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Abstract
The CP nature of the Higgs coupling to top quarks is addressed in this article, which focuses on single charged lepton �nal

states of tt̄h events produced in proton-proton collisions at the LHC. Pure scalar (h = H) and pseudo-scalar (h = A) Higgs
boson signal events, generated with MadGraph5_aMC@NLO, are fully reconstructed with a kinematic �t. Novel angular
distributions of the decay products, as well as CP-sensitive asymmetries, are exploited to separate and gain sensitivity to
possible pseudo-scalar components of the Higgs boson and reduce the contribution from the dominant irreducible background
tt̄bb̄. Signi�cant di�erences were found between the pure CP-even and -odd signal hypotheses, as well as with respect to the
Standard Model (SM) background. Such di�erences survive the full kinematic reconstruction of the events, allowing to de�ne
optimal observables for a global �t of the Higgs couplings parameters. A dedicated analysis is applied to e�ciently identify
signal events and reject as much as possible the Standard Model expected background at the LHC. The results obtained were
compared with a similar analysis in the dilepton channel. We show that the single lepton channel is more promising overall
and can be used in combination for CP violation searches.

INTRODUCTION

The independent observation by ATLAS [1] and
CMS [2] of a new scalar boson, predicted by the elec-
troweak symmetry breaking mechanism [3], with a mass
of approximately 125 GeV, triggered the discovery of
the Higgs particle in July 2012. This motivated thor-
ough analyses of the Higgs properties at the LHC, which
have shown to be in agreement with the SM predic-
tions [4]. Nevertheless, the SM does not solve the matter-
antimatter asymmetry problem, which demands new
sources of CP-violation beyond the SM (BSM). These
sources can be accommodated through extended Higgs
sectors, like the 2-Higgs doublet model (2HDM) by T. D.
Lee [5] or the 3HDM by Weinberg [6], where the Higgs
boson(s) have no de�nite CP quantum number result-
ing in a two component, one CP-even and one CP-odd,
Yukawa coupling with the fermions (see for instance [7]).
The ATLAS and CMS collaborations have conducted

analyses to measure the Higgs' spin and parity quantum
numbers through its decays to photons, ZZ and WW ,
and through V H (V = W,Z) associated production [8�
10]. The results agree with a scalar (spin 0), charge-
parity even boson. The pure CP-odd case has been ex-
cluded at the 99.98% con�dence level (CL). Nevertheless,
there is the possibility of CP mixture in the Yukawa sec-
tor which remains to be probed directly. The top quark
is expected to have the largest Yukawa coupling with the
Higgs, considering only fermions, but so far sensitivity to
this coupling was measured only indirectly through loop
e�ects from gg → h and h → γγ. These processes suf-
fer from large systematic uncertainties and require the
assumption of no BSM contributions. The associated
production of the Higgs boson with a pair of top quarks
(tt̄h)[11] overcomes this problem since it allows the direct

measurement of top Yukawa couplings, as well as CP sen-
sitivity due to its kinematic properties [20, 21, 44].

The main background for tt̄h events at the LHC is
pp→ tt̄+ jets. If the main Higgs decay channel (h→ bb̄)
is considered for analysis, tt̄bb̄ is a challenging irreducible
background. Several tt̄h decay channels have been stud-
ied [12�17]. Due to the complexity and huge spectrum
of backgrounds this channel is particularly challenging
to study at the LHC. Nonetheless, remarkable sensitiv-
ities have been reached by ATLAS and CMS collabora-
tions with expected upper limits at 95% CL for the tt̄H
signal strength, µ1, below 2 in the background-only sce-
nario. The best-�t values obtained for µ were 1.7 ± 0.8
by ATLAS [12] and 2.8 ± 1.0 by CMS [16]. Combined
results from both collaborations and from the various
Higgs analyses were used to �t the signal strengths of
�ve Higgs production processes, while assuming SM-like
Higgs branching ratios [18]. The best-�t value obtained
for µ(tt̄H) was 2.3+0.7

−0.6.

