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ABSTRACT: Measurements of inclusive and differential production cross-sections of a top-
quark-top-antiquark pair in association with a W boson (ttW) are presented. They are
performed by targeting final states with two same-sign or three isolated leptons (electrons
or muons) and are based on /s = 13 TeV proton-proton collision data with an integrated
luminosity of 140fb~!, recorded from 2015 to 2018 with the ATLAS detector at the Large
Hadron Collider. The inclusive ttW production cross-section is measured to be 880 4 80 fb,
compared to a reference theoretical prediction of 745 + 50 (scale) & 13 (2-loop approx.) +
19 (PDF, as) fb. Differential cross-section measurements characterise this process in detail for
the first time. Several particle-level observables are compared with a variety of theoretical
predictions, which generally agree well with the normalised differential cross-section results.
Additionally, the relative charge asymmetry of HW™T and W~ is measured inclusively to
be A%el = 0.33 = 0.05, in very good agreement with the theoretical prediction of 0.322 +
0.003 (scale) = 0.007 (PDF), as well as differentially.
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1 Introduction

Two of the primary goals of the Large Hadron Collider (LHC) physics programme are to look
for signs of new physics beyond the Standard Model (SM) and to determine the nature of
electroweak (EWK) symmetry breaking. Despite thorough scrutiny, no significant deviation
from the SM has been observed at the LHC. This strongly motivates further testing of
the SM by measuring rare processes more precisely, examining final states where only a
few SM processes contribute, and probing the Higgs boson in more detail. The study of
associated production of a top-antitop quark pair and a W boson, ttW, is strongly connected
to each of these goals. With one of the heaviest SM final states accessible at the LHC, and a
correspondingly small production cross-section, this process was first observed in Run 1 [1, 2]
but a precise inclusive measurement and the first differential measurements became possible
only with the full Run 2 dataset.
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Figure 1. Illustrative Feynman diagrams for the dominant production modes of ttW: (a) the LO

contribution (aa?), (b) a real emission diagram from the NLO QCD contribution (aa?), (c) the

tree-level EWK contribution (a?), and (d) a representative diagram of the combined NLO QCD
and EWK contributions (a®ag). The pink circles correspond to QCD couplings and the blue circles
correspond to EWK couplings.

Beyond the inherent interest in measuring such a rare process more precisely, better
understanding of W production is also important because it is a key background in many
searches and other measurements at the LHC. It is one of the few SM processes that is an
irreducible source of same-sign dilepton pairs. The rarity of these final states is exploited in
many searches for new physics in extensions of the SM [3-5] where ¢£W is a major background.
Moreover, ttW production is the dominant background in many measurements of other rare
processes, such as ttH and tttt production, that are important when probing the top-quark
Yukawa coupling and EWK symmetry breaking. The precision, accuracy and understanding
of ttW modelling is one of the main limitations on the sensitivity of these measurements.

Further motivation for precise measurements of ¢t/ production comes from tensions
between the data and SM predictions observed in previous LHC measurements. Early
measurements of ttW production by the ATLAS and CMS Collaborations at /s = 8 TeV [1, 2]
were in agreement with the SM, but are less precise. More recent direct measurements of ttW
production at /s = 13 TeV [6-9], and indirect measurements of t{W in analyses targeting
ttH [10] and ¢ttt [11, 12] production, have consistently observed tW yields larger than
the SM predictions.

Although #tW production superficially appears to be a simple process, and one governed
by well-known SM couplings, the quark-antiquark initial state at leading order (LO) in the
strong coupling constant leads to a rich array of phenomena. In particular, the process
features charge-asymmetric production (of t#W™ and ttW ™) from the parton distribution
functions and unusually complex higher-order quantum chromodynamics (QCD) and EWK
corrections. One consequence of the complex EWK corrections is the additional production
mechanisms that they enable, such as tW-scattering [13]. This arises through EWK W +jet
production, which has embedded within it an effective tW — tW vertex that is interesting
to understand in the SM but can also be probed for sensitivity to physics beyond the
SM, for example in the context of effective field theory operators [14]. Figure 1 shows
the dominant production modes for the t¢WW process, including additional QCD and EWK
corrections. Therefore, measurements of t¢W¥ production are key in validating and improving
the challenging theoretical predictions of this process, which has attracted much recent
interest from the theoretical community, as described in section 3.



NNLO [15] FxFx [27]
Order o [fb] Order o [fb]
106
LO QCD: ala 420 29
NLO QCD: + a3a 622 719 tHW+0,1,2§GNLO | 691 +98
NNLO QCD: + a’a 711 £ 14
+ a0 739 t1o
NLO EWK: + asa® + a2a? + ot | 7454+ 50 + 13
+a2a? + o 722 ﬂg

Table 1. Summary of theoretical predictions with NNLO precision in the strong coupling [15] and
using FxFx NLO multijet merging [27], both including NLO EWK corrections. The first uncertainty
is due to variations of the chosen renormalisation and factorisation scales. Where there is a second
contribution to the uncertainty, this corresponds to the approximation used in the 2-loop calculation.
Uncertainties due to the choice of PDF and ag are omitted.

A theoretical prediction at next-to-next-to-leading order (NNLO) in QCD, including
next-to-leading order (NLO) EWK corrections, from ref. [15] of o (ttW) = 745 4 50 (scale) +
13 (2-loop approx.) £ 19 (PDF, as) fb, is used as a reference cross-section. It supersedes
previous calculations, refs. [16-28].

The different contributions to the total t£W cross-section are shown in table 1. Considering
only QCD corrections, the predicted cross-section is o(tW)QCP = 711 T3 (scale) +
14 (2-loop approx.) fb, while NLO EWK corrections give a total positive contribution of
4.9% [15]. Virtual EWK corrections are negative and 2.4% of the o (ttW)QCP value, and
the remaining EWK contribution (including tW-scattering, as shown in figure 1(d)) gives
a 6.9% positive correction to the o(ttW)RCP calculation [27]. The NLO multileg-merged
FxFx prediction from ref. [27] captures a significant fraction of the NNLO QCD contributions
to the cross-section.

This paper presents measurements of inclusive and differential cross-sections of ttW
production at /s = 13 TeV, including measurements of the ttW relative charge asymmetry.
This is the first measurement of differential cross-sections of ttW production at the LHC.
The measurements are performed by analysing final states with two same-sign electric-charge
leptons (2¢SS) and three leptons (3¢), where ¢ denotes electrons or muons. The rest of the
paper is structured as follows. Section 2 describes the ATLAS detector, section 3 provides
an overview of the data and simulated samples used in the measurements, section 4 details
the object reconstruction and selection and section 5 defines the analysis strategy. Section 6
provides a description of the strategy used to estimate non-prompt-lepton backgrounds. An
overview of the systematic uncertainties is given in section 7. The results are presented in
section 8 and conclusions are given in section 9.



2 ATLAS detector

The ATLAS detector [29] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadron calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer installed before Run 2 [30, 31]. It is followed by the
silicon microstrip tracker, which usually provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker (TRT), which enables radially
extended track reconstruction up to |n| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|n] < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadron
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadron endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T m across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom
hardware, followed by selections made by algorithms implemented in software in the high-
level trigger [32]. The first-level trigger accepts events from the 40 MHz bunch crossings
at a rate below 100kHz, which the high-level trigger reduces in order to record events to
disk at about 1kHz.

An extensive software suite [33] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

LATLAS 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 z-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 0 as

n = —Intan(8/2). Angular distance is measured in units of AR = \/(An)? + (Ag)2.



3 Data and simulated event samples

This analysis uses proton-proton (pp) collision data recorded with the ATLAS detector from
2015 to 2018 at a centre-of-mass energy of /s = 13TeV. The LHC conditions required
to achieve high instantaneous luminosity lead to additional collisions in the same and
neighbouring proton bunch crossings (in-time and out-of-time pile-up). During the data-
taking period considered, the number of collisions per bunch crossing ranged from about 8
to 70, with an average of 34. After the application of data-quality requirements [34], the
data sample corresponds to an integrated luminosity of 140 fb~!.

Theoretical predictions of the ttW process with higher-order corrections in the QCD and
EWK couplings (as and «) are very challenging. At LO in «ag there are complications because
ttW is a qg-initiated process. The radiation of the W boson from one of the initial-state
quarks polarises the incoming quark in the associated tt production, so it is important to
correctly account for spin correlations [35]. Initial calculations of 47 production at NLO in
QCD at fixed order [36] and later matched to a parton shower [37, 38] were also augmented
with NLO EWK corrections (of order a?a?2) [39] to provide the higher-order cross-sections
used across the LHC programme for a number of years [16]. Full NLO calculations including
fixed-order corrections matched to the parton shower (PS) in the POWHEG BOX framework and
accounting for LO spin-correlations of the decay products were provided in ref. [24]. There has
also been significant theoretical progress in calculating more complex and precise predictions.
Higher-order QCD corrections including ¢tW production with additional partons (of order
aa?) open gluon-initiated production modes that contribute significantly to the total cross-
section. Recent studies show that these contributions also have large NLO corrections, which
require NLO-merged calculations for such effects to be included properly [27]. Furthermore,
beyond the traditionally “leading” NLO EWK corrections (of order a?a?) there are even larger
contributions from traditionally “sub-leading” NLO corrections (of order aay) [13, 17, 24]
because of the presence of tW scattering contributions embedded in the ttWj process.
Calculations at NLO in QCD accounting for next-to-next-to-leading-logarithm (NNLL) effects
are also available [18] and so are recent predictions at NLO+NNLL in QCD, also with NLO
EWK corrections [19, 20]. The NNLL corrections can be as large as 7% of the NLO QCD
cross-section, depending on the calculation and the functional form chosen for the scales. Full
off-shell calculations at NLO in QCD [21-23] have also become available, and more recently
the NLO EWK corrections were incorporated [25] into these calculations, along with the
development of procedures to apply the off-shell corrections to NLO+PS simulations [26].

Most recently, a NNLO calculation in ref. [15] gives the state-of-the-art prediction for the
inclusive ttW cross-section. This calculation is exact except for the finite part of the two-loop
virtual corrections, which is computed using two different approaches with a corresponding
uncertainty. The NNLO QCD result is combined with complete NLO EWK corrections.

Samples of simulated events were produced using Monte Carlo (MC) techniques to model
the different SM processes. In particular, the estimation of the ttW signal and several
backgrounds is based upon these simulations. More details of the event generation are given
in the following paragraphs and are summarised in table 2, with the samples in black, or in
parentheses and in grey, indicating those used as the nominal configurations, or to estimate
the systematic uncertainties, respectively. Several data-driven corrections are applied to the
estimated backgrounds and detailed in section 6.



After generating events for each sample’s process of interest, the detector response was
modelled by either a full simulation of the ATLAS detector based on GEANT4 [40, 41] or a
fast simulation (ATLFAST 2) relying on parameterised showers in the calorimeter [42, 43].
The latter was only used for the modelling of some rare background processes, such as
tHjb and WtH, and the modelling of the t#Z and ttH processes with alternative generators
(see section 7). Additional simulated pp collisions, generated with PYTHIA 8.186 [44] using
parameter values from the A3 tune [45], were overlaid to model the effects of both in-time
and out-of-time pile-up. The pile-up distribution was reweighted to reflect the number of
additional interactions observed in data. All simulated events are processed using the same
reconstruction algorithms and analysis chain as the data. Corrections are applied so that the
object reconstruction and identification efficiencies, energy scales and energy resolutions in
simulation match those determined from data, with uncertainties described in section 7.1.

Several generators were studied for the simulation of W production, and multiple
samples were generated to model this process. The events in the nominal tW sample were
simulated using the SHERPA 2.2.10 [46, 47] generator with the NNPDF3.0NNLO PDF set [48].
The matrix element (ME) was calculated for up to one additional parton at NLO and up
to two partons at LO using Comix [49] and OPENLooOPS [50-52], and merged with the
SHERPA parton shower [53] using the MEPS@QNLO prescription [54] with a merging scale
of 30 GeV. The renormalisation and factorisation scales are chosen to be p, = pus = Hp/2,
where Hr is defined as the scalar sum of the transverse masses y/p% 4+ m? of all final-state
particles with transverse momentum pr and invariant mass m. Top quarks were decayed at
LO using the Sherpa particle decay program to preserve spin correlations. In addition to this
nominal prediction at NLO in the strong coupling, higher-order corrections related to EWK
contributions were also included in two ways. First, event-by-event correction factors were
applied; these provide virtual NLO EWK corrections of order a2a§ derived using the formalism
described in ref. [55] along with LO corrections of order a?, reducing the cross-section by
3.9% relative to NLO QCD. Both were implemented using the prescription described in
refs. [46, 56]. Second, the real emission contributions of the sub-leading EWK corrections at
order a3ag [17] were accounted for via the addition of an independent SHERPA 2.2.10 sample
produced at LO in QCD. The combination of contributions from NLO QCD and NLO EWK
effects taken from this SHERPA configuration closely follows the strategy described in ref. [27]
and results in a total cross-section of o(ttW) = 614.7 fb.

In this measurement of ttWW production cross-sections, the signal process is defined to
include the combined QCD and EWK corrections, as described for the nominal SHERPA sample.
The measured differential cross-sections are compared with theoretical predictions obtained
from various generators, including the nominal SHERPA one. For one of the alternative
predictions, the MADGRAPHS _AMC@NLO 2.9.3 program [57] generated ttW events with up
to one additional parton in the final state at NLO accuracy in the strong coupling, using the
NNPDF3.1INNLO [58] PDF set. The showering and subsequent hadronisation was performed
using PyTHiA 8.245 with the Al4 tune [59], and the NNPDF2.3L0 [48] PDF set with
ag = 0.130. The decays of bottom and charm hadrons were performed by EvTGEN 1.6.0 [60].
The different jet multiplicities were merged using the FxFx NLO matrix-element and parton-
shower merging prescription [61] with a merging scale of 30 GeV. This prediction uses a



different merging scale and differs significantly from that in ref. [27], which is also based on the
FxFx prescription. The top quarks were decayed at LO using the MADSPIN [62, 63] particle
decay program to preserve spin correlations. Several other predictions were made inclusively
at NLO in oy to investigate the effect of different additional-jet modelling. These come from
(i) the MADGRAPH5  AMC@NLO 2.3.3 generator, which used the same scale choice and PDF
set as the nominal SHERPA sample and was interfaced to PYTHIA 8.210 in combination with
the Al4 tune, (ii) the POWHEG BOx [24, 64-68] generator interfaced to PYTHIA 8, and (iii)
the POWHEG BOX generator interfaced to HERWIG 7 [69, 70]. The top quarks were decayed
at LO withing the POWHEG BOX program to preserve spin correlations. A final prediction,
used to assess the impact of off-shell contributions to ttW production, was calculated at fixed
order and includes full NLO off-shell effects using the procedure outlined in ref. [23].

