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using a data sample corresponding to an integrated luminosity of 138 fbfl, recorded by the
CMS experiment at the CERN LHC. Events are selected based on the presence of either
two leptons with the same electric charge or three leptons, and multiple jets and b-tagged
jets. We present measurements of differential production cross sections as a function of
kinematic variables sensitive to different aspects of the process modeling, using a multivariate
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three-lepton region. The normalized cross section measurements are generally consistent
with the standard model expectations, while we observe larger values compared to the
expectations in the absolute cross section measurements, consistent with previous inclusive
cross section measurements. In addition, we measure the leptonic charge asymmetry of this
process, obtaining an observed value of Aﬁ = —-0.19 fgﬁg? consistent with the expectation
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1 Introduction

The production of a top quark pair in association with a W boson (ttW) is sensitive to
the interaction of the top quark with the electroweak bosons, which makes it one of the
most intriguing processes studied recently at the LHC in proton-proton (pp) collisions. At
leading order (LO), this process is induced by the qq partonic initial state and receives
contributions from the gq channel only at next-to-LO (NLO), while the gg contribution is
suppressed and only starts to appear at next-to-NLO (NNLO). Because of this, perturbative
calculations for the ttW production introduce large corrections at higher orders in the
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Figure 1. Examples of Feynman diagrams for ttW production: at LO (left) and one of the NLO
diagrams introducing sizeable electroweak corrections (right).

quantum chromodynamics (QCD) expansion [1, 2] and sizable electroweak corrections [3, 4].
Figure 1 shows representative Feynman diagrams for this process.

In inclusive top quark-antiquark (tt) production, top quarks are produced with a wider
rapidity distribution than top antiquarks due to interference effects present at NLO accuracy,
which break the symmetry under charge conjugation, giving rise to an asymmetry in the tt
system [5, 6]. In the case of tt W production, this asymmetry is enhanced due to the absence
of the gluon-gluon partonic initial state and to the W boson acting as a polarizer for the
incoming quark in LO diagrams, such as the one in figure 1 [7]. This feature can be used
as an experimentally robust probe of physics beyond the standard model (BSM) that could
modify these asymmetries. In addition, the ttW process is a unique probe of four-quark
contact interactions [8], which may introduce a dominant contribution to the production cross
section, in contrast to other processes that are dominated by gluon-fusion production, such as
the inclusive production of tt pairs. Finally, being one of the few processes that give rise to
pairs of leptons (electrons or muons, ¢) with the same electric charge (same-sign (SS) lepton
pairs), this process constitutes the leading irreducible background to studies that profit from
this topology, including measurements of the simultaneous production of four top quarks
(tttt) [9, 10] or the production of a top quark pair in association with a Higgs boson (ttH) [11].

Considering the production of on-shell top quarks without their subsequent decay, the
state-of-the-art in the calculation of the ttW cross section is an NNLO computation [2],
which estimates the contribution from two-loop amplitudes by means of approximate methods.
Calculations at NLO in QCD and electroweak corrections including resummation at next-
to-next-to-leading logarithm [12-14] are also available. In addition, recent advances [15, 16]
show that this process receives contributions from off-shell top quark effects in low and high
transverse momentum (p) phase space regions. Finally, several event generators [17-19]
are available to simulate this process at NLO matched to parton showers, including up to

two extra partons in the matrix element calculation.

One additional motivation for precision studies of ttW production is the continuing
tension between previous measurements and the set of standard model (SM) predictions.
The inclusive production cross section for this process has been measured 17-29% larger
than the SM expectation, by both the ATLAS [20] and CMS [11, 21] Collaborations, in
measurements that achieve precisions of the order of 10%. The ATLAS Collaboration has in
addition performed a measurement of its differential production cross section [20] and of the



charge asymmetry of the tt system in this process [22]. The measurements of the normalized
distributions and the charge asymmetry are in agreement with the SM predictions.

In this paper, we report measurements of the tt W production cross section as a function
of several kinematic variables, and a measurement of the leptonic charge asymmetry in the
tt system, in events with at least one SS lepton pair and hadronic jets recorded by the
CMS experiment. One of the challenges in the differential cross section measurement is
the contribution of processes with leptons not produced in the prompt decays of W or Z
bosons, that can contaminate the signal selection. Two different strategies are pursued to
mitigate the effect of this contribution. In the first method, denoted as “multivariate analysis
(MVA )-based method”, we employ a loose lepton selection, and use an MVA discriminator
with information on the event kinematic properties to discriminate the signal against the main
background processes, which are events with nonprompt or charge misidentified leptons and
associated tt production processes. An alternative method, dubbed as “counting method”,
that instead relies on a more stringent lepton selection achieving a larger signal purity is also
used. Both methods use a likelihood-based unfolding strategy, performing a fit to the signal
region (SR) and several control regions (CRs). We use the MVA-based method to measure
the differential cross section in events with two leptons. Both measurements attain a similar
sensitivity in most bins, but the MVA-based method is more precise in all measured bins,
achieving up to a 40% better precision in some bins of this region. The counting method
is used to measure the differential cross section and charge asymmetry in events with three
leptons. We also provide the results of the counting method in the two-lepton region in the
appendix of the paper to complement the results from the MVA-based method. Tabulated
results are provided in the HEPData record for this analysis [23].

This manuscript is organized as follows. Section 2 provides an overview of the CMS
detector and section 3 describes the collision data and simulated samples used in this study.
The object and event selections are described in section 4, the estimation of background events
contributing to the measurements in section 5, and the systematic uncertainties affecting the
measurements in section 6. In section 7, we discuss the differential cross section measurements
performed with the MVA-based and counting methods. The measurement of the charge
asymmetry is shown in section 8 and a summary is given in section 9. Finally, the results of
the differential cross section measurements are shown in appendix A.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (n) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [24, 25].



Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 us [26]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1kHz before data storage [27, 28].

The CMS particle-flow (PF) algorithm [29] provides a global event description combining
optimally the information from all subdetectors, to reconstruct and identify all individual
particles in the event. The particles are subsequently classified into five mutually exclusive
categories: photons, electrons, muons, and charged and neutral hadrons.

In this work, we consider particles produced at the primary vertex (PV), which is taken
to be the vertex corresponding to the hardest scattering in the event, evaluated using tracking
information alone, as described in section 9.4.1 of ref. [30]. Photons are identified from
clusters in the ECAL not compatible with tracks in the tracker, which are also used to
determine the photon energy. Electrons are reconstructed via a combination of tracker and
ECAL measurements [31, 32| in the range || < 2.5. Their energy is determined from a
combination of the electron momentum at the PV as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. Muons are reconstructed in the range
|n| < 2.4 by combining information from the tracker and the muon spectrometers in a global
fit [33]. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

Hadronic jets are clustered from the PF objects using the infrared- and collinear-safe anti-
kt algorithm [34, 35] with a distance parameter of 0.4. We only consider in the analysis jets
that have a pp > 25GeV and || < 2.4, and are separated by AR = V/(An)? + (A¢)* > 0.4
from any identified lepton (following the criteria given in section 4), where ¢ is the azimuthal
angle with respect to the beam axis. Jet momentum is determined as the vectorial sum
of all particle momenta in the jet, and is found from simulation to be, on average, within
5 to 10% of the true momentum over the whole pr spectrum and detector acceptance.
Additional pp interactions within the same or nearby bunch crossings (pileup) can contribute
additional tracks and calorimetric energy depositions, increasing the apparent jet momentum.
To mitigate this effect, tracks identified to be originating from vertices in the same bunch
crossing but different from the PV are discarded and an offset correction is applied to correct
for remaining contributions [36]. Jet energy corrections are derived from simulation studies
so that the average measured energy of jets becomes identical to that of particle level jets.
In situ measurements of the momentum balance in dijet, photon+jets, Z+jets, and multijet
events are used to determine any residual differences between the jet energy scale in data
and in simulation, and appropriate corrections are made. The jet energy resolution (JER)
amounts typically to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1TeV. A smearing
procedure is applied to match the JER in simulation to that in data [37]. Additional selection



criteria are applied to each jet to remove jets potentially dominated by instrumental effects
or reconstruction failures [36].

The missing transverse momentum vector pp 55 g computed as the negative vector sum
of the pr of all the PF candidates in an event, and its magnitude is denoted as pT™ [38].
The pp 55 is modified to account for corrections to the energy scale of the reconstructed
jets in the event. Anomalous high-p'™ events can be due to a variety of reconstruction
failures, detector malfunctions or noncollision backgrounds. Such events are rejected by
event filters that are designed to identify more than 85-90% of the spurious high-p™** events
with a mistagging rate less than 0.1% [38].

Jets originating from b quarks are identified with the DEEPJET algorithm [39-41], with
two defined working points (WPs) labeled “loose” and “medium”. The loose (medium) WP
has a selection efficiency for b quark jets of about 90 (76)%, and a misidentification rate of
about 49 (17)% for ¢ quark jets and 18 (3)% for light quark and gluon jets. Unless specified

otherwise, the term “b-tagged jets” is used to refer to jets that pass the loose WP requirements.

3 Data and simulated samples

We use pp collision events at /s = 13 TeV recorded at the LHC between 2016 and 2018,
with a total integrated luminosity of 138 fb~!. The events used in this study were collected
using a set of triggers requiring the presence of one, two, or three reconstructed leptons
above a certain pp threshold, which varies depending on the data-taking era and the lepton
flavor and multiplicity.

A suite of simulated samples produced via Monte Carlo (MC) generators are used to train
the MVA discriminators and to estimate the efficiency of the reconstruction and identification
techniques in signal and background events. These samples use various matrix-element
generators, that are described below, and the NNPDF3.1NNLO parton distribution func-
tions (PDFs) [42]. Unless specified otherwise, these generators are interfaced to PYTHIA
v8.240 [43] to simulate the parton shower, hadronization, decay, and underlying event
using the CP5 tune [44]. We use the MLM [45] (FxFx [46]) matching scheme for MAD-
GRAPH5__aMCQNLO [47] samples that are produced at LO (NLO) using matrix elements
with additional partons. Generated hard-scattering events are overlaid with simulated pileup
collisions, with a number of events per bunch crossing matching the distribution inferred
from data. The response of the CMS detector is fully simulated using a model of the detector
based on the GEANT4 toolkit [48].

The nominal model for the ttW signal is obtained using the MADGRAPH5_aMC@NLO
v.2.6.5 generator, accounting for terms proportional to aga (QCD production) and asa3
(electroweak production) and higher order contributions in the QCD expansion, where ag and
« are the strong coupling and fine-structure constants, respectively. For the QCD production,
we consider NLO corrections to both ttW production with and without an additional parton.
In addition to the nominal sample, the results are also compared with an alternative sample
produced with MADGRAPHS__aMC@NLO v3.3.1 interfaced with PYTHIA v8.306, which uses
the improved FxFx matching setup described in ref. [17] with a merging scale of 42 GeV.

To assess potential biases in the measurements due to deviations of the signal predictions
from the nominal model, we consider a BSM scenario that can be parametrized by an effective



field theory (EFT) that introduces additional terms to the SM Lagrangian. This contribution
is modeled using LO signal simulations using MADGRAPH5_aMC@NLO, introducing the
EFT contribution using the dim6top model [49], considering non-zero values of 22 different
operators. Samples are reweighted according to the method described in ref. [50] and as
used in ref. [8].

The contributions from backgrounds such as ttH, the production of a top quark pair in
association with a Z boson (ttZ), the production of a top quark pair in association with a
photon (tty), the production of a single top quark in association with a Z boson (tqZ), the
production of a single top quark in association with a photon (t7y), the production of a single
top quark in association with a Z and W (tWZ) and Z/y" production in association with
jets (DY +jets) are estimated using MADGRAPH5__aMC@NLO at NLO. We use the diagram-
removal scheme [51] to remove the diagrams contributing both to ttZ and tWZ production.
The associated production of a W and Z (WZ) or two Z bosons (ZZ) are both estimated at
NLO using the POWHEG generator. We use NLO predictions with electroweak corrections [1]
to normalize the ttH samples, and the NLO computations from the generators for tqZ and
tWZ productions. The normalizations of the ttZ and diboson processes are determined in
data, so we do not assume any specific reference cross section. Simulations of tt production,
DY+jets, and tW production are used to train the multivariate discriminators described
later in the paper and for validating the estimation of the nonprompt-lepton background, as
described below. We simulate tt and tW production using the POWHEG generator [52-56].
The tty process is normalized to the cross section measured by CMS [57]. The grouping of the
ttZ and ttH processes is referred to as ttX, while ZZ and WZ are grouped into “Diboson”.
Rare top quark related backgrounds and multiboson productions are grouped into “Other”.

We account for differences between data and simulation arising in lepton reconstruction,
identification, and triggering efficiencies, the energy scale of jets and JER, the response of
the DEEPJET algorithm, and the resolution in p=™. These corrections are typically at the
level of a few percent [37-39, 58] and are measured using as standard candles a variety of
SM processes, such as Z — ee, Z — UU, tt+jets, and y+jets production.

4 Object and event selection

Muons and electrons are considered in this analysis if they are within the detector acceptance,
removing electrons in the region between the barrel and endcap of the ECAL (1.44 < |n| <
1.57). Both types of leptons are subjected to a set of loose quality requirements referred to
as baseline selection. They must be compatible with originating from the PV and fulfill a set
of pre-defined selections [31, 33]. This includes requirements on their relative isolation, Iy,
which is defined as the scalar pt sum of all particles within a certain distance AR around
the lepton, divided by the lepton pr. We use a pp-dependent distance [59] of AR < 0.2 for
leptons with pp < 50 GeV, AR < 10GeV/pt for 50 < pp < 200GeV, and AR < 0.05 for
pr > 200 GeV, and require all leptons to pass a loose requirement of .., < 0.4. Specifically
for electrons, the number of missing hits, defined as the number of positions in the pixel
tracker where a hit by the passing electron is expected but not found, is required to be less
than two. In addition, those electrons that are identified as likely to come from photons
converting in the detector material are rejected [60].



We denote leptons originating from the decays of electroweak bosons or T leptons produced
in the primary interaction as prompt leptons, while those originating from other sources, e.g.,
hadron decays or misidentified jets or hadrons are called nonprompt leptons. The presence
of several prompt leptons in the final state is one of the main signatures of our signal, and
hence the discrimination between both types of leptons is a crucial part of the analysis. We
rely on an MVA classifier, described in more detail in refs. [9, 11, 61], which is denoted as
prompt-MVA. This algorithm uses a number of variables, including the relative isolation
of the lepton with both fixed and variable cone sizes, transverse and longitudinal impact
parameters, and several variables related to the jet with the smallest AR with respect to the
lepton, including its b tagging score. We consider two WPs for the prompt-MVA, one for each
of the strategies followed. We define a loose WP with 89 (93)% efficiency for prompt electrons
(muons) and 2 (3)% acceptance rate for nonprompt electrons (muons), and a tight WP with
75 (88)% efficiency for prompt electrons (muons) and 1 (2)% acceptance rate for nonprompt
electrons (muons). The cross section measurement with the counting strategy and the charge
asymmetry measurement use the tighter WP to reduce the contribution from nonprompt
leptons to the SR, while the MVA-based approach to measure the cross section instead uses
the looser WP, and relies on another MVA to discriminate ttW from background events.

We classify events in two regions, depending on the number of reconstructed leptons and
charge. For the SS dilepton (2¢SS) SR, we select events with exactly two leptons, with pr
of at least 25 and 15 GeV for the highest pr (leading) and second-highest pp (subleading)
lepton, respectively. We require that the two leptons have the same electric charge to suppress
backgrounds from tt and DY+jets production, and we reject events with a lepton pair
whose invariant mass is below 30 GeV to reduce contributions from low-mass resonances. For
electrons in the 2SS SR, we apply additional criteria that demand consistency among three
measurements of the charge sign, described as “selective algorithm” in ref. [60]. Two of these
measurements are performed using two different parametrizations of the electron track, while
the other exploits the relative position between the electron track and the calorimeter energy
deposit. This approach further reduces the electron charge mismeasurement rate by a factor
of five with an efficiency of about 97%. We also reject the events in which the invariant mass
of the two selected electrons is closer than 10 GeV to the Z boson mass, my = 91.19 GeV [62].
In the MVA-based strategy, we additionally require p%ﬁss > 30 GeV, allowing us to create
one of the CRs enriched in nonprompt leptons with p™ < 30 GeV (described in section 5).
Finally, we require events to have at least three jets, of which at least two are b tagged.

For the three lepton (3¢) SR, we select events with exactly three leptons with pp > 25,
15, and 15 GeV, respectively, among which there is at least one pair with opposite electric
charge. We reject events with a lepton pair whose invariant mass is below 30 GeV or with an
opposite-charge same-flavor (OSSF) lepton pair with an invariant mass within 10 GeV of my.
We select only events with at least two jets, two of which are required to be b tagged.

