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ABSTRACT: In this paper we propose a new reconstruction method to explore the low mass
region in the associated production of top-quark pairs (¢t) with a generic scalar boson (¢) at
the LHC. The new method of mass reconstruction shows an improved resolution of at least
a factor of two in the low mass region when compared to previous methods, without the
loss of sensitivity of previous analyses. It turns out that it also leads to an improvement of
the mass reconstruction of the 125 GeV Higgs for the same production process. We use an
effective Lagrangian to describe a scalar with a generic Yukawa coupling to the top quarks.
A full phenomenological analysis was performed, using Standard Model background and
signal events generated with MadGraph5_aMC@NLO and reconstructed using a kinematic
fit. The use of CP-sensitive variables allows then to maximize the distinction between
CP-even and CP-odd components of the Yukawa couplings. Confidence Levels (CLs) for
the exclusion of ¢ bosons with mixed CP (both CP-even and CP-odd components) were
determined as a function of the top Yukawa couplings to the ¢ boson. The mass range
analysed starts slightly above the T mass up to 40 GeV, although the analysis can be used
for an arbitrary mass. If no new light scalar is found, exclusion limits at 95% CL for
the absolute value of the CP-even and CP-odd Yukawa are derived. Finally, we analyse
how these limits constrain the parameter space of the complex two-Higgs doublet model
(C2HDM).
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1 Introduction

The Large Hadron Collider (LHC) will soon restart operation. It is now time to prepare
the searches for both lighter and heavier scalars than the already discovered Higgs with a
mass of 125 GeV. These scalars are predicted by most of the extensions of the Standard
Model (SM) with an enlarged scalar sector. We have recently concluded a study [1] on
the searches for a scalar with indefinite CP in the associated production of top-quark pairs
(tt) at the LHC. The study was performed for a scalar in the mass region between 40 GeV
and 200 GeV. The reason to stop at 40 GeV was mainly due to the fact that in the low
mass regime the jets resulting from the ¢ boson decay may overlap in the detector and
appear as one single jet. This in turn causes a potential loss of sensitivity of the analysis.
Therefore, in order to correctly identify the jet(s) coming from the ¢ boson, a new approach
to the kinematic reconstruction was used, extending the one considered in [1]. With the
new approach we are now able to probe the low mass region down to the mass of the YT
meson with a mass of 9.46 GeV. We therefore limit our analysis to the mass range between
12 GeV and 40 GeV. Furthermore, the new method leads to a resolution improvement by
roughly a factor of two for a scalar with a 40 GeV mass. As we will see it turns out that
this resolution improvement also happens for the 125 GeV Higgs.

The current measurements of the properties of the Higgs boson at the LHC revealed
that it is consistent with the SM prediction. Nevertheless, the LHC experiments cannot,
currently, exclude the possibility of Physics Beyond the SM (BSM) in the Higgs sector.
Despite the fact that ATLAS and CMS established that the discovered 125 GeV Higgs [2, 3]
is not a pure pseudoscalar state with a 99% confidence level (CL), mixed states with
significant contributions from CP-odd components are still possible, even for the discovered
Higgs boson. As additional sources of CP-violation, as discussed by Sakharov [4], are



required to explain the matter anti-matter asymmetry observed in the Universe, the study
of the CP nature of the discovered Higgs boson couplings to bosons and fermions is of
utmost importance at the LHC. Moreover, the fact that additional Higgs bosons may
exist, with masses that are allowed to range from few GeV up to the TeV scale, implies
that dedicated searches must be improved in order to increase the sensitivity to detect such
Higgs bosons, in particular in the very challenging low mass region. One simple extension
of the SM with a CP-violating scalar sector is the CP-violating version of the 2-Higgs
doublet model (2HDM) known as C2HDM. The model has an extra scalar doublet and has
been the subject of many studies [5-19]. The C2HDM is an excellent benchmark model to
test the scalar’s CP quantum numbers at the LHC. It contains three neutral scalars which
have a mixture of CP-even and CP-odd components with no restrictions on the values of
the masses other than the ones from experimental and theoretical constraints. Any of the
three scalars can be the discovered 125 GeV Higgs boson. The search for BSM physics and
in particular the measurement of the Yukawa couplings has become a primary target of
the next LHC run. The relation between the CP-even and the CP-odd Yukawa couplings
can be directly probed both in the production or in the decays of these scalars. There are
many proposals in the literature for production, in the case of the top quark [20-26], in
the decays of the tau leptons [27-32] and more recently also for bottom quarks [33, 34].

ATLAS and CMS have so far studied the CP nature of the 125 GeV Higgs boson cou-
plings to the top quarks and to the 7 leptons. The CP nature of the couplings is more
accessible experimentally with fermions because it is a tree-level coupling, as opposed to
gauge bosons CP-odd contributions that appear via higher-order corrections to the Higgs
vertices [35] and are suppressed by powers of the energy scale associated to possible new
physics. Using the Higgs boson two photons decay channel H — v in associated produc-
tion of top quarks and Higgs bosons pp — ttH, both ATLAS and CMS [36, 37] were able to
exclude the purely CP-odd hypothesis at best with 3.9 standard deviations and to estab-
lish a 95% CL observed (expected) exclusion upper limit for the mixing angle of 43° (63°).
Recently CMS [38] has performed the first measurement of the CP mixing angle of the tau
lepton Yukawa coupling, using data collected at /s = 13TeV, corresponding to an inte-
grated luminosity of 137 fb~!. The CP mixing angle was found to be 4° 4 17°, allowing to
set an observed (expected) exclusion upper limit for the mixing angle of 36° (55°).

In this paper, using the new reconstruction method we will also study the possibility
of probing the CP nature of the couplings of low mass Higgs bosons (¢) to top quarks in
the associated production process tt¢, still considering the main decay channel of the Higgs
boson i.e., ¢ — bb. We now cover the low mass ¢ region, with masses in the range 12 GeV
< mg < 40GeV, without the loss of sensitivity observed previously.

This paper is organised as follows. Following the Introduction, the theoretical Higgs
boson phenomenological framework is presented in section 2, as well as the relevant pa-
rameters of the model. The event generation and kinematic reconstruction are described in
section 3. The full event selection is discussed in section 4. The main results are presented
in section 5 and their impact in the framework of the C2HDM is analysed in section 6.
Finally, our main conclusions are drawn in section 7.



2 The Lagrangian

In the SM, the Yukawa coupling of the top quark to the Higgs boson is CP-even with a
strength given by y; = v/2m;/v, where m; is the top quark mass and v is the electroweak
vacuum expectation value. If a CP-odd component would contribute to the Yukawa inter-
action, the Higgs boson (¢) would no longer have a well defined CP number. A Lagrangian
that describes this generalised interaction can be written as

L = kyrt(cosa + iys sin )t = yit(k + ikys)tod, (2.1)

where k; parametrises the total coupling strength relative to the SM and the angle «
parametrises the CP-phase, which is related to the parameters in the Higgs potential.
We will refer to ¢ = H for the CP-even scenario and ¢ = A for the CP-odd case. The
CP-even case is recovered by setting cosa = +1 while the CP-odd case is obtained by
fixing cosa = 0.

