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in the search, for scenarios in which either H or A appear alone, or in which they coexist and interfere. No
significant excess above the standard model prediction is observed. Exclusion limits are derived in the context of

1. Introduction

Using proton-proton (pp) collision data recorded during the CERN
LHC Run 1 (2011-2012) data-taking period, the ATLAS and CMS ex-
periments discovered a scalar boson, h;,5, with a mass of 125GeV, the
properties of which are so far consistent with those of the Higgs boson
of the standard model (SM) [1-3]. The analysis of the additional Run 2
(2015-2018) data enabled more precise measurements of the Higgs bo-
son properties and further constrained the possible contributions from
new physics beyond the SM [4,5]. The ATLAS and CMS experiments
have measured the Yukawa couplings of the h;,5 boson to the t and b
quarks, and the T and p leptons [6,7]. In all cases, the couplings are
found to be consistent with the SM expectations within uncertainties.

Having established the existence of one scalar SU(2) doublet, nat-
ural questions emerge about the possibility of additional doublets. A
second doublet is predicted in two-Higgs-doublet models (2HDM), re-
sulting in five physical scalar bosons: CP-even neutral scalar bosons h
and H with my > my,, a CP-odd pseudoscalar boson A, and two charged
Higgs bosons H* [8]. These additional Higgs bosons at mass scales
<1TeV may still exist within the reach of the LHC [9], but their sig-
natures may be suppressed by fermion mass-mixing hierarchy [10] or
alignment mechanisms, where the mixing angle y between the two CP-
even scalar bosons h and H has a value for which cosy ~ 0 [11]. In the
alignment limit [12-14], the lightest scalar boson h becomes the SM
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h;,5 boson, and the extra spin-0 bosons do not interact with vector bo-
son pairs (i.e., HVV and AVV interactions do not occur, where V is a
W or Z boson). Alignment suppresses flavor changing neutral current
interactions of the h boson but allows them for the H and A bosons.
Therefore, the lack of a hint of the processes such as t — ch;,5/uhs5
or hj,5 = ut/et at the LHC may be because their amplitudes are sup-
pressed by alignment. As shown in Ref. [11], the alignment scenario
may occur if all extra Higgs quartic couplings are (1) and no Z,
symmetry requirement is imposed, allowing flavor changing neutral
Higgs couplings involving H and A bosons. This scenario without Z,
symmetry can be studied in the framework of the generalized 2HDM
(g2HDM) [8,10,15], with new Yukawa couplings such as Prws Prus Pres
and p,, that may assume significantly large values [8,10,15]. These new
Yukawa couplings combined with Higgs quartic couplings of ~ 1 may
also explain the electroweak baryogenesis [16,17] and therefore the dis-
appearance of antimatter soon after the Big Bang. The new top Yukawa
coupling py with a similar strength to p,, may be compatible with the
observed data depending on the H* mass, which may also explain a
possible muon g — 2 anomaly [18]. These arguments strongly motivate
to verify with direct experimental searches whether new Yukawa cou-
plings exist. The processes discussed above have been recently explored
by the ATLAS experiment [19].

In this Letter, we present a search for the existence of the real part
of these couplings, p,, and p,., through the pp — tH/A — ttq (q=u,c)
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Fig. 1. Representative Feynman diagram for ttq (q = u, ¢) production through
a new scalar (H) or pseudoscalar (A) Higgs boson. In this analysis, events with
q=q’ are considered.

and the charge conjugate processes, considering one coupling at a time
and keeping the other at zero using the Run 2 data set recorded by the
CMS experiment. A representative Feynman diagram for the ttq process
is displayed in Fig. 1. The final-state signature for ttq explored in this
Letter consists of two same-sign (SS) leptons with at least three jets,
two of which are identified as b jets and one compatible with originat-
ing from a u or ¢ quark, and missing transverse momentum. The main
background consists of events with nonprompt leptons originating from
leptonic decays of heavy quarks, hadrons misidentified as leptons, elec-
trons from photon conversions, or jets misidentified as leptons.

The analysis is performed using pp collision data at a center-of-mass
energy of 13 TeV. The data were collected with the CMS detector at the
LHC between 2016 and 2018, and correspond to an integrated lumi-
nosity of 138fb~!. Tabulated results are accessible from the HEPData
record for this analysis [20].