Several event regions, which are discussed in section 5, are defined to validate the modeling
of the main background processes. The yields of some of these regions are included in the
likelihood fit described in section 7 to constrain the relevant backgrounds. We denote these
regions as CRs, while we denote the regions that are not included in the fit as validation
regions (VRs). We note that predictions in the VRs are affected by the same sources of
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Figure 2. An overview of all control regions (CR) and signal regions (SR) used in the analysis.

-

uncertainties as the SRs and CRs and are therefore modified by the result of the likelihood fit,
even if they do not directly affect it. An overview of all analysis regions is shown in figure 2.

5 Background estimation

The background contributions to the SRs are divided into four categories: processes with at
least one nonprompt lepton, processes with at least one charge-misidentified lepton, processes
with one electron produced by a photon conversion, or irreducible backgrounds that contribute
to the SR with prompt leptons whose charge has been correctly identified. The latter two
categories are estimated from simulated samples (described in section 3) that are normalized
according to the measured luminosity and predicted cross sections, while the nonprompt and
charge-misidentified lepton backgrounds are estimated from sideband regions in data.

5.1 Nonprompt leptons

Events with at least one nonprompt lepton that pass the signal selection are mainly coming
from tt and, to a smaller extent, DY+jets where one of the selected electrons and muons
is either a secondary lepton coming from the decay of a b or a ¢ hadron, or a light jet
wrongly identified as a lepton.

The nonprompt-lepton background is estimated with a “tight-to-loose” ratio method [8,
9, 11, 63], performed separately for electrons and muons passing the tight and loose selection.
The main feature of the method is the usage of a sideband region with events that pass
the same selection as the SRs, but where one or more of the selected leptons fail the
required identification criteria while passing a loosened set of identification criteria specifically
designed for this method. This region is enriched in events containing nonprompt leptons.
After subtracting the residual contribution from prompt leptons using predictions from
simulation, we weight these events by a misidentification rate to estimate the nonprompt-
lepton contribution in the SRs. This misidentification rate is measured in a data sample
enriched in nonprompt leptons produced in SM events composed uniquely of jets produced



CMS 138 b (13 TeV CMS 138 fb” (13 TeV

~ T T ] ~ T T
> | vRnp ¢ Data g% Uncertainty | =2 1600r ygnyp ¢ Data s Uncertainty
& 100 (righyy mmm W Nonprompt - S (Tight) I ttW Nonprompt
< [ Postiit pum Charge MisID mmm Diboson ] 5 1400F  Postiit  pum Charge MisID mmm Diboson
%’ L Conversions  mm ttX e Conversions  mm ttX
g 80 mm Other 7 © 1200 mm Other E
r 1 fim}
SR ] ~ 1000}
60 i
03 & ] 800
= ]
wof ] 600
[ i 400
20 s :
i ; ; N ] 200
0 0
'OS SF &= Data/prefit ¢ Data/postfit "] 'g 1.5
o a
© ©
T T
o . . . . . . . . o . .
20 30 40 50 60 70 80 90 100 0 . 15 25
Subleading lepton p_ (GeV) Subleading lepton |

Figure 3. pr of the sub-leading lepton (left) and |n| of the subleading lepton (right), in a VR enriched
with nonprompt leptons by applying requirements on the number of (b-tagged) jets orthogonal to the
SR, for data (points) and predictions (filled histograms) after the fit to the data in the SR and CR as
described in section 7 for the tight lepton selection. The lower panels show the ratio of the data to
the sum of the postfit predictions (points) and the ratio of the data to the prefit predictions (red line).
The vertical lines on the data points represent the statistical uncertainty in the data and the hatched
(filled) band corresponds to the total uncertainty in the postfit (prefit) prediction. Events that exceed
the range of the plot are included in the last bin. The bin contents are divided by bin width.

through the strong interaction, referred to as multijet events, that is collected by a set
of dedicated triggers.

The method is validated in simulation separately with tt and DY +jets events, which
have different sources of nonprompt leptons, and also separately for nonprompt electrons
and muons. We compare the event yields predicted by the simulations in the SRs with
the predictions from nonprompt leptons that pass the loose but fail the tight ID and are
reweighted with the tight-to-loose ratio method. We observe an overall good agreement
between the two methods, with the largest deviations being smaller than 30%.

The method is then checked in one data CR and one data VR enriched in the nonprompt-
lepton background. For the VR (referred to as VR NP), we select events that pass similar
requirements as in the 2SS SR, but modify the jet and b-tagged jet multiplicity requirements:
we require events to have exactly two jets, of which one is a b-tagged jet using the medium
WP. For the CR (referred to as CR NP and only used with the loose lepton selection), we
subdivide events in the 2¢SS SR in two categories. The region with p%iss < 30 GeV, which is
a region depleted in signal and rich in nonprompt leptons, is used as the CR NP. The region
with p%liss > 30 GeV remains as the 2SS SR. The prediction matches the data accurately
in both regions within the uncertainties, as shown in figures 3—4 for leptons passing the

tight and loose lepton selections, respectively.
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Figure 4. Number of selected b-tagged jets in the event (upper left), number of selected jets in
the event (upper right), pr of the sub-leading lepton (lower left), and || of the sub-leading lepton
(lower right), in a CR enriched with nonprompt leptons by inverting the p™™ requirement, for data
(points) and predictions (filled histograms) after the fit to the data in the SR and CR as described in
section 7 for the loose lepton selection. The lower panels show the ratio of the data to the sum of the
postfit predictions (points) and the ratio of the data to the prefit predictions (red line). The vertical
lines on the data points represent the statistical uncertainty in the data and the hatched (filled) band
corresponds to the total uncertainty in the postfit (prefit) prediction. Events that exceed the range of
the plot are included in the last bin.

5.2 Charge-misidentified leptons

The 2SS SR contains a non-negligible contribution of events where the electric charge of one
of the leptons has been wrongly measured. This contribution is dominated by electrons, which
undergo Bremsstrahlung as they traverse the detector, making the measurement of the track
curvature more challenging. The charge-misidentification probability is negligible for muons.

To determine the charge-misidentified background, which we denote as “Charge MisID”,
the electron charge-misidentification probability is determined in simulated DY +jets samples

,10,
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Figure 5. pr of the leading lepton (left), |n| of the leading lepton (right), in a CR enriched with
charge-misidentified leptons and additional jets for data (points) and predictions (filled histograms)
after the fit to the data in the SR and CR as described in section 7 for the loose lepton selection. The
lower panels show the ratio of the data to the sum of the postfit predictions (points) and the ratio
of the data to the prefit predictions (red line). The vertical lines on the data points represent the
statistical uncertainty in the data and the hatched (filled) band corresponds to the total uncertainty
in the postfit (prefit) prediction. Events that exceed the range of the plot are included in the last bin.

and parameterized as a function of pt and || of the lepton. We then estimate the contribution
from charge-misidentified leptons in the SR by weighting data events in a sideband, defined
with the same requirement as the SR but where the electric charges of the two leptons have
the opposite sign, by the charge-misidentification probability we estimated.

To account for residual differences of the charge-misidentification probability between
data and simulations, we select events with an SS electron pair whose mass is within 10 GeV
of my, which is enriched in events with charge-misidentified leptons. We compare the
data yield with the yield predicted by this method. The two agree between 10 and 40%,
depending on the data-taking year and the lepton selection, with residual differences due
to the complexity of modeling misreconstruction effects. We use this per-year factor to
correct the charge-misidentification probability predicted by the simulations. After this
correction, data agrees well with the predictions. A CR, labeled as CR ChargeMisld, is
defined, requiring in addition the presence of at least three jet and at least one b-tagged
jet, which represents more closely the phase space of the SR. The good agreement between
data and prediction after applying these scale factors is preserved in this region, as shown in
figure 5. Slight deviations can be observed in the high lepton pp and lepton n phase space
regions, which are related to the binning in which the charge-misidentification probability
is determined. These effects however do not influence the measurement as the binning of
the differential measurement is much coarser.
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5.3 Photon conversions

An additional source of events in the SR is the conversion of photons into electrons in
their interaction with the detector material, which we refer to as “conversions”, which is
also suppressed by means of dedicated identification algorithms. Nevertheless, a significant
contribution from tt7y, ty, or Zy is present, amounting to roughly 9% of the events in the SRs,
which is estimated using samples of simulated events. The simulation of photon conversion is
validated in a data sample with three-lepton events where the invariant mass of the three
leptons is required to be consistent with the Z boson mass within 15 GeV. Good agreement
between data and simulation is observed in this VR.

5.4 Irreducible backgrounds

Irreducible backgrounds consist of events in which all selected leptons are prompt leptons
with their electric charge correctly identified. The major contributions to this background
category are various production modes of top quark pairs in association with bosons, notably
ttH and ttZ. Additional contributions are coming from diboson processes such as WZ and
77 or multiboson processes and the associated production of a single top quark with bosons,
e.g., tqZ, tWZ. These background contributions are estimated from simulated samples,
as detailed in section 3.

The modeling of irreducible backgrounds is studied in a number of VRs and two CRs: the
three-lepton CR and four-lepton CR. We build the three-lepton CR by selecting events in the
3¢ region, but require that the events contain an OSSF lepton pair with an invariant mass
within 10 GeV from my. We furthermore do not put the same requirements on the jet and
b-tagged jet multiplicities described in section 4, selecting instead events with at least one
jet. This CR is enriched mainly in WZ and ttZ, showing good agreement between data and
prediction. Events in this selection are classified depending on the number of jets and b-tagged
jets as shown in figure 6, which helps to discriminate between WZ and ttZ backgrounds.

The four-lepton CR is defined by selecting events with exactly four leptons with pp > 25,
15, 15, and 10 GeV, respectively. The presence of an OSSF lepton pair with an invariant mass
within 10 GeV from my is required. This CR is enriched mainly in ZZ and ttZ events, and
features a good agreement between data and predictions in all relevant variables.

6 Systematic uncertainties

The precision on the differential cross section measurements is limited by various sources of
experimental and theoretical uncertainties, the nature and estimation of which is described
in this section. The total uncertainty in the measurements is however dominated by the
limited statistical precision.

6.1 Experimental uncertainties

The integrated luminosity of each data-taking period is used to normalize the predictions
obtained from simulation. Its measured value has an associated systematic uncertainty of
1.2-2.5%, partially correlated across the data-taking years [64—66], with an overall uncertainty
of 1.6%.
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Figure 6. Number of selected (b-tagged) jets in the event for events with three leptons passing
the loose (left) and tight (right) selection after the fit to the data in the SR and CR as described in
section 7. Events with no b-tagged jets are classified in bins 1 to 4, events with one b-tagged jet are
classified in bins 5 to 9 (8) and events with more than one b tag are classified in bins 10 (9) to 13 (12)
for the loose (tight) lepton selection. The lower panels show the ratio of the data to the sum of the
postfit predictions (points) and the ratio of the data to the prefit predictions (red line). The vertical
lines on the data points represent the statistical uncertainty in the data and the hatched (filled) band
corresponds to the total uncertainty in the postfit (prefit) prediction.

The uncertainty related to the amount of pileup interactions is taken into account by
varying the total pp inelastic cross section in all simulated samples by £4.6% with respect to
its nominal value of 69.2 mb, affecting their distributions as well as their normalization. The
pileup uncertainty is fully correlated between all data-taking years and processes.

Uncertainty in the efficiency with which events passing the signal selection are triggered
in data is taken into account as well. The trigger efficiency is measured in simulation, as
well as in a data sample selected with a set of reference triggers uncorrelated with any of the
lepton triggers used in this analysis. Differences in trigger efficiency between simulation and
data are taken into account for the SS dilepton selection applying weights to simulated events.
For events with three or four leptons, the trigger efficiency is found to be higher than 98% in
data at the confidence level of one standard deviation. For these events, an uncertainty of 2%
is applied to take into account the limited statistical precision of the efficiency measurement.
These uncertainties are considered to be uncorrelated across data-taking years, as they are
mainly statistical in nature.

Simulated samples are corrected for the so-called Level-1 trigger prefiring, i.e., a time
jitter of the trigger signal in the muon [67] and ECAL [26] systems, which led to a loss of
events at the level of 0.5% or less.

We take into account the jet energy scale (JES) and JER uncertainties by varying the
jet energy scales up and down within their uncertainties [36] for all jets in the event. We
consider 14 JES uncertainty sources, some of which are independent per data-taking period,
making a total of 29 independent nuisance parameters, and 6 JER sources, all independent
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per data-taking period. These variations are propagated to pr ~ and the b tagging efficiency
scale factors [37]. They are considered to be partially correlated across all data-taking years
and processes, depending on the origin of the uncertainty. An additional uncertainty in
the unclustered energy is taken into account by varying all unclustered contributions to
—INI1SS

pr > within their respective resolutions and propagating these changes to pp' iss [38]. This
uncertainty is considered to be uncorrelated among the data-taking years.

As the event selection relies on b tagging, the associated uncertainty is taken into account
by varying the data-to-simulation scale factors for the b tagging efficiency up and down
within their uncertainties. These uncertainties are related to the purity of heavy and light
flavor jets in their respective measurement regions and to the statistical fluctuations. They
are considered to be fully correlated across the processes and correlated (uncorrelated) across
the years for the uncertainty sources of systematic (statistical) origin.

The lepton reconstruction and identification come with a set of scale factors, determined
using the tag-and-probe method [58] in Z/y* events decaying to two leptons. Uncertainties
in the resulting scale factors stem from the limited sizes of the data and simulated samples
and from different sources of systematic effects, such as the choice of the dilepton invariant
mass line-shape, the dilepton invariant mass window, or the phase space of the measurement.
The effect of these uncertainties is evaluated by varying the scale factors up and down
within their uncertainties.

For the nonprompt background prediction, we apply different uncertainty sources to
account for potential biases introduced by the method. We assign uncertainties based on
the non-closure observed in the simulations (between 5 and 30%, depending on the lepton
flavor and identification WP), which is found to be independent from the lepton kinematic
properties within the statistical uncertainty of the samples. We also assign different sources
of uncertainty coming from the limited size of the multijet data samples that were used to
measure the nonprompt-lepton rate, from the subtraction of the prompt lepton contamination
in the measurement region, and from the differences in the background composition between
measurement region (dominated by multijet background) and application region (dominated
by tt+jets background). These uncertainties sum up to between 10 and 40% depending
on the lepton pp, 1, flavor, and data-taking period. These uncertainties are parametrized
as several independent sources that vary the integrated nonprompt-lepton rate, as well as
its dependence as a function of pt and |n|. The uncertainty in the charge misidentification
prediction obtained from data is set to 30%, independently from electron kinematics, which
is large enough to modify the scale factor used to cover the disagreement between data
and simulations that is described in section 5.2, and is considered to be independent in
the different data-taking periods.

Two sources of uncertainty are added to account for the mismodeling of the WZ and
77 processes as a function of number of jets and b-tagged jets, that is observed in the
three-lepton and four-lepton CRs, as can be seen in figure 6. The first of these uncertainties
adds a 10% uncertainty per selected jet in each event up to a maximum of 50%; the second
adds a 10% uncertainty in the event yields for events with zero or one b-tagged jets and
40% for events with two or more b-tagged jets. Both sources of uncertainty are correlated
across the data-taking periods.
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6.2 Theoretical uncertainties

We assign a normalization uncertainty to the background processes estimated with simulation.
Dedicated studies have been performed in CMS of WZ, ZZ, ttZ, ttH, Zy, and tty, measuring
their cross sections with a precision between 4 and 8% [11, 68-72]. However, since the phase
space of these dedicated measurements does not necessarily correspond to our signal selection,
we apply a larger a-priori normalization uncertainty of 30% around their normalizations
for the Zy and tty [57] processes. The normalization of the WZ, ZZ, and ttZ processes
are free parameters in the likelihood fit described in section 7 and are determined by the
observed yields. The ttH process takes a 10% normalization uncertainty according to a
recent prediction [73]. The remaining processes are of minor importance in the SR, thus we
assign conservatively a 50% normalization uncertainty around their latest theory predictions,
in agreement with ref. [21].

Imperfect knowledge of the PDFs for the colliding protons yields another source of
systematic uncertainty. The PDF uncertainty is taken into account using NNPDF replicas [42]
and applying the procedure described in ref. [74], resulting in 100 individual variations that
are evaluated simultaneously for all processes, in addition to two variations of the strong
coupling constant ag.

Uncertainty in the renormalization and factorization scale in the matrix element is taken
into account in a similar way. All simulated processes are reweighted using both independent
and correlated up and down variations by a factor of 2 of both scales (excluding the two
extreme variations). These sources of uncertainty are correlated between the data-taking
years but are treated uncorrelated between different processes.