Several angular observables have been proposed [20-22, 24] to probe the CP nature
of a scalar boson in the top quark Yukawa coupling using tt¢ production at colliders.
These observables are sensitive not only to the nature of the scalar but also allow for the
discrimination of Higgs boson signals from irreducible backgrounds at the LHC. More-
over, the results obtained with a phenomenological analysis where tt¢ signals (assuming
mg = 125 GeV) and dominant backgrounds were generated at the LHC, including simulated
detector effects (resolutions and acceptances) [22, 24], showed that these observables can
be classified in two major categories. The first category are observables that can discrimi-
nate signals from dominant backgrounds. In these observables the differential distribution
is similar between the signals, which makes these observables particularly suited for cross
section measurements comparison regardless of signal type. The second category are dis-
tributions that have a significant discriminating power between signals i.e., are sensitive
to the CP-phase. Recently [1], we have extended the use of these angular observables to a
wider mass range, from 40 GeV to 500 GeV. The low mass boundary was imposed by the
analysis which became inefficient due to the tt¢ reconstruction methods applied. In this
paper we consider an even more challenging lower mass range, between 12 GeV and 40 GeV
(the low mass regime), where a new reconstruction algorithm was used, with significantly
improved performance. For the studies presented in this paper, and in order to compare
with previous ones published, we will use the variables by and by as defined in [20, 39] in
the laboratory (LAB) and t{¢ centre-of-mass frames (btzt(ZS and bflt¢, respectively),

by = (B x k). (5 > k=) /(1B 177)),  ba = (of 05)/ (|21, (2.2)

where the z-direction corresponds to the beam line. It is worth noting that b, and by
have a natural physics interpretation. They depend on the ¢ and ¢ polar angles, #; and
07 respectively, with respect to the z-direction, and on the azimuthal angle difference be-
tween the top quarks A¢,;, and can be expressed as by = cos A¢,; X sinf; x sin f; and
by = cos 6 x cos 0;.



3 Event generation and kinematic reconstruction

Signal events from double pp — tt¢ and single pp — t¢ + jets top quark associated pro-
duction at the LHC with ¢ = {H, A}, were generated at next-to-leading order (NLO)
with the Higgs Characterisation model HC_NLO_XO [40], using MadGraph5_aMC@NLO [41].
The pure CP-even and the pure CP-odd samples were generated by setting cosa = 1 and
cos a = 0, respectively, following equation (2.1), with x; = 1. Four samples, for both scalar
and pseudoscalar signals, were generated with masses my equal to 12, 20, 30 and 40 GeV.
While the CP-even and CP-odd bosons were only allowed to decay to a pair of b-quarks
(¢p — bB), the tt system was assumed to decay to a pair of b-quarks and two interme-
diate W* gauge bosons which, in turn, decay to two charged leptons and two neutrinos
t(t) — bW (bW ™) — bltvy(bl~ 7). Only W boson decays to electrons (e) and muons ()
were considered as signal. This configuration defines the dileptonic channel. In addition
to signal samples, backgrounds from SM ttH, tt + jets, with up to 3 jets, ttV + jets, sin-
gle top quark production (t-, s- and Wt-channels), W (Z) + 4 jets, W(Z)bb + 2 jets and
WW,ZZ,W Z diboson processes were also generated using MadGraph5_aMC@NLO. As the
details of signal and backgrounds Monte Carlo generation, hadronization and DELPHES
detector simulation are the ones in [1], they will not be repeated here. The event analysis
is performed using the MadAnalysis5 [42] framework.

As the main decay mode of the Higgs boson searched for in this paper is the ¢ — bb
channel, only events with at least two opposite charge leptons and four or more jets are
selected for kinematic reconstruction. Both leptons and jets were required to have trans-
verse momentum pr > 20 GeV and pseudo-rapidity |n| < 2.5. These criteria lead to signal
selection efficiencies that vary from 5% (9%) to 9% (12%) for masses of the scalar (pseu-
doscalar) from 12 GeV to 40 GeV, respectively. This set of cuts constitute what we call the
pre-selection.

One of the main challenges of the kinematic reconstruction in the low mass regime is
that the jets resulting from the ¢ boson decay may overlap in the detector and appear as
one single jet. This effect causes a significant loss of sensitivity of the analysis as can be
inferred from figure 1, which shows the AR,! between the decay products of the ¢ boson.
It is clear that the b and b quarks from the Higgs decay, labelled by and B¢ respectively,
get progressively close to each other as the ¢ boson mass decreases. This is particularly
true for the CP-odd signals (figure 1 right), at least in this mass regime. The reason
why the AR,; distributions are significantly different is related to the Higgs boson pr (1)
distribution which is (already at parton level without any cuts) significantly extended
to larger values (n peaked around 0), for the pseudoscalar Higgs boson when compared
with the scalar Higgs. To understand the implications of this overlap, across the different
signal mass samples, we set the cone size in the jet reconstruction algorithm to AR = 0.7,
which is slightly larger than the value usually used by ATLAS and CMS i.e., 0.4 and 0.5,
respectively. This will increase the number of events with a single jet topology formed
from the decay products of the Higgs boson, hence will allow us to better understand this

AR = \/A¢? + An2?, where A¢ (An) correspond to the difference in the azimuthal angle (pseudo-
rapidity) of two objects.
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Figure 1. Parton level AR(b¢,B¢) distributions with NLO corrections and shower effects
(NLO+Shower), for mg = 12,20,30 and 40GeV. The CP-even case is shown on the left, and
the CP-odd one on the right.

single jet population of events, even for the signal samples with higher masses (~40 GeV).
Thus, in order to correctly identify the jet(s) coming from the ¢ boson, a new approach
to the kinematic reconstruction was used, different from the one considered in [1]. We
start by computing the mass of each individual jet reconstructed in the event and also
the mass of each pair of jets. For each two jet (ji, j2) combination, besides the invariant
mass calculation (mj,j,), an additional mass value is computed, m((;), using the following
equation?

m((;) =1 \/2 sin 6, (1 — cos(6y + 92)) ) (3.1)

sin 92

Here, p; corresponds to the magnitude of the 3-momentum of ji, and 6; (62) is the angle
between the 3-momentum vectors of ji (j2), with respect to the total 3 momentum (pg)
of the j; + jo system (see figure 2; an identical mass can be obtained by interchanging
the indices 1 and 2). It should be stressed that if the ¢ momentum would be assumed as
recoiling against the momentum of the Higgs boson, this would allow an additional mass
value to be available for the reconstruction. In the end, out of the three methods described,
the one that gives the closest reconstructed mass to the input value (labelled as the best
of all methods or best method) is chosen, in each event. The jets (or jet) used by the
best method are the ones associated by the kinematic reconstruction to the Higgs boson
decay partons.