The Letter is organized as follows: Section 2 describes the CMS de-
tector, along with object reconstruction. In Section 3, a description of
the simulation samples used in the analysis is given. The event selec-
tion and reconstruction procedure of the physics objects are given in
Section 4. Following, in Section 5, the signal extraction procedure is ex-
plained. Section 6 discusses the sources of systematic uncertainties. The
results of the analysis are presented in Section 7. Finally, a summary of
the analysis is given in Section 8.

2. The CMS detector and object reconstruction

The CMS apparatus [21] is a multipurpose, nearly hermetic detector,
designed to trigger on [22,23] and identify electrons, muons, photons,
and (charged and neutral) hadrons [24-26]. A global “particle-flow”
(PF) algorithm [27] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon inner tracker
and by the crystal electromagnetic (ECAL) and brass-scintillator hadron
calorimeters (HCAL), operating inside a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors embedded in the flux-
return yoke outside the solenoid.

The primary vertex is taken to be the vertex corresponding to the
hardest scattering in the event, evaluated using tracking information
alone, as described in Section 9.4.1 of Ref. [28]. The energy of pho-
tons is obtained from the ECAL measurement. The energy of electrons
is determined from a combination of the electron momentum at the pri-
mary interaction vertex as determined by the tracker, the energy of the
corresponding ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with originating from the electron track.
The energy of muons is obtained from the curvature of the correspond-
ing track. The energy of charged hadrons is determined from a combi-
nation of their momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for the response function
of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected ECAL and HCAL
energies.

Jets are built from PF particles using the anti-ky algorithm [29,30]
with a distance parameter of 0.4. Jet momentum is determined as the
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vectorial sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5 to 10% of the true momentum
over the whole py spectrum and detector acceptance. Additional pp in-
teractions within the same or nearby bunch crossings can contribute
additional tracks and calorimetric energy depositions, increasing the
apparent jet momentum. To mitigate this effect, tracks identified to be
originating from the multiple pp interactions occurring in the same or
nearby bunch crossings (pileup) are discarded and an offset correction
is applied to correct for remaining contributions [31]. Jet energy correc-
tions are derived from simulation studies so that the average measured
energy of jets becomes identical to that of particle level jets. In situ
measurements of the momentum balance in dijet, photon +jet, Z+jets,
and multijet events are used to determine any residual differences be-
tween the jet energy scale in data and in simulation, and appropriate
corrections are made [32]. Additional selection criteria are applied to
each jet to remove jets potentially dominated by instrumental effects or
reconstruction failures [31]. The missing transverse momentum vector
ﬁ%‘i“ is computed as the negative vector sum of the transverse momenta
of all the PF candidates in an event, and its magnitude is denoted as
p%‘iss [33]. The FT'““ is modified to account for corrections to the en-
ergy scale of the reconstructed jets in the event.

Events of interest are selected using a two-tiered trigger system. The
first level (L1), composed of custom hardware processors, uses informa-
tion from the calorimeters and muon detectors to select events at a rate
of around 100 kHz within a fixed latency of about 4 pus [22]. The second
level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around 1 kHz before
data storage [23].

3. Simulated event samples

The signal and background processes are simulated using several
Monte Carlo (MC) programs. The ttq signal samples are simulated at
leading order (LO) in perturbative quantum chromodynamics (QCD)
with up to two additional noncollinear high-p; partons using MAD-
GRAPH5_aMC@NLO 2.6.5 [34], and the hard-process simulation is in-
terfaced with parton shower jets using the MLM [35] matching pre-
scription. Different signal samples are simulated for the case where a
mass between 200 and 1000 GeV is assumed for A (H), and a mass too
high to be of reach for our search is assumed for H (A). For these sig-
nal samples, there is no interference between A and H. Signal samples
are also generated for the case where both A and H coexist and inter-
fere assuming a mass difference m, — my; = 50 GeV, following Ref. [36].
The amplitudes for the processes qg — tA — ttq and qg — tH — ttq can-
cel when A and H are mass degenerate. The signal cross section is not
significantly modified with respect to the noninterference case when
the mass differences are larger than ~100GeV. Therefore, the investi-
gated mass difference is chosen to retain some interference effects along
with reasonably high cross sections. Depending on the coupling value
and the interference assumption we consider in this Letter, the cross
sections for the tti process range from ~1 x 10~* to ~7 x 10~! pb and
for ttc range from ~5 x 1076 to ~7 x 102 pb, as calculated with MAD-
GRAPH5_aMC@NLO at LO precision in QCD. The inclusive cross section
for the ttq process does not change, within uncertainties, when the in-
termediary particle is H or A, when there is no A-H interference.

