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Ameasurement of the associated production of a top-quark pair (tt̄) with a vector boson (W , Z)
in proton–proton collisions at a center-of-mass energy of 13 TeV is presented, using 36.1 fb−1

of integrated luminosity collected by the ATLAS detector at the Large Hadron Collider. Events
are selected in channels with two same- or opposite-sign leptons (electrons or muons), three
leptons or four leptons, and each channel is further divided intomultiple regions tomaximize the
sensitivity of the measurement. The tt̄Z and tt̄W production cross sections are simultaneously
measured using a combined fit to all regions. The best-fit values of the production cross
sections are σt t̄Z = 0.95 ± 0.08stat. ± 0.10syst. pb and σt t̄W = 0.87 ± 0.13stat. ± 0.14syst. pb in
agreement with the Standard Model predictions. The measurement of the tt̄Z cross section is
used to set constraints on effective field theory operators which modify the tt̄Z vertex.
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1 Introduction

Properties of the top quark have been explored by the Large Hadron Collider (LHC) and previous collider
experiments in great detail. The production cross sections of top-quark pairs and single top quarks, as well
as the top-quark mass, spin correlations and W boson helicity fractions have all been measured. Other
properties of the top quark are now becoming accessible, owing to the large center-of-mass energy and
luminosity at the LHC. These include its coupling to the Higgs boson and electroweak neutral-current
couplings, accessed by measurements of pair-produced top quarks in association with a Higgs boson [1–4]
or a photon [5–8].

Measurements of top-quark pairs in association with a Z or W boson (tt̄Z and tt̄W) provide a direct probe
of the weak couplings of the top quark [9–11]. These couplings may be modified in the presence of physics
beyond the Standard Model (BSM). Any deviations from the SM predictions due to BSM effects can be
parameterized in a model-independent way using the framework of the Standard Model Effective Field
Theory (SMEFT) [12–14]. If no deviations are observed, measurements of the tt̄Z and tt̄W production
cross sections, σt t̄Z and σt t̄W , can be used to set constraints on the weak couplings of the top quark in
the SMEFT context. The tt̄Z and tt̄W processes were observed by ATLAS [15, 16] and CMS [17, 18],
with measured cross sections compatible with the SM prediction. At 13 TeV, ATLAS analysed 3.2 fb−1

of data using the same-sign dimuon, trilepton and tetralepton channels, and measured σt t̄Z = 0.9 ± 0.3
pb and σt t̄W = 1.5 ± 0.8 pb, while CMS analysed 35.9 fb−1 and measured 0.99+0.15

−0.13 pb and 0.77+0.18
−0.16 pb,

respectively.

The production of tt̄Z and tt̄W is often an important background in searches involving final states with
multiple leptons and b-quarks. These processes also constitute an important background in measurements
of the associated production of the Higgs boson with top quarks.

This paper presents measurements of the tt̄Z and tt̄W cross sections using proton–proton (pp) collision data
at a center-of mass energy

√
s = 13 TeV corresponding to an integrated luminosity of 36.1 fb−1, collected

by the ATLAS detector in 2015 and 2016. The final states of top-quark pairs produced in association with a
Z or a W boson contain up to four isolated, prompt leptons.1 In this analysis, events with two opposite-sign
(OS) or same-sign (SS) leptons, three leptons or four leptons are considered. The dominant backgrounds
in these four channels are Z+jets and tt̄, events with non-prompt or misidentified leptons, W Z , and Z Z
production, respectively. An interpretation of the tt̄Z cross-section measurement in the SMEFT framework
is also performed.

2 The ATLAS detector

The ATLAS detector [19] consists of three main subsystems: an inner tracking system, electromagnetic
(EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner detector (ID) consists of a
high-granularity silicon pixel detector, including the insertable B-layer [20, 21], which is the innermost
layer of the tracking system, and a silicon microstrip tracker, together providing precision tracking in

1 In this paper, lepton is used to denote electron or muon, and prompt lepton is used to denote a lepton produced in a Z or W
boson decay, or in the decay of a τ-lepton which arises from a Z or W boson decay.
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the pseudorapidity2 range |η | < 2.5, followed by a transition radiation tracker covering |η | < 2.0. All
these systems are immersed in a 2 T magnetic field provided by a thin superconducting solenoid. The
EM sampling calorimeter uses lead and liquid argon (LAr) and is divided into barrel (|η | < 1.475)
and endcap (1.375 < |η | < 3.2) regions. Hadronic calorimetry is provided by a steel/scintillator-tile
calorimeter, segmented into three barrel structures, in the range |η | < 1.7, and by two copper/LAr hadronic
endcap calorimeters that cover the region 1.5 < |η | < 3.2. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules, optimized for EM and hadronic measurements,
respectively, covering the region 3.1 < |η | < 4.9. The muon spectrometer measures the deflection of
muons in the range |η | < 2.7 using multiple layers of high-precision tracking chambers located in toroidal
magnetic fields. The field integral of the toroids ranges between 2.0 Tm and 6.0 Tm for most of the detector.
The muon spectrometer is also instrumented with separate trigger chambers covering |η | < 2.4. A two-level
trigger system [22], using custom hardware followed by a software-based trigger level, is used to reduce
the event rate to an average of around 1 kHz for offline storage.

3 Data and simulated event samples

The data were collected with the ATLAS detector during 2015 and 2016 at a proton–proton (pp) collision
energy of 13 TeV. The bunch spacing was 25 ns and the mean number of interactions per bunch crossing
was 14 (25) in 2015 (2016). With strict data-quality requirements, the integrated luminosity considered
corresponds to 36.1 fb−1 [23, 24].

Monte Carlo (MC) simulation samples are used to model the expected signal and background distributions
in the different control, validation and signal regions described below. The heavy-flavor hadron decays
involving b- and c-quarks, particularly important in this measurement, were modeled using EvtGen [25]
v1.2.0, except for those processes modeled using the Sherpa [26] generator, as described below. In all
samples the top-quark mass was set to 172.5GeV, and the Higgs boson mass was set to 125GeV. The
response of the detector to stable3 particles was emulated by a dedicated simulation [27] based either fully
on Geant [28], or on a faster simulation [29] using a parameterized calorimeter response and Geant for
other detector systems. To account for additional pp interactions from the same and nearby bunch crossings
(pileup), minimum-bias interactions generated using Pythia v8.186 [30], referred to as Pythia 8 in the
following, with the A2 [31] set of tuned MC parameters (A2 tune) were superimposed on the hard-scattering
events.

Simulated events were corrected using per-event weights to describe the distribution of the average number
of interactions per proton bunch-crossing as observed in data. All samples were processed through the
same reconstruction software as used for the data. Simulated events were corrected so that the object
identification, reconstruction and trigger efficiencies, energy scales and energy resolutions match those
determined from data control samples.

The associated production of a top-quark pair with one or two vector bosons was generated at next-to-leading
order (NLO) with MadGraph5_aMC@NLO [32] (referred to in the following as MG5_aMC) version 2.3.2
interfaced to Pythia 8. The cross sections for the tt̄Z and tt̄W processes at 13 TeV, computed including

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).

3 A particle is considered stable if cτ ≥ 1 cm.
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NLO QCD and electroweak corrections using MG5_aMC, are σt t̄Z = 0.88 pb and σt t̄W = 0.60 pb with an
uncertainty of ∼12% [32–34]. The uncertainty is primarily due to higher-order QCD corrections, estimated
by varying the renormalization (µr) and factorization (µf) scales. The γ∗ contribution and the Z/γ∗
interference were included in the tt̄Z samples, with the dilepton invariant mass (m``) required to be above
5 GeV. The NNPDF2.3NLO parton distribution function (PDF) set [35] was used in the matrix-element (ME)
computation. The A14 [36] set of tuned MC parameters (A14 tune) was used together with the NNPDF2.3LO
PDF set [37] in the parton shower.

The t-channel production of a single top quark in association with a Z boson (tZ) was generated at leading
order (LO) using MG5_aMC v2.2.3 interfaced to Pythia v6.427 [38], referred to as Pythia 6 in the
following, with the CTEQ6L1 [39] PDF set and the Perugia2012 [40] set of tuned MC parameters at NLO
in QCD. The four-flavor scheme was used in the generation, and the sample was normalized using the cross
section computed at NLO in QCD using MG5_aMC.

The production of a single top quark together with aW and a Z boson (tW Z) was generated with MG5_aMC
v2.3.3 using the NNPDF3.0NLO PDF set [35]. The generation was performed at NLO in QCD using the
five-flavor scheme. Diagrams containing a top-quark pair were removed to avoid overlap with the tt̄Z
process. The parton shower was modeled by Pythia 8 with the A14 tune. The sample was normalized
using the NLO cross section obtained from the generator.

Events containing Z or W bosons with associated jets were simulated using the Sherpa 2.2.1 event
generator. The matrix-element calculation was performed using Comix [41] and OpenLoops [42] for up to
two partons at NLO and four partons at LO, and merged with the Sherpa parton shower [43] according to
the ME+PS@NLO prescription [44]. The NNPDF3.0NNLO PDF set was used in conjunction with dedicated
parton-shower tuning developed by the Sherpa authors. The Z/W + jets samples were normalized to
next-to-next-to-leading-order (NNLO) QCD cross sections for Z/W production calculated by the FEWZ
program [45].

Diboson processes with four charged leptons (4`), three charged leptons and one neutrino (```ν) or two
charged leptons and two neutrinos (``νν) were simulated using the Sherpa 2.1.1 generator. The matrix
elements included all diagrams with four electroweak vertices. They were calculated including up to
three partons at LO, and the CT10 PDF set [46] was used in conjunction with a dedicated parton-shower
tune developed by the Sherpa authors. The invariant mass of any two opposite-sign, same-flavor (OSSF)
leptons was required to be greater than 5GeV in the generated events.

The production of three massive vector bosons with subsequent leptonic decays of all three bosons was
modeled at LO with the Sherpa 2.1.1 generator and the CT10 PDF set. Up to two additional partons were
included in the matrix element at LO and the full NLO accuracy was used for the inclusive process.

Electroweak processes involving the vector-boson scattering (VBS) diagram and producing two same-sign
leptons, two neutrinos and two partons were modeled using Sherpa 2.1.1 at LO accuracy and the CT10
PDF set. Processes of orders four and six in the electroweak coupling constant were considered, and up to
one additional parton was included in the matrix element. Other VBS processes are found to be negligible
in the analysis regions considered.

The Powheg-Box [47–50] v2 generator with the NNPDF3.0NLO PDF set was used for the generation of tt̄
events. The parton shower and the underlying event were simulated using Pythia 8 with the NNPDF2.3LO
PDF set and the corresponding A14 tune. The hdamp parameter, which controls the transverse momentum
of the first gluon emission beyond the Born configuration, was set to 1.5 times the top-quark mass. The tt̄
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samples were normalized to the NNLO cross-section predictions, including soft-gluon resummation to
next-to-next-to-leading-logarithm order, as calculated with the Top++2.0 [51] program.

Electroweak s-channel and t-channel single-top-quark events, and Wt final states, were generated with
Powheg-Box v1, and the parton shower modeled by Pythia v6.428. The CT10 PDF set was used for
s-channel production and Wt events, while for t-channel production the four-flavor scheme was used for the
NLO matrix element calculations together with the fixed four-flavor PDF set CT10f4. Diagram removal
was employed to remove the overlap between tt̄ and Wt production [52]. The single-top-quark samples
were normalized to the cross sections computed at NLO reported in Refs. [53, 54] for the s- and t-channels
and at NLO with next-to-next-to-leading-logarithm soft-gluon corrections for Wt production [55].

