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Abstract Measurements of both the inclusive and differ-
ential production cross sections of a top-quark–antiquark
pair in association with a Z boson (t t̄ Z ) are presented.
The measurements are performed by targeting final states
with three or four isolated leptons (electrons or muons) and
are based on

√
s = 13 TeV proton–proton collision data

with an integrated luminosity of 139 fb−1, recorded from
2015 to 2018 with the ATLAS detector at the CERN Large
Hadron Collider. The inclusive cross section is measured to
be σt t̄ Z = 0.99 ± 0.05 (stat.) ± 0.08 (syst.) pb, in agreement
with the most precise theoretical predictions. The differen-
tial measurements are presented as a function of a number
of kinematic variables which probe the kinematics of the
t t̄ Z system. Both absolute and normalised differential cross-
section measurements are performed at particle and parton
levels for specific fiducial volumes and are compared with
theoretical predictions at different levels of precision, based
on a χ2/ndf and p value computation. Overall, good agree-
ment is observed between the unfolded data and the predic-
tions.
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1 Introduction

Precise measurements of the properties of the top quark, the
heaviest known elementary particle, are an important check
of the internal consistency of the Standard Model (SM) of
particle physics and could provide hints of possible new
physics beyond the SM (BSM). The production cross sec-
tions of top-quark–antiquark pairs (t t̄), single top quarks, as
well as the top-quark mass, have been measured with a great
level of precision [1–4]. The large centre-of-mass energy and
luminosity of the Large Hadron Collider (LHC) enable pre-
cise and differential cross-section measurements for SM pro-
cesses with small production rates, such as the associated
production of a t t̄ pair and a Z boson (t t̄ Z ).

The t t̄ Z production process is particularly interesting, as it
provides direct access to the neutral coupling of the top quark
to the electroweak (EW) gauge bosons [5,6]. Deviations of
the coupling strength of the top quark to the Z boson (t–
Z coupling) from its SM value might imply the existence
of new effects in the EW symmetry breaking mechanism
which could be probed in the context of effective field the-
ory (EFT) [7]. Various BSM models predict large deviations
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of the top quark’s EW couplings from the SM value, which
were probed by the previous generation of lepton colliders
[8,9]. Precise measurements of the inclusive and differential
cross sections of the t t̄ Z process are, thus, of particular inter-
est. Differential cross-section measurements can also offer
sensitivity to differences among the predictions from various
Monte Carlo (MC) generators and can, therefore, serve as an
important input to the tuning of MC parameter values (MC
tunes). Furthermore, the t t̄ Z process is an irreducible back-
ground in several searches for BSM phenomena [10,11], as
well as in measurements of important SM processes, such
as t t̄ production in association with a Higgs boson [12] or
single top-quark production in association with a Z boson
[13]. The ATLAS Collaboration measured the inclusive t t̄ Z
cross section using a subset of the LHC Run 2 data, collected
in 2015 and 2016 [14] and a first differential measurement of
the t t̄ Z process was carried out by the CMS Collaboration
using the 2016 and 2017 data sets [15].

Theoretical predictions of the t t̄ Z cross section exist
at next-to-leading order (NLO) with the resummation of
soft gluon corrections computed at next-to-next-to-leading-
logarithm (NNLL) precision [16,17] in perturbative quan-
tum chromodynamics (QCD) with added EW corrections.
Recently they have been matched to the complete set of
NLO corrections of both QCD and EW origin [18,19] using
the MadGraph5_aMC@NLO (MG5_aMC@NLO) frame-
work [20].

This paper presents measurements of the inclusive and
differential t t̄ Z production cross section in final states with
three or four isolated leptons (electrons or muons) with the
ATLAS detector [21] at the LHC. The measurements were
performed with

√
s = 13 TeV proton–proton (pp) collision

data collected during Run 2 of the LHC (2015–2018) and cor-
responding to an integrated luminosity of 139 fb−1. The Z
boson is identified by targeting events featuring an oppositely
charged electron (e) or muon (μ) pair. The detector signa-
tures resulting from the hadronisation of final-state quarks
from the decay of the t t̄ system, in particular those from bot-
tom (anti)quarks, are exploited by constructing target regions
with different jet and b-jet multiplicities. The inclusive mea-
surement follows an analysis strategy similar to the previous
ATLAS t t̄ Z measurement [14]. The production cross sec-
tion is extracted by performing a simultaneous maximum-
likelihood fit in the targeted analysis regions with the signal
normalisation as the parameter of interest. In addition, a set of
normalised and absolute differential measurements are pre-
sented as a function of different variables which probe the
SM predictions for the kinematics of the t t̄ Z system. Some
of these variables are found to be sensitive to potential EFT
signals [7], while others are more interesting in the context of
MC tuning [22,23]. The differential measurements were per-
formed at both particle and parton level in different fiducial
volumes in order to correct for various acceptance effects.

For the first time, the t t̄ Z cross section is measured with
the full Run 2 data and includes differential measurements
performed as functions of variables related to the t t̄ system.

This paper is structured as follows. Section 2 provides
a brief description of the ATLAS detector. In Sect. 3, the
simulation of signal and background processes is discussed,
followed by the definitions of the final-state objects at recon-
struction, particle and parton levels in Sect. 4. The event
selection, both online during data taking and offline after
data taking, and the background estimation are discussed in
Sects. 5 and 6, respectively. The sources of systematic uncer-
tainties that affect the measurements are discussed in Sect. 7.
The result of the inclusive cross-section measurement is pre-
sented in Sect. 8. Section 9 describes the differential vari-
ables and the unfolding procedure, followed by the results
of the differential measurements. Conclusions are drawn in
Sect. 10.

2 ATLAS detector

The ATLAS detector [21] at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three sets of large super-
conducting toroidal magnets, each consisting of eight sepa-
rate coils. The inner-detector system (ID) is immersed in a 2 T
axial magnetic field and provides charged-particle tracking
in the range |η| < 2.5.

The high-granularity silicon pixel detector covers the
vertex region and typically provides four measurements
per track, with the first hit typically being detected in the
insertable B-layer (IBL) installed before Run 2 [24,25]. It
is followed by the silicon microstrip tracker (SCT), which
usually provides eight measurements per track. These sili-
con detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track recon-
struction up to |η| = 2.5. The TRT also provides electron
identification information based on the fraction of hits above
a higher energy-deposit threshold corresponding to transi-
tion radiation. Typically, around 30 TRT hits are measured
in total.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, 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). Angular distance is measured in units of
�R ≡ √

(�η)2 + (�φ)2.
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netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |η| < 1.8 to cor-
rect for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is extended with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic measurements respectively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by superconduct-
ing air-core toroids. The field integral of the toroids ranges
between 2.0 and 6.0 T · m across most of the detector. A set
of precision chambers covers the region |η| < 2.7 with three
layers of monitored drift tubes, complemented by cathode-
strip chambers in the forward region, where the background
rates are highest. The muon trigger system covers the range
|η| < 2.4 with resistive-plate chambers in the barrel, and
thin-gap chambers in the endcap regions.

Interesting events are selected to be recorded by the first-
level trigger system implemented in custom hardware, fol-
lowed by selections made by algorithms implemented in soft-
ware in the high-level trigger [26]. The first-level trigger
accepts events from the 40 MHz bunch crossings at a rate
below 100 kHz, which the high-level trigger reduces in order
to record events to disk at about 1 kHz.

3 Data and simulated event samples

The analysis is performed on data from pp collisions at√
s = 13 TeV delivered by the LHC and recorded by the

ATLAS detector between 2015 and 2018. The bunch spacing
for this data-taking period was 25 ns with an average num-
ber of pp interactions per bunch crossing (‘pile-up’) which
varies by year and LHC beam conditions and was in the range
from 10 to 70 for almost all events. After requirements on the
stability of the beams, the operational status of all ATLAS
detector components, and the quality of the recorded data,
the total integrated luminosity of the data set corresponds to
139 fb−1. This value is derived from the calibration of the
luminosity scale using x–y beam-separation scans, follow-
ing a methodology similar to that detailed in Ref. [27], and
using the LUCID-2 detector [28] for the baseline luminosity
measurements.

The data were collected using a combination of single-
electron and single-muon triggers, with requirements on the
identification, isolation, and pT of the leptons to maintain
efficiency across the full momentum range while controlling
the trigger rates [26]. For electrons the trigger thresholds
were pT = 26, 60 and 140 GeV, whereas for muons, the

thresholds were pT = 26 and 50 GeV.2 Identification and
isolation requirements were applied to the triggers with the
lower pT thresholds [29–31].

Signal and background processes considered in this anal-
ysis were modelled using simulated MC samples. The effect
of pile-up interactions was modelled by overlaying the hard-
scattering event with simulated minimum-bias events gen-
erated with Pythia8.186 [32] using the NNPDF2.3lo set
of parton distribution functions (PDFs) [33] and the A3
set of tuned MC parameters [34]. The simulated events
were reweighted to match the pile-up conditions observed
in the measured data. For processes featuring W boson, Z
boson or top-quark production, the W , Z and top-quark
masses were set to 80.4 GeV, 91.2 GeV [35] and 172.5 GeV,
respectively. The decays of bottom and charm hadrons were
simulated using the EvtGen program [36]. The MC sam-
ples were either processed through a full simulation of the
ATLAS detector based on Geant4 [37,38] or a fast simu-
lation (AtlFast2) relying on parameterised showers in the
calorimeter [39,40].

The t t̄ Z signal process was modelled using the
MG5_aMC@NLO 2.3.3 [41] generator together with Evt-
Gen 1.2.0, which provided a matrix element (ME) calcula-
tion at NLO in the strong coupling constant (αs) with the
NNPDF3.0nlo [42] PDF set. The functional form of the
renormalisation and factorisation scales (μr and μf ) was set

to μr,f = 0.5 × ∑
i

√
m2

i + p2
T,i, where i runs over all final-

state particles generated from the ME calculation. The t t̄γ ∗
contribution and the Z/γ ∗ interference were included with
dilepton invariant masses (m��) down to 5 GeV. Top-quark
decays were simulated at leading order (LO) using Mad-
Spin [43,44] to preserve all spin correlations. The events
were interfaced withPythia8.210 [45] for the parton shower
and hadronisation, using the A14 set of tuned parameters [46]
and the NNPDF2.3lo PDF set.

The SM theoretical prediction of the production cross
section for the t t̄ Z process, including all Z boson decay
modes and taking into account the t t̄γ ∗ contribution and the
Z/γ ∗ interference, is σt t̄ Z = 0.88+0.09

−0.10 pb and includes NLO
QCD+EW corrections [47]. This value is an off-shell exten-
sion of a cross-section calculation of σt t̄ Z = 0.84+0.09

−0.10 pb,
which was reported in Ref. [48] (based on Ref. [49]). The
uncertainties are due to the QCD scales, the proton PDFs,
and αs.

The measured differential cross sections are compared
with theoretical expectations obtained with different genera-
tors. Alternative t t̄ Z samples were simulated with
Sherpa2.2.1 [50] generator at NLO QCD accuracy, using
both inclusive and multi-leg set-ups. In both cases, dynamic

2 Lower pT thresholds of 24 GeV for electrons and 20 GeV for muons
were applied for 2015 data.
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μr and μf scales were used as in the nominal samples. The
default Sherpa2.2.1 parton shower was used together with
the NNPDF3.0nnlo PDF set [42]. The multi-leg sample was
simulated using the MEPS@NLO prescription [51–54] with
up to one additional parton at NLO and with a merging
scale of 30 GeV. Another sample was generated with the
same MG5_aMC@NLO and EvtGenversions as the nom-
inal sample but using a different MC program for the mod-
elling of the parton-shower and hadronisation: Herwig7
[55,56] instead of Pythia8. In addition, two alternative sam-
ples with the same settings as the nominal sample, but using
a set of variations of the A14 tune’s parameters (A14 eigen-
tune variation Var3c [46]), were employed to evaluate the
uncertainty associated with the amount of initial-state radia-
tion (ISR).

The production of a single top quark or antiquark in asso-
ciation with a Z boson and one extra parton (t Zq) was sim-
ulated using the MG5_aMC@NLO 2.3.3 generator at NLO
QCD with the NNPDF3.0nnlo PDF set. The events were
interfaced with Pythia8.230 using the A14 tune and the
NNPDF2.3lo PDF set. The t Zq sample also includes off-
shell Z decays to dilepton pairs with invariant masses in the
range m�� > 30 GeV. Single top-quark or top-antiquark pro-
duction in association with both a W and a Z boson (tW Z )
was simulated at NLO with MG5_aMC@NLO 2.2.2 and the
NNPDF3.0nnlo PDF set, using Pythia8.235 for the parton-
shower simulation. The interference between t t̄ Z and tW Z
was removed following a diagram removal approach referred
to as the DR1 scheme [57].

Events featuring the production of a t t̄ pair in associa-
tion with a W or Higgs boson (t t̄W and t t̄ H ) were gener-
ated using NLO QCD MEs in MG5_aMC@NLO 2.3.3 (for
t t̄W ) or 2.6.0 (for t t̄ H ) with the NNPDF3.0nlo PDF set
and showered with Pythia8.210 or 8.230 using the A14
tune. MC samples featuring Higgs production in association
with a W or Z boson (H+W/Z ) were generated at LO with
Pythia8.186 using the A14 tune and the NNPDF2.3lo PDF
set.

Diboson processes featuring the production of three
charged leptons and one neutrino or four charged lep-
tons (WZ + jets or Z Z + jets, respectively) were simu-
lated using the Sherpa2.2.2 generator. In this set-up, multi-
ple MEs were matched and merged with the Sherpaparton
shower based on the Catani–Seymour dipole factorisation
scheme [58,59] using the MEPS@NLO prescription [51–
54]. The virtual QCD corrections for MEs at NLO accuracy
were provided by the OpenLoops library [60,61]. Samples
were generated using the NNPDF3.0nnlo PDF set, along
with the dedicated set of tuned parton-shower parameters
developed by theSherpaauthors. TheWZ/Z Z + jets events
with up to one additional parton were simulated at NLO,
whereas events with two or three partons were simulated at
LO precision.

The production of three or four top quarks (t t̄ t and t t̄ t t̄)
and the production of a t t̄ pair with two W bosons (t t̄WW )
were simulated at LO using MG5_aMC@NLO 2.2.2 inter-
faced to Pythia8.186 with the A14 tune and the
NNPDF2.3lo PDF set. Fully leptonic triboson processes
(WWW , WWZ , WZZ and Z Z Z ) with up to six leptons
in the final states were simulated with Sherpa2.2.2 and the
NNPDF3.0nnlo PDF set. Final states with no additional par-
tons were calculated at NLO, whereas final states with one,
two or three additional partons, were calculated at leading
order.

4 Object reconstruction

The following subsections describe the definitions of final-
state objects at reconstruction (detector), particle, and parton
levels, which are used to characterise the final-state event
topologies and to define the phase-space regions for the cross-
section measurements.

4.1 Reconstruction of detector-level objects

Electron candidates are reconstructed from clusters of energy
deposits in the electromagnetic calorimeter that are matched
to a track in the ID. They are required to satisfy pT > 7 GeV,
|η| < 2.47 and a ‘Medium’ likelihood-based identifica-
tion requirement [62,63]. Electron candidates are excluded
if their calorimeter clusters lie within the transition region
between the barrel and the endcap of the electromagnetic
calorimeter, 1.37 < |η| < 1.52. The track associated with
the electron must pass the requirements |z0 sin(θ)| < 0.5 mm
and |d0|/σ(d0) < 5, where z0 describes the longitudinal
impact parameter relative to the reconstructed primary ver-
tex,3 d0 is the transverse impact parameter relative to the
beam axis, and σ(d0) is the uncertainty on d0.

Muon candidates are reconstructed from MS tracks
matched to ID tracks in the pseudorapidity range of |η| < 2.5.
They must satisfy pT > 7 GeV along with the ‘Medium’
identification requirements defined in Refs. [64,65]. This
criterion defines requirements on the number of hits in the
different ID and MS subsystems and on the significance of
the charge-to-momentum ratio q/p. In addition, the track
associated with the muon candidate must have |z0 sin(θ)| <

0.5 mm and |d0|/σ(d0) < 3.
Isolation criteria are applied to the selected electrons and

muons. For electrons, the scalar sum of the pT of tracks
within a variable-size cone around the electron, exclud-
ing tracks originating from the electron itself, must be less
than 6% of the electron pT. The track isolation cone radius

3 The primary vertex is defined as the vertex with the highest scalar
sum of the squared transverse momenta of associated tracks with pT >

400 MeV.
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�R = √
(�η)2 + (�φ)2 is given by the smaller of �R =

10 GeV/pT and �R = 0.2. In addition, the sum of the trans-
verse energy of the calorimeter topo-clusters4 in a cone of
�R = 0.2 around the electron is required to be less than 6%
of the electron pT, excluding clusters originating from the
electron itself. For muons, the scalar sum of the pT of tracks
within a variable-size cone around the muon, excluding its
own track, must be less than 6% of the muon pT, with the
track isolation cone radius being given by the minimum of
�R = 10 GeV/pT and �R = 0.3.

Jets are reconstructed from topo-clusters, using the anti-kt
jet clustering algorithm [67] as implemented in the Fast-
Jet package [68], with a radius parameter of R = 0.4.
They are calibrated through the application of a jet energy
scale derived from 13 TeV data and simulation [69]. Only
jet candidates with pT > 25 GeV and |η| < 2.5 are consid-
ered in this analysis. To mitigate the impact of jets arising
from additional pp collisions in a given bunch crossing, an
additional selection criterion using a likelihood-based ‘jet-
vertex-tagging’ (JVT) discriminant is applied to jets with
pT < 120 GeV and |η| < 2.5 [70].

Jets containing b-hadrons (‘b-jets’) are identified (tagged)
by the MV2c10 b-tagging algorithm [71]. The algorithm uses
a multivariate discriminant with quantities such as the impact
parameters of associated tracks, and well-reconstructed sec-
ondary vertices. For the differential measurements, a selec-
tion that provides an 85% efficiency for identifying b-jets
in simulated t t̄ events, with rejection factors against light-
flavour jets and c-jets of 28 and 2, respectively is used.
Different calibrated b-tagging working points (WPs), corre-
sponding to different b-jet selection efficiencies are used for
the inclusive cross-section measurement. A method where
exclusive bins in the b-tagging discriminant corresponding
to different identification efficiencies is employed. In the fol-
lowing, this approach is referred to as pseudo-continuous b-
tagging (PCBT).

Scale factors are applied as weights to MC events to cor-
rect for the mismodelling of efficiencies associated with the
reconstruction, identification and trigger selection of elec-
trons and muons, as well as the JVT and b-tagging require-
ments for jets. The b-tagging scale factors are derived from
a pseudo-continuous calibration as outlined above.

The missing transverse momentum is defined as the neg-
ative vector sum of the transverse momenta of all selected
and calibrated physics objects (electrons, photons, muons

4 Topo-clusters are constructed from calorimeter cells that are com-
bined using a topological clustering algorithm [66]. These objects pro-
vide a three-dimensional representation of energy depositions in the
calorimeter and implement a nearest-neighbour noise suppression algo-
rithm. The resulting clusters are classified as either electromagnetic or
hadronic based on their shape, depth and energy density. Energy cor-
rections are applied to the topo-clusters in order to calibrate them to the
appropriate energy scale for their classification.

and jets). Low-momentum tracks from the primary vertex
that are not associated with any of the reconstructed physics
objects described previously are also included as a ‘soft term’
in the calculation [72]. The magnitude of the missing trans-
verse momentum vector is denoted as Emiss

T .
Ambiguities can arise from the independent reconstruc-

tion of electron, muon and jet candidates in the detector. A
sequential procedure (overlap removal) is applied to resolve
these ambiguities and, thus, avoids a double counting of
physics objects.5 It is applied as follows. If an electron can-
didate and a and muon candidate share a track, the electron
candidate is removed. Jet candidates within a distance of
�Ry,φ = √

(�y)2 + (�φ)2 = 0.2 from a remaining elec-
tron candidate are discarded. If multiple jets are found in
this area, only the closest jet is removed. If the electron-
jet distance is between 0.2 and 0.4, the electron candidate is
removed. If the �Ry,φ between any remaining jet and a muon
candidate is less than 0.4, the muon candidate is removed if
the jet has more than two associated tracks, otherwise the jet
is discarded.

4.2 Particle- and parton-level objects and definitions of
fiducial regions

In the measurements of differential t t̄ Z cross sections, the
measured spectra are corrected for detector effects to so-
called particle and parton levels using an unfolding proce-
dure.

Parton-level objects were obtained from the MC record
of the t t̄ Z event. The top quarks (antiquarks) and Z bosons
were selected after final-state radiation and just before their
corresponding decay, t → Wb or Z → ��, respectively.
The leptons originating from W and Z bosons were selected
directly from the decay vertex of the parent bosons.

The parton-level fiducial volumes for final states with
three or four leptons were defined as follows: the Z boson
was required to decay into leptons, whereas the t t̄ pair was
required to decay via t t̄ → W+bW−b̄, with either one or
both W bosons subsequently decaying leptonically.

The particular decay chains of interest are therefore:

Z → �+�−, t → W+(→ �+ν�) + b, t̄ → W−(→ qq̄) + b̄

or Z → �+�−, t → W+(→ qq̄) + b, t̄ → W−(→ �−ν̄�) + b̄

for a three-lepton final state, and

Z → �+�−, t → W+(→ �+ν�) + b, t̄ → W−(→ �−ν̄�) + b̄

5 The lepton candidates considered for the overlap removed are elec-
trons selected with the ‘Loose’ identification [62,63] and muons
selected with the ‘Medium’ identification requirement, but before plac-
ing isolation requirements on the leptons.
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for a four-lepton final state. The two decay chains for the
three-lepton final state differ only in terms of which of the
top quark or antiquark decayed hadronically.

The invariant mass of the lepton pair originating from
the Z boson has to be within a range of ±15 GeV around
the nominal Z boson mass (91.2 GeV) [35] to be sensitive
to on-shell Z decays. Prompt τ -leptons from Z or W boson
decays were not included in the parton-level fiducial volume,
regardless of their subsequent decay into leptons or hadrons.
No kinematic requirements were applied to the parton-level
objects in order that the unfolded differential results at parton
level can be more easily compared with fixed-order predic-
tions.

Particle-level objects in simulated events were defined
using quasi-stable particles with a mean lifetime greater than
30 ps originating from pp collisions. They were selected
after hadronisation but before the interaction of these parti-
cles with the detector components or consideration of pile-
up effects. Electrons and muons were required to not to have
originated from a hadron in the MC generator event record,
whether directly or through a τ -lepton decay. This ensures
that they originated from the Z boson or the W bosons from
top-quark decays, without requiring a direct match with the
parent boson. The four-momenta of the bare leptons were
modified (‘dressed’) by adding the four-momenta of all radi-
ated photons within a cone of size �R = 0.1, excluding
photons from hadron decays, to take into account final-state
photon radiation. Particle-level jets were reconstructed with
the anti-kt algorithm with a radius parameter of R = 0.4
applied to all stable particles, but excluding both the neu-
trinos originating from the Z boson or top quarks and the
selected electrons, muons and photons used in the defini-
tion of the charged leptons. If b-hadrons with pT > 5 GeV
were found in the MC event record, they were clustered in
the stable-particle jets with their energies set to a negligi-
ble positive value (‘ghost-matching’) [73]. Particle-level jets
containing one or more of these b-hadrons were considered
to originate from a b-quark. The particle-level missing trans-
verse momentum was defined as the vector sum of the trans-
verse momenta of all neutrinos found in the simulation his-
tory of the event, excluding those originating from hadron
decay.

The particle-level fiducial volume for final states with
three or four leptons was defined by applying the same pT

and |η| requirements as those summarised for the detector-
level selection in Tables 1 and 2, respectively. In addition,
the same requirements were placed on the number of jets
and b-jets, and the same requirements were placed on the
opposite-sign–same-flavour (OSSF) lepton pair, along with
the same invariant mass requirement for the Z -mass window
as that used in the detector-level selection described in the

following section (|m�� −mZ | < 10 GeV).6 For the particle-
level fiducial volume for four-lepton final states, only one
OSSF lepton pair was required within the Z -mass window –
the remaining lepton pair was required only to be opposite-
sign. Only one of the jets is required to have originated from
a b-quark.

5 Event selection and signal regions

Only final states with exactly three or four isolated lep-
tons (electrons or muons) and at least two jets, as defined
in Sect. 4, are considered. All selected events are required
to pass a single-electron or single-muon trigger. In addi-
tion, at least one reconstructed lepton with pT > 27 GeV
is required to be matched to the lepton reconstructed by the
trigger algorithm and to be of the same flavour. Different
signal regions are defined and optimised to achieve the best
sensitivity to t t̄ Z production with one or both top quarks
decaying via t → bW → b�ν�. Furthermore, the regions
are designed to contain a sufficient number of signal events
in order to reduce the statistical uncertainties of the differ-
ential t t̄ Z cross-section measurements. The signal regions
are referred to as ‘trilepton’ (3�) and ‘tetralepton’ (4�) signal
regions, depending on the number of reconstructed leptons,
and are meant to target events with one or two prompt leptons,
respectively from the t t̄ decay.

5.1 Trilepton signal regions

A summary of the definitions of the trilepton signal regions is
provided in Table 1. The requirement on the minimum trans-
verse momentum of the leading, sub-leading and third lepton
is 27, 20 and 20 GeV, respectively. The sum of the three lep-
ton charges is required to be ±1. The OSSF lepton pair with
the invariant mass closest to the Z boson mass is considered
to originate from the Z decay and its invariant mass (labelled
as mZ

��) is required to be compatible with the mass of the
Z boson (|mZ

�� − mZ | < 10 GeV). Furthermore, all OSSF
lepton combinations are required to have mOSSF > 10 GeV
to remove contributions arising from low-mass resonances.
Additional requirements are imposed on the total number of
reconstructed jets (Njets) and b-tagged jets (Nb-jets) in the
event.

Different b-jet requirements are used for the inclusive
and differential cross-section measurements. For the inclu-
sive measurement, a combination of two orthogonal regions

6 It should be noted that this invariant mass requirement is more strin-
gent than the on-shell Z requirement used in defining the parton-level
fiducial volumes in Sect. 4.2 and provides better background rejection.
The requirement was therefore tightened for the detector-level selection,
and the same range was then adopted for the particle-level definitions.
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Table 1 The definitions of the trilepton signal regions: for the inclusive
measurement, a combination of the regions with pseudo-continuous b-
tagging 3�-Z -1b4 j-PCBT and 3�-Z -2b3 j-PCBT is used, whereas for

the differential measurement only the region 3�-Z -2b3 j with a fixed
b-tagging WP is employed

Variable 3�-Z -1b4 j-PCBT inclusive 3�-Z -2b3 j-PCBT inclusive 3�-Z -2b3 j differential

N� (� = e, μ) = 3

≥1 OSSF lepton pair with |mZ
�� − mZ | < 10 GeV

for all OSSF combinations: mOSSF > 10 GeV

pT (�1, �2, �3) > 27, 20, 20 GeV

Njets ≥ 4 ≥ 3 ≥ 3

Nb-jets = 1@60% ≥ 2@70% ≥ 2@85%

veto add. b-jets@70%

Table 2 The definitions of the four tetralepton signal regions. The regions are defined to target different b-jet multiplicities and flavour combinations
of the non-Z leptons (�� non-Z )

Variable 4�-SF-1b 4�-SF-2b 4�-DF-1b 4�-DF-2b

N�(� = e, μ) = 4

≥1 OSSF lepton pair with |mZ
�� − mZ | < 10 GeV

for all OSSF combinations: mOSSF > 10 GeV

pT (�1, �2, �3, �4) > 27, 20, 10, 7 GeV

�� non-Z e+e− or μ+μ− e+e− or μ+μ− e± μ∓ e± μ∓

Emiss
T > 100 GeV, if |mnon-Z

�� − mZ | ≤ 10 GeV > 50 GeV, if |mnon-Z
�� − mZ | ≤ 10 GeV – –

> 50 GeV, if |mnon-Z
�� − mZ | > 10 GeV –

Njets ≥ 2 ≥ 2 ≥ 2 ≥ 2

Nb-jets@85% = 1 ≥ 2 = 1 ≥ 2

which use different b-tagging WPs (PCBT, see Sect. 4) with
60% and 70% efficiency is employed. The tighter b-tagging
WPs are used to suppress the WZ + jets background and
reduce its impact on the overall precision of the measure-
ment. The two regions, referred to as 3�-Z -1b4 j-PCBT and
3�-Z -2b3 j-PCBT, are kept distinct from one another during
the fitting procedure used to perform the cross-section mea-
surement. For the differential measurements, a looser, fixed
WP corresponding to an 85% efficiency is used in order to
increase the data statistics.