Uncertainties related to the initial-state and final-state radiation (ISR and FSR, respec-
tively) are evaluated similarly by variations in the renormalization scale for emissions in ISR
and FSR of a factor two (up and down). These variations are considered to be fully correlated
across the data-taking years, while only FSR is correlated between different processes.

Some of these sources of uncertainty can affect both the production cross section and
the acceptance of all simulated processes. The systematic effect in the cross section is not
taken into account for processes that are assigned a normalization uncertainty based on
dedicated measurements or that are left freely floating in the fit. For those processes, only
the acceptance effects are considered.

7 Differential cross section measurements

We measure the tt W differential cross sections using two complementary methods that share
the same statistical model and only differ on the definition of the reconstruction-level bins
used in the signal extraction fit. In the 2¢SS region we use an event-level MVA discriminator
and the variable of interest to define the reconstruction-level bins. The other method only
uses a reconstruction-level binning in the variable of interest and requires the tighter lepton
selection described in section 4. This method is used in the 3¢ region as the main method
and in the 2¢SS region as a complementary measurement to the MVA-based approach.
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7.1 Definition of measured observables

Particle-level object definitions [75] are used to define the fiducial phase space and to construct
the measured observables. We consider particle-level leptons by clustering prompt electrons
and muons with photons not arising from hadron decays, using the anti-kt algorithm with a
cone size of R = 0.1. Only particle-level leptons with pr > 15 GeV and |n| < 2.5 (electrons)
or |n| < 2.4 (muons) are selected for further processing. Jets are constructed by clustering all
stable particles excluding prompt selected leptons and neutrinos using the anti-kt algorithm
with a cone size of R = 0.4. Only particle-level jets with pp > 25GeV and |n| < 2.4 are
selected in the analysis. To determine the jet flavor, we use the “ghost clustering” procedure
described in ref. [75], in which jets are re-clustered including the decayed b hadrons with
their momentum scaled to an arbitrary small value (ghosts), in addition to the set of particles
included in the jet definition. We define b jets as those that contain a ghost when this
reclustering is performed.

Using these objects, we define a fiducial region that aligns with the categories used to
perform the measurement. We define a 2¢SS fiducial region taking events with exactly two
leptons with pp > 25 and 15 GeV that have the same electric charge. Additionally, events
are required to have at least 3 jets, out of which at least one is a b jet. For the 3¢ region
we select events having at least 3 leptons with pp > 25, 15, and 15 GeV respectively, and
at least two jets, out of which at least one is a b jet. Signal events that do not pass this
fiducial selection are taken into account as background events.

We also use these objects to construct the variables as a function of which the cross
section is measured, which are listed in table 1. Many of these distributions, such as the
jet multiplicity or the scalar sum of jet pr, Hr, are useful to assess the tt W modeling as
a background to measurements of other processes with larger jet multiplicity, like ttH or
tttt production [19]. Other variables, such as the jet and lepton kinematic distributions,
are generic probes of the ttW modeling.

7.2 Statistical model

We determine the differential cross section as a function of a given variable in N, particle-
level bins using the number of observed events n; in N,,., reconstructed-level bins, using a
likelihood-based unfolding method. We fit data to a statistical model implemented in the
COMBINE software [76] and described by the likelihood function £, given by

N,

gen

> oje;(0)L(60) + bi(9)> [1»(0k]64)- (7.1)
J k

N,

L(data; o, 0) = H P(n,-

The symbol P denotes the Poisson probability for observing n; events in a given reconstruction-
level bin with an expectation given by the expected background events and signal events
outside the fiducial region in that bin b;(0), the luminosity L(0), the fiducial cross section in

each particle-level bin o, which are the parameters of interest in the fit, and the elements of

720
the response matrix ¢;;(6#). This matrix parametrizes the detector response and is defined by

N (signal events generated in bin j and reconstructed in bin i) (72)
€ = . .
" N (signal events generated in bin j)
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Variable Description

Distances between objects

|An(L,,£5)] Absolute difference in 7 between the two leptons with the highest pr
AR(lq,05) Separation in (7, ¢) space between the two leptons with the highest pp
AR(£y,jet) min Separation in (7, ¢) space between the lepton with the highest pr and its closest jet

Jet-related variables

Hr Scalar sum of jet pp

Leading jet || |n| of the jet with highest pr
Leading jet pt pr of the jet with highest pp
Subleading jet |n| |n| of the jet with next-to-highest pp
Subleading jet pp pr of the jet with next-to-highest pr

Lepton-related variables
Leading lepton pp pr of the lepton with highest pr
Subleading lepton pt  pp of the lepton with next-to-highest pp
Lepton maximum || Maximum |7| among the leptons
> lepton pr Sum of the lepton pt’s
m(leptons) Invariant mass of the system of the two leptons with the highest pr

Object multiplicity
Number of jets Jet multiplicity

Table 1. Kinematic variables studied in the differential cross section measurement of the signal.

The likelihood model also includes the explicit dependence of the different quantities as a
function of the nuisance parameters € that model the impact of the systematic uncertainties
and that are constrained by their prior probability density functions, p.

In this kind of measurement, additional regularization terms are sometimes added to the
likelihood to penalize nonphysical fluctuations, effectively reducing the uncertainties at the
price of introducing a controlled bias. In our case, we have not included such terms since
the response matrices used in this analysis are sufficiently well-conditioned. We quantified
that using the condition number, defined as the ratio of the largest to the smallest value in a
singular value decomposition of each matrix. The condition of all the matrices if below 4,
which indicates that the inverse of the matrix can be computed with high accuracy.

7.3 Signal extraction in the 2¢SS region

The method we use for the differential cross section measurement in the 2¢SS region is based
on separating the signal and the backgrounds using an MVA discriminator that takes event-
level variables as input. This strategy uses the loose lepton identification criterion described
in section 4 to ensure a high signal efficiency. In addition, a requirement of p?iss > 30 GeV
is applied to reject the contribution from nonprompt leptons.

The MVA algorithm of choice is gradient boosted decision tree (gBDT), trained with the
XGBoosrT library [77]. For the training and validation of the gBDT, 20% of the simulated
events are used, and this part of the samples is excluded from the rest of the analysis to
avoid potential overtraining biases. In total, 37 variables are selected as input features. It
was checked that their distributions are well described by our predictions and their mutual
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MVA input variables Prefit p-value

Leptons

Leading lepton py 0.17
Subleading lepton pr 0.33
Leading lepton n 0.85
Subleading lepton 7 0.29
Leading lepton energy 0.65
Subleading lepton energy 0.82
Jets

Leading jet pr 0.61
Subleading jet pr 0.29
Leading jet n 0.37
Subleading jet n 0.98
Leading jet mass 0.47
Subleading jet mass 0.87
Number of jets 0.36
Maximum |n| among all jets 0.80

b-tagged jets

Leading b-tagged jet pr 0.47
Leading b-tagged jet n 0.75
Highest DEEPJET score among all jets 0.78
DEEPJET score of leading jet 0.26
DEEPJET score of subleading jet 0.98
Number of loose b-tagged jets 0.72
Number of medium b-tagged jets 0.69
Number of tight b-tagged jets 0.59
Angular separation

Minimum AR between a lepton and a b-tagged jet 0.40
AR between the leading and subleading lepton 0.23
An between the leading and subleading lepton 0.31
Minimum AR between the leading lepton and a jet 0.96
Minimum AR between the leading lepton and a b-tagged jet 0.15
Minimum AR between the leading lepton and a non-b-tagged jet 0.96
Dijet and dilepton properties

Maximum dijet mass 0.43
Maximum dijet pp 0.81
Invariant mass of the leading and subleading lepton system 0.31

Global variables

Scalar sum of the p of the jets 0.34
Scalar sum of the pp of the leptons and p=® 0.16
Lepton flavor category (ee, ey, ue, or up, with pp ordering) 0.21
Sum of lepton charges 0.24
phiss 0.18

Data-taking year —

Table 2. Overview of input variables to the BDT and their prefit p-values, obtained in a X2 goodness-
of-fit test.
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correlation matrix agrees well between simulation and data. The input features include basic
kinematic properties of the leptons and jets in the event, the b tagging scores of the jets, the
directional separation between various combinations of leptons and jets, the invariant mass
and pr of various dilepton and dijet systems, and some global event variables such as the
scalar pp sum of all selected jets, the lepton flavor category, the sum of lepton charges, and
the p™. The data-taking year is also included as an input variable to allow the algorithm
to account for changing experimental conditions. A full overview of the input variables in
the 2¢SS region is provided in table 2, together with their corresponding prefit p-values,
obtained in a X2 goodness-of-fit test, which show no indication of significant tensions between
data and the prediction for these variables. The training was performed in the 2¢SS region,
including the p%liss > 30 GeV requirement. The learning rate, number of estimators, and
maximum depth per estimator were optimized simultaneously in a grid search. The good
postfit agreement between data and prediction in this selection is shown for a number of

variables of interest and the BDT output score in figures 7 and 8, respectively.

