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1 Introduction

Evidence for the existence of dark matter (DM) provided by astrophysical observations,
be it from gravitational lensing effects [1–4], galactic rotational velocity curves [5] or from
other measurements like the collision of clusters of galaxies (Bullet Cluster) [6], is by now
overwhelming. However, the nature of this non-luminous matter remains unknown in spite
of decades of intensive searches in a vast array of experiments. From the observations, we
can hypothesise that if DM is actually composed of particles, they only interact very weakly
with the Standard Model (SM). Since SM neutrinos have been mostly ruled out as possible
DM candidates, due to cosmological constraints [7], this suggests the possible existence
of a “dark sector” composed of particles beyond the SM. Attempts at direct and indirect
detection of the myriad of particles proposed from extending the SM with such a sector
(such as weakly interacting massive particles and axions, among many others) have, so far,
provided no definitive results favouring any particular hypotheses [8, 9].

DM searches at colliders have focused on mono-events, such as mono-jet, mono-Higgs
among others [10–12]. There are also bounds on the portal couplings from the invisible
branching ratio of the 125 GeV Higgs [13, 14]. Searches for DM particles produced alongside
a tt̄ pair and single top quark events have also been performed in the past [15–18] mostly
using variables such as missing energy as a discriminator, with no attempt to reconstruct the
kinematics of the top quarks. Searches using the tt̄ analysis to look for DM were performed
considering as signal the productions of stop squarks with masses just above the top quark.
The stops would then decay to a top and a nearly massless LSP [19–21]. Our study is also
designed to look for DM particles hidden in the current on-going searches and analysis,
but with a signal that comes directly from tt̄ plus an invisible particle. Let us consider
as an example the case of tt̄ production in the di-leptonic channel. The question we want
to answer is: if a very light DM particle would be produced alongside the tt̄ pair would
we see any difference in any distributions? If no differences are found, could the analysis
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already performed be used to limit the couplings of DM particles for very light invisible
particles? One should note that from the point of view of high energy collider physics we
are really exploring the case of a zero DM mass particle which means that we are spanning
DM masses from the scenarios of ultra-light particles to a few GeV in mass. That is, for
LHC energies, masses below about 1 GeV are for all practical purposes equal to zero. Still
we will also show how the tt̄ analysis performs in the case of a 125 GeV scalar.

In order to implement our idea we consider a new mediator that couples to both DM
and to the SM particles. We study the possibility of using previous mainstream experimental
analysis of pp → tt̄ in the di-leptonic channel to gauge the impact of a spin-0 DM mediator
(JCP = 0±) in the associated production process tt̄Y0. The analysis is performed within the
description of simplified models of DM production at the LHC, where the DM mediator (Y0)
couples to the top-quarks proportionally to the top mass. The results are presented as a
function of the modifier of this new Yukawa coupling. This is a convenient approach, as the
LHC can explore a large spectrum of DM mediator masses and coupling strengths, allowing
to access the CP-nature of these mediators, in case they exist even as mixed CP states.

This paper is organised as follows: the simplified DM model, the relevant parameters
and the angular observables we used, are presented in section 2. The event generation and
simulation are described in section 3 and, in section 4, the event selection and kinematic
reconstruction are discussed. Our results are presented in section 5 and the main conclusions
are described in section 6.

2 The DM Lagrangian

In our study, we used the simplified DM model DMsimp [22] where, besides the scalar Y0
boson, we also have a dark sector that couples only to Y0. In our paper, we will remain
agnostic to the latter, focusing solely on the interaction between the Y0 DM mediator to
the SM content. In particular, we will assume Yukawa couplings proportional to the mass
of the respective SM particle and hence dedicate ourselves exclusively to top quarks. The
Lagrangian density can thus be simplified and written as follows

LY0
SM = yt

33√
2

t̄(gS
u33 + igP

u33γ5)tY0 , (2.1)

where the g
S/P
u33 are the CP-even/-odd couplings of the DM mediator (Y0) to top quarks,

respectively. They are normalized to the SM Yukawa couplings, yf
ii =

√
2mf /v. The scalar

hypothesis (CP=+1) is given by setting gS
u33 = 1 and gP

u33 = 0 and for the pseudo-scalar
scenario (CP=-1) we set gS

u33 = 0 and gP
u33 = 1. When both g

S/P
u33 ̸= 0, the interaction has

both CP-even and -odd components and is thus CP-violating.
Note that eq. (2.1) is valid for any extension of the SM that has a CP-violating scalar

sector, provided CP-violation does not have origin in a dark sector [23]. The specific
extension will determine the mixing between the SM Higgs and all other charge zero scalars
and consequently will allow us to write the g couplings as a function of the mixing angles.
It can happen that in some cases the LHC bounds stemming from the measurement of
the SM Higgs couplings result in stronger constraints than the ones obtained in this work.
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However, our model independent approach allow to obtain bounds for all such extensions,
some of which will most certainly have weaker bounds.

