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1 Introduction

In proton—proton (pp) collisions, top quarks are produced predominantly in pairs via the
strong interaction, but also singly via the electroweak interaction through a Wtb vertex.
Single top-quark production is therefore a powerful probe for the top quark electroweak
couplings. In the Standard Model (SM), three different production mechanisms are possible
at leading-order (LO) in perturbative theory: an exchange of a virtual W boson either in
the t-channel or in the s-channel, or the associated production of a top quark and a W
boson (tW). Figure 1 shows the dominant Feynman diagram for s-channel single top-quark
production, in which a top quark is produced with a bottom anti-quark in the final state.
This mode plays an important role in searches for new phenomena that could be modelled
as anomalous couplings or in effective field theories [1, 2].

Single top-quark production in proton—antiproton collisions was first observed by the
CDF and DO collaborations in combined measurements of the s-channel and t-channel [3, 4].
The s-channel production mode alone was later observed in a combination of the results
from the two collaborations [5]. At the Large Hadron Collider (LHC), the production of
single top quarks in pp collisions was observed by the CMS and ATLAS collaborations in
t-channel production at a centre-of-mass energy of /s = 7 TeV [6, 7], and in tW asso-
ciated production at /s = 8 TeV [8, 9]. Both production modes were later measured at
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Figure 1. Feynman diagram for the dominant hard scattering process at leading-order in QCD
of s-channel single top-quark production. The quarks in the initial (final) state are shown in blue
(red), and the exchanged W boson is shown in green.

Vs = 13 TeV [10-13]. For s-channel production, searches were performed by the CMS
Collaboration, combining /s = 7 TeV and /s = 8 TeV data, leading to an observed (ex-
pected) significance of 2.5 (1.1) standard deviations [14], and by the ATLAS Collaboration
with /s = 8 TeV data, leading to an observed (expected) significance of 3.2 (3.9) standard
deviations [15], over the background-only hypothesis.

In this paper, a measurement of the single-top-quark s-channel production cross-section
in pp collisions at /s = 13 TeV is presented. In the SM, the s-channel single-top-quark
cross-section in pp collisions at /s = 13 TeV, calculated at next-to-leading order (NLO) in
quantum chromodynamics (QCD), is o™ = 10.32703% pb (cf. section 3). The increase in
the cross-section for this process between /s = 8 TeV and /s = 13 TeV is slightly larger
than for W-boson production, which is the second dominant source of background; it is
however not as large as for ¢t production, which is the dominant source. Using predictions
based on the same techniques as those described in section 3, the ratio of the s-channel
single-top-quark cross-section to the W-boson cross-section is 1.4107% (1.7107%), and to
the tt cross-section is 2.11072 (1.21072), at \/s = 8 TeV (/s = 13 TeV). This analysis is
therefore more challenging as the centre-of-mass energy increases.

The top quark decays almost exclusively into a W boson and a b-quark. This anal-
ysis considers only the leptonic decays (electron or muon) of the W boson, because the
fully hadronic final states are dominated by multijet background. Some of the events
containing a W boson decaying into a 7-lepton which subsequently decays leptonically
are also selected. At LO the final state contains two jets with large transverse momenta:
one jet containing b-hadrons (called a b-jet) originating from the decay of the top quark
into a b-quark, and another b-jet from the Wtb vertex producing the top quark. Thus
the experimental signature consists of an isolated electron or muon, large missing trans-
verse momentum due to the undetected neutrino from the W-boson decay, and two jets
with large transverse momentum (pr) which are both identified as containing b-hadrons
(b-tagged). To extract the signal events amidst the copious background, a ‘matrix element
method’ discriminant [16, 17] is used, which assigns to each selected event a probability of
being signal, estimated by means of exact matrix element calculations at LO for signal and
background processes. This strategy has been shown to provide better sensitivity than the
boosted decision trees used in previous searches for s-channel production [15, 18].



2 ATLAS detector

ATLAS [19] is a multipurpose particle detector at the LHC with a forward-backward sym-
metric cylindrical geometry and a near 47 coverage in solid angle.! It consists of an inner
tracking detector surrounded by a thin superconducting solenoid providing a 2 T axial mag-
netic field, electromagnetic and hadron calorimeters, and a muon spectrometer. The inner
tracking detector covers the pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon (LAr)
sampling calorimeters provide electromagnetic (EM) energy measurements with high gran-
ularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(In| < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for
both the EM and hadronic energy measurements up to |n| = 4.9. The muon spectrometer
surrounds the calorimeters and is based on three large superconducting air-core toroidal
magnets with eight coils each. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. The muon spectrometer includes a system of precision
tracking chambers and fast detectors for triggering. A two-level trigger system is used
to select events. The first-level trigger is implemented in hardware and uses a subset of
the detector information to accept events at a rate below 100 kHz. This is followed by a
software-based trigger that reduces the accepted event rate to 1 kHz on average depending
on the data-taking conditions. An extensive software suite [20] is used in the reconstruction
and analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and simulation samples

The data for this analysis were collected with the ATLAS detector at the LHC between
2015 and 2018, in pp collisions at /s = 13 TeV, using single-lepton triggers, and correspond
to an integrated luminosity of 139 fb~!. Only events for which the LHC beams were in
stable-collision mode and all relevant subsystems were operational are considered [21].
Monte Carlo (MC) simulation is used to model signal and background processes.
Events were simulated using either the full ATLAS detector simulation [22] based on
GEANT4 [23] or a faster simulation where the full GEANT4 simulation of the calorimeter
response is replaced by a detailed parameterisation of the shower shapes [22]. To simulate
the effects of multiple interactions in the same and neighbouring bunch crossings (pile-up),
additional interactions were generated using PyTHIA 8.186 [24] with a set of tuned param-
eters called the A3 tune [25] and overlaid onto the simulated hard-scatter event. Simulated
events are reweighted to match the pile-up conditions observed in the full dataset, and are
processed through the same reconstruction algorithms and analysis chain as the data.

'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 z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane,
¢ being the azimuthal angle around the z-axis. The rapidity is defined as y = (1/2) In[(E + p.)/(E — p.)]
where F is the energy and p, is the longitudinal component of the momentum along the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as n = — Intan(6/2). Angular distance is measured
in units of AR = +/(An)2 + (Ag)2.



Events of single-top-quark s-channel, t-channel, and tWW events, as well as tt events,
were generated at NLO in QCD using the POWHEG BOX v2 generator [26-32] for the nom-
inal prediction of these processes. The top-quark mass was set to my = 172.5GeV. For
single-top-quark s-channel and tW production, and for ¢t production, the samples were
generated in the five-flavour scheme and using the NNPDF3.0NLO parton distribution
function (PDF) sets [33], and for single-top-quark t-channel production, the samples were
generated in the four-flavour scheme and using the NNPDF3.0NLO_ nf4 PDF sets. The
parton shower, hadronisation, and underlying event were added using PYTHIA 8.230 with
the A14 tune [34] and the NNPDF2.3L0 PDF sets [35]. The decays of b- and c-hadrons
were simulated using the EVTGEN 1.6.0 program [36]. For ¢ production, the hqamp param-
eter? in POWHEG BoX was set to 1.5 - my. For tW production, the diagram removal (DR)
scheme, in which all doubly resonant NLO ¢W diagram amplitudes are removed [37], was
employed to handle interference with ¢t diagrams.

Alternative simulation samples are used to estimate modelling uncertainties of top-
quark processes (cf. section 7). For the dominant ¢t background process, two alternative
samples are used: one produced with POWHEG BoXv2 but with the hqamp parameter
set to 3 - m; in order to estimate the impact of varying the resummation, and the other
produced with MADGRAPH5__ AMC@NLO to assess the effect of changing the matching
of NLO matrix elements (MEs) to the parton shower. For tW production, another sample
produced with POWHEG BOX v2 but using the diagram subtraction scheme, where a gauge-
invariant subtraction term modifies the NLO ¢W cross-section to locally cancel out the tt
contribution [37], is used to evaluate the impact of using a different algorithm to remove the
overlap with t¢ production. For these three samples, PYTHIA 8.230 is used for the parton
shower and hadronisation. Furthermore, for each of the four top-quark processes, another
sample was produced with POWHEG BoX v2 with the same settings as for the nominal
POWHEG BOX+ PYTHIA 8 samples, but with HERWIG 7.04 instead of PYTHIA 8.230 in order
to assess the impact of using a different parton shower and hadronisation model. These
samples used the HTUE tune [38, 39] and MMHT2014L0 PDF set [40] with HERwIG 7.04,
and EVTGEN 1.6.0 for b- and c-hadrons decays.

Samples of leptonic W- and Z-boson (V') events where the boson decays leptonically,
and semileptonic diboson (V'V') events where one boson decays leptonically and the other
hadronically, were simulated with the SHERPA 2.2.1 [41] generator. In the Z-boson events
samples, the invariant mass of the two leptons are required to be larger than 40 GeV.
For V production, MEs with NLO (LO) accuracy in QCD for up to two (four) parton
emissions were used, while for V'V production, MEs with NLO (LO) accuracy for up to
one (three) parton emission(s) were used. The MEs were calculated with the Comix [42]
and OPENLOOPS [43-45] libraries, and matched to the SHERPA parton shower [46] using
the MEPS@QNLO prescription [47-50]. The NNPDF3.0NNLO set of PDFs was used, along
with a dedicated set of tuned parton-shower parameters developed by the SHERPA authors.

The simulated event samples above described are normalised to the integrated lumi-
nosity corresponding to the analysed data sample, and using theory predictions for the

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



cross-sections of the individual processes, as described below. The predicted cross-section
for the s-channel single-top-quark signal is ¢SM = 10.32702}(scales) +-0.27(PDF + ag) pb =
10.3270:33(total) pb, calculated at NLO in QCD with HATHOR 2.1 [51, 52], where the un-
certainties due to PDFs and ag were calculated using the PDFALHC prescription [53] with
the MSTW2008NLO 68% CL [54, 55], CT10NLO [56] and NNPDF2.3NLO [35] PDF sets,
and were added in quadrature to the effect of the scale uncertainty, defined by taking the
envelope of the cross-section values obtained by independently varying the renormalisa-
tion and factorisation scales upwards and downwards by a factor of 2 while preventing the
two scales from differing by more than a factor of 2. For tt production, the predicted
cross-section of 832%40 pb is used, calculated at next-to-next-to-leading order (NNLO)
in QCD including the resummation of next-to-next-to-leading logarithmic (NNLL) soft-
gluon terms with Tor++ 2.0 [57-63], where the uncertainty accounts for the effect of
the PDF and «g uncertainties calculated using the PDFALHC15 prescription [53] with
the MSTW2008NNLO [54, 55], CT10NNLO [56, 64] and NNPDF2.3L0 [35] PDF sets,
summed in quadrature with the effect of the scale uncertainty. The t-channel single-top-
quark cross-section is 217J_rg pb, calculated at NLO in QCD with HATHOR 2.1 [51, 52],
where the uncertainty accounts for the effect of the PDF and «gs uncertainties calcu-
lated using the PDF4LHC15 prescription with the MSTW2008NLO 68% CL, CT10NLO,
and NNPDF2.3NLO PDF sets, summed in quadrature with the effect of the scale uncer-
tainty. The tW cross-section is calculated at NLO in QCD with NNLL soft-gluon correc-
tions [65, 66], giving a value of 71.7 &+ 3.8 pb, where the uncertainty accounts for the effect
of the PDF uncertainty calculated using the MSTW2008NNLO 90% CL PDF set, summed
in quadrature with the effect of the scale uncertainty. These predicted cross-sections for
top-quark processes are calculated for a top-quark mass of m; = 172.5 GeV. The V + jets
MC samples are normalised to cross-sections predicted at NNLO in QCD [67]: 60.2nb
for W (— fvy) +jets and 6.32nb for Z(— £747) + jets, calculated using the FEWZ pro-
gram [68] with the MSTW2008NNLO PDF set. The diboson MC samples are normalised
to the cross-section predicted by the SHERPA 2.2.1 [41] generator.

To model the instrumental background from fake and non-prompt electrons (cf. sec-
tion 5), dijet events were simulated using PyYTHIA 8.186 with the Al4 tune and the
NNPDF2.310 PDF sets, and using the EVTGEN 1.2.0 program to model the decays of
bottom and charm hadrons. Here, 2 — 2 QCD processes were generated, including mul-
tijet, qg — q7, q@ — g, electroweak (W /Z) and tt production processes. This simulated
sample was filtered at generator level to enrich the sample with jets which are likely to
resemble electron signatures in the detector: events are kept if particles (excluding neutri-
nos and muons) deposit at least 17 GeV of energy into a square area n X ¢ = 0.1 x 0.1,
mimicking the highly localised energy deposits characteristic of electrons.

4 Event reconstruction and selection

Events are required to have at least one primary vertex with two or more tracks with
pr > 0.5GeV. If more than one vertex is found, the hard-scattering primary vertex is
selected as the one with the highest sum of squared transverse momenta of associated
tracks [69].



Events were recorded using single-lepton triggers with either a low p threshold and a
lepton isolation requirement, or a higher threshold but a looser identification criterion and
without any isolation requirement. The lowest pt threshold in the single-muon trigger was
20 (26) GeV [70] for data taken in 2015 (2016-2018), while in the single-electron trigger it
was 24 (26) GeV [71].

Electrons are reconstructed from tracks in the inner tracking detector (ID) associated
with topological clusters of energy depositions in the calorimeter [72] and are required to
have pp > 10 GeV and |n| < 2.47. Candidates in the calorimeter barrel-endcap transition
region (1.37 < |n| < 1.52) are excluded. Electrons must satisfy the Medium likelihood
identification criterion. Muon candidates are identified by matching ID tracks to full tracks
or track segments reconstructed in the muon spectrometer, using the Loose identification
criterion [73]. Muons are required to have pp > 10 GeV and |n| < 2.5. Lepton tracks must
match the primary vertex of the event, i.e. they have to satisfy |zpsin(f)| < 0.5 mm and
|do/o(do)| < 5(3) for electrons (muons), where zg is the longitudinal impact parameter
relative to the primary vertex and dy (with uncertainty o(dp)) is the transverse impact
parameter relative to the beam line.

Jets are reconstructed from noise-suppressed topological clusters of calorimeter energy
depositions [74] calibrated at the electromagnetic scale [75], using the anti-k; [76, 77] al-
gorithm with a radius parameter of 0.4. The average energy contribution from pile-up is
subtracted according to the jet area and jets are calibrated as described in ref. [75] with
a series of simulation-based corrections and in situ techniques. Jets are required to satisfy
pr > 20GeV and |n| < 4.5. The effect of pile-up is reduced by a so-called jet vertex tagger
(JVT) algorithm, applied on jets with pp < 120 GeV and |n| < 2.5, that uses tracking
information to reject calorimeter-based jets that are not consistent with originating from
the primary vertex [78].

Jets containing b-hadrons are b-tagged in the || < 2.5 range corresponding to the
tracker acceptance, with the MV2c10 multivariate algorithm [79], which combines infor-
mation about the transverse impact parameters of displaced tracks and the topological
properties of secondary and tertiary decay vertices reconstructed within the jet. In this
analysis, two working points are used, defined by different thresholds for the MV2c10 dis-
criminant, and corresponding to 85% and 77% efficiencies for b-jets with pp > 20 GeV as
determined in simulated ¢t events. The corresponding rejection rate is 2.7 (4.9) for c-jets
(containing c-hadrons and no b-hadrons), and 25 (110) for light-jets (containing no ¢- or
b-hadrons), for the 85% (77%) efficiency working point. Correction factors are applied
to the simulated events to compensate for differences between data and simulation in the
b-tagging efficiency for b-, c-, and light-jets [79-81].

An overlap removal procedure is applied to prevent double-counting of objects. The
closest jet within AR, = \/(Ay)? + (A¢)? = 0.2 of a selected electron is removed. If the
nearest jet surviving that selection is within AR, = 0.4 of the electron, the electron is
discarded. Muons are usually removed if they are separated from the nearest jet by AR, <
0.4, since this reduces the background from heavy-flavour decays inside jets. However, if
this jet has fewer than three associated tracks, the muon is kept and the jet is removed
instead; this avoids an inefficiency for high-energy muons undergoing significant energy loss
in the calorimeter.



The missing transverse momentum (with magnitude E¥%) is reconstructed as the

negative vector sum of the pr of all the selected electrons, muons, and jets described
above, with an extra ‘soft term’ built from additional tracks associated with the primary
vertex, to make it resilient to pile-up contamination [82].

Events are required to have exactly one lepton with pr > 30 GeV, and at least two jets
with pp > 25GeV and |n| < 2.5. The selected lepton is required to match a corresponding
object at trigger level. More stringent identification and isolation criteria are applied to
increase background rejection: events are kept if the selected electron (muon) satisfies
the Tight (Medium) identification and the Gradient [72, 83| isolation criteria. To reduce
the contribution of multijet production, which is dominant at low transverse momentum
and low transverse mass of the W boson® (denoted by m}), events are required to have
Emiss > 35GeV and mYFV > 30GeV. Events are categorised into four non-overlapping
analysis regions, using additional selection criteria described in the following.

The signal region (SR) targets the s-channel single-top signal topology and is used to
perform the statistical analysis presented in section 8. In the SR, events contain exactly
two jets with pp > 30 GeV and |n| < 2.5, both b-tagged using the 77% efficiency working
point, and at least one of them is required to have pp > 40GeV. In order to reduce
the contamination from the dilepton channel of ¢ production (see section 5), events are
rejected if they contain additional leptons with 10 GeV < pr < 30 GeV, regardless the more
stringent identification and isolation criteria described in the previous paragraph. To reduce
the contamination from t-channel single-top production, and from the semileptonic channel
of tt events, events are rejected if they contain additional jets with 20 GeV < pr < 30 GeV
or with 2.5 < |n| < 4.5.

The W+ jets validation region (W+ jets VR) is enriched in W+ jets events by using
a less stringent b-tagging requirement, and is used to assess the modelling of the W+ jets
background (cf. section 5). In the W+ jets VR, events contain exactly two jets, both with
pr > 30GeV and b-tagged using the 85% efficiency working point, but at least one of
these two jets must fail the 77% working point requirement in order to ensure that none
of the selected events satisfies the SR requirements. Events are also required to contain no
additional lepton with 10 GeV < p1 < 30 GeV regardless the more stringent identification
and isolation criteria.

Two validation regions are enriched in tt events in order to assess the modelling of
this process. In the tt3-jets VR and tt 4-jets VR, events are required to have, respectively,
exactly three and exactly four jets with pp > 25GeV and |n| < 2.5, two of which must be
b-tagged using the 77% efficiency working point.

5 Background estimation

Several processes with a final state that is identical or very similar to the single-top
s-channel signal are sources of background events for this analysis. The largest back-
ground source is t¢ production, which is difficult to distinguish from the signal since such

3The transverse mass of the W boson, m¥ , is computed from the lepton transverse momentum, p% and
the difference in azimuthal angle, A¢(¢, BF'**) as m}l = \/2Emp%[1 — cos(A¢ (L, Exi=))].




events contain real top-quark decays. In the dileptonic decay mode, tt events can mimic
the final-state signature of the signal if one of the two leptons is unidentified, whereas
the semileptonic decay mode contributes to the selected samples if only two jets are re-
constructed. The second most important background source is W+ jets production. Such
events have the same signature as the signal if two jets produced in association with the
W boson are b-jets. Furthermore, W-boson production in association with ¢- or light-
jets contributes due to misidentification of such jets as b-jets; this represents 3% of the
expected W+ jets yield. Single top-quark production in the t-channel also leads to a size-
able background contribution, while associated tW production has a smaller event yield.
Both Z + jets and diboson production are minor background sources. These background
processes, as well as the signal, are modelled using MC event samples and normalised to
cross-sections predicted in the SM, as described in section 3, before the signal extraction
fit described in section 8.

In addition, multijet production contributes to the selected events, when jets, non-
prompt leptons from heavy-flavour decays, or electrons from photon conversion, are
misidentified as prompt isolated leptons. The modelling of this background in the elec-
tron (muon) channel relies on the so-called jet-electron (anti-muon) method described in
refs. [84, 85], in which a dedicated simulated (data) event sample is used as a model for
the shapes of the different distributions. The normalisation of the multijet background is
extracted from data for both channels, using a dedicated fit described in this section. Both
normalisations and shapes are later used as input for the signal extraction fit described in
section 8.

In the case of the jet-electron model, a dedicated selection is imposed on the MC
simulated dijet events sample described in section 3, in order to select the events with
jets that are likely to resemble a lepton in the detector. Such jets are required to deposit
a large amount of their energy in the electromagnetic calorimeter, and are treated as
electrons in the event selection. In order to reduce the uncertainty due to the size of the
MC sample, the b-tagging requirements imposed on two of the jets in the event selection
described in section 4 are not applied. In the case of the anti-muon model, a dedicated
data sample is used. Some of the muon identification criteria, related to the energy loss in
the calorimeter, to the longitudinal impact parameter, or to the tracking and calorimeter
isolation, are inverted or changed [73, 84], resulting in a sample that is enriched with events
containing fake or non-prompt muons from multijet events.

The jet-electron and anti-muon event samples are then used to estimate the multijet
background normalisation in a binned maximum-likelihood fit, using variables chosen to
provide good separation between the background sources: the ENS distribution in the
electron channel, and the mydistribution in the muon channel. For this purpose, the region
definitions are modified in order to increase the number of multijet background events in the
selected sample: the requirements on Efrniss in the electron channel, and on m%v in the muon
channel, are not applied. A simultaneous fit of the electron and muon channels is performed
in the SR to extract the normalisations of both the jet-electron and anti-muon samples,
which are allowed to float freely and independently in the fit. The obtained multijet
normