieve with 3000 fb~'at /s = 14 TeV.

Systematic uncertainties in the analysis are expected to be significantly smaller than the statis-
tical uncertainty presented on the cross-section (8.1%). Systematic uncertainties from sources
such as flavour-tagging, lepton reconstruction and the jet energy scale are all expected to be well
below 10%. The systematic uncertainty due to the uncertainty of the luminosity spectrum re-
construction was discussed in another analysis at /s = 1.4 TeV [29] and was found to be small.

(®)
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B. Semi-leptonic analysis variables
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Figure 18: Event shape variable plots, calculated from all reconstructed particles in the event and nor-
malised to unit area.
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24



775555
775557

_
_
O

/
7
7
7
7
7
%

755507
2

/
%
%//

Rl T nnttt itie
/%Ammwmm%ﬂ/,mmmm%ﬂ%mmm%/A
Nnia
/xm”,//%ﬂm”,ﬂ////%m”
N

77

0 0.1 02 03 04 05 0.6 0.7 08 0.9

_

Ml .y
T T T Y
NIttt
NN NN Y
3] NN ﬂ/////////ﬂ//////////A
NN
-2 ]
= T T HH N
T T o it
=3 i mmmnnmmn
S NIt
2, NEhETTTnnt it
T HH s
17} N //////// %/////
=2 NMMNnnnt
T
:
o %@////z%,////;ﬂ%//
NI
= My
5 AMHITHTN
0 — N

g — SRS

| PRI N V0T N NN

v i 9@ < I S
S = = = =
v — — — v

N
i
NN
/// N
NN NN
/////////ﬂ//////////d
//%u,/// N
N
i
/////7/”””%”//”7/””{
mmmm%/////,mmm%/
NN
/%””//////%””,

4 05 06 0.7 08 09 1

nmninnnmy e
TN

Semi-leptonic

Second highest b-tag

(b)

Highest b-tag

(a)

Semi-leptonic

Semi-leptonic

A ey
,

Y

— RN
P R AL AR AN
%m S /rf??ﬁg a
\ NNNNTANNAY N NNAANANNNAN
,VW ARGy =
R

R

Fourth highest b-tag

(d)

0 0102 03 04 05 0.6 0.7 0

Third highest b-tag

N

N
N

N

NN
N
NN

0 0. 02 03 04 05 0.6 07 08 09 1

(©)

Figure 20: Four highest b-tag value plots, normalised to unit area.

25



Semi-leptonic

N
NN
NN

.

N

N
N

Z
0%
7 00 7
4/4//// 00 5
W% /////// /////// //// %
107 /}%2&///}2222?/ 7 Z
0 7
4 7
00000000045 4
10_5 777745 777 4% %44 22

NN
NN
NN
NN
N

N NN
N

Z 444 7
/% 777 //////// /1025772447207
4

N 5%//«%/%/ 404
10° % / % %/ﬁ// /////// // 7 //
% % 0 %

0 7777 /////// //////// /////// %///// //
777777
7

. . ]
7
4
7% ;4/////%// 7
7 /////// /////// // 7 ////// ///////
% 4 40

4 7 /////// 7 //////// /////// ///m

0 775557 755557 775557 7555577 775557 777

107°¢ 774

/ %/%2;2227//;2;2;%%222%//222;;7///’?22225%522

... 77

40506 0.7 08

c-tag of third highest b-tag
©

[~
e
=Y
(=4
(=4
W
(=4
e
o
[a—y

0 0102 03 04 05 0.6 0.7 08 09 1

Semi-leptonic

7557
57

10-2/,,”,
% //
7 7, //// 77
0
0000000000002
Y
1077777777777/

Z ///////////// / 7 // 7 / 7
.. . O
G777

777

4 //%4//%%4//%/ A

- 7577 // % // % /////// //
10 ”f//é222;/%}222@///}2222@//222%///222%%
0

7 7
o>~ >9W0w36wu _
7
0
47

7 77 7

77 7 770

&\\\\E

02 03 04 05 0.6 0.7 0.8 09 1
c-tag of second highest b-tag

(b)

7
7 7

Semi-leptonic

i

%
777
%
744444
// 2
/,;;;;//
7
4
7
7
77
Z

7

NN

N
N

R
N
N

0 0102 03 04 05 06 0.7 k
c-tag of fourth highest b-tag
(d)

=)

Figure 21: c-tag value plots of the four highest b-tagged jets, normalised to unit area.
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C. Hadronic analysis variables
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Figure 25: Event shape variable plots, normalised to unit area.

30



0.14

0.12

0.1

0.08

0.06

0.04

0.02

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0.1

0.08

0.06

0.04

0.02

Hadronic

757,13 74
AN
A2

%

7

%

==l

80

Lz

100 120 140,
W, mass (GeV/c?)

(@)

Hadronic

AT

77!

24

.

L
7

7777
%)

Y
7
4

i

50

4

€} qq1 MAss (GeV/e

(©)

00
)

Hadronic

4

40 60 80 100 120 140 160 ;0

7
M A e/
117 PI171. 577

r
7. 77y

7,

1

H,, mass (GeV/c

(e)

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Hadronic

RN d
e -;E\éi\\i\\g\ \«3\, -
40 60 80 100 120 140
W, mass (GeVich
(b)
Hadronic

‘{:;\\\\\ 300 350 400
)

£ qq2 MASS (GeV/e

(d)

— i

tthb, 2 jet

ttbb, 6 jet

ttbb, 4 jet

ttH, 2 jet, H — bb
ttH, 2 jet, H not— bb
ttH, 6 jet, H — bb
— ttH, 6 jet, H not— bb
ttH, 4 jet, H — bb
ttH, 4 jet, H not— bb
ttZ, 2 jet

ttZ, 6 jet

———— {iZ, 4 jet

®

Figure 26: Reconstructed mass variable plots, normalised to unit area.
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Figure 27: Four highest b-tag value plots, normalised to unit area.
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Figure 28: c-tag value plots of the four highest b-tagged jets, normalised to unit area.
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Figure 29: Event variable plots, normalised to unit area.
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Figure 30: Angular variable plots, normalised to unit area.
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Figure 32: Jet energy variable plots, normalised to unit area.
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