The efficiency is defined as the percentage of total events that survive a reconstruction
method, with all its cuts. The efficiency for each method is shown in table 1, for both
the scalar and pseudoscalar cases, and for each of the Higgs masses generated. The per-
centages shown are relative to the total number of events that survived the pre-selection
and the kinematic reconstruction. The vast majority of the events (more than 90%) is
best reconstructed by matching only one jet to the ¢ boson, for masses below 20 GeV. For
mg = 30 GeV, we still have more than 50% of the events being better reconstructed by that
method. Its efficiency drops below 50% somewhere between my = 30-40 GeV. Moreover,

It is assumed that p; (p2) > mj, (mj,), where my, (m;,) corresponds to the mass of ji (jz).
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Figure 2. Schematic representation of the ¢ boson decay and angles between the Higgs and its
decay products.

o (GeV) mé)’“’ (1 jet) mfz)"” (2 jets) m((;)
$=H ¢=A|¢=H ¢=A|¢=H ¢=A4A
12 99.96  99.98 0.00 0.00 0.04 0.02
20 94.05 96.94 0.58 0.21 5.37 2.85
30 63.52  76.37 | 10.64 7.72 25.84 1591
40 2776 4427 | 33.74 27.20 | 38.50  28.53

Table 1. Efficiencies (in %), rounded to two decimal places, of the three methods used to recon-

inv

struct the ¢ boson. mf;”’ (1 jet) is the invariant mass from 1 jet only, my' (2 jets) is the invariant

)

mass from 2 jets, and m((; is the mass from equation (3.1).

the efficiency when only one jet is considered is consistently higher for the pseudoscalar
case. All these observations are consistent with what had already been shown in figure 1,
and confirm the need for the new Higgs reconstruction that we present here, as a result of
the overlap of the ¢ boson decay products in the low mass regime. For further compar-
isons between the different methods used to reconstruct the Higgs boson mass, we show
in figure 3 the invariant Higgs boson mass reconstructed with one jet or two jets, for the
CP-odd signals. In figure 4, we compare the Higgs mass reconstructed from the best one or
two jets invariant mass, with the mass distribution obtained from the best of all methods
in each event, for my = 40 GeV and both CP-even and CP-odd signals. An improvement
in the mass resolution is clearly noticeable. For instance, the full width at half maximum
(FWHM) is reduced by more than half, from 12 GeV (13 GeV) to 5GeV (6 GeV), for the
scalar (pseudoscalar) case, when the best of all methods is used. For completeness, we
show in figure 5 the mass distribution of the SM Higgs boson (mpy = 125 GeV) when re-
constructed using the best of the two jets or one jet invariant mass (solid line), and with
the best method introduced in this paper (dashed line). The same improvement in the
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Figure 3. Higgs mass distributions after kinematic reconstruction, for my = 12,20, 30 and 40 GeV,
for the pseudoscalar case. The solid lines show the invariant Higgs mass from one jet, and the
dashed lines the invariant mass from 2 jets. The distributions are normalised to the maximum
number of events in a given bin, Nyax.

mass resolution of roughly a factor of two is observed. The reason for the improvement
is directly related to the new mass reconstruction method, that takes into account the
contribution from the energy (momentum) of one single jet and the angles of both which,
experimentally, are better reconstructed. On the contrary, as an invariant mass calculation
involves the information of the energy (momentum) of both jets, the energy resolution ef-
fects enter the calculation twice, degrading the reconstructed mass resolution. In figure 6,
the ¢ boson mass distributions that are obtained by picking the best of all methods in each
event are shown, again for the CP-even and CP-odd cases. In all figures discussed in this
paragraph, the distributions are shown after kinematic reconstruction.

For the reconstruction of the ¢t system and correct identification of the jets coming
from the top quarks decays, we rely on a multivariate analysis method using TMVA [43]
to assign those jets to their parton level counterparts. Two samples labelled as signal and
background were created from simulated tt¢ signal events and used for training and testing.
While signal samples contain kinematic distributions only from the correct (parton level)
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The solid line shows the best invariant Higgs mass from one or two jets i.e., m

(1 jet) or mg™

association, background samples contain equivalent kinematic distributions from wrong
associations. The following variables were used for training the methods: AR, A®, Ad
and the invariant mass for the pairs (b, 1), (b, 17), (bs, bg), (b, 17), and (b, 17), where by
(b) represents the bottom (anti-bottom) quark from the top (anti-top) decay and I+ (I7)
is the positive (negative) lepton from the W+ (W ™) boson decay. The TMVA method used
was the Boosted Decision Tree BDTD. The jet combination chosen is the one returning
the highest value of the BDTD discriminant. In events with jet multiplicity above ten, only
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Figure 6. Higgs mass distributions after kinematic reconstruction, for my = 12,20, 30 and 40 GeV,
for the scalar (left) and pseudoscalar (right) cases. These are the distributions that show the best
of all methods in each event.

the ten highest pr jets are considered. Jet combinations also need to verify loose selections
ie., my+yp, (ml_gt,) < 150 GeV and My,5, < 300 GeV, in order to prevent reconstruction of
non physical regions of the phase space.

Following the pairing of jets and leptons, the reconstruction of the ¢t system (which
includes the neutrinos, the W+ bosons and the ¢ and ¢ quarks), is performed in the same
way as in [1]. It uses the masses of the W* bosons (my = 80.4 GeV) and the top quarks
(my = 173 GeV) as input constraints to the particular combination of jets and leptons i.e.,
(* @ vy and jet & (* @ vy, that gives masses closer to the input values, respectively. The
only difference from the previous analysis is that the likelihood function used to pick the
best solution for the ¢t system does not take into account the reconstructed mass of the
Higgs boson (see equation (3.2)),

1
pr, P15

Ltt_dz X P(pTu)P(pr/)P(th)P(pTg)P(th{)P(mtﬂmf)? (3'2)
where P(pr,), P(p1y,), P(p1.), P(p1), P(pT,;) are the probability distribution functions
(p.d.f.s) from the transverse momenta of the neutrinos, the top quarks and the tt system,
respectively. Furthermore, P(my, m;) is the two-dimensional (2D) mass p.d.f. of the tt
pair. All distributions are obtained at parton level. We have checked, after event selec-
tion, that the reconstruction efficiency varies from 52% (45%) to 54% (50%), for scalars
(pseudoscalars) corresponding to ¢ masses in the range 12 GeV to 40 GeV.

Figure 7 shows two-dimensional pp distributions of the W~ (top-left), the anti-top
quark (top-right), the tt system (bottom-left) and the Higgs boson (bottom-right) after
kinematic reconstruction of ttA events, for my = 12 GeV. Similar distributions were ob-
tained for the W™ and top quark. The correlation between the parton level (z-axis) and
reconstructed (y-axis) pr distributions is clearly visible, showing that the kinematic recon-
struction, even without any optimisation, effectively recovers the properties of the events
and, in particular, the Higgs boson. The same behaviour is observed for the ttH signals,
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as well as for the other scalar boson masses considered. The choice of the 12 GeV case was
made to show that even for the lowest Higgs mass, the reconstruction is possible.

In figure 8, we show the Higgs reconstructed pr versus the parton level value for the
best of all methods (top-left) and for each one of the methods used to reconstruct the Higgs
boson (remaining plots), for events from a pure pseudoscalar signal with m4 = 40 GeV.
For the plots representing only one method, only the events where that method has been
picked up as the best are considered.

Regardless of the method used, a visible correlation between the parton and recon-
structed levels is still observed. Furthermore, each method tends to cover a different pp
region, thus, choosing the best of all methods in each event allows to cover a larger number
of solutions than each individual method, increasing the efficiency of the reconstruction.

4 Full event selection

Following the kinematical reconstruction described in the previous section, we applied
additional selection criteria to the events. These cuts define what we call the final selection.
The first one was implemented to reject opposite charge dilepton events from the Z + jets
background, by requiring the invariant mass of the dilepton system (m+,-) to be outside
a 10 GeV window around the Z boson mass (myz = 91GeV). The second one selects
events with at least 3 b-tagged jets. In figure 9, the expected number of events that
survive the full selection criteria (pre-selection cuts, kinematical reconstruction and final
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Figure 8. Two-dimensional distributions of the ¢ = A transverse momentum, pr(A), in ttA events.
The pr(A) at NLO+Shower (z-axis) is represented against pr(A) after kinematic reconstruction
(y-axis). The results for the ¢ boson mass reconstruction methods are shown for the best of all
methods (upper-left), the invariant mass from 1 jet only (upper-right), the invariant mass from 2
jets (lower-left) and mg) (lower-right). All distributions are shown for a Higgs mass of 40 GeV.

selection cuts), for the different SM backgrounds, is shown at the LHC and for an integrated
luminosity of 100fb~!. Those distributions are compared to the CP-even and CP-odd
signals, for my = 12 (top-left), 20 (top-right), 30 (bottom-left) and 40 GeV (bottom-right).
More details on the background composition can be found in [1]. Only for representation
purposes, signals from the Higgs bosons have been rescaled by x4 factors in figure 9
(labelled by the [Xxseqe] factors in the plots), that range from 1 (15) to 6 (60) for the
scalar (pseudoscalar) Higgs boson. As was seen previously, the dominant backgrounds are
essentially coming from ¢t processes, with a particular important contribution from ¢£bb.
No events from pp — t¢j survived the final selection for the ¢ mass range considered in
this paper.

5 Results and discussion

The results are presented as confidence levels (CLs) for the exclusion of the SM with
a contribution from a new Higgs boson ¢ with mixed scalar and pseudoscalar couplings
(CP-mixed case), assuming the SM hypothesis. The CLs are computed for fixed LHC
integrated luminosities (L) of 300fb~1 and 3000fb~!. Four mass values of the ¢ boson
are considered, in the range 12-40 GeV, extending further the results obtained in [1] to
the more challenging lower mass region. Assuming on-shell decays, only the mass range
mg > 2my, ~ 9.4 GeV is kinematically accessible for ¢ — bb (my is the bottom-quark mass).
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Figure 9. Expected b?‘b distributions for the background and signal events, for a luminosity of
100fb~!. Kinematic reconstruction and final selection cuts are considered. Upper-left: distri-
bution for mg = 12GeV. The ttA signal is increased by a factor of 15. Upper-right: distribu-
tion for my = 20 GeV. The ttA signal is increased by a factor of 15. Lower-left: distribution for
my = 30GeV. The ttH and ttA signals are increased by factors of 2 and 20, respectively. Upper-
right: distribution for m, = 40GeV. The ttH and ttA signals are increased by factors of 6 and
60, respectively.

We also exclude a narrow mass window around the T states, between 8.5 and 11 GeV, which
is why the lowest mass considered in this paper is 12 GeV. For even lower masses, a new
analysis with a different final state has to be used.

The CLs are shown as contour plots in the (k, &) 2D plane (with k = k;cosa and
R = k¢sina), which was scanned using steps of 0.05 (0.02) on the values of x and & in
the range [-1.50, 1.50] ([-1.00, 1.00]) for L = 300fb=! (L = 3000fb=!). The by and by
distributions are used to set the CLs evaluated in both the LAB and tt¢ centre-of-mass
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systems, for comparison. The contribution of all SM backgrounds is taken into account,
normalised to the LHC luminosity, as well as the different signal hypotheses. The CL
is given as one minus the p-value, under the signal hypothesis, for observing the test-
statistic value that is expected (median) in the SM hypothesis. The test-statistic used is
the logarithm of the ratio between likelihoods of the signal and SM hypotheses, and the
computation of p-values and medians is done using an ensemble of toy experiments.

Before discussing the full impact of the results obtained in the low mass region, it is
convenient to notice that the total cross section for CP-mixed signals can be evaluated
using

2 ~2
OCP-mixed = OCP-even K~ + OCP-odd K~ (51)

where ocp-mixeds OCP-even ad 0cp.odq correspond to the signal cross section for the
CP-mixed, CP-even and CP-odd cases, respectively. The validity of equation (5.1) was
verified by looking at several differential distributions for the signal events, where the mass
of the ¢ boson and the CP-angle o were varied. For each angle o, we compared those dis-
tributions when the CP-mixed signals were generated directly using MadGraph5_aMC@NLO,
and also by using equation (5.1) to compute the number of events in the CP-mixed case,
from the CP-even and -odd samples. Both approaches gave similar results. This can be
seen in figure 10, where we show in brown the distributions using MadGraph5_aMC@NLQO, and
in orange the ones obtained from equation (5.1) (labelled W/o MadGraph in the plots),
for mg = 40 GeV and cosa = 0.25,0.5 and 0.75.

In figures 11 and 12, we show the exclusion CLs contour lines in the 2D plane (&, &),
for mgy = 12,20, 30 and 40 GeV, and a luminosity of 300 fb~1, for the variables bgtd) and bffd),
respectively. The by and by distributions in the centre-of-mass of the tt¢ system gave better
exclusion levels than the ones computed in the laboratory frame. This is the reason why
we only show the former. In figures 13 and 14, the same information is represented, but for
a luminosity of 3000 fb~!, the full luminosity expected at the end of the High Luminosity
phase of the LHC (HL-LHC).