The production of ttH events was modelled using the POWHEG BOX v2 generator at NLO
with the NNPDF3.0NLO PDF set. The events were interfaced to PYTHIA 8.230 using the
A14 tune and the NNPDF2.31.0 PDF set. The decays of bottom and charm hadrons were
performed by EVTGEN1.6.0. The hgamp parameter? was set to 0.75 x (my +m; + mpy) =
352.5 GeV. The cross-section was calculated at NLO QCD and NLO EWK accuracy using
MADGRAPH5__AMC@NLO as reported in ref. [16]. The predicted value at /s = 13 TeV is
507130 fb, where the uncertainties were estimated from the combined PDF+aq; uncertainties
and variations of the renormalisation and factorisation scales.

Background events from ttZ/y* production were simulated using the
MADGRAPHS__AMC@NLO 2.8.1 generator at NLO in «g with the NNPDF3.0NLO
PDF set. The functional form of the renormalisation and factorisation scales (pi, 1) was set
to the default scale 0.5 x >, /m? + pzTyi, where the sum runs over all the particles generated
from the matrix element calculation. Top quarks were decayed at LO using MADSPIN [62, 63]
to preserve all spin correlations. The showering and subsequent hadronisation was performed
using PYTHIA 8.244 with the A14 tune, and the NNPDF2.31.0 PDF set with o = 0.130. The
decays of bottom and charm hadrons were performed by EVTGEN 1.7.0. The ttZ/v*(— £147)
prediction was normalised to the calculation at NLO QCD and NLO EWK accuracy reported
in ref. [16] for an on-shell Z boson, scaled to the leptonic contributions including off-shell
v* — €74~ contributions with a correction estimated at one-loop level in . The resulting
ttet ¢~ cross-section, with m(¢*4~) > 1 GeV, is 162 + 21 fb. A dedicated ¢t sample including
rare t — Wbhy*(— £1¢7) radiative decays, i.e. tt — WHbW ~blt/~, was generated using a
LO ME and requiring m(¢*t¢~) > 1 GeV. In this sample the photon can be radiated from the
top quark, the W boson, or the b-quark. The ttZ/y* and tt — WTbW ~bl* ¢~ samples were
combined and together form the “ttZ/+*” sample. The contribution from internal photon
conversions (y* — (147) with m({t¢~) < 1GeV was modelled with QED multiphoton
radiation via the parton shower in an inclusive t¢ sample. Care was taken to avoid both
double-counting of contributions and uncovered regions of phase space when combining
the different simulated event samples. The LO cross-section for the t& — WHbW —be+e—
sample was scaled to match the higher-order cross-section used for t# production in the phase
space they overlap, and was assigned a 50% normalisation uncertainty:.

2The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the hard-process system recoils.



The production of tt and single-top-quark events was modelled using the
POwHEG Box v2 [64-67, 71-73] generator at NLO with the NNPDF3.0NLO PDF set.
The events were interfaced to PYTHIA 8.230 to model the parton shower, hadronisation, and
underlying event, using the Al4 tune and the NNPDF2.3L0 set of PDFs. The decays
of bottom and charm hadrons were performed by EVIGEN1.6.0. The tt process was
modelled with the hgamp parameter set to 1.5m; [74]. The production of a top quark
in association with a W boson (tW) was modelled using the five-flavour scheme. The
diagram removal scheme [75] was used to remove interference and overlap with ¢t production.
Single-top s- and t-channel production was modelled using the POWHEG Boxv2 [72, 73]
generator at NLO in QCD using the five- and four-flavour schemes, respectively, and the
corresponding NNPDF3.0NLO set of PDFs. The tt sample was normalised to the cross-
section prediction at NNLO in QCD including the resummation of NNLL soft-gluon terms
calculated using ToP++ 2.0 [76-82]. This cross-section is o (tf)NNLO+NNLL = 832 + 51 pb.
The single-top-quark tW-channel inclusive cross-section was corrected to the theory prediction
calculated at approximate NNLO in QCD with NNLL soft-gluon corrections [83, 84]:
o(t, tW)anNLO4+NNLL = 71.7 £ 3.8 pb. The single-top-quark s- and t¢-channel inclusive
cross-sections are corrected to theory predictions calculated at NLO in QCD [85, 86]:
o(t, s-chan)nro = 6.3579:23 pb and o (t, t-chan)xpo = 216.97791% pb.

Diboson events with fully leptonic decays (yielding between zero and four charged leptons)
were generated by SHERPA 2.2.2 with up to one additional parton at NLO and three additional
partons at LO. SHERPA 2.2.1 was used for diboson semileptonic decays at the same accuracy.
The EWK VVjj (V = W, Z) process was simulated for fully leptonic decays with one
additional parton at LO using SHERPA 2.2.2. Events of vector boson production in association
with additional jets, V+jets, were generated using SHERPA 2.2.1 with two additional partons
at NLO and four additional partons at LO. The EWK VVjj (V = W, Z) process was
simulated for fully leptonic decays with one additional parton at LO using SHERPA 2.2.2.

Rare background contributions (tZ, tttt, ttWW, WtZ, triboson, ttt, tHjb and WtH)
were normalised using their NLO theoretical cross-sections. The production of four top quarks,
tttt, was normalised to the theoretical prediction of o(tttt) = 13.37fb in ref. [87], with an
assumed 100% normalisation uncertainty based on the larger cross-section measured recently
for this process by ATLAS [11]. A 30% uncertainty [88] was assumed for triboson production,
while a 5% uncertainty was used for ¢Z production, and all other rare backgrounds were
assigned a 50% normalisation uncertainty.

4 Event reconstruction and object identification

Interaction vertices from the pp collisions are reconstructed from at least two tracks with
pr larger than 500 MeV that are consistent with originating from the beam collision region
in the z—y plane. If more than one primary vertex candidate is found in the event, the
candidate for which the associated tracks form the largest sum of squared pr is selected
as the hard-scatter primary vertex [89].

Electron candidates are reconstructed from energy clusters in the electromagnetic
calorimeter matched to a track in the ID [90]. They are required to satisfy pr > 10 GeV and
[Metuster| < 2.47, excluding the transition region between the endcap and barrel calorimeters



Process Generator ME order Parton shower PDF Tune

tHw SHERPA 2.2.10 MEPSQ@NLO SHERPA NNPDF3.0NNLO SHERPA default
(MG5_aMC) (FxFx NLO) (Pyrnia8)  (NNPDF3.0NNLO) (Al4)
(POWHEG) (NLO) (PYTHIA 8) (NNPDF3.0nLO) (Al4)
(POWHEG) (NLO) (HERWIG 7) (NNPDF3.0nLO) (H7-UE-MMHT)

tW (EW) SHERPA 2.2.10 LO SHERPA NNPDF3.0NNLO SHERPA default
(MG5_aMC) (LO) (PyTHIA 8) (NNPDF3.0nLO) (A14)

ttH Pownec Box NLO PyTHIA 8 NNPDF3.0nLO  Al4
(Pownec Box) (NLO) (HERWIG 7.0.4) (NNPDF3.0nLO) (H7-UE-MMHT)
(MG5_aMC) (NLO) (PYTHIA 8) (NNPDF3.0nLO) (Al4)

2944 MG5_aMC NLO PyYTHIA 8 NNPDF3.0nNLO Al4
(MG5_aMC) (NLO) (PYTHIA 8) (NNPDF3.0NLO) (A1l4 Var3c)
(MG5_aMC)  (NLO) (HErwiG7)  (NNPDF3.0NLO) (H7-UE-MMHT)

tt— WHeWw —betes MG5_aMC  LO PyTHIA 8 NNPDF3.0Lo Al4

tttt MG5 aMC NLO PyTHIA 8 NNPDF3.1NLO  Al4

tWW, WtZ, ttt, tHjb, WtH MG5_aMC LO PyYTHIA 8 NNPDF2.3L0 Al4

tZ MG5 aMC LO PYTHIA 8 NNPDF3.1NLO Al4

tt Pownec Box NLO PyTHIA 8 NNPDF3.0NLO Al4
(Pownec Box) (NLO) (HErRwIG 7.1.3) (NNPDF3.0nLO) (H7-UE-MMHT)

Single top PowHEG Box NLO PyTHia 8 NNPDEF3.0nLO Al4

(t-, Wt-, s-channel)
VV, qqVV, VVV
A

Z =L y(— ete)
Z =y (= eten)

SHERPA 2.2.2
SHERPA 2.2.1
NLO
NLO

PowHEG Box

POWHEG Box

MEPSQNLQO SHERPA
MEPSQ@QNLO SHERPA

PyTHIA 8

PYTHIA 8

NNPDF3.0NNLO
NNPDF3.0nLO
CTEQG6L1INLO
CTEQ6LINLO

SHERPA default
SHERPA default
Al4
Al4

Table 2. The configurations used to generate events from signal and background processes. The
samples used to estimate the systematic uncertainties are indicated in parentheses and in grey.

(1.37 < [Metuster| < 1.52). “Loose” and “tight” electron identification working points are used,

based on a likelihood discriminant employing calorimeter, tracking and combined variables

that provide separation between electrons and jets.

Muon candidates are reconstructed by performing a combined fit of the track information

from the ID and MS [91]. The resulting muon candidates are re-fitted using the complete

track information from both detector systems. They are required to satisfy pr > 10 GeV and

In| < 2.5. “Loose” and “medium” muon identification working points are used.

Electron (muon) candidates are matched to the primary vertex by requiring that the

significance of their transverse impact parameter, do,® satisfies |do/o(do)| < 5(3), where

o(dp) is the measured uncertainty in dy, and by requiring that their longitudinal impact

parameter, zp,* satisfies |zgsinf| < 0.5 mm.

3The transverse impact parameter, do, is defined in the z—y plane as the distance of closest approach of the

track to the beamline.

4The longitudinal impact parameter, zo, is defined as the distance in z between the primary vertex and the

point on the track used to evaluate do.



To further suppress leptons from heavy-flavour hadron decays, misidentified jets, or
photon conversions (collectively referred to as “non-prompt leptons”), lepton candidates are
also required to be isolated in the tracker and in the calorimeter. The track-based lepton
isolation criterion is based on the quantity Ir = ZptTrk, where the scalar sum includes all
tracks (excluding the lepton candidate itself) within a cone of size AR < Ry around the
direction of the lepton. The value of Ry is the smaller of ry;, and 10 GeV/ pfr, where rpi, is
set to 0.2 (0.3) for electron (muon) candidates and p% is the lepton’s pr. All lepton candidates
must satisfy Ir/ pgf < 0.15. They are also required to satisfy a calorimeter-based isolation
criterion: the sum of the transverse energy within a cone of size AR = 0.2 around the lepton,
after subtracting contributions from pile-up and the energy deposit of the lepton itself, is
required to be less than 20% (30%) of the electron’s (muon’s) p%.

These selection criteria largely suppress the contribution from non-prompt leptons.
However, several channels considered in this measurement have additional suppression
requirements targeting the main types of non-prompt leptons. Non-prompt leptons from
hadron decays that contain bottom- or charm-quarks (referred to as “heavy-flavour (HF)
non-prompt leptons”) are further rejected using a boosted decision tree (BDT) discriminant,
referred to as the non-prompt-lepton BDT [92], based on isolation and lifetime information
about a track-jet that matches the selected electron or muon (referred to as a “light lepton”).
Three working points (WPs) based on the non-prompt-lepton BDT are used: Tight, VeryTight,
and Tight-not-VeryTight. The Tight WP allows prompt muons (barrel/endcap electrons)
satisfying the calorimeter- and track-based isolation criteria to be selected with an efficiency
that is about 60% (60%/70%) for pr ~ 20 GeV and reaches a plateau of 95% (95%/90%)
for pp ~ 40 (40/65) GeV. The prompt-lepton efficiency of the VeryTight WP for muons
(barrel/endcap electrons) that satisfy the calorimeter- and track-based isolation criteria
is about 55% (55%/60%) for pp ~ 20 GeV and reaches a plateau of 90% (85%/83%) for
pr ~ 40 (40/65) GeV. The corresponding rejection factor® for muons (electrons) from the
decay of b-hadrons ranges from 33 to 50 (20 to 50) for the Tight WP, and from 50 to 100 (33
to 66) for the VeryTight WP, depending on pp and 7, after resolving ambiguities between
overlapping reconstructed objects. The Tight-not-VeryTight WP allows the selection of
non-prompt leptons and is part of the event selection for control regions enriched in HF
non-prompt-lepton background, as described in section 6.

In order to further suppress electrons with incorrect charge assignment, a BDT
discriminant based on calorimeter and tracking quantities [93] is used. An efficiency of
approximately 96% in the barrel region and 81% in the endcaps is obtained, with rejection
factors of 19 in the barrel region and 40 in the endcaps. The electron candidates are separated
into three classes: “material conversion”, “internal conversion”, and “non-conversion” electron
candidates. Most electrons arising from material conversions, i.e. from photon conversions
in the detector material, are rejected by the standard electron identification selection, but
additional requirements are imposed to remove residual material-conversion candidates. These
candidates have a reconstructed displaced vertex with radius » > 20 mm that includes the
track associated with the electron.® The invariant mass of the associated track and the

5The rejection factor is defined as the reciprocal of the efficiency.
5The beampipe and insertable B-layer inner radii are 23.5 mm and 33 mm, respectively.
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Electron Muon

Lepton definition L M Mex T L M Moy T
Identification Loose Tight Loose Medium
Transverse impact parameter <5 <3

significance |do|/o4,

Longitudinal impact parameter z |z0sin @] < 0.5 mm

Isolation Yes Yes

Non-prompt lepton WP No Tight | Tight-not- | VeryTight No Tight | Tight-not- | VeryTight
VeryTight VeryTight

Electron charge-misassignment veto No Yes

Electron conversion candidate veto No Yes (except e*) -

Table 3. Description of the loose inclusive (L), medium inclusive (M), medium exclusive (Mey), and
tight (T') lepton definitions. The electron e* is required to fulfil, in addition to the corresponding
lepton definition requirements, those corresponding to an internal or material conversion candidate.

closest (in An) opposite-charge track reconstructed in the silicon detector, calculated at
the conversion vertex, is required to be < 100 MeV. Internal conversion candidates, which
correspond to the internal photon conversions (see section 3), must fail the requirements
for material conversions, and the di-track invariant mass, calculated here at the primary
vertex, is also required to be < 100 MeV.

