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Abstract

The production of the Higgs boson in association with two top quarks, ttH, was recently observed
at CERN by the ATLAS and CMS experiments. This opens a path ahead for precision measurements
of the coupling of the Higgs boson to top quarks, in order to test the validity of the Standard Model
or to find evidence of new physics. The study of this process will benefit from the upgrade of the
LHC to the so-called High Luminosity LHC, that will collide protons at a center-of-mass energy of 14
TeV, and is expected to collect up to 3-4 ab−1 of integrated luminosity, after ten years of operation.
In this scenario, an alternative strategy for experimentally analysing the ttH(H → bb) semi-leptonic
channel is proposed, focusing on the reconstruction of boosted Higgs bosons and the use of hadronic jet
substructure information. Moreover, this strategy can be implemented for the LHC scenario. The ttH
process could be observed in this channel, using this strategy in the LHC scenario, with a significance
of 5.41 ± 0.12 for L = 300 fb−1. For the same integrated luminosity, in the HL-LHC and with an
upgraded detector, this strategy is associated to a significance of 6.13 ± 0.11. A pure pseudo-scalar
would not be observed with this integrated luminosity, with a significance of only 4.71 ± 0.10 for the
HL-LHC scenario. Re-clustering jets can be used in the analysis without loss of efficiency. In addition,
a control region is proposed. The top Yukawa coupling is expected to have a 35% uncertainty by the
end of the LHC operation, using the proposed analysis and considering L = 300 fb−1. This uncertainty
decreases to 17% in the HL-LHC scenario with L = 3000 fb−1, with the same analysis.
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1. Introduction

The Standard Model (SM) encodes our current un-
derstanding of the elementary particles present in
Nature, and of their interactions. Moreover, the
masses of some of these particles are generated
through the Higgs mechanism, that also introduces
a scalar boson, the Higgs boson, discovered in 2012
at CERN, by the ATLAS and CMS experiments
[1, 2].

Since its discovery, searches for the Higgs boson
have been carried out in different channels, in order
to measure its properties. The interaction of the
Higgs boson with fermions is one of its most impor-
tant features, as it is responsible for their masses.
Of these, the most experimentally accessible are the
couplings of the Higgs boson to the third generation
of particles, as the coupling is proportional to the
fermion mass and the processes involving these cou-
plings have higher associated cross sections.

ATLAS and CMS recently observed the coupling
of the Higgs boson to top [3, 4] and bottom [5, 6]
quarks, and to tau leptons [7, 8]. Of these, the one
concerning the top quark is of particular relevance,

as this quark has a substantially larger mass than
the other quarks, for no apparent reason. Moreover,
it has the largest Yukawa coupling due to its mass,
and therefore, if new physics is accessible at the
LHC, it may be more evident in the measurement
of this coupling.

In this sense, the production of the Higgs boson in
association with two top quarks, ttH, is especially
important, as through the ttH vertex it is possible
to have a direct measurement of the coupling of the
Higgs boson to the top quark.

However, this process contributes only around 1%
of the total Higgs boson production cross-section,
due to the large invariant mass of the final state
objects. Nevertheless, different Higgs decay modes
are accessible in this process, and the decay of the
Higgs boson into two bottom (b) quarks poses an in-
teresting scenario, as this decay is associated to the
largest branching ratio of the Higgs particle (58%)
[9], and contributes to a distinctive experimental
signature, along with the top quarks. Representa-
tive leading-order Feynman diagrams for signal and
main irreducible background associated with this
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process are shown in Figures 1 and 2, respectively.

Figure 1: Representative Feynman diagram for sig-
nal, H → bb channel [10].

Figure 2: Representative Feynman diagram for
main irreducible background, ttbb channel [10].

In fact, the top quark decays (95.7±3.4)% of the
time to a b quark and a W boson [11], which can
then decay either hadronically, to a quark-antiquark
pair, or leptonically, to a charged lepton and a
neutrino, in accordance with the probabilities pre-
sented in Table 1. In order to maintain large signal
yields, but suppress backgrounds, this work con-
siders one top decaying hadronically and the other
semi-leptonically.