The signal extraction is performed by fitting the event yields in reconstruction-level bins
defined in a two-dimensional grid between the MVA score and the variable of interest. We
use five bins in the MVA score and a number of bins in the variable of interest equal to the
number of generator level bins to be measured, as shown in figure 9.

To constrain some of the background processes, the number of observed events in the three-
and four-lepton CRs are included in the fit as a function of the jet and b-tagged jet multiplicity
in the three-lepton region, and the b-tagged jet multiplicity and number of Z boson candidates
for the four-lepton region. In addition, the number of events in the CR NP and the CR
ChargeMisld are also included, to constrain the corresponding processes. The differential
cross sections measured in the 2¢SS signal region as functions of the variables of interest are
shown separately for the absolute and normalized differential cross sections in figures 10-16.

In addition to the differential measurements, we also measured the inclusive cross section
using the inclusive BDT output distribution in the 2¢SS SR, shown in figure 8, the inclusive
BDT output distribution in the 3¢ SR, and the same CRs as in the differential measurement.
We observe a cross section of o0ra* = 938 + 45 (stat) & 52 (syst) fb. This result is well in
agreement with the previous measurements by both ATLAS [20] and CMS [11, 21], finding a
cross section that is in slight tension with the prediction of 745 + 52 fb given by the NNLO
calculations [2]. This discrepancy in the normalization is also observed in the 2¢SS unfolded
results. The normalized measured distributions in the 2¢SS region are generally however
in agreement with respect to any of the reference models described in section 3, which also
agree very well with each other for the merging scale chosen.

Across all measured observables and bins, statistical uncertainties are the dominant source
of uncertainty, typically ranging from 10 to 25%. Among the systematic uncertainties, the
largest contributions arise from background estimation, particularly from the nonprompt
sources, which contributes between 3 and 10% in most bins — reaching its highest impact in
regions where nonprompt backgrounds are most significant. In bins with higher signal purity,
the dominant systematic uncertainties arise from the modeling of key processes such as ttH,
ttZ, and the signal itself, with effects ranging from 0.8 to 1.2%. Among experimental sources,
the uncertainty in the integrated luminosity contributes most significantly, at the 2-3% level.
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Figure 7. py of the leading lepton (upper left), pt of the subleading jet (upper right), scalar pr sum
of selected jets in the event (lower left), and the number of selected jets in the event (lower right), in
the two-lepton signal selection for the loose lepton selection for data (points) and predictions (filled
histograms) after the fit to the data in the SR and CR. The lower panels show the ratio of the data
to the sum of the postfit predictions (points) and the ratio of the data to the prefit predictions (red
line). The vertical lines on the data points represent the statistical uncertainty in the data and the
hatched (filled) band corresponds to the total uncertainty in the postfit (prefit) prediction. Events
that exceed the range of the plot are included in the last bin.

Additional subleading experimental uncertainties, including jet energy calibration, lepton
identification, and b tagging, contribute at the 1-3% level, depending on the sensitivity of
the observable to the properties of the corresponding reconstructed objects.

7.4 Consistency checks

In order to better understand the robustness of our measurement, extensive stress tests have
been performed to evaluate our method in terms of its dependence on the signal model.
Firstly, we employ the counting method used in the 3¢ region, described in section 7.5, also
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in the 2¢SS region. This allows us to provide a complementary measurement. This strategy
profits from the high signal purity achieved by the tighter lepton selection, allowing us not to
rely on the BDT discrimination while remaining competitive in terms of sensitivity. This
results in a better control over the measured fiducial phase space and, therefore, in a more
model-independent measurement. In this region, events are categorized at reconstruction
level according to the sum of the lepton charges and their flavor, resulting in six categories.
In addition, we consider two reconstruction-level bins per generator-level bin of the variable
of interest. The differential cross sections measured by both strategies in the 2¢SS signal
region as functions of the variables of interest are shown separately for the absolute and
normalized differential cross sections in the appendix in figures 22-28. We observe an overall
good agreement between both methods. In addition, we have computed the inclusive fiducial
cross sections by integrating the different measurements independently for each measurement
strategy, showing consistent results within uncertainties between the two methods and among
the different variables measured. The normalization of backgrounds and behavior of other
uncertainties are furthermore found to be consistent within uncertainties between the two
methods and among the different variables measured. The agreement between the two
different differential measurements and the reference models is quantified with a X2 goodness-
of-fit tests done for each variable using the full covariance matrix of the result. These are
shown in table 3. The lower values of the normalized X2 p-values for the measured unfolded
jet multiplicity, subleading lepton pr, Ht, and AR({y,jet)n, show slight indications of
mismodelling. In addition, the counting method also reports slightly lower values for the
leading jet pr distribution. These trends are however not yet conclusive.
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Figure 9. Distributions defined in a two-dimensional grid between the MVA score and the variable of
interest in the two-lepton signal selection for data (points) and predictions (filled histograms) after the
fit to the data in the SR and CR for the loose lepton selection. The lower panels show the ratio of the
data to the sum of the postfit predictions (points) and the ratio of the data to the prefit predictions
(red line). The vertical lines on the data points represent the statistical uncertainty in the data and
the hatched (filled) band corresponds to the total uncertainty in the postfit (prefit) prediction.

As an additional stress test, pseudodata samples were generated by reweighting signal
events based on a linear function of each differential variable we want to measure. Each
reweighting function was chosen to induce a linear shape difference of 30-40% between the first
and last bins of the reweighting variable distribution. The stress test then consisted of trying
to capture the reweighted distributions of all other variables based on this linear reweighting
function, estimating the sensitivity of the fitting procedure to a mismodelling of this variable.
We also perform another signal injection test in which pseudodata are constructed from signal
samples incorporating the effect of a number of EFT operators from the dim6top model.
We considered the effect of 22 different EFT operators, setting values to their associated
Wilson coefficients so that the modification they introduce in the particle-level kinematic
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shows the uncertainty of the prediction from ref. [17]. The lower panels show the ratio between the
predictions and the measurement. The vertical lines on the unfolded data points represent the total
experimental uncertainty of the unfolded cross section, while the horizontal bars show the statistical
component of the uncertainty.

— 23 —



x10° CMS 138 fb™ (13 TeV)
— : ‘ ‘
> - Data (MVA-based method)
9} | 2rss SR aMC@NLO+PY8: ]
= L — - FxFx arXiv:1209.6215 4
g - FxFx arXiv:2108.07826 1
S e .
-
& L i
KS) - i
5 L i
S
4_ — — — —
5 7 i
27 —

138 fb” (13 TeV)

\‘\l\‘\H‘\H‘\H‘H\‘\H‘o
=
(7]

ﬁ

——t

- FxFx arXiv:1209.6215

T
Data (MVA-based method)

aMC@NLO+PY8:

FxFx arXiv:2108.07826

200
Leading jet p_ (GeV)

100

200 300
Leading jet p_ (GeV)

Pred./
Data

n
o

do/dn(jet;)| (fb)
&

—_
o

CMS 138 fb” (13 TeV)

= ‘ — e
Data (MVA-based method)

I 2/SS SR aMC@NLO+PY8: .

- FxFx arXiv:1209.6215

FxFx arXiv:2108.07826

25

0 05 15 2
Leading jet n|
CMS ‘ 13816 (13 TeV)
Data (MVA-based method)
2(SS SR aMC@NLO+PY8:

1/odo/dn(jet;)|
o
[o2]

o
2}

0.4

0.2

- FxFxarXiv:1209.6215

FxFx arXiv:2108.07826

or

0.5

5 2 25
Leading jet m|

Figure 11. Absolute (upper row) and normalized (lower row) differential cross section measured
as a function of the leading jet pp (left) and leading jet |n| (right), using the MVA-based method.
The upper panels show the results of the measurement together with the theoretical predictions. The
blue band shows the uncertainty of the prediction from ref. [17]. The lower panels show the ratio
between the predictions and the measurement. The vertical lines on the unfolded data points represent
the total experimental uncertainty of the unfolded cross section, while the horizontal bars show the
statistical component of the uncertainty.