5.2 Tetralepton signal regions

The definitions of the tetralepton signal regions are sum-
marised in Table 2. The requirement on the transverse
momentum of the four leading leptons in all regions is
27, 20, 10 and 7 GeV, respectively. As in the case of the
trilepton signal regions, all events are required to have at
least one OSSF lepton pair with an invariant mass satis-
fying |mZ

�� − mZ | < 10 GeV. Furthermore, the remaining
leptons which are not associated with the Z boson (non-

Z ) are required to have opposite charges, such that the sum
of the four lepton charges is zero. As in the trilepton selec-
tion, a requirement that all OSSF lepton combinations satisfy
mOSSF > 10 GeV in order to suppress background contribu-
tions from low-mass resonances is applied.

The tetralepton signal regions are separated into different-
flavour (DF) and same-flavour (SF) signal regions, according
to the b-jet multiplicities and the flavour composition of the
non-Z lepton pair. The Z Z + jets background is suppressed
by setting requirements on the jet and b-jet multiplicities, as
well as by applying cuts on Emiss

T and the invariant mass of
the non-Z lepton pair (mnon-Z

�� ) in the case of the SF regions.
In the SF regions, events with mnon-Z

�� close to the Z mass are
accepted, but the Emiss

T requirement is increased to reduce
the Z Z + jets background. If mnon-Z

�� is not close to the Z
mass, the Emiss

T cut is relaxed. For the inclusive cross-section
measurement, the four tetralepton regions are included as
separate bins in the fit, whereas for the differential measure-
ments all the events are combined. Unlike the trilepton signal
regions, the b-jets are all selected using a fixed 85% b-tagging
efficiency WP. The tetralepton signal region selections are
identical for the inclusive and differential measurements.
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Table 3 Definitions of the
control regions targeting the
WZ + jets, WZ → ���ν (left)
and Z Z + jets, Z Z → ����

processes (right): the control
regions are used to obtain
normalisations of the
light-flavour components of the
WZ/Z Z + jets backgrounds
from data

Variable 3�-WZ -CR 4�-Z Z -CR

N� (� = e, μ) = 3 = 4

1 OSSF lepton pair with 2 OSSF lepton pairs with

|m�� − mZ | < 10 GeV |m�� − mZ | < 10 GeV

pT (�1, �2, �3, �4) > 27, 20, 20 GeV > 27, 20, 10, 7 GeV

Njets ≥ 3 –

Nb-jets@85% = 0 –

Emiss
T – 20 GeV < Emiss

T < 40 GeV

6 Background estimation

Several processes can lead to background contaminations
in the signal regions. The contributions from SM processes
featuring the production of three or four prompt leptons7 is
discussed in Sect. 6.1, whereas the estimation of processes
where at least one of the reconstructed leptons is a fake lepton
is explained in Sect. 6.2.

6.1 Prompt lepton background

The dominant SM background processes in the trilepton
and tetralepton regions are WZ/Z Z + jets production with
WZ → ���ν and Z Z → ���� decays, respectively. The
normalisations of these processes are obtained from data and
measured in dedicated WZ + jets and Z Z + jets control
regions (CRs) as defined in Table 3. The CRs are common
to both the inclusive and the differential cross-section mea-
surements. Invariant mass requirements on the OSSF lepton
pairs are applied to select the Z bosons expected in both
regions. A b-jet veto is applied in 3�-WZ -CR to suppress
the t t̄ Z contribution and to ensure orthogonality with the
trilepton signal region. In 4�-Z Z -CR, no requirements are
placed on the number of jets or b-jets. The invariant mass
requirements on the two OSSF lepton pairs are sufficient to
yield a very high Z Z + jets purity in this region. Orthogonal-
ity with the tetralepton signal regions is ensured through the
use of an Emiss

T requirement (20 GeV < Emiss
T < 40 GeV),

where the lower bound is set so that the selected events are
more similar kinematically to those in the signal regions.
The WZ + jets purity in 3�-WZ -CR is approximately 80%,
while the Z Z + jets purity in 4�-Z Z -CR is approximately
97%.

The event yields in these control regions are extrapolated
to the signal regions in accord with simulation. As the control
regions are mostly populated by WZ/Z Z plus light-flavour
jet events, only the predictions from these light-flavour com-
ponents in the signal regions are constrained by the observed

7 The term ‘prompt’ refers to leptons which are directly produced by
the hard-scatter process or by the decays of heavy resonances such as
W , Z or Higgs bosons.

data yields in the control regions. The WZ/Z Z + b- and c-
jet8 backgrounds are constrained to their MC predictions, but
with additional normalisation uncertainties assigned (more
details are provided in Sect. 7.3). Figure 1a and b show,
respectively, the pT and η distributions of the leading lep-
ton for the WZ + jets control region. The pT distribution
and the number of selected jets in the Z Z + jets control
region are shown in Fig. 2a and b. All distributions in the
control regions are shown before the simultaneous fit to data
is applied (pre-fit).

Another important background in the signal regions is
tW Z production, which can lead to final states very simi-
lar to those of the t t̄ Z signal. A relevant background pro-
cess in the trilepton regions is t Zq production, which con-
tributes more for lower jet multiplicities. Other background
processes, such as t t̄+W/H , t t̄WW , three/four top-quark
production, H+W/Z or triboson production can also con-
tribute to the signal regions, but are significantly smaller than
the other processes mentioned above.

The MC samples used to simulate these processes are
described in Sect. 3. Besides the WZ/Z Z plus light-flavour
jets background, for which control regions are employed to
obtain the normalisation, the contributions from all SM pro-
cesses leading to three or four prompt leptons are estimated
entirely from MC simulation and normalised to their theo-
retical cross-section predictions.

6.2 Fake lepton background

Different types of objects, which are misidentified as lep-
tons, are referred to as ‘fake leptons’ throughout the rest of
the document. In the signal regions of this analysis, this back-
ground arises mainly from dileptonic t t̄ decays where addi-
tional non-prompt leptons arise from heavy-flavour hadron
decays.

To estimate the contribution of fake leptons in the sig-
nal regions, a fully data-driven method, called the ‘matrix

8 These backgrounds are defined by separating WZ/Z Z + jets events
into light-flavour jet, b-jet and c-jet components, depending on whether
a b- or c-hadron is found in the MC event record of any of the selected
jets.
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Fig. 1 Distribution of the a pT and b η of the leading lepton in the
WZ + jets control region. The shaded band corresponds to the total
uncertainty (systematic and statistical) of the total SM prediction. The
lower panel shows the ratio of the data to the SM prediction. The results

and uncertainties are shown before the fit to data is performed. The cat-
egory ‘other’ contains all processes mentioned in Sect. 3 which are not
listed separately. Events with a leading lepton pT above 300 GeV are
included in the uppermost bin of a

Fig. 2 Distribution of a the pT of the leading lepton and b the number
of selected jets in the Z Z + jets control region. The shaded band cor-
responds to the total uncertainty (systematic and statistical) of the total
SM prediction. The lower panel shows the ratio of the data to the SM

prediction. The results and uncertainties are shown before the fit to data
is performed. The category ‘other’ contains all processes mentioned in
Sect. 3 which are not listed separately. Events with a leading lepton pT
above 300 GeV are included in the uppermost bin of a

method’ is employed. Descriptions of this technique can be
found in Refs. [74,75]. It relies on the prompt and fake leptons
having different probabilities of passing the identification,
isolation and impact parameters requirements. The method
uses data events selected with the same criteria as in the sig-
nal regions, but with looser lepton selections9 than the ones
defined in Sect. 4.

9 Whereas ‘Medium’ electrons are used for the nominal selection, the
identification WP is relaxed to ‘LooseAndBLayerLH’ [62] for the looser
electron selection. No isolation requirements are applied for electrons
and muons in the looser selection.

An alternative version of the matrix method is described in
Ref. [76]. It evaluates the total number of fake electrons and
muons entering the signal regions via the maximisation of
a likelihood function. The likelihood function is constructed
from a product of Poisson probability functions that repre-
sent the numbers of leptons passing different quality crite-
ria for the signal regions. The observed number of leptons
selected with the looser criteria and the probabilities (effi-
ciencies) for fake or prompt leptons to satisfy the nominal
lepton requirements are fixed, while the expectation values
of the Poisson functions – the numbers of fake leptons in the
signal regions – are obtained from the likelihood maximisa-
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Table 4 The observed and expected numbers of events in the trilepton
and tetralepton signal regions, as well as in the WZ/Z Z + jets control
regions. The predictions are shown before the fit to data. The WZ and
Z Z + jets backgrounds are listed separately for their light-flavour (l),
b-jet and c-jet components. The category ‘fake leptons’ refers to the
contributions from fake and non-prompt leptons. ‘Other’ includes the

contributions from H+W/Z , t t̄WW , three/four top-quark production
and triboson processes. Background categories with event yields shown
as ‘–’ do not contribute significantly to a region. The indicated uncertain-
ties consider statistical errors as well as all experimental and theoretical
systematic uncertainties, except the normalisation uncertainties of the
fitted background components

Region 3�-Z -1b4 j-PCBT 3�-Z -2b3 j-PCBT 4�-SF-1b 4�-SF-2b 4�-DF-1b 4�-DF-2b 3�-WZ -CR 4�-Z Z -CR

t t̄ Z 164 ± 14 210 ± 9 13.0 ± 1.6 23.3 ± 1.8 16.8 ± 1.4 22.5 ± 1.0 44 ± 11 0.7 ± 0.1

WZ + l 3.1 ± 2.3 0.3 ± 0.3 – – – – 1160 ± 370 –

WZ + b 30 ± 18 16.0 ± 9.4 – – – – 17 ± 10 –

WZ + c 12.5 ± 5.9 2.1 ± 1.0 – – – – 230 ± 100 –

Z Z + l 0.3 ± 0.2 0.03 ± 0.03 1.8 ± 0.9 1.0 ± 0.5 0.5 ± 0.2 0.02 ± 0.01 116 ± 17 461 ± 37

Z Z + b 3.5 ± 1.8 2.2 ± 1.1 1.1 ± 0.7 2.8 ± 1.7 0.2 ± 0.1 0.08 ± 0.05 2.0 ± 1.0 14.3 ± 7.6

Z Z + c 0.8 ± 0.3 0.2 ± 0.1 1.0 ± 0.5 1.2 ± 0.6 0.2 ± 0.1 0.02 ± 0.01 13.7 ± 4.4 20.7 ± 7.5

tW Z 23.7 ± 4.2 19.3 ± 7.1 2.7 ± 0.5 2.0 ± 0.8 3.6 ± 1.1 2.1 ± 0.9 13.3 ± 1.2 0.2 ± 0.1

t Zq 11.7 ± 5.0 29.3 ± 9.3 – – – – 9.1 ± 3.5 –

t t̄+W/H 5.8 ± 0.9 10.1 ± 2.2 0.5 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 0.8 ± 0.1 1.8 ± 0.4 0.01 ± 0.01

Fake leptons 30 ± 15 14.6 ± 7.4 0.7 ± 0.6 0.9 ± 0.8 0.9 ± 0.8 0.3 ± 0.3 86 ± 43 7.7 ± 3.6

Other 0.7 ± 0.4 1.5 ± 0.7 0.7 ± 0.3 0.3 ± 0.1 0.7 ± 0.4 0.2 ± 0.1 12.4 ± 6.4 0.9 ± 0.6

SM total 286 ± 31 306 ± 21 21.3 ± 2.3 32.4 ± 3.0 23.4 ± 2.0 26.0 ± 1.5 1710 ± 390 505 ± 39

Data 272 343 19 33 33 32 1569 539

tion. This method offers a more robust fake-lepton estimation
for statistically limited regions. For the differential measure-
ments, the estimations are performed separately for each bin
of the measured variables.

The probabilities of fake leptons to satisfy the nominal
lepton requirements (fake-lepton efficiencies) are obtained
from data. They are measured separately for electrons and
muons in events with exactly two leptons with the same
charge (same-sign) and at least one b-jet identified at the
85% efficiency WP. The measurements are performed after
subtracting the contributions, estimated from MC events,
of charge-misidentified electrons and prompt leptons in the
same-sign region. It has been checked that the dominant
fake lepton source in this region are heavy-flavour hadron
decays, as in the signal regions. The fake-lepton efficiencies
are approximately 10% for electrons and 15% for muons,
with an increase to around 20% for muons with pT < 12 GeV
and > 35 GeV. The equivalent probabilities for prompt lep-
tons (prompt-lepton efficiencies) are obtained from Z → ��

simulation and the respective scale factors for electrons or
muons. The prompt-lepton efficiencies are in most cases
higher than 90% for both the electrons and muons. They
increase for larger lepton pT values and reach > 98 % for
pT > 35 GeV. Both the fake- and prompt-lepton efficiencies
are parameterised as a function of pT and |η| of the respective
lepton.

Systematic uncertainties are assigned to the fake-lepton
estimates to account for differences in the relative contribu-
tions of the various fake-lepton sources between the signal

regions and the regions used for the efficiency measurements.
Further uncertainties arise from the subtraction of prompt and
charge-misidentified leptons, as well as from the dependen-
cies of the fake-lepton efficiencies on the number of jets/b-
jets in the events. The method is also affected by statistical
uncertainties arising from the limited number of events in the
data sample used to evaluate the fake-lepton yields, as well
as the statistical limitations of the efficiency measurements.
Similarly to the nominal values, the uncertainties of the fake-
and prompt-lepton efficiencies are binned in pT and |η| of the
leptons and propagated to the fake-lepton estimation in the
signal regions. The overall uncertainties are approximately
50% for both electrons and muons, but they can fluctuate for
the differential measurements, depending on the variable and
the kinematic region.