Table 1: Probabilities of top decay modes [11]

Top Decay Mode Probability (%)

eνeb 13.3± 0.6
µνµb 13.4± 0.6
τντ b 7.1± 0.6
qqb 66.5± 1.4

On the other hand, bottom quarks are charac-
terised by hadronising into hadrons with a consid-
erable lifetime. After a pp collision at 13 TeV the
hadron will travel a length of the order of a cen-
timeter [11] from the primary vertex (PV) and de-
cay into other sub-products, forming a secondary
vertex (SV) within the jet of hadrons.

Despite the distinct final state, and the observa-
tion of the ttH process, the channel with the Higgs
decaying into two b quarks is dominated by large
systematic uncertainties, related to a poor under-
standing of the production of tt pairs in associa-
tion with heavy-flavour quarks (bottom or charm
quarks). In detail, the signal strength obtained by

ATLAS for the ttH(bb) production is µ = 0.84+0.64
−0.61,

with an observed (expected) significance of 1.4 (1.6)
standard deviations [10]. These results are show in
Figure 3.

Figure 3: Signal strength measurements in the
individual channels and for the combination, for
H → bb decay mode [10].

With a precise measurement of the coupling it
will be possible to verify if the interaction goes as
predicted on the SM, or if there is any deviation
that could indicate the presence of physics beyond
the SM. New physics is expected to exist, as the SM
fails to explain, for instance, the the baryon asym-
metry in the Universe. Whilst the SM predicts some
sources of CP violation, namely in the quark sector,
these are not enough to justify such difference in the
proportion of matter and anti-matter, with the for-
mer being the largest one. New sources of CP vio-
lation could however be present in the Higgs sector,
as predicted in some Complex Two Higgs-Doublets
(C2HDM) models [12, 13, 14, 15].

The most general Lagrangian term that accounts
for contributions from CP-odd and CP-even com-
ponents of the couplings is then

L = κytt(cos α+ iγ5sinα)tH (1)

where κ is a real number, yt is the coupling of the
Higgs boson to the top quark, and α is a CP phase.
The case cos α = 1 recovers the the SM interaction,
while cos α = 0 corresponds to the pure pseudo-
scalar case. Moreover, in order to have CP viola-
tion, a mixture of the two components should be
measured. Even though the pure CP-odd case was
already excluded at 99.98% confidence level [16, 17],
a mixing between CP-even and CP-odd components
is still allowed by experimental data.

This paper proposes an alternative strategy for
ttH process, with the Higgs decaying into two b
quarks, and for the semi-leptonic channel. It re-
lies on the reconstruction of Higgs bosons with
high transverse momentum, so that the decay prod-
ucts are confined in a large radius jet. Additional
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hadronic jet substructure information is used to fur-
ther discriminate between signal and backgrounds.

This strategy is implemented in the High Lumi-
nosity LHC scenario, and for different configura-
tions, from which result the required integrated lu-
minosity to observe the ttH process in this channel,
along with the uncertainty on the Higgs coupling to
the top quark.

2. High Luminosity LHC
Data with respect to the ttH process has been col-
lected in the Large Hadron Collider (LHC), by the
ATLAS and CMS experiments.

In the following years, the LHC will be upgraded
to the High Luminosity LHC [18, 19], that is ex-
pected to start operating in 2026 and run for ten
years, collecting up to 3-4 ab−1. Moreover, colli-
sions will be held at a center-of-mass energy of 14
TeV, in a pile-up environment of 200 additional col-
lisions to the hard-scattering event of interest.

For the so-called Phase-II upgrade the ATLAS
and CMS detectors will be upgraded and see its
performances improved.

3. Simulation
Besides the signal and its main irreducible back-
ground, this paper also considered other relevant
processes, namely, ttZ, ttj (j = gluon or u, d, s or
c quarks), W±bb, bbj (same convention for j as in
ttj) and dijets (jets are gluons or all quarks except
the top). An alternative ttA signal sample was gen-
erated with the HC UFO v4.1 model [20], with A
being a pure pseudo-scalar boson instead of the SM
scalar Higgs.

Events for these processes were generated at
Leading Order (LO), and for a center-of-mass en-
ergy of 14 TeV. The MG5 aMC@NLO genera-
tor [21] and the LO NN23LO1 PDF were used
for all samples but dijets. Dijets were generated
with Pythia8.2 [22], using the LO CTEQ 5L PDF.
Apart from dijets, decays were done through Mad-
Spin [23].

In processes with a tt pair, the top (anti-top)
quark decays hadronically and the anti-top (top)
semi-leptonically. For the W±bb samples, the W±

boson is required to decay leptonically. As men-
tioned before, the Higgs boson decays into two bot-
tom quarks, and the same decay mode is chosen for
the pseudo-scalar boson.

Leptons at generator level are required to have
a minimum transverse momentum of 10 GeV, and
the same applies to b quarks, with the exception
of dijets (pT,b > 300 GeV) and bbj (pT,b > 20
GeV). Jets must have pT,j > 10 GeV in the ttH,
ttbb and ttZ processes. On the other hand, jets in
ttj have pT,j > 100 GeV. Moreover, bbj jets have
pT,j > 50 GeV, and the minimum pT,j cut is set on
300 GeV for the dijets sample. Furthermore, a min-

imum ∆Rjj,bb,jl separation of 0.1 is required, with

∆Rik =
√

(ηi − ηk)2 + (φi − φk)2.
The events are hadronized using Pythia8.2, and

Delphes3.2 [24] is used for the fast simulation of
the collider experiments. Moreover, the ATLAS de-
fault card was considered for the LHC simulation,
while the HL-LHC scenario used the HL-LHC card.

Additionally, in Delphes, leptons are required
to have pT > 10 GeV, and an isolation variable I
below 0.1 within ∆R < 0.3, meaning that the pT
of a R = 0.3 jet around the lepton must be less
than 10% of the lepton pT , in order to consider it
an isolated lepton.

4. Tagging of b quarks
The b-tagging procedure in this paper is based on
a ∆R criterion. Moreover, jets are required to have
η < 2.5. Improvements for the b-tagging in the HL-
LHC scenario are only expected within this range,
with pseudo-rapidity values above η = 2.5 still un-
der optimization in terms of b-tagging, at the time
of writing of this paper.

In order to see if a jet is b-tagged, the ∆R of the
jet with respect to the collection of b quarks, coming
from the hard scattering process being simulated
(Pythia particle status 23), is computed. If this
distance is below or equal to 0.3 a random number
is generated between 0 and 1. For a 65% b-tagging
efficiency working point this number must not be
greater than 0.65, in order to have a b-tag on this
jet.

If the ∆R between the jet and the b quark is
greater than 0.3, then the ∆R between the jet and
the collection of c quarks (again with Pythia parti-
cle status 23) is computed. If the value for this ∆R
is below or equal to 0.3 another random number is
generated between 0 and 1. For a 3% c-tagging ef-
ficiency, this number must not be greater than 0.03
in order to b-tag the jet, simulating the misidentifi-
cation of a c-quark initiated jet as a b jet.

Finally, if the ∆R between the jet and the c quark
is greater than 0.3 it is generated a random number
between 0 and 1 and it has to be smaller or equal
to 0.0007 so that we have a b-tag, for a 0.07% light
quark mistag probability.

The chosen working points for ATLAS, for the
HL-LHC [25] and for the current run of the LHC,
are presented in Table 2.

Table 2: b-tagging working points. q stands for
quark and ’prob’ for probability. ε is the efficiency.
light quarks are u, d and s quarks.

Scenario b-tag ε c-tag ε light q mistag prob

LHC 61% 4.5% 0.08%
HL-LHC 65% 3% 0.07%
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5. Original Strategy
The original strategy for this channel was strongly
based on the one proposed in Reference [26], us-
ing R = 1.8 Cambridge-Aachen (C/A) [27] jets and
HEPTopTagger2 [28], to reconstruct boosted
hadronic top quark decays with pT > 200 GeV.
Moreover, a BDRS Higgs tagger [29] was used to
identify boosted Higgs bosons, also with pT > 200
GeV.

The jet clustering was performed with Fastjet
[30], using the calorimeter towers in the event. After
identifying each object, its associated towers would
be removed from the event.