— 24 —



CMS 138 fb (13 TeV) CMS 138 fb” (13 TeV
T T T T T T

— ‘ ‘ ‘ ‘ — — )
o) - 7

% B ¢  Data (MVA-based method) RS ¢  Data (MVA-based method) _|
% 0.25- 2/SS SR aMC@NLO+PY8: - = [ 2sssR aMC@NLO+PY8: 3
g | — — - FxFx arXiv:1209.6215 o 16 — — - FxFx arXiv:1209.6215 E
:.R 0.2 FxFx arXiv:2108.07826 < 14F FxFx arXiv:2108.07826 .
] + s F ]
- : 5 12F 3

< s CF ]
E I C —]
‘g F E

o
o e
iy [$2)
T T
[
—_
o O
IRRERRRERRRN |

m 6
0.05 4
L i 2
L L L C L L L L L
- . -~  1.2F
B3E 1 BE 1
S Ow F E
iWa s : & Qo8 =
50 100 150 200 0 0.5 1 1.5 2 25
Subleading jet p_ (GeV) Subleading jet n|
x1 10*3 CMS ‘ ‘ ‘ ‘ 138 b (13 Tev) o CMS N _138 ‘fb" (13TeV)
% r ¢ Data (MVA-based method) ] *0_4,;' - ¢ Data (MVA-based method)
O L[ 2rsssR aMC@NLO+PY8: A = 0.8l 2¢sssmr aMC@NLO+PY8: 7
E r — — - FxFxarXiv:1209.6215 ] § T — — - FxFxarXiv:1209.6215 .
‘q‘_)c'\‘ 10~ FxFx arXiv:2108.07826 ] % B FxFx arXiv:2108.07826 7
> - I B 5 B ]
L r———— 1 = 7
) 8- ] ]
S f 1 1
L 6 ] —
4 t o [ L
r ] 0.21- I { —
2 ] i i
| E
j 1 E
50 100 150 200 0 0.5 1 1.5 2 25
Subleading jet p_ (GeV) Subleading jet |
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statistical component of the uncertainty.
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Figure 13. Absolute (upper row) and normalized (lower row) differential cross section measured
as a function of the leading (left) and subleading (right) lepton pr, using the MVA-based method.
The upper panels show the results of the measurement together with the theoretical predictions. The
blue band shows the uncertainty of the prediction from ref. [17]. The lower panels show the ratio
between the predictions and the measurement. The vertical lines on the unfolded data points represent
the total experimental uncertainty of the unfolded cross section, while the horizontal bars show the
statistical component of the uncertainty.

— 26 —



CMS 138 fb” (13 TeV) CMS 138 fb (13 TeV)
5 20F ‘ ‘ ‘ ‘ ‘ > €Y) = - : ‘ ‘ ‘ : ‘
= ¢  Data (MVA-based method) o 0161~ ¢  Data (MVA-based method)
8 [ 2SSSR aMC@NLO+PY8: . © o1af- 2SS SR aMC@NLO+PY8:

= — — - FxFx arXiv:1209.6215 = — — - FxFx arXiv:1209.6215
% 15—~ FxFx arXiv:2108.07826 B Q'_— 0.12F FxFx arXiv:2108.07826
e | i N
B 0.1
S r

10 — r

L

do/d% lepton
o
o 8 ¢
\\\‘\\\‘\\\‘\\
I
|-o—o—¢-
‘ |
‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\

r 7 0.06
5 —i — 0.04 i
B 1 0.02 -
0 L L L L L L L | L | L u
-~ © 1.2 E ~ ©
o e A  —  — - 8%
an08 = o0
0 0.5 1 1.5 2 25 0 100 200 300 400
Lepton maximum | X lepton p_(GeV)
CMS ‘ 138 ‘fb'1 (13 Tev) x10°CMS ‘ 138 fo' (13 Tev)
« —_ ‘ ‘ ‘ = — ‘ ‘ ‘
_(E“ = ¢  Data (MVA-based method) -] % 8? ¢  Data (MVA-based method) |
< 0 8; 2/SS SR aMC@NLO+PY8: n (\5 | 2/SS SR aMC@NLO+PY8: i
< L — — - FxFx arXiv:1209.6215 i :': L — — - FxFx arXiv:1209.6215 4
% o FxFx arXiv:2108.07826 T Q 6 ——— FxFxarXiv:2108.07826 —
S r 1 s - .
5 06F - s | |
oal 1 s 4P ]
4 i s | ]
L 4 ] S i 1
0.2f~ — 2 i
S ]
O T T _
o0 F
1.5 2 25 0 100 200 300 400
Lepton maximum | X lepton p_ (GeV)
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statistical component of the uncertainty.

— 29 —



p-value from X2 goodness-of-fit

Absolute Normalized
Variable MVA-based Counting MVA-based Counting
|An(ly,45)] 0.10 0.38 0.24 0.81
AR(l4,45) 0.40 0.60 0.84 0.92
AR(L,jet)min 0.08 0.08 0.11 0.20
Hy 0.05 <0.01 0.05 <0.01
Leading jet |n| 0.40 0.37 0.92 0.32
Leading jet pr 0.24 <0.01 0.49 <0.01
Subleading jet |n| 0.47 0.46 0.91 0.31
Subleading jet pr 0.28 <0.01 0.47 0.01
Leading lepton pt 0.15 0.19 0.31 0.49
Subleading lepton p 0.11 0.29 0.12 0.89
Lepton maximum |n| 0.35 0.35 0.78 0.46
>~ lepton pr 0.28 0.06 0.39 0.16
m(leptons) 0.20 0.19 0.31 0.20
Number of jets 0.18 0.46 0.31 0.64

Table 3. The p-values from the X2 goodness-of-fit tests comparing the absolute (column 1 and 2)
and normalized (column 3 and 4) differential cross sections predicted by the new FxFx model [17]
with the two measurements in the 2¢SS region.

distributions is comparable to or higher than the analysis sensitivity. This set-up allows us
to study the effect of modifications in multidimensional kinematic distributions of our signal.
The results of these studies show that both methods are very robust to such alternate signal
models, with the first test showing no bias in both measurement strategies. In the EFT-based
injection test, most modified distributions could also be recovered without bias. It is however
noted that the counting method is more robust to extreme modifications of more than 100%
in the final bin of jet-energy related variables, such as Hr, but is only biased for models that
largely modify the charge asymmetry of ttW. Overall, the counting method is identified as
the most resilient and should hence be the preferred result for most BSM interpretations that
typically involve large deviations from the SM predictions. As the MVA-based method also
shows good robustness and achieves slightly better precision, it is the preferred result only
for use-cases where the kinematic distributions of the considered models is close to that of
our reference models, such as alternative SM predictions or some BSM scenarios.

7.5 Signal extraction in the 3¢ region

In the 3¢ region we do not use the event-level MVA as the ML algorithm does not provide a
better separability in this region while the signal purity diminishes significantly. Instead, we
select events in which the leptons pass the tight selection criteria described in section 4 to
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Figure 17. Scalar pp sum of the jets in the event (left) and scalar pp sum of the leptons in the event
(right); in the trilepton signal selection for data (points) and predictions (filled histograms) after the
fit to the data for the tight lepton selection. The lower panels show the ratio of the data to the sum
of the postfit predictions (points) and the ratio of the data to the prefit predictions (red line). The
vertical lines on the data points represent the statistical uncertainty in the data and the hatched
(filled) band corresponds to the total uncertainty in the postfit (prefit) prediction. Events that exceed
the range of the plot are included in the last bin. The bin contents are divided by bin width.

ensure a high-purity selection while relying less on the discrimination between signal and
background based on event-level kinematic variables. The Ht and > lepton pt distributions
in the 3¢ region are shown in figure 17. To further increase the analysis sensitivity, we
categorize events at reconstruction level in four categories according to the flavor of the
leptons. To constrain some of the background processes, the number of observed events in the
three- and four-lepton CRs are included in the fit as a function of the same variables as in the
2£5S region fitting strategy. The VR NP is not included in the fit to guarantee the nonprompt
background will not be calibrated in the measurement phase space. The ChargeMisld VR is
also not included as the charge-misidentification background is not relevant in the 3¢ region.

Figure 18 shows the absolute and normalized differential cross section measured in the
3¢ SR as a function of Hyp and > lepton pp. These two variables were selected as the
information contained by the two variables is different from that in the 2¢SS SR, as Hy in
the 3¢ SR does not contain the two jets in the hadronically decaying W boson present in
the 2¢SS. The ) lepton pp variable in this region includes three leptons, in contrast to
the two that are considered in the 2SS SR.

8 Measurement of the charge asymmetry

We measure the leptonic charge asymmetry, Aﬁ, in signal events using events with three
¢ .
leptons. The asymmetry A. is defined as

Al N(Ay" > 0) — N(Ay* <0) 8.1)
© N(AY > 0)+ Ny <0) '
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Figure 18. Absolute (upper row) and normalized (lower row) differential cross section measured as a
function of the Hy (left) and the scalar sum of the lepton prp’s, using the counting method in the 3¢
SR. The upper panels show the results of the measurement together with the theoretical predictions.
The blue band shows the uncertainty of the prediction from ref. [17]. The lower panels show the
ratio between the predictions and the measurement. The vertical lines on the unfolded data points
represent the total experimental uncertainty of the unfolded cross section, while the horizontal bars
show the statistical component of the uncertainty.
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Ayz denotes |y,+| — |y,-|, where y,+ (y,-) are the rapidity of the lepton produced in the top
quark (antiquark) decays. This quantity is only well-defined in the 3¢ region, since for signal
events in this region, both top quarks must have produced leptons in their decay.

To reconstruct AyZ we must determine the two leptons that have been produced in the
top quark decays out of the three in the event. In a three-lepton ttW T (ttW™) event, there
are two leptons with positive (negative) charge and a third one with negative (positive)
charge. Since the two top quarks have the opposite electric charge, the negatively (positively)
charged lepton must come from a top antiquark (quark) decay. To determine which one of
the remaining two is produced in the other top quark decay and which one in the spectator
W boson decay, we employ a neural network that assigns to each lepton the probability of
belonging to each of the categories. The neural network is trained using PYTORCH [78]
considering a sample of positive (negative) leptons from ttW™ (ttW ™) production, passing
the selection of the fiducial region, described in section 7. We define as signal those leptons
produced in a top quark decay and as background those produced in the W boson decay. The
network, which yields as output a per-lepton quantity, takes as an input a set of variables
associated to the given lepton. In addition to the lepton, we consider two jets that are proxies
to the b jets produced in the top quark decays, which correspond to the b-tagged jets with
the highest pr. In case there is only one b-tagged jet in the event, we consider that one and
the jet closest in AR to the lepton. The input variables to the discriminator are

e the lepton pp, 1, and ¢;

e the invariant mass of the system formed by the lepton and each of the two proxy jets,
and

e the AR distance between the lepton and each of the two proxy jets.

Out of the two SS leptons, we take the one with the largest neural network score. This
selection gives the correct pairing in 71% of the cases. We then compute Ayfeco using the
selected lepton and the one with the opposite sign.

In order to measure Aﬁ, we consider events in the 3¢ region, with the exception that we
replace the requirement that events have two loose b-tagged jets with a requirement of at
least one medium b-tagged jet is present in the event. In addition, we require events with an
opposite-sign same-flavor lepton pair, less than 4 jets, and less than 2 b-tagged jets to pass
a selection of p™* > 50 GeV to reject DY +jets events with nonprompt leptons and photon
conversions from Z7y events. Events are then classified based on their kinematic properties
with the twofold goal of building regions pure in ttW signal and separating events with
Ayz > 0 and Aye < 0. A set of 8 categories is built based on the presence of a pair of
opposite-sign same-flavor lepton pair in the event, the jet and b-tagged jet multiplicities, and
the invariant mass of the opposite-sign same-flavor lepton pair closest to the Z boson mass.
The sequential categorization is shown in figure 19. In addition, we classify events in four
bins of Ayfcco with edges (—o0, —0.5,0,0.5,00), resulting in a total of 32 analysis bins.

To measure Aﬁ, we use a likelihood model similar to the one shown in eq. (7.1), in which
the parameters of interest are Aﬁ and the signal normalization. The expected signal yield
dependence on Aﬁ is introduced by means of the MC simulation templates with Ayé >0
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Figure 19. Categorization of three-lepton events for the measurement of the leptonic charge asym-
metry.

and Ay’ < 0. Figure 20 (left) shows the observed number of events in each of these bins,
together with the signal and background prediction obtained setting all fit parameters
to the values that maximize the likelihood. Figure 20 (right) shows the likelihood as a
function of Aﬁ, profiling over the systematic uncertainties and the signal normalization.
This procedure results in an observed (expected) value of Al = 019150 (syst) T016 (stat)
(—0.09 T5:05 (syst) 011 (stat)), consistent with the theoretical expectations from next-to-
leading order simulations of —0.085 + 0.006, and achieving a better sensitivity than the
previous measurement by ATLAS [22]. Additionally, we performed a goodness-of-fit test
using the saturated model, obtaining a p-value of 0.83, showing no indication of significant

tensions between data and the fitted model.

9 Summary

Measurements of properties of top quark-antiquark pair production in association with a W
boson (ttW) in proton-proton collisions at a center-of-mass energy of 13 TeV are performed
using a data sample corresponding to an integrated luminosity of 138 fb_l, recorded by the
CMS experiment. Events with either two leptons with the same electric charge or three leptons,
and multiple jets and b-tagged jets are used. The differential cross sections as a function
of kinematic variables sensitive to the modeling of the tt W process are measured, using a
multivariate discriminator for events in the two-lepton region and a counting method for events
in the three-lepton region. Overall, the normalized differential cross section measurements are
generally consistent with the standard model expectations, while the absolute cross sections
are above the theoretical predictions by approximately one standard deviation, consistent with
previous inclusive cross section measurements. In addition to the differential cross sections,
the leptonic charge asymmetry of this process is measured to be Aﬁ =-0.19 fg:%g, consistent
with the expectation of —0.085 + 0.006 predicted by next-to-leading order simulations.
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Figure 20. Left: Observed yields in the 32 bins used in the analysis for data (points) and predictions
(filled histograms) after the fit to the data for the tight lepton selection. The lower panels show the
ratio of the data to the sum of the postfit predictions (points) and the ratio of the data to the prefit
predictions (red line). The vertical lines on the data points represent the statistical uncertainty in the
data and the hatched (filled) band corresponds to the total uncertainty in the postfit (prefit) prediction.
Right: the observed (black) and expected (red) likelihood scan as a function of AS. The shaded areas
correspond to the 68 and 95% confidence level intervals around the best-fit value, respectively.
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A Results in the 2¢SS region using the counting method
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Figure 21. Distributions of some variables of interest in the two-lepton signal selection for data
(points) and predictions (filled histograms) after the fit to the data for the tight lepton selection. Left:
number of selected jets in the event (negative, positive signed leptons SR). Middle: scalar pp sum of
selected jets in the event (negative, positive signed leptons SR). Right: scalar pr sum of the leptons
in the event (negative, positive signed leptons SR). The lower panels show the ratio of the data to the
sum of the postfit predictions (points) and the ratio of the data to the prefit predictions (red line).
The vertical lines on the data points represent the statistical uncertainty in the data and the hatched
(filled) band corresponds to the total uncertainty in the postfit (prefit) prediction. Events that exceed
the range of the plot are included in the last bin. The bin contents of the middle and right side plots
are divided by the width of the bin.
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Figure 22. Absolute (upper row) and normalized (lower row) differential cross section measured as a
function of the jet multiplicity (left) and Hy (right), using the MVA-based and the counting method.
The upper panels show the results of the two measurements together with the theoretical predictions.
The blue band shows the uncertainty of the prediction from ref. [17]. Each two lower panels shows the
ratio between the predictions and each of the measurements. The vertical lines on the unfolded data
points represent the total experimental uncertainty of the unfolded cross section, while the horizontal
bars show the statistical component of the uncertainty.
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Figure 27. Absolute (upper row) and normalized (lower row) differential cross section measured as a
function of the invariant mass of the leptons (left) and the |An(¢,,£,)], using the MVA-based and
the counting method. The upper panels show the results of the two measurements together with the
theoretical predictions. The blue band shows the uncertainty of the prediction from ref. [17]. Each
two lower panels shows the ratio between the predictions and each of the measurements. The vertical
lines on the unfolded data points represent the total experimental uncertainty of the unfolded cross
section, while the horizontal bars show the statistical component of the uncertainty.
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Figure 28. Absolute (upper row) and normalized (lower row) differential cross section measured as
function of the AR(¢;,¢5) and the AR({y, jet),in, using the MVA-based and the counting method.
The upper panels show the results of the two measurements together with the theoretical predictions.
The blue band shows the uncertainty of the prediction from ref. [17]. Each two lower panels shows the
ratio between the predictions and each of the measurements. The vertical lines on the unfolded data
points represent the total experimental uncertainty of the unfolded cross section, while the horizontal
bars show the statistical component of the uncertainty.
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