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Abstract A search is presented for four-top-quark produc-
tion using an integrated luminosity of 139 fb~! of proton—
proton collision data at a centre-of-mass energy of 13 TeV
collected by the ATLAS detector at the LHC. Events are
selected if they contain a same-sign lepton pair or at least
three leptons (electrons or muons). Jet multiplicity, jet flavour
and event kinematics are used to separate signal from the
background through a multivariate discriminant, and ded-
icated control regions are used to constrain the dominant
backgrounds. The four-top-quark production cross section is
measured to be 241'2 fb. This corresponds to an observed
(expected) significance with respect to the background-only
hypothesis of 4.3 (2.4) standard deviations and provides evi-
dence for this process.

Contents

Introduction
The ATLAS detector . . . . . .. ... ... .....
Object and event selection . . . . . . ... ... ...
Monte Carlosamples . . . . . . ... ... ......
Background estimation . . . . ... ... .. ... ..
5.1 Fake/non-promptlepton background and tz W+jets
production . . . . . . ...

5.2 Charge misassignment background . . . . . . . .
6 Signal discrimination
7 Systematic uncertainties . . . . . . ... ... ...
7.1 Experimental uncertainties
7.2 Signal modelling uncertainties
7.3 Modelling uncertainties in irreducible background
7.4 Modelling uncertainties in reducible background .

8 Results . . . ... ... ... .. ... .
9 Conclusion . . . .. ... ... ... ... ...
References . . . . . .. ... ... ... ... ...

O O S

*e-mail: atlas.publications@cern.ch

Published online: 24 November 2020

1 Introduction

Being the heaviest known elementary particle of the Stan-
dard Model (SM), the top quark has a large coupling to the
SM Higgs boson and is predicted to have large couplings to
hypothetical new particles in many models beyond the SM
(BSM). In that respect, rare processes involving the top quark
are particularly relevant to study. Among these, the produc-
tion of four top quarks (¢7¢7) is predicted by the SM but has
not been observed yet. The ¢7tf cross section is sensitive to
the magnitude and CP properties of the Yukawa coupling of
the top quark to the Higgs boson since four top quarks can
be produced via an offshell SM Higgs boson [1,2]. Enhance-
ments of the ¢717 cross section (o;7;7) are expected in many
BSM scenarios, such as gluino pair production in supersym-
metry theories [3,4], pair production of scalar gluons [5,6],
or the production of a heavy pseudoscalar or scalar boson in
association with a top-quark pair (¢7) in Type II two-Higgs-
doublet models (2HDM) [7-9]. Within an effective field the-
ory framework [10], the BSM contribution to ¢7¢¢ production
can be parameterised by non-renormalisable effective cou-
plings and can be expressed for instance via a 77¢f contact
interaction.

The cross section of the SM production of four top quarks
from proton—proton (pp) collisions at /s = 13 TeV is pre-
dicted to be 0,7, = 12.0 fb with a relative scale uncertainty
of £20% at next-to-leading order (NLO) in QCD includ-
ing electroweak corrections [11]. Examples of Feynman dia-
grams for ¢ QCD production in the SM are shown in Fig. 1.

In the SM, the top quark is expected to decay into a
W boson and a b-quark with a branching ratio of approx-
imately 100%. Thus, the t7rf process will give rise to
W+W~WTW~bbbb events which then produce different
final states depending on the hadronic or leptonic decay
mode of the W bosons. This paper considers events that
contain exactly two isolated leptons with the same electric

@ Springer



1085 Page 2 of 32

Eur. Phys. J.C (2020) 80:1085

Fig. 1 Examples of Feynman
diagrams for SM ¢t production
at leading order in QCD

charge (2LSS) or events with at least three isolated leptons!
(3L), having branching fractions of 7 and 5%, respectively.
Although this channel, referred to as 2L.SS/3L, has a small
branching fraction, it benefits from low levels of background.
The t£t7 topology is characterised by high jet and b-jet mul-
tiplicities and high overall energy, which can be quantified
as a large value for the scalar sum of the transverse momenta
of objects in the event.

A number of SM processes can produce events with
topologies similar to those of ¢7¢ events and thus are back-
grounds to ¢7¢f production. The dominant source is 77 produc-
tion in association with other particles, such as a Higgs boson
(tt H+jets), W boson (tfW+jets), or Z boson (tfZ+jets).
Smaller contributions are expected from 7 W W, multi-boson
production, single-top-quark as well as 77t production. Sig-
nificant backgrounds also come from events where one of
the leptons has a misassigned charge and events that con-
tain leptons arising from heavy-flavour decays, photon con-
versions or misidentified jets, the latter three being collec-
tively referred to as ‘fake/non-prompt’. The heavy-flavour
decays are the dominant source for muons, while other
sources mostly affect electrons. The charge misassignment
and fake/non-prompt background comes mainly from 77
events.

In the analysis described in this paper, signal events are
separated from background events using a multivariate dis-
criminant. A fit is then performed on the distribution of
the multivariate discriminant in the signal-enriched region.
Background-enriched regions are also added to the fit to
determine the normalisations of the 7 W+jets background
and of some sources of fake/non-prompt background.

ATLAS and CMS previously searched for t7tf produc-
tion in 13 TeV pp collisions. The ATLAS search combined
results in the 2LSS/3L channel with those in a channel com-
prising single-lepton events and dilepton events with two
opposite-sign charged leptons (called the 1L/2LOS chan-
nel). This analysis used 36 fb~! of data and led to an

! Throughout the paper, leptons refer to either electrons or muons,
which can include those that come from a t-lepton decay.

@ Springer

observed (expected) significance of 2.8 (1.0) standard devi-
ations [12,13]. The CMS combination of the 1L/2LOS
and 2LSS/3L channels using 36 fb~! quotes an observed
(expected) significance of 1.4 (1.1) standard deviations [14].
The latest CMS search using 137 fb~! in the 2LSS/3L chan-
nel leads to an observed (expected) significance for the ¢71f
signal of 2.6 (2.7) standard deviations [15].