Additionally, an isolated charged lepton, with
pT > 15 GeV, and a b-tagged R = 0.6 C/A jet,
with pT > 30 GeV, were required, to account for
the semi-leptonic decay of the other top quark.

A mass distribution of the Higgs candidate jets
is obtained, and events can be normalized to the
desired integrated luminosity.

The significance and S/B for different luminosi-
ties can then be determined, in this case consider-
ing masses between 60 and 160 GeV. Moreover, the
significance is computed using S/

√
B. Values for

these two measures, for the SM samples, are pre-
sented in Table 3. Note to the fact that the value
for S/B should be treated carefully, as the distri-
bution had some statistical fluctuations, mainly for
the ttj background.

Table 3: Significance and S/B for different in-
tegrated luminosities. Computed from masses in
range [60,160] GeV. Each bin in the mass distribu-
tion is considered to have a

√
N error, where N is

the number of events in that bin. The significance
error results of the quadratic error propagation of
S/
√
B. Using the original strategy.

L (fb−1) Significance (S/
√
B) S/B (%)

36 0.66 ± 0.04
300 1.92 ± 0.12 19.4
3000 6.07 ± 0.38

This strategy is found to be quite inefficient. In
fact, HEPTopTagger2 was designed to tag top
quarks with higher transverse momentum, and the
procedure of removing the top’s associated towers
can also eliminate information related to the Higgs
boson.

6. Optimized Strategy
The use of HEPTopTagger2 was therefore dis-
carded, resulting in an improvement in terms of
significance of 112%. Moreover, the R = 1.8 C/A
jet were also dropped, contributing to a further in-
crease in significance of 20%. An alternative way
of tagging the top quarks was investigated, using

the N-subjetiness [31] ratio τ31 of the R = 1.8 C/A
jets, as it proved to be the most discriminant vari-
able to distinguish between jets with a mass around
the top quark mass and the remaining. Neverthe-
less, this option was abandoned as it was associated
to a decrease of 30% in terms of significance.

An optimized strategy was then developed, and
its key points are shown in Figure 4.

Figure 4: Optimized analysis scheme for single lep-
ton ttH.

The analysis strategy starts by requiring an iso-
lated charged lepton, with pT > 30 GeV and |η| <
2.5. The isolated charged lepton is not required for
the bbj and dijets backgrounds, since such selection
is generally not satisfied, and instead one in 5000
jets is reconstructed as one, which is roughly in ac-
cordance with what happens in a real experiment.

The calorimeter towers in the event are then col-
lected and the ones within a ∆R < 0.1 of an isolated
electron are removed. Muon energy deposits in the
calorimeters are considered negligible. The remain-
ing towers form the ’tower collection’ and are sent
as input to Fastjet, to be clustered in R = 1.2
C/A jets with pT > 180 GeV. The decrease in pT
threshold is associated to an 11% significance im-
provement. The event must have at least one of
these jets.

The R = 1.2 C/A jets are then sent to the BDRS
Higgs tagger, that operates with a mass drop condi-
tion of 0.9 and ycut = 0.09. If the algorithm outputs
a Higgs candidate jet, its two subjets are required
to have each a b-tag, and pT > 30 GeV.

The candidates that pass these selection criteria
are then filtered [29] to remove eventual pile-up and
underlying event contamination. Up to three hard
thinner subjets are kept, to account for gluon radia-
tion of one of the b quarks, and after this procedure
candidates are required to have pT > 180 GeV.

Higgs candidate jets with a ∆R between the two
BDRS b-tagged subjets (∆Rbb) below 0.3 are re-
jected, in order to suppress poorly reconstructed
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objects retrieved by the algorithm, and to keep a
sideband at low masses. The poor reconstruction is
due to non boosted enough Higgs bosons, or to two
Higgs candidate subjets being b-tagged to the same
b quark.

The Higgs candidate jet with highest pT is cho-
sen in events with more than one candidate. This
happens in around 1% of the events. The event is
then required to have one Higgs candidate, and its
associated towers are removed from the tower col-
lection.