The CLs get progressively better as the Higgs mass decreases, which was to be expected
since the tt¢ cross-section increases. Moreover, the CP-even component of the coupling is
always more constrained than the CP-odd component, for a given CL. That difference is
related to the different behaviour of the cross sections — the CP-even cross sections rises
more steeply as the scalar mass decreases than the CP-odd one. In table 2, we show the
exclusion limits for the top quark Yukawa couplings to the ¢ boson, for the range of Higgs
masses considered in this paper. The limits are shown for the variables b;w and bffd), at
confidence levels of 68% and 95%, for the expected luminosity at the end of the HL-LHC.
The ranges of values represented for x/k are the ones that cannot be excluded for the CL
indicated. The lowest exclusion limits that we expect at 95% CL for the pair (|x|, |&|)
are, approximately, (0.10, 0.50). For m, = 40 GeV, the same limit increases by a factor
of roughly 3 (2) for the CP-even (CP-odd) coupling constant. Furthermore, most of the
results are similar for both variables considered.

~13 -



o o
Blg er g
E LHC, {s=13TeV (0 (coso = 0.25) m =40 GeV E LHC, {s=13TeV (0 (coso = 0.25) m =40 GeV
* MadGraph5_aMC@NLO (W/o MadGraph) 16 MadGraph5_aMC@NLO (W/o MadGraph)
12~ HC_NLO_X0, NLO+Shower €0 (coso = 0.25) m =40 GeV 14 HC_NLO_X0, NLO+Shower o (coso. = 0.25) m, =40 GeV
10 12;7
E 10—
8— C
= 8
6= C
£ 6F
o e
2 A=
0:\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\ | 0:\\\‘\\\‘\\\‘\\\‘\\\‘\\\\ Lo 1y
*T 08 06 04 02 0 02 04 06 08 T 08 -06 04 02 0 02 04 06 08
Xy =b, Xy =by,
10° 10°
g5 "°F 2|5 oo
14iLHC, Vs =13 TeV 0 (cosa = 0.5) m_= 40 GeV 20EﬁLHC, Vs =13 TeV 19 (cosa = 0.5) m =40 GeV
E MadGraph5_aMC@NLO (W/o MadGraph) 18 E MadGraph5_aMC@NLO (W/o MadGraph)
12—~ HC_NLO_XO0, NLO+Shower tT0 (cosa = 0.5) m =40 GeV © F HC_NLO_X0, NLO+Shower tT0 (cosa = 0.5) m =40 GeV
1of- 14
8F 12
F 10
s s
“F oF;
C =
2 2E
0:\\\‘\\\‘\\\‘\\\‘\\\‘\\\\ L 1 OE\\\‘\\\‘\\\‘\\\‘\\\‘\\\ 1 1 Lo
T -08 -06 04 -02 0 02 04 06 08 T -08 -06 04 02 0 02 04 068 08
Xy =b, Xy =b,
10° 10°
ALk 3L *E
16 LHC, Vs=13TeV (0 (coso = 0.75) m_=40 GeV 2= LHC, (s=13TeV (0 (coso = 0.75) m =40 GeV
] 4i MadGraph5_aMC@NLO (W/o MadGraph) 20 MadGraph5_aMC@NLO (W/o MadGraph)
E HC_NLO_X0, NLO+Shower tto (coso(=0.75)mn=40 GeV 18—~ HC_NLO_X0, NLO+Shower tto (coso(=0.75)mu=40 GeV
12 16—
10 e
E 12
8: 10
6— 8-
41— 65
£ 4F
2 P1=
0:“\”‘\”‘\‘”\”‘\”‘ ! L ) =T Y PN NS AN R | [P
*T 08 06 04 02 0 02 04 06 08 T 08 -06 04 02 0 02 04 06 08
Xy =b, Xy =b,
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and cos = 0.25 (top), 0.5 (middle) and 0.75 (bottom).

Exclusion Limits Exclusion Limits
L = 3000 b~ from b5? from bf?
(68% CL) (95% CL) (68% CL) (95% CL)

k € | [-0.05, +0.05] [-0.11, +0.11] | [-0.05, +0.05] [-0.11, +0.11]
me = 12GeV | _

k€ | [-0.26, +0.26] [-0.50, +0.50] | [-0.26, +0.26] [-0.50, +0.50]

k€ | [-0.07, +0.07] [-0.13, +0.13] | [-0.07, +0.07] [-0.13, +0.13]
mg = 20GeV | _

k€ | [-0.26, +0.26] [-0.49, +0.49] | [-0.26, +0.26] [-0.50, +0.50]

k € | [-0.07, +0.07] [-0.14, 40.14] | [-0.07, +0.07] [-0.14, 40.14]
mg = 30GeV | _

k€ | [-0.26, +0.20] [-0.50, +0.50] | [-0.26, +0.26] [-0.50, +0.50]

k€ | [-0.17, +0.17] [-0.32, 40.32] | [-0.17, +0.17] [-0.32, 4-0.32]
m¢ = 40 GeV -

k€ | [-0.53, +0.53] [-1.00, +1.00] | [-0.53, +0.53] [-1.01, 4+1.01]

Table 2. Exclusion limits for the tt¢ CP-couplings as a function of the ¢ boson mass, and a fixed
luminosity of 3000 fb~!. The limits are shown at confidence levels of 68% and 95%, for the variables

bg% and bf‘z’.
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6 Interpretation in the framework of the C2HDM

Let us now proceed to understand how these results affect our benchmark model, the
C2HDM. We start with a very brief review of the model just to fix the notation and refer
the reader to ref. [18] for details, including how theoretical and experimental constraints
affect the model. The scalar potential breaks CP explicitly and is invariant under the Zs
symmetry ®; — ®1, 3 — — Py, softly broken by the m?, term,

A A
V =m}i| @12 + mby| @ — (miy @]@s + hc.) + 5 (@181 + T (@])?