Samples of tt̄ events produced in association with a Higgs boson (tt̄H) were generated using NLO matrix
elements in MG5_aMC with the NNPDF3.0NLO PDF set and interfaced to Pythia 8 for the modeling of the
parton shower. Higgs boson production via gluon–gluon fusion (ggF) and vector-boson fusion (VBF) was
generated using the Powheg-Box v2 generator with the CT10 PDF set. The parton shower and underlying
event were simulated using Pythia 8 with the CTEQ6L1 PDF set and AZNLO tune. Higgs boson production
with a vector boson was generated at LO using Pythia 8 with the NNPDF2.3LO PDF. All Higgs boson
samples were normalized using theoretical calculations presented in Ref. [34].

The SM production of three and four top quarks was generated at LO with MG5_aMC+Pythia 8, using
the A14 tune together with the NNPDF2.3LO PDF set. The samples were normalized using cross sections
computed at NLO [56, 57].

The events with a Z or W boson in association with a photon were simulated with up to three partons at LO
using Sherpa 2.1.1 (ME+PS mode) and the CT10 PDF set. They were normalized to the LO cross section
obtained from the generator. The tt̄γ process was generated at LO with MG5_aMC+Pythia 8, using the
A14 tune together with the NNPDF2.3LO PDF set and normalized to the NLO cross section. Events in the tt̄
sample with radiated photons of high transverse momentum were vetoed to avoid overlap with those from
the tt̄γ sample.

4 Object reconstruction

Electron candidates [58] are reconstructed from energy deposits (clusters) in the EM calorimeter that are
associated with reconstructed tracks in the ID. Electrons are required to pass the ‘medium’ likelihood
identification requirements described in Ref. [58]. In the SS dilepton channel, the ‘tight’ likelihood
requirement is used instead. The electrons are also required to have transverse momentum pT > 7GeV and
|ηcluster | < 2.47, where ηcluster is the pseudorapidity of the calorimeter energy deposit associated with the
electron candidate. Candidates in the EMcalorimeter barrel/endcap transition region 1.37 < |ηcluster | < 1.52
are excluded.

Muon candidates are reconstructed from a fit to track segments in the various layers of the muon spectro-
meter, matched with tracks identified in the inner detector. Muons are required to have pT > 7GeV and
|η | < 2.5 and to pass the ‘medium’ identification requirements defined in Ref. [59]. The ‘medium’ criteria
include requirements on the numbers of hits in the ID and MS as well as a compatibility requirement
between momentum measurements in the ID and MS. They provide a high efficiency and purity of selected
muons. Electron candidates sharing a track with a muon candidate are removed.
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To reduce the background due to non-prompt leptons from hadron decays, photon conversions or jets
misidentified as leptons (labeled as “fake leptons” throughout this paper), electron and muon candidates
are required to be isolated. In the OS dilepton and the tetralepton channels, as well as in those trilepton
regions that target the tt̄Z process, the total sum of the track transverse momenta in a surrounding cone
of size ∆Rη ≡

√
(∆η)2 + (∆φ)2 = min(10GeV/pT, re,µ), excluding the track of the candidate, is required

to be less than 6% of the candidate pT, where re = 0.2 and rµ = 0.3. In addition, the sum of the cluster
transverse energies in the calorimeter within a cone of size ∆Rη = 0.2 around any electron candidate,
excluding energy deposits of the candidate itself, is required to be less than 6% of the candidate pT.

In the SS dilepton channel and those trilepton regions targeting the tt̄W process, where the fake-lepton
background is particularly important, tighter isolation requirements are imposed on candidate leptons. A
multivariate discriminant is built to distinguish prompt leptons from leptons arising from heavy-hadron
decays inside jets [1]. The discriminant uses information from charged-particle tracks in a cone around
the lepton candidate. Jets are reconstructed from these tracks to obtain a track-jet, and the discriminant is
constructed from information such as the angular distance between the lepton and the track-jet, the number
of tracks in the track-jet and the ratio of the lepton candidate pT to the track-jet pT. The rejection factor
obtained for leptons from b-hadron decays is about 20, while the prompt-lepton efficiency is about 85%
(80%) for pT ∼ 20 GeV and reaches a plateau of ∼ 98% (96%) for muons (electrons) at high pT. Simulated
events are corrected to account for differences in the prompt-lepton tagging discriminant between data and
simulation.

Another important background in the SS dilepton channel arises from electrons with misidentified charge.
To suppress this background, another multivariate discriminant is used, which takes as inputs various
track and cluster properties of the electron candidates [1]. The discriminant provides a 95% efficiency
for electrons with correct charge reconstruction while achieving a rejection factor of ∼ 17 for electrons
with misidentified charge that pass the ‘tight’ likelihood identification requirement. Correction factors are
applied to selected electrons to match the efficiency of the discriminant in simulation to that measured in
data.

For both the electrons and muons, the longitudinal impact parameter of the associated track relative to the
primary vertex,4 z0, is required to satisfy |z0 sin θ | < 0.5 mm. The significance of the transverse impact
parameter d0 is required to satisfy |d0 |/σ(d0) < 5 for electrons and |d0 |/σ(d0) < 3 for muons, where σ(d0)
is the uncertainty in d0.

Jets are reconstructed using the anti-kt algorithm [60, 61] with radius parameter R = 0.4, starting from
topological energy clusters in the calorimeters [62]. The effect of pileup on jet energies is accounted for by
a jet-area-based correction [63] and the energy resolution of the jets is improved by using global sequential
corrections [64]. Jets are calibrated to the hadronic energy scale using energy- and pseudorapidity-dependent
calibration factors derived from data. Jets are accepted if they fulfill the requirements pT > 25GeV and
|η | < 2.5. To reduce the contribution from jets associated with pileup, jets with pT < 60GeV and |η | < 2.4
are required to satisfy pileup rejection criteria (JVT), based on a multivariate combination of track-based
variables [65].

Jets are tagged as likely to contain b-hadrons (b-tagged) with a multivariate discriminant making use of
the long lifetime, large decay multiplicity, hard fragmentation and high mass of b-hadrons [66]. For the
working point used in this analysis, the average efficiency for correctly tagging a b-jet is approximately
77%, as determined in simulated tt̄ events. In simulation, the tagging algorithm gives a rejection factor of

4 A primary vertex candidate is defined as a vertex with at least two associated tracks, consistent with the beam collision region.
The vertex candidate with the largest sum of squared transverse momenta of its associated tracks is taken as the primary vertex.
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134 against light-quark and gluon jets, and 6.2 against charm-quark jets. The b-tagging efficiency and
mistagging rates in simulation are corrected to reproduce those in data [66].

The missing transverse momentum pmiss
T , with magnitude Emiss

T , is a measure of the transverse momentum
imbalance due to particles escaping detection. It is computed [67] as the negative sum of the transverse
momenta of all electrons, muons and jets and an additional soft term. The soft term is constructed from all
tracks that are associated with the primary vertex but not with any lepton or jet. In this way, the Emiss

T
is adjusted for the best calibration of the jets and the other identified objects, while maintaining pileup
independence in the soft term [67, 68].

To prevent double-counting of electron energy deposits as jets, the closest jet within ∆Ry = 0.2 of a
reconstructed electron is removed, where ∆Ry ≡

√
(∆y)2 + (∆φ)2 and y is the rapidity of the electron. If

the nearest jet surviving the above criterion is within ∆Ry = 0.4 of an electron, the electron is discarded to
ensure that selected electrons are sufficiently separated from nearby jet activity. To reduce the background
from muons originating from heavy-flavor particle decays inside jets, muons are removed if they are
separated from the nearest jet by ∆Ry < 0.4. However, if this jet has fewer than three associated tracks, the
muon is kept and the jet is removed instead; this ensures that high-energy muons undergoing significant
energy loss in the calorimeter are retained.

5 Event selection and background estimation

Table 1 lists the analysis channels and the targeted decay modes of the tt̄Z and tt̄W processes. Each channel
is divided into multiple analysis regions in order to enhance the sensitivity to the signal. Simultaneous fits
to the signal regions and dedicated control regions are performed to extract the cross sections for tt̄Z and
tt̄W production.

Table 1: List of tt̄W and tt̄Z decay modes and analysis channels targeting them. The symbols b and ν denote a
bottom quark or antiquark and neutrino or antineutrino, respectively, with charge conjugation implied.

Process tt̄ decay Boson decay Channel

tt̄W
(`±νb)(qq̄b) `±ν SS dilepton
(`±νb)(`∓νb) `±ν Trilepton

tt̄Z
(qq̄b)(qq̄b) `+`− OS dilepton
(`±νb)(qq̄b) `+`− Trilepton
(`±νb)(`∓νb) `+`− Tetralepton

Only events collected using single-electron or single-muon triggers are accepted. Events are required to
have at least one reconstructed primary vertex. In all regions considered, at least one reconstructed lepton
with pT > 27GeV is required to match (∆Rη < 0.15) a lepton with the same flavor reconstructed by the
trigger algorithm. Four channels are defined: same-sign dilepton, opposite-sign dilepton, trilepton and
tetralepton.

The shapes of background distributions containing prompt leptons are modeled by simulation. The
normalizations for the W Z and Z Z processes, as well as the production of a Z boson in association with
heavy-flavor (HF) jets, are taken from data control regions as defined in this section and which are included
in the fit discussed in Section 7. The yields in these data control regions are extrapolated to the signal
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regions using simulation. Systematic uncertainties in the extrapolation are taken into account in the overall
uncertainty in the background estimate.

The contribution from events containing an electron with misidentified charge (referred to as “charge-flip”
in the following) is estimated from data. The charge-flip probability is extracted in events containing a pair
of electrons with m`` close to the Z boson mass. It is parameterized in pT and η and is found to range from
around 0.01% to 2%, increasing with pT and η, for electrons passing the identification and isolation criteria
applied in the SS dilepton channel. The probability is extracted by maximizing a likelihood which relates
the number of events in which the two electrons have the same charge to the total number of observed
events. The background contribution from events other than charge-flip electrons in the same-sign region
is estimated from a sideband of the m`` distribution and subtracted before performing the likelihood fit.

The charge-flip background contribution in any SS dilepton region is estimated by constructing a control
region with identical requirements, but without any requirement on the lepton charge, and applying the
appropriate charge-flip probabilities.

Background sources involving one or more fake leptons are modeled using data events from dedicated
regions. For the SS dilepton (2`-SS) and trilepton channels the fake-lepton background is estimated using
the matrix method [69]. The matrix method makes use of events with the same selection as the region of
interest, but for which the electron identification criteria are relaxed to the ‘loose’ likelihood requirement
of Ref. [58], and neither electrons nor muons are required to be isolated. These leptons are referred to as
loose leptons, whereas leptons satisfying the full set of identification and isolation criteria of Section 4
are referred to as tight leptons. The fake-lepton background in any region of interest is obtained from the
aforementioned events using efficiencies for prompt and fake leptons to satisfy the tight criteria.

The lepton efficiencies are extracted in control regions with a likelihood fit, by using the model of the matrix
method, and assuming that the number of events with two fake leptons is negligible. The control regions
are defined in dilepton events, separately for events with exactly one b-tagged jet and ≥ 2 b-tagged jets.
The prompt lepton efficiencies are measured in inclusive OSSF events, while fake-lepton efficiencies are
measured in events with same-sign leptons. Both the prompt and fake-lepton efficiencies are parameterized
as a function of the lepton pT. The measurement of fake-lepton efficiencies is performed after subtracting the
estimated contribution from charge-flip events. Contributions from processes with two prompt same-sign
leptons or one real lepton and a photon conversion (arising mainly from tt̄γ production) are estimated from
simulation and are also subtracted. The prompt and fake-lepton efficiencies are extracted separately for the
regions targeting tt̄Z and those targeting tt̄W , due to the different lepton isolation requirements applied in
the two sets of regions.