Background events generated by the MADGRAPH5_aMC@NLO gener-
ator are ttV, V+jets, ttVV, tt VH, tZ, tttj, tttW, tttt, WZ, vector boson
scattering (VBS, i.e., W££qq or V¥ V*JJ), VVV, and single top quark
s-channel production. Among these processes, FxFx matching [37] is
used for ttW, Z+ jets, and the QCD part of WZ production, while MLM
matching [35] is used for W+ jets. The POWHEG 2.0 generator [38-40]
is used to simulate events at next-to-LO in perturbative QCD for tt [41],
ZZ and W* W¥ [42], single top quark tW [43] and ¢-channel [44], and
ttH production [45].
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Both the signal and background samples are interfaced with PYTHIA
v8.240 [46] for parton showering, fragmentation, and hadronization.
The underlying event is also modeled with PYTHIA, using the CP5
tune [47]. The parton distribution functions (PDFs) are taken from the
NNPDF3.1 next-to-next-to-LO set [48]. Finally, for both signal and back-
ground MC event samples, the detector response is modeled with the
GEANT4 package [49]. The simulated events are weighted to match the
observables sensitive to pileup to those observed in the data [31].

The simulated events are corrected for the differences between data
and simulation of the trigger efficiencies, lepton identification, and lep-
ton isolation. The corrections are determined using the “tag-and-probe”
method applied on Z boson candidate events [50] and are parametrized
as functions of the lepton pr and pseudorapidity (1).

4. Event reconstruction and selection

Data are selected online with a combination of double lepton trig-
gers and single lepton triggers to enhance signal efficiency. Charged
leptons (electrons or muons) are required to originate from the primary
vertex to reject contributions from pileup. Identification of electrons
makes use of a multivariate discriminant [51,52] combining observ-
ables sensitive to the matching of charged-particle tracks in the tracker
to the energy deposits in the ECAL and the amount of bremsstrahlung
photons emitted along their trajectory [24]. The number of electrons
originating from asymmetric photon conversions is reduced by requir-
ing that their associated track has no missing hits in the innermost lay-
ers of the silicon tracker. To ensure the correct assignment of the electric
charge of the electrons, further selection criteria were applied [53]. The
separation of prompt leptons from nonprompt leptons reconstructed
within jets is achieved by using an isolation variable, relative to the
lepton py. The isolation variable is constructed from the scalar pr sum
of charged hadrons, neutral hadrons, and photons reconstructed within
a cone of variable size that depends on the lepton pr [54]. “Loose” lep-
tons are those that pass the kinematic selection criteria of py > 10 GeV
and |5| < 2.5 (2.4) for electrons (muons). Electrons that fall in the re-
gion between the ECAL barrel and endcaps (1.442 < |5| < 1.556) are
vetoed. “Tight” leptons are in addition required to have pp > 20GeV. A
multivariate discriminant is furthermore used to separate prompt lep-
tons and nonprompt leptons originating from the decays of hadrons
inside jets, hadrons misidentified as leptons, and electrons from pho-
ton conversions. The jets must have pr > 30GeV and || < 2.4 to be
considered. In addition, they are required to be separated from identi-

fied leptons by AR = V(An)? + (A¢)? > 0.4, where ¢ is the azimuthal
angle measured in radians. At least three jets, and p?iss > 30GeV are re-
quired in each event. Jets from the hadronization of b quarks (b jets),
¢ quarks (c jets), and light (i.e., light-quark or gluon) jets are distin-
guished through the ratios of the corresponding jet flavor probabilities,
defined as CvsL (c vs light quark) and CvsB (c vs b quark) [55,56], re-
spectively. These probabilities are obtained from the DEEPJET [57,58]
algorithm: a neural network utilizing global variables, charged, neutral
particle and secondary vertex features in a jet to perform flavor tagging.
The differences of the shapes of the CvsL and CvsB discriminant distri-
butions between data and simulation are corrected by flavor-dependent
scale factors.