A
+ A3(D1D ) (BLD2) + Ay (@] Do) (DI D) + [25@]@2)2 +hel| | (6.1)

where ®; (i = 1,2) develop the real vacuum expectation values (VEVSs) v; and vy. The only
complex parameters in the potential are m2, and A5. The ratio of the VEVs is tan 3 = Z—i

and the rotation matrix from gauge to mass eigenstates is given by

Hy p1
Hy | =R| p2 |, (6.2)
Hs p3
with
C1C2 51€C2 52
R=| —(c18283 + s1c3) ci1c3 — $18283 283 | (6.3)

—c152c3 + 5153 —(c183 + 5152¢3) Ccac3

where s; = sina, ¢; = cosa; (1 =1,2,3), and
—m/2 <o <m/2, /2 < ag < m/2, —m/2 < ag <m/2. (6.4)

We choose to order the Higgs bosons such that mpy, < mpg, < mpg,. Avoiding flavour
changing neutral currents at tree-level is accomplished by extending the symmetry to the
fermions resulting in four different types of Yukawa. However, since the top Yukawa
couplings are the same in all four types we refrain to discuss the details of the different
models. The Yukawa Lagrangian for up quarks (for all Zy types) is

Rip ; Ri3
58 tg

m —
where 1)y denotes the fermion fields with mass my, i is the scalar index, v? = v} +v3 (fixed
by the W boson mass).
In order to understand how the exclusion results discussed in the previous section
translate to the parameter space of the C2HDM we first map equation (6.5) into equa-
tion (2.1).,

81 €2
Ky COSQu =
58 2.2 2 2 22
. 39 Sgk; = 81C5 + 85C5. (6.6)
Kesinoa = ——=
tp

We will just focus on the scenario where H; is the lightest scalar and the 125 GeV Higgs
can be either Hy or H3. Both x; and « are free to vary in the experimental allowed region
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The scalar mass is 12 GeV and the luminosity is 300 fb~!. In the left plot we see the variation with
R, in the middle with x and on the right with tan S.

while the parameters of the C2HDM vary in their allowed ranges subject to theoretical and
experimental constraints [18]. It is important to note that sina = 0 and sinag = 0 are
equivalent, meaning that the CP-conserving scenario is obtained with no ambiguity. The
H1VV coupling, where V is a vector boson, is proportional to cos cg which means that the
CP-odd scenario is attained for ag = 7/2. The equations for the pure CP-odd and pure

CP-even scenarios are

. S1
sma=0 — Kk ==£—,

s
. . (6.7)
cosa:O:>/<;t::tt—(if51:0) or ﬁt:it—(ifCQZO),
B B

which means that the experimental exclusion of k; will constrain the parameters of the
C2HDM. If cos ag = 0 that limit is turned in a constraints on tan $ which is already forced
to be above 1 by low energy physics measurements (see [18]).

In figure 15 we present the allowed points in the C2HDM parameter space (c; vs. s2)
for a scalar of 12 GeV using the exclusion limit for a luminosity of 300 fb~!. The constraints
for this luminosity are x2/a? + #2/b? < 1, with a = 0.25 and b = 1. We also choose the
range 1 < tan 8 < 10 in accordance with theoretical and experimental constraints. Note
that although values of tan 8 above 10 are allowed, they do not change the overall picture
in the plots. In the left plot of figure 15 we can see the variation with %, in the middle
plot the variation with x is shown and on the right panel the colour code represents the
variation of tan 8. There are just two striking features in the plots. The first one is that
the constraints affect mostly the values of cos a; which are constrained to be above 0.1 but
are concentrated in the region close to cosa; = 1.

In figure 16 we present a similar plot but now for a luminosity of 3000fb~!. The
functional dependence of the constraint for this luminosity is the same as previously, except
that now ¢ = 0.1 and b = 0.5. Again, the left plot of figure 16 shows the variation with
K, in the middle plot the colour bar shows the variation with x and on the right panel the
colour code represents the variation of tan 5. The features are similar but now cos a; > 0.9.
Still, although the bound on & reaches the small value of 0.5 the CP-violating angle ap

remains unconstrained.
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7 Conclusions

In this paper we have proposed a new reconstruction method which allowed us to search for
light scalars in tt¢ production in dileptonic final states. While the ¢t system decays to two
opposite charge leptons, the ¢ boson decays via the ¢ — bb channel. In a previous work
we have discussed in detail the tt¢ process for masses above 40 GeV but failed to go below
this number due to degradation of the analysis. The problem was caused by the strong
overlap between the jets from the hadronisation of the b-quarks originated in the Higgs
boson decay. The new reconstruction method for the Higgs boson mass (mg) overcomes
this issue, and allowed to recover significantly the analysis sensitivity to low mass Higgs
bosons. The new mass reconstruction can gain, in terms of mass resolution, roughly a
factor of two with respect to previous analysis methods. This method can be also applied
to the studies of the SM Higgs boson couplings, where the same gains in mass resolution for
a mass of the order of mpy = 125 GeV are expected. Without loss of generality, the method
can be easily extrapolated to any other two body decays of the Higgs boson ¢ — 7, etc.,
provided the decay channel is kinematically accessible.

The most sensitive CP-observables (bgt(ZS and bffd’) were then reconstructed and used to
evaluate expected Confidence Levels (CLs) contours of exclusion limits, in the 2D (&, &)
plane, for the SM with a new Higgs boson (¢) against the SM hypothesis only. Several ¢
bosons, with mixed CP (both CP-even and CP-odd components) and masses that range
from my = 12 GeV up to 40 GeV, were considered. We have taken the values for luminosities
which typically are expected to be within reach during the RUN 3 (~300fb~!), up to the
High Luminosity phase of the LHC (HL-LHC), with 3000 fb—!. The 95% CL exclusion limits
on the (|k|, |k|) plane can be as low as, approximately, (0.10, 0.50), at the HL-LHC, for
low mass Higgs bosons, in only the dileptonic decay channel of the pp — tt¢ system (with
¢ — bE). These results are expected to be significantly improved when the semileptonic
decays of the tt¢ system are combined. Further improvement is of course expected if other
decay channels of the light Higgs boson are added. It is reasonable to expect reaching the
1072 level or even better both for x and & when all analyses and all Higgs decay channels
are combined. The interpretation in the framework of the C2HDM was performed assuming
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that the searched particle is the lightest one in the model. In that scenario, as x and &
decrease cos ay gets closer to 1. If & decreases even more we would start seeing regions of
sin ag close to 1 and —1 being excluded.

Acknowledgments

DA, RC and RS are supported by the Portuguese Foundation for Science and Tech-
nology (FCT), Under Contracts UIDB/00618/2020, UIDP/00618/2020, PTDC/FIS-
PAR/31000/2017, CERN/FISPAR/0002/2017, CERN/FIS-PAR/0014/2019, and by the
HARMONIA project, contract UMO-2015/18/M/ST2/0518. AO is partially supported by
FCT, under the Contract CERN/FIS-PAR/0029/2019. DA is supported by ULisboa —
BD2018. EG is supported by FCT grant PDPD/BD/128231/2016 and project CERN/FIS-
PAR,/0002/2019.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] D. Azevedo, R. Capucha, A. Onofre and R. Santos, Scalar mass dependence of angular
variables in tt¢ production, JHEP 06 (2020) 155 [arXiv:2003.09043] [INSPIRE].

[2] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

[3] CMS collaboration, Observation of a New Boson at a Mass of 125 GeV with the CMS
Ezperiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] INSPIRE].

[4] A.D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of the
universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 [Usp. Fiz. Nauk 161 (1991) 61].