The remaining towers are clustered in R = 0.4
anti−kt jets, with pT > 30 GeV. The motivation
behind the change in clustering technique has to do
with a 3% increase in significance, and also because
these are the usual type of jets used for b-tagging
in a real analysis. The event must have at least two
of these jets, and two must be b-tagged and have a
∆R between them above 0.4 to avoid overlap of the
two jets.

The ∆R between the leading and sub-leading b-
tagged jets, and the Higgs candidate jet are com-
puted and referred to as ∆Rb3,H and ∆Rb4,H , re-
spectively. Events are then required to satisfy
0.36 ≤ ∆Rbb ≤ 1.28, ∆Rb3,H ≥ 0.87 and ∆Rb4,H ≥
0.88, to suppress backgrounds. These cuts con-
tribute individually to up to 3% increases in sig-
nificance.

Different variable shapes for signal and back-
grounds motivated these cuts. The distributions,
for example, for the ∆Rbb variable for the Higgs
candidates versus its masses, before the cuts, are
presented in Figures 5 and 6, for the signal ttH,
and for the main irreducible background ttbb, re-
spectively.
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Figure 5: ∆Rbb for Higgs candidates for ttH

The obtained mass distribution for the Higgs can-
didate jets, for the HL-LHC scenario and SM sam-
ples, is presented in Figure 7. Events are divided
in bins of 20 GeV, and normalized to an integrated
luminosity of 3000 fb−1. Furthermore, the colour
filled distributions are stacked. In addition, the nor-
malized mass distributions for the ttH and ttZ are
presented, in order to better clarify the shape of
both peaks.
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Figure 6: ∆Rbb for Higgs candidates for ttbb
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Figure 7: Higgs candidates mass for ttH and back-
grounds, for optimized analysis strategy. Events are
normalized to L = 3000 fb−1.

On the other hand, the significance and S/B for
this strategy, for different integrated luminosities
and the SM samples, are presented in Table 4, along
with the values for the original strategy. These two
measures are computed, as before, in the mass win-
dow between 60 and 160 GeV.

Table 4: Significance and S/B for different inte-
grated luminosities and strategies. Computed from
masses in range [60,160] GeV. Each bin in the mass
distribution is considered to have a

√
N error, where

N is the number of events in that bin. The signif-
icance error results of the quadratic error propaga-
tion of S/

√
B.

Strategy L (fb−1) S/
√
B S/B (%)

Original 36 0.66 ± 0.04 19.4
Optimized 36 2.12 ± 0.04 15.7
Original 300 1.92 ± 0.12 19.4

Optimized 300 6.13 ± 0.11 15.7
Original 3000 6.07 ± 0.38 19.4

Optimized 3000 19.39 ± 0.33 15.7

The significance of the optimized strategy is
found to improve by a factor around 3, with respect
to the original strategy implementation.
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7. Re-clustering Scheme
The effect of introducing re-clustered jets in the op-
timized strategy is also considered in this paper.
Re-clustering is widely used in ATLAS, as it avoids
additional jet calibrations besides the usual ones for
the small radius jets [32].

In this scheme, the calorimeter towers are clus-
tered in R = 0.4 anti−kt jets, using the Fastjet al-
gorithm, after requiring the isolated charged lepton.
These jets must have pT > 25 GeV and |η| < 2.5.
Moreover, the object overlap removal is performed
by Delphes3 in this case.

Jets are then re-clustered by Fastjet in C/A
jets, with R = 1.2 and pT > 180 GeV, and are sent
as input to the BDRS Higgs tagger. The rest of the
strategy goes as before.

The mass distribution of the Higgs candidate jets,
resulting of the implementation of the optimized
strategy with re-clustering, for the HL-LHC sce-
nario, is presented in Figure 8. It is applied the
same plot style as before.

Mass (GeV)
0 50 100 150 200 250 300 350 400

E
ve

nt
s

0

500

1000

1500

2000

2500

3000

3500

4000

ttH
ttbb
ttZ
ttj

bb+W
bb

-
W
dijets
bbj

Figure 8: Higgs candidates mass for ttH and back-
grounds, for optimized analysis strategy with re-
clustering. Events are normalized to L = 3000 fb−1.