In the tetralepton channel, the matrix method is not used due to the small number of events in data with
four selected leptons. Instead, the contribution from backgrounds containing fake leptons is estimated from
simulation and corrected with scale factors determined in control regions. The contributions from events
containing a photon conversion (denoted by γ + X) in the SS dilepton and trilepton channels are estimated
from simulation and scaled with these correction factors, obtained separately for lepton type and origin.

5.1 Opposite-sign dilepton analysis

The OS dilepton analysis targets the tt̄Z process, where both top quarks decay hadronically and the Z boson
decays to a pair of leptons (electrons or muons). Events are required to have exactly two OSSF leptons.
Events with additional isolated leptons are rejected. The invariant mass of the lepton pair is required to be
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in the Z boson mass window, |m`` − mZ | < 10 GeV. The leading (subleading) lepton is required to have a
transverse momentum of at least 30 (15) GeV.

The OS dilepton analysis is affected by large backgrounds from Z+jets or tt̄ production, both characterized
by the presence of two leptons. In order to improve the signal-to-background ratio and constrain these
backgrounds from data, three separate analysis regions are considered, depending on the number of
jets (njets) and number of b-tagged jets (nb-tags): 2`-Z-5j2b, 2`-Z-6j1b and 2`-Z-6j2b. The signal region
requirements are summarized in Table 2. In signal region 2`-Z-5j2b, exactly five jets are required, of which
at least two must be b-tagged. In 2`-Z-6j1b (2`-Z-6j2b), at least six jets are required with exactly one (at
least two) being b-tagged jets.

Table 2: Summary of the event selection requirements in the OS dilepton signal regions.

Variable 2`-Z-6j1b 2`-Z-5j2b 2`-Z-6j2b

Leptons = 2, same flavor and opposite sign
m`` |m`` − mZ | < 10GeV
pT (leading lepton) >30GeV
pT (subleading lepton) >15GeV
nb-tags 1 ≥ 2 ≥ 2
njets ≥ 6 5 ≥ 6

In order to separate signal from background, boosted decision trees (BDTs) are used. The BDTs are
constructed and trained separately for each region against all the contributing backgrounds, using as input
15, 14 and 17 variables for 2`-Z-6j1b, 2`-Z-5j2b and 2`-Z-6j2b, respectively. Fourteen of the variables are
common to the three regions. The details of the variables used are given in Table 11 in the Appendix. In
all three regions, the variables with the largest discriminative power are found to be:

• the η of the dilepton system,

• the scalar sum of transverse momenta of all jets divided by the sum of their energies,

• the first Fox–Wolfram moment H1 [70].

Each of the signal regions is further divided into 19 equal-size bins of the BDT distribution. To avoid
relying on simulation for the normalization of Z+HF jet production, the Z+jets background is constrained
by using events with low values of the BDT discriminant. The simulated Z+jets background is split into
three components, Z+0HF, Z+1HF and Z+2HF, depending on the number of reconstructed jets which are
matched to a generator-level b- or c-hadron (heavy-flavor, or HF jets). The normalization factors of the
Z+1HF and Z+2HF components of the Z+jets background are determined from the fit to data, as described
in Section 7, while the normalization of the Z+0HF component is taken from simulation.

A data-driven method is used to estimate the tt̄ background in the OS dilepton signal regions. Control
regions are defined which are identical to the signal regions, except that the requirement of two leptons with
the same flavor and opposite sign is replaced by the requirement of two leptons with different flavors and
opposite sign. In this manner, three regions enriched in tt̄ background are obtained. The number of tt̄ events
in each same-flavor dilepton region is estimated from corresponding opposite-flavor regions, corrected
for non-tt̄ backgrounds and differences in contributions from leptonic τ-lepton decays. This procedure is
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applied to each bin of the distribution under consideration. Figure 1 shows the BDT distributions for the tt̄
control regions. Agreement between the data and the expectation is observed.
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Figure 1: The BDT distributions for the tt̄ control regions (a) 2`-Z-6j1b, (b) 2`-Z-5j2b, (c) 2`-Z-6j2b. The shaded
band represents the total uncertainty. The ‘Other’ background contains SM processes with small cross sections
producing two opposite-sign prompt leptons, including the tt̄Z process, whose contribution is negligible.

5.2 Same-sign dilepton analysis

The SS dilepton signal regions target the tt̄W process. Events are required to have two lepton candidates
with the same sign and pT > 27GeV. The scalar sum of the pT of selected leptons and jets, HT, is
required to be above 240GeV. Events containing additional loose leptons (with pT > 7GeV) are vetoed.
Twelve signal regions are defined in total, categorized by the number of b-tagged jets (one or ≥ 2) as
well as the charge and the flavor of the selected leptons. The signal regions are denoted by 2`-SSp-1b,
2`-SSm-1b, 2`-SSp-2b and 2`-SSm-2b, where “p” or “m” indicates the charge of the selected leptons.
Considering separate signal regions for positive and negative charges of the leptons increases the sensitivity

10



of the analysis since tt̄W events are preferentially produced with positively charged W bosons, while the
fake-lepton background and other processes such as tt̄Z and tt̄H are expected to be charge symmetric.

The event selection requirements in the SS dilepton regions are summarized in Table 3. The presence of at
least four jets and Emiss

T > 40GeV is required in all signal regions except 2µ-SSp-2b and 2µ-SSm-2b. In
these regions, the Emiss

T requirement is loosened to Emiss
T > 20GeV, and at least two jets are required. In

the 2e and 2µ signal regions, events containing a pair of leptons whose invariant mass is within 10GeV of
the Z boson mass are vetoed.

Table 3: Summary of the event selection requirements in the SS dilepton signal regions.

Requirement 2`-SS(p,m)-1b 2e-SS(p,m)-2b eµ-SS(p,m)-2b 2µ-SS(p,m)-2b

nb-tags =1 ≥ 2 ≥ 2 ≥ 2
Emiss
T > 40 GeV > 40 GeV > 40 GeV > 20 GeV

HT > 240 GeV
pT (leading lepton) > 27 GeV
pT (subleading lepton) > 27 GeV
njets ≥ 4 ≥ 4 ≥ 4 ≥ 2
Z veto |m`` − mZ | > 10 GeV in the 2e and 2µ regions

The control regions used to measure the fake-lepton efficiencies, as explained at the beginning of this
section, are defined to be orthogonal to the SS dilepton signal regions: either the Emiss

T , HT or jet multiplicity
requirements of the signal regions are not satisfied. The tt̄W signal contribution in the control regions
where both leptons satisfy the “tight” criteria is found to be non-negligible. To enhance the sensitivity
of the analysis, the latter regions are also included in the final fit used to measure the tt̄W cross section,
as discussed in Section 7. These six regions are further split according to the charge of the leptons, and
the resulting twelve regions are denoted by 2`-SS(p,m)-(1, 2)b-CR, following the same notation as for the
signal regions defined above. In each control region, both leptons are required to have pT > 27GeV, and at
least one (two) jets are required in the 1b (2b) regions. In addition, events containing a pair of leptons
whose invariant mass is compatible with the Z boson mass are vetoed. The largest contamination from tt̄W
is found to be 25%, in the region 2µ-SSp2b-CR.

The dominant background in the 2`-SS signal regions arises from events containing fake leptons. Back-
grounds from the production of prompt leptons with correctly identified charge come primarily from tt̄H
and W Z production. The charge-flip background is also significant in signal regions with two electrons. In
regions with two muons, this background is negligible as the probability of misidentifying the charge of a
muon in the relevant pT range is very small. To validate the charge-flip background, a validation region
called 2e-SS-1b-VR is constructed similarly to the 2e-SS signal regions, except that the number of jets is
required to be between one and three, to ensure orthogonality with the signal regions. The requirement on
HT is also removed, exactly one jet is required to be b-tagged, and the invariant mass of the lepton pair
is required to be greater than 15 GeV. The distributions of m`` and the leading lepton pT are shown in
Figure 2, demonstrating good modeling of the charge-flip background.

Figure 3 shows the distributions of HT, Emiss
T and the subleading lepton pT, for the control regions

2e-SS-2b-CR, eµ-SS-1b-CR and 2µ-SS-1b-CR. The data and the expectation agree well, demonstrating
the validity of the description of the fake-lepton background determined by the matrix method.
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Figure 2: Distributions in the 2e-SS-1b-VR validation region: (a) the invariant mass m`` of the lepton pair and (b)
leading lepton transverse momentum pT. The shaded band represents the total uncertainty. The ‘Other’ background
contains SM processes with small cross sections producing two same-sign prompt leptons. The last bin in each of the
distributions includes the overflow.

To facilitate comparisons of data with the expectation, three regions 2e-SS, eµ-SS and 2µ-SS are formed
by combining all the same-sign signal regions corresponding to a given lepton flavor combination. The
distributions of Emiss

T and the number of jets for these three regions are shown in Figure 4.

5.3 Trilepton analysis

Eight signal regions with exactly three leptons are considered, four of them targeting the tt̄Z and four
targeting the tt̄W process, as defined in Tables 4 and 5, respectively. The regions are divided into two
groups depending on whether or not a pair of OSSF leptons with invariant mass within 10GeV of the
Z boson mass is present. The signal regions are further categorized according to jet and b-tagged jet
multiplicities.

The four signal regions in the first group are sensitive to tt̄Z . In the 3`-Z-1b4j region, at least four jets are
required, exactly one of which is b-tagged. In the 3`-Z-2b3j region, exactly three jets with at least two
b-tagged jets are required. In the 3`-Z-2b4j region, at least four jets are required, of which at least two
are b-tagged. In the 3`-noZ-2b4j region, targeting events with an off-shell Z∗ or γ∗, at least four jets are
required, of which at least two are b-tagged; no OSSF lepton pair is allowed in the Z boson mass window.
The sum of the lepton charges must be ±1.

The remaining four trilepton signal regions target the tt̄W process. These regions require two or three
jets and veto events that contain an OSSF pair of leptons whose invariant mass is within 10GeV of the
Z boson mass. In the first two regions, 3`p-noZ-2b2j and 3`m-noZ-2b2j, at least two jets are required
to be b-tagged. In the other two regions, 3`p-noZ-1b2j and 3`m-noZ-1b2j, exactly one jet is required
to be b-tagged. The sum of lepton charges is required to be +1 (–1) in 3`p-noZ-2b2j and 3`p-noZ-1b2j
(3`m-noZ-2b2j and 3`m-noZ-1b2j). In regions 3`p-noZ-1b2j and 3`m-noZ-1b2j, HT > 240GeV is also
required. The signal region definitions for the trilepton channel are summarized in Tables 4 and 5 for the
signal regions targeting tt̄Z and tt̄W , respectively.
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Figure 3: Distributions in fake-lepton control regions: (a) scalar sum of transverse momenta of leptons and jets, HT,
in the 2e-SS-2b-CR region, (b) missing transverse momentum, Emiss

T , in the eµ-SS-1b-CR region and (c) subleading
lepton transverse momentum, pT, in the 2µ-SS-1b-CR region. The shaded band represents the total uncertainty. The
‘Other’ background contains SM processes with small cross sections producing two same-sign prompt leptons. The
last bin in each of the distributions includes the overflow.
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Figure 4: Distributions in the 2µ-SS, eµ-SS and 2e-SS regions of (a) (c) (e) the missing transverse momentum
Emiss
T and (b) (d) (f) the jet multiplicity. The shaded band represents the total uncertainty. The ‘Other’ background

contains SM processes with small cross sections producing two same-sign prompt leptons. The last bin in each of the
distributions includes the overflow.
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The dominant backgrounds in the 3`-Z-1b4j, 3`-Z-2b3j and 3`-Z-2b4j signal regions arise from diboson
production, the production of a single top quark in association with a Z boson (tZ and tW Z) and Z+jets
production with a fake lepton.