The various lepton working points used in this analysis are summarised in table 3. After
the initial categorisation based on “loose” leptons (corresponding to L), the best lepton
working point to further optimise the event selection is chosen; it depends on the main
background processes and available amount of data in each category. The various choices
for the signal and control regions are described in section 5.

The constituents for jet reconstruction are identified by combining measurements from
both the ID and the calorimeter using a particle flow (PFlow) algorithm [94]. Jet candidates
are reconstructed from these PFlow objects using the anti-k; algorithm [95, 96] with a radius
parameter of R = 0.4. They are calibrated using simulation with corrections obtained by using
in situ techniques in data [97]. Only jet candidates with p > 25 GeV and within || < 2.5 are
selected. In order to reduce the effect of pile-up, each jet with pr < 60 GeV and |n| < 2.4 must
satisfy the “Tight” working point of the Jet Vertex Tagger (JVT) [98] criteria used to identify
jets that originate from the primary vertex. A set of quality criteria is also applied to reject
events containing at least one jet arising from non-collision sources or detector noise [99].

Jets containing b-hadrons are identified (b-tagged) via an algorithm [100] that uses a
deep-learning neural network based on the distinctive features of b-hadron decays, primarily
the impact parameters of tracks and the displaced vertices reconstructed in the ID. Additional
input to this network is provided by discriminating variables constructed by a recurrent
neutral network [101], which exploits the spatial and kinematic correlations between tracks
originating from the same b-hadron. A multivariate b-tagging discriminant value is calculated
for each jet. In this measurement, a jet is considered b-tagged if it passes the working point
corresponding to 85%, 77%, 70%, or 60% average expected efficiency to tag a b-quark jet,
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with a light-jet” rejection factor of about 40 to 2500, and a charm-jet (c-jet) rejection factor
of about 3 to 40, as determined for jets with pp > 20 GeV and || < 2.5 in simulated ¢t
events. The notation b8%_ p77% p70%  and 550% is used to denote a b-tagged jet (b-jet)
that passed the corresponding working point. Correction factors derived from dedicated
calibration samples enriched in b-jets, c-tagged jets, or light-tagged jets, are applied to the
simulated event samples [102-104].

Ambiguities between independently reconstructed electrons, muons and jets can arise. A
sequential “overlap removal” procedure is performed to resolve these ambiguities and thus
avoid double counting of candidates. This procedure is applied to leptons satisfying the
L criteria. If two electrons are separated by AR < 0.1, only the one with the higher pr
is kept. If an electron and a muon overlap within AR < 0.1, the muon is removed if it
is reconstructed only from an ID track and calorimeter energy deposits consistent with a
minimum-ionising particle (i.e. if it is “calo-tagged”), otherwise the electron is removed. If an
electron and a selected jet are found within AR < 0.2, the jet is removed if it is not a b70%
jet® or if it has pt > 200 GeV. Muons ghost-associated [105] with an R = 0.4 jet must satisfy

b70% jet and contains less

a jet-muon separation of AR < 0.4. If the overlapping jet is not a
than three tracks with pp > 500 MeV, the jet is removed, otherwise the muon is rejected.
Thus, if the overlapping jet is a 7% jet, the muon is rejected. For each lepton in the event a
lepton-pr-dependent variable-size cone of maximum size AR = 0.4 is defined. If a selected
jet, surviving all previous overlap criteria, is found in this cone, the lepton is rejected.
The missing transverse momentum ﬁ‘%iss (with magnitude E%ﬁss) is defined as the negative
vector sum of the pp of all selected and calibrated objects in the event, including a term to
account for the momenta of soft particles that are not associated with any of the selected
objects [106]. This soft term is calculated from inner-detector tracks matched to the primary

vertex, which makes it more resilient to contamination from pile-up interactions.

5 Analysis strategy

The events used in the analysis were selected with high efficiency using dilepton triggers [107,
108], based on electron and muon signatures. The dielectron triggers required two electrons
that satisfied loose identification criteria with pp thresholds that were raised as the luminosity
increased during Run 2: 12 GeV in 2015, 17 GeV in 2016, and 24 GeV in 2017-2018. Dimuon
triggers utilised asymmetric pr thresholds for leading (sub-leading) muons: 18 (8) GeV in
2015 and 22 (8) GeV in 2016-2018. An electron+muon trigger required events to have
an electron candidate satisfying loose identification with a 17 GeV threshold and a muon
candidate passing a 14 GeV threshold for all data-taking periods.

Events selected by the trigger are required to satisfy basic preselection requirements.
They must have at least one primary vertex candidate. Events are required to contain either
two light leptons with the same electric charge or three light leptons, based on the loose
lepton definition L introduced in section 4. This event categorisation into 2¢SS and 3¢ reduces

™Light jet’ refers to a jet originating from the hadronisation of a light quark (u, d, s) or a gluon.
8For the overlap removal, a jet is considered b-tagged if it passes the 70% working point. However, the
choice of b-tagging working point does not have a sizeable impact on the signal acceptance.
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the migration of events from 3¢ ttW decays into the 2¢ channel, which can occur, for example,
due to improper identification of leptons (i.e. reconstruction inefficiencies).

The selected light leptons are required to match, with AR < 0.15, the corresponding
leptons reconstructed by the trigger and to have a pt exceeding the trigger pt threshold by
1 GeV or 2 GeV (depending on the lepton trigger, lepton multiplicity criteria, and data-taking
conditions). The trigger requirement has an efficiency of about 82% for signal events with
at least two light leptons satisfying the preselection requirements.

Once the events are separated into the 2¢SS and 3¢ channels, control regions (CRs) and
signal regions (SRs) are defined by using different lepton and event requirements to enhance
the fraction of certain backgrounds or the ttW signal, respectively, in those regions.

The signal regions are split into 2SS and 3¢ categories. The 3¢ events are required to
have the sum of charges of selected leptons (total lepton charge) to be exactly +1. Events
are required to contain at least one p%0% jet, or at least two b77% jets. If 3¢ events contain
pairs of opposite-sign charge and same-flavour (OS-SF) leptons, all such pairs must satisfy
requirements on the dilepton system mass of m?f ~ > 12 GeV and \m?f ~ —mz| > 10 GeV.
Additionally, 3¢ events must satisfy |msy; — mz| > 10 GeV. Leptons are ordered in pr in
the 2/SS regions. In the 3¢ regions the lepton with opposite-sign charge is called the first
lepton, followed by the two same-sign leptons. The pr and identification requirements for
each lepton in each category are optimised, accounting for the different likelihood of being
non-prompt, and are summarised in table 4.

Events passing the 2¢SS and 3/ signal region selections are separated into subcategories
depending on whether the inclusive or differential tW cross-sections are being measured, as
shown in table 4. For the ttW differential measurements, two 2¢SS and six 3¢ signal categories,
based on the total lepton charge of the event and on the number of OS-SF lepton pairs in
the 3¢ channel, are defined in section 8.2. The inclusive t#W measurement (see section 8.1)
is improved by assigning the preselected events to subcategories based on the total lepton
charge, the lepton flavour, and the jet and b-jet multiplicities (Njets and Np.jets, respectively),
where N jets is defined to be 2 or more if the events contain at least two p7T% jets, or 1
if the events contain exactly one b%% jet. As a result, the ¢ZW inclusive measurement is
performed in 48 2¢SS and 8 3¢ signal categories.

Various control regions are defined in order to fit the normalisation of the leading
backgrounds. Two regions enriched in either diboson or t¢Z events are defined by requiring
one OS-SF lepton pair compatible with a Z boson, \m%f ~ —mz| <10 GeV, but different jet
multiplicities. These regions are labelled as 3¢/VV and 3/ttZ for the diboson and ttZ CRs,
respectively. Two control regions enriched in electron-from-photon conversions from Z —
prp ™) = et
to the identification of the electron as a material conversion or internal conversion candidate,

e~ , where one of the electrons is not reconstructed, are defined, according

and are labelled as 3¢MatC and 3¢IntC, respectively. Finally, six control regions enriched in HF
non-prompt leptons are defined, making use of the exclusive lepton identification Mgy in order
to be orthogonal to the signal regions. Events fulfilling the criteria T Moy, MexT', or Mey Moy for
the leading and sub-leading leptons in pr are selected and further separated according to the
sub-leading lepton flavour. Additionally, the transverse mass of the leading lepton, £y, and the

missing transverse momentum, defined as mr (fy, ERSS) = \/ 2EmISSpy 40 (1 — cos(Gmiss — Pey))s
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Signal region preselection 2488 3¢
Lepton definition T LTT
Lepton pr [GeV] (20, 20) (10, 20, 20)
m3t,_ [GeV] — > 12
Im3¥,- —mz| [GeV] — > 10
|mse — mz| [GeV] — > 10
Niets > 2

Npjots > 1 b90% or > 2 p7T%

Inclusive cross-section measurement

Lepton charge split (et e—6) (== 00t
Lepton flavour split (s, e, pe, ee) —

Jet multiplicity split (3, 4, >5) (2, >3)
b-jet multiplicity split (1, >2)

Total inclusive SRs 48 8

Differential cross-section measurement

Lepton charge split (et 0= 07) (== 0= ertet)
Number of OS-SF pairs split — (0,1, 2)
Total differential SRs 2 6

Table 4. Event selection summary in the signal regions. Leptons are ordered in pr in the 2¢SS regions.
In the 3¢ regions the lepton with opposite-sign charge is called the first lepton, followed by the two
same-sign leptons. In the lepton selection, T' and L stand for tight and loose lepton definitions (see
table 3). In the b-jet multiplicity categorisation, Ny jets is defined to be 2 or more if the events contain

at least two b77% jets, or 1 if the events contain exactly one b%°% jet. For each of the 2¢SS and 3¢ signal

regions in the inclusive and differential measurements, each categorisation split affects all regions above.

must be less than 250 GeV in the T M, and M. T regions, in order to reduce the ttW
contribution in these CRs. The full definition of the kinematic selection applied to events
in each control region is given in table 5.

5.1 Fiducial-volume definition

The particle-level fiducial volume closely follows the reconstruction-level selection to avoid
the uncertainties in extrapolating to a more inclusive phase space. Table 6 summarises the
object requirements, overlap removal and region selections applied to define the fiducial
regions. The fiducial selections are the same for the inclusive and differential cross-section
measurements, except in the 2¢SS channel, where a higher jet multiplicity is required for
the inclusive measurement. This is because at detector level the Njets = 2 bin does not add
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Control regions for: | Diboson ttZ Conversions HF non-prompt

Lepton requirement 3¢ pupe* 20SS

Lepton definition (L, M, M) (T, Mex) | (Mex, T) | (Mex, Mex)

Lepton pr [GeV] (10, 20, 20) (20, 20)

m3,_ [GeV] > 12 > 12 —

[mY,_ — mz| [GeV] <10 > 10 —

[mse — mz| [GeV] > 10 <10 —

mr (Lo, E'Tmiss) [GeV] — < 250 for TM,y and M T pairs

Niets 2or3 >4 >0 >2

Njets 1550% | > 1 p60% op > 9 pT7% 0 p77T% 1577%

Region split internal / material | sub-leading e/p X (TMex, MexT, MexMex)

Region naming 3(VV 30ttZ 3IntC / 20t6(€) T, , 206t6(e) Moty 2066(€) Moy Mo
3(MatC 206 ( 1) T hy s 2066(1) Moy 2066(14) Moy Moy

Table 5. Event selection summary in the control regions. The lepton types L, M, My, and T
correspond to the loose inclusive, medium inclusive, medium exclusive, and tight lepton definitions, as
described in table 3. The notation e* is used to denote material conversion or internal conversion
candidates, as described in section 4.

significant sensitivity to the inclusive cross-section measurement and is therefore omitted,
and the fiducial selection matches the detector-level selection.

Particle-level objects in simulated events are defined using quasi-stable particles with
a mean lifetime greater than 30 ps originating from pp collisions. They are selected after
hadronisation but before the interaction of these particles with the detector components or
consideration of pile-up effects. Electrons and muons are required not to have originated
from a hadron in the MC generator’s event record, either directly or through a 7-lepton
decay, to ensure that they originated from one of the W boson decays. The leptons are
modified (“dressed”) by adding the four-momenta of all radiated photons within a cone
of size AR = 0.1, excluding photons from hadron decays, to take into account final-state
photon radiation. Particle-level jets are reconstructed with the anti-k; algorithm with a radius
parameter of R = 0.4 applied to all quasi-stable particles except the neutrinos originating
from W bosons and the selected electrons, muons and photons used in the definition of the
charged leptons. If b-hadrons with pp > 5 GeV are found in the MC event record, they are
ghost-associated to jets. Any jets containing one or more of these b-hadrons are considered
to originate from a b-quark. The particle-level missing transverse momentum is calculated
from the vector sum of the transverse momenta of all neutrinos in the event record, excluding
those originating from hadron decays.

6 Background estimation

The background processes passing the signal region selections are categorised into irreducible
and reducible backgrounds. Irreducible backgrounds (section 6.1) have only prompt selected
leptons, i.e. leptons produced in W/Z boson decays, leptonic 7-lepton decays, or internal
conversions. Reducible backgrounds (section 6.2) have prompt leptons with misassigned
charge or at least one non-prompt lepton.
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Objects
Electrons pr > 10 GeV and |n| < 2.47 (excluding the LAr transition region 1.37 < |n| < 1.52)
Muons pr > 10 GeV and |n| < 2.5

Jets Anti-k; R = 0.4 jets with pr > 25 GeV and |n| < 2.5
b-jets Tagged if jet contains a ghost-associated b-hadron with pp > 5 GeV
Emiss Vector sum of pr for all neutrinos (pr(v)) in the event not from hadron decays

Overlap removal
Electron-jet | If AR(e,jet) < 0.2 (excluding b-jets with pr < 200 GeV) remove jet
Jet-lepton | If AR(¥,jet) < min(0.4,0.04 4+ 10 GeV/pr ¢) remove lepton

Selections

20SS Exactly two leptons with the same charge
Both leptons have pr > 20 GeV
Njets > 3 (Njets > 2) with at least one b-jet for inclusive (differential) fit

mye > 12 GeV for same-flavour pairs

3¢ Exactly three leptons with a total charge of +1

Both leptons from the same-sign lepton pair are required to have pr > 20 GeV
Njets > 1 with at least one b-jet

mee > 12 GeV & |mye — mz| > 10 GeV (for OS-SF £¢)

|meee — mz| > 10 GeV

Table 6. Definition of objects and selections for fiducial regions.

All backgrounds with the exception of electrons with misassigned charge (denoted by
QMisID) are estimated using the simulated event samples described in section 3. In some
cases, the simulation is improved by applying additional corrections derived from data
control samples before the statistical analysis. In particular, the event kinematics of the
simulated ¢t and V'V backgrounds require dedicated corrections to better describe the data. In
addition, the yields of some simulated backgrounds, namely ttZ, V'V and non-prompt-lepton
backgrounds, are adjusted via normalisation factors that are determined by performing a
likelihood fit to data across all event categories in the signal and control regions defined
in tables 4 and 5, as discussed in section 8.

6.1 Irreducible backgrounds

Background contributions with prompt leptons originate from a wide range of physics
processes, with the relative importance of individual processes varying by channel. The main
irreducible backgrounds originate from ttZ/v*, V'V (especially W Z), and ttH production,
having final states and kinematic properties inherently similar to the ¢tV signal. Smaller
contributions originate from the following rare processes: tZ, tW, tWZ, ttWW, VVV, tttt,
and ttt production. Backgrounds with prompt leptons are estimated from simulation using
the samples described in section 3.
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Figure 2. Comparison between data and the signal-plus-background prediction for (a) the total
yield in the 3¢VV CR and (b) the distribution of the b-jet multiplicity in the 3¢ttZ CR after the V'V
jet multiplicity correction. The signal and background contributions after the likelihood fit to data
(“Post-Fit”) under the signal-plus-background hypothesis are shown as filled histograms. The total
signal-plus-background prediction before the likelihood fit to data (“Pre-Fit Bkg.”) is shown as a dashed
blue histogram in the upper panel. The ratio of the data to the total prediction (“Pred.”) is shown
in the lower panel, separately for the post-fit prediction (black points) and pre-fit background (dashed
blue line). The combined statistical and systematic uncertainty in the prediction is indicated by the
blue hatched band. The “Other” background contribution is dominated by tZ and WtZ production.

6.1.1 VV and ttZ/~* backgrounds

The V'V simulated event sample does not model the jet multiplicity spectrum in data well.
Therefore, a data-driven correction is derived from an inclusive trilepton diboson-enriched
region with zero b°% jets. The events are required to have three leptons passing the (L, M, M)
selection. The Njets-dependent correction factors are derived using a fit to the ratio of Ngata —
NMC non-vv to Nyic,vv as a function of Njets. The corrections reach about 35% for Njets = 6.

The 3/VV and 3/ttZ CRs are used in the likelihood fit to data to improve the predicted
background contributions from the V'V and t¢Z/v* processes, respectively. The numbers of jets
and b-jets provide good discrimination between these two processes. Events in the 3¢VV CR are
required to have 2 or 3 jets, whereas events in the 3/ttZ CR must have > 4 jets. Additionally,
the number of b-jets is fitted in the 3¢ttZ CR. The measured normalisation factors are A\yy =
0.87 £0.33 and A5, = 1.16 + 0.15. The normalisation factor for t¢Z controls the dominant
contribution from ttZ in association with light-quark- and gluon-initiated jets. The ttZ
contribution from events produced in association with heavy-quark-initiated jets is normalised
to the theoretical cross-section and assigned a larger uncertainty as described in section 7.2.

Figures 2(a) and 2(b) show the total yield and b-jet multiplicity distribution in the 3¢VV
and 3/ttZ CRs, respectively, before and after the likelihood fit described in section 8.1.
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6.1.2 Other irreducible backgrounds

The rate of background events from internal conversions (denoted as “Int Conv”) with
m(ete™) < 1 GeV is estimated using two dedicated CRs: 3¢IntC and 3¢MatC. The main
contributions to these background events originate from tty* with m(ete™) < 1 GeV and Z —
(T~ y*(— ete™). The total yield in each category is used in the likelihood fit to determine
the normalisation factor )\IentC = 1.07 £ 0.24, where the uncertainty is mainly statistical.

6.2 Reducible backgrounds

6.2.1 Non-prompt leptons

Non-prompt leptons originate from material conversions, heavy-flavour hadron decays, or
the improper reconstruction of other particles, with a composition strongly depending on
the lepton quality requirements and varying across event categories. These backgrounds
are in general small in all 2¢ and 3¢ SRs and are estimated from simulation, with the
normalisation determined by the likelihood fit. The main contribution to the non-prompt-
lepton background is from ¢ production, followed by much smaller contributions from V +jets
and single-top-quark processes. The non-prompt leptons in the simulated event samples are
labelled according to whether they originate from HF or light-flavour (LF) hadron decays,
or from a material conversion candidate. The HF category includes leptons from bottom
and charm decays. The LF category is negligible in this analysis, and thus the non-prompt
leptons from hadronic decays are dominated by HF non-prompt leptons.

Two corrections are applied to the tt and overall non-prompt-lepton background
simulations before the fit. First, the t# + >1 b-jet contribution is multiplied by a factor
of 1.3 as previously measured by ATLAS [109]. Second, the shape of the b-jet multiplicity
distribution in the non-prompt-lepton background simulation is corrected to match data in an
orthogonal 2/SS validation region enriched in non-prompt leptons, where one of the leptons
must pass a looser non-prompt-lepton BDT score but not pass the M lepton WP.

Several of the event categories introduced in section 5 were designed to be enriched in
specific processes and are used to derive normalisation factors to improve the modelling in
the simulation. The 3¢MatC CR is enriched in material conversions (denoted as “Mat Conv”)
and only the total event yield is used. There are six 2¢ CRs enriched in contributions from
HF non-prompt leptons in tt events, i.e. 20tt(e) s, 20tt(€) a1, 2066(€) Moy o> 2066(10) 01y s
20t (1) pror, and 2066(p) ar, 1., - In these CRs, the distribution of the transverse momentum
pgrl of the sub-leading lepton is used. Requiring at least one M.y lepton in these CR
events provides separation from the processes with prompt leptons, especially W, and
thus optimises the sensitivity to the HF non-prompt electron and muon contributions. The
ttW signal contribution in these control regions is at most 11% of the total expected yield.
Normalisation factors for three non-prompt-lepton background contributions are estimated
from the simultaneous likelihood fit to data. The normalisation factor for HF non-prompt
leptons is estimated separately for electrons and muons, and is denoted by /\lgad and Alljad
respectively. An additional normalisation factor )\E/Iatc is determined for the background
from material conversions. The measured normalisation factors are A4 = 0.83 + 0.31,
)\Ead =1.01 +£0.21, and )\E/Iatc = 1.15 + 0.31, where the uncertainties are mainly statistical.
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Figure 3. Comparison between data and the signal-plus-background prediction for the distribution
of the transverse momentum of the sub-leading lepton (p%) in (a) the 2¢tt(e)ras,, CR and (b) the
20tt(u)rar., CR. The signal and background contributions after the likelihood fit to data (“Post-Fit”)
under the signal-plus-background hypothesis are shown as filled histograms. The total signal-plus-
background prediction before the likelihood fit to data (“Pre-Fit Bkg.”) is shown as a dashed blue
histogram in the upper panel. The ratio of the data to the total prediction (“Pred.”) is shown in the
lower panel, separately for the post-fit prediction (black points) and pre-fit background (dashed blue
line). The combined statistical and systematic uncertainty in the prediction is indicated by the blue
hatched band. The last bin in each figure contains the overflow.

Figures 3(a) and 3(b) display the p4 distribution in the 2¢tt(e)ras,, and 20tt(u) oz,
CRs after the likelihood fit to data. As shown in the figures, the purity of the HF non-
prompt-lepton background is 43% and 61%, respectively, which was achieved when using
the exclusive Mgy lepton working point.

6.2.2 Charge misassignment

Backgrounds due to leptons with an incorrectly assigned charge primarily affect the 2¢ channel
and arise mainly from # production, with one electron either undergoing hard bremsstrahlung
followed by an asymmetric conversion (et — eTy* — eTete™) or having mismeasured track
curvature. The muon charge misassignment rate is negligible in the pr range relevant to this
analysis. The electron charge misassignment rate is measured in data by using samples of
7 — ete™ events reconstructed as either same-charge pairs or opposite-charge pairs, with
the non-Z background subtracted via a sideband method utilising events outside the Z
boson mass window. The sideband region is defined by fitting a Gaussian function to the
Z boson mass distribution and selecting events with m(¢¢) more than one and less than
four standard deviations from the fitted mean.

The charge misassignment rate is extracted from the ratio of the numbers of same-
charge and opposite-charge events close to the Z-boson mass through a likelihood approach
taking into account the possibility that both electron charges are misassigned. The rates
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are parameterised as a function of electron pr and ||, and vary from about 107> for low-pr
electrons (17 < pr < 50 GeV) with |n| < 1.37, to about 4 x 10~3 for high-pr electrons
(pr > 100 GeV) with 2 < || < 2.47. To estimate the QMisID background in each of the
corresponding event categories, the measured charge misassignment rate is applied to data
events satisfying the requirements of the 2¢ channels, except that the two leptons must
have opposite charges.

7 Systematic uncertainties

Many sources of systematic uncertainty are considered for the cross-section measurements.
These are grouped into three categories: instrumental uncertainties that affect physics object
reconstruction; modelling uncertainties relevant for MC simulation-based estimations; and
uncertainties affecting the estimation of misreconstructed-lepton backgrounds.

7.1 Instrumental uncertainties

Instrumental systematic uncertainties related to the trigger efficiency, lepton reconstruction
and identification, jet calibration, b-tagging, and non-prompt-lepton BDT working point
calibrations are considered in the analysis. Physics object reconstruction and calibration are
provided together with a systematic uncertainty model for propagating the corresponding
uncertainties to the analysis. The calibrations are applied either as an overall event reweighting,
or scale factor, to correct the simulation to the data, or as a rescaling (smearing) of the
object’s energy or momentum scale (resolution) and come with associated uncertainties. The
combined effect of these uncertainties is less than 10% in the inclusive measurement, but
reaches approximately 18% in the higher jet-multiplicity bins of the differential measurement.

Uncertainties associated with the lepton selection arise from the trigger, reconstruction,
identification and isolation efficiencies, and the lepton momentum scale and resolution [90,
91, 110, 111]. Uncertainties in the non-prompt-lepton BDT calibration are estimated through
a Z — Ul tag-and-probe method and cover uncertainties related to the Z(— £¢)+jets MC
modelling, the template cut/shape, the my, window, the tag-and-probe lepton selections, the
multijet background, the non-prompt lepton background, the luminosity, the cross-sections
of the considered processes, and the limited number of events in simulation and data. The
combined effect of these uncertainties is approximately 2% in the inclusive measurement and
typically less than 5% in the differential measurements.

Uncertainties associated with jet reconstruction and calibration arise from the jet energy
scale (JES), the JVT requirement and the jet energy resolution (JER). The JES and its
uncertainties are derived by combining information from test-beam data, collision data and
simulation [97]. The JES and JER have 30 and 13 components, respectively, in the fit. The
uncertainties in the JES, JER and JVT increase at lower jet pr. The combined effect of these
uncertainties is approximately 1.5% in the inclusive measurement, while in the differential
measurements it is approximately 5% for intermediate jet multiplicities and rises to 12%-18%
for low and high jet multiplicities.

The efficiency of the b-tagging algorithm is measured for each jet flavour using control
samples in data and in simulation. From these measurements, correction factors are derived
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to correct the tagging rates in the simulation. For b-jets, the correction factors and their
uncertainties are estimated from data using dileptonic ¢t events [100, 102]. For c-jets, they
are derived from jets arising from W boson decays in tt events [103]. For light-flavour jets,
the correction factors are derived from dijet events [104]. Uncertainties from sources affecting
the b- and c-tagging efficiencies are evaluated as a function of jet pr, including bin-to-bin
correlations. The uncertainties in the efficiency for tagging light-flavour jets depend on the
jet pr and |n|. An additional uncertainty is assigned to account for the extrapolation of the
b-tagging efficiency measurement from the pr region used to determine the correction factors
to regions with higher pp. The combined effect of these uncertainties is approximately 0.2%
in the inclusive measurement, whereas in the differential measurements, it is approximately
3% in the intermediate b-jet multiplicity bins and rises to 10%-18% for lower and higher
b-jet multiplicities.

The uncertainty in the reweighting of the MC pile-up distribution to match the distribution
in data is evaluated by varying the reweighting factors and has a very small impact on either
the inclusive or differential results.

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [112], obtained
using the LUCID-2 detector [113] for the primary luminosity measurements, complemented
by measurements using the inner detector and calorimeters.

7.2 MC modelling uncertainties

Systematic uncertainties in the ttWW MC predictions due to missing higher-order QCD
corrections in the modelling are estimated by doubling and halving the factorisation and
renormalisation scales chosen for the nominal sample. To estimate the uncertainty due
to ambiguities in the ME and PS algorithm and parameter choices, the nominal SHERPA
prediction is compared with the prediction of the MADGRAPH5+PYTHIA 8 FxFx sample
described in section 3. In addition, a dedicated parton shower model uncertainty is estimated as
the relative difference between the POWHEG+PYTHIA 8 and POWHEG-+HERWIG 7 predictions
and applied to the nominal t##W prediction. Uncertainties in the PDF modelling are included
by varying the value of o and using different PDF sets. The ¢t/ modelling uncertainty is
one of the largest uncertainties in the analysis and leads to a combined impact (summing
each contribution in quadrature) of 6% in the inclusive measurement and, depending on
the bin, 10%-20% in the differential measurement.

The uncertainty in t¢H modelling due to the initial-state radiation (ISR) is estimated
using weights in the matrix element calculation and the parton shower. The factorisation
and renormalisation scales are varied, and ISR «g variations are taken from the A14 tune.
Additionally, uncertainties in the ME (PS algorithm — parton shower, hadronisation and
underlying-event modelling) are estimated by comparing the nominal POWHEG+PYTHIA 8
MC simulation with MADGRAPH5+PYTHIA 8 (POWHEG+HERWIG 7).

Uncertainties due to missing higher orders in QCD are estimated for t¢Z production
by varying the nominal factorisation and renormalisation scales by factors of 0.5 and 2.0.
Uncertainties in additional-jet modelling are estimated with ISR «g variations taken from
the A14 tune. Parton shower, hadronisation and underlying-event modelling uncertainties
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are estimated by comparing the nominal MADGRAPH5+PYTHIA8 MC simulation with
MADGRAPH5+HERWIG 7.

Uncertainties in V'V modelling due to missing higher orders in QCD are estimated by
varying the nominal factorisation and renormalisation scales by factors of 0.5 and 2.0. In
addition, systematic uncertainties associated with the data-driven Njets-dependent correction
factors applied to V'V production are derived from the fit function parameter uncertainties.

Alternative tt MC samples are used for shower uncertainties in the HF non-prompt-lepton
background estimate and for uncertainties in the extrapolation from the CRs to the SRs. For
this, the POWHEG+HERWIG 7.1.3 and SHERPA 2.2.10 samples are used.

The uncertainties in higher-order cross-sections are taken into account by using the values
given in section 3 for all background processes except those whose normalisation is measured
in the fit. In the t¢Z MC sample, the component containing additional heavy-quark-initiated
jets is normalised to the theoretical prediction and assigned a 50% uncertainty.

7.3 Non-prompt-lepton background modelling uncertainties

For the estimation of non-prompt-lepton backgrounds from HF decays and conversions, the
following uncertainties are taken into account.

Uncertainties are estimated for the modelling of the non-prompt-lepton BDT input
variables, namely the muon’s energy deposit in the calorimeter relative to the expected value
(Ecluster/ Eexpected ), the electron track pr divided by the jet track pr, and the secondary
vertex’s longitudinal significance, using tracks with pt > 500 MeV for non-prompt muons.
These uncertainties are included as variations that can affect the shape of distributions in
each region, but not their normalisation.

Extrapolation uncertainties in the non-prompt-lepton background yields are derived
to account for non-prompt-lepton rate differences between the Tight-not-VeryTight and
VeryTight non-prompt-lepton BDT working points. These uncertainties are obtained by
comparing the non-prompt-lepton efficiencies in the nominal ¢t simulation with those in an
alternative tt simulation as a function of lepton pt and separately for electrons and muons.
A constant uncertainty of 20% is estimated for electrons and muons.

Uncertainties in the tf parton shower are assessed by using the POWHEG+HERWIG 7
tt MC simulation as a variation of the nominal POWHEG-+PYTHIA 8 prediction, separately
for the electron and muon channels.

Uncertainties in the modelling of ¢ production in association with heavy-flavour jets
are accounted for by assigning an uncorrelated 50% uncertainty to the tt + b and tt + ¢
background processes.

Uncertainties in the electron conversion background extrapolation from Z-enriched to
tt-enriched regions are derived from the residual data/simulation mismodelling in dedicated 2/
validation regions with two tight same-sign leptons, requiring one of them to be a conversion
candidate. Internal and material conversion extrapolation uncertainties of 50% and 10%,
respectively, are applied.

A systematic uncertainty of 10%-60% is assigned to the background from electrons with
misidentified charge. The uncertainty increases with electron pr and decreases with |n|. The
uncertainty is assessed by combining the uncertainties in the measurement of the charge
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misassignment rate, the changes in the rate when varying the mz window selection, and the
different rates measured in data and Z — eTe™ simulation.

8 Results

A maximum-likelihood fit to all bins in the SRs and the 10 CRs (see tables 4 and 5) is
performed to simultaneously determine the background and the ttW signal yields that are
most consistent with the data. In the six HF non-prompt electron and muon CRs (2¢tt(e)ras., ,

2€tt(e)Mch, 2€tt(e)MCXMCX, QEtt(,U)TMCX, QEtt(,U)MCXT, 2€tt(M)McxMcx)7 the sub-leading lepton’s
transverse momentum (p%) distribution is used, whereas in the two conversion CRs (3¢IntC,
3¢(MatC) and the 3¢VV CR, the total event yield (i.e. a single bin) is used. In the 3/ttZ
CR, the b-jet multiplicity is fitted.

For the inclusive ttW cross-section measurement, the event yields in 56 SR bins (48 for
2¢SS and 8 for 3¢) are fitted to data together with the CRs, and the results are shown in
section 8.1. For the differential ¢V cross-section measurement, various distributions in eight
SRs (two 2/SS and six 3¢ signal region categories) are fitted to data along with the same
CRs used in the inclusive measurement. The corresponding results are shown in section 8.2.

8.1 Inclusive cross-section measurement

The ttW cross-section is measured inclusively and for the fiducial regions defined in section 5.
The total event yields in the signal categories described in table 4 are fitted simultaneously
with the control regions to data. The likelihood function £(u, X, 5) is constructed as a product
of Poisson probability terms over all bins considered in the measurement, and depends on the
following: the signal-strength parameter, p, defined as a multiplicative factor applied to the
predicted yield for the W signal; X, the normalisation factors for several backgrounds (see
section 6); and é: a set of nuisance parameters (NP) encoding systematic uncertainties in the
signal and background expectations [114]. Systematic uncertainties can impact the estimated
signal and background rates, the migration of events between categories, and the shape of
the fitted distributions; they are summarised in section 7. Both p and X are treated as free
parameters in the likelihood fit. The NPs 0 allow variations of the expectations for signal
and background according to the systematic uncertainties, subject to Gaussian constraints in
the likelihood fit. Their fitted values represent the deviations from the nominal expectations
that are needed to provide the best fit to the data. Statistical uncertainties in each bin due
to the limited size of the simulated event samples are taken into account with dedicated
parameters, using the Beeston-Barlow “lite” technique [115].

The observed and expected yields in the 10 CRs and the 56 SRs after the combined
likelihood fit under the signal-plus-background hypothesis are compared in figures 4 and 5.
The corresponding post-fit yields for the SRs and CRs are shown in tables 7, 8, and 9. There
are no significant deviations from the predictions after the fit to data.

The best-fit value of the ttW cross-section, o(ttW), is:

o (ttW) = 880 = 50 (stat.) =+ 70 (syst.) = 880 = 80 fb.

It is compatible with the SM NNLO cross-section of 745+50 (scale)£13 (2-loop approx.)+
19 (PDF, ag) fb from ref. [15] at the level of 1.40. It is also compatible with the SM cross-
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Figure 4. Comparison between data and the signal-plus-background prediction for the event yields
in the ten control region categories. The signal and background contributions after the likelihood fit
to data (“Post-Fit”) under the signal-plus-background hypothesis are shown as filled histograms. The
total signal-plus-background prediction before the likelihood fit to data (“Pre-Fit Bkg.”) is shown as a
dashed blue histogram in the upper panel. The ratio of the data to the total prediction (“Pred.”) is
shown in the lower panel, separately for the post-fit prediction (black points) and pre-fit background
(dashed blue line). The combined statistical and systematic uncertainty in the prediction is indicated
by the blue hatched band.

section of 722 718 (scale) + 7 (PDF) fb from ref. [27] at the level of 1.50. The systematic
uncertainty, 7.9%, is somewhat larger than the 5.8% reported by CMS in ref. [9]. However,
the systematic uncertainty would decrease to 5.6% if uncertainties related to algorithmic
choices in the ttW ME generator and PS, which are not considered in the CMS measurement,
were removed. This modified version of the measurement does not include ISR/FSR and
colour reconnection ttW uncertainties, which are considered in the CMS measurement and
amount to 0.8% and 1%, respectively.

The fiducial ttW cross-section, ogq(ttW), based on the selection defined in section 5, is
also measured. The fit to data is set up identically to the inclusive cross-section measurement
but with modified systematic uncertainties to remove fiducial acceptance effects. The
measured value is:

oga(tEW) = 20.9 & 1.1 (stat.) + 1.9 (syst.) = 20.9 & 2.2 fb.

The relative uncertainty in the fiducial cross-section measurement is slightly larger than
that of the inclusive measurement, which is contrary to what might usually be expected. This
is due to significant differences in detector-level event reconstruction efficiency between the
SHERPA and MADGRAPH5+PYTHIA 8 FxFx ttW generator models. There are also differences
in fiducial acceptance between the two generators, but with opposite impact. Therefore,
the two effects partially cancel out in the inclusive fit, but the efficiency difference shows
its full effect in the fiducial fit.
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Figure 5. Comparison between data and the signal-plus-background prediction for the event yields in
the (a) 26SS++, (b) 2SS——, (c) 3¢+ and (d) 3¢— signal region categories. The signal and background
contributions after the likelihood fit to data (“Post-Fit”) under the signal-plus-background hypothesis
are shown as filled histograms. The ratio of the data to the total post-fit prediction (“Pred.”) is shown
in the lower panel. The combined statistical and systematic uncertainty in the prediction is indicated
by the blue hatched band.

Figure 6(a) compares the measured tW cross-section with theory predictions from
SHERPA (as described in section 3), the MADGRAPH5+PYTHIA 8 FxFx prescription including
EWK corrections from ref. [27], the NLO+NNLL calculation in ref. [20], and the NNLO
calculation in ref. [15]. The measurement from CMS [9] is also shown. The measured
inclusive cross-section is larger than the theoretical predictions, and is compatible with the
measurement from CMS.

Additional measurements are performed using the same analysis model, but measuring
the cross-sections of o(ttW ™) and o (ttW ™) simultaneously. Splitting the measurement by
W boson charge is interesting because a strong charge asymmetry is expected due to the
associated asymmetry in the valence quark PDF, and this feature is often used to separate ttWW
production from other processes with similar final states, such as ttH and tttt production.
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(=0~ SR | {T¢" SR | (T4 ¢~ SR | £~ ¢T4T SR
ttw 261 £18 | 468 £30 64+6 115+ 10
ttH 66 +9 656 £9 29+4 284
ttZ/v* 95£9 100 £ 10 69 £ 8 7T1£8
Int Conv 9+5 9+5 25+14 25+14
Diboson 16 £5 22+7 9.1+2.7 12+4
Mat Conv | 11.2 £ 3.3 19+5 2.5£0.8 39+1.1
HF(u) 35£11 30£10 6.1 £2.5 6.6 £2.6
HF(e) 14+6 15+6 29+£1.3 2.0x+0.8
QMisID 82+£27| 82+£27 | 0.69+0.15| 0.66=+0.13
tttt 12+9 12+9 oE4 5E4
Other 32£5 42+6 18.5£3.1 25.0+£3.3
Total 559 £ 14 | 788 £23 209£7 273+9
Data 546 803 225 269

Table 7. Summary of observed and predicted yields in the four signal region categories. The
background prediction is shown after the combined likelihood fit to data under the signal-plus-
background hypothesis across all control region and signal region categories. The quoted uncertainties
consider all statistical and systematic uncertainties after the fit to data. The uncertainty on the total
yield can be smaller than the quadratic sum of uncertainties of the individual contributions due to the
anti-correlations resulting from the likelihood fit.
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Figure 6. Comparison of (a) the measured inclusive ¢ttW cross-section and (b) the t¢W ™ /ttW ™~ cross-
section ratio with theoretical predictions from SHERPA, the MADGRAPH5+PYTHIA 8 FxFx prescription
including EWK corrections from ref. [27], the NLO+NNLL calculation from ref. [20], and the NNLO

calculation from ref. [15], and also the measurement from CMS [9]. The theoretical uncertainty in
ttWT /ttW ~ is calculated assuming scale variations are fully correlated between ttW ™+ and ttW .
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2066(€) MexMex | 2066(€)nrer | 2066(€) s | 2066 (1) MM | 2066 (1) M | 2068(11) 701
7314 1.8+£0.5 5.1£0.5 104+14 24+£07 73+£1.2 17.9£25
ttH 0.79+0.19 1.73£0.32 3.5£0.6 1.11£0.21 2.8£0.5 5.8£1.0
7 )~* 1.49 +0.19 32404 6.840.7 2.07 £ 0.29 52406 | 114+14
Int Conv 0.18 £ 0.12 0.9+£0.5 1.6 £0.9 0.11 +0.07 0.54 +0.32 0.27 +0.16
Diboson 1.2+0.3 2.3£0.6 6.8+14 14+04 5+1 10.6 £2.2
Mat Conv 0.95+0.31 1.5+1.3 3.7+ 1.7 1.5+£0.5 1.0+04 1.3+£0.8
HF () 3.0£0.8 8.1+1.6 1.9+0.9 13.1£25 22+4 75+ 11
HF (e) 35+1.0 41412 2749 14405 45415 1.3+0.9
QMisID 1.3+0.8 20£14 42421 0.31£0.2 0.43 £0.35 0.21 +0.09
tttt 0.033 £0.027 | 0.0354+0.029 | 0.07£0.06 | 0.039+£0.032 | 0.07=£0.05 0.11 +0.09
Other 0.49 + 0.07 1.49 £ 0.17 3.7+£04 0.72 + 0.09 1.88 +£0.17 5.3£0.8
Total 14.6 £1.8 304 +£28 69+7 24.0+£2.8 50 £4 129 £11
Data 15 24 72 23 49 135

Table 8. Summary of observed and predicted yields in the 2¢SS control region categories. The
background prediction is shown after the combined likelihood fit to data under the signal-plus-
background hypothesis across all control region and signal region categories. The quoted uncertainties
consider all statistical and systematic uncertainties after the fit to data. The uncertainty on the total
yield can be smaller than the quadratic sum of uncertainties of the individual contributions due to the
anti-correlations resulting from the likelihood fit.