In this article, we present the single lepton �nal state
of tt̄ with the Higgs boson decaying through h→ bb̄. The
single lepton �nal state constitutes about 43.8% of the tt̄
decays [19] making it a natural candidate for study. We
search for deviations from the SM nature of the Higgs
boson by comparing the kinematics of tt̄h signal samples
with SM Higgs boson (h = H and JCP = 0+) to samples
of tt̄h signal with pure pseudo-scalar Higgs boson (h =
A and JCP = 0−). To do so, we consider the general

1 The signal strength is de�ned as the ratio of the measured

cross section, σ × Br, by the SM expectation, (σ × Br)SM,

µ = σ×Br
(σ×Br)SM
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Yukawa coupling, which reads

L = κytt̄(cosα+ iγ5 sinα)th (1)

where yt is the SM Higgs Yukawa coupling and α repre-
sents a CP phase. The SM interaction is recovered for
| cosα| = 1, while the pure pseudoscalar is obtained by
setting cosα = 0.
Several observables in tt̄h events, sensitive to the CP

nature of the top Yukawa coupling, have been proposed
from which we will study in detail the ones presented
in [20�22]. More general observables are obtained from
the particles at production (t, t̄ and h), only accessible
experimentally through a reconstruction algorithm.
The four-momenta of the intermediary particles and

of the undetected neutrino from the leptonically decay-
ing W -boson are reconstructed by a full kinematic �t.
In turn, a large set of angular observables is presented.
Even after parton showering, detector simulation, event
selection and event reconstruction the information in the
matrix elements partially survives. Some studies [23, 24]
consider that background discrimination can be done
through angular distributions, since the spins of h in sig-
nal and g in tt̄bb̄ background (g being a gluon which
splits into bb̄) are di�erent. In [22] a set of interesting
observables for that e�ect are presented. Additional ob-
servables introduced in this article will be shown to have
similar discriminating power. We will start by taking into
account the irreducible tt̄bb̄ dominant background with-
out a highly-optimized reconstruction method. Then, we
also consider the full SM background and argue that our
results are valid in a more general and realistic case. We
also have distributions that are di�erently populated by
samples of scalar Higgs h = H and pseudoscalar Higgs
h = A, thus some observables in our set can be used to
probe the CP nature of the top Yukawa coupling.
An identical analysis is done in the dilepton channel

of tt̄h events [44]. We compare the results obtained in
both channels, arguing that the single lepton tt̄h �nal
states presents better results and that it could be used in
a joint analysis for CP-odd Yukawa coupling component
searches.

EVENT GENERATION, SIMULATION AND RE-

CONSTRUCTION

The generation of tt̄h and dominant background tt̄bb̄
events, at next-to-leading-order (NLO) in QCD, is done
by theMadgraph5_aMC@NLO [25] package with the
NNPDF2.3 PDF sets [32]. We use the default model,
sm, for signal event generation that follows the Standard
Model and to add a CP-odd component in the Yukawa
couplings for signal events we use the HC_NLO_X0
model [27]. Signal samples were generated for two limit
hypotheses for its coupling to top quarks: the pure
CP-even case (| cosα| = 1) and the pure CP-odd case

(| cosα| = 0). The other contributions from the SM
are considered alongside the dominant background tt̄bb̄.
These include samples of tt̄+ jets (where jets stands for
up to 3 additional c- or light-�avored quarks), tt̄V + jets
(where V = W±, Z and jets can go up to one additional
light quark), single top quark production (s-channel and
t-channel), diboson (W+W−, ZZ,W±Z + jets with up
to 3 additional light-quarks), W± + jets (with up to 4
additional light quarks) and Wbb̄ + jets (with up to 2
additional light- quarks). These samples were also gen-
erated with MadGraph5_aMC@NLO but at leading-
order (LO) in QCD. The cross-section of the tt̄ + jets
sample was normalized to the next-to-next-to leading-
order (NNLO) in QCD with next-to-next-to leading-
logarithm (NNLL) soft gluon resummation computa-
tion [28�32], the single top quark samples' cross sections
were scaled to the approximate NNLO theoretical com-
putations [33, 34], both considering the NNPDF2.3

PFD sets and rescaled to the top mass used for genera-
tion with the prescription given in [35].