Table 4: Summary of event selection requirements in the trilepton signal regions targeting the tt̄Z process.

Variable 3`-Z-1b4j 3`-Z-2b3j 3`-Z-2b4j 3`-noZ-2b4j

Leading lepton pT > 27 GeV
Other leptons pT > 20 GeV
Sum of lepton charges ±1
Z requirement (OSSF pair) |m`` − mZ | < 10 GeV |m`` − mZ | > 10 GeV
njets ≥ 4 3 ≥ 4 ≥ 4
nb-tags 1 ≥ 2 ≥ 2 ≥ 2

Table 5: Summary of event selection requirements in the trilepton signal regions targeting the tt̄W process.

Variable 3`p-noZ-2b2j 3`m-noZ-2b2j 3`p-noZ-1b2j 3`m-noZ-1b2j

All leptons pT > 27 GeV
Z veto (OSSF pair) |m`` − mZ | > 10 GeV
njets 2 or 3
HT – > 240 GeV
Sum of lepton charges +1 –1 +1 –1
nb-tags ≥ 2 ≥ 2 1 1

A control region is used to determine the normalization of the W Z+jets background in data. Exactly three
leptons are required, at least one pair of which must be an OSSF pair with an invariant mass within 10GeV
of the Z boson mass. There must be exactly three jets, none of which pass the b-tagging requirement. This
region is referred to as 3`-WZ-CR and it is included in the fit. Distributions comparing data with SM
predictions in 3`-WZ-CR are shown in Figure 5, demonstrating good modeling of the W Z background.

Figure 6 shows the leading lepton pT and Emiss
T for events belonging to any of the four trilepton regions

targeting tt̄W . Distributions of the number of jets, the pT and mass of the reconstructed Z boson candidate
in the signal region most sensitive to tt̄Z , 3`-Z-2b4j, are shown in Figure 7.

5.4 Tetralepton analysis

The tetralepton channel targets the tt̄Z process for the case where both W bosons, resulting from top-quark
decays, and the Z boson decay leptonically. Events with two pairs of opposite-sign leptons are selected,
and at least one pair must have the same flavor. The OSSF lepton pair with reconstructed invariant mass
closest to mZ is attributed to the Z boson decay and denoted in the following by Z1. The two remaining
leptons are used to define Z2. The signal region definitions for the tetralepton channel are summarized in
Table 6. Four signal regions are defined according to the relative flavor of the two Z2 leptons, different
flavor (DF) or same flavor (SF), and the number of b-tagged jets: one, or at least two (1b, 2b). The signal
regions are thus 4`-DF-1b, 4`-DF-2b, 4`-SF-1b and 4`-SF-2b.
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Figure 5: Distributions of (a) the leading lepton transverse momentum pT and (b) the leading jet pT in the 3`-WZ-CR
control region before the fit. The ‘Other’ background contains SM processes with small cross sections producing
three prompt leptons. The shaded band represents the total uncertainty. The last bin in each of the distributions
includes the overflow.
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Figure 6: Distributions of (a) the subleading lepton transverse momentum pT and (b) missing transverse momentum
Emiss
T for events belonging to any of the four trilepton regions targeting the tt̄W process. The distributions are shown

before the fit. The ‘Other’ background contains SM processes with small cross sections producing three prompt
leptons. The shaded band represents the total uncertainty. The last bin in each of the distributions includes the
overflow.
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Figure 7: Distributions of (a) the number of jets, (b) the transverse momentum pT(``) and (c) the mass m`` of the
reconstructed Z boson candidate for events in 3`-Z-2b4j. The distributions are shown before the fit. The ‘Other’
background contains SM processes with small cross sections producing three prompt leptons. The shaded band
represents the total uncertainty. The last bin in each of the distributions includes the overflow.
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In the same-flavor regions, requirements on Emiss
T are applied to suppress the Z Z background. In

the 4`-SF-1b signal region, the Emiss
T is required to be greater than 80 GeV (40 GeV) for events with

|mZ2 − mZ | < 10 GeV (|mZ2 − mZ | > 10 GeV). In the 4`-SF-2b signal region, a requirement of
Emiss
T > 40 GeV is applied for events with |mZ2 − mZ | < 10 GeV.

To suppress events with fake leptons in the 1-b-tag multiplicity regions, additional requirements on the
scalar sum of the transverse momenta of the third and fourth leptons (pT34) are imposed. In the 4`-SF-1b
and 4`-DF-1b regions, events are required to satisfy pT34 > 25GeV and pT34 > 35GeV, respectively, while
in the other regions all leptons are required to satisfy pT > 10 GeV.

Table 6: Definitions of the four signal regions in the tetralepton channel.

Region Z2 leptons pT4 pT34 |mZ2 − mZ | Emiss
T nb-tags

4`-DF-1b e±µ∓ – > 35GeV – – 1
4`-DF-2b e±µ∓ > 10GeV – – – ≥ 2

4`-SF-1b e±e∓, µ±µ∓ – > 25GeV

{
> 10GeV
< 10GeV

> 40GeV
> 80GeV

}
1

4`-SF-2b e±e∓, µ±µ∓ > 10GeV –

{
> 10GeV
< 10GeV

-
> 40GeV

}
≥ 2

A control region used to determine the Z Z normalization, referred to as 4`-ZZ-CR, is included in the
fit and is defined to have exactly four reconstructed leptons, a Z2 pair with OSSF leptons, the value of
both mZ1 and mZ2 within 10GeV of the mass of the Z boson, and 20GeV < Emiss

T < 40GeV. The leading
lepton pT and the jet multiplicity in this control region are shown in Figure 8, and good agreement is seen
between data and prediction.
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Figure 8: Distribution of (a) the leading lepton transverse momentum pT and (b) jet multiplicity in the 4`-ZZ-CR
control region. The distributions are shown before the fit. The shaded band represents the total uncertainty. The last
bin in each of the distributions includes the overflow.

The contribution from backgrounds containing fake leptons is estimated from simulation and corrected
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with scale factors determined in two control regions: one region enriched in tt̄ events and one region
enriched in Z+jets events. The scale factors are extracted and applied separately for electron and muon
fake-lepton candidates, and for leptons arising from heavy-flavor hadrons and other sources. Therefore, a
total of four scale factors are determined. The scale factors are applied to all MC simulation events with
fewer than four prompt leptons according to the number, flavor and origin of the fake leptons. It is verified
that the scale factors for different generators used in the simulation are consistent with each other.

Figure 9 compares the data with the expected distributions for all four signal regions combined, showing
good agreement between data and expectation.
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Figure 9: Distributions, for all tetralepton signal regions combined, of (a) the number of jets, (b) the invariant mass
of the OSSF lepton pair closest to the Z boson mass, mZ1 , (c) the pseudorapidity separation ∆η for that pair of leptons
and (d) the azimuthal angle ∆φ between the remaining two leptons. The ‘Other’ background contains SM processes
with small cross sections producing four prompt leptons. The distributions are shown before the fit. The shaded band
represents the total uncertainty. The first and last bin include the underflow and overflow, respectively.
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6 Systematic uncertainties

The signal and background yields in each signal and control region may be affected by several sources of
systematic uncertainty. These are implemented as nuisance parameters in the fit, explained in Section 7, are
constrained by Gaussian probability density functions and are described in the following subsections.

6.1 Luminosity

The uncertainty in the integrated luminosity of the dataset is 2.1%. It is derived, following a methodology
similar to that detailed in Ref. [23], and using the LUCID-2 detector for the baseline luminosity
measurements [24], from a calibration of the luminosity scale using x–y beam-separation scans. This
systematic uncertainty affects all processes modeled using Monte Carlo simulations, apart from Z+1HF,
Z+2HF, W Z and Z Z , whose normalizations are taken from data control regions.

6.2 Uncertainties associated with reconstructed objects

Uncertainties associated with the lepton selection arise from the trigger, reconstruction, identification and
isolation efficiencies, and lepton momentum scale and resolution [59, 71–73].

Uncertainties associated with the jet selection arise from the jet energy scale (JES), the JVT requirement
and the jet energy resolution (JER). The JES and its uncertainty are derived by combining information
from test-beam data, collision data and simulation [64]. The uncertainties in the JER and JVT have a
significant effect at low jet pT.

The efficiency of the flavor-tagging algorithm is measured for each jet flavor using control samples in data
and in simulation. From these measurements, correction factors are derived to correct the tagging rates
in the simulation. In the case of b-jets, correction factors and their uncertainties are estimated from data
using dileptonic tt̄ events [66]. In the case of c-jets, they are derived using jets from W boson decays in tt̄
events [74]. In the case of light-flavor jets, correction factors are derived using dijet events [75]. Sources
of uncertainty affecting the b- and c-tagging efficiencies are considered as a function of jet pT, including
bin-to-bin correlations [76]. The uncertainty in the efficiency for tagging light-flavor jets depends on
the jet pT and on η. These systematic uncertainties are taken as uncorrelated between b-jets, c-jets, and
light-flavor jets. An additional uncertainty is assigned to account for the extrapolation of the b-tagging
efficiency measurement from the pT region used to determine the correction factors to regions with higher
transverse momentum.

The treatment of the uncertainties associated with reconstructed objects is common to all analysis channels,
and thus these are considered as fully correlated among different analysis regions.

6.3 Uncertainties in the signal modeling

Four sources of systematic uncertainties in the theoretical predictions of the tt̄Z and tt̄W processes are
considered. These signal modeling uncertainties are treated as uncorrelated between the two processes, and
correlated among channels. Taking instead the uncertainties as correlated between the two processes has a
negligible impact on the results. Acceptance effects due to the choice of scale and PDF in the nominal
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MG5_aMC+Pythia 8 (A14 tune) sample are considered. The renormalization and factorization scales
µr = µf are varied simultaneously by factors 2.0 and 0.5. In addition, the effects of a set of variations
in the tune parameters (A14 eigentune variations), sensitive to initial- and final-state radiation, multiple
parton interactions and color reconnection, are evaluated [36]. Studies performed at particle level show
that the largest impact comes from variations in initial-state radiation [77]. The systematic uncertainty due
to the choice of generator for the tt̄Z and tt̄W acceptance is estimated by comparing the nominal sample
with one generated with Sherpa v2.2. The Sherpa sample uses the LO matrix element with up to one
(two) additional parton(s) included in the matrix element calculation for tt̄Z (tt̄W) and merged with the
Sherpa parton shower [43] using the ME+PS@LO prescription. The NNPDF3.0NLO PDF set is used in
conjunction with a dedicated parton-shower tune developed by the Sherpa authors.

6.4 Uncertainties in the background modeling

The Z+jets process is, together with tt̄ production, the dominant background in the OS dilepton channel.
Its normalization is extracted from data as described in Section 5.1, but the shape of the BDT distribution
is obtained from simulation. To assess the systematic uncertainty in the shape, the renormalization,
factorization and resummation scales used in the MC generation are varied by a factor of two with respect
to the nominal values.