6.3 Pre-fit event yields in signal and control regions

To validate the SM background modelling explained in the
previous sections, Table 4 presents a comparison between the
total expected background prediction and the observed data
events in the trilepton and tetralepton signal regions, as well
as in the WZ + jets and Z Z + jets control regions. The event
yields and uncertainties are shown before applying the fitting
procedure. The statistical and all systematic uncertainties as
explained in Sect. 7 are considered except the normalisation
uncertainties of the processes which are free parameters in
the fit. Within the uncertainties, agreement between data and
the SM predictions is observed in nearly all regions.
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7 Systematic uncertainties

The signal and background predictions in all signal regions
are affected by several sources of experimental and theo-
retical systematic uncertainty. These are considered for both
inclusive and differential measurements presented in Sects. 8
and 9. The uncertainties can be classified into the different
categories which are described in the following subsections.

7.1 Detector-related uncertainties

The uncertainty in the combined 2015–2018 integrated lumi-
nosity is 1.7% [77], obtained using the LUCID-2 detector
[28] for the primary luminosity measurements. This sys-
tematic uncertainty affects all processes modelled using MC
simulations apart from the light-flavour components of the
WZ/Z Z + jets backgrounds, whose normalisations are
taken from data in control regions.

The uncertainty in the reweighting of the MC pile-up dis-
tribution to match the distribution in data is evaluated by
varying the pile-up correction factors used to perform the
reweighting.

Uncertainties associated with the lepton selection arise
from the trigger, reconstruction, identification and isolation
efficiencies, and the lepton momentum scale and resolution
[63–65]. They are below 1% for the individual sources and
have a total impact of 2–2.5% on the measurements. Uncer-
tainties 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 uncertainties are derived
by combining information from test-beam data, collision data
and simulation [78]. The uncertainties in the JER and JVT
increase at lower jet pT. The overall effect of uncertainties
related to jet selection and calibration is approximately 2%.

The efficiency of the flavour-tagging algorithm is mea-
sured for each jet flavour 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-tagged jets, the correction factors and their uncer-
tainties are estimated from data using dileptonic t t̄ events
[71]. In the case of c-jets, they are derived from jets arising
from W boson decays in t t̄ events [79]. In the case of light-
flavour jets, the correction factors are derived using dijet
events [80]. Sources of uncertainty affecting the b- and c-
tagging efficiencies are evaluated as a function of jet pT,
including bin-to-bin correlations. The uncertainties in the
efficiency for tagging light-flavour jets depend on the jet pT

and on η. 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 pT. The impact of flavour-tagging uncer-
tainties on the measurements depends on the signal regions
and is 2–3% in total.

7.2 Signal modelling uncertainties

Different sources of systematic uncertainty in the theoretical
predictions of the t t̄ Z process are considered. To evaluate
the effect of μr and μf uncertainties, the scales used in the
ME of the MG5_aMC@NLO + Pythia8 samples are varied
simultaneously, as well as individually, by factors of 2.0 and
0.5 relative to their nominal values. The uncertainty due to
the ISR is estimated using a set of variations of the A14
tune’s parameter values. Uncertainties associated with the
choice of PDF set are evaluated according to the PDF4LHC
prescription [81] using eigenvector variations from multiple
NLO PDF sets, the effects of which are added in quadrature.

The systematic uncertainty due to the modelling of the
parton shower, the hadronisation and the underlying event
– called the parton-shower uncertainty in the following – is
quantified by employing an alternative t t̄ Z sample generated
with MG5_aMC@NLO, but interfaced to Herwig7 instead
of Pythia8.

7.3 Background modelling uncertainties

The normalisation of the WZ + jets and Z Z + jets back-
grounds with light-flavour jets are obtained from data, as
discussed in Sect. 6.1. The WZ/Z Z + jets components
with b- or c-jets are constrained to their MC predictions
and normalisation uncertainties of 50% (WZ/Z Z + b) and
30% (WZ/Z Z+c) are assigned to them. These uncertainties
are evaluated from data/MC comparisons in Z + b/c events
[82], but also take into account differences in the heavy-
flavour jet fractions between Z + jets and WZ/Z Z + jets
events. Modelling uncertainties of WZ/Z Z + jets related to
the μr and μf scales and the PDF choice are obtained with the
same prescription as for the signal. Uncertainties attributed
to the resummation scale and CKKW matching scale [52,54]
are evaluated from alternative WZ/Z Z + jets samples with
variations of these scale choices.

Uncertainties related to the μr and μf scales and the PDF
of the tW Z background are evaluated in the same way as for
the t t̄ Z and WZ/Z Z + jets samples. An additional uncer-
tainty is assigned to the tW Z process to account for the inter-
ference between the t t̄ Z and tW Z processes. It is evaluated
by switching to an alternative diagram removal scheme (DR1
vs DR2) [57] and obtaining an uncertainty from the differ-
ences observed in the signal regions.

Scale and PDF uncertainties of the t Zq background are
obtained in the same way as for the previously described
samples. In addition, a normalisation uncertainty of 30% is
assigned, motivated by the measurements of this process pre-
sented in Refs. [83,84]. As for the t t̄ Z signal, the uncertainty
due to the ISR is evaluated using alternative samples with
Pythia8 A14 Var3c eigentune variations.
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Fig. 3 The observed and expected event yields in the trilepton and
tetralepton signal regions, as well as theWZ/Z Z + jets control regions,
after the combined fit. The bottom panel shows the ratio of data to the

total SM prediction. The size of the combined statistical and systematic
uncertainty in the sum of the fitted signal and backgrounds is indicated
by the blue hatched band

For the fake-lepton background, statistical as well as sys-
tematic uncertainties are considered as explained in Sect. 6.
They are evaluated for each signal region independently and
applied as normalisation uncertainties of the total fake-lepton
background contribution in each region.

For the t t̄ H background, a normalisation uncertainty of
approximately 10% due to the choice of QCD scales and
PDF is used [48]. For processes giving smaller backgrounds,
namely H+W/Z , t t̄W , t t̄WW , triboson and three/four
top-quark production, a conservative overall normalisation
uncertainty of 50% is applied.

8 Results of the inclusive cross-section measurement

The ratio of the measured value of the inclusive t t̄ Z produc-
tion cross section to its corresponding SM prediction (μt t̄ Z )
is obtained from a simultaneous fit to the numbers of events
in the trilepton and tetralepton signal regions (as defined in
Tables 1, 2), as well as the WZ + jets and Z Z + jets con-
trol regions (defined in Table 3). For trilepton events, only the
dedicated regions for the inclusive measurement are included
in the fit. The fit is based on the profile-likelihood technique,
with a likelihood function as a product of Poisson probability
functions given by the observed event yields in the signal and
control regions. The value of μt t̄ Z as well as the normalisa-
tions of the light-flavour components of the WZ/Z Z + jets
backgrounds are treated as free parameters in the fit. The
systematic uncertainties described in Sect. 7 are included
in the fit as nuisance parameters constrained by Gaussian

functions. None of the uncertainty parameters is found to be
significantly constrained or pulled by the fit. The calculation
of confidence intervals and hypothesis testing is performed
using a modified frequentist method as implemented in the
RooStats framework [85–87].

Within their uncertainties, the fitted normalisations of the
light-flavour components of the WZ + jets and Z Z + jets
backgrounds are compatible with unity, but can vary by up
to 10% from their initial value. The observed and expected
total event yields in the signal regions and theWZ/Z Z + jets
control regions after the combined fit (post-fit) are shown in
Fig. 3 and detailed in Table 5. The strong anti-correlation
between the WZ + l and WZ + c backgrounds results in a
smaller total uncertainty of the fitted SM background expec-
tation in 3�-WZ -CR compared with the uncertainties of the
individual WZ + l and WZ + c components.

Comparisons between data and the post-fit SM predictions
for some selected variables which offer sensitivity to the qual-
ity of the background modelling in the signal regions are also
presented. The number of selected jets with pT > 25 GeV in
signal region 3�-Z -1b4 j-PCBT is shown in Fig. 4a. The pT

of the leading lepton in 3�-Z -2b3 j-PCBT is given in Fig. 4b.
Figure 5a depicts the number of selected jets and Fig. 5b
the pT of the leading lepton in the combination of the four
tetralepton regions. Figure 6a shows the pT and Fig. 6b the
rapidity (y) of the reconstructed Z boson in the combination
of the trilepton and tetralepton regions.

Table 6 summarises the measuredμt t̄ Z parameters obtained
from the individual fits in the trilepton and tetralepton
regions, as well as the value from the combined 3� + 4� fit.
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Table 5 The observed and expected numbers of events in the trilepton
and tetralepton signal regions, as well as the WZ/Z Z + jets control
regions, after the combined fit. The definitions of the background cate-
gories are the same as in Table 4. Categories with event yields shown as
‘–’ do not contribute significantly to a region. The indicated uncertain-

ties consider all experimental and theoretical systematic uncertainties
as well as the statistical errors. As systematic uncertainties might be
correlated between different processes, the individual uncertainties do
not necessarily add up in quadrature to the uncertainty of the total SM
prediction

Region 3�-Z -1b4 j-PCBT 3�-Z -2b3 j-PCBT 4�-SF-1b 4�-SF-2b 4�-DF-1b 4�-DF-2b 3�-WZ -CR 4�-Z Z -CR

t t̄ Z 185 ± 16 247 ± 20 14.5 ± 1.7 26.9 ± 2.5 19.3 ± 1.8 26.7 ± 2.3 45 ± 11 0.8 ± 0.1

WZ + l 2.4 ± 1.8 0.2 ± 0.3 – – – – 1068 ± 110 –

WZ + b 20 ± 11 10.8 ± 6.1 – – – – 11.2 ± 6.3 –

WZ + c 10.8 ± 4.8 1.8 ± 0.8 – – – – 207 ± 87 –

Z Z + l 0.3 ± 0.2 0.02 ± 0.02 1.7 ± 0.7 0.9 ± 0.5 0.5 ± 0.1 0.02 ± 0.01 121 ± 15 496 ± 26

Z Z + b 3.0 ± 1.6 2.0 ± 1.0 0.9 ± 0.6 2.5 ± 1.5 0.2 ± 0.1 0.07 ± 0.07 1.8 ± 0.9 12.9 ± 7.1

Z Z + c 0.7 ± 0.2 0.1 ± 0.1 0.9 ± 0.5 1.1 ± 0.6 0.2 ± 0.1 0.02 ± 0.01 13.0 ± 4.1 19.8 ± 7.1

tW Z 23.8 ± 4.0 20.5 ± 7.0 2.7 ± 0.4 2.2 ± 0.8 3.8 ± 1.1 2.3 ± 0.9 13.2 ± 1.2 0.2 ± 0.1

t Zq 10.8 ± 4.5 29.7 ± 9.0 – – – – 8.6 ± 3.2 –

t t̄+W/H 5.8 ± 0.9 10.1 ± 2.2 0.5 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 0.8 ± 0.1 1.8 ± 0.4 0.01 ± 0.01

Fake leptons 23 ± 11 11.0 ± 5.3 0.7 ± 0.3 0.9 ± 0.4 0.9 ± 0.5 0.3 ± 0.1 65 ± 31 7.9 ± 3.1

Other 0.7 ± 0.4 1.5 ± 0.7 0.7 ± 0.3 0.2 ± 0.1 0.7 ± 0.4 0.2 ± 0.1 12.4 ± 6.3 1.0 ± 0.5

SM total 286 ± 13 334 ± 15 22.5 ± 1.8 35.6 ± 2.7 26.1 ± 1.9 30.3 ± 2.2 1569 ± 43 539 ± 23

Data 272 343 19 33 33 32 1569 539

Fig. 4 Post-fit distributions of a Njets in 3�-Z -1b4 j-PCBT and
b the pT of the leading lepton in 3�-Z -2b3 j-PCBT. The shaded band
includes all sources of statistical and systematic uncertainty after the
combined fit. The lower panel shows the ratio of data to the total SM pre-

diction. The uppermost bins include all events above the x-axis ranges.
The blue triangular marker in the lower panel of a points to the position
of a data point which lies slightly beyond the y-axis range shown

The values obtained from the fit in the different regions are
compatible within their uncertainties. The 3�-channel events
represent the dominant contribution to the combined result,
and the individual 3� result can be seen to differ only slightly
from that using the combined selections. The total system-
atic uncertainties in the 4� channel are smaller than those in
the 3� channel, but the overall precision is poorer in the 4�

channel due to the limited number of data events.
The measured μt t̄ Z value and its uncertainty based on the

fit results from the combined trilepton and tetralepton chan-

nels are converted to a cross-section measurement. The value
corresponds to the phase-space region where the invariant
mass of the decay products of the Z boson lies between 70
and 110 GeV. The cross section is measured to be

σ(pp → t t̄ Z) = 0.99 ± 0.05 (stat.) ± 0.08 (syst.) pb.

The result agrees with the SM prediction of 0.84+0.09
−0.10 pb

at NLO QCD and EW accuracy [48,49] and more recent
calculations including NNLL corrections or the complete
set (QCD and EW) of NLO corrections [16,17].
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Fig. 5 Post-fit distributions of a Njets and b the pT of the leading lep-
ton in the combination of the tetralepton signal regions. The shaded
band includes all sources of statistical and systematic uncertainty after
the combined fit. The lower panel shows the ratio of data to the total

SM prediction. The uppermost bins include all events above the x-axis
ranges. The blue triangular markers in the lower panels point to the posi-
tions of data points which lie slightly beyond the y-axis range shown

Fig. 6 Post-fit distributions of the a pT and b rapidity of the Z boson
in the combination of the trilepton and tetralepton regions. The shaded
band includes all sources of statistical and systematic uncertainty after
the combined fit. The lower panel shows the ratio of data to the total

SM prediction. The uppermost bins include all events above the x-axis
ranges. The blue triangular marker in the lower panel of a points to
the position of a data point which lies slightly beyond the y-axis range
shown

The contributions from the relevant uncertainties of the
measured cross section are summarised in Table 7. For this
table, the uncertainties are grouped into several type-related
categories and are shown together with the total uncertainty.
As none of the uncertainties show significant asymmetries,
they are symmetrised. The dominant uncertainty sources can
be attributed to the t t̄ Z parton shower, the modelling of the
tW Z background, and jet flavour-tagging. It should be noted
that the uncertainty in the cross section due to the systematic
uncertainty on the luminosity is larger than the 1.7% men-
tioned in Sect. 7.1, as the luminosity affects both signal and
background normalisation.

Table 6 Measured μt t̄ Z parameters obtained from the fits in the differ-
ent lepton channels. The uncertainties include statistical and systematic
sources. The uncertainty of the theoretical prediction of the t t̄ Z cross
section (see Sect. 3) is not considered for the μt t̄ Z values

Channel μt t̄ Z

Trilepton 1.17 ± 0.07 (stat.) +0.12
−0.11 (syst.)

Tetralepton 1.21 ± 0.15 (stat.) +0.11
−0.10 (syst.)

Combination (3� + 4�) 1.19 ± 0.06 (stat.) ± 0.10 (syst.)
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Table 7 List of relative uncertainties of the measured inclusive t t̄ Z
cross section from the combined fit. The uncertainties are symmetrised
for presentation and grouped into the categories described in the text.
The quadrature sum of the individual uncertainties is not equal to the
total uncertainty due to correlations introduced by the fit

Uncertainty �σt t̄ Z/σt t̄ Z [%]

t t̄ Z parton shower 3.1

tW Z modelling 2.9

b-tagging 2.9

WZ/Z Z + jets modelling 2.8

t Zq modelling 2.6

Lepton 2.3

Luminosity 2.2

Jets + Emiss
T 2.1

Fake leptons 2.1

t t̄ Z ISR 1.6

t t̄ Z μf and μr scales 0.9

Other backgrounds 0.7

Pile-up 0.7

t t̄ Z PDF 0.2

Total systematic 8.4

Data statistics 5.2

Total 10

9 Differential cross-section measurements

9.1 Description of the observables and reconstruction of
the t t̄ system

A set of ten observables were selected for the differential
cross-section measurements which probe the kinematics of
the t t̄ Z system. The definitions of these variables are sum-
marised in Table 8. With the exception of the number of
reconstructed jets (Njets), which is unfolded to particle level
only, all distributions are unfolded to both particle and parton
level. Two of the variables, namely the transverse momentum
and the absolute value of the rapidity of the Z boson (pZT and
|yZ |), which are sensitive to t t̄ Z generator modelling and
various BSM effects, are defined identically for the trilepton
and tetralepton selections. The differential measurements for
these variables are therefore performed using an inclusive
selection denoted by 3� + 4�.

The jet multiplicity is a natural variable to use to probe
the modelling of QCD radiation and hadronisation in MC
generators. It is measured separately for the trilepton and
tetralepton selections due to the different number of final-
state quarks from the decay of the t t̄ system in the two chan-
nels. The transverse momentum of the lepton which is not
associated with the Z boson (p�,non-Z

T ) in the trilepton signal
regions provides a good test of the modelling of the pT of

the top quark (antiquark) and its decay products in the MC
generator.

The absolute azimuthal separation and rapidity difference
between the Z boson and the leptonic top quark (|�φ(Z , tlep)|
and |�y(Z , tlep)|) in the trilepton signal regions, as well as
the absolute azimuthal separation between the Z boson and
the t t̄ system (|�φ(t t̄, Z)|) in the tetralepton regions, pro-
vide direct probes of the t t̄ Z vertex. These variables there-
fore offer sensitivity to a number of BSM effects which could
modify the coupling between the Z boson and the top quark.

The absolute azimuthal separation between the two lep-
tons associated with the top quarks (|�φ(�+

t , �−
t̄ )|) in

tetralepton events provides sensitivity to BSM effects modi-
fying the spin correlations between the two top quarks. The
transverse momentum of the t t̄ system (ptt̄T ) is sensitive to
the MC modelling of the hard-scattering process as well as
the modelling of the QCD radiation in the parton shower.

In order to construct the |�φ(Z , tlep)| and |�y(Z , tlep)|
variables in the trilepton regions, the full four-vector of the
leptonic top quark from the t t̄ system (tlep) is required.10

For both detector- and particle-level quantities the recon-
structed Emiss

T (both its magnitude and azimuthal angle), is
first attributed to the neutrino from the associated W boson
decay. The SM value of the W boson mass [35] is then used
to determine the z-component of the neutrino momentum by
analytically solving the corresponding quadratic equation. In
many cases the solution is ambiguous. For those, both real
solutions are considered. For cases in which the discriminant
of the quadratic equation is negative, the pT of the neutrino
is set to the particular value which yields a single solution. In
order to form the final top-quark candidate, the reconstructed
leptonically decaying W boson candidate – or candidates in
the case of two neutrino solutions – is added, via a four-
vector sum, to the closer (in �R) of the two reconstructed
jets in the event with the highest output from the b-tagging
algorithm (MV2c10). At particle level, the two jets which are
ghost-matched to a b-hadron (as described in Sect. 4.2) are
considered. In the case of only a single such ghost-matched
jet, that jet is selected to form the top-quark candidate. Events
with two distinct neutrino solutions will have two possible
top-quark candidates, so the one with an invariant mass of
the W -b system more consistent with a top-quark decay is
chosen.

In the tetralepton channel the t t̄ system is reconstructed
in the transverse plane only. The underlying assumption is
that the two neutrinos from the t t̄ decay represent the dom-
inant source of missing transverse momentum in the event;
the value of the reconstructed Emiss

T can, therefore, be taken
to be a reasonable proxy for the vector sum of the neutrino
momenta in the transverse plane. Such a partial reconstruc-

10 The leptonic top quark is defined as the top quark or antiquark which
decays via t → Wb, W → �ν.

123



737 Page 16 of 43 Eur. Phys. J. C (2021) 81 :737

Table 8 Summary of the variables used for the differential measure-
ments. Some variables are considered for the trilepton or tetralepton
signal regions only, as indicated. The jet multiplicity is measured for

the two topologies separately, whereas for the variables related only to
the kinematics of the Z boson (pZT and |yZ |), the trilepton and tetralep-
ton regions are combined

Variable Definition

3� + 4�

pZT Transverse momentum of the Z boson

|yZ | Absolute value of the rapidity of the Z boson

3�

Njets Number of selected jets with pT > 25 GeV and |η| < 2.5

p�,non-Z
T Transverse momentum of the lepton which is not associated with the Z boson

|�φ(Z , tlep)| Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W → �ν decay

|�y(Z , tlep)| Absolute rapidity difference between the Z boson and the top quark (antiquark) featuring the W → �ν decay

4�

Njets Number of selected jets with pT > 25 GeV and |η| < 2.5

|�φ(�+
t , �−

t̄ )| Azimuthal separation between the two leptons from the t t̄ system

|�φ(t t̄, Z)| Azimuthal separation between the Z boson and the t t̄ system

ptt̄T Transverse momentum of the t t̄ system

tion avoids the need to determine the full kinematics of both
neutrinos separately, while still allowing the reconstruction
of the ptt̄T and |�φ(t t̄, Z)| variables for the differential mea-
surements. The selection of the two b-tagged jets is per-
formed analogously to the trilepton case. At detector level,
the two reconstructed jets with the highest b-tagging score
are selected. At particle level, the two jets ghost-matched to a
b-hadron are selected; in the case of only one ghost-matched
jet, the jet with the highest pT of those remaining is selected
as the second b-jet.

9.2 Unfolding procedure

To measure the differential cross-section distributions at par-
ticle and parton levels in the specific fiducial phase-spaces
defined in Sect. 4.2, an iterative Bayesian unfolding proce-
dure is used [88]. It relies on the Bayesian probability formula
starting from a given prior of the particle- or parton-level dis-
tribution and iteratively updating it with the posterior distri-
bution. The unfolding is performed using the RooUnfold
package [89]. The differential t t̄ Z cross sections are calcu-
lated using the following equation:

dσt t̄ Z

dXi
= 1

L · B · �Xi · εieff

·
∑

j

[M−1]i j

· f j
acc ·

(
N j

obs − N j
bkg

)
,

where X denotes the variable used for the differential mea-
surement (with the bin-width �X ), the index i indicates the
bin at particle (or parton) level and j the detector-level bin.

The migration matrix M quantifies the detector response
and can be derived from the bin-to-bin migrations of events

from particle or parton level to detector level in the nom-
inal t t̄ Z simulation for each of the considered differential
variables. Its inverse, M−1, is determined through the itera-
tive unfolding procedure. For each j , N j

obs denotes the num-

ber of observed data events, and N j
bkg is the expected back-

ground contribution. The various background contributions
are estimated in the same way as for the inclusive measure-
ment (see Sect. 6). In this case, the WZ/Z Z+l backgrounds
are corrected by normalisation parameters obtained from an
inclusive fit based on the combined 3� + 4� channels. A
statistics-only version of the fit was performed solely for the
extraction of the normalisation parameters in this case. The
acceptance corrections, f j

acc, account for events that are gen-
erated outside the fiducial phase-space but pass the detector-
level selection, whereas the efficiency correction terms, εieff ,
correct for events that are in the fiducial phase-space but
are not reconstructed in the detector. In either case, the term
‘fiducial’ refers to the corresponding type of unfolding being
performed – either to parton or particle level. The integrated
luminosity is denoted by L. The branching ratio B is that
of the t t̄ Z system to final states with three or four charged
electrons or muons, originating directly from either the Z
boson decay or the decay of the W bosons from the t t̄ sys-
tem, and is used to extrapolate the measurements to cover
all t t̄ and Z decays. The branching ratio correction is only
applied for the parton-level measurements and corresponds
to the decay channels applicable for the fiducial region based
on the particular variable involved (see Table 8). The val-
ues for B, calculated using inputs taken from Ref. [35], are
0.0193 (3�), 0.0030 (4�), and 0.0223 (3� + 4�).

Figure 7 shows the particle- and parton-level migration
matrices that are used for the differential cross-section mea-
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Fig. 7 The migration matrices for the pT of the Z boson in the combi-
nation of the trilepton and tetralepton regions. The matrices quantify the
migrations from a particle or b parton level to detector level. The quoted

values are expressed as a percentage. The matrices are normalised such
that the sum of any given row is 100%, although small differences may
be present due to rounding

Fig. 8 The efficiency (ε eff ) and acceptance ( facc) correction factors
for the a particle-level and b parton-level measurements as a function
of the pT of the Z boson in the combination of the trilepton and tetralep-

ton regions. The error bars represent the MC statistical uncertainties per
bin based on the nominal signal sample

surements depending on the pT of the Z boson. The matrices
are normalised such that the sum of entries in each row is
equal to one. The entries in the matrices represent the frac-
tion of events at either particle or parton level in a y-axis
bin that are reconstructed at detector level in an x-axis bin.
Thus, the fraction of events in the diagonal elements shows
the quality of the resolution for a specific variable. In the case
of pZT , these fractions lie between 90 and 96% for both par-
ticle and parton level. For some of the other variables which
do not depend only on the Z boson reconstruction (e.g. Njets,

ptt̄T ), the migrations between bins can be significantly larger
and reach a level of 20–25%. Figure 8 depicts the correspond-
ing correction factors as a function of pZT : ε eff increases for
larger pZT due to higher lepton reconstruction efficiencies for
increasing transverse momenta. It lies between 33 and 43%
at particle level and between 10 and 22% at parton level. The
values of facc are in all bins higher than 80% for both particle
and parton level and show no notable dependence on pZT .

The choice of binning is determined separately for each
variable by performing a multi-dimensional scan in order to
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Fig. 9 Absolute differential t t̄ Z cross sections measured at a particle
level and b parton level as a function of the transverse momentum of the
reconstructed Z boson. c, d Show the relative contributions from differ-
ent categories of systematic uncertainties per bin. The large difference
between the y-axis scales in a and b is a result of different efficiency

and acceptance corrections between the particle- and parton-level mea-
surements, together with the branching ratio correction of B = 0.0223
for the combined 3�+4� channels, which is applied only for the parton-
level result

strike a reasonable balance between three partially competing
aspects: retaining a large number of bins; limiting the relative
impact from statistical uncertainties of the measured data;
and ensuring large values (> 50%) for the diagonal elements
of the matrices associated with the bin migrations between
particle/parton and detector level. As a result, the binning
for the differential measurements differs from that shown in
Figs. 4, 5 and 6. The stability of the unfolding procedure
is determined by constructing pseudo-data sets by randomly
sampling events from the nominal t t̄ Z MC sample, such that
the pseudo-data sets contain approximately the same num-
ber of events as in the measured data. So-called ‘pull tests’

are performed as part of the binning optimisation to verify
that the unfolding is stable for the selected number and range
of bins. In addition, linear re-weightings are applied to the
pseudo-data to test the ability of the unfolding procedure to
correct the pseudo-data back to their underlying true spectra,
obtained from the MC event record. The number of iterations
used in the iterative Bayesian unfolding is also optimised with
pseudo-experiments: for each iteration, a χ2 per degree-of-
freedom (ndf) is calculated by comparing the bin contents of
the unfolded pseudo-data with those from the previous itera-
tion. In the case of the first iteration, the unfolded pseudo-data
are instead compared with the corresponding generator-level
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Fig. 10 Normalised differential t t̄ Z cross sections measured at a particle level and b parton level as a function of the transverse momentum of the
reconstructed Z boson. c, d Show the relative contributions from different categories of systematic uncertainties per bin

distribution. Iterations are performed until the χ2/ndf value
of a given distribution stabilises at a constant value while the
statistical uncertainty returned from the unfolding procedure
is kept as low as possible. For all variables, the number of
iterations used lies between two and five. Systematic uncer-
tainties are propagated to the unfolded distributions by vary-
ing the detector-level distributions within the uncertainties
and repeating the unfolding procedure.