The search is performed in three SS dilepton categories: e*e*, u*p*,
and e*p*. The event selection ensures complete orthogonality of these
three categories to avoid any possible double counting of events se-
lected in the analysis. Events are required to have two tight leptons with
the same electric charge for which the leading lepton has py > 30 GeV
and subleading lepton pr > 20 GeV. Events containing a third lepton are
vetoed if the additional lepton passes the loose selection. The two lep-
tons are required to be separated by AR(Z,¢,) > 0.3 and required to
have an invariant mass m(#,7,) > 20 GeV. Events with 60 <m(¢,7,) <
120 GeV in the e*e* channel are vetoed to suppress the Drell-Yan (DY)
background contribution, the main source of charge misidentified lep-
tons. This veto reduces the selected number of DY events in simulation
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Fig. 2. The pre-fit CvsL (upper) and CvsB (lower) distributions for the selected
highest p; jet. The predictions for m, = 350 GeV with A-H interference assum-
ing my — my = 50GeV for p,, = 1.0 (solid red line) and p, = 1.0 (dashed red
line) are also displayed. The numbers in square brackets represent the yields
for each sample. The uncertainty bars on the points and the hatched bands
represent the statistical uncertainties in the data and in the background predic-
tions, respectively. Beneath each plot the ratio of data to predictions is shown.
The uncertainty bars in the ratio plots include statistical uncertainties in the
data and in the background predictions.

by about 94% after the aforementioned requirements. This veto is not
applied to the e*p* and p*u* channels, as the charge misidentifica-
tion rate for muons is negligible. The CvsL and CvsB distributions for
the leading jet obtained from simulated events and data are displayed
in Fig. 2.

The nonprompt-lepton background is estimated from control regions
in the data using the fake-factor method [59]. A dijet enriched sample is
selected from data, from which the probability f, for a loose nonprompt
lepton (originating from a jet) to also pass the tight lepton selection
criteria is estimated in bins of pr and |5|. The nonprompt-lepton back-
ground contribution is then estimated by applying f), to events in a data
control sample in which at least one lepton fails the tight lepton selec-
tion criteria. A data-driven approach is followed to evaluate the lepton
charge misidentification rate in the e*e* channel using DY events with
same- and opposite-sign electric charges. It is estimated in bins of lep-
ton pr and #, and is used to calibrate simulated events. The rate, which
increases with pr and #, varies from ~1075 to #1072,
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Input variables of the BDT. Jets and leptons are ordered by pr.

Input variables of the BDT

CvsL(j,) a=1,2,3 Charm- vs light-quark jet identification variable
CvsB(j,) a=1,2,3 Charm- vs bottom-quark jet identification variable
AR(j,, jp) 1<a<b<3 Angular separation between jets

m(j,.Jjp) 1<a<b<3 Invariant mass of jet pairs

ARG, 1) a=1,23;b=1,2 Angular separation between jet and lepton
m(jg,1y) a=1,2,3;b=1,2 Invariant mass of jet-lepton pairs

pr(,) a=1,2 Transverse momentum of leptons

m(,65,j,) a=12.3 Invariant mass of the two leptons plus the highest p; jet
m(t,¢,) Invariant mass of the two leptons

Hy Scalar pp sum of the jets

p?iss Missing transverse momentum

5. Signal extraction

A boosted decision tree (BDT) discriminant [60] is used to separate
signal and background events. We train the BDT model in the signal re-
gion, where process yields of both backgrounds and signal are small.
For the training, we combine the inputs from different channels. By
comparing the BDT output distributions for the training and test sam-
ples, we found no evidence of overtraining. We use an optimized set of
input observables, listed in Table 1, for our signal topology. Flavor tag-
ging variables are used to differentiate b quarks originating from the top
quark decay, and to differentiate ¢ quark and light-quark jets. Pairwise
kinematic variables related to jets are incorporated that are sensitive
to the resonance structures, specifically to top quarks and A/H. Other
kinematic features, such as Hy and p?iss, are also sensitive to our sig-
nal and are included. To mitigate the impact of resonances such as the
DY process, the dilepton (+jets) invariant mass is also used as an input
to the BDT.

We use half of the available simulated events for the BDT training.
The main backgrounds in the signal region are tt (fully leptonic decay
of the top quark-antiquark pair where one lepton has a misidentified
charge), nonprompt leptons (dominated by semileptonic tt decay), ttW,
and ttH. In the signal extraction, we use events from data to estimate
the nonprompt-lepton background contribution, but we do not use these
events for training. Instead, we use simulated samples of semileptoni-
cally decaying tt events for the BDT training, to mimic the misidentified
lepton in the nonprompt-lepton background. We do not include events
from W+ jets or single top quark simulation, due to a limited number
of simulated events. The various backgrounds are added correspond-
ing to their cross sections. The MC event samples used for the BDT
training are ttc or ttu signal, semileptonic tt, dileptonic tt (tt), ttV, VV,
VVV, ttH, ttVH, ttVV, tttj, tttW, tttt, and VBS. Three values for the
couplings p,, and p,., namely, 0.1, 0.4, and 1.0 are considered. For
each coupling, ten m, points are considered: 200, 300, 350, 400, 500,
600, 700, 800, 900, and 1000 GeV. Using the same coupling assump-
tions, we also consider the more realistic case with the A-H interference
assuming a fixed mass difference m, — my = 50GeV, with the follow-
ing nine my-my combinations; 250-200, 300-250, 350-300, 400-350,
550-500, 700-650, 800-750, 900-850, and 1000-950 GeV. The signal
extraction is performed using the shape of the BDT discriminant distri-
butions. Because of the kinematic differences and different background
compositions, the BDTs are trained independently for four data-taking
periods, two in 2016, and one for each of the years 2017 and 2018; for
each mass assumption, namely for each m, either with no H present or
with A-H interference; and for p,, = 0.4 and p,. = 0.4. Therefore, a to-
tal of 152 BDTs are trained. The values of the BDT hyperparameters, as
defined in the TMVA package [61], are chosen after scanning a range
of values, avoiding overtraining, and requiring a high background re-
jection rate while maintaining a high signal efficiency. We use these
same model parameters for all three years of data taking. The BDTs of-
fer high background rejection, while simultaneously maintaining a high

signal efficiency. For instance, when considering p,, = 0.4, and a signal
efficiency of 96%, the background rejection rates for m, =200 GeV and
1000 GeV are 50% and 76%, respectively.

The signal strength parameter, u, is obtained using a simultaneous
maximum likelihood fit [62], in analyses performed for three decay
modes and for four different eras (i.e. 12 categories) for each signal
mass-coupling assumption independently. It is defined as y = 6/6pcory
where 6,y is the predicted ttq production cross section in g2HDM
calculated with MADGRAPH5_aMC@NLO +PYTHIA, and o is the upper
limit on the observed cross section. To ensure numerical stability, the
bin width is chosen to have a high enough yield in each bin of the BDT
distributions. The BDT distribution ranges from —1 to 1, but to reduce
the impact on the fit of background-dominated regions, events are se-
lected with a BDT score > — 0.6. This requirement on the BDT score
also helps to improve the stability of the fit and the corresponding fit
uncertainties. Except for the dominant nonprompt-lepton background,
the predicted yields and the shapes of the BDT distributions are taken
directly from the simulation. When performing the maximum likelihood
fit, individual templates are used for the VBS, VV, tt (fully leptonic de-
cays), ttH, ttW, and nonprompt-lepton background processes, while a
combined template labeled others uses a combination of background
processes, namely: DY, ttVV, ttVH, ttZ, tttj, tttW, tttt, VVV, tZq, tW,
and tW.

6. Systematic uncertainties

Systematic uncertainties, arising from various sources, such as de-
tector effects, theoretical uncertainties, and mismodeling, are evalu-
ated and categorized in two main groups: experimental uncertainties
and modeling uncertainties. Several effects modify the event yields or
shapes of the measured distributions. The systematic uncertainties are
modeled as nuisance parameters in the maximum likelihood estimation
procedure used for determining the best fit signal strength fi. The nui-
sance parameters are allowed to modify the shape and normalization of
the backgrounds and signal in the fit using the method in Ref. [62]. The
chosen probability density function (pdf) used for the interpolation be-
tween nominal and systematic templates is dependent on whether the
associated nuisance parameter can also affect the shape of the nominal
template or not. Log-normal pdfs are used for nuisance parameters that
only affect the distributions normalization, whereas Gaussian distribu-
tions are used for those that can affect the shape as well. Experimental
uncertainties, where appropriate, and all modeling uncertainties are
taken as correlated across years and channels. The effect of the limited
number of simulated events is estimated using the Barlow—Beeston-lite
method [63].

The experimental uncertainties are those related to the integrated
luminosity [64-66], pileup, L1 trigger inefficiency, nonprompt-lepton
background estimation, jet energy scale and resolution, unclustered en-
ergy scale, lepton identification and trigger efficiencies, charge misiden-
tification, muon momentum scale, and heavy-quark, light-quark and
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Summary of systematic uncertainties for p,. = 0.4 and m, = 350 GeV with A-H interference assuming
my —my = 50 GeV. The first column indicates the source of uncertainty. The second column specifies
whether the shape of the fit discriminant is affected by the nuisance parameter (v) or not (dash).
The impact in percent of these nuisance parameters on the pre-fit expected event yields is displayed
in the third column. This column is subdivided into three event categories representing the analysis
channels. The percentage impacts are given as a range of values representing the minimum and
maximum differences obtained in the different bins of the BDT distribution through the four data-
taking periods. The numbers for the normalization component of the nonprompt lepton background
represent the uncertainties used for each data-taking period. Whether or not a nuisance parameter
is taken correlated across years and categories is specified in the last two columns. The luminosity
and jet flavor identification nuisances are only partially correlated across years.

Uncertainty source Shape  Category Correlated across
etet ptpt etu* Years Categories
Experimental
Luminosity — 1.2-2.5 1.2-2.5 1.2-2.5 v v
Pileup v <0.1-2.8 <0.1-1.8 <0.1-2.3 v v
Trigger efficiency v 0.4-2.6 0.2-1.1 0.3-1.2 — —
L1 trigger inefficiency v 0.1-0.8 0.1-0.3 0.1-0.4 v v
Lepton identification v 0.1-1.7 <0.1-0.4 <0.1-0.6 — v
Lepton energy scale v — <0.1-0.2 <0.1-0.2 — v
Charge misid. v 1.2-13.1 — — — —
Jet energy scale v <0.1-4.5 <0.1-1.7 <0.1-1.5 v v
Jet energy resolution v <0.1-2.6 <0.1-1.8 <0.1-1.6 — 4
Unclustered energy v <0.1-2.6 <0.1-0.5 <0.1-0.8 — v
Jet flavor identification v <0.1-12.1 <0.1-8.8 <0.1-11.6 v 4
Nonprompt lepton BG
statistical component v <0.1-27.2 1.9-16.2 3.0-13.2 v
Nonprompt lepton BG — 27,15,11,10 27,15,11,10 27,15,11,10 — v
Theoretical
Signal QCD scales v 10.3-10.5 10.0-10.2 9.9-10.0 v v
Signal PDF v 0.7 0.6-0.7 0.5-0.6 v v
Signal parton shower v 3.6-4.3 4.0-4.3 6.3-7.3 v v
tt — 6.1 6.1 6.1 v v
\A% — 4.5 4.5 4.5 v v
VBS — 10.4 10.4 10.4 v 4
ttH — 7.8 7.8 7.8 v v
ttW — 10.7 10.7 10.7 v v
Other backgrounds — 5.4 5.4 5.4 v v

gluon jet identification. The dominant experimental uncertainty sources
are related to the flavor tagger discriminant shape calibration, and
nonprompt-lepton background estimation. The modeling uncertainty
sources are matrix-element renormalization and factorization scales,
parton shower scales that control the initial- and final-state radiation,
and PDFs. For the signal, these are included as separate nuisance pa-
rameters that affect the shape. For the backgrounds estimated using
MC event samples, nuisance parameters are assumed to only affect the
yields, and the corresponding uncertainties in the theoretical cross sec-
tion calculations are used. The most significant modeling uncertainty
in the analysis is attributed to the normalization of the ttW back-
ground, regardless of the A-H interference. The contributions of all
uncertainty sources on the pre-fit expected event yields are displayed
in Table 2, for p,. = 0.4 and m, =350 GeV with A-H interference assum-
ing my — my; = 50 GeV. The uncertainties in other scenarios are similar.

7. Results

Fig. 3 displays the post-fit BDT discriminant distributions used for
the signal extraction combining the categories e*e*, p*u*, and e*put,
and for p,, = 1.0 and p,. = 1.0 with A-H interference, assuming m, =
350GeV.

No significant excess over the expected SM background is observed.
The results of the search are interpreted in terms of the upper limits on
the signal strength parameter y in the g2HDM. The upper limits on u
are calculated at 95% confidence level (CL) using a modified frequentist
method [67-69] computed with an asymptotic approximation [70]. The
expected 95% CL on the production cross section and the regions con-

taining 68 and 95% of the distribution of the limits expected under the
background-only hypothesis are calculated with pseudo-experiments us-
ing background-only samples. It is observed that the shapes of the BDT
distributions are consistent with each other for different coupling values
at the same A or H mass value. Therefore, for other coupling assump-
tions than py, . = 0.4, the expected signal yields are scaled separately
for p,, and p,. for each mass and coupling hypothesis making use of the
corresponding signal cross sections. It is also observed that A or H can
be used interchangeably as their corresponding BDT distribution shapes
as well as their cross sections are the same. Therefore, we only show the
results for A in this Letter. The observed and expected upper limits are
displayed as functions of m, from 200 to 1000 GeV for p,, =0.1,0.4,1.0
and p,. =0.1,0.4, 1.0, for the Run-2 data and for the combination of all
three decay modes, without (with) A-H interference in Fig. 4 (5). The
observed limits at 95% CL on the signal strength as functions of m, and
the new Yukawa couplings pi./,, are shown in Fig. 6 without A-H in-
terference, and in Fig. 7 with A-H interference. Interpreted in g2HDM,
exclusion limits at 95% CL on the mass of the additional Higgs bosons
A and H are shown in Table 3 for different p,, and p,. assumptions.

8. Summary

A search for new Yukawa couplings of the top quark in models with
additional Higgs bosons in proton-proton collisions at a center-of-mass
energy of 13TeV has been presented. The process considered is the
production of same-sign top quark pairs associated with an up or a
charm quark, and resulting in a final state containing two same-sign
leptons and jets. No significant excess above the background prediction
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Fig. 3. Post-fit distributions of the BDT discriminants combining the categories
etet, p*u*, and e*p*, and all data-taking periods, for m, = 350GeV with
P = 1.0 (upper), and p,. = 1.0 (lower) with the A-H interference. The numbers
in square brackets represent the yields for each sample. The uncertainty bars
on the points represent the statistical uncertainties in the data. Beneath each
plot the ratio of data to predictions is shown. The uncertainty bars in the ratio
plots include statistical uncertainties in the data and the total uncertainty in the
background predictions, and the hatched bands represent the total uncertainty
in the background predictions.

Table 3

Observed (expected) lower limits on m, at 95% CL.
For the scenario without interference, the limits on
my and m, are the same.

Observed (expected) mass limit [GeV]

without with with
interference interference interference
my or my my my
Pru
0.4 920 (920) 1000 (1000) 950 (950)
1.0 1000 (1000) 1000 (1000) 950 (950)
Prc
0.4 no limit 340 (370) 290 (320)
1.0 770 (680) 810 (670) 760 (620)
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Fig. 4. Observed and expected 95% CL upper limits on the signal strength as
functions of m, for g2HDM using different coupling assumptions: p,, = 0.1, 0.4,
1.0 (upper) and p,. = 0.1, 0.4, 1.0 (lower) without interference, for the com-
bination of the e*e*, p*p*, and e*p* categories and all data-taking periods.
The inner (green) band and the outer (yellow) band indicate the regions con-
taining 68 and 95%, respectively, of the distribution of limits expected under
the background-only hypothesis.

is observed. When no interference between the pseudoscalar (A) and
scalar (H) Higgs bosons is assumed, A or H bosons with masses below
920 GeV and 1000 GeV are excluded at the 95% confidence level (CL)
for coupling values p,, = 0.4 and 1.0, respectively, while all other extra
Yukawa couplings are assumed to be zero. Similarly, without interfer-
ence between H and A, and assuming a coupling value of p,, = 1.0, A
or H bosons with masses below approximately 770 GeV are excluded at
the 95% CL. Under the assumption that A and H interfere in the sce-
nario with a mass difference of m, — my = 50GeV, the pseudoscalar
Higgs boson is excluded for m, values below 1000GeV when consid-
ering coupling values p, > 0.4. Furthermore, assuming p,. = 0.4, the
exclusion limit for A is m, =340 GeV, whereas assuming p,. = 1.0, the
limit extends to m, = 810GeV at 95% CL. These results represent the
first search based on the generalized two-Higgs-doublet model consid-
ering A-H interference.
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