The normalization and shape of the tt̄ background in the OS dilepton channel is obtained using the
data-driven method detailed in Section 5.1. A systematic uncertainty arises from the factor used to
obtain tt̄ background yields in the same-flavor signal regions from corresponding opposite-flavor dilepton
control regions. The uncertainty is due to the finite size of the samples of simulated events used, and the
difference between the values of the factor obtained with the nominal Powheg-Box+Pythia 8 sample and
an alternative sample generated using MG5_aMC+Pythia 8. The total uncertainty in the factor is found to
be 3%.

In the trilepton regions sensitive to tt̄Z , the normalization of the W Z background is treated as a free
parameter in the fit used to extract the tt̄Z and tt̄W signals. The uncertainty in the extrapolation of the W Z
background estimate from the control region to signal regions with specific jet and b-tag multiplicities is
evaluated by comparing predictions obtained by varying the renormalization, factorization and resummation
scales used in MC generation. The uncertainties vary from 30% to 50%, depending on the signal region.

The normalization of the Z Z background is treated as a free parameter in the fit. An additional uncertainty
arises from the extrapolation from the 4`-ZZ-CR control region to the signal regions. It is assessed by
varying the renormalization, factorization and resummation scales used in MC generation, and found to be
in the range 20–40%.

The uncertainty in the tt̄H background is evaluated by varying the factorization and renormalization scales
up and down by a factor of two with respect to the nominal values. It is found to be around 10%.

An overall normalization uncertainty of 30% is assigned to the tZ background, motivated by the
measurements of this process presented in Refs. [78, 79]. An additional uncertainty affecting the
distribution of this background as a function of jet and b-tagged jet multiplicities is evaluated by varying
the factorization and renormalization scales, as well as the amount of radiation in the Perugia2012
parton-shower tune.

An uncertainty of 10% is assigned to the tW Z background cross section, resulting from different
prescriptions for removing the interference with the tt̄Z process. The shape uncertainty is evaluated by
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varying the factorization and renormalization scales up and down by a factor of two with respect to the
nominal value.

For other prompt-lepton backgrounds, uncertainties of 20% are assigned to the normalizations of the WH
and ZH processes, based on calculations from Ref. [34]. An uncertainty of 50% is considered for triboson
and same-sign WW processes.

A 10% uncertainty is applied to the charge-flip background, resulting from uncertainties in the charge-flip
rates extracted from a control sample as described in Section 5.

A 30% uncertainty is assigned to the contribution from events with two prompt leptons or one prompt lepton
and a photon conversion in the control regions used to measure the fake-lepton efficiency. In the SS dilepton
channel regions and trilepton regions targeting tt̄W , there are 22 nuisance parameters corresponding to the
statistical uncertainty in the measurement of the fake-lepton efficiencies. One nuisance parameter is used
for each pT bin used in the measurement of the fake-lepton efficiencies. For fake-lepton efficiencies in
events with one (at least two) b-tagged jet(s), seven (four) bins are used, and there is one nuisance parameter
for each of the two lepton flavors. In the trilepton signal regions targeting tt̄Z , where the fake-lepton
background is less important, a simplified description of the fake-lepton uncertainties is used, with one
nuisance parameter for each of the two lepton flavors. These nuisance parameters correspond to the
maximum of the up and down shifts of the fake-lepton efficiencies resulting from statistical uncertainties and
the prompt lepton background subtraction in the control regions used to measure the fake-lepton efficiency.
The uncertainties in the fake-lepton background in the tt̄Z and tt̄W analysis regions are considered to be
uncorrelated, due to the different lepton selection requirements used in the two sets of regions.

Uncertainties in scale factors applied to the fake-lepton background are taken into account in the fake-lepton
background yield in the tetralepton channel and the tt̄γ background contribution in the trilepton and 2`-SS
channels. These uncertainties are associated with reconstructed objects and the limited sizes of control
regions in which the scale factors are obtained. The scale factors have uncertainties between 10% and
50%, depending on the fake-lepton flavor and source. The 2`-SS and trilepton fake-lepton systematic
uncertainties from the matrix method are assumed to be uncorrelated with the systematic uncertainties in
the fake-lepton scale factors.

7 Results

The signal strengths µt t̄Z and µt t̄W , defined as the ratios of the measured values of the inclusive production
cross sections to the corresponding SM predictions discussed in Section 3, are extracted simultaneously
using a binned maximum-likelihood fit to the numbers of events in the dilepton, trilepton and tetralepton
signal and control regions. In the OS dilepton channel signal regions 2`-Z-6j1b, 2`-Z-5j2b and 2`-Z-6j2b,
the BDT output distribution is fitted. In the SS dilepton channel, the twelve signal regions 2`-SSp-1b,
2`-SSm-1b, 2`-SSp-2b and 2`-SSm-2b are fitted together with the twelve control regions 2`-SSp-1b-CR,
2`-SSm-1b-CR, 2`-SSp-2b-CR and 2`-SSm-2b-CR defined in Section 5. The contribution from the tt̄W
signal in the SS dilepton control regions is taken into account in the fit. The dependence of the fake-lepton
background in these regions on the tt̄W signal strength is also taken into account. In the trilepton channel,
the eight signal regions described in Section 5 are included in the fit, as is the 3`-WZ-CR control region.
Finally, in the tetralepton channel, the four signal regions 4`-DF-1b, 4`-DF-2b, 4`-SF-1b and 4`-SF-2b
and the control region 4`-ZZ-CR are included in the fit.
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The fit is based on the profile-likelihood technique, where systematic uncertainties are included in the fit as
nuisance parameters constrained by Gaussian functions. None of the uncertainty parameters are found to
be significantly constrained or pulled in the fit. The calculation of confidence intervals and hypothesis
testing is performed using a modified frequentist method as implemented in RooStats [80, 81].

Figure 10 shows the BDT output distribution in signal regions 2`-Z-6j1b, 2`-Z-5j2b and 2`-Z-6j2b after
performing the fit. Figures 11 and 12 summarize the comparison between data and the post-fit signal and
background yields for regions sensitive to tt̄Z and tt̄W production, together with the relevant control regions.
In all cases, good agreement between observed values and the expectation is seen. The normalization
corrections for the W Z and Z Z backgrounds with respect to the predictions are obtained from the fits
as described in Section 5 and found to be compatible with unity: 0.91 ± 0.10 for the W Z background
and 1.11 ± 0.17 for the Z Z background. The normalizations of the Z+1HF and Z+2HF backgrounds are
mainly constrained in the low BDT output bins of the OS dilepton channel signal regions, where the signal
contamination is low. Their values are found to be 1.19 ± 0.25 and 1.09 ± 0.13, respectively.

In addition to the combined fit described above, fits in individual channels are performed. The tt̄Z signal
strength is extracted through fits to the opposite-sign dilepton regions alone, to the trilepton channel regions
alone and to the tetralepton channel signal regions alone. The tt̄W signal strength is extracted using the
four trilepton signal regions targeting tt̄W and the same-sign dilepton regions considered in the combined
fit. The measured values of the signal strengths µt t̄Z and µt t̄W are reported in Table 7 for each channel
separately and for the combined fit. Agreement is observed for the measured values between all the different
fit configurations.

Table 7: Measured signal strengths of tt̄Z and tt̄W for different fit configurations and the combined fit. The
uncertainties include statistical and systematic components.

Fit configuration µt t̄Z µt t̄W

Combined 1.08 ± 0.14 1.44 ± 0.32
2`-OS 0.73 ± 0.28 –
3` tt̄Z 1.08 ± 0.18 –
2`-SS and 3` tt̄W – 1.41 ± 0.33
4` 1.21 ± 0.29 –

The measured signal strengths from the combined fit and their uncertainties are converted to inclusive
cross-section measurements using the signal simulation described in Section 3 and the central values of
the theoretical predictions. The results are: σt t̄Z = 0.95 ± 0.08stat. ± 0.10syst. pb = 0.95 ± 0.13 pb and
σt t̄W = 0.87 ± 0.13stat. ± 0.14syst. pb = 0.87 ± 0.19 pb. Figure 13 shows a comparison of the fit results
with theoretical predictions, σth

t t̄Z
= 0.88+0.09

−0.11 pb and σth
t t̄W
= 0.60+0.08

−0.07 pb, demonstrating good agreement
between the measured and predicted cross sections.

For the tt̄Z process, both the observed and the expected significances are found to be much larger than five
standard deviations. For the tt̄W process, an excess of events over the expected background-only hypothesis
is found with an observed (expected) significance of 4.3 (3.4) standard deviations. The significance values
are computed using the asymptotic approximation described in Ref. [82].

Table 8 shows the uncertainties in the measured tt̄Z and tt̄W cross sections, grouped in categories, along
with the total uncertainties. For both processes, the precision of the measurement is affected by statistical
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Figure 10: The BDT distributions for the OS dilepton signal regions, (a) 2`-Z-6j1b, (b) 2`-Z-5j2b, (c) 2`-Z-6j2b.
The distributions are shown after the fit. The ‘Other’ background contains SM processes with small cross sections
producing two opposite-sign prompt leptons. The shaded band represents the total uncertainty. The last bin of each
distribution contains the overflow.
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Figure 11: Event yields in data compared with the results of the fit that extracts σt t̄Z and σt t̄W simultaneously in the
(a) trilepton and (b) tetralepton signal regions targeting the tt̄Z process. Yields for the control regions used to extract
the normalization of the W Z and Z Z backgrounds are also shown. The ‘Other’ background summarizes all small
SM backgrounds described in Section 3. The shaded band represents the total uncertainty.
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Figure 12: Event yields in data compared with the results of the fit that extracts σt t̄Z and σt t̄W simultaneously in
the regions targeting the tt̄W process. The ‘Other’ background summarizes all small SM backgrounds described in
Section 3. The shaded band represents the total uncertainty.
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and systematic uncertainties in similar proportions. For the tt̄Z determination, the dominant systematic
uncertainty sources are the modeling of the backgrounds and of the signal. For the tt̄W determination, the
dominant systematic uncertainty sources are the modeling of the signal and the limited amount of data
available in the control regions and simulated event samples.

Table 8: List of relative uncertainties in the measured cross sections of the tt̄Z and tt̄W processes from the fit,
grouped in categories. All uncertainties are symmetrized. The sum in quadrature may not be equal to the total due to
correlations between uncertainties introduced by the fit.

Uncertainty σt t̄Z σt t̄W

Luminosity 2.9% 4.5%
Simulated sample statistics 2.0% 5.3%
Data-driven background statistics 2.5% 6.3%
JES/JER 1.9% 4.1%
Flavor tagging 4.2% 3.7%
Other object-related 3.7% 2.5%
Data-driven background normalization 3.2% 3.9%
Modeling of backgrounds from simulation 5.3% 2.6%
Background cross sections 2.3% 4.9%
Fake leptons and charge misID 1.8% 5.7%
tt̄Z modeling 4.9% 0.7%
tt̄W modeling 0.3% 8.5%

Total systematic 10% 16%
Statistical 8.4% 15%

Total 13% 22%

8 Interpretation

The effective field theory (EFT) framework provides a model-independent approach to the parameterization
of possible deviations from the SM predictions. In this framework, effects due to BSM physics are described
by adding additional operators of dimension six or higher to the SM Lagrangian. Each EFT operator Oi
is associated with a Wilson coefficient Ci, and the operators enter the modified Lagrangian in the form
(Ci/Λ2)Oi, where Λ is the characteristic energy scale of the BSM physics.