LHC-like proton-proton collisions, with a centre-of-
mass energy of 13 TeV, are considered with non-�xed
renormalization and factorization scales set to the sum
of the transverse masses of all �nal state particles and
partons. The masses of the top quark (mt), the W bo-
son (mW ) and Higgs bosons (for both scalar, mH , and
pseudo-scalar, mA) were set to 173 GeV, 80.4 GeV and
125 GeV, respectively.

Once the samples are generated, the MadSpin [24]
package runs the decays of t → bW+ → b`+ν` or bqq̄

′,
t̄ → b̄W− → b̄`−ν̄` or b̄q

′′q̄′′′ and h → bb̄, with
`± ∈ {e±, µ±} and q(n) ∈ {u, d, c, s}, and preserves
full spin correlation information. Parton showering and
hadronization is achieved with the Pythia6 package [36].
For the generator and parton shower matching we use the
MLM [40] scheme for LO events and theMC@NLO [37]
matching for NLO events. The events were fed to the
Delphes package [38] for a fast simulation of the ATLAS
detector, using the default ATLAS card. The charged
leptons and jets are reconstructed during detector sim-
ulation. The e�ciencies and resolutions of the detector
subsystems are parametrized in segments of pT (or E)
and η. In the |η| < 2.5 region particle tracking occurs and
the e�ciency is at least 83% (98%) for electrons (muons),
with pT = 1 GeV. The momentum resolution of a track
is at most 5%. The e�ciency for identifying electrons
and muons is 95% in the central region |η| ≤ 1.5, 85% in
the intermediate region 1.5 < |η| ≤ 2.5 (2.7 for muons),
and zero for |η| > 2.5 (2.7 for muons) or pT < 10 GeV.
For electrons with E = 25 GeV their energy resolution
is 1.5%; for asymptotically high energy this decreases
to 0.5%. On the other hand, muon momentum resolu-
tion is worse for higher transverse momentum and higher
|η|, reaching a maximum at 10% for pT > 100 GeV and
1.5 < |η| ≤ 2.5. The FastJet [45] package is used for jet
reconstruction through the anti-kt algorithm [39] with R
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parameter set to 0.4. The e�ciency for b-tagging b-jets is
dependent on their transverse momentum (pt) and given
by

I(pt) = 0.8 tanh(0.003pt)
30

1 + 0.086pt
(2)

in the region pT ≥ 10 GeV or |η| ≤ 2.5. The e�ciency is
zero outside the previous region. For any other jet, the
b-tagging misidenti�cation rate is given by

M(pt) = 0.002 + 7.3 ∗ 106pt (3)

A pre-analysis of the generated and simulated events
was performed with MadAnalysis 5 [41] in the expert
mode [42]. The main pre-analysis' goal was to de�ne
transfer functions (TFs) to parameterize the energy re-
sponse of the jets and missing transverse momentum
(MET). These TFs are used by the kinematic �t ahead.
The prescription follows closely to [43]. On evaluating
the TFs for jets, an energy and pseudo-rapidity depen-
dence was veri�ed. As such, we de�ned several TFs for
each regime of jet energy (in blocks of 100 GeV) and of
absolute value of jet pseudo-rapidity (in blocks of 0.5).
The kinematic �t of the events was accomplished with