The values for significance and S/B for the opti-
mized strategy with and without re-clustering, for
different integrated luminosities, are presented in
Table 5. Significance and S/B are computed in the
mass window between 60 and 160 GeV.

Looking to this table it is clear that introduc-
ing the re-clustering technique in the analysis has a
negligible impact in the results.

8. Control Region
An orthogonal region is also proposed in this pa-
per, with the goal of controlling the backgrounds,
namely the ttj production. The cross section asso-
ciated to this process is around 1000 times larger
than the one for signal, and jets coming from light
and charm quarks can be faked as jets resulting of
bottom quark decays. In this control region, the
strategy targets events with Higgs candidate jets
without two b-tags.

The strategy differs only in the Higgs boson re-
construction from the optimized one. In this case

Table 5: Significance and S/B for different inte-
grated luminosities, and for optimized strategy with
and without re-clustering (RC). Each bin in the
mass distribution is considered to have a

√
N er-

ror, where N is the number of events in that bin.
The significance error results of the quadratic error
propagation of S/

√
B. Computed from masses in

range [60,160] GeV.

With RC L (fb−1) S/
√
B S/B (%)

No 36 2.12 ± 0.04 15.7
Yes 36 2.12 ± 0.04 15.8
No 300 6.13 ± 0.11 15.7
Yes 300 6.12 ± 0.11 15.8
No 3000 19.39 ± 0.33 15.7
Yes 3000 19.34 ± 0.35 15.8

the two Higgs subjets are anti-b-tagged. The prob-
abilities associated to requiring two b-tags on the
two subjets of the Higgs candidate jet, retrieved by
the BDRS Higgs tagger, are complementary of the
working point that is used.

For instance, for the 65% b-tagging working point
on the optimized strategy, the control region has,
for the Higgs b-tags, a working point of 35%.
The working point for the remaining b-tags is not
changed.

The obtained mass distribution for the control
region is presented in Figure 9, for the HL-LHC
scenario and SM samples.
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Figure 9: Higgs candidates mass for ttH and back-
grounds, for control region. Events are normalized
to L = 3000 fb−1.

This region is completely background dominated,
with ttj being the predominant process, followed by
ttbb, bbj and dijets, successively. Moreover, S/B
accounts for only 0.5% in the [60,160] GeV mass
region.

9. LHC Scenario
In this paper the optimized strategy is also imple-
mented for the LHC scenario, to evaluate to what
extent the change of framework affects the results.
The ATLAS card takes into account the current AT-
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LAS detector, and the samples generated for the
LHC scenario differ in size from the ones used for
the HL-LHC detector. Moreover, the b-tagging is
slightly more inefficient. In addition, the ATLAS
card considers a 2 T magnetic field while the HL-
LHC one has a 3 T field [24].

Jets’s momenta in this scenario are calibrated ac-
cording to

calibrated pT =

√
(3− 0.2|η|)2

pT
+ 1 (2)

to account for the interaction with the detector.
Moreover, this calibration was taken to be 1 for the
HL-LHC, as defined in the official parameter card.

The mass distribution obtained for the LHC sce-
nario is presented on Figure 10. In this case events
normalized to integrated luminosity of 300 fb−1.
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Figure 10: Higgs candidates mass for ttH and
backgrounds, for optimized analysis strategy, and
for the LHC scenario. Events are normalized to
L = 300 fb−1.

Moreover, the significance and S/B of optimized
strategy for the LHC scenario, for different inte-
grated luminosities, are presented in Table 6, along
with the values for the HL-LHC framework. The
values for these variables are computed, as before,
in the mass window between 60 and 160 GeV.

Table 6: Significance and S/B for different inte-
grated luminosities and scenarios, using the opti-
mized strategy. Each bin in the mass distribution
is considered to have a

√
N error, where N is the

number of events in that bin. The significance error
results of the quadratic error propagation of S/

√
B.

Computed from masses in range [60,160] GeV.