3/IntC 3/MatC 3UttZ 3(VV
tw — — 7.24+0.8 13.0£0.9
ttH —_— 10.0+1.5 4.34+0.6
ttZ/v* — — 360 + 40 160 + 23
Int Conv 4149 15+ 4 0.055 4+ 0.032 | 0.41 £0.25
Diboson | 0.035 4 0.020 | 0.88 %+ 0.20 35411 100 + 28
Mat Conv 1.240.9 3449 0.48 £ 0.30 2.1+0.7
HF(p) — 1.1940.35 84427
HF(e) — 0.40 £ 0.22 71+24
QMisID — 0.19+£0.13 0.8+0.4
tttt — 1.74+1.3 0.05 £+ 0.04
Other — 68 4 19 151 + 20
Total 4249 50 4 8 487 4 21 446 + 20
Data 42 54 482 460

Table 9. Summary of observed and predicted yields in the 3¢ control region categories.

The

background prediction is shown after the combined likelihood fit to data under the signal-plus-

background hypothesis across all control region and signal region categories.
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Figure 7. Two-dimensional likelihood scan of the ttW* and ¢t~ cross-sections. The black cross
indicates the best-fit point and the green and lilac markers show the SM predictions from refs. [27]
and [15], respectively. The blue dashed and solid lines correspond to the 68% and 95% confidence
interval contours, respectively.

The following values were measured:

o(ttW™) = 583 & 34 (stat.) 4 47 (syst.) = 583 + 58 fh,

_ 8.1
o(tW ™) = 296 + 28 (stat.) + 29 (syst.) = 296 + 40 fb. (8:1)

The ratio of the cross-sections is extracted with another fit configuration that depends
on z(R), defined as a multiplicative factor applied to the ratio R((W) = o (ttW ™) /o (ttW ™)
evaluated using eq. (8.1). The resulting measurement of R(ttW) is:

R(ttW) = 1.96 4 0.21 (stat.) = 0.09 (syst.) = 1.96 + 0.22.

Figure 6(b) compares the measured charge ratio with theoretical predictions and the
measurement from CMS. The measured value is in good agreement with the theoretical
prediction of R(ttW) = 2.007 + 2.1% (scale) + 1.7% (PDF) from ref. [15], as well as those
of R(ttW) = 1.93 £ 0.02 (scale) + 0.04 (PDF) from SHERPA (as described in section 3)
and R(ttW) = 1.92 £ 0.02 (scale) + 0.04 (PDF) from the MADGRAPH5+PYTHIA 8 FxFx
prescription including EWK corrections from ref. [27]. This measurement yields a value
higher than the one measured by CMS, but each measurement’s uncertainty has a large
statistical component.

Figure 7 shows a two-dimensional likelihood scan of the fitted values of ##W™ and
ttW~ compared to the SM prediction. There is a 58% correlation between the ttW ™ and
ttW~ measurements.

The parameter of interest can also be defined to be the relative charge asymmetry,
Ag’l, defined as:

oW — o(ttW ™)

Arel _ ~ ~ )
G W) + ot T)
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The measured value resulting from the best fit to data is:
Aléel = 0.33 £ 0.05 (stat.) £ 0.02 (syst.) = 0.33 £ 0.05.

This value is in good agreement with the theoretical prediction of 0.322 + 0.003 (scale) +
0.007 (PDF) from SHERPA.

The contributions from the different sources of uncertainty affecting the measured
cross-section are shown grouped by categories in table 10, and with the breakdown for each
individual nuisance parameter in figure 8. The most important systematic uncertainties arising
from theoretical predictions are in the modelling of the W signal, followed by the uncertainty
in the prompt-lepton background normalisation, where the theoretical uncertainties in the
ttH and tttt production normalisations are dominant. The leading instrumental systematic
uncertainties originate from the b-tagging efficiency and the non-prompt-lepton BDT’s
prompt-lepton efficiency.
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Sy 1) | St 19 | Sy 1) | S (4

ttW ME modelling 6.0 7.0 0.9 1.3
Prompt-lepton bkg. norm. 3.1 3.1 1.6 2.1
Lepton isolation BDT 2.3 2.3 0.7 1.0
Fakes/V'V /ttZ norm. (free to vary) 2.3 2.5 1.7 2.4
Non-prompt-lepton bkg. modelling 2.0 2.0 24 3.2
Trigger 1.9 1.9 0.5 0.6
MC statistics 1.5 1.6 1.9 2.6
ttW PDF 1.5 1.5 2.1 2.8
Jet energy scale 1.3 14 1.2 1.7
Prompt-lepton bkg. modelling 1.3 1.3 1.2 1.7
Luminosity 0.9 0.9 0.1 <0.10
Charge Mis-ID 0.7 0.7 0.4 0.6
Jet energy resolution 0.5 0.5 0.6 0.9
Flavour tagging 0.4 0.5 0.5 0.6
ttW PS modelling 0.4 0.4 0.29 0.4
ttW scale 0.24 <0.10 0.29 0.29
Electron/photon reconstruction 0.21 0.22 0.11 0.13
Muon 0.15 0.17 <0.10 0.2
Emiss <0.10 <0.10 0.15 0.21
Pile-up <0.10 0.11 <0.10 <0.10
Total systematic uncertainty 8 9 5 7
Statistical uncertainty 5 5 10 14
Total 9 11 11 15

Table 10. The impact of the main sources of uncertainty on the measured quantities. The impact of
each uncertainty on o (W) is assessed by fixing the relevant fit parameters for a given uncertainty and
re-fitting to data. The reduction in the total uncertainty in this modified fit gives the quoted impact.
Different individual components used in the fit are combined into categories. The leading contributions
to the prompt-lepton background normalisation uncertainty are the ttH and ¢ttt normalisation
uncertainties. In the fourth row, “Fakes” stands for non-prompt leptons.
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Figure 8. Ranking of the nuisance parameters and background normalisation factors included in the
fit according to their impact on (a) the t£W cross-section, o(ttW), and (b) R(ttW). In both (a) and (b),
only the 15 nuisance parameters with the largest impacts are shown. The empty (solid) blue rectangles
illustrate the pre-fit (post-fit) impacts on the parameter of interest, o(ttW) in (a) and R(¢tW) in (b),
corresponding to the top axis. The pre-fit (post-fit) impact of each nuisance parameter, Ao (ttW) in
(a) and AR(ttW) in (b), is calculated as the difference in the fitted value of (a) o (ttW) or (b) R(ttW)
between the nominal fit and the fit when fixing the corresponding nuisance parameter to 6+ A0
(6 + AB), where 8 is the best-fit value of the nuisance parameter and A@ (A0) is its pre-fit (post-fit)
uncertainty. The black points show the pulls of the nuisance parameters relative to zero, 8y = 0. These
pulls and their relative post-fit errors, Ad /A0, refer to the bottom axis. The background normalisation
factors A (red points) are pulled relative to one, 8p = 1. The fitted values and their post-fit errors
refer to the bottom axis. The systematic uncertainties with “[T]” affect only the “tight” leptons.
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Variable  Definition
Njets Number of selected jets with pr > 25 GeV and || < 2.5

HJTe ¢ Scalar sum of the transverse momenta of selected jets with pr > 25GeV and || < 2.5
H? P Scalar sum of the transverse momenta of selected leptons

ARp 1ead  Angular separation between the leading lepton and the leading b-tagged jet
|A¢ee ss|  Absolute azimuthal separation between the two leptons of the same-sign pair

|Ane,ss|  Absolute pseudorapidity separation between the two leptons of the same-sign pair

Table 11. Definition of observables measured.

8.2 Differential cross-section measurement

The differential t#WW measurements were made as a function of six different observables. The
chosen observables were selected because they have either an experimental motivation (e.g.
variables where modelling discrepancies were observed before) or a theoretical motivation
(e.g. variables that have significant distribution shape changes due to NLO corrections). The
full set of measured observables is given in table 11.

A profile likelihood unfolding procedure [116] (PLU) is used to measure particle-level
differential cross-sections for one observable at a time in the fiducial phase space defined
in section 5. A likelihood model is built for a detector-level distribution by treating the
contribution from each generator-level bin as a subcomponent of the detector-level signal.
The likelihood takes the following form:

L(0,0,%) =[] P | NilLine >_ Rij(0)o; () + Bi(8, X) | x [[G(0x) x [[ Rler,m),
7 7 k l

where P and G are probability density functions of the Poisson and Gaussian distributions,
respectively. The index 7 indicates the detector-level bin, j indicates the particle-level bin
index and k the systematic uncertainty index. The variable N; is the number of observed
data events in detector-level bin 4, Ly is the integrated luminosity, R;; is the (i,7) bin of
the response matrix, o; is the unfolded cross-section in particle-level bin j, and B; is the
number of background events in detector-level bin ¢, which depends on both X, the ratios of
the measured background yields to the predicted values, and 5, the systematic-uncertainty
nuisance parameters. The regularisation term, R, is controlled via the 7; parameter that
determines the level of regularisation used in the unfolding of generator-level bin [, where
l =2,..., Npins — 1. In practice, the value of o; is extracted by fitting for the number of
events in particle-level bin j in each fiducial region, given by N; = Ly 0 with o; = uja}v[c,
and it is the signal strengths pu; that vary in the fit. For a given observable and fiducial
region, the value of 7; is common to all [ bins and is shown in table 12.

The response matrix is defined as:

1
Rij = 63‘./\/11'3'.

0%}
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Observable | 20SS++ 3/+ 2(SS—— 3(—
Niets 07 03 04 02
H* 06 03 04 02
HP 05 01 02 01

AR 1ead 03 02 03 03
| Ay, ss| 0.1 0 0 0
| Ange, s 01 01 01 0

Table 12. Choice of regularisation parameter 7 used for each observable and region.

The migration matrix, M;;, which quantifies the bin-to-bin migrations of events owing to
resolution effects when going from particle level to detector level, is defined as:

det. N fid.

Mij = det.Nfid. -
J

The superscript det. N fid. indicates events that pass both the detector-level event selection and

Nf}et' Nfid- is the expected number of detector-level events

the fiducial selection. The numerator
in detector-level bin ¢ and particle-level bin j, while the denominator N. JdEt' Nfid- is the expected
number of detector-level events in particle-level bin j summed over all detector-level bins.

The migration matrix is then corrected with acceptance factors, «;, which define the
fraction of events that satisfy the detector-level selection and originate from configurations

outside the particle-level fiducial selection:

Nidet. Nfid.
& — ——5
det.
Ni

Finally, efficiency corrections, €;, are applied to account for events that satisfy the fiducial
phase-space selection criteria but are not reconstructed in the detector:

Ndet.ﬂﬁd.
L
€= TNAd
J

Here, Nget- (Njﬁd') represents the expected number of events in the i*" (j'") bin of the

Nget-0fid- i the expected number of

detector-level (fiducial particle-level) histogram and
detector-level events in detector-level bin ¢ summed over all particle-level bins.

Systematic uncertainties, evaluated at detector level, impact the unfolded cross-section
measurements through modifications of the response matrix.

The binning scheme is optimised for each observable, except Njes, so that at least
60% of the total number of events in a given particle-level bin are in the diagonal element
of the migration matrix and there is low statistical uncertainty for the yields in a given
reconstruction-level bin (i.e. taking into account the signal and background MC samples).
The statistical uncertainty is required to be below 10% (16%) for high-purity (low-purity)
regions to obtain similar bin granularity.
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Figure 9. The (a) normalised migration matrix and (b) efficiency/acceptance corrections for Njets
calculated in SHERPA 2.2.10 with EWK corrections. The 3¢ regions are split according to the number of
OS-SF lepton pairs, shown in brackets. The highest jet-multiplicity bin in each subregion is inclusive.

Figure 9 shows the migration matrix, normalised to the total number of events in each
truth bin, and the acceptance and efficiency corrections for Njeis. The 3¢ regions are split
according to the number of OS-SF lepton pairs. The fraction of events in the diagonal cells
of the migration matrix shows the resolution of each observable. In the case of Njes, the
fractions along the diagonal are quite large, 60%-90%, for the 2¢ regions, whereas for the 3¢
regions the migrations between bins are split among their subregions in a roughly 1:2:1 ratio.
The migrations between bins are generally smaller for the lepton-based observables, with
angular variables showing the smallest migrations, and larger for the jet-based observables.
The simultaneous unfolding of all fiducial regions shows a 10% migration of events from
3¢ regions into 2SS regions.

The detector-level distributions of Njets are shown before and after the fit to data in
figures 10(a) and 10(b) respectively. The 3¢ regions are split according to the number of
OS-SF lepton pairs, improving the discrimination between the signal ttW and the t£Z and
V'V background processes.

Tikhonov regularisation [117-120] in the PLU technique is implemented by an additional
term, R(0;,7;), in the likelihood function that constrains the discrete second derivative of
the generator-level bin normalisation factors to be close to zero. The regularisation strengths,
7j, are fixed parameters that assume a common value across bins in each signal region and
observable. The chosen 7; values are optimised independently for each signal region and
observable. The optimisation procedure is based on statistical bootstrapping to estimate
the value of 7 that minimises the global correlation coefficient p of the unfolded covariance
matrix [121]. It is given by the following expression:

T,

7---7Nbins

where V;; is the covariance matrix of the bin normalisation factors. Pseudo-experiments
are sampled from detector-level templates obtained from the background predictions and
alternative ttW sample. Another optimisation procedure is studied, which selects the
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Figure 10. Signal region datasets for the Njets unfolding in (a) the pre-fit case and (b) the post-fit case.
The 3¢ regions are split according to the number of OS-SF lepton pairs, shown in brackets. The highest
jet-multiplicity bin in each subregion is inclusive. The signal and background contributions before
and after the likelihood fit to data under the signal-plus-background hypothesis are shown as filled
histograms. The ratio of the data to the total pre-fit and post-fit predictions (“Pred.”) is shown in the
lower panel. The combined statistical and systematic uncertainty in the prediction is indicated by the
blue hatched band. The blue triangles indicate points that are outside the vertical range of the figure.

maximum value of 7 that does not increase the x? between the unfolded observable’s
distribution and the alternative ttWW generator-level template. The x? is defined as:

n
X2 = Z AO’z‘CZTjIAO'j,
i,

where Ag; is the difference between the unfolded data and the MC prediction and Cz-jjl is the
inverse of the covariance matrix of the unfolded cross sections. The x2-based procedure yields
larger values for 7 than the p-based procedure. The p-based procedure is ultimately chosen
because it is not sensitive to the choice of alternative ttW generator-level template, while the
x?-based procedure will give a large bias when the shape of the observed data distribution
differs from the nominal ¢¢WW prediction more than the alternative t¢WW prediction does.