2 The ATLAS detector

The ATLAS experiment [16—18] at the LHC is a multi-
purpose particle detector with a forward-backward sym-
metric cylindrical geometry and a nearly 47 coverage in
solid angle.? It consists of an inner tracking detector (ID)
surrounded by a thin superconducting solenoid providing a
2T axial magnetic field, electromagnetic (EM) and hadron
calorimeters, and a muon spectrometer. The inner track-
ing detector covers the pseudorapidity range |n| < 2.5.
It consists of silicon pixel, silicon microstrip, and transi-
tion radiation tracking detectors. Lead/liquid-argon (LAr)
sampling calorimeters provide electromagnetic (EM) energy
measurements with high granularity. A steel/scintillator-tile
hadron calorimeter covers the central pseudorapidity range
(Jn] < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for both EM and hadronic
energy measurements up to || = 4.9. The muon spectrom-
eter (MS) surrounds the calorimeters and is based on three
large air-core toroidal superconducting magnets with eight
coils each. The field integral of the toroids ranges between
2.0 and 6.0 Tm across most of the detector. The MS includes
a system of precision tracking chambers and fast detectors for

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, ¢) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = — Intan(6/2). Angular distance is measured in units of
AR = /(An)? + (Ag)>.
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triggering. A two-level trigger system is used to select events.
The first-level trigger is implemented in hardware and uses a
subset of the detector information to keep the accepted rate
below 100 kHz. This is followed by a software-based trig-
ger that reduces the accepted event rate to 1kHz, on average,
depending on the data-taking conditions [19].

3 Object and event selection

Dataused in this analysis were collected by the ATLAS detec-
tor between 2015 and 2018 at /s = 13 TeV. Only events for
which all detector subsystems were operational are consid-
ered. The data set corresponds to an integrated luminosity of
139 fb~1 [20,21].

Events were collected using single-lepton or dilepton trig-
gers. Single-lepton triggers select events with leptons satisfy-
ing either low transverse momentum (pr) thresholds and an
isolation requirement, or a looser identification criterion and
higher thresholds with no isolation requirement. The lowest
pt thresholds used in the single-lepton triggers varied from
20 to 26 GeV depending on the lepton flavour and the data-
taking period [22,23]. The pr thresholds used in the dilep-
ton triggers varied from 8 to 24 GeV depending on the lepton
flavour and the data-taking period. Dilepton triggers are used
to select events with leptons without requiring any isolation
requirement; these are used to validate the fake/non-prompt
background estimation.

Events are required to have at least one vertex recon-
structed from at least two ID tracks with transverse momenta
of pr > 0.4GeV. The primary vertex for each event is
defined as the vertex with the highest sum of p% over all
associated ID tracks [24].

Electron candidates are reconstructed from energy deposits
in the EM calorimeter associated with ID tracks [25] and
are required to have a calorimeter energy cluster with
pseudorapidity |ncuster] < 2.47, excluding the transition
region between the barrel and the endcap calorimeters
(Incluster] € [1.37, 1.52]). Muon candidates are reconstructed
by combining tracks in the ID with tracks in the MS [26] and
are required to have |n| < 2.5. Both the electron and muon
candidates are required to have pr > 28 GeV. The trans-
verse impact parameter divided by its estimated uncertainty,
|dol/o (dp), is required to be lower than five (three) for elec-
tron (muon) candidates. The longitudinal impact parameter
must satisfy |zg sin(f)| < 0.5 mm for both lepton flavours.
Electrons are required to meet the ‘Tight’ likelihood-based
identification criterion and to be isolated using criteria based
on the properties of the topological clusters in the calorimeter
and of the ID tracks around the reconstructed electron [25].
Muons are required to meet the ‘Medium’ cut-based identifi-
cation criterion, which includes requirements on the number
of hits in the ID and MS as well as requiring compatibil-

ity between momentum measurements in the ID and MS.
Muons also have to satisfy the isolation requirement based
on the properties of ID tracks around the reconstructed muon.

To reduce the impact of charge misassignment back-
ground, an additional requirement is imposed on electrons
in the eTe* and e channels. This requirement is based
on the score of a boosted decision tree (BDT) that uses the
calorimeter cluster and track properties of the electron [25]
and is trained on data enriched in Z — ee events to sepa-
rate events with correct and incorrect electron charge assign-
ments. The chosen requirement on the BDT score removes
approximately 90% of electrons with a wrong charge assign-
ment while selecting 98% of electrons with correctly mea-
sured charge.

Jets are reconstructed from topological clusters [27] of
energy deposits in the calorimeters using the anti-k; algo-
rithm [28,29] with a radius parameter of R = 0.4 and are
calibrated as described in Ref. [30]. Jets are required to have
pt > 25GeV and || < 2.5. To reduce the effect from addi-
tional pp collisions in the same or a nearby bunch crossing,
collectively referred to as pile-up, jets with pt < 120 GeV
and |n| < 2.4 are considered only when they satisfy arequire-
ment based on the output of a multivariate classifier called
the jet-vertex-tagger (JVT) [31]. Events that contain at least
one jet arising from non-collision sources or detector noise
are rejected by a set of quality criteria [32]. The MV2c10
multivariate algorithm [33] is used to identify jets contain-
ing b-hadrons. A jet is considered b-tagged if it passes the
operating point corresponding to 77% average efficiency for
b-quark jets in simulated ¢7 events with the corresponding
rejection factors against light-quark/gluon jets and c-quark
jets of 110 and 4, respectively.

A sequential overlap removal procedure is applied to avoid
the same calorimeter energy deposit or the same track being
reconstructed as two different objects. As a first step, elec-
trons sharing their track with a muon candidate are removed.
Next, the closest jet within ARy, = /(Ay)? + (A¢)? = 0.2
of an electron is removed.® Then, electrons within AR, =
0.4 of a remaining jet are removed since they likely arise
from b- or c-decays. After that, jets with fewer than three
associated tracks that are within ARy, = 0.2 of a muon
are removed. Finally, muons are removed if their tracks are
within ARy = 0.4 + 10GeV/pT , of any remaining jets as
they also likely arise from b- or c-decays.

The missing transverse momentum in the event, whose
magnitude is denoted in the following by E%ﬁss, is defined as
the negative vector sum of the pt of the reconstructed and
calibrated objects in the event [34]. This sum includes the
momenta of the ID tracks that are matched to the primary
vertex and are not associated with any other objects.

3 The rapidity is defined as y = % In gfﬁ =, where E is the energy and

P is the component of the momentum along the beam pipe.
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The events are required to have one same-sign lepton pair
or at least three leptons without charge requirement. Each
event must have at least one reconstructed lepton that matches
alepton that fired the trigger. Events with two same-sign elec-
trons are required to have the invariant mass m,, > 15 GeV
and |[me, — 91 GeV| > 10 GeV to reduce the charge misas-
signment background coming from low-mass resonances and
Z-boson decay. In events with at least three leptons, all the
opposite-sign same-flavour lepton pairs are required to sat-
isfy |mge — 91 GeV| > 10 GeV to reduce the contamination
from Z-boson decay.