The complete set of independent, gauge-invariant and baryon-number conserving EFT operators at
dimension six contains 59 different operators [83, 84]. In the present analysis, five of these operators are
considered, all of which modify the ttZ vertex: O(3)

φQ
, O(1)

φQ
, Oφt , OtW , OtB. The operators are defined in

Table 9, following Ref. [85]. The first two operators enter the ttZ vertex as a linear combination, such that
the measurement is sensitive to the difference C(3)

φQ
− C(1)

φQ
. For this paper, the effect of this combination is

evaluated by varying C(3)
φQ

with C(1)
φQ

set to zero.
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Table 9: Effective field theory operators considered and their form in terms of SM fields. The notation of Ref. [85] is
used.

Operator Expression

O(3)
φQ

(φ†i←→D I
µφ)(Q̄γµτIQ)

O(1)
φQ

(φ†i←→D µφ)(Q̄γµQ)
Oφt (φ†i←→D µφ)(t̄γµt)
OtW (Q̄σµντI t)φ̃W I

µν

OtB (Q̄σµνt)φ̃Bµν

Considering only one EFT operator at a time, any observable, such as the tt̄Z event rate in a certain signal
region, can be expressed as a quadratic function of the coefficient Ci:

σtot,i = σSM +
Ci

(Λ/1TeV)2
σ
(1)
i +

C2
i

(Λ/1TeV)4
σ
(2)
ii . (1)

The term linear in Ci on the right-hand side of Eq. (1) results from the interference of the BSM operators
with the SM. For Ci/Λ2 of order 1 TeV−2, the interference term dominates in Eq. (1) for O(3)

φQ
and Oφt ,

while the quadratic term dominates for OtW and OtB.

The values of σ(1)i and σ(2)ii are computed using simulated event samples generated with MG5_aMC
interfaced to Pythia 8 [11, 86, 87]. The computation is performed at NLO, separately for all trilepton and
tetralepton signal regions. The detector reconstruction efficiency is verified to be compatible between SM
tt̄Z samples and samples with non-zero values of Ci, for ranges of Ci considered here.

A fit is then performed to extract Ci/Λ2. The fit is similar to the one described in Section 7, except that only
the four trilepton and four tetralepton signal regions targeting tt̄Z are used and a normalization uncertainty
of 12%, corresponding to the uncertainty in the NLO cross-section computation, is applied to the SM tt̄Z
prediction. Uncertainties resulting from the limited sizes of MC samples used to derive the values of σ(1)i

and σ(2)ii are propagated to the measured values of Ci/Λ2.

The profile-likelihood test statistic is defined as −∆ log(L) = log(L(Ĉi)/L(Ci)), where L is the profile
likelihood as a function of the Wilson coefficient Ci, and Ĉi is the best-fit value of Ci. Approximate
confidence intervals for the Wilson coefficients are computed using the formula −∆ log(L) = ε, where the
threshold ε is set to 0.5 and 1.92 for the 68% (1σ) and 95% confidence levels (CL), respectively.

The confidence intervals for Ci are computed considering only the minimum of λ(Ci) near Ci = 0. For
coefficient C(3)

φQ
(Cφt), another, deeper minimum exists for negative values of Ci ∼ 30 (20), which is

excluded by previous constraints. The 68% and 95% confidence intervals are shown in Table 10, together
with previous constraints on the EFT coefficients obtained from Refs. [10, 88–90]. The lower boundary of
the 95% confidence interval for Cφt is at large negative values, which are excluded by indirect constraints.
The tt̄Z measurement provides competitive constraints for positive Cφt values. The full likelihood scans
are shown in Figure 14 in the Appendix.

The fits are repeated while assuming that the quadratic terms are zero, and the results of these fits are
also reported in Table 10. For CtW and CtB, where the quadratic terms dominate, the fits do not converge.
Compared with the nominal fits for C(3)

φQ
and Cφt , the limits shift to larger values, consistent with removing
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a positive term from the prediction. The most notable change is the improvement in the lower limit for Cφt
at 95% CL, as the second minimum disappears when a linear expression is assumed.

Table 10: The expected and observed 68% and 95% confidence intervals, which include the value 0, for Ci/Λ2 for the
EFT coefficients C(3)

φQ
, Cφt , CtB and CtW . The intervals for C(3)

φQ
are derived setting C(1)

φQ
to zero; the measurement is

sensitive to the difference C(3)
φQ
− C(1)

φQ
. All results are obtained by varying one coefficient at the time and are given in

units of 1/TeV2. Previous indirect 68% CL constraints [88] are also quoted. The previous direct constraints at 95%
CL are obtained from Ref. [10] for Cφt and CtB and from Refs. [89, 90] for C(3)

φQ
and CtW , using Ref. [83] to translate

the measurements into limits on the coefficients. Limits from fits for the EFT coefficients with only the linear term
are also shown.

Coefficients C(3)
φQ
/Λ2 Cφt/Λ2 CtB/Λ2 CtW/Λ2

Previous indirect constraints at 68% CL [–4.7, 0.7] [–0.1, 3.7] [–0.5, 10] [–1.6, 0.8]
Previous direct constraints at 95% CL [–1.3, 1.3] [–9.7, 8.3] [–6.9, 4.6] [–0.2, 0.7]

Expected limit at 68% CL [–2.1, 1.9] [–3.8, 2.7] [–2.9, 3.0] [–1.8, 1.9]
Expected limit at 95% CL [–4.5, 3.6] [–23, 4.9] [–4.2, 4.3] [–2.6, 2.6]
Observed limit at 68% CL [–1.0, 2.7] [–2.0, 3.5] [–3.7, 3.5] [–2.2, 2.1]
Observed limit at 95% CL [–3.3, 4.2] [–25, 5.5] [–5.0, 5.0] [–2.9, 2.9]

Expected limit at 68% CL (linear) [–1.9, 2.0] [–3.0, 3.2] – –
Expected limit at 95% CL (linear) [–3.7, 4.0] [–5.8, 6.3] – –
Observed limit at 68% CL (linear) [–1.0, 2.9] [–1.8, 4.4] – –
Observed limit at 95% CL (linear) [–2.9, 4.9] [–4.8, 7.5] – –

9 Conclusion

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson using
36.1 fb−1 of data collected by the ATLAS detector in

√
s = 13 TeV pp collisions at the LHC are presented.

Final states with two same- or opposite-sign leptons, three leptons or four leptons are analyzed. The tt̄Z and
tt̄W production cross sections are determined to be σt t̄Z = 0.95 ± 0.08stat. ± 0.10syst. pb = 0.95 ± 0.13 pb
and σt t̄W = 0.87 ± 0.13stat. ± 0.14syst. pb = 0.87 ± 0.19 pb. The measured values are consistent with the
SM predictions. The measurements are used to derive confidence intervals for the Wilson coefficients of
dimension-6 effective field theory operators involving the top quark and the Z boson.

Acknowledgments

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia;
MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS,

29



CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC,
Hong Kong SAR, China; ISF and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST,
Morocco; NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal; MNE/IFA,
Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR, Slovakia;
ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation,
Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey;
STFC, United Kingdom; DOE and NSF, United States of America. In addition, individual groups and
members have received support from BCKDF, CANARIE, CRC and Compute Canada, Canada; COST,
ERC, ERDF, Horizon 2020, and Marie Skłodowska-Curie Actions, European Union; Investissements d’
Avenir Labex and Idex, ANR, France; DFG and AvH Foundation, Germany; Herakleitos, Thales and
Aristeia programmes co-financed by EU-ESF and the Greek NSRF, Greece; BSF-NSF and GIF, Israel;
CERCA Programme Generalitat de Catalunya, Spain; The Royal Society and Leverhulme Trust, United
Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3
(France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource
providers. Major contributors of computing resources are listed in Ref. [91].

30



References

[1] ATLAS Collaboration, Evidence for the associated production of the Higgs boson and a top quark
pair with the ATLAS detector, Phys. Rev. D 97 (2018) 072003, arXiv: 1712.08891 [hep-ex].

[2] CMS Collaboration, Evidence for associated production of a Higgs boson with a top quark pair in
final states with electrons, muons, and hadronically decaying τ leptons at

√
s = 13 TeV,

JHEP 08 (2018) 066, arXiv: 1803.05485 [hep-ex].
[3] CMS Collaboration, Observation of tt̄H Production, Phys. Rev. Lett. 120 (2018) 231801,

arXiv: 1804.02610 [hep-ex].

[4] ATLAS Collaboration, Observation of Higgs boson production in association with a top quark pair
at the LHC with the ATLAS detector, Phys. Lett. B 784 (2018) 173, arXiv: 1806.00425 [hep-ex].

[5] ATLAS Collaboration,
Observation of top-quark pair production in association with a photon and measurement of the tt̄γ
production cross section in pp collisions at

√
s = 7 TeV using the ATLAS detector,

Phys. Rev. D 91 (2015) 072007, arXiv: 1502.00586 [hep-ex].

[6] ATLAS Collaboration, Measurement of the tt̄γ production cross section in proton–proton collisions
at
√

s = 8 TeV with the ATLAS detector, JHEP 11 (2017) 086, arXiv: 1706.03046 [hep-ex].
[7] CMS Collaboration,

Measurement of the semileptonic tt̄ + γ production cross section in pp collisions at
√

s = 8 TeV,
JHEP 10 (2017) 006, arXiv: 1706.08128 [hep-ex].

[8] ATLAS Collaboration, Measurements of inclusive and differential fiducial cross-sections of tt̄γ
production in leptonic final states at

√
s = 13 TeV in ATLAS, (2018),

arXiv: 1812.01697 [hep-ex].

[9] J. A. Dror, M. Farina, E. Salvioni, and J. Serra, Strong tW scattering at the LHC,
JHEP 01 (2016) 071, arXiv: 1511.03674 [hep-ph].

[10] A. Buckley, C. Englert, J. Ferrando, D. J. Miller, L. Moore, M. Russell, and C. D. White,
Constraining top quark effective theory in the LHC Run II era, JHEP 04 (2016) 015,
arXiv: 1512.03360 [hep-ph].

[11] O. Bessidskaia Bylund, F. Maltoni, I. Tsinikos, E. Vryonidou, and C. Zhang,
Probing top quark neutral couplings in the Standard Model Effective Field Theory at NLO in QCD,
JHEP 05 (2016) 052, arXiv: 1601.08193 [hep-ph].

[12] S. Weinberg, Phenomenological Lagrangians, Physica A 96 (1979) 327.
[13] W. Buchmüller and D. Wyler,

Effective Lagrangian analysis of new interactions and flavour conservation,
Nucl. Phys. B 268 (1986) 621.

[14] C. N. Leung, S. T. Love, and S. Rao,
Low-energy manifestations of a new interactions scale: Operator analysis,
Z. Phys. C 31 (1986) 433.

[15] ATLAS Collaboration, Measurement of the tt̄W and tt̄Z production cross sections in pp collisions
at
√

s = 8 TeV with the ATLAS detector, JHEP 11 (2015) 172, arXiv: 1509.05276 [hep-ex].

31

http://dx.doi.org/10.1103/PhysRevD.97.072003
http://arxiv.org/abs/1712.08891
http://dx.doi.org/10.1007/JHEP08(2018)066
http://arxiv.org/abs/1803.05485
http://dx.doi.org/10.1103/PhysRevLett.120.231801
http://arxiv.org/abs/1804.02610
http://dx.doi.org/10.1016/j.physletb.2018.07.035
http://arxiv.org/abs/1806.00425
http://dx.doi.org/10.1103/PhysRevD.91.072007
http://arxiv.org/abs/1502.00586
http://dx.doi.org/10.1007/JHEP11(2017)086
http://arxiv.org/abs/1706.03046
http://dx.doi.org/10.1007/JHEP10(2017)006
http://arxiv.org/abs/1706.08128
http://arxiv.org/abs/1812.01697
http://dx.doi.org/10.1007/JHEP01(2016)071
http://arxiv.org/abs/1511.03674
http://dx.doi.org/10.1007/JHEP04(2016)015
http://arxiv.org/abs/1512.03360
http://dx.doi.org/10.1007/JHEP05(2016)052
http://arxiv.org/abs/1601.08193
http://dx.doi.org/10.1016/0378-4371(79)90223-1
http://dx.doi.org/10.1016/0550-3213(86)90262-2
http://dx.doi.org/10.1007/BF01588041
http://dx.doi.org/10.1007/JHEP11(2015)172
http://arxiv.org/abs/1509.05276


[16] ATLAS Collaboration, Measurement of the tt̄Z and tt̄W production cross sections in multilepton
final states using 3.2 fb−1 of pp collisions at

√
s = 13 TeV with the ATLAS detector,

Eur. Phys. J. C 77 (2017) 40, arXiv: 1609.01599 [hep-ex].
[17] CMS Collaboration, Observation of top quark pairs produced in association with a vector boson in

pp collisions at
√

s = 8 TeV, JHEP 01 (2016) 096, arXiv: 1510.01131 [hep-ex].
[18] CMS Collaboration, Measurement of the cross section for top quark pair production in association

with a W or Z boson in proton–proton collisions at
√

s = 13 TeV, JHEP 08 (2018) 011,
arXiv: 1711.02547 [hep-ex].

[19] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.

[20] ATLAS Collaboration, Study of the mechanical stability of the ATLAS Insertable B-Layer,
ATL-INDET-PUB-2015-001, 2015, url: https://cds.cern.ch/record/2022587.

[21] B. Abbott et al., Production and Integration of the ATLAS Insertable B-Layer,
JINST 13 (2018) T05008, arXiv: 1803.00844 [physics.ins-det].

[22] ATLAS Collaboration, Performance of the ATLAS trigger system in 2015,
Eur. Phys. J. C 77 (2017) 317, arXiv: 1611.09661 [hep-ex].

[23] ATLAS Collaboration,
Luminosity determination in pp collisions at

√
s = 8 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C 76 (2016) 653, arXiv: 1608.03953 [hep-ex].
[24] G. Avoni et al., The new LUCID-2 detector for luminosity measurement and monitoring in ATLAS,

JINST 13 (2018) P07017.

[25] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Meth. A 462 (2001) 152.

[26] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr, S. Schumann, F. Siegert, and J. Winter,
Event generation with SHERPA 1.1, JHEP 02 (2009) 007, arXiv: 0811.4622 [hep-ph].

[27] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010) 823,
arXiv: 1005.4568 [physics.ins-det].

[28] S. Agostinelli et al., Geant4—a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250.
[29] ATLAS Collaboration,

The simulation principle and performance of the ATLAS fast calorimeter simulation FastCaloSim,
ATL-PHYS-PUB-2010-013, 2010, url: https://cds.cern.ch/record/1300517.

[30] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. Prestel,
C. O. Rasmussen, and P. Z. Skands, An introduction to PYTHIA 8.2,
Comp. Phys. Comm. 191 (2015) 159, arXiv: 1410.3012 [hep-ph].

[31] ATLAS Collaboration, Further ATLAS tunes of Pythia 6 and Pythia 8, ATL-PHYS-PUB-2011-014,
2011, url: https://cds.cern.ch/record/1400677.

[32] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. Shao, T. Stelzer,
P. Torrielli, and M. Zaro, The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
arXiv: 1405.0301 [hep-ph].

32

http://dx.doi.org/10.1140/epjc/s10052-016-4574-y
http://arxiv.org/abs/1609.01599
http://dx.doi.org/10.1007/JHEP01(2016)096
http://arxiv.org/abs/1510.01131
http://dx.doi.org/10.1007/JHEP08(2018)011
http://arxiv.org/abs/1711.02547
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/2022587
http://dx.doi.org/10.1088/1748-0221/13/05/T05008
http://arxiv.org/abs/1803.00844
http://dx.doi.org/10.1140/epjc/s10052-017-4852-3
http://arxiv.org/abs/1611.09661
http://dx.doi.org/10.1140/epjc/s10052-016-4466-1
http://arxiv.org/abs/1608.03953
http://dx.doi.org/10.1088/1748-0221/13/07/P07017
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
https://cds.cern.ch/record/1300517
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
https://cds.cern.ch/record/1400677
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301


[33] S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao, and M. Zaro,
Electroweak and QCD corrections to top-pair hadroproduction in association with heavy bosons,
JHEP 06 (2015) 184, arXiv: 1504.03446 [hep-ph].

[34] D. de Florian et al.,
Handbook of LHC Higgs cross sections: 4. Deciphering the nature of the Higgs sector, (2016),
arXiv: 1610.07922 [hep-ph].

[35] R. D. Ball et al., Parton distributions for the LHC run II, JHEP 04 (2015) 040,
arXiv: 1410.8849 [hep-ph].

[36] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-021, 2014,
url: https://cds.cern.ch/record/1966419.

[37] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 244,
arXiv: 1207.1303 [hep-ph].

[38] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 physics and manual, JHEP 05 (2006) 026,
arXiv: hep-ph/0603175.

[39] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky, and W. K. Tung,
New generation of parton distributions with uncertainties from global QCD analysis,
JHEP 07 (2002) 012, arXiv: hep-ph/0201195.

[40] P. Z. Skands, Tuning Monte Carlo generators: The Perugia tunes, Phys. Rev. D 82 (2010) 074018,
arXiv: 1005.3457 [hep-ph].

[41] T. Gleisberg and S. Höche, Comix, a new matrix element generator, JHEP 12 (2008) 039,
arXiv: 0808.3674 [hep-ph].

[42] F. Cascioli, P. Maierhöfer, and S. Pozzorini, Scattering Amplitudes with Open Loops,
Phys. Rev. Lett. 108 (2012) 111601, arXiv: 1111.5206 [hep-ph].

[43] S. Schumann and F. Krauss,
A parton shower algorithm based on Catani–Seymour dipole factorisation, JHEP 03 (2008) 038,
arXiv: 0709.1027 [hep-ph].

[44] S. Höche, F. Krauss, M. Schönherr, and F. Siegert,
QCD matrix elements + parton showers. The NLO case, JHEP 04 (2013) 027,
arXiv: 1207.5030 [hep-ph].

[45] R. Gavin, Y. Li, F. Petriello, and S. Quackenbush,
FEWZ 2.0: A code for hadronic Z production at next-to-next-to-leading order,
Comp. Phys. Comm. 182 (2011) 2388, arXiv: 1011.3540 [hep-ph].

[46] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024,
arXiv: 1007.2241 [hep-ph].

[47] S. Frixione, G. Ridolfi, and P. Nason,
A positive-weight next-to-leading-order Monte Carlo for heavy flavour hadroproduction,
JHEP 09 (2007) 126, arXiv: 0707.3088 [hep-ph].

[48] P. Nason, A new method for combining NLO QCD with shower Monte Carlo algorithms,
JHEP 11 (2004) 040, arXiv: hep-ph/0409146.

[49] S. Frixione, P. Nason, and C. Oleari,
Matching NLO QCD computations with parton shower simulations: the POWHEG method,
JHEP 11 (2007) 070, arXiv: 0709.2092 [hep-ph].

33

http://dx.doi.org/10.1007/JHEP06(2015)184
http://arxiv.org/abs/1504.03446
http://arxiv.org/abs/1610.07922
http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
https://cds.cern.ch/record/1966419
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1088/1126-6708/2008/12/039
http://arxiv.org/abs/0808.3674
http://dx.doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
http://dx.doi.org/10.1007/JHEP04(2013)027
http://arxiv.org/abs/1207.5030
http://dx.doi.org/10.1016/j.cpc.2011.06.008
http://arxiv.org/abs/1011.3540
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1088/1126-6708/2007/09/126
http://arxiv.org/abs/0707.3088
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://arxiv.org/abs/hep-ph/0409146
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092


[50] S. Alioli, P. Nason, C. Oleari, and E. Re, A general framework for implementing NLO calculations
in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043,
arXiv: 1002.2581 [hep-ph].

[51] M. Czakon and A. Mitov,
Top++: A program for the calculation of the top-pair cross-section at hadron colliders,
Comp. Phys. Comm. 185 (2014) 2930, arXiv: 1112.5675 [hep-ph].

[52] E. Re, Single-top Wt-channel production matched with parton showers using the POWHEG method,
Eur. Phys. J. C 71 (2011) 1547, arXiv: 1009.2450 [hep-ph].

[53] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer, and M. Wiedermann,
HATHOR — HAdronic Top and Heavy quarks crOss section calculatoR,
Comp. Phys. Comm. 182 (2011) 1034, arXiv: 1007.1327 [hep-ph].

[54] P. Kant, O. M. Kind, T. Kintscher, T. Lohse, T. Martini, S. Mölbitz, P. Rieck, and P. Uwer,
HatHor for single top-quark production: Updated predictions and uncertainty estimates for single
top-quark production in hadronic collisions, Comp. Phys. Comm. 191 (2015) 74,
arXiv: 1406.4403 [hep-ph].

[55] N. Kidonakis, Top Quark Production, DESY-PROC-2013-03, arXiv: 1311.0283 [hep-ph].
[56] V. Barger, W.-Y. Keung, and B. Yencho, Triple-top signal of new physics at the LHC,

Phys. Lett. B 687 (2010) 70, arXiv: 1001.0221 [hep-ph].

[57] G. Bevilacqua and M. Worek,
Constraining BSM physics at the LHC: four top final states with NLO accuracy in perturbative QCD,
JHEP 07 (2012) 111, arXiv: 1206.3064 [hep-ph].

[58] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using 2012 LHC
proton–proton collision data, Eur. Phys. J. C 77 (2017) 195, arXiv: 1612.01456 [hep-ex].

[59] ATLAS Collaboration,Muon reconstruction performance of the ATLAS detector in proton–proton
collision data at

√
s = 13 TeV, Eur. Phys. J. C 76 (2016) 292, arXiv: 1603.05598 [hep-ex].

[60] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008) 063,
arXiv: 0802.1189 [hep-ph].

[61] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder,
Phys. Lett. B 641 (2006) 57, arXiv: hep-ph/0512210.

[62] ATLAS Collaboration,
Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77 (2017) 490, arXiv: 1603.02934 [hep-ex].

[63] M. Cacciari, G. P. Salam, and G. Soyez, The catchment area of jets, JHEP 04 (2008) 005,
arXiv: 0802.1188 [hep-ph].

[64] ATLAS Collaboration, Jet energy scale measurements and their systematic uncertainties in
proton–proton collisions at

√
s = 13 TeV with the ATLAS detector, Phys. Rev. D 96 (2017) 072002,

arXiv: 1703.09665 [hep-ex].

[65] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in pp collisions at√
s = 8 TeV using the ATLAS detector, Eur. Phys. J. C 76 (2016) 581,

arXiv: 1510.03823 [hep-ex].

