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Measurement of the production cross-section of a single
top-quark in association with a Z boson at 13 TeV with the

ATLAS detector
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The production of a top quark in association with a Z boson is studied
in the trilepton channel. The data collected by the ATLAS experiment at
the LHC in 2015 and 2016 at a centre-of-mass energy of

√
s = 13 TeV are

used, corresponding to an integrated luminosity of 36.1 fb−1. Events con-
taining three identified leptons (electron and/or muon) and two jets, one
of which is identified as a b-quark jet are selected. The major backgrounds
come from diboson, tt̄ and Z + jets production. A neural network is used
to improve the background rejection and extract the signal. The resulting
significance of the signal is 4.2σ in the data and the expected significance
is 5.4σ. The measured cross-section is 600± 170(stat)± 140(syst) fb.
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1 Introduction

Since its discovery in 1995, the top quark has been studied extensively using hadron
collision data. With the latest increase in energy and instantaneous luminosity, the
Large Hadron Collider (LHC) has made it possible to study top-quark processes that
have a very low production cross-section. One of them is the associated production of
a top quark and a Z boson (tZq production) [1]. This occurs through the radiation
of a Z boson from any of the quark lines of t-channel, single top-quark production
or through a three-boson coupling. Example Feynman diagrams of the lowest-order
amplitudes are shown in Figure 1. Hence, this channel is sensitive to both the coupling
of the top to the Z, as well as theWWZ coupling. This document presents a search for
such rare events [2], performed using 2015-2016 collision data collected by the ATLAS
detector [3] at a centre-of-mass energy of 13 TeV. The predicted production cross-
section for tZq events at next-to-leading order (NLO) in QCD is σpred.

tZq = 800+6.1%
−7.4% fb.
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Figure 1: Example Feynman diagrams of the lowest-order amplitudes for the tZq
process. In the four-flavour scheme, the b-quark originates from gluon splitting [2].

2 Analysis strategy

The final state that offers the best potential for discovery (and highest signal to
background ratio) is the one in which both the Z boson and the W boson coming
from the top quark decay leptonically. This results in three leptons, two jets, one of
which has to be identified as coming from a b quark (b-tagged), and missing transverse
momentum. Based on that, cuts are applied in order to define a signal region (SR)
enriched in tZq events. The number of signal events is estimated using a Monte Carlo
(MC) simulated sample that is generated at leading order (LO) in QCD that is then
normalised to the NLO predicted cross-section.

The backgrounds coming from other sources that can result in similar final states
are estimated either from MC samples or using data-driven methods. The modelling
of these backgrounds is checked in dedicated validation regions (VR).

Multivariate analysis techniques are used to construct a single discriminant that
separates signal from background. This distribution is then fitted using a binned
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likelihood fit in order to extract the measured tZq cross-section.

2.1 Event Selection and background estimation

The cuts applied in order to select events that match the tZq signature target the
trileptonic final state described above and are summarised in Table 2.1. Out of the
three isolated leptons required, two of them must form an opposite sign, same flavour
(OSSF) pair with a mass within a 10 GeV window around the Z boson mass. One of
the two selected jets must pass b-tagging criteria and be reconstructed in the central
region of the detector (|η| < 2.5), while the remaining light jet, that is expected to
go mostly in the forward direction, can have |η| up to 4.5.

Common selections

Exactly 3 leptons with |η| < 2.5 and pT > 15 GeV
pT (`1) > 28 GeV, pT (`2) > 25 GeV, pT (`3) > 15 GeV

pT (jet) > 30 GeV
mT (`W , ν) > 20 GeV

SR Diboson VR / CR tt̄ VR

≥ 1 OSSF pair ≥ 1 OSOF pair ≥ 1 OSOF pair
|mll −mZ | < 10 GeV |mll −mZ | < 10 GeV |mll −mZ | > 10 GeV

2 jets, |η| < 4.5 1 jet, |η| < 4.5 2 jets, |η| < 4.5
1 bjet, |η| < 2.5 — 1 b-jet, |η| < 2.5

— VR/CR: mT (`W , ν) > 20/60 GeV —

Table 1: Overview of the selection applied in the signal, validation and diboson control
region.

There are two different types of background sources for this analysis: processes re-
sulting in final states with three real leptons, such as diboson production (mostly con-
sisting of WZ events), associated top-quark pair production with additional bosons
(ttV + ttH) and tWZ, or events in which one of the leptons is non-prompt or is a jet
misidentified as a lepton. For the first category (with three real leptons), the back-
ground contributions are estimated from MC simulations and normalised by their
predicted SM cross-sections. Additionally, the diboson normalisation is corrected by
a scale factor derived in a dedicated control region (Diboson CR) that is selected as
presented in Table 2.1.

The main sources of events with a non-prompt lepton are the top-quark pair
production (tt̄) and Z boson production with additional jets. For estimating the
correct number of tt̄ events, the MC simulation is corrected using a data-MC scale
factor derived in a dedicated control region. The tt̄ CR is defined using the same cuts
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as the SR but requiring only one opposite sign, opposite flavour lepton pair and not
allowing any OSSF lepton pair, ensuring that there is no contamination from Z+jets
events. The derived scale factor is 1.21± 0.51.

For estimating the number of Z+jets events, the fake factor method is used. This
is a data-driven technique that relies on calculating fake factors in a region enriched
in events containing non-prompt leptons. This region has the same definition as the
signal region but mT (W ) is required to be 20 GeV. The fake factors are defined
as the ratio between events that have all three reconstructed leptons passing tight
isolation criteria and events with two tight leptons and one passing looser isolation
cuts. These factors, that are derived with respect to the pT of the lepton associated
to the W boson, are then applied to events that pass the SR selection but that have
one of the leptons passing looser identification criteria. This is done separately for
non-prompt electrons and muons and results in a total Z+jets contribution of 37
events, with a 40% assigned uncertainty.

The modelling of all backgrounds is checked by looking at kinematic variables
in validation regions enriched in diboson and tt̄ events that are defined using the
cuts included in 2.1. Good agreement between the data and MC is observed in all
distributions.

2.2 Neural network training and signal extraction

In order to separate between signal and background, an artificial neural network
(NN) is used to combine the separation power of several observables into a single
discriminant. The NN is trained in the SR to separate signal against all backgrounds
except for tt̄ production (that is discarded due to low statistics in the MC sample,
after applying the SR selection). The first variables selected by the network are the
|η| and pT of the untagged jet.

The tZq cross-section is extracted by performing a binned likelihood fit of the
NN output distribution in the SR. Several sources of systematic uncertainties are
taken into account and included as additional nuissance parameters in the fit. The
dominant systematic uncertainty is related to the amount of additional radiation in
the signal sample. This is evaluated by considering additional samples in which the
hard-scatter scales and the scales in the parton shower are simultaneously varied.
The result is also affected by large statistical uncertainty (amounting to 28%), while
the total systematic error is 23%.

In total, 141 events are observed after applying the SR selection. The total pre-fit
number of predicted events for all backgrounds and signal is 162, with 35 coming
from tZq production. The post-fit number of signal events is 26. Figure 2 shows the
NN discriminant after normalising the signal and background to the fitted number of
expected events. Very good agreement between data and MC is observed.
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Figure 2: Post-fit NN output distribution in the SR. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band
includes both the statistical and systematic uncertainties as obtained by the fit [2].

3 Results

The analysis investigating the production of a single top-quark in association with a
Z boson was performed using 36.1 fb−1 of proton-proton collision data at a centre-
of-mass energy of 13 TeV. The measured cross-section: σtZq = 600 ± 170(stat.) ±
140(syst.) fb is in good agreement with the NLO SM prediction. Evidence for the
signal is found with a 4.2 (5.4) σ observed (expected) significance.
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