Events arising from t7rf production are selected by
exploiting the high multiplicities of light-flavour jets and b-
tagged jets as well as the large overall event activity. This last
property is probed by the scalar sum of the transverse momen-
tum of the isolated leptons and jets in the event, denoted by
Hr. The inclusive signal region (SR) is defined by requir-
ing at least six jets, at least two b-tagged jets, and Ht above
500 GeV.

4 Monte Carlo samples

Production of 77¢f events is modelled according to the SM
expectation. The nominal sample used to model the ¢77f sig-
nal was generatedusing the MADGRAPH5_aMC@NLO v2.
6.2 [35] generator, which provides matrix elements (ME)
at NLO in the strong coupling constant «g, with the
NNPDF3.1nlo [36] PDF set. The functional form of the
renormalisation and factorisation scales was set to u, =
uf = mp/4, where mr is defined as the scalar sum of the

transverse masses 4/ p% + m? of the particles generated from
the matrix element calculation, following Ref. [11]. The par-
ton shower, fragmentation, and underlying event were sim-
ulated using PYTHIA 8.230 [37] with the A14 set of tuned
parameters (tune) [38] and the NNPDF2 . 310 PDF set. The
top-quark mass mop in this sample and in all other simulated
samples is set to 172.5 GeV. An alternative ¢71f sample gen-
erated with the same MADGRAPHS_aMC@NLO set-up but
interfaced to Herwig 7.04 [39,40] with the H7UE tune [40]
and the MMHT2 01410 PDF set [41] is used to evaluate uncer-
tainties due to the choice of parton shower and hadronisation
model. In order to mitigate the effect of the large fraction of
negative weights present in the nominal sample that would be
detrimental for training of the multivariate discriminant used
to separate signal from background (see Sect. 6), an addi-
tional sample with settings similar to the nominal ones was
generated using leading-order (LO) matrix elements. Good
agreement between the distributions of the kinematic vari-
ables used by the multivariate discriminant simulated at LO
and NLO was observed.

@ Springer

The W simulated events were generated using the
SHERPA 2.2.1 [42] generator with the NNPDF3 . Onlo PDF
set and the tune provided by the SHERPA authors. The ME was
calculated for up to one additional parton at NLO QCD and
up to two partons using the five-flavour scheme, including c-
and b-quarks, at LO QCD using the Comix [42] and Open-
Loops [43,44] libraries, and was merged with the SHERPA
parton shower [45] using the MEPS @NLO prescription [46—
49] and a merging scale of 30 GeV. The renormalisation and
factorisation scales were set to ity = s = mp/2. The simu-
lated r7W sample is normalised to the cross section of 601 fb
computed at NLO in QCD with the leading NLO electroweak
corrections [50-52]. An alternative 17 W sample was gener-
ated at NLO in QCD with no additional partons using the
MADGRAPH5_aMC@NLO v2.3.3 generator with the same
PDF as the nominal sample. The events were interfaced to
PyTHIA 8.210 using the Al4 tune and the NNPDF2.31o
PDF set.

The production of 17(Z/y*) events was modelled at NLO
in QCD using the MADGRAPHS_aMC@NLO v2.3.3 gen-
erator in the five-flavour scheme with the NNPDF3.0nlo
PDF set interfaced to PYTHIA 8.230 using the A14 tune and
the NNPDF2.31o PDF set. It is normalised to the inclu-
sive t7€T€~ cross section of 880 fb computed at NLO in
QCD [50-52], including off-shell Z and y* contributions
with m(£€7¢7) > 5 GeV. An alternative sample was gener-
ated with NLO matrix elements using SHERPA 2.2.1 and the
same PDF as the nominal sample.

The production of ¢f and single-top-quark events was
modelled using the POWHEG- BOX [53-56] v2 generator at
NLO in QCD with the NNPDF3 . 0Onlo PDF set. In the t7
sample the Adamp parameter4 was set to 1.5 myop [57]. The
overlap between the ¢7 and the W final states was removed
using the diagram removal technique [58]. The 77 and single-
top-quark simulated samples are normalised to the cross sec-
tions calculated at next-to-next-to-leading order (NNLO) in
QCD including the resummation of next-to-next-to-leading
logarithmic (NNLL) soft-gluon terms [59-62].

The production of t7H events was modelled by the
POWHEG- BOX v2 generator at NLO in QCD using the five-
flavour scheme with the NNPDF3.0nlo PDF set, with
the hgamp parameter set to 1.5 x (2myp + mpy)/2 where
the Higgs boson mass is my = 125 GeV. The simu-
lated sample is normalised to the cross section computed
at NLO in QCD with the leading NLO electroweak cor-
rections [50-52]. An alternative sample generated using the
MADGRAPH5_aMC@NLO v2.3.3 generator with the same

4 The hdamp parameter controls the transverse momentum pr of the
first additional emission beyond the leading-order Feynman diagram in
the parton shower and therefore regulates the high- pt emission against
which the ¢7 system recoils.
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settings is used to evaluate the uncertainty in 1z H modelling
due to the generator choice.

The tWZ events were generated at NLO in QCD using
the MADGRAPH5_aMC@NLO v2.3.3 generator with the
NNPDF3.0nlo PDF set. The other rare top-quark pro-
cesses, namely the production of tZ, (tWW t:ZZ, ttWZ,
ttHH and ttW H, and t7t, were modelled using the MAD-
GRAPH5_aMC@NLO generator at LO in QCD. The t7,
single-top-quark, ttH, tZ, tWZ, ttWW, tiZZ, tiWZ,
ttH H, ttW H and ttt generated samples were all interfaced
with PYTHIA 8.230 using the A14 tune and the NNPDF2 . 310
PDF set. Rare top-quark background contributions are nor-
malised using their NLO QCD theoretical cross sections. The
ttt production is normalised to the cross section of 1.64 fb
calculated at LO in QCD with NNPDF2.31o0.

The WH and ZH processes were generated using the
PyTHIA 8.230 generator with the A14 tune and NNPDF2 . 310
PDF set and normalised to their theoretical cross sections cal-
culated at NNLO in QCD and NLO electroweak accuracies.

Samples of diboson (V V) and triboson (V' V V') production
were simulated with the SHERPA 2.2.1 generator, and sam-
ples of Z+jets and W+jets production were simulated with
the SHERPA 2.2.2 generator, both with the NNPDF3 . Onnlo
PDF set. The VV and VVV samples are normalised to
the theoretical cross sections calculated at NLO QCD, and
Z+jets and W+jets backgrounds are normalised to the NNLO
cross sections [63].

The effects of pile-up were modelled by overlaying
minimum-bias events, simulated using the soft QCD pro-
cesses of PYTHIA 8.186 with the A3 tune [64], on events
from hard processes. For all samples of simulated events,
except those generated using SHERPA, the EvtGen v1.2.0
program [65] was used to describe the decays of bottom and
charm hadrons.