KLFitter [43]. Events are selected if one reconstructed
lepton and at least six reconstructed jets are present. The
leptons and b-tagged jets need to have their Pt ≥ 20 GeV
and |η| ≤ 2.5, non b-tagged jets must have Pt ≥ 20 GeV
and |η| ≤ 4.5. Furthermore, only events with Pmiss

t > 20
GeV are accepted.
The kinematic �t of the events is carried out by maxi-

mizing the likelihood function

L(y|θ) = B(m(bHad,LJ1,LJ2)|mtop,Γtop)

×B(m(LJ1,LJ2)|mW ,ΓW )

×B(m(bLep,l,ν)|mtop,Γtop)

×B(m(l,ν)|mW ,ΓW )

×B(m(bH1,bH2)|mH ,ΓH)

×
6∏
i=1

W jet
i (Emeas

i |Eparton
i )

×Wl(E
meas
l |Eparton

l )

×Wmiss(E
meas
miss,x|Eparton

ν,x )

×Wmiss(E
meas
miss,y|Eparton

ν,y )

(4)

This likelihood function is divided in two parts. The
�rst part, with several Breit-Wigner probability distri-
bution functions (p.d.f.), B(mx1,x2,...|mpole,Γ), indicates
how probable it is to obtain an invariant mass con-
structed from the �nal particle states x1, x2, . . . given the
mass of the top quark (mt = 173 GeV , Γt = 1.5 GeV),
W boson (mW = 80.4 GeV , ΓW = 2.1 GeV) or Higgs
boson (mh = 125 GeV , Γh = 3.512 MeV). The second
part, with several transfer functions (TFs) of the �nal

particle state, W (Emeas|Eparton), account for radiation
lost and smearing/resolution e�ects on the particles' en-
ergies once they pass through the detector. The TFs are
obtained from the pre-analysis or truth-match analysis.
Permutations of the several �nal particles is done in or-

der to �ll the positions of the expected �nal parton topol-
ogy which contains: two c- or light-�avored quarks (LJ1,
LJ2) from the hadronically decaying W boson (Whad),
one lepton and undetected neutrino from the leptonically
decayingW boson (Wlep), a pair of bb̄ quarks (bH1, bH2)
from the decay of the Higgs boson and two additional b
and b̄ quarks (bHad, bLep) from the two top quarks (thad,
tlep). The four latter partons inherit the name from their
W boson decay mode.
The neutrino reconstruction is accomplished by con-

sidering a direct relation between the missing transverse
momentum components with those of the neutrino's and
solving for pzν ,

m2
W = (~pν + ~pl)

2 (5)

If there are two solutions, the one that maximizes the
likelihood is taken. When there is no solution the event
is discarded.
For each permutation the set of most likely parton en-

ergies (Eparton
i ) can be retrieved from the estimator θ̂

de�ned as

θ̂ :
∂

∂θ
L(y|θ) = 0 (6)

where

{θ} = {Eparton
bHad , Eparton

bLep , Eparton
LJ1 , Eparton

LJ2 , Eparton
bH1 ,

Eparton
bH2 , Eparton

l , Eparton
ν,x , Eparton

ν,y , Eparton
ν,z }

(7)

The set θ̂?, out of all permutations, that maximizes the
value of the likelihood function is taken as the solution for
that event. The partons' 4-momenta are reconstructed
from the objects of that particular permutation (θ̂?) and
in order to accommodate the momentum corrections from
the transfer functions, their energy is changed to that
obtained in θ̂ and the other components are rescaled ac-
cording to

~p parton
i = ξi~p

meas
i (8)

with

ξi =

√
(Eparton

i )2 −m2
i

(Emeas
i )2 −m2

i

(9)

Only topologies with 6 to 8 jets (3 or 4 of which are
b-tagged) were considered due to computational limita-
tions. These topologies had the best reconstruction ef-
�ciency, de�ned as the fraction of matched events for
which the chosen permutation was the correct one, of
about 30.1 %.
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Figure 1 shows the correlations between the recon-
structed transverse momenta of the Higgs boson and top
quark with the corresponding truth-level values. It is
also shown the equivalent results from the dilepton �nal
state studied in [44] for comparison, where there is a clear
enhancement by using the KLFitter package.