<

T.D. Lee, A Theory of Spontaneous T Violation, Phys. Rev. D 8 (1973) 1226 nSPIRE].

=

LF. Ginzburg, M. Krawczyk and P. Osland, Two Higgs doublet models with CP-violation, in
International Workshop on Linear Colliders, (2002) [hep-ph/0211371] [nSPIRE].

[7] W. Khater and P. Osland, CP wiolation in top quark production at the LHC and two Higgs
doublet models, Nucl. Phys. B 661 (2003) 209 [hep-ph/0302004] [iNSPIRE].

[8] A.W. El Kaffas, P. Osland and O.M. Ogreid, CP wiolation, stability and unitarity of the two
Higgs doublet model, Nonlin. Phenom. Complex Syst. 10 (2007) 347 [hep-ph/0702097]
[INSPIRE].

[9] B. Grzadkowski and P. Osland, Tempered Two-Higgs-Doublet Model, Phys. Rev. D 82 (2010)
125026 [arXiv:0910.4068] [iINSPIRE].

[10] A. Arhrib, E. Christova, H. Eberl and E. Ginina, CP wviolation in charged Higgs production
and decays in the Complex Two Higgs Doublet Model, JHEP 04 (2011) 089
[arXiv:1011.6560] INSPIRE].

—90 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP06(2020)155
https://arxiv.org/abs/2003.09043
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.09043
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7235
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1103/PhysRevD.8.1226
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD8%2C1226%22
https://arxiv.org/abs/hep-ph/0211371
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0211371
https://doi.org/10.1016/S0550-3213(03)00300-6
https://arxiv.org/abs/hep-ph/0302004
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0302004
https://arxiv.org/abs/hep-ph/0702097
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0702097
https://doi.org/10.1103/PhysRevD.82.125026
https://doi.org/10.1103/PhysRevD.82.125026
https://arxiv.org/abs/0910.4068
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0910.4068
https://doi.org/10.1007/JHEP04(2011)089
https://arxiv.org/abs/1011.6560
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1011.6560

[11]

[12]

[20]

[21]

A. Barroso, P.M. Ferreira, R. Santos and J.P. Silva, Probing the scalar-pseudoscalar mizing
in the 125 GeV Higgs particle with current data, Phys. Rev. D 86 (2012) 015022
[arXiv:1205.4247] [INSPIRE].

S. Inoue, M.J. Ramsey-Musolf and Y. Zhang, CP-violating phenomenology of flavor
conserving two Higgs doublet models, Phys. Rev. D 89 (2014) 115023 [arXiv:1403.4257]
[INSPIRE].

K. Cheung, J.S. Lee, E. Senaha and P.-Y. Tseng, Confronting Higgcision with Electric Dipole
Moments, JHEP 06 (2014) 149 [arXiv:1403.4775] INSPIRE].

D. Fontes, J.C. Roméo and J.P. Silva, h — Zv in the complex two Higgs doublet model,
JHEP 12 (2014) 043 [arXiv:1408.2534] INSPIRE].

D. Fontes, J.C. Roméao, R. Santos and J.P. Silva, Large pseudoscalar Yukawa couplings in the
complex 2HDM, JHEP 06 (2015) 060 [arXiv:1502.01720] [INSPIRE].

C.-Y. Chen, S. Dawson and Y. Zhang, Complementarity of LHC and EDMs for Exploring
Higgs CP-violation, JHEP 06 (2015) 056 [arXiv:1503.01114] nSPIRE].

M. Miihlleitner, M.O.P. Sampaio, R. Santos and J. Wittbrodt, Phenomenological Comparison
of Models with Extended Higgs Sectors, JHEP 08 (2017) 132 [arXiv:1703.07750] [INSPIRE].

D. Fontes, M. Miihlleitner, J.C. Roméao, R. Santos, J.P. Silva and J. Wittbrodt, The C2HDM
revisited, JHEP 02 (2018) 073 [arXiv:1711.09419] [INSPIRE].

K. Cheung, A. Jueid, Y.-N. Mao and S. Moretti, Two-Higgs-doublet model with soft CP
violation confronting electric dipole moments and colliders, Phys. Rev. D 102 (2020) 075029
[arXiv:2003.04178] [INSPIRE].

J.F. Gunion and X.-G. He, Determining the CP nature of a neutral Higgs boson at the LHC,
Phys. Rev. Lett. 76 (1996) 4468 [hep-ph/9602226] [INSPIRE].

F. Boudjema, R.M. Godbole, D. Guadagnoli and K.A. Mohan, Lab-frame observables for
probing the top-Higgs interaction, Phys. Rev. D 92 (2015) 015019 [arXiv:1501.03157]
[INSPIRE].

S.P. Amor dos Santos et al., Angular distributions in ttH(H — bb) reconstructed events at
the LHC, Phys. Rev. D 92 (2015) 034021 [arXiv:1503.07787] [INSPIRE].

D. Goncalves and D. Lopez-Val, Pseudoscalar searches with dileptonic tops and jet
substructure, Phys. Rev. D 94 (2016) 095005 [arXiv:1607.08614] [INSPIRE].

S. Amor Dos Santos et al., Probing the CP nature of the Higgs coupling in tth events at the
LHC, Phys. Rev. D 96 (2017) 013004 [arXiv:1704.03565] [INSPIRE].

D. Gongalves, K. Kong and J.H. Kim, Probing the top-Higgs Yukawa CP structure in
dileptonic tth with Ms-assisted reconstruction, JHEP 06 (2018) 079 [arXiv:1804.05874]
[INSPIRE].

D.A. Faroughy, J.F. Kamenik, N. Kosnik and A. Smolkovi¢, Probing the CP nature of the top
quark Yukawa at hadron colliders, JHEP 02 (2020) 085 [arXiv:1909.00007] nSPIRE].

S. Berge, W. Bernreuther and J. Ziethe, Determining the CP parity of Higgs bosons at the
LHC in their T decay channels, Phys. Rev. Lett. 100 (2008) 171605 [arXiv:0801.2297]
[INSPIRE].

S. Berge and W. Bernreuther, Determining the CP parity of Higgs bosons at the LHC' in the
T to 1-prong decay channels, Phys. Lett. B 671 (2009) 470 [arXiv:0812.1910] [INSPIRE].

- 21 —


https://doi.org/10.1103/PhysRevD.86.015022
https://arxiv.org/abs/1205.4247
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.4247
https://doi.org/10.1103/PhysRevD.89.115023
https://arxiv.org/abs/1403.4257
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.4257
https://doi.org/10.1007/JHEP06(2014)149
https://arxiv.org/abs/1403.4775
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.4775
https://doi.org/10.1007/JHEP12(2014)043
https://arxiv.org/abs/1408.2534
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.2534
https://doi.org/10.1007/JHEP06(2015)060
https://arxiv.org/abs/1502.01720
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.01720
https://doi.org/10.1007/JHEP06(2015)056
https://arxiv.org/abs/1503.01114
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.01114
https://doi.org/10.1007/JHEP08(2017)132
https://arxiv.org/abs/1703.07750
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.07750
https://doi.org/10.1007/JHEP02(2018)073
https://arxiv.org/abs/1711.09419
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.09419
https://doi.org/10.1103/PhysRevD.102.075029
https://arxiv.org/abs/2003.04178
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.04178
https://doi.org/10.1103/PhysRevLett.76.4468
https://arxiv.org/abs/hep-ph/9602226
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9602226
https://doi.org/10.1103/PhysRevD.92.015019
https://arxiv.org/abs/1501.03157
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.03157
https://doi.org/10.1103/PhysRevD.92.034021
https://arxiv.org/abs/1503.07787
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.07787
https://doi.org/10.1103/PhysRevD.94.095005
https://arxiv.org/abs/1607.08614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.08614
https://doi.org/10.1103/PhysRevD.96.013004
https://arxiv.org/abs/1704.03565
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.03565
https://doi.org/10.1007/JHEP06(2018)079
https://arxiv.org/abs/1804.05874
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.05874
https://doi.org/10.1007/JHEP02(2020)085
https://arxiv.org/abs/1909.00007
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.00007
https://doi.org/10.1103/PhysRevLett.100.171605
https://arxiv.org/abs/0801.2297
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0801.2297
https://doi.org/10.1016/j.physletb.2008.12.065
https://arxiv.org/abs/0812.1910
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0812.1910

[29]

[30]

[31]

S. Berge, W. Bernreuther, B. Niepelt and H. Spiesberger, How to pin down the CP quantum
numbers of a Higgs boson in its T decays at the LHC, Phys. Rev. D 84 (2011) 116003
[arXiv:1108.0670] [INSPIRE].

S. Berge, W. Bernreuther and S. Kirchner, Determination of the Higgs CP-mizing angle in
the 7 decay channels at the LHC including the Drell-Yan background, Fur. Phys. J. C' 74
(2014) 3164 [arXiv:1408.0798] [INSPIRE].

S. Berge, W. Bernreuther and S. Kirchner, Prospects of constraining the Higgs boson’s CP
nature in the T decay channel at the LHC, Phys. Rev. D 92 (2015) 096012
[arXiv:1510.03850] [INSPIRE].

S. Antusch, O. Fischer, A. Hammad and C. Scherb, Testing CP Properties of Extra Higgs
States at the HL-LHC, arXiv:2011.10388 [INSPIRE].

T. Ghosh, R. Godbole and X. Tata, Determining the spacetime structure of bottom-quark
couplings to spin-zero particles, Phys. Rev. D 100 (2019) 015026 [arXiv:1904.09895]
[INSPIRE].

C. Grojean, A. Paul and Z. Qian, Resurrecting bbh with kinematic shapes,
arXiv:2011.13945 [INSPIRE].

D. Huang, A.P. Morais and R. Santos, CP violating hWW TW ™ coupling in the Standard
Model and beyond, JHEP 01 (2021) 168 [arXiv:2009.09228] [INSPIRE].

CMS collaboration, Measurements of ttH Production and the CP Structure of the Yukawa
Interaction between the Higgs Boson and Top Quark in the Diphoton Decay Channel, Phys.
Rev. Lett. 125 (2020) 061801 [arXiv:2003.10866] INSPIRE].

ATLAS collaboration, CP Properties of Higgs Boson Interactions with Top Quarks in the
ttH and tH Processes Using H — vy with the ATLAS Detector, Phys. Rev. Lett. 125 (2020)
061802 [arXiv:2004.04545] [INSPIRE].

CMS collaboration, Analysis of the CP structure of the Yukawa coupling between the Higgs
boson and T leptons in proton-proton collisions at /s = 13 TeV, CMS-PAS-HIG-20-006,
CERN, Geneva (2020).

A. Ferroglia, M.C.N. Fiolhais, E. Gouveia and A. Onofre, Role of the tth rest frame in direct
top-quark Yukawa coupling measurements, Phys. Rev. D 100 (2019) 075034
[arXiv:1909.00490] [INSPIRE].

P. Artoisenet et al., A framework for Higgs characterisation, JHEP 11 (2013) 043
[arXiv:1306.6464] [INSPIRE].

J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5: Going Beyond,
JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].

E. Conte, B. Fuks and G. Serret, MadAnalysis 5, A User-Friendly Framework for Collider
Phenomenology, Comput. Phys. Commun. 184 (2013) 222 [arXiv:1206.1599] [INSPIRE].

A. Hocker et al., TMVA — Toolkit for Multivariate Data Analysis, physics/0703039
[INSPIRE].

- 29 —


https://doi.org/10.1103/PhysRevD.84.116003
https://arxiv.org/abs/1108.0670
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1108.0670
https://doi.org/10.1140/epjc/s10052-014-3164-0
https://doi.org/10.1140/epjc/s10052-014-3164-0
https://arxiv.org/abs/1408.0798
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.0798
https://doi.org/10.1103/PhysRevD.92.096012
https://arxiv.org/abs/1510.03850
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.03850
https://arxiv.org/abs/2011.10388
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.10388
https://doi.org/10.1103/PhysRevD.100.015026
https://arxiv.org/abs/1904.09895
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.09895
https://arxiv.org/abs/2011.13945
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.13945
https://doi.org/10.1007/JHEP01(2021)168
https://arxiv.org/abs/2009.09228
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.09228
https://doi.org/10.1103/PhysRevLett.125.061801
https://doi.org/10.1103/PhysRevLett.125.061801
https://arxiv.org/abs/2003.10866
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.10866
https://doi.org/10.1103/PhysRevLett.125.061802
https://doi.org/10.1103/PhysRevLett.125.061802
https://arxiv.org/abs/2004.04545
https://inspirehep.net/search?p=find+doi%20%2210.1103%2FPhysRevLett.125.061802%22
https://cds.cern.ch/record/2725571
https://doi.org/10.1103/PhysRevD.100.075034
https://arxiv.org/abs/1909.00490
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.00490
https://doi.org/10.1007/JHEP11(2013)043
https://arxiv.org/abs/1306.6464
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.6464
https://doi.org/10.1007/JHEP06(2011)128
https://arxiv.org/abs/1106.0522
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.0522
https://doi.org/10.1016/j.cpc.2012.09.009
https://arxiv.org/abs/1206.1599
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.1599
https://arxiv.org/abs/physics/0703039
https://inspirehep.net/search?p=find+EPRINT%2Bphysics%2F0703039

	Introduction
	The Lagrangian 
	Event generation and kinematic reconstruction 
	Full event selection 
	Results and discussion 
	Interpretation in the framework of the C2HDM
	Conclusions 