The nominal signal and background samples were pro-
cessed through the simulation [66] of the ATLAS detector
geometry and response using GEANT4 [67], and then recon-
structed using the same software as is used for the collider
data. Some of the alternative samples used to evaluate sys-
tematic uncertainties were instead processed through a fast
detector simulation making use of parameterised showers in
the calorimeters [68]. Corrections were applied to the simu-
lated events so that the physics objects’ selection efficiencies,
energy scales and energy resolutions match those determined
from data control samples.

5 Background estimation

Backgrounds in the 2LSS/3L channel can be categorised
as irreducible and reducible. Irreducible backgrounds are
those for which all selected leptons are from W- or Z-boson
decays or from leptonic t-lepton decays. The main irre-

ducible backgrounds originate from the 17 W+jets, 17 Z+jets
and 7 H +jets processes, mainly when additional jets are b-
jets. The smaller backgrounds include diboson or triboson
production, V H production in association with jets, and rare
processes (ttWW, tWZ, tZq, tit). The irreducible back-
ground is evaluated using MC simulation normalised to the
SM cross sections, except 1t W+jets for which the normali-
sation is corrected using data in a dedicated control region.
The different treatment for the 17 W +jets background is moti-
vated by theoretical studies [69] showing that electroweak
corrections not included in the simulation have a significant
effect as well as by the large 17 W+jets background normali-
sation factor found in recent measurements in similar phase
space [70].

The reducible backgrounds originate mainly from 7z+jets
and t W+jets production and have prompt leptons with mis-
assigned charge (Q mis-id) or fake/non-prompt leptons. This
fake/non-prompt background, together with t7W+jets, is
evaluated using the template method (cf. Sect. 5.1). The
charge misassignment background is defined for the 2LSS
channels only. It arises mainly from t7+jets events with
an opposite-charge lepton pair in which the charge of one
electron is mismeasured either due to bremsstrahlung pho-
ton emission followed by its conversion (e* — ety —
etete™) or due to mismeasured track curvature. This back-
ground is evaluated using a data-driven method (cf. Sect. 5.2).
The charge misassignment rate is negligible for muons due
to the low probability of bremsstrahlung and the large lever
arm of the muon spectrometer.

The estimated yield from each source of background is
given in Sect. 8.

5.1 Fake/non-prompt lepton background and ¢z W +jets
production

The template method used to estimate the fake/non-prompt
background relies on the simulation to model the kinematic
distributions of background processes arising from fake and
non-prompt leptons and on control regions to determine their
normalisations. These control regions are included in the fit
together with the signal region, and the normalisation factors
are determined simultaneously with the 77t signal.

The following main contributions of the fake/non-prompt
background are distinguished:

e cvents with one non-prompt electron (muon) from heavy-
flavour decay, HF e (HF w),

e cvents with one non-prompt electron originating from
photon conversion taking place in the detector material
(Mat. Conv.),

e events with a virtual photon (y*) leading to an e e~ pair
(Low m ).

@ Springer
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Table 1 Summary of the signal and control regions used in the tem-

plate fit. The variable mS$Y (mLY) is defined as the invariant mass of

2e
the system formed by the track associated with the electron and the

closest track at the conversion (primary) vertex. N; (Np) indicates the
jet (b-tagged jet) multiplicity in the event. Ht is defined as the scalar
sum of the transverse momenta of the isolated leptons and jets

Region Channel N; Np Other requirements Fitted variable
SR 2L.SS/3L >6 >2 Hr > 500 BDT
CR Conv. etet|letut 4<N;<6 1 m&Y €10,0.1 GeV] mbY
200 < Ht < 500 GeV
CR HF e eee || eepn - =1 100 < Ht < 250 GeV Counting
CR HF e || pprp - =1 100 < Ht < 250 GeV Counting
CR ttW e ||t pt >4 >2 m&Y ¢10,0.1 GeVl, [n(e)| < 1.5 =ph

For N =2, Hr < 500 GeV or N; <6
For N, > 3, Hr < 500 GeV

The minor components of the fake/non-prompt background
arising from events with a lepton originating from light-
meson decay (LF) or with a jet misidentified as a lepton
(other fakes) are determined from MC simulation.

Several control regions, non-overlapping with the signal
region, are defined to determine the normalisation of various
components of the fake/non-prompt background from data.
Each region is required to have a dominant component or a
variable with good discriminating power between different
components. Since events arising from ¢z W+jets production
represent a large contribution in all control and signal regions,
the normalisation of that process is also determined using a
dedicated control region. In total, four control regions with
their corresponding discriminating variables are used in the
analysis. They are summarised in Table 1 and are defined
below:

e ‘CR Conv.’ is enriched in background events arising from
both material photon conversion and processes with a vir-
tual photon leading to an e e~ pair. For each electron in
the selected etet or et ui events, the invariant mass
of the system formed by the track associated with the
electron and the closest track at the conversion (primary)
vertex mSY (mPY) is computed. The conversion vertex
is defined as the point where the track from the electron
and its closest track in A R have the same ¢. The control
region is then obtained by selecting events with at least
four or five jets, at least one identified b-jet, with low m$Y

and using the m?Y distribution in the fit to separate the

material conversion and the y* components from each
other. Virtual photons lead to a lepton pair originating

from the primary vertex, having a low mfev ~ my+ and a

low conversion radius. Material conversions happen fur-

ther away from the primary vertex with a larger conver-
sion radius, and the track extrapolation induces a larger
apparent invariant mass. According to the MC simula-
tion, the background arising from both y* and material

@ Springer

conversions accounts for around 40% of the total event
yield in this control region.

e ‘CRHFe’ (‘CRHF w’)is enriched in background events
with an electron (muon) from heavy-flavour decay. This
region is defined by selecting events with three leptons,
namely eee and eep (upp and ppe) for CR HF e
(CR HF p), and exactly one identified b-jet. This selec-
tion targets ¢ dileptonic decays with an extra non-prompt
lepton in events with low Ht. The number of events in the
region is used in the maximum-likelihood fit. According
to the MC simulation, the background with an electron
(muon) coming from heavy-flavour decay accounts for
around 40% (50%) of the total event yield in the CR HF e
(CR HF p).

e ‘CR ttW’ is enriched in #f W +jets events. This region is
obtained by selecting e and pup events with at least
four jets and two b-jets which are neither in other CRs
nor in the SR. Events containing electrons with || > 1.5
and ee final states are not considered, in order to reduce
the contamination arising from charge misassignment
background. The sum of the lepton prt provides dis-
crimination from other processes and is used in the
maximum-likelihood fit. According to the MC simula-
tion, the 17 W+jets background accounts for around 33%
of the total event yield in this control region.