Various closure and stress tests of the unfolding procedure are performed. Full closure
is achieved in fits to an Asimov [122] dataset.” Additional validation tests are performed,
for example by changing normalisations in certain regions or applying linear slopes in the
particle-level distributions. In both cases, perfect retrieval of the injected particle-level
distribution is observed, as expected from the PLU technique and the chosen regularisation
technique. A stress test evaluating the bias in the unfolding procedure is performed by
unfolding an Asimov dataset obtained using an alternative signal model. A similar stress
test evaluating the sensitivity of the unfolding procedure to the limited number of simulated
events is performed by splitting the nominal signal sample into two parts of equal size, where
one part is used for the unfolding and the other is used to generate the Asimov dataset. Good
closure is obtained in all cases. A comprehensive stress test is performed to characterise

9The Asimov dataset is an artificial data set defined so as to make estimators for all parameters equal to
their true values.
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the level of bias as a function of 7 by unfolding Asimov datasets generated by injecting
quadratic shapes into the signal templates, either with an enhancement in the core of the
distribution or in the upper tail. In the case where shapes have 200% enhancement, the
median bias in any bin relative to its total uncertainty is between 1% and 30%. An additional
data-driven test is performed to evaluate the bias in the unfolded observed data. Each
observable is first unfolded with no regularisation to obtain a particle-level distribution for
the data with no bias. The distributions are fitted with a second-order polynomial to capture
the lowest-order shape that is removed by regularisation. These fits are used to generate
smooth Asimov pseudo-data templates that are unfolded in fits with regularisation, but only
including statistical uncertainties. The correct pseudo-data shapes are in general recovered
well, with deviations that are typically very small relative to statistical uncertainties across
all bins and observables, and with x? p-values near 1.0 for the observables listed in table 11.

As expected, given the larger-than-predicted measured inclusive cross-section, the absolute
differential cross-sections measured in data are larger than the theoretical predictions in
most regions of phase space. To better understand normalisation and shape effects in
the comparison of the measurements with predictions, the absolute and normalised cross-
sections are shown for each of the measured observables. Several different representations
of the differential cross-section measurements are shown for each observable. Firstly, the
measured absolute differential cross-sections for combined lepton-charge regions, the measured
normalised differential cross-sections for combined lepton-charge regions, and the differential
A‘gl measurement are shown. Secondly, measurements of both the absolute and normalised
cross-sections and the differential cross-sections are shown for each lepton-charge channel.
Although the parameterisation of the yields in the different lepton-charge regions differs
between the two cases, the underlying data are the same.

The results are shown in figures 11-16. The measurements are compared with the
theoretical predictions previously described in section 3. Only the results in the 3¢ channel
are compared with a dedicated theoretical prediction based on the procedure outlined in
ref. 23] that includes off-shell effects. This prediction is calculated at parton level and corrected
to particle level by applying bin-by-bin scaling factors that account for non-perturbative
effects, such as multiparton interactions and hadronisation.

The compatibility of the measured differential cross-section distributions and the
predictions is assessed by calculating x? values and probabilities, for the relevant number
of degrees of freedom, properly taking into account uncertainty correlations. These values
are shown in tables 13 and 14 for the normalised cross-sections in the 2¢SS and 3¢ regions
respectively. They are shown for the normalised cross-sections rather than the absolute
cross-sections in order to give a better indication of how well the theoretical predictions
agree with the data, without having to take account of the known difference between the
predicted and measured inclusive absolute cross-sections. The x? p-values for compatibility
of the absolute cross-section measurements and the SHERPA predictions are in the range
of 6%-70%, and typically less than 10% in the 2/SS region. Tables 15 and 16 show the
x? values and p-values for compatibility of the predicted and measured Algl distributions
in the 2¢SS and 3¢ regions respectively.
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Observable | NDF | Sherpa 2.2.10 | MG5aMC+Py8 FxFx | MG5aMC+Py8 Incl. Powheg+Py8 Powheg+H7
X2 | p-value | x? p-value X2 p-value X2 p-value X2 p-value

Niets 5 6.5 0.26 7.8 0.17 6.9 0.23 7.2 0.21 6.8 0.24
H?l?t 5 2.0 0.85 2.3 0.81 1.9 0.86 2.5 0.78 2.7 0.75
Héfp 7 6.1 0.53 6.3 0.51 5.9 0.55 5.9 0.56 5.9 0.55
ARgp, 1ead 7 6.8 0.45 7.2 0.41 7.2 0.41 7.2 0.40 7.1 0.41
[Ade, ss| 7 1.7 0.97 1.7 0.98 1.9 0.96 1.8 0.97 1.9 0.97
|Anee, ss| 6 7.0 0.32 8.1 0.23 12.1 0.06 10.2 0.12 10.1 0.12

Table 13. x? and p-values calculated for unfolded normalised cross-section distributions in the 2SS

region.

Observable | NDF | Sherpa 2.2.10 Off-Shell MG5aMC+Py8 FxFx | MG5aMC+Py8 Incl. | Powheg+Py8 | Powheg+H7
X% | p-value | x? | p-value | x° p-value x> p-value x? | p-value | x? | p-value

Nijets 3 0.4 0.95 - - 0.3 0.96 0.5 0.92 1.0 0.81 1.1 0.77

Hit 4 |15 082 - - 1.2 0.88 1.9 0.76 22 070 | 28| 059

H%fp 5 1.6 0.90 2.7 0.75 1.9 0.86 2.2 0.81 2.1 0.84 1.9 0.86

AR, 1ead 5 9.1 0.10 8.5 0.13 9.3 0.10 8.9 0.11 8.8 0.12 8.8 0.12

[ A, ss| 5 4.5 0.48 4.5 0.48 4.5 0.48 4.3 0.51 44 0.49 4.3 0.50

| Ange, ss| 5 6.0 0.31 5.6 0.35 5.8 0.32 5.5 0.36 5.4 0.37 5.6 0.35

Table 14. x? and p-values calculated for unfolded normalised cross-section distributions in the 3¢

region.

Observable | NDF | Sherpa 2.2.10 | MG5aMC+Py8 FxFx | MG5aMC+Py8 Incl. | Powheg+P8 | Powheg+H7
x> | p-value | x? p-value x> p-value X% | p-value | x* | p-value

Niets 6 3.8 0.70 4.0 0.68 3.5 0.75 3.3 0.78 3.2 0.78

Hi* 6 2.7 0.84 3.0 0.81 1.8 0.93 1.7 0.95 1.6 0.95

H%?p 8 5.7 0.68 5.6 0.69 3.0 0.94 34 0.91 3.3 0.91

ARep, 1ead 8 5.1 0.75 5.3 0.72 4.5 0.81 44 0.82 44 0.81

[Adee, ss| 8 8.2 0.41 9.0 0.34 7.4 0.49 7.5 0.48 7.5 0.48

|Anee, ss| 7 8.9 0.26 8.8 0.26 7.8 0.35 8.1 0.32 8.0 0.33

Table 15. y? and p-values calculated for unfolded asymmetry distributions in the 2¢SS region.

Observable | NDF | Sherpa 2.2.10 Off-Shell MG5aMC+Py8 FxFx | MG5aMC+Py8 Incl. | Powheg+Py8 Powheg+HT7

x2 | p-value | x2 | p-value | x2 p-value x2 p-value x2 | p-value | x2 | p-value
Njets 4 4.3 0.37 - - 4.7 0.32 4.5 0.34 4.8 0.31 4.6 0.33
H¥° 5 4.1 0.53 - - 4.4 0.50 4.5 0.48 4.6 0.47 4.5 0.48
leep 6 3.6 0.73 3.6 0.73 3.6 0.73 3.7 0.72 3.6 0.73 3.6 0.73
ARy, 1ead 6 3.3 0.77 3.3 0.77 3.9 0.69 4.1 0.66 3.9 0.69 3.9 0.69
[Adre, ssl 6 7.2 0.30 7.2 0.30 7.7 0.26 7.6 0.27 7.8 0.26 7.6 0.27
|Ange, ss| 6 4.9 0.56 5.1 0.53 5.4 0.50 5.4 0.49 5.3 0.50 5.1 0.53

Table 16. x? and p-values calculated for unfolded asymmetry distributions in the 3¢ region.
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Figure 11(a) shows the measured absolute cross-section, normalised cross-section and
A as a function of Njets. The corresponding uncertainty breakdown is shown in figure 11(b).
In most bins the largest uncertainties come from the limited amount of data; these dominate
across all bins of the 3¢ channel and at low and high jet multiplicities in the 2/SS channel.
The dominant systematic uncertainty stems from the £/ model and is due to the difference
between the unfolded results from different choices of ttW reference sample. At large jet
multiplicities the theoretical uncertainty of the background model and non-prompt-lepton
BDT are the largest. The total uncertainty in the normalised cross-section measurements
is somewhat reduced; a major contribution to this is the smaller ttWW model uncertainty
after removing normalisation effects. The AEEI measurement uncertainty is dominated by
the statistical uncertainty across the range of jet multiplicities because many systematic
uncertainties cancel each other out in the ratio. The absolute cross-section measured in data is
higher than all the theoretical predictions, the largest discrepancy being at low jet multiplicities
in the 2¢SS channel. At high multiplicities the predictions with additional partons using NLO
merging are in better agreement with the data than the NLO+PS prediction from POWHEG,
as expected, for both the 2SS and 3¢ channels. Taking the scale uncertainties into account,
these are compatible with the data for jet multiplicities greater than four. Uncertainties due
to the scales are approximately 10% for low jet multiplicities and increase to about 40% for
higher multiplicities. The main t#W contribution to the 2¢SS selection is the final state with
two leptonically decaying W bosons, one from the decay of a top quark and one from the
associated W boson. This gives rise to a final state with four partons from the hadronic
decay of the remaining W boson and the b-quarks from the top quark decays. Therefore,
the disagreement between theory and data at lower jet multiplicities is independent of the
modelling of additional partons and is observed for both the NLO+PS generators and those
with additional partons using NLO merging. The shape of the A%el distribution as a function
of the number of jets shows some tension between data and the predictions. The measured
asymmetry is larger at low and high jet multiplicities while being in agreement at intermediate
numbers of four or five jets in the 2¢SS channel. This is driven by a large mismodelling in
the 2SS4+ region, while the 2SS—— jet multiplicity distribution is in better agreement
in both shape and overall cross-section. This can be seen in right panel of figure 11(c) for the
normalised cross-section measurements, where, especially for the 2¢SS channel, the agreement
in shape is rather good for the predictions with additional partons using NLO merging.

Figure 12(a) shows the measured absolute cross-section, normalised cross-section and AZ!
as a function of Hgfet. The corresponding uncertainty breakdowns are shown in figure 12(b).
Again, the limited amount of data is the largest source of uncertainty across most bins of the
measurement. The main systematic uncertainties come from the modelling of the ttW signal
process, with an important additional contribution from the jet energy scale and resolution,
particularly in the low Hgﬁt region. The absolute cross-section measurements indicate a
slight improvement in modelling at high Hﬂf’t from the predictions with additional partons
using NLO merging, similarly to what was seen for Njets. The normalised cross-section
measurements, shown in the middle panel of figure 12(a), show that the modelling of the
distribution’s shape is generally very good in the 2¢SS channel, while the predictions favour
lower values than the data in the 3¢ channel. The Ag“l distribution predictions are also in
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Figure 11. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the

rel

normalised cross-section and Ag',

multiplicity. The coloured markers overlaid upon the cross-section measurements show different
theoretical predictions. The breakdown of statistical-only uncertainties is shown in light grey in
the bottom panels, and combined statistical and systematic uncertainties are shown in dark grey.
The dotted/dashed/full lines in (b) show the relative contributions of grouped sources of systematic

(b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of jet

Particle-Level N,

(c)

Particle-Level Ny,

uncertainty. The triangles indicate points that are outside the vertical range of the figure.

— 39 —



3 ATLAS T T 3 T T T T % 25 e Daasttunc. | mm Totalunc ]
o 1.8F .l 0] =e— Sherpa == aMC@NLO+Py8 (FxFx)
13 TeV, 140 fbr L -
o y o 0.1 % aMC@NLO+Py8 (Incl.) Powheg+Py8 4
& 1.6f W Particle Level I —o— Powheg+HW7
2 = 0.08f . 1.5 ]
5, B - 2= ; |
T L o.08f =l ! o= ! 1
° ° o === | . 1
~ B . — ——] 0.5 — . s . E
8 § oosf == — ] it & 7 %
== 0| | 3
2 = .
— 002F; L. o8 i o ]
i I
0.5 1 °
[ oo mmeet ocoood e —
~0.5] Lo
0.5 ;
- e
[ S
- - . ~0.5] :'"
8. 8. £ o5 |y
5le 5le — -
=|g ols 0 ) o, S o ___ o]
g 5o —O——p——0— *—@—*—n o & 0.1 ] B 05k :—0—
50 135 185 245 305 375 50 119 165 225 300 50 135 185 245 305 375 50 119 165 225 300 o 50 135 185 245 305 375 50 119 165 225 300
28 3l 2IsS 3 2IsS 3
. ] ) t ‘ !
Particle-Level HY' [GeV] Particle-Level H'' [GeV] Particle-Level H'' [GeV]