tt̄H, tt̄A AND tt̄bb̄ ANGULAR DISTRIBUTIONS

We follow the procedure given in [22] and let θXY be
the angle between the direction of the Y system in the
rest frame of X and the direction of the X system, in the
rest frame of its parent system.
We refer to the decay chains of the signal by a num-

bering scheme, i.e, the tt̄h system is labeled 123, then it
goes through successive two-body decays, i.e., (123) →
1+(23), (23)→ 2+(3) and 3→ 4+5. In turn, we de�ne
the following functions: f(θ123

1 )g(θ3
4), f(θ123

1 )g(θ23
3 ) and

f(θ23
3 )g(θ3

4), where f and g can either be the sine or co-
sine. The (123) system momentum direction is measured
with respect to the laboratory frame. We established
that particles 1 to 3 can be either the top, anti-top quark
or the Higgs boson, without repetition. Any of the decay
products of the top quarks, Higgs boson or W bosons
can �ll particle 4 position. We can boost particle 4 to
the center-of-mass frame of particle 3 in two ways:

1. Using the laboratory four-momentum of both par-
ticles 3 and 4 (direct boost).

2. Boosting particles 3 and 4 sequentially through all
intermediate centre-of-mass systems until particle 4
is evaluated in the centre-of-mass frame of particle
3 (sequential boost or seq. boost).

Both procedures lead to di�erent results for the particle's
4 direction, due to Wigner rotations2. We consider the
two procedures in this work.

Angular Distributions after Reconstruction

The signal distributions obtained deteriorate after the
cuts from the selection of events and by the kinematic
�t. We see that even though distributions distort and
are a�ected by the reduction of number of events they
still remain largely preserved. In Figure 2 and 3, 2D
plots of θtt̄ht , the angle between the direction of �ight of
the top quark (in the tt̄h system) and the tt̄h �ight di-
rection (in the lab frame), vs. θhbh , the angle between
the Higgs direction (in the t̄h frame) and the b quark
from the Higgs (in the Higgs frame) are shown. There

2 The generators of the Lorentz group do not commute.

is a fourfold comparison in each �gure: the �rst column
are the semileptonic channel results to be compared with
the results of the dileptonic channel in the second col-
umn. The �rst row shows the case where h = H and
on the second h = A. Figure 2 shows the results from
the generator level. Figure 3 shows the same plots after
event selection and kinematic reconstruction where the
density of points shows a similar pattern of that from
Figure 2. Even after kinematic reconstruction, clear dif-
ferences between the di�erent signal natures are visible.
Also notable is the clear enhancement of quality in the
single lepton channel compared to the dileptonic one.

For the trigonometric functions described in the
previous section, six of these showed promising
and, following the recipe from [22], we de�ned their
forward-backward asymmetries. The asymmetries are
evaluated at generator level and after kinematic �t.
These functions (which will be taken as variables)
and their forward-backward asymmetries are de�ned:

cos (θt̄hh ) cos (θh`−) for A
`−(h)
FB (dir. boost),

sin (θtt̄hh ) sin (θt̄
b̄t̄

) for A
b̄t̄(t̄)
FB (seq. boost),

sin (θtt̄hh ) cos (θt̄bh) for A
bh(t̄)
FB (seq. boost),

sin (θtt̄ht ) sin (θhW+) for A
W+(h)
FB (seq. boost),

sin (θtt̄ht̄ ) sin (θhbh) for A
bh(h)
FB (seq. boost),

sin (θtt̄hh ) sin (θtt̄t̄ ) for A
t̄(tt̄)
FB (dir. boost) and

b4 = (pzt .p
z
t̄ )/(|~pt|.|~pt̄|), as de�ned in [20], for Ab4FB .