5.2 Charge misassignment background

The probability for an electron to have its charge incorrectly
assigned is measured using a data sample of Z — ee events
requiring the invariant mass of the electron pair to be within
10 GeV of the Z-boson mass and without any requirement on
the charge of the two electron tracks. The background con-
tamination is subtracted using a sideband method [12]. The
charge misassignment rate is parameterised as a function of
electron pr and |n|, except for the conversion control region
defined in Sect. 5.1, where it is also parameterised as a func-
tion of the invariant mass of the electron track and its closest
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Fig. 2 Pre-fit comparison between data and prediction in the signal
region for two of the input variables used to train the multivariate dis-
criminant: the pseudo-continuous b-tagging discriminant score summed
over all the jets in the event (left) and the minimum distance between
two leptons among all possible pairs (right). The band includes the total

track assuming that both tracks originate from the primary
vertex. The charge misassignment rate varies from 0.002 to
4% depending on the electron prt and |n|.

The expected number of events arising from charge mis-
assignment background is determined by applying the mea-
sured charge misassignment rate to data events satisfying the
requirements of the kinematic selection of the 2LSS chan-
nel, except that the two leptons are required to be of opposite
charge. In this sample, each event is weighted according to
the value of the charge misassignment rate of each electron
in the event.

6 Signal discrimination

The background composition of the SR is largely domi-
nated by the production of top-quark pairs in association with
additional jets and/or bosons. To separate signal from back-
ground events, a multivariate discriminant is built in the SR
by combining several input observables into a boosted deci-
sion tree (BDT). This set of variables and the BDT hyper-
parameters are optimised to maximise the integral under the
receiver operating characteristic (ROC) curve of the BDT. In
total, 12 observables are selected, based on their discrimina-
tion power and the requirement of good modelling. Among
them, the pseudo-continuous b-tagging discriminant score
[33] summed over all the jets in the event is the best dis-

40
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L +
<‘\\~
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uncertainty of the pre-fit computation. The ratio of the data to the total
pre-fit expectation is shown in the lower panel. The first and last bins
contain underflow and overflow events, respectively. See Sect. 5 for the
definitions of the different background categories

criminating variable due to the four b-jets being produced
mainly in signal events. The pseudo-continuous b-tagging
discriminant score is an integer from 1 to 5 assigned to a jet,
based on the operating point of the b-tagging algorithm it
passes, with a value of five corresponding to the most b-like
jet. For the signal region selection the minimum score is 10
for an event with exactly two b-tagged jets out of exactly
six jets. The minimum distance AR = /(An)? + (A¢)?
between two leptons among all possible pairs is the second
best discriminating variable since it provides good discrimi-
nation for events with at least three leptons. The distributions
for those two variables are shown in Fig. 2. The other input
variables are the leading lepton pr, ErT“iSS, the pr of the lead-
ing and second-leading jets, the pr of the sixth jet, the pr
of the leading b-jet, the scalar sum of transverse momenta
over all leptons and all jets excluding the leading pr jet, the
sum of distances AR between two leptons for all possible
pairs, the maximum distance AR between a b-jet and a lep-
ton among all possible pairs, and the minimum distance AR
between a jet and a b-jet among all possible pairs. Taking into
account all uncertainties, no significant discrepancy between
data and predicted background was found for these variables
in the various CRs.

The BDT training is performed inclusively, both in lep-
ton flavour and lepton multiplicity for events passing the SR
requirements. The LO r7¢f simulated signal sample is used
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in the training. The background sample corresponds to the
total expected background, as predicted by the simulation.

7 Systematic uncertainties

Various sources of systematic uncertainty impact the esti-
mated signal and background rates, the migration of events
between regions, and the shape of the fitted discriminant dis-
tributions. They can be classified into the experimental uncer-
tainties and modelling uncertainties of the ¢7¢7 signal and of
backgrounds, as described below. The impact of each source
of systematic uncertainty on the final result can be found in
Sect. 8.

7.1 Experimental uncertainties

The uncertainty in the combined 2015-2018 integrated lumi-
nosity is 1.7% [20], obtained using the LUCID-2 detector
[21] for the primary luminosity measurements. To account
for the difference between the pile-up distributions in data
and MC simulations, an uncertainty related to the scale fac-
tors used to adjust the MC pile-up to the data pile-up profile
is applied.

For electrons and muons, the reconstruction, identifica-
tion, isolation and trigger performances as well as the lepton
momentum scale and resolution differ between data and MC
simulation. To correct for these differences, scale factors for
each are applied. These scale factors were estimated using
the tag-and-probe method [25,26], which is performed using
the leptonic decays of Z and W bosons and of J /¢ mesons.
The associated systematic uncertainties are then propagated
to the final distributions used in this analysis.

To determine the jet energy scale (JES) and its associated
uncertainty, information from test-beam data, LHC collision
data, and simulation was used, as described in Ref. [71]. The
JES uncertainty is decomposed into a set of 30 uncorrelated
components, 29 of which are used per event depending on
the type of simulation. The jet energy resolution (JER) is
measured separately for data and MC simulation using in
situ techniques, similar to those in Ref. [72]. Its uncertainty
is represented by nine components accounting for jet- pt and
n-dependent differences between simulation and data, eight
of which are used per event depending on the type of simu-
lation. The systematic uncertainty associated with the JVT is
obtained by varying the scale factor used to correct the JVT
efficiency in simulation up and down within its uncertain-
ties [31].

The b-tagging efficiencies and mistagging rate are mea-
sured in data using the same methods as are described in
Refs. [33,73,74], with the systematic uncertainties due to
b-tagging efficiency and the mistagging rates calculated sep-
arately. The impact of the uncertainties on the b-tagging cal-
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ibration is evaluated separately for b-jets, c-jets and light-
flavour jets in the MC samples.

The E%‘iss uncertainty due to a possible miscalibration
of its soft-track component is derived from data—MC com-
parisons of the pr balance between the hard and soft ErT‘rliss
components [34].

7.2 Signal modelling uncertainties

Several sources of modelling uncertainty are considered for
the r¢17 signal. The uncertainty due to missing higher-order
QCD corrections is determined by varying the renormali-
sation and the factorisation scales simultaneously by fac-
tors of 2.0 and 0.5 relative to the central value. The uncer-
tainty related to the choice of parton shower and hadronisa-
tion model is estimated by comparing the nominal predic-
tion with that obtained using an alternative sample generated
with MADGRAPHS5_aMC@NLO interfaced to Herwig 7. The
effect of the PDF uncertainty on the signal MC prediction is
calculated as the RMS of the signals from the 100 replicas
of the NNPDF30_nlo_as_0118 PDF set following the
PDFA4LHC prescription [75]. Shape and normalisation vari-
ations due to the PDF uncertainty are found to be negligible.