Scenario L (fb−1) S/
√
B S/B (%)

LHC 36 1.88 ± 0.04 11.6
HL-LHC 36 2.12 ± 0.04 15.7

LHC 300 5.41 ± 0.12 11.6
HL-LHC 300 6.13 ± 0.11 15.7

LHC 3000 17.12 ± 0.38 11.6
HL-LHC 3000 19.39 ± 0.33 15.7

The significance and S/B slightly decrease in the
LHC scenario, mainly because of the b-tagging be-
ing less efficient. Nevertheless, the presence of ttH
signal continues to be clear.

10. Search for a pure pseudo-scalar boson

The production of a 125 GeV pseudo-scalar A in
association with two top quarks, instead of the SM
scalar Higgs boson, is also considered in this paper.
Moreover, the pseudo-scalar also decays into two
bottom quarks. Additionally, this process is char-
acterised by a pure CP-odd interaction with the top
quarks, and has a cross section of about a half with
respect to the ttH one.

The mass distribution of the Higgs candidate jets
for the ttA signal sample and SM backgrounds, and
using the optimized strategy for the HL-LHC sce-
nario, is presented in Figure 11.

The presence of the ttA signal is clear on top of
the SM backgrounds in this distribution, similarly
with the results for the ttH production.

Mass (GeV)
0 50 100 150 200 250 300 350 400

E
ve

nt
s

0

500

1000

1500

2000

2500

3000

3500

4000

ttA
ttbb
ttZ
ttj

bb+W
bb

-
W
dijets
bbj

Figure 11: Higgs candidates mass for ttA and back-
grounds, for optimized analysis strategy. Events are
normalized to L = 3000 fb−1.

On the other hand, the comparison of the mass
distributions for the ttA and ttH production, with-
out the presence of backgrounds, is presented in
Figure 12. Events are divided in 20 GeV bins, and
normalized to an integrated luminosity of 36 fb−1.

It can be seen that the two distributions have
similar shapes, differing on the number of events
due to the lower cross section associated to the BSM
production.

Moreover, the significance and S/B for the BSM
production was computed, using the optimized
strategy for the HL-LHC scenario. The results for
different integrated luminosities, are presented in
Table 7, along with the values for the SM produc-
tion. The values for these variables are computed,
as before, in the mass window between 60 and 160
GeV.

The significance and S/B are found to decrease
for the ttA production, as it has a lower cross section
associated. As a consequence, the pseudo-scalar as-
sociated production would not be observed with 300
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Figure 12: Higgs candidates mass for ttH and ttA
samples, using the optimized strategy. Events are
normalized to L = 36 fb−1.

Table 7: Significance and S/B for different inte-
grated luminosities and processes. Each bin in the
mass distribution is considered to have a

√
N er-

ror, where N is the number of events in that bin.
The significance error results of the quadratic error
propagation of S/

√
B. Computed from masses in

range [60,160] GeV.

Strategy L (fb−1) S/
√
B S/B (%)

ttH 36 2.12 ± 0.04 15.7
ttA 36 1.63 ± 0.03 12.1
ttH 300 6.13 ± 0.11 15.7
ttA 300 4.71 ± 0.10 12.1
ttH 3000 19.39 ± 0.33 15.7
ttA 3000 14.90 ± 0.32 12.1

fb−1 in this channel, contrary to what would hap-
pen for the ttH case.

11. Results

As can be seen in Table 6, the ttH production
could already be observed at the LHC, with an inte-
grated luminosity of 300 fb−1, using the optimized
strategy. The expected significance would then be
5.41±0.12. The same integrated luminosity is asso-
ciated to a significance of 6.13±0.11 for the HL-LHC
scenario. As mentioned before, using re-clustered
jets in the analysis strategy would have a negligible
effect in these results.

Table 7 shows that the ttA process would not be
observed with 300 fb−1 in the HL-LHC, contrary
to what would happen for the ttH production, as
the associated significance is only 4.71± 0.10 using
this channel alone. In fact, the observation of the
BSM production would require at least 350 fb−1

of integrated luminosity collected at the HL-LHC,
with an expected significance of 5.09± 0.10.

The uncertainty on the top Yukawa coupling (yt)
can be obtained through the error on the number
of signal events. As a reminder, ttH cross section is
proportional to the top Yukawa coupling squared,

σttH = k y2t , where k includes all the factors asso-
ciated to a cross section computation. Moreover, k
and L are considered not to have associated errors.