34

http://dx.doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
http://dx.doi.org/10.1140/epjc/s10052-011-1547-z
http://arxiv.org/abs/1009.2450
http://dx.doi.org/10.1016/j.cpc.2010.12.040
http://arxiv.org/abs/1007.1327
http://dx.doi.org/10.1016/j.cpc.2015.02.001
http://arxiv.org/abs/1406.4403
http://arxiv.org/abs/1311.0283
http://dx.doi.org/10.1016/j.physletb.2010.03.001
http://arxiv.org/abs/1001.0221
http://dx.doi.org/10.1007/JHEP07(2012)111
http://arxiv.org/abs/1206.3064
http://dx.doi.org/10.1140/epjc/s10052-017-4756-2
http://arxiv.org/abs/1612.01456
http://dx.doi.org/10.1140/epjc/s10052-016-4120-y
http://arxiv.org/abs/1603.05598
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://arxiv.org/abs/hep-ph/0512210
http://dx.doi.org/10.1140/epjc/s10052-017-5004-5
http://arxiv.org/abs/1603.02934
http://dx.doi.org/10.1088/1126-6708/2008/04/005
http://arxiv.org/abs/0802.1188
http://dx.doi.org/10.1103/PhysRevD.96.072002
http://arxiv.org/abs/1703.09665
http://dx.doi.org/10.1140/epjc/s10052-016-4395-z
http://arxiv.org/abs/1510.03823


[66] ATLAS Collaboration,
Measurements of b-jet tagging efficiency with the ATLAS detector using tt̄ events at

√
s = 13 TeV,

JHEP 08 (2018) 089, arXiv: 1805.01845 [hep-ex].
[67] ATLAS Collaboration, Performance of algorithms that reconstruct missing transverse momentum in√

s = 8 TeV proton–proton collisions in the ATLAS detector, Eur. Phys. J. C 77 (2017) 241,
arXiv: 1609.09324 [hep-ex].

[68] ATLAS Collaboration, Performance of missing transverse momentum reconstruction with the
ATLAS detector using proton–proton collisions at

√
s = 13 TeV, Eur. Phys. J. C 78 (2018) 903,

arXiv: 1802.08168 [hep-ex].

[69] ATLAS Collaboration, Measurement of the top quark-pair production cross section with ATLAS in
pp collisions at

√
s = 7 TeV, Eur. Phys. J. C 71 (2011) 1577, arXiv: 1012.1792 [hep-ex].

[70] G. C. Fox and S. Wolfram,
Observables for the Analysis of Event Shapes in e+e− Annihilation and Other Processes,
Phys. Rev. Lett. 41 (1978) 1581.

[71] ATLAS Collaboration, Electron reconstruction and identification efficiency measurements with the
ATLAS detector using the 2011 LHC proton–proton collision data, Eur. Phys. J. C 74 (2014) 2941,
arXiv: 1404.2240 [hep-ex].

[72] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using the 2012
LHC proton–proton collision data, ATLAS-CONF-2014-032, 2014,
url: https://cds.cern.ch/record/1706245.

[73] ATLAS Collaboration,
Electron identification measurements in ATLAS using

√
s = 13 TeV data with 50 ns bunch spacing,

ATL-PHYS-PUB-2015-041, 2015, url: https://cds.cern.ch/record/2048202.

[74] ATLAS Collaboration, Measurement of b-tagging efficiency of c-jets in tt̄ events using a likelihood
approach with the ATLAS detector, ATLAS-CONF-2018-001, 2018,
url: https://cds.cern.ch/record/2306649.

[75] ATLAS Collaboration, Calibration of light-flavour b-jet mistagging rates using ATLAS
proton–proton collision data at

√
s = 13 TeV, ATLAS-CONF-2018-006, 2018,

url: https://cds.cern.ch/record/2314418.

[76] ATLAS Collaboration, Calibration of b-tagging using dileptonic top pair events in a combinatorial
likelihood approach with the ATLAS experiment, ATLAS-CONF-2014-004, 2014,
url: https://cds.cern.ch/record/1664335.

[77] ATLAS Collaboration,
Modelling of the tt̄H and tt̄V(V = W, Z) processes for

√
s = 13 TeV ATLAS analyses,

ATL-PHYS-PUB-2016-005, 2016, url: https://cds.cern.ch/record/2120826.

[78] ATLAS Collaboration, Measurement of the production cross-section of a single top quark in
association with a Z boson in proton–proton collisions at 13 TeV with the ATLAS detector,
Phys. Lett. B 780 (2018) 557, arXiv: 1710.03659 [hep-ex].

[79] CMS Collaboration, Measurement of the associated production of a single top quark and a Z boson
in pp collisions at

√
s = 13 TeV, Phys. Lett. B 779 (2018) 358, arXiv: 1712.02825 [hep-ex].

[80] W. Verkerke and D. Kirkby, The RooFit toolkit for data modeling, arXiv: physics/0306116.

35

http://dx.doi.org/10.1007/JHEP08(2018)089
http://arxiv.org/abs/1805.01845
http://dx.doi.org/10.1140/epjc/s10052-017-4780-2
http://arxiv.org/abs/1609.09324
http://dx.doi.org/10.1140/epjc/s10052-018-6288-9
http://arxiv.org/abs/1802.08168
http://dx.doi.org/10.1140/epjc/s10052-011-1577-6
http://arxiv.org/abs/1012.1792
http://dx.doi.org/10.1103/PhysRevLett.41.1581
http://dx.doi.org/10.1140/epjc/s10052-014-2941-0
http://arxiv.org/abs/1404.2240
https://cds.cern.ch/record/1706245
https://cds.cern.ch/record/2048202
https://cds.cern.ch/record/2306649
https://cds.cern.ch/record/2314418
https://cds.cern.ch/record/1664335
https://cds.cern.ch/record/2120826
http://dx.doi.org/10.1016/j.physletb.2018.03.023
http://arxiv.org/abs/1710.03659
http://dx.doi.org/10.1016/j.physletb.2018.02.025
http://arxiv.org/abs/1712.02825
http://arxiv.org/abs/physics/0306116


[81] W. Verkerke and D. Kirkby, RooFit Users Manual v2.91,
url: http://roofit.sourceforge.net.

[82] G. Cowan, K. Cranmer, E. Gross, and O. Vitells,
Asymptotic formulae for likelihood-based tests of new physics, Eur. Phys. J. C 71 (2011) 1554,
arXiv: 1007.1727 [physics.data-an], Erratum: Eur. Phys. J. C 73 (2013) 2501.

[83] J. A. Aguilar-Saavedra, A minimal set of top anomalous couplings, Nucl. Phys. B 812 (2009) 181,
arXiv: 0811.3842 [hep-ph].

[84] B. Grzadkowski, M. Iskrzyński, M. Misiak, and J. Rosiek,
Dimension-six terms in the Standard Model Lagrangian, JHEP 10 (2010) 085,
arXiv: 1008.4884 [hep-ph].

[85] J. A. Aguilar-Saavedra et al.,
Interpreting top-quark LHC measurements in the standard-model effective field theory, 2018,
arXiv: 1802.07237 [hep-ph].

[86] N. D. Christensen and C. Duhr, FeynRules — Feynman rules made easy,
Comp. Phys. Comm. 180 (2009) 1614, arXiv: 0806.4194 [hep-ph].

[87] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer, and T. Reiter,
UFO — The Universal FeynRules Output, Comp. Phys. Comm. 183 (2012) 1201,
arXiv: 1108.2040 [hep-ph].

[88] C. Zhang, N. Greiner, and S. Willenbrock, Constraints on nonstandard top quark couplings,
Phys. Rev. D 86 (2012) 014024, arXiv: 1201.6670 [hep-ph].

[89] CMS Collaboration, Measurement of the t-channel single-top-quark production cross section and of
the |Vtb | CKM matrix element in pp collisions at

√
s = 8 TeV, JHEP 06 (2014) 090,

arXiv: 1403.7366 [hep-ex].

[90] ATLAS Collaboration, Measurement of the W boson polarisation in tt̄ events from pp collisions at√
s = 8 TeV in the lepton+jets channel with ATLAS, Eur. Phys. J. C 77 (2017) 264,

arXiv: 1612.02577 [hep-ex].

[91] ATLAS Collaboration, ATLAS Computing Acknowledgements, ATL-GEN-PUB-2016-002,
url: https://cds.cern.ch/record/2202407.

36

http://roofit.sourceforge.net
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://arxiv.org/abs/1007.1727
http://dx.doi.org/10.1140/epjc/s10052-013-2501-z
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.012
http://arxiv.org/abs/0811.3842
http://dx.doi.org/10.1007/JHEP10(2010)085
http://arxiv.org/abs/1008.4884
http://arxiv.org/abs/1802.07237
http://dx.doi.org/10.1016/j.cpc.2009.02.018
http://arxiv.org/abs/0806.4194
http://dx.doi.org/10.1016/j.cpc.2012.01.022
http://arxiv.org/abs/1108.2040
http://dx.doi.org/10.1103/PhysRevD.86.014024
http://arxiv.org/abs/1201.6670
http://dx.doi.org/10.1007/JHEP06(2014)090
http://arxiv.org/abs/1403.7366
http://dx.doi.org/10.1140/epjc/s10052-017-4819-4
http://arxiv.org/abs/1612.02577
https://cds.cern.ch/record/2202407


Appendix

37



40− 30− 20− 10− 0 10
2Λ/(3)

QφC

1−

0

1

2

3

4

5

 lo
g(

L)
∆-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(a)

30− 25− 20− 15− 10− 5− 0 5 10
2Λ/tφC

1−

0

1

2

3

4

5

 lo
g(

L)
∆-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(b)

8− 6− 4− 2− 0 2 4 6 8
2Λ/tBC

1−

0

1

2

3

4

5

 lo
g(

L)
∆-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(c)

5− 4− 3− 2− 1− 0 1 2 3 4 5
2Λ/tWC

1−

0

1

2

3

4

5

 lo
g(

L)
∆-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(d)

Figure 14: The value of the profile-likelihood test statistic as a function of c/Λ2, for (a) C(3)
φQ

, (b) Cφt , (c) CtB, and
(d) CtW . In the C(3)

φQ
and Cφt distributions, another, deeper minimum exists for large negative values of Ci , which is

excluded by indirect measurements. There, the vertical axis is chosen such that the value of the likelihood at the
minimum near Ci = 0 is zero.
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Table 11: The definitions and ranking of input variables for the BDT in the OS dilepton analysis. Jets and leptons are
ordered in descending order of pT. Only the first eight jets are considered when calculating the input variables.

Ranking
Definition 6j1b 5j2b 6j2b

pT of the lepton pair 8 11 8
pT of the fourth jet 6 12 6
pT of the fifth jet – 14 –
pT of the sixth jet 9 – 11
∆Rη between the two leptons 7 8 12
Number of jet pairs with mass within a window of 30 GeV
around 85 GeV

4 6 4

Number of three-jet combinations (containing exactly one b-
tagged jet) compatible with a top quark (|mbj j − mt | < 15GeV)
and (|mj j − mW | < 15GeV)

– – 17

Invariant mass of the two jets with the smallest ∆Rη 13 7 14
Invariant mass of the two untagged jets with the highest pT 15 13 –
Invariant mass of the two jets with the highest value of the
b-tagging discriminant

– 10 9

Scalar sum of pT divided by the sum of energy of all jets 2 1 2
Average ∆Rη of all jet pairs 5 4 5
Maximum invariant mass of a lepton and the b-tagged jet with
the smallest ∆Rη

14 – 13

First Fox–Wolfram moment built from jets and leptons 3 2 1
Sum of jet pT, using up to six jets 12 5 10
η of dilepton system 1 3 3
Sum of the two closest two-jet invariant masses from jjj1 and
jjj2 divided by two

10 – 15

∆Rη between two jets with the highest value of the b-tagging
discriminant in the event

– 9 7

pT of the b-tagged jet with the highest pT 11 – 16
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