7.3 Modelling uncertainties in irreducible background

Modelling uncertainties for the trW-+jets, t7Z+jets and
t1 H+jets processes are evaluated in a similar way and include
the uncertainty due to missing higher-order QCD corrections
determined by varying the renormalisation and the factorisa-
tion scales simultaneously by factors of 2.0 and 0.5 relative
to the central value, and a comparison with alternative gen-
erators.

For t Z+jets, the nominal MC prediction is compared with
an NLO SHERPA sample, while for ¢z H +jets the nominal sim-
ulation is compared with an NLO MADGRAPH5_aMC@NLO
sample, both described in Sect. 4. A 1% uncertainty from
the PDF is assigned to both the 7Z and t7 H processes fol-
lowing the same procedure as described in Sect. 7.2. For
ttW+ijets, uncertainties associated with the modelling of
additional QCD radiation, with the choice of the ME gen-
erator and parton shower, are estimated by comparing the
nominal prediction with that of an alternative sample that was
generated at NLO with no additional partons using the MAD-
GRAPHS5_aMC@NLO generator with the same scale choice
and PDF set as for the nominal sample (cf. Sect. 4).

An uncertainty of 15% (20%) is applied to the 17 Z (1t H)
total cross section [52,76]. Since the t# W+jets normalisation
is determined from the fit to data, no cross-section uncertainty
is applied to this process. An additional 125% (300%) uncer-
tainty is added for ¢ W production with seven (eight or more)
jets. These values correspond to the difference between data
and prediction in a tf W+jets validation region (cf. Sect. 8)



Eur. Phys. J. C (2020) 80:1085

Page 9 of 32 1085

where a data excess is observed for high jet multiplicities.
Since the jet multiplicity distribution in a 17 Z+jets valida-
tion region shows good agreement between data and predic-
tion, such uncertainty is not considered for 77 Z+jets or for
tt H+jets production due to similarity of their simulation.

The 1t W+jets, tfZ+jets and 7 H+jets background pro-
cesses enter the t71f signal region if they have additional
heavy-flavour jets. Such processes are difficult to model with
the MC simulation. To account for this, an uncertainty of 50%
is assigned to the events with three generator-level (‘true’)
b-jets and a separate 50% uncertainty to the events with
four or more true b-jets. These estimates are based on the
measurement of 77 production with additional heavy-flavour
jets [77] and on comparisons between data and prediction in
tty events with three and four b-tagged jets. They are treated
as uncorrelated between the three backgrounds due to the
different MC setups used to simulate the 1 W +jets, 11 Z+jets
and tf H+jets backgrounds.

The 7t events have similar kinematics to the ¢7¢f signal,
although the rate is expected to be much smaller. However, it
is currently unexplored experimentally. Thus a large ad hoc
uncertainty of 100% is assigned to its cross section and an
additional 50% uncertainty is applied to 7t events with four
true b-jets.

The uncertainty in the # Z and t W Z single-top-quark cross
sections is set to 30% [78,79] and that for the ttWW, t1 ZZ,
ttWZ, ttHH and ttWH cross sections to 50% [12]. The
uncertainty in diboson production is set to 40%, based on
studies of the WZ + b process. For each of the other small
background processes a large ad hoc cross-section uncer-
tainty of 50% is applied. For all small backgrounds except
ttt an additional 50% uncertainty is assigned to the events
with three true b-jets and separately a 50% uncertainty for
events with four or more true b-jets.

7.4 Modelling uncertainties in reducible background

Uncertainties in the charge misassignment background arise
from the following contributions: the statistical uncertainty
of the fit to data used to determine the rates; the rate varia-
tion due to variation of the dielectron invariant mass require-
ment; and the rate variation due to a difference between the
observed and the predicted misidentification rates when the
method is applied to MC simulated events. This uncertainty
is determined separately for the material conversion control
region, for the 17 W+jets, and for all other control regions,
and it is treated as correlated between the regions.

Since the overall normalisations of the material conversion
and the virtual photon backgrounds are free parameters in
the fit, their uncertainty comes only from the shape of the
distributions used in the template fit (cf. Sect. 5.1). For each of
these sources, the uncertainty is obtained by comparing data
with the POWHEG + PYTHIAS simulation of Z(— pp) + y
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Fig. 3 Comparison between data and prediction after the fit (‘Post-
Fit’) for the distribution of the BDT score in the SR. The band includes
the total uncertainty of the post-fit computation. The ratio of the data to
the total post-fit computation is shown in the lower panel. See Sect. 5
for the definitions of the different background categories

and Z(— pp)-+jets production in a region enriched in Z(—
up) + y events. An uncertainty of 25% is applied to the
material conversion and to the virtual photon background
events fulfilling m > 0.1 GeV in all control and signal
regions to cover the extrapolatlon from the ‘CR Conv.’ region
with 0 < mCV < 0.1 GeV to the regions with events with
larger mCV.

The uncertainty in the shape of the distributions of the
heavy-flavour non-prompt lepton background is estimated by
comparing data with the background prediction, normalised
to data, for a loose lepton selection with the isolation require-
ments dropped and the identification criteria relaxed. The
shape uncertainty is derived for each region included in the fit,
but these variations are treated as correlated between regions
since the physics origin of the uncertainty is common to all
of them. This systematic uncertainty is derived separately for
electrons and muons.

A normalisation uncertainty of 100% is assigned to the
background arising from light-flavour non-prompt leptons.
This uncertainty was found to cover any difference between
data and prediction in loose lepton regions [70]. An ad hoc
uncertainty of 30% is applied to the normalisation of the
background arising from the other minor sources of non-
prompt leptons from 7z production. No uncertainty in the
shape of the distributions of these backgrounds is considered
since their contribution is very small.
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Table 2 Normalisation factors for various backgrounds determined from the fit to the control regions. The uncertainties include both the statistical

and systematic uncertainties

Parameter NF,iw NFMat. Conv.

NFLOW moyx NFHF e NFHF i

Value 1.6 £0.3 1.6 £0.5

09£04 0.8£0.4 1.0£0.4

Since the main source of reducible background is ¢7+jets
production, the systematic uncertainty in the modelling
of its heavy-flavour content can affect the shape of the
template distributions used in the fit. To account for this
effect an uncertainty of 30%, based on the measurement
of t7 production with additional heavy-flavour jets [77], is
assigned to the events with three true b-jets and a sepa-
rate 30% uncertainty to events with four or more true b-
jets. A small contribution to the reducible background from
V +jets production is determined from simulation and a
normalisation uncertainty of 30% is assigned to this back-
ground.

8 Results

The ¢ttt production cross section and the normalisation fac-
tors of the backgrounds are determined via a binned likeli-
hood fit to the BDT score distribution in the signal region
and to the yields, or to the discriminating variable distribu-
tions, in the four control regions as listed in Table 1. The
systematic uncertainties in both the signal and background
predictions are included as nuisance parameters in the like-
lihood function. The maximum-likelihood fit is performed
using the RooFit package [80] based on a likelihood func-
tion built on the Poisson probability that the observed data
are compatible with the model prediction. The value of each
nuisance parameter is constrained by a penalty factor present
in the likelihood function, while all normalisation factors are
unconstrained.

The fit determines the best value of the signal strength
w, defined as a ratio of the t7tf cross section to the SM
expectation, its uncertainty, and five normalisation factors:
NFyr . (NFyF ) for the non-prompt electron (muon) back-
ground from heavy-flavour decays, NFat. cony. for the back-
ground from detector material conversions, NFy oy My for
the contribution of low-mass electron pairs, and NF,;y
for the t7W+jets contribution. For each free parameter, the
uncertainty is derived following the asymptotic approxima-
tion [81]. An uncertainty of 20% is assigned to the 77¢f cross
section predicted by the SM. The prediction corresponding
to all parameters maximising the full likelihood is referred
to as the post-fit model.

The best-fit value of w is:

= 2.0 £ 0.4(stat) 701 (syst) = 2.0 705,
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Table 3 Post-fit background and signal yields in the full signal region
as well as for events in which the BDT score is also greater than zero.
The total systematic uncertainty differs from the sum in quadrature
of the different uncertainties due to correlations. Q mis-id refers to
the charge misassignment background. Mat. Conv. and Low m,,« refer
respectively to events with one non-prompt electron originating from
photon conversion in the detector material and to events with a virtual
photon leading to an e*e~ pair. HF e (HF p) refers to events with
one non-prompt electron (muon) from heavy-flavour hadron decay, LF
refers to events with a lepton originating from light-meson decay, and
‘Other 17X’ includes events coming from tiWZ, ttZZ,ttWH, ttHH

SR SR and BDT >0
ttW+ijets 102 + 26 23+ 10
tHHWW 7+4 241
t1 Z+jets 48+9 942
t1 H+jets 3849 842
Q mis-id 16 +1 2.7+£02
Mat. Conv. 19+6 3+1
Low my« 9+4 09+0.5
HF e 3+3 1+£1
HF i 12+6 3+£2
LF 4+5 1+£1
Other fake 6+2 241
VV,VVV,VH 3+£2 02+0.2
tZq,tWZ 5+2 1.0+ 04
Other 11X 3+£2 1+1
tt 3+£3 242
Total bkg 278 +22 59 +10
trtr 60 + 17 44 + 12
Total 337+ 18 103 + 10
Data 330 105

The systematic uncertainty is determined by subtracting in
quadrature the statistical uncertainty, obtained from a fit
where all NPs are fixed to their post-fit values, from the total
uncertainty. The measured p value is consistent within 1.7
standard deviations with the SM prediction corresponding to
@ = 1. The probability for the background-only hypothe-
sis to result in a signal-like excess at least as large as seen in
data is derived using the profile-likelihood ratio following the
procedure described in Ref. [81]. From this, the significance
of the observed signal is found to be 4.3 standard deviations,
while 2.4 standard deviations are expected. Figure 3 shows
the distribution of the BDT score in the signal region after
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Fig. 4 Comparison between data and prediction after the fit (‘Post-
Fit”) for the yields or distributions of the discriminating variables used
in the fit in each CR (see Table 1). The band includes the total uncer-
tainty of the post-fit computation. The ratio of the data to the total

performing the fit. Good agreement is observed between data
and the fitted prediction.

The fitted signal strength is converted into an inclusive
cross section using the SM 717 predicted cross section of
o717 = 12.0 £ 2.4 b computed at NLO in QCD and elec-
troweak couplings [11] and excluding its uncertainty. The
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post-fit computation is shown in the lower panel. The first and last bins
contain underflow and overflow events, respectively. See Sect. 5 for the
definitions of the different background categories

measured 77¢f production cross section is then:
o7 = 24 = 5(stat) T3 (syst) fb = 24 T/ fb.

The normalisation factors of the different background
sources determined from the fit are shown in Table 2. The
post-fit background and signal yields are shown in Table 3.
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Fig. 5 Post-fit comparison between data and prediction in the 17 W +jets
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The normalisation factor for the tzW+jets background is
compatible with the observation from the previous ATLAS
ttH search [70] where the reference theoretical t7W+jets
background cross section was scaled up by 20% to account
for extra jet production and EW effects compared to the theo-
retical cross section used in this analysis. The post-fit value of
the nuisance parameter associated with the systematic uncer-
tainty in the 1t W background with Nje, = 7 is 0.18“:8:2.
This corresponds to a 22% increase in the number of 1 W
events with seven jets. The post-fit value of the nuisance
parameter for the systematic uncertainty of the 7z W+jets
background with Njes > 8 is 0.22f8:2§, corresponding to
a 65% increase in the number of 17W events with eight or
more jets. As a result of these increases and of the change in
the 1# W background normalisation factor NF,;y,, the overall
ttW background yield in the signal-enriched region with a
BDT score above zero increased from the 12.4 £ 8.8 events
predicted to 23.2+£10.1 events after the fit to data. Apart from
the uncertainties discussed above, no other nuisance param-
eters are found to be significantly adjusted or constrained by
the fit.

Figure 4 shows the yields or the discriminating variable
distributions used in the fit in each CR. Good agreement is
observed between data and the post-fit computation.
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BDT score

negative sum of the charges of the selected leptons. The band includes
the total uncertainty of the post-fit computation. The ratio of the data to
the total post-fit computation is shown in the lower panel. The first and
last bins contain underflow and overflow events, respectively

In order to check the 17 W+jets background normalisation
and modelling, a validation region is defined, based on the
fact that the t7 W+jets process is charge asymmetric. The dif-
ference between the number of events with a positive sum
and the number of events with a negative sum of the charges
of the selected leptons is built in the region with at least four
jets with at least two being b-tagged. This procedure removes
the charge-symmetric processes and allows construction of
distributions where 17 W +jets events dominate. The jet mul-
tiplicity and the BDT score distributions are displayed in
Fig. 5 and show good agreement between data and post-fit
computations.

The distributions for some of the key analysis variables
are shown in Fig. 6 for the events in the signal region and
in Fig. 7 for events in a signal-enriched region with a BDT
score above zero.

The uncertainties impacting x are summarised in Table 4.
Apart from the theoretical uncertainty of the signal cross
section, the largest systematic uncertainty comes from the
modelling of the 17 W +jets process. Within the uncertainties
of the background modelling, the impact of the uncertainty in
¢ttt production is also significant. The expected cross section
of this process is only of the order of 10% of o;;,;;. However,
the shape of the BDT score distribution for ¢7 production is
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similar to the one for signal, which leads to this uncertainty
having a sizeable impact on p. In order to test the sensitivity
of the 7t measurement to the value of the 77¢ cross section,
the fit was also performed assuming a ¢z cross section five
times larger than the SM cross section. In that case the r7t7
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The band includes the total uncertainty of the post-fit computation. The
ratio of the data to the total post-fit computation is shown in the lower
panel. The first and last bins contain underflow and overflow events,
respectively. See Sect. 5 for the definitions of the different background
categories

signal strength p decreases by 10% while the fitted normal-
isation factors are mostly unaffected.

The stability of the result has been checked. The fit was
repeated with the data split according to year or by split-
ting the signal region into two regions with either same-sign
dilepton events or events with at least three leptons. Differ-

@ Springer



1085 Page 14 of 32 Eur. Phys. J. C (2020) 80:1085
g MO T T T T @ IO T T T T T )
5 - ATLAS +-Data Wttt b S - ATLAS +-Data Wttt 7
@ gof f5=13TeV, 139"  [JW mtiz 4 @ f s=13Tev, 139" W mtiz e

- BDT>0 Wt COQmis-id 1 C BDT>0 Wt COJQmis-id 7
[ Post-Fit EHF e W@ Mat. Conv. 1 [ Post-Fit OHF e W Mat. Conv. 7
50— WHF n WLow m. 50— WHF p WlLow m.
C @ Others [ttt ] C @ Others [ttt ]
40:_ 72 Uncertainty _: 40:_ 77 Uncertainty _:
30 - 30 -
20f - 20 —:
10F - =
5 OF ]
£ 15F 2
o : o
= Z —— —}7 < 3
E 01 ////%/A*z-é/ %/44//4{//// /7% s
© .5 © 5F
o E o E
£l 1 1 1 1 =
02 14 16 18 20 22 S—y 52 25 3 35 4
Sum of b-tag scores min(A R(L1))
L E 1 T T T 3 g 140 T T — ]
5 ATLAS -+ Data Wttt B S L ATLAS +-Data [ it i
i fs=13Tev, 139" [JftW mtiz 1 @ [ Vs=13Tev, 139" W mttz N
70F BDT>0 mtH OQmis-id - BDT>0 mtH CQ mis-id 1
Post-Fit mHF e W@ Mat. Conv. A [ Post-Fit mHF e W@ Mat. Conv. ]
60 WHF u WLlowm, 100~ WHF n ELlowm, -]
@ Others [ttt 3 L @ Others [ttt i
50 77 Uncertainty - 80— 7z Uncertainty n
40 - C ]
] 60— ]
30 3 - R
. 40— —
20 — % i
10 B 20
5 OF 7 v O
2 4 5:_ E L 458 3
Dy —
e 1%%44«//////////////1422@%/// Gz % 5 F ¥ ¢ 22 7=
g 05¢ 4 ® osf E
o G: 1 1 1 1 1 = 0: 1 1 1

6 7 210
Number of jets

Fig. 7 Post-fit comparison between data and prediction for signal
region events with a BDT score greater than zero for the distributions
of: the sum of b-tagging pseudo-continuous scores of the jets in the
event (top left), the minimum distance between two leptons among all
possible pairs (top right), the multiplicity of jets (bottom left) and the

ent fits were also performed by using only positively charged
same-sign lepton pairs or only negatively charged same-sign
lepton pairs. All these tests showed compatible  values.
An additional test was performed by splitting the SR into
five regions according to the number of leptons and b-tagged
jets and by fitting the Ht distribution in each region. The
BDT score is therefore not used in this test. The observed
(expected) significance is found to be 4.3 (2.1) and the fitted

@ Springer

>4
Number of b-tagged jets

multiplicity of b-tag jets (bottom right). The band includes the total
uncertainty of the post-fit computation. The ratio of the data to the total
post-fit computation is shown in the lower panel. The first and last bins
contain underflow and overflow events, respectively. See Sect. 5 for the
definitions of the different background categories

signal strength is 2.2f8:g. This result is consistent with the
result from the default fit.

9 Conclusion

A search is presented for four-top-quark production using an
integrated luminosity of 139 fb~! of proton—proton collision
data at /s = 13 TeV collected by the ATLAS detector at the
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Table 4 List of the uncertainties in the signal strength w, grouped in
categories. The quoted values are obtained by repeating the fit, fixing a
set of nuisance parameters of the sources corresponding to the consid-
ered category, and subtracting in quadrature the resulting uncertainty
from the total uncertainty of the nominal fit presented in the last line.
The total uncertainty is different from the sum in quadrature of the com-
ponents due to correlations between nuisance parameters. See Sect. 7
for the description of the uncertainty sources

Uncertainty source Ap
Signal modelling
t1t1 cross section +0.56 —0.31
tttt modelling +0.15 —0.09
Background modelling
ttW+jets modelling +0.26  —0.27
t7t modelling +0.10 —-0.07
Non-prompt leptons modelling +0.05 —0.04
t1 H+jets modelling +0.04 —0.01
t1 Z+jets modelling +0.02  —0.04
Other background modelling +0.03 —0.02
Charge misassignment +0.01 —-0.02
Instrumental
Jet uncertainties +0.12 —0.08
Jet flavour tagging (light-flavour jets) +0.11  —0.06
Simulation sample size +0.06 —0.06
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 —-0.02
Jet flavour tagging (c-jets) +0.03 —-0.01
Other experimental uncertainties +0.03 —-0.01
Total systematic uncertainty +0.70 —-0.44
Statistical +042 —-0.39
Non-prompt leptons normalisation (HF, Mat. +0.05 —-0.04
Conv., Low my,«)
W normalisation +0.04 —0.04
Total uncertainty +0.83 —0.60

LHC. The observed (expected) significance with respect to
the background-only hypothesis is 4.3 (2.4) standard devia-
tions, providing evidence for this process assuming the Stan-
dard Model four-top-quark production properties. The four-
top-quark production cross section is measured to be 241'2 fb
which is consistent within 1.7 standard deviations with the
Standard Model expectation of o,7;7 = 12.0 = 2.4 fb.
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