Our goal is to explore how angular distributions of SM particles may help probing the
dark sector, by looking into the expected changes of these observables in the presence of
this DM mediator. Several CP-observables have been proposed in the literature to probe
the CP-nature of the coupling of top quarks to the Higgs boson at the LHC or future
colliders, using mainly the tt̄H channel [24–54]. The vast majority of these variables are
only sensitive to the square terms (gS

u33)2 and (gP
u33)2 that appear in the cross section of the

interaction described by equation (2.1).
After looking in detail at several possible observables, we concluded that the most

effective ones are the azimuthal angle difference ∆ϕℓ−ℓ+ of the charged leptons that come
from the decay of top quarks, and the b4 variable evaluated in the laboratory frame (LAB),
b4 = (pz

t .pz
t̄
)/(|p⃗t|.|p⃗t̄|), where the z-direction corresponds to the beam direction, and p⃗t(t̄)

and pz
t(t̄) correspond to the total and z-component of the top (anti-top) quark momentum

measured in the LAB frame, respectively. It is worth noting that the b4 variable depends
on the t and t̄ polar angles, θt and θt̄ respectively, with respect to the z-direction, and
can be expressed as b4 = cos θt × cos θt̄. In order to evaluate this variable, the kinematic
reconstruction of the tt̄ system needs to be accomplished. This will be discussed in the
next sections.

We conclude this section with a comment about the relation between the total cross
section pp → tt̄Y0 in the case of a scalar and of a pseudoscalar. This will be important
later as the bounds on the scalar and on the pseudoscalar couplings are heavily dependent
on the difference between the corresponding cross sections. The difference between the
two cross sections was discussed in [15, 55]. There is a detailed discussion in [15] where
it is argued that a spin-0 state with a mass well below all relevant energy scales can be
treated as a parton radiated off the final state particles. Contrary to the pseudoscalar, the
fragmentation function of the scalar has a soft singularity proportional to 1/x when the
light scalar is radiated off top quarks. This particular feature expains the difference between
the two cross section for very light particles.

3 Event generation and simulation

LHC-like signal and background events were generated with MadGraph5_aMC@NLO [56], with
a centre-of-mass energy of 13 TeV. The DM simplified model, DMsimp [22],1 was used to
generate pp → tt̄Y0 signal events, at Leading Order (LO). The pure scalar and pseudo-scalar
signals were generated by setting the respective couplings as mentioned in the previous
section (following the Lagrangian density in equation (2.1)). The mass of the DM mediator
was set to mY0 = 0, 1, 10 and 125 GeV, and the top quark mass to mt = 172.5 GeV . Only
the dileptonic final state of the tt̄ system was considered (tt̄ → bW +b̄W − → bℓ+νℓb̄ℓ−ν̄ℓ),
with the DM mediator forced not to decay, although if we allow the DM mediator to decay
to mostly DM particles, the analysis and subsequent results do not change. Backgrounds
from SM tt̄ (plus up to 3 jets), tt̄V (plus up to 1 jet), tt̄H , single top quark production (t-, s-

1Available in the FeynRules repository.
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Figure 1. Normalized TMVA input variable distributions for correct combinations (labeled as
signal, in blue) and wrong combinations (labeled as background, in red), for a DM JP = 0+ mediator.
The ∆R between the ℓ+ and the b-jet from the t decay, is shown on the left plot. The corresponding
∆Φ distribution can be seen on the right.

and Wt-channels), W/Z (plus up to 4 jets), W (Z)bb̄ (plus up to 2 jets) and WW, ZZ, WZ

diboson processes were also generated using MadGraph5_aMC@NLO at LO. Following event
generation and hadronization by PYTHIA [57], all signal and background events went through
a fast simulation of a typical LHC detector performed by Delphes [58], using the default
ATLAS detector cards. Further details on the event generation and detector simulation
can be found in [48]. The analysis of signal and background events is performed within the
MadAnalysis5 [59] framework.

4 Event selection and kinematic reconstruction

Events are selected by requiring the jets and leptons reconstructed by Delphes to have
their pseudo-rapidity2 η < 2.5 and transverse momenta pT > 20 GeV. Only events with two
jets and two isolated leptons of opposite charge are accepted. To avoid contamination from
the Z + jets background, we require the invariant mass of the two lepton system to fulfil
|mℓ+ℓ− − mZ | > 10 GeV. Further details on the event selection criteria can be found in [49].

In the reconstruction of the tt̄ system, we assume the reconstructed leptons are the
ones from the W decays, originated in the top quark decays. We then need to assign the
reconstructed jets to the correct b-quarks from the associated top quarks. In order to avoid
mismatches, once two jets are present in the final state, we use multivariate statistical
methods from the Toolkit for Multivariate Data Analysis, TMVA [60], to find the right pairing
of jets and leptons.

To that effect we use several distributions (which already include hadronization and
shower effects), where right and wrong combinations are compared. A wrong combination
happens whenever a jet not originating from a top decay is assigned to its corresponding

2The pseudo-rapidity is defined by η = −ln[tan(θ/2)], where θ is the particle polar angle.
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Figure 2. Normalized TMVA input variable distributions for correct combinations (labeled as
signal, in blue) and wrong combinations (labeled as background, in red), for a DM JP = 0+ mediator.
The ∆θ between the ℓ+ and the b-jet from the t decay is shown on the left and the lepton plus b-jet
mass difference is shown on the right.

b-quark. Right (labelled as Signal, in blue) and wrong (labelled as Background, in red)
combinations are represented in figures 1 and 2, for the ∆R,3 ∆Φ and ∆θ between the
ℓ+ lepton and the jet from the hadronization of the b-quark (originated in the t decay
and labelled as bt). Similar distributions were also obtained for the ℓ− lepton, and used
to optimize finding the right combination. Clear differences between the wrong and right
combinations are visible in all distributions shown. The invariant mass difference between
the pairs (bt, l+) and (b̄t̄, l−) is also shown in figure 2, for the right and wrong combinations.
Several multivariate statistical methods were then trained by TMVA, using right and wrong
combinations distributions for training and testing. All individual distributions were
combined into a single discriminant classifier for each one of the methods. In figure 3 (left),
we show the Receiver Operating Characteristic (ROC) curve for the Y0 scalar (JP = 0+)
and pseudo-scalar (JP = 0−) mediators in the top and bottom plots, respectively. From
the ROC curves we can see that the best method is a Boosted Decision Tree with Gradient
boost (BDTG). The corresponding classifier outputs are shown in figure 3 (right), for
scalar and pseudo-scalar DM mediators in the top and bottom plots, respectively. From the
comparison between both cases, we can see that the scalar mediator is more challenging,
with a slightly worse ROC curve. For this reason, from this point on, all results shown
originate directly from the scalar mediator analysis, since this case represents the most
conservative scenario.

3∆R ≡
√

∆Φ2 + ∆η2, where ∆Φ (∆η) correspond to the difference in the azimuthal angle (pseudo-
rapidity) of two objects.
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Figure 3. Background rejection versus signal acceptance (ROC curve) for different multi-variate
methods are compared, for the JP = 0+ mediator (top left). The distribution of the best classifier
(BDTG) is also shown (top right). The equivalent plots for the case of the JP = 0− mediator, are
shown in the bottom plots.

To reconstruct the 3-momentum of the undetected neutrinos from the top quark decays,
we impose the following energy-momentum conservation conditions to events,

(pν + pℓ+)2 = m2
W ,

(pν̄ + pℓ−)2 = m2
W ,

(pW + + pb)2 = m2
t , (4.1)

(pW − + pb̄)
2 = m2

t̄ ,

px
ν + px

ν̄ = /E
x
,

py
ν + py

ν̄ = /E
y
,

where pς (pκ
ς ) represents the four-momentum of particle ς (its projection along the κ-axis).

In the first four equations mass constraints are imposed, where neutrinos and charged
leptons are assumed to reconstruct the masses of the W bosons they originated from which,
when combined with the right jet, should reconstruct the correspondent top quark masses.
We also consider (last two equations) the total missing transverse energy is wholly accounted
for by the neutrinos. In this approximation, we are assuming the DM mediator contribution
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Figure 4. Two-Dimensional distributions of tt̄Y0+ events: generator-level transverse momentum
versus reconstructed transverse momentum for several particles (neutrino, top left; t, top right; tt

system, bottom left; W+ boson, bottom right), for the massless DM mediator.

to the missing transverse energy to be negligible (as well as its z-axis component) when
compared to the neutrinos contribution. In order to find the best solution for each event,
the top quark and W boson mass values, used by the fit, were sampled 500 times from
2-dimensional probability distribution functions (p.d.f.s) obtained from parton level (with
shower effects) tt̄Y0 signal events (see [49], for more details). The neutrinos four-momenta
are obtained from solving the set of equations (4.1), above. If a solution is found, new
mass values are tried around the found value (up to 6 times), to check if neighbour mass
points can indeed provide a better fit overall. Due to the quadratic form of the mass
equations, multiple solutions may exist for a single event. We chose the solution that
provides the highest value of the likelihood (L) constructed using parton level (with shower
effects) distributions, in particular the p.d.f.s for the transverse momenta of the neutrinos,
top quarks and tt̄ system, P (pTν ), P (pTν̄ ), P (pTt), P (pTt̄

) and P (pTtt̄
), respectively. This
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likelihood is defined according to

L ∝ 1
pTν pTν̄

P (pTν )P (pTν̄ )P (pTt)P (pTt̄
)P (pTtt̄

), (4.2)

where the normalization factor 1/pTν pTν̄ is applied to account for the energy losses due to
radiation emission and effects from detector resolutions which will increase the reconstructed
neutrino 4-momentum. This factor compensates for values of neutrino pT which are too
extreme by giving less weight to those solutions. If no solution is found, the event is
discarded. For a scalar (pseudo-scalar) DM mediator mass of 0 GeV, we found that 75%
(72%) of all events were correctly reconstructed, a number that matches quite well typical
SM tt̄ analyses where such kinematic reconstruction is attempted.

In figure 4, we show the 2-dimensional pT distributions of the neutrino (top left), top
quark (top right), tt̄ system (bottom left) and W + boson (bottom right), after kinematic
reconstruction. We can see that the parton level (with shower effects) and the reconstructed
kinematics are highly correlated for all particles or systems of particles. This implies that,
after experimental effects are taken into account, it is still possible to reconstruct the tt̄

system without even trying to reconstruct the invisible DM mediator. This point is quite
important since it opens up the possibility of studying the changes in angular distributions
of tt̄ systems in the presence of a new invisible particle.

5 Results and discussion

In figure 5, we show the b4 (left) and ∆ϕℓ+ℓ− (right) distributions after event selection
and kinematic reconstruction, for a reference luminosity of 100 fb−1. All SM backgrounds:
tt̄ (tt̄cc̄ and tt̄+light jets), tt̄bb̄, tt̄V , tt̄H, single top quark production (t-, s- and Wt-
channels), W/Z+jets, and diboson (WW, ZZ, WZ) events are represented. The tt̄Y0 scalar
and pseudo-scalar signals, with mY0 = 0 GeV, are shown as well, scaled by factors of 2 and
500 respectively, for convenience. As expected, the main SM background contribution is
the tt̄ due to its similarity with the signal final state topology. All other backgrounds are
essentially residual to the overall SM background contribution. Differences in the shapes
of the background distributions can also be noticed when compared with the signals. For
instance, in the b4 distribution and for the scalar signal (in brown), events tend to populate
positive values more than negative values. This behaviour is inverted for the pseudo-scalar
case (in orange). For the ∆ϕℓ+ℓ− distribution (which is symmetric around zero), the scalar
and pseudo-scalar signals populate differently its extreme regions. For completeness, we
show in figure 6 the missing transverse energy (ET ) distribution, which shows a quite similar
behaviour to the SM background one, for both the CP-even and CP-odd signals. This
means that missing ET is not a good discriminating variable for this process which is a very
important point to make in an analysis for a process with DM in the final state.

The b4 and ∆ϕℓ+ℓ− distributions were then used to set confidence level limits (CLs) on
the exclusion of the SM with a new CP-mixed massless DM mediator particle, Y0, assuming
the SM hypothesis as the null hypothesis (Scenario 1). The result is shown in figure 7, for an
integrated luminosity corresponding roughly to the RUN 2 luminosity plus the contribution
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Figure 5. The b4 (left) and ∆ϕℓ+ℓ− (right) distributions for scalar and pseudo-scalar signals (dashed
curves) together with the SM processes (full lines) with dileptonic final states, are represented after
event selection and kinematic reconstruction (exp), for a reference luminosity of 100 fb−1. Scaling
factors are applied to the scalar and pseudo-scalar signals for convenience.
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Figure 7. CLs for the exclusion of the SM with a massless DM mediator, Y0, with mixed scalar and
pseudo-scalar couplings with the top quarks, against the SM as null hypothesis, for the ∆ϕ between
the charged leptons, ∆ϕℓ+ℓ− (left), and b4 (right) observables. Limits are shown for a luminosity of
L = 200 fb−1.

Exclusion Limits L = 200 fb−1 L = 3000 fb−1

from ∆ϕl+l− (68% CL) (95% CL) (68% CL) (95% CL)

mY0 = 0 GeV
gS

u33 ∈ [-0.067, +0.067] [-0.125, +0.125] [-0.022, +0.022] [-0.052, +0.052]

gP
u33 ∈ [-0.91, +0.91] [-1.71, +1.71] [-0.44, +0.44] [-0.85, +0.85]

Table 1. Exclusion limits for the tt̄Y0 CP-couplings for fixed luminosities of 200 fb−1 and 3000 fb−1

of the SM plus Y0, assuming the SM as the null hypothesis. The limits are shown at confidence
levels of 68% and 95%, for the ∆ϕl+l− variable.

from the first year of RUN 3, i.e., L ∼ 200 fb−1. The CL limits are shown as contour plots
in the (gS

u33 , gP
u33) 2D plane. It is clear that the CLs are identical for both observables, in

this scenario.
The CLs are also evaluated, for Scenario 1, for the full luminosity expected at the end

of the High-Luminosisty phase of the LHC (HL-LHC), for L = 3000 fb−1, using the ∆ϕℓ+ℓ−

distribution. The resulting 68% and 95% exclusion limits, for both luminosity values, are in
table 1. For L = 3000 fb−1, we observe a substantial improvement by factors of 2 to 3, on
the exclusion limits. Quite similar results where obtained when using a simple counting
experiment. This leads us to conclude that the observable choice has little to no impact on
the exclusion limits in this scenario and the DM mediator production cross section is, in
itself, the dominant factor.

For completeness, an alternative scenario was considered (Scenario 2), where we assumed
as null hypothesis the SM plus a pure CP-even DM mediator of mass 0 GeV. The main
goal of this scenario is to quantify how well could the mixed state be excluded from a
pure CP-even mediator, in case of a discovery. This scenario was explored by using the
∆ϕℓ+ℓ− distribution as well as the simple counting experiment used above for Scenario 1.
The results are shown in figure 8. Here, however, the difference between both distributions
is quite clear, i.e., the 68% CLs are much worse in the latter case. This indicates that,
in Scenario 2, in contrast with Scenario 1, the chosen observable will have an important
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Figure 8. CLs for the exclusion of the SM with a massless DM mediator, Y0, with mixed scalar and
pseudo-scalar couplings with the top quarks, against the SM plus a pure scalar DM mediator, for
the ∆ϕ between the charged leptons (left). For completeness, the results for a simple event counting
experiment (one Bin) is also shown (right). Limits are represented for a luminosity of L = 200 fb−1.

impact on the exclusion limits. This also means that angular observables can indeed help
on studying the CP-nature of DM mediators upon discovery.

Lastly, to extend our results to a massive Y0 produced together with pairs of top quarks,
additional signal events were generated with mediator masses (mY0) set to 1, 10 and 125 GeV.
The selection criteria and reconstruction procedure described in section 4 were the same.
The resulting ∆ϕℓ+ℓ− distributions were then used to set CLs, in both Scenarios 1 and 2,
for a luminosity of 200 fb−1 and 3000 fb−1 as before. The exclusion limits are depicted for
all masses in figure 9, for L = 3000 fb−1. The respective 68% and 95% exclusion limits for
Scenario 1 are shown in table 2, for both L = 200 fb−1 and L = 3000 fb−1. As expected,
exclusion limits worsen as masses increase in both Scenarios, since the tt̄Y0 production cross
section decreases for heavier Y0 masses, and improve with increasing luminosity values.
Also, notice that the observable choice having a very small impact on the exclusion limits
in Scenario 1 is true only for smaller DM mediator masses, where the Y0 production cross
section is the dominant factor contributing to the exclusion limits.

6 Conclusions

In this work we have explored the idea of using on-going searches and measurements, such
as the analysis that leads to the measurement of the tt̄ production cross section at the
LHC, to look for hidden DM particles in the final states. To that end, we present a new
approach to fully reconstruct the kinematics of the tt̄ system present in tt̄Y0 events produced
at the LHC. Our study was performed within the context of simplified models of DM
production at colliders. In this kinematic reconstruction, the missing transverse energy was
fully attributed to the undetected neutrinos and no attempt to reconstruct the invisible
DM mediator was tried. The approximations used in our work appear to be valid in a
wider range of the DM mediator mass (starting at mY0 = 0 GeV), according to the resulting
correlations between the generated and reconstructed kinematics. An example of these
correlations is shown in figure 4 for the mY0 = 0 GeV case. Moreover, we have checked that
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Figure 9. CLs for the exclusion of the SM with a massive DM mediator, Y0 (mY0 = 1, 10 and
125 GeV in the top, middle, and bottom rows, respectively), with mixed scalar and pseudo-scalar
couplings, against the SM as null hypothesis (left), for the ∆ϕ between the charged leptons. For
completeness, the corresponding CL for the exclusion of the SM plus a mixed DM mediator against
the SM plus a pure scalar DM mediator is also shown for ∆ϕ (right). Limits are shown for a
luminosity corresponding to the full HL-LHC luminosity (L = 3000 fb−1).
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Exclusion Limits L = 200 fb−1 L = 3000 fb−1

from ∆ϕl+l− (68% CL) (95% CL) (68% CL) (95% CL)

mY0 = 1 GeV
gS

u33 ∈ [-0.073, +0.073] [-0.142, +0.142] [-0.038, +0.038] [-0.068, +0.068]

gP
u33 ∈ [-0.89, +0.89] [-1.65, +1.65] [-0.43, +0.43] [-0.83, +0.83]

mY0 = 10 GeV
gS

u33 ∈ [-0.198, +0.198] [-0.368, +0.372] [-0.098, +0.098] [-0.188, +0.188]

gP
u33 ∈ [-0.87, +0.87] [-1.65, +1.65] [-0.44, +0.44] [-0.83, +0.83]

mY0 = 125 GeV
gS

u33 ∈ [-0.328,+0.322] [-0.608, +0.612] [-0.162, +0.162] [-0.308, +0.308]

gP
u33 ∈ [-1.48, +1.49] [-2.77, +2.78] [-0.75, +0.75] [-1.41, +1.41]

Table 2. Exclusion limits for the tt̄Y0 CP-couplings for fixed luminosities of 200 fb−1 and 3000 fb−1

of the SM plus Y0, assuming the SM as null hypothesis, for Y0 masses of 1 GeV (top), 10 GeV
(middle) and 125 GeV (bottom). The limits are shown at confidence levels of 68% and 95%, for the
∆ϕl+l− variable.

the pairing of the b-jets and charged leptons originated from the same parent top quark
decay was very well achieved using several angular distributions and dedicated multivariate
statistical methods.

We have analyzed a significant number of angular observables, from which two of them
were selected to illustrate our findings, the ∆ϕℓ+ℓ− and b4 distributions. These observables
were shown to be sensitive not only to DM mediators with different mass scales, but also
with different CP-natures, in what concerns their couplings to heavy SM particles. These
distributions were then used to set exclusion limits assuming the SM as the null hypothesis,
for a luminosity of 200 fb−1 and 3000 fb−1, corresponding to the full luminosity of the
High-Luminosity Phase of the LHC (HL-LHC). We also considered a benchmark scenario
that takes into account, as null hypothesis, the SM plus a pure scalar DM mediator, in
order to check how sensitive the analysis is to a possible CP-mixed nature of the DM
mediator. We observe that, in the former case, the 95% CL limits using the ∆ϕℓ+ℓ− angular
distribution were gS

u33 ∈ [−0.125, 0.125] and gP
u33 ∈ [−1.71, 1.71] for a luminosity of 200 fb−1,

and gS
u33 ∈ [−0.052, 0.052] and gP

u33 ∈ [−0.85, 0.85] for a luminosity of 3000 fb−1. We have
also checked that a simple counting experiment can provide similar exclusion limits. In the
second case, we observed that the use of angular distributions can improve the exclusion
limits for the pseudo-scalar coupling by at least a factor of two, if we want to understand the
CP-nature of the DM mediator couplings to SM particles. Finally, we extended our study
to the case of a massive DM mediator with mY0 set to 1, 10 and 125 GeV. We observed that
the exclusion limits set from the ∆ϕℓ+ℓ− distributions got worse for increasing Y0 masses,
since the tt̄Y0 cross section decreases in that case.
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