The normalised differential cross sections are obtained
by dividing the distributions by the integrated fiducial cross
sections, which are computed by adding up the contributions
from all bins. The evaluation of systematic uncertainties is
performed after the normalisation is done and it is on the same
prescriptions employed for the absolute differential measure-
ments.

9.3 Results of the differential measurements

The measured differential t t̄ Z cross sections unfolded to par-
ticle and parton levels for the pT of the reconstructed Z boson
are presented in Fig. 9.

The results are displayed in the seven pT bin ranges used
when performing the unfolding, with any additional contri-
butions beyond 400 GeV included in the uppermost bin. The
relative contributions from statistical and systematic uncer-
tainties in each bin are shown in the theory-to-data ratio pan-
els of the upper figures, where the net effect corresponds
to a sum in quadrature of the two. In the lower figures, the
same relative contributions are shown as well as a decom-
position of the systematic uncertainties into various cate-
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gories.11 The black data points in the upper figures corre-
spond to the measured unfolded data and error bars repre-
senting the sum in quadrature of statistical and systematic
uncertainties. The total uncertainty of this measurement is
between 20 and 40%, depending on the bin, with the dom-
inant uncertainty arising from the limited number of data
events. Other significant sources of systematic uncertainty
are associated with t t̄ Z modelling and b-tagging. Figure 10
shows the same set of results for the normalised distributions
for this variable. The uncertainties on the normalised cross
sections are notably smaller (15–35%) than those of the abso-
lute cross sections because several systematic uncertainties
cancel out. The differential cross sections measured in data
are compared with the NLO QCD predictions from different
t t̄ Z generators, as described in Sect. 3. The predictions are
shown for MG5_aMC@NLO interfaced to Pythia8 (red)
or Herwig7 (magenta), as well as for Sherpa2.2.1 inclu-
sive (blue) and multi-leg (green). For the pZT measurement,
the different generators provide very similar predictions.

Results for the other observables described in Table 8
are presented in Figures 11, 12, 13, 14 and 15. For these
variables, only the absolute parton-level differential mea-
surements are shown, with the exception of Njets, which is
unfolded only to particle level. Additional differential t t̄ Z
predictions at NLO, NLO + NNLL or approximate next-to-
next-to-leading-order (nNLO) precision – including EW cor-
rections – are shown in grey for the parton-level results for
most of the observables. The calculations were carried out in
similar fashion to that described in Ref. [18], but specifically
performed in the context of this analysis in order to provide
predictions for the measured observables and to match the
number and ranges of bins for the different variables.12 These
additional parton-level predictions are not provided for two
of the observables, namely p�,non-Z

T and |�φ(�+
t , �−

t̄ )|, since
the decays of the t t̄ pair and the Z boson were not included
in the theoretical calculations.

In order to test the overall compatibility between the
unfolded measurements and the various predictions, aχ2/ndf
and corresponding p value is evaluated for each of the dif-
ferential measurements, separately for the parton level and
particle level as well as for the absolute and normalised cases.

11 Unlike the presentation of the uncertainties shown in Table 7, the cat-
egory ‘t t̄ Z modelling’ contains the sum in quadrature of all individual
modelling uncertainties associated with the t t̄ Z signal: parton shower,
μf , μr scales, PDF and ISR.
12 The precision of the calculations depends on the particular vari-
able and can be provided at either NLO, NLO + NNLL or nNLO. The
orders of the calculations are indicated on the plots. Their uncertain-
ties include the contributions from scale variations, PDF uncertainties
and MC statistics, which are added linearly to follow a conservative
approach for the evaluation of the total uncertainty.

Fig. 11 a Absolute differential t t̄ Z cross sections and b the relative
contributions from different categories of systematic uncertainties per
bin measured at parton level as a function of the absolute rapidity of the
Z boson

The χ2 value is defined as:

χ2 =
Nbins∑

i=1

Nbins∑

j=1

(ni − μi )
(
n j − μ j

) [C−1]i j ,

where ni and μi correspond to the content in bin i of the
distributions from the unfolded data and the given predic-
tion, respectively, and

[
C−1

]
i j to the element in row i and

column j of the inverse of the covariance matrix for the par-
ticular variable. The values, ni and μi , are, therefore, nota-
tional shorthands for dσt t̄ Z/dXi , or 1/σ · dσt t̄ Z/dXi in the
normalised case.

A given p value can be interpreted as the probability of
obtaining a value of χ2 greater or equal to the quoted value
for a particular number of degrees of freedom, where the
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Fig. 12 Absolute differential t t̄ Z cross section measured at particle level as a function of Njets with pT > 25 GeV for a the trilepton and b the
tetralepton event selection. c, d Show the relative contributions from different categories of systematic uncertainties per bin

latter is equal to the number of bins (Nbins) in the case of
the absolute measurements and Nbins − 1 for the normalised
measurements.

The construction of the covariance matrix is based on the
approach described in Ref. [90], and it includes both the
statistical and systematic uncertainties. The latter include
detector-related uncertainties as well as those related to the
modelling of the signal and various background processes.
While all sources of uncertainty related to the measurements
are incorporated in the covariance matrix elements, uncer-
tainties in the theoretical predictions, themselves, are omit-
ted, and their impact is, therefore, not reflected in the quoted
χ2 and corresponding p values.

For a given variable, the elements of the covariance matrix,
Ci j , are evaluated using a bootstrap technique, whereby
150,000 Poisson-fluctuated distributions are produced, each

corresponding to a pre-unfolded distribution for a given
pseudo-experiment. For the detector-related uncertainties,
Gaussian-distributed shifts are added coherently to each of
the Poisson-fluctuated bin contents, with each shift corre-
sponding to a particular uncertainty source. The shifts are
applied as a multiplicative scale relative to the particular bin
content, and with the amount and direction of each shift dic-
tated by the corresponding uncertainty source.

Each of the varied distributions is subsequently unfolded
using the nominal acceptance and efficiency corrections,
as well as the nominal migration matrix – those derived
from the nominal MG5_aMC@NLO +Pythia8 signal sam-
ple. Gaussian-distributed shifts are then added coherently to
the post-unfolding distributions for each of the signal- and
background-modelling uncertainty sources. These shifts are
also determined and applied as relative variations for each
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Fig. 13 Absolute differential t t̄ Z cross sections measured at parton level as a function of a p�,non-Z
T and b the azimuthal separation (�φ) between

the Z boson and the reconstructed top quark. c, d Show the relative contributions from different categories of systematic uncertainties per bin

particular source. The relative variations in this case are
defined according to the difference between the generated
and the unfolded cross section of a given alternative sig-
nal or background model, using nominal corrections in the
unfolding.

The resulting changes to the unfolded distributions are,
then, used to determine the elements of the covariance matrix
for that particular variable. The covariance matrices for the
normalised measurements are constructed in an analogous
fashion. In this case, the distributions are normalised to unity
after all effects are included. In order to avoid performing
the unfolding on distributions with negative bin contents,
that can arise due to the effects of systematic uncertainties
and the subtraction of backgrounds, any such bin contents
are set to zero prior to the unfolding.

The uncertainties reflected in the elements, Ci j , initially
evaluated as relative values, are then multiplied by the dif-
ferential cross-section values from the measured data in each
particular bin in order to yield absolute uncertainties.

In general, each of the individual sources contributing to
the full covariance matrix will contribute to the off-diagonal
terms, including even those from the limited data sample
size where non-diagonal contributions arise from correla-
tions between the bins introduced during the unfolding pro-
cess.

The correlations between the bins in the absolute differ-
ential measurements for the trilepton and combined channels
are sizeable – in many cases in the 20–55% range – and pos-
itive. In the case of the tetralepton channel, where statistical
uncertainties are more dominant, the correlations are gener-
ally below 20% in absolute value. The correlations in the case
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Fig. 14 Absolute differential t t̄ Z cross sections measured at parton
level as a function of a the rapidity difference (|�y|) between the Z
boson and the reconstructed top quark and b the azimuthal separa-

tion (�φ) between the two leptons associated with the top-quark pair.
c, d Show the relative contributions from different categories of sys-
tematic uncertainties per bin

of the normalised measurements are generally negative and
reach absolute values even larger than in the absolute cross-
section measurements, with the most extreme case being a
value of ρ = −0.76 between the first and second bin of
the |�y(Z , tlep)| variable in the trilepton channel. For the Z -
related variables in the combined channel, the effect of the
larger data sample is partially balanced by the increase in
the number of bins, such that the correlations in the abso-
lute measurements for pZT and |yZ | are also positive, but lie
in the 15–45% range. In the normalised measurements for
these two variables, the correlations are also mostly negative
but are smaller in magnitude than for other variables (strictly
|ρ| < 40 %, but in most cases |ρ| < 20 %).

Table 9 summarises the evaluated χ2/ndf and p values
used to quantify the compatibility between the measured
unfolded data and the various predictions. For the parton-

level measurements, the values for the additional theory pre-
dictions at NLO, NLO+NNLL or nNLO are also shown for
those variables for which predictions are available [18].

Overall, the unfolded spectra from the measured data
are compatible with the various predictions for most of the
variables considered. For the pZT variable in the combined

3� + 4� channel, as well as for p�,non-Z
T and |�φ(Z , tlep)|

in the trilepton channel, slightly lower p values are obtained
for several predictions, but in all cases they are found to be
greater than 0.05. For the pZT variable in the combined chan-
nel, the slightly poorer agreement is driven in large part by
the sixth bin (220 GeV ≤ pZT < 290 GeV). For this vari-
able, however, the p value is larger (0.17) for the additional
NLO+NNLL prediction in the absolute differential measure-
ment. For the |�φ(t t̄, Z)| variable in the tetralepton chan-
nel, for which the data exhibit a greater relative fraction of
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Fig. 15 Absolute differential t t̄ Z cross sections measured at parton level as a function of a the azimuthal separation (�φ) between the Z boson and
the reconstructed t t̄ system and b the pT of the t t̄ system. c, d Show the relative contributions from different categories of systematic uncertainties
per bin

events with larger azimuthal separation between the Z boson
and the t t̄ system, a slightly better level of agreement is
observed for the Sherpa predictions compared with those
from MG5_aMC@NLO. As the statistical uncertainties of
the measured data are almost always significantly larger than
the differences between the predictions, no definite conclu-
sion about the overall compatibility for these observables can
be made. The effect of the uncertainties in the fixed-order
parton-level theoretical predictions in the rightmost column
of Table 9 was evaluated. This was done by adding terms
of the form δμiδμ j to the covariance matrix, where δμi( j)

is the sum in quadrature of the uncertainties associated with
the scale and PDF choice for bin i( j). The bin contents of
the theoretical predictions were, therefore, considered to be
100% correlated. The inclusion of these uncertainties leads to
a relative increase of 20–50% in the p values for the variables

|�φ(Z , tlep)|, |�φ(t t̄, Z)|, and ptt̄T relative to those quoted
in Table 9. For the variables |�y(Z , tlep)|, pZT , and |yZ |, the
impact is negligible.

A difference between the measured inclusive cross section
quoted in Sect. 8 and the cross section based on the integrated
absolute parton-level spectra in the combined 3�+4� channel
is observed. The two measurements differ both in terms of the
method used and in their selection due to the use of different
b-tagging WPs (refer to Table 1). Approximately 67% of
selected data events are common to both measurements. The
compatibility between the two cross-section measurements
is evaluated using pseudo-experiments taking into account
the correlation between uncertainties, including all sources
of statistical and systematic effects, and it is found to be at
the level of two standard deviations.
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10 Conclusions

Inclusive and differential measurements of the production
cross section of a t t̄ pair in association with a Z boson are pre-
sented. The full

√
s = 13 TeV pp collision data set collected

by the ATLAS detector during Run 2 of the LHC between
2015 and 2018, corresponding to 139 fb−1, was used for this
analysis. Only final states with three or four isolated charged
leptons (electrons or muons) were considered for the mea-
surements. The measured inclusive cross section of the t t̄ Z
process is σt t̄ Z = 0.99 ± 0.05 (stat.) ± 0.08 (syst.) pb, in
agreement with the SM prediction. The dominant sources
of systematic uncertainty in this measurement are associated
with the t t̄ Z parton-shower modelling, b-tagging, and mod-
elling of the tW Z background.

Absolute and normalised differential cross sections were
measured as functions of nine different observables sensitive
to the MC modelling of the t t̄ Z process and to potential BSM
effects. The differential cross-section measurements were
performed at particle and parton levels in specific fiducial vol-
umes. The unfolded spectra from the measured data are com-
pared with the predictions of different NLO QCD t t̄ Z MC
generators and theoretical predictions at NLO, NLO + NNLL
and nNLO precision, based on a χ2/ndf and p value com-
patibility test. For most of the considered observables, good
agreement between data and the predictions is observed. The
differences between the various predictions are determined
to be smaller than the uncertainties of the unfolded data. For
the variables pZT , p�,non-Z

T , |�φ(Z , tlep)| and |�φ(t t̄, Z)|,
the observed and predicted differential results show slightly
poorer agreement, but p values > 0.05 are obtained in all
cases.
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R. P. Middleton143 , L. Mijović50 , G. Mikenberg180 , M. Mikestikova140 , M. Mikuž92 , H. Mildner149 ,
A. Milic167 , C. D. Milke42 , D. W. Miller37 , L. S. Miller34 , A. Milov180 , D. A. Milstead45a,45b,
A. A. Minaenko123 , I. A. Minashvili159b , L. Mince57 , A. I. Mincer125 , B. Mindur84a , M. Mineev80 ,
Y. Minegishi163, Y. Mino86 , L. M. Mir14 , M. Mironova134, K. P. Mistry136 , T. Mitani179 , J. Mitrevski114,
V. A. Mitsou174 , M. Mittal60c, O. Miu167 , A. Miucci20 , P. S. Miyagawa93 , A. Mizukami82 , J. U. Mjörnmark97 ,
T. Mkrtchyan61a , M. Mlynarikova121 , T. Moa45a,45b , S. Mobius53 , K. Mochizuki110 , P. Moder46 , P. Mogg114 ,
S. Mohapatra39 , R. Moles-Valls24 , K. Mönig46 , E. Monnier102 , A. Montalbano152 , J. Montejo Berlingen36 ,
M. Montella95 , F. Monticelli89 , S. Monzani69a , N. Morange65 , A. L. Moreira De Carvalho139a , D. Moreno22a ,
M. Moreno Llácer174 , C. Moreno Martinez14 , P. Morettini55b , M. Morgenstern160 , S. Morgenstern48 ,
D. Mori152 , M. Morii59 , M. Morinaga179 , V. Morisbak133 , A. K. Morley36 , G. Mornacchi36 , A. P. Morris95 ,
L. Morvaj36 , P. Moschovakos36 , B. Moser120 , M. Mosidze159b, T. Moskalets144 , P. Moskvitina119 , J. Moss31,m ,
E. J. W. Moyse103 , S. Muanza102 , J. Mueller138 , R. S. P. Mueller114, D. Muenstermann90 , G. A. Mullier97 ,
D. P. Mungo69a,69b , J. L. Munoz Martinez14 , F. J. Munoz Sanchez101 , P. Murin28b , W. J. Murray178,143 ,
A. Murrone69a,69b , J. M. Muse128 , M. Muškinja18 , C. Mwewa33a , A. G. Myagkov123,ae , A. A. Myers138,
G. Myers66 , J. Myers131 , M. Myska141 , B. P. Nachman18 , O. Nackenhorst47 , A.Nag Nag48 , K. Nagai134 ,
K. Nagano82 , Y. Nagasaka62 , J. L. Nagle29 , E. Nagy102 , A. M. Nairz36 , Y. Nakahama117 , K. Nakamura82 ,
T. Nakamura163 , H. Nanjo132 , F. Napolitano61a , R. F. Naranjo Garcia46 , R. Narayan42 , I. Naryshkin137 ,
M. Naseri34 , T. Naumann46 , G. Navarro22a , P. Y. Nechaeva111 , F. Nechansky46 , T. J. Neep21 , A. Negri71a,71b ,
M. Negrini23b , C. Nellist119 , C. Nelson104 , M. E. Nelson45a,45b , S. Nemecek140 , M. Nessi36,e ,
M. S. Neubauer173 , F. Neuhaus100 , M. Neumann182, R. Newhouse175 , P. R. Newman21 , C. W. Ng138 ,

123



Eur. Phys. J. C (2021) 81 :737 Page 35 of 43 737

Y. S. Ng19, Y. W. Y. Ng171 , B. Ngair35e , H. D. N. Nguyen102 , T. Nguyen Manh110 , E. Nibigira38 ,
R. B. Nickerson134 , R. Nicolaidou144 , D. S. Nielsen40 , J. Nielsen145 , M. Niemeyer53 , N. Nikiforou11 ,
V. Nikolaenko123,ae , I. Nikolic-Audit135 , K. Nikolopoulos21 , P. Nilsson29 , H. R. Nindhito54 , A. Nisati73a ,
N. Nishu60c , R. Nisius115 , I. Nitsche47, T. Nitta179 , T. Nobe163 , D. L. Noel32 , Y. Noguchi86 , I. Nomidis135 ,
M. A. Nomura29, M. Nordberg36, J. Novak92 , T. Novak92 , O. Novgorodova48 , R. Novotny118 , L. Nozka130,
K. Ntekas171 , E. Nurse95, F. G. Oakham34,aj , J. Ocariz135 , A. Ochi83 , I. Ochoa139a , J. P. Ochoa-Ricoux146a ,
K. O’Connor26 , S. Oda88 , S. Odaka82 , S. Oerdek53 , A. Ogrodnik84a , A. Oh101 , C. C. Ohm154 , H. Oide165 ,
R. Oishi163 , M. L. Ojeda167 , H. Okawa169 , Y. Okazaki86 , M. W. O’Keefe91, Y. Okumura163 , A. Olariu27b,
L. F. Oleiro Seabra139a , S. A. Olivares Pino146a , D. Oliveira Damazio29 , J. L. Oliver1 , M. J. R. Olsson171 ,
A. Olszewski85 , J. Olszowska85 , Ö. O. Öncel24 , D. C. O’Neil152 , A. P. O’neill134 , A. Onofre139a,139e ,
P. U. E. Onyisi11 , H. Oppen133, R. G. Oreamuno Madriz121, M. J. Oreglia37 , G. E. Orellana89 , D. Orestano75a,75b ,
N. Orlando14 , R. S. Orr167 , V. O’Shea57 , R. Ospanov60a , G. Otero y Garzon30 , H. Otono88 , P. S. Ott61a ,
G. J. Ottino18 , M. Ouchrif35d , J. Ouellette29 , F. Ould-Saada133 , A. Ouraou144,* , Q. Ouyang15a ,
M. Owen57 , R. E. Owen143 , V. E. Ozcan12c , N. Ozturk8 , J. Pacalt130 , H. A. Pacey32 , K. Pachal49 ,
A. Pacheco Pages14 , C. Padilla Aranda14 , S. Pagan Griso18 , G. Palacino66, S. Palazzo50 , S. Palestini36 ,
M. Palka84b , P. Palni84a , C. E. Pandini54 , J. G. Panduro Vazquez94 , P. Pani46 , G. Panizzo67a,67c ,
L. Paolozzi54 , C. Papadatos110 , K. Papageorgiou9,g, S. Parajuli42 , A. Paramonov6 , C. Paraskevopoulos10 ,
D. Paredes Hernandez63b , S. R. Paredes Saenz134 , B. Parida180 , T. H. Park167 , A. J. Parker31 , M. A. Parker32 ,
F. Parodi55a,55b , E. W. Parrish121 , J. A. Parsons39 , U. Parzefall52 , L. Pascual Dominguez135 , V. R. Pascuzzi18 ,
J. M. P. Pasner145 , F. Pasquali120 , E. Pasqualucci73a , S. Passaggio55b , F. Pastore94 , P. Pasuwan45a,45b ,
S. Pataraia100 , J. R. Pater101 , A. Pathak181,i , J. Patton91, T. Pauly36 , J. Pearkes153 , M. Pedersen133 ,
L. Pedraza Diaz119 , R. Pedro139a , T. Peiffer53 , S. V. Peleganchuk122a,122b , O. Penc140 , C. Peng63b ,
H. Peng60a , B. S. Peralva81a , M. M. Perego65 , A. P. Pereira Peixoto139a , L. Pereira Sanchez45a,45b ,
D. V. Perepelitsa29 , E. Perez Codina168a , L. Perini69a,69b , H. Pernegger36 , S. Perrella36 , A. Perrevoort120 ,
K. Peters46 , R. F. Y. Peters101 , B. A. Petersen36 , T. C. Petersen40 , E. Petit102 , V. Petousis141 , C. Petridou162 ,
F. Petrucci75a,75b , M. Pettee183 , N. E. Pettersson103 , K. Petukhova142 , A. Peyaud144 , R. Pezoa146d ,
L. Pezzotti71a,71b , T. Pham105 , P. W. Phillips143 , M. W. Phipps173 , G. Piacquadio155 , E. Pianori18 ,
A. Picazio103 , R. H. Pickles101, R. Piegaia30 , D. Pietreanu27b , J. E. Pilcher37 , A. D. Pilkington101 ,
M. Pinamonti67a,67c , J. L. Pinfold3 , C. Pitman Donaldson95, M. Pitt161 , L. Pizzimento74a,74b , A. Pizzini120 ,
M.-A. Pleier29 , V. Plesanovs52, V. Pleskot142 , E. Plotnikova80, P. Podberezko122a,122b , R. Poettgen97 ,
R. Poggi54 , L. Poggioli135 , I. Pogrebnyak107 , D. Pohl24 , I. Pokharel53 , G. Polesello71a , A. Poley152,168a ,
A. Policicchio73a,73b , R. Polifka142 , A. Polini23b , C. S. Pollard46 , V. Polychronakos29 , D. Ponomarenko112 ,
L. Pontecorvo36 , S. Popa27a , G. A. Popeneciu27d , L. Portales5 , D. M. Portillo Quintero58 , S. Pospisil141 ,
K. Potamianos46 , I. N. Potrap80 , C. J. Potter32 , H. Potti11 , T. Poulsen97 , J. Poveda174 , T. D. Powell149 ,
G. Pownall46 , M. E. Pozo Astigarraga36 , A. Prades Ibanez174 , P. Pralavorio102 , M. M. Prapa44 ,
S. Prell79 , D. Price101 , M. Primavera68a , M. L. Proffitt148 , N. Proklova112 , K. Prokofiev63c ,
F. Prokoshin80 , S. Protopopescu29 , J. Proudfoot6 , M. Przybycien84a , D. Pudzha137 , A. Puri173 ,
P. Puzo65, D. Pyatiizbyantseva112 , J. Qian106 , Y. Qin101 , A. Quadt53 , M. Queitsch-Maitland36 ,
G. Rabanal Bolanos59 , M. Racko28a, F. Ragusa69a,69b , G. Rahal98 , J. A. Raine54 , S. Rajagopalan29 ,
A. Ramirez Morales93, K. Ran15a,15d , D. F. Rassloff61a , D. M. Rauch46 , F. Rauscher114, S. Rave100 ,
B. Ravina57 , I. Ravinovich180 , J. H. Rawling101 , M. Raymond36 , A. L. Read133 , N. P. Readioff149 ,
M. Reale68a,68b , D. M. Rebuzzi71a,71b , G. Redlinger29 , K. Reeves43 , D. Reikher161 , A. Reiss100,
A. Rej151 , C. Rembser36 , A. Renardi46 , M. Renda27b , M. B. Rendel115, A. G. Rennie57 , S. Resconi69a ,
E. D. Resseguie18 , S. Rettie95 , B. Reynolds127, E. Reynolds21 , O. L. Rezanova122a,122b , P. Reznicek142 ,
E. Ricci76a,76b , R. Richter115 , S. Richter46 , E. Richter-Was84b , M. Ridel135 , P. Rieck115 , O. Rifki46 ,
M. Rijssenbeek155, A. Rimoldi71a,71b , M. Rimoldi46 , L. Rinaldi23b , T. T. Rinn173 , G. Ripellino154 , I. Riu14 ,
P. Rivadeneira46 , J. C. Rivera Vergara176 , F. Rizatdinova129 , E. Rizvi93 , C. Rizzi36 , S. H. Robertson104,z ,
M. Robin46 , D. Robinson32 , C. M. Robles Gajardo146d, M. Robles Manzano100 , A. Robson57 , A. Rocchi74a,74b ,
C. Roda72a,72b , S. Rodriguez Bosca174 , A. Rodriguez Rodriguez52 , A. M. Rodríguez Vera168b , S. Roe36,
J. Roggel182 , O. Røhne133 , R. Röhrig115 , R. A. Rojas146d , B. Roland52 , C. P. A. Roland66 , J. Roloff29 ,
A. Romaniouk112 , M. Romano23a,23b , N. Rompotis91 , M. Ronzani125 , L. Roos135 , S. Rosati73a , G. Rosin103,
B. J. Rosser136 , E. Rossi46 , E. Rossi75a,75b , E. Rossi70a,70b , L. P. Rossi55b , L. Rossini46 , R. Rosten14 ,
M. Rotaru27b , B. Rottler52 , D. Rousseau65 , G. Rovelli71a,71b , A. Roy11 , D. Roy33f , A. Rozanov102 ,

123



737 Page 36 of 43 Eur. Phys. J. C (2021) 81 :737

Y. Rozen160 , X. Ruan33f , T. A. Ruggeri1 , F. Rühr52 , A. Ruiz-Martinez174 , A. Rummler36 , Z. Rurikova52 ,
N. A. Rusakovich80 , H. L. Russell104 , L. Rustige38,47 , J. P. Rutherfoord7 , E. M. Rüttinger149 , M. Rybar142 ,
G. Rybkin65 , E. B. Rye133 , A. Ryzhov123 , J. A. Sabater Iglesias46 , P. Sabatini174 , L. Sabetta73a,73b ,
S. Sacerdoti65 , H.F-W. Sadrozinski145 , R. Sadykov80 , F. Safai Tehrani73a , B. Safarzadeh Samani156 ,
M. Safdari153 , P. Saha121 , S. Saha104 , M. Sahinsoy115 , A. Sahu182 , M. Saimpert36 , M. Saito163 ,
T. Saito163 , H. Sakamoto163 , D. Salamani54, G. Salamanna75a,75b , A. Salnikov153 , J. Salt174 ,
A. Salvador Salas14 , D. Salvatore41a,41b , F. Salvatore156 , A. Salvucci63a , A. Salzburger36 , J. Samarati36,
D. Sammel52 , D. Sampsonidis162 , D. Sampsonidou60c,60d , J. Sánchez174 , A. Sanchez Pineda67a,36,67c ,
H. Sandaker133 , C. O. Sander46 , I. G. Sanderswood90 , M. Sandhoff182 , C. Sandoval22b , D. P. C. Sankey143 ,
M. Sannino55a,55b , Y. Sano117 , A. Sansoni51 , C. Santoni38 , H. Santos139a,139b , S. N. Santpur18 , A. Santra174 ,
K. A. Saoucha149 , A. Sapronov80 , J. G. Saraiva139a,139d , O. Sasaki82 , K. Sato169 , F. Sauerburger52 ,
E. Sauvan5 , P. Savard167,aj , R. Sawada163 , C. Sawyer143 , L. Sawyer96 , I. Sayago Galvan174, C. Sbarra23b ,
A. Sbrizzi67a,67c , T. Scanlon95 , J. Schaarschmidt148 , P. Schacht115 , D. Schaefer37 , L. Schaefer136 ,
U. Schäfer100 , A. C. Schaffer65 , D. Schaile114 , R. D. Schamberger155 , E. Schanet114 , C. Scharf19 ,
N. Scharmberg101 , V. A. Schegelsky137 , D. Scheirich142 , F. Schenck19 , M. Schernau171 , C. Schiavi55a,55b ,
L. K. Schildgen24 , Z. M. Schillaci26 , E. J. Schioppa68a,68b , M. Schioppa41a,41b , K. E. Schleicher52 ,
S. Schlenker36 , K. R. Schmidt-Sommerfeld115 , K. Schmieden100 , C. Schmitt100 , S. Schmitt46 , L. Schoeffel144 ,
A. Schoening61b , P. G. Scholer52 , E. Schopf134 , M. Schott100 , J. F. P. Schouwenberg119 , J. Schovancova36 ,
S. Schramm54 , F. Schroeder182 , A. Schulte100 , H-C. Schultz-Coulon61a , M. Schumacher52 , B. A. Schumm145 ,
Ph. Schune144 , A. Schwartzman153 , T. A. Schwarz106 , Ph. Schwemling144 , R. Schwienhorst107 ,
A. Sciandra145 , G. Sciolla26 , F. Scuri72a , F. Scutti105, L. M. Scyboz115 , C. D. Sebastiani91 , K. Sedlaczek47 ,
P. Seema19 , S. C. Seidel118 , A. Seiden145 , B. D. Seidlitz29 , T. Seiss37 , C. Seitz46 , J. M. Seixas81b ,
G. Sekhniaidze70a , S. J. Sekula42 , N. Semprini-Cesari23a,23b , S. Sen49 , C. Serfon29 , L. Serin65 ,
L. Serkin67a,67b , M. Sessa60a , H. Severini128 , S. Sevova153 , F. Sforza55a,55b , A. Sfyrla54 , E. Shabalina53 ,
J. D. Shahinian136 , N. W. Shaikh45a,45b , D. Shaked Renous180 , L. Y. Shan15a , M. Shapiro18 , A. Sharma36 ,
A. S. Sharma1 , P. B. Shatalov124 , K. Shaw156 , S. M. Shaw101 , M. Shehade180, Y. Shen128, A. D. Sherman25,
P. Sherwood95 , L. Shi95 , C. O. Shimmin183 , Y. Shimogama179 , M. Shimojima116 , J. D. Shinner94 ,
I. P. J. Shipsey134 , S. Shirabe165 , M. Shiyakova80,x , J. Shlomi180 , A. Shmeleva111, M. J. Shochet37 ,
J. Shojaii105 , D. R. Shope154 , S. Shrestha127 , E. M. Shrif33f , M. J. Shroff176 , E. Shulga180 , P. Sicho140 ,
A. M. Sickles173 , E. Sideras Haddad33f , O. Sidiropoulou36 , A. Sidoti23a,23b , F. Siegert48 , Dj. Sijacki16 ,
M.Jr. Silva181 , M. V. Silva Oliveira36 , S. B. Silverstein45a , S. Simion65, R. Simoniello100 , C. J. Simpson-allsop21,
S. Simsek12b , P. Sinervo167 , V. Sinetckii113 , S. Singh152 , M. Sioli23a,23b , I. Siral131 , S. Yu. Sivoklokov113 ,
J. Sjölin45a,45b , A. Skaf53 , E. Skorda97 , P. Skubic128 , M. Slawinska85 , K. Sliwa170 , V. Smakhtin180,
B. H. Smart143 , J. Smiesko28b , N. Smirnov112 , S. Yu. Smirnov112 , Y. Smirnov112 , L. N. Smirnova113,r ,
O. Smirnova97 , E. A. Smith37 , H. A. Smith134 , M. Smizanska90 , K. Smolek141 , A. Smykiewicz85 ,
A. A. Snesarev111 , H. L. Snoek120 , I. M. Snyder131 , S. Snyder29 , R. Sobie176,z , A. Soffer161 ,
A. Søgaard50 , F. Sohns53 , C. A. Solans Sanchez36 , E. Yu. Soldatov112 , U. Soldevila174 , A. A. Solodkov123 ,
A. Soloshenko80 , O. V. Solovyanov123 , V. Solovyev137 , P. Sommer149 , H. Son170 , A. Sonay14 ,
W. Song143 , W. Y. Song168b , A. Sopczak141 , A. L. Sopio95, F. Sopkova28b , S. Sottocornola71a,71b ,
R. Soualah67a,67c , A. M. Soukharev122a,122b , D. South46 , S. Spagnolo68a,68b , M. Spalla115 , M. Spangenberg178 ,
F. Spanò94 , D. Sperlich52 , T. M. Spieker61a , G. Spigo36 , M. Spina156 , D. P. Spiteri57 , M. Spousta142 ,
A. Stabile69a,69b , B. L. Stamas121 , R. Stamen61a , M. Stamenkovic120 , A. Stampekis21 , E. Stanecka85 ,
B. Stanislaus134 , M. M. Stanitzki46 , M. Stankaityte134 , B. Stapf120 , E. A. Starchenko123 , G. H. Stark145 ,
J. Stark58 , P. Staroba140 , P. Starovoitov61a , S. Stärz104 , R. Staszewski85 , G. Stavropoulos44 , M. Stegler46,
P. Steinberg29 , A. L. Steinhebel131 , B. Stelzer152,168a , H. J. Stelzer138 , O. Stelzer-Chilton168a , H. Stenzel56 ,
T. J. Stevenson156 , G. A. Stewart36 , M. C. Stockton36 , G. Stoicea27b , M. Stolarski139a , S. Stonjek115 ,
A. Straessner48 , J. Strandberg154 , S. Strandberg45a,45b , M. Strauss128 , T. Strebler102 , P. Strizenec28b ,
R. Ströhmer177 , D. M. Strom131 , R. Stroynowski42 , A. Strubig45a,45b , S. A. Stucci29 , B. Stugu17 ,
J. Stupak128 , N. A. Styles46 , D. Su153 , W. Su60d,148,60c , X. Su60a , N. B. Suarez138, V. V. Sulin111 ,
M. J. Sullivan91 , D. M. S. Sultan54 , S. Sultansoy4c , T. Sumida86 , S. Sun106 , X. Sun101 , C. J. E. Suster157 ,
M. R. Sutton156 , S. Suzuki82 , M. Svatos140 , M. Swiatlowski168a , S. P. Swift2, T. Swirski177 , A. Sydorenko100,
I. Sykora28a , M. Sykora142 , T. Sykora142 , D. Ta100 , K. Tackmann46,w , J. Taenzer161, A. Taffard171 ,
R. Tafirout168a , E. Tagiev123 , R. H. M. Taibah135 , R. Takashima87 , K. Takeda83 , T. Takeshita150 ,

123



Eur. Phys. J. C (2021) 81 :737 Page 37 of 43 737

E. P. Takeva50 , Y. Takubo82 , M. Talby102 , A. A. Talyshev122a,122b , K. C. Tam63b , N. M. Tamir161, J. Tanaka163 ,
R. Tanaka65 , S. Tapia Araya173 , S. Tapprogge100 , A. Tarek Abouelfadl Mohamed107 , S. Tarem160 ,
K. Tariq60b , G. Tarna27b,d , G. F. Tartarelli69a , P. Tas142 , M. Tasevsky140 , E. Tassi41a,41b , G. Tateno163 ,
A. Tavares Delgado139a, Y. Tayalati35e , A. J. Taylor50 , G. N. Taylor105 , W. Taylor168b , H. Teagle91, A. S. Tee90 ,
R. Teixeira De Lima153 , P. Teixeira-Dias94 , H. Ten Kate36, J. J. Teoh120 , K. Terashi163 , J. Terron99 ,
S. Terzo14 , M. Testa51 , R. J. Teuscher167,z , S. J. Thais183 , N. Themistokleous50 , T. Theveneaux-Pelzer19 ,
D. W. Thomas94, J. P. Thomas21 , E. A. Thompson46 , P. D. Thompson21 , E. Thomson136 , E. J. Thorpe93 ,
V. O. Tikhomirov111,af , Yu. A. Tikhonov122a,122b , S. Timoshenko112, P. Tipton183 , S. Tisserant102 ,
K. Todome23a,23b , S. Todorova-Nova142 , S. Todt48, J. Tojo88 , S. Tokár28a , K. Tokushuku82 , E. Tolley127 ,
R. Tombs32 , K. G. Tomiwa33f , M. Tomoto82,117 , L. Tompkins153 , P. Tornambe103 , E. Torrence131 ,
H. Torres48 , E. Torró Pastor174 , M. Toscani30 , C. Tosciri134 , J. Toth102,y , D. R. Tovey149 , A. Traeet17,
C. J. Treado125 , T. Trefzger177 , F. Tresoldi156 , A. Tricoli29 , I. M. Trigger168a , S. Trincaz-Duvoid135 ,
D. A. Trischuk175 , W. Trischuk167, B. Trocmé58 , A. Trofymov65 , C. Troncon69a , F. Trovato156 , L. Truong33c ,
M. Trzebinski85 , A. Trzupek85 , F. Tsai46 , J. C.-L. Tseng134 , P. V. Tsiareshka108,ad, A. Tsirigotis162,u ,
V. Tsiskaridze155 , E. G. Tskhadadze159a, M. Tsopoulou162 , I. I. Tsukerman124 , V. Tsulaia18 , S. Tsuno82 ,
D. Tsybychev155 , Y. Tu63b , A. Tudorache27b , V. Tudorache27b , A. N. Tuna36 , S. Turchikhin80 ,
D. Turgeman180 , I. Turk Cakir4b,s , R. J. Turner21, R. Turra69a , P. M. Tuts39 , S. Tzamarias162 , E. Tzovara100 ,
K. Uchida163, F. Ukegawa169 , G. Unal36 , M. Unal11 , A. Undrus29 , G. Unel171 , F. C. Ungaro105 ,
Y. Unno82 , K. Uno163 , J. Urban28b , P. Urquijo105 , G. Usai8 , Z. Uysal12d , V. Vacek141 , B. Vachon104 ,
K. O. H. Vadla133 , T. Vafeiadis36 , A. Vaidya95 , C. Valderanis114 , E. Valdes Santurio45a,45b , M. Valente168a ,
S. Valentinetti23a,23b , A. Valero174 , L. Valéry46 , R. A. Vallance21 , A. Vallier36 , J. A. Valls Ferrer174 ,
T. R. Van Daalen14 , P. Van Gemmeren6 , S. Van Stroud95 , I. Van Vulpen120 , M. Vanadia74a,74b , W. Vandelli36 ,
M. Vandenbroucke144 , E. R. Vandewall129 , D. Vannicola73a,73b , R. Vari73a , E. W. Varnes7 , C. Varni55a,55b ,
T. Varol158 , D. Varouchas65 , K. E. Varvell157 , M. E. Vasile27b , G. A. Vasquez176 , F. Vazeille38 ,
D. Vazquez Furelos14 , T. Vazquez Schroeder36 , J. Veatch53 , V. Vecchio101 , M. J. Veen120 , L. M. Veloce167 ,
F. Veloso139a,139c , S. Veneziano73a , A. Ventura68a,68b , A. Verbytskyi115 , V. Vercesi71a , M. Verducci72a,72b ,
C. M. Vergel Infante79, C. Vergis24 , W. Verkerke120 , A. T. Vermeulen120 , J. C. Vermeulen120 , C. Vernieri153 ,
P. J. Verschuuren94 , M. C. Vetterli152,aj , N. Viaux Maira146d , T. Vickey149 , O. E. Vickey Boeriu149 ,
G. H. A. Viehhauser134 , L. Vigani61b , M. Villa23a,23b , M. Villaplana Perez174 , E. M. Villhauer50, E. Vilucchi51 ,
M. G. Vincter34 , G. S. Virdee21 , A. Vishwakarma50 , C. Vittori23a,23b , I. Vivarelli156 , M. Vogel182 ,
P. Vokac141 , J. Von Ahnen46 , S. E. von Buddenbrock33f , E. Von Toerne24 , V. Vorobel142 , K. Vorobev112 ,
M. Vos174 , J. H. Vossebeld91 , M. Vozak101 , N. Vranjes16 , M. Vranjes Milosavljevic16 , V. Vrba141,*,
M. Vreeswijk120 , N. K. Vu102 , R. Vuillermet36 , I. Vukotic37 , S. Wada169 , P. Wagner24 , W. Wagner182 ,
J. Wagner-Kuhr114 , S. Wahdan182 , H. Wahlberg89 , R. Wakasa169 , V. M. Walbrecht115 , J. Walder143 ,
R. Walker114 , S. D. Walker94, W. Walkowiak151 , V. Wallangen45a,45b, A. M. Wang59 , A. Z. Wang181 ,
C. Wang60a , C. Wang60c , H. Wang18 , H. Wang3 , J. Wang63a , P. Wang42 , Q. Wang128, R.-J. Wang100 ,
R. Wang60a , R. Wang6 , S. M. Wang158 , W. T. Wang60a , W. Wang15c , W. X. Wang60a , Y. Wang60a ,
Z. Wang106 , C. Wanotayaroj46 , A. Warburton104 , C. P. Ward32 , R. J. Ward21 , N. Warrack57 , A. T. Watson21 ,
M. F. Watson21 , G. Watts148 , B. M. Waugh95 , A. F. Webb11 , C. Weber29 , M. S. Weber20 , S. A. Weber34 ,
S. M. Weber61a , Y. Wei134 , A. R. Weidberg134 , J. Weingarten47 , M. Weirich100 , C. Weiser52 ,
P. S. Wells36 , T. Wenaus29 , B. Wendland47 , T. Wengler36 , S. Wenig36 , N. Wermes24 , M. Wessels61a ,
T. D. Weston20, K. Whalen131 , A. M. Wharton90 , A. S. White106 , A. White8 , M. J. White1 , D. Whiteson171 ,
B. W. Whitmore90 , W. Wiedenmann181 , C. Wiel48 , M. Wielers143 , N. Wieseotte100, C. Wiglesworth40 ,
L. A. M. Wiik-Fuchs52 , H. G. Wilkens36 , L. J. Wilkins94 , D. M. Williams39 , H. H. Williams136, S. Williams32 ,
S. Willocq103 , P. J. Windischhofer134 , I. Wingerter-Seez5 , E. Winkels156 , F. Winklmeier131 , B. T. Winter52 ,
M. Wittgen153, M. Wobisch96 , A. Wolf100 , R. Wölker134 , J. Wollrath52, M. W. Wolter85 , H. Wolters139a,139c ,
V. W. S. Wong175 , A. F. Wongel46 , N. L. Woods145 , S. D. Worm46 , B. K. Wosiek85 , K. W. Woźniak85 ,
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