The relative uncertainties on the top Yukawa cou-
pling was then determined for the LHC and HL-
LHC scenarios, using the optimized analysis strat-
egy, and are presented in Table 8. An integrated
luminosity of 300 fb−1 was considered for the LHC
case, as it is the expected integrated luminosity
by the end of Run 3. The HL-LHC scenario con-
sidered an integrated luminosity of 3000 fb−1, the
expected collection of data after the HL-LHC ten
years of operation. Furthermore, signal and back-
ground events were collected between 60 and 160
GeV, while the sidebands take into account events
in the mass range [0,60[ and ]160,300] GeV.

Table 8: Relative uncertainty on the coupling of the
Higgs boson to the top quark, using the optimized
strategy in the LHC and HL-LHC scenarios. Inte-
grated luminosities of 300 fb−1 and 3000 fb−1 are
considered, respectively.

Scenario L (fb−1) ∆yt/yt (%)

LHC 300 35
HL-LHC 3000 17

A 35% uncertainty on the coupling of the Higgs
boson to the top quark is expected by the end of the
LHC Run 3, using the optimized strategy. This un-
certainty decreases to 17% when implementing this
strategy in the HL-LHC scenario, considering the
whole dataset expected to be collected throughout
ten years of operation.

12. Conclusions
An analysis strategy for the semileptonic ttH, (H →
bb) channel is proposed in this paper. It relies on the
reconstruction of boosted Higgs bosons, using large
radius jets and a dedicated algorithm, and the use
of jet hadronic substructure information, to identify
the objects of interest and suppress backgrounds.

It improves the analysis significance by a factor
3 with respect to an implemented strategy based
on Reference [26]. In fact, is seems to be inefficient
to tag the top quark unless very high pT regions
are targeted. Moreover, the re-clustering technique
can be implemented without affecting the results.
In addition, a control region is proposed, with two
b-tags.

Results are slightly better for the HL-LHC frame-
work, due to the better b-tagging, but this strategy
could also be efficiently implemented in the current
LHC scenario.

In fact, the ttH process could be observed in this
channel with an integrated luminosity of 300 fb−1

in the LHC scenario, using the optimized strategy,
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with a significance of 5.41 ± 0.12. The same inte-
grated luminosity is associated to a significance of
6.13 ± 0.11 for the HL-LHC case. A pure pseudo-
scalar, however, would not be observed with this
integrated luminosity using only this channel, hav-
ing an associated significance of only 4.71±0.10 for
the HL-LHC scenario, using the optimized strategy.

The top Yukawa coupling extracted from the pro-
posed analysis is expected to have a 35% uncer-
tainty by the end of the LHC Run 3, using the
optimized strategy and considering an integrated
luminosity of 300 fb−1. This uncertainty decreases
to 17% in the HL-LHC scenario with an integrated
luminosity of 3000 fb−1, again with the optimized
strategy.

A multivariate method (MVA) could be imple-
mented, to further discriminate between the signal
and the backgrounds, and exploit different variable
shapes. Proposed input variables are the τ21 and
τ31 ratios for the Higgs candidate jets, along with
the C2 [33] and D2 [34] energy correlation func-
tions, using β = 2 instead of β = 0.5, as the former
was found to be the best value for the parameter,
slightly improving the significance. Moreover, the
cuts on ∆Rbb, ∆Rb3,H and ∆Rb4,H should be re-
moved, and these variables should also be sent as
input to the MVA.

Finally, this paper does not consider the effects of
pile-up, neither uses a full simulation of the detec-
tor, which could be the subjet of a future study. The
analysis sensitivity is expected to decrease when in-
troducing these realistic effects, but continue to be
competitive in terms of significance.
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like to thank Ana Lúısa Carvalho and Aidan Kelly,
for a most enjoyable working atmosphere, and the
generation of the bbj samples by Aidan. Addition-
ally, special thanks go to Prof. Liliana Apolinário,
for the generation of the dijets samples and supple-
mentary advice, and to João Martins, for the con-
figuration of the LIP’s machines. I am also thank-
ful to Duarte Drumond, João Ferreira and Miguel
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