The last being an additional variable that presented a
big di�erence between the signals.

Some of these distributions are depicted in Figures 4
where we compare the truth-match distributions (with
cuts) with the kinematic reconstructed ones. Table I
shows the asymmetries values for generator events with-
out any selection done and after full kinematic recon-
struction.

Asymmetries Generator After selection and
(no cuts applied) reconstruction

tt̄H/tt̄A tt̄bb̄ tt̄H/tt̄A tt̄bb̄

A
`−(h)
FB (dir. boost) +0.33/+0.34 −0.01 +0.10/+0.17 −0.01

A
b̄t̄(t̄)
FB (seq. boost) +0.29/+0.37 −0.22 +0.20/+0.19 −0.09

A
bh(t̄)
FB (seq. boost) −0.65/−0.78 −0.22 −0.67/−0.72 −0.65

A
W+(h)
FB (seq. boost) +0.02/−0.45 −0.67 −0.33/−0.51 −0.51

A
bh(h)
FB (seq. boost) +0.28/−0.08 +0.03 +0.18/+0.02 −0.05

A
t̄(tt̄)
FB (dir. boost) +0.16/+0.40 −0.26 +0.17/+0.15 −0.11

Ab4FB +0.33/−0.12 +0.31 +0.17/−0.08 +0.06

TABLE I: Asymmetry values for tt̄H, tt̄A and tt̄bb̄ at gener-
ator level (without any cuts) and after applying the selection
criteria and kinematic reconstruction, are shown.
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OBSERVABLES SENSITIVE TO THE CP NATURE

OF THE TOP YUKAWA COUPLING

We de�ned several angular observables that show im-
portant contrasts between distributions of tt̄bb̄ events and
signal (tt̄H and tt̄A) in the previous section. These can
be sub-grouped in two sets: a �rst set of distributions for
which tt̄H and tt̄A samples are very similar (see the plot
on the middle of Figure 4 as an example), which can be
used to search for the tt̄h production process. The sec-
ond set is composed of distributions that discriminate be-
tween tt̄H and tt̄A samples at reconstruction level with-
out truth-match, meaning that they are useful for the
investigation into a pseudo-scalar component of the top
Yukawa coupling.
Observables in tt̄h events with this same purpose have

been previously proposed, for example, in [20, 23, 24].
The observables proposed in these works, for the tt̄H
and tt̄A signal samples as well as for the tt̄bb̄ background,
were studied in reconstructed events. Only the variable
b4 showed promising for the semileptonic case. This vari-
able, as well as the ones presented in Figure 2 for in-
stance, requires the knowledge of the intermediary par-
ticles like the top and anti-top quarks, only possible to
obtain with a full kinematic reconstruction algorithm,
like the one presented in this work.

ANALYSIS AND RESULTS

As mentioned, no further criteria have been applied be-
yond focusing on �nal topologies with 6-8 jets (of which
3-4 are b-tagged), due to the computational limitations.
Conveniently, it was veri�ed that most backgrounds, in
particular tt̄+jets, are suppressed by selecting events
with at least 3 b-tagged jets.
The expected e�ective cross-sections (in fb) is showed

in Table II, at several levels of the analysis, for single
charged lepton signal and SM backgrounds. The tt̄A
pseudo-scalar signal was scaled to the tt̄H scalar cross-
section for comparison purposes.
In Figure 5, the expected number of events from the

di�erent SM processes are shown, including the Higgs
signal, for a luminosity of 100 fb−1 at the LHC, for two
angular distributions.
For completeness, we added up a pseudo-experiment,

the fake data, from randomly created events following the
expected Standard Model signal and background distri-
butions. The goal is to have a guideline of the expected
total number of events and related statistical uncertain-
ties, at every stage of the analysis.
Expected limits at 95% con�dence level (CL) for σ ×

BR(h→ bb̄) and for signal strength µ, in the background-
only scenario, were extracted, using the b4 output distri-
bution. All the other variables yield the same results ap-
proximately. Two signal samples were used, with values

Njets ≥ 6 Kinematic Fit
Nlep = 1 (all cuts)

tt̄+cc̄, tt̄+lf 2488 565.5

tt̄+bb̄ 898.4 165.6

tt̄+V (V=Z,W ) 74.9 4.1

Single t 492.2 4.9

W+jets 3293 0

W+bb̄ 709.7 3.7

Diboson 996.6 0.5

Total back. 8953 744.3

tt̄H 26.6 8.85

tt̄A 18.9 6.07

TABLE II: Expected cross-sections (in fb) at two selection
stages, at 13 TeV, for signal and background events at the
LHC.

of | cos(α)| = {0, 1}. Figure 6, shows the limits and signal
strengths, for integrated luminosities of 100, 300 and 3000
fb−1. Since data taking for large values of luminosity is
expected to occur with

√
s=14 TeV, we show the results

at 3000 fb−1 for comparison. Sensitivity to SM tt̄H pro-
duction at the µ=1 should be attained shortly past the
100 fb−1 of luminosity, using this channel alone. Combin-
ing the semileptonic channel with other decay channels
should allow to decrease signi�cantly the necessary lumi-
nosity to probe the structure of the top quark Yukawa
couplings to the Higgs boson.

CONCLUSIONS

In this paper, studies of tt̄h production, for scalar and
pseudo-scalar Higgs bosons, at a centre-of-mass energy
of 13 TeV at the LHC, are considered for di�erent lu-
minosities. Semileptonic �nal states from tt̄h decays
t → bW+ → b(l+νl or jj), t̄ → b̄W− → b̄(l−ν̄l or jj),
h → bb̄ are fully reconstructed by means of a kinematic
�t that reconstructs the four momenta of all intermedi-
ary particles and the undetected neutrino. New angu-
lar distributions and asymmetries are proposed to allow
better discrimination between signals of di�erent nature
(scalar or pseudo-scalar) and backgrounds at the LHC.
It is possible to obtain relevant information through the
measurements of new angular distributions and asym-
metries using fully reconstructed tt̄h events. The recon-
struction performance of these events is shown to be bet-
ter with KLFitter than with the method used in the
dileptonic analysis presented here for comparison. On
the other hand, the KLFitter package carries a huge
computational weight, something to consider when the
amount of events to reconstruct is numerous. Nonethe-
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less, both channels show that, even after event selection
and full kinematic reconstruction, the spin information
is largely preserved, opening a window for spin measure-
ments and a better understanding of the nature of the
top-Higgs Yukawa coupling and tt̄h production at the
LHC. Expected limits at 95% CL were extracted on the
σ × BR(h → bb̄) and signal strength µ using these new
angular variables. It should be stressed that some of the
angular distributions investigated in this work were used
in addition to other observables commonly discussed in
the literature, yielding at least the same sensitivity to the
nature of the top quark Yukawa coupling to Higgs boson,
if not better. All results presented so far were obtained
using the semileptonic �nal states of tt̄h events alone,
which were found to fare better than in the dileptonic
channel. Thus searches for a CP-odd component in the
coupling of the Higgs boson to top quarks are expected
to be improved when combined with this decay channel.
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FIG. 1: Two-dimensional distributions of pT in tt̄H events. The horizontal axes represent variables recorded at generator level,
and the vertical axes are the corresponding variables recorded at reconstruction level without truth-match. Top: distribution for
the semileptonic (left) and dileptonic (right) Higgs distributions. Bottom: distribution for the semileptonic (left) and dileptonic
(right) top quark distributions
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FIG. 2: Two dimensional distribution at generator level of the angle between the top quark, in the tt̄h centre-of-mass frame,
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semileptonic (left) and dileptonic (right) channels.
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