= T T T T T T T T T T = T T T T T T T T T T >
§ ATLAS § z iW Model — Bkg Norm
> " [ systestat 2> = 10p Bkg Theory —— QMisID/Non-Prompt
€ 13 TeV, 140 fb g 5
= o Stat = 9 - - MC Stat --- JERWES
E {tW" Particle Level g :C) - == B-Tagging = = Other Inst.
o o —=
< c 102 ' o '
=} > [— < 1 —
(= o I I
8 8 | | .
5 5 - o | B
o) 3 1 —— ==
ﬁ ﬁ R | 10
[%2] (%}
< o 10
(@] (&
8 g
Qo
< E’ 1072
|
1
! i| S
1 . - H .
1 1 1 1 1 1 1 1 1 1 I 1 = 1 0-\’3 1 i 1 1 1 1 1
S a5 85 245 05 5 %0 10 65 <25 00 S s "85 245 05 5 9 10 65 <25 0o S 735 785 25 05 95 S0 10 "85 <25 00
21Ss 3l 21SS 3l 21Ss 3l
. jet . Jet . jet
Particle-Level H [GeV] Particle-Level H [GeV] Particle-Level H{ [GeV]
3 T amas | lomsa | mmmaw | 1 3 otk Amas 0 7 7 Tatomsa |7 EmTeaiw
s = aCNLOPYS (P g Sher MG@NLO+P (FiFx)
O 12} 13Tev, 140" S SNCoMOP ) e Pomeasts O el 13TeV. 140 B R e
N fIW* Particle Level —+— Powheg+Hw7 N 0.14 fIW* Particle Level —+— Powheg+Hw7
2 £ 12 ok — ]
£ —_— i i | = or2f ) | i ]
g 08 T B | | 1 % | | e
I . | | | I o | | | ]
B M ! — ! b = o008k ! T ! E
= ] [ I e O I I g I
B g | e 1 & ooef o= | - S i T ]
= B el - = = B— 2 ook v, = s -
02F* :9:‘\;7 . T_;—.s_—$$£ DR K - O Ban i) =T T o=
e i [ 00252 = o ‘ |
15 — — N 155 L — | - E
eI S — - T gy =o== S ++_
o= i = o=
08fomo O o000 o, o, o O oo o B i el SessaniSll as. —
o h h : — h
15 — — . 155 [ I — 77 E
e T s e = | === T
EESTOCLECEEE Dot — B e == o ==
05 b E== e | Ly e o5 | ani EL— — == —
— h h - — h
8, sk — — T — 1§, 1sE— L |-
e e s N 3lz e 0 ¢¢ =
(=] e —— e — R (=} == R = = — =
g 05FT=—a— +—u—=u=“ﬁ_=w= +_a_:_,_—n-i*—‘w=¥: N 0sE— T = - | ==
50 135 185 245 305 375 50 119 165 225 300 50 135 185 245 305 375 50 '1p 165 225 300 50 135 185 245 305 375 S0 119 165 225 300 S50 135 185 245 305 375 S0 1o 165 225 300
2SS+ 3+ 2ISS-- 3 2SS4+ 3+ 2ISS-- 3l
Particle-Level H’' [GeV] Particle-Level HY' [GeV]

(c)

Figure 12. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the
normalised cross-section and Ag’l, (b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of
Hfre *. The coloured markers overlaid upon the cross-section measurements show different theoretical
predictions. The breakdown of statistical-only uncertainties is shown in light grey in the bottom panels,
and combined statistical and systematic uncertainties are shown in dark grey. The dotted/dashed/full
lines in (b) show the relative contributions of grouped sources of systematic uncertainty. The triangles
indicate points that are outside the vertical range of the figure.
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agreement with data in the 2¢SS region, but not in the 3¢ region. This seems to be driven by a
significant difference between data and predictions in the 3¢+ region, as shown in figure 12(c).

Figure 13(a) shows the measured absolute cross-section, normalised cross-section and A%!
as a function of H%fp. The corresponding uncertainties are shown in figure 13(b). The dominant
systematic uncertainty across the H%?p range comes from the W model, with additional
contributions from the background normalisation and lepton charge misidentification and non-
prompt-lepton BDT at lower H%?p values. This observable is less sensitive to the modelling
of additional jet activity in the event, so the NLO+PS predictions and the predictions with
additional partons using NLO merging give similar results. In the 3¢ channel, the prediction
including off-shell effects reports a slightly higher absolute cross-section than the predictions
with additional partons using NLO merging and therefore has overall better agreement with
the data. The “off-shell” p-value for the absolute cross-section distribution is 0.85 compared
to a value of 0.61 for the POWHEG+PYTHIA 8 prediction. All predictions are generally in
good agreement with each other in the normalised cross-section results for H?p. Although
the predicted H%p distribution shape differs slightly from the data, this is not very significant.
It is interesting to note that a significant decrease in the systematic uncertainty is observed,
especially at intermediate values of qu?p, for the normalised cross-section measurement shown
in figure 13(b). This is due to the large decrease in several key uncertainties, including
uncertainties in the ttWW model and background normalisation and theoretical uncertainties in
the background modelling. The values of Agﬂ in data tend to be lower than predicted in both
the 2¢SS and 3¢ channels for lower values of H. }F P the origin of which can be seen in figure 13(c).

Figure 14(a) shows the measured absolute cross-section, normalised cross-section and A{?l
as a function of ARy, jeaq. A significant decrease in the systematic uncertainty is observed for
the normalised cross-section measurement across the range of ARy 1eaq Values, as shown in
figure 14(b). A mild discrepancy between data and predictions is observed at low ARgp, jead
for AI"Cel in the 2¢SS channel. This is because at low ARy jeaq values in the 2/SS—— channel
the cross-sections measured in data are lower than the predictions, as shown in figure 14(c),
yielding the different AX! values.

Figure 15(a) shows the measured absolute cross-section, normalised cross-section and
Aael as a function of |Agy ss|. The normalised cross-section measurements show generally
good agreement between data and the predictions in the overall shape of the distributions.
However, there is some deviation between the data and the predictions for AX!, which is
expected to have a constant value across |A¢y gs|. The cross-section observed in data is
larger than the predictions at low and high |A¢ gs| in the 26SS++ channel, whereas in
the 20SS—— channel the cross-section observed in data is larger than the predictions at
intermediate values of |A¢g gg|. This can be seen in figure 15(c) and is reflected in the X2
p-value of 0.41 with respect to the SHERPA prediction in table 15.

Figure 16(a) shows the measured absolute cross-section, normalised cross-section and Arce1
as a function of |Any gg|. Discrepancies between the measurements in data and the theoretical
predictions can be seen in the cross-section and the Arcel distributions for both the 2¢SS and
3¢ channels. The data show higher values of the measured cross-section compared to the
theoretical predictions at high and low |Ang gg| values in the 2¢SS channel, for which the 2
p-value with respect to the SHERPA prediction for the normalised cross-section measurement

— 41 —



% T P e s — ——— 7 s o e PP
. L =6~ Shermpa =4 Off-Shell
g sf 13TeV, !40 for! g 0.25 =&~ aMC@NLO+Py8 (FxFx) —%— aMC@NLO+Py8 (Incl.)
I W Particle Level I —a— Powheg+Py8 —+— Powheg+Hw7
s 4 - = o2 - 1 - 1
a 8, R .
£ T 0.15F
3T ° s
o 2 s ot
© o
1 = 005F%
15 15Ee
Eae, 1
0.5} osk—
15 15
y p M = I
0.5} osb—
$§ g 15 § s ke g
gz b R B
2 o5 ke E— iy B _osh i —
ol i ol osf = E g -0 h—
40 70 85 100715130750 180 40 115745 179200245 40 70 85 100715130150 180 40 115145 170200245 o 40 70 85 100715130150 180 40 115145 170200245
SS 3l SS 3l 21ISs 3l
Particle-Level H'® [GeV] Particle-Level H'” [GeV] Particle-Level H' [GeV]
(a)
= T T T T T T T T T T T T T = T T T T T T T T T T T T T >
2 ATLAS 2 € 10 W Model — Bkg Norm
> " [ systestat 2> = —— Bkg Theory —— QMisID/Non-Prompt
€ 13 TeV, 140 fb s g S
=1 L tat = 2 - - MC Stat --- JERWES
E {tW" Particle Level g o :C) - == B-Tagging = = Other Inst.
8 g 10 =
< < ' To '
S =] [ <
c c I
S S I
°© © !
2 2 . .
[%] %] | 10
(2] (2]
[%2] (%}
5 5
8 g
o 2
2 g 10
H
' -4 :
T TN T T TN T T T N B 1 I 10-{3"i||||||||||||
%0 20 8 109775 730750 80 %0 715745 20005 %0 20 8 109775 730" 80 %0 775745 20045 %0 20 8 10071573070 80 %0 775745 200045
21Ss 3l 21Ss 3l 21Ss 3l
) ley . ley . ley
Particle-Level H{" [GeV] Particle-Level H{" [GeV] Particle-Level H{" [GeV]

(b)

= T e e ! = DR L e e e L A S s s e e e e e
> ATLAS o' Daa St - Toal unc. >  03F aTLAS o Daa, St - Toia e ]
" =o= snerpa == Ofshel 4 herpa oftShal
O 8sf 13TeV, 1401 o oMo (i aCONLONPy () 2 13TeV, 140 S COMOMPYS (i) - aMOGNLO: Py (1)
S 5f fW* Particle Level == Powheg+Py8 —— Powhegehn? & 025F 4w Particle Level == Pouheg+Pye — Hw?
= E an E 2 -
o = o I ' |
= = E I I I ]
= 25F . . 02 . | o | = |
T 2F — I L | | - | E|
5 . G 0.15F == o e i . - S | —
S qsf At ame— % = . e — I -
° h e o 3 L _ E | i - ' .« 1
° e Y o | L --fE:F
1= .2 o - - e - - -
B o e = - . ]
= ) = 00sfe L - . O 5|
CEL — B ' - =
R £ S S S S S R = S
15F— 1555 | S T F =
L oo N B3 o o ==
oo 5o | —o=o= o *+ o= oA
0.5 E—— osb— e = - -]
: h ; h
15 —— = — 158 | T ) = =
| — | = e - o o
e B R e ] g’ T =] o T
0.5 = . el )_E‘ﬁh:‘- - osb— : i - -]
§ 15E— R S - — 31§ 158 57 S =
3lg = ! S ] - 3lg el —— =l . - =
Bo ot 5 = 3 o = S
g - pr—— ] — = g = = e
§ 05 e = e e & 05— P h ]
40 70 85 100715730 750780 40 715 145779200245 40 70 85 100115730 150 180 40 115145 170200245 0 70 85 1007151730 750780 40 115 745170200245 40 70 85 100715730 750 180 40 115745 170200245
2I8S++ 3+ 288~ 3 2SS ++ 3+ 288- 3
' i " I
Particle-Level Hy” [GeV] Particle-Level Hy" [GeV]

(c)

Figure 13. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the
normalised cross-section and Ag’l, (b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of
Hrllfp. The coloured markers overlaid upon the cross-section measurements show different theoretical
predictions. The breakdown of statistical-only uncertainties is shown in light grey in the bottom panels,
and combined statistical and systematic uncertainties are shown in dark grey. The dotted/dashed/full
lines in (b) show the relative contributions of grouped sources of systematic uncertainty. The triangles

indicate points that are outside the vertical range of the figure.
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Figure 14. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the
normalised cross-section and Ag?l, (b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of
ARy 1cad- The coloured markers overlaid upon the cross-section measurements show different
theoretical predictions. The breakdown of statistical-only uncertainties is shown in light grey in
the bottom panels, and combined statistical and systematic uncertainties are shown in dark grey.
The dotted/dashed/full lines in (b) show the relative contributions of grouped sources of systematic
uncertainty. The triangles indicate points that are outside the vertical range of the figure.
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Figure 15. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the
normalised cross-section and Ag’l, (b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of
|A¢e, ss|. The coloured markers overlaid upon the cross-section measurements show different
theoretical predictions. The breakdown of statistical-only uncertainties is shown in light grey in
the bottom panels, and combined statistical and systematic uncertainties are shown in dark grey.
The dotted/dashed/full lines in (b) show the relative contributions of grouped sources of systematic

uncertainty. The triangles indicate points that are outside the vertical range of the figure.
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Figure 16. Unfolded distributions of (a) the lepton-charge-combined absolute cross-section, the
tel (b) the corresponding uncertainty breakdowns, and (c) unfolded
distributions of the lepton-charge-split absolute and normalised cross-sections, as a function of
|Ang, ss|.  The coloured markers overlaid upon the cross-section measurements show different
theoretical predictions. The breakdown of statistical-only uncertainties is shown in light grey in
the bottom panels, and combined statistical and systematic uncertainties are shown in dark grey.
The dotted/dashed/full lines in (b) show the relative contributions of grouped sources of systematic
uncertainty. The triangles indicate points that are outside the vertical range of the figure.
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is 0.32 as shown in table 13. The Alaal measured in data is larger than the predictions for
intermediate |Angy, ss| values in the 2¢SS channel, whereas the opposite is seen in the 3¢
channel, where there are very different trends in data and predictions for the 3/4 and 3¢—
channels, as shown in figure 16(c). However, these trends are not statistically significant.

In summary, all absolute cross-section measurements show a significant normalisation
effect, as expected from the larger-than-predicted result of the inclusive cross-section
measurement. Additionally, some observables show mild tension between data and prediction
in parts of the normalised cross-section distributions. However, the observed x? p-value for
any single distribution does not indicate a significant disagreement between the data and
theoretical predictions at the current accuracy of the measurements.

9 Conclusion

Measurements of both the inclusive and differential cross-sections for producing a top-quark-
antiquark pair in association with a W boson (ttW) are presented. The measurements are
based on /s = 13 TeV proton-proton collision data with an integrated luminosity of 140 fb~!,
recorded from 2015 to 2018 with the ATLAS detector at the Large Hadron Collider. The
signal regions are split into final states with two same-sign or three isolated leptons (electrons
or muons), and are further split according to their total lepton charge. Additional background-
enriched regions are used in the fit to improve the modelling of several leading backgrounds.
The inclusive ttW production cross-section is found to be 880+ 80 fb, which is consistent with
the previous measurement from CMS and other analyses probing similar ¢¢¥-enriched regions.
Improved theoretical calculations have led to increases in the predicted cross-section through
the corrections for missing higher-order QCD and EWK effects. Some tension between the
predictions and the data remains. The measurement and the SM NNLO theoretical prediction
of 745 + 50 (scale) + 13 (2-loop approx.) + 19 (PDF, ay) fb are compatible at the level of 1.40.
The ratio of cross-sections from different charges of the associated W boson is measured to be
R(ttW) = 1.96 +0.22 and the relative charge asymmetry is measured to be A‘éel = 0.33£0.05,
both are dominated by statistical uncertainties, but agree with theoretical predictions.

Differential absolute and normalised cross-section measurements are performed for several
particle-level observables. The compatibility between data and predictions for the overall
normalisation of the absolute cross-section measurements is consistent with the inclusive
measurement result. The latest off-shell fixed-order predictions do not address this observed
tension, concluding that the latter does not originate from the additional single-resonant
and non-resonant contributions that this calculation includes on top of the double-resonant
contribution contained in the predictions matched to parton showers.

The compatibility of the data with theoretical predictions from different MC generators
is tested; for the normalised cross-section measurements, compatibility is demonstrated by
x? p-values above 0.3 for the SHERPA predictions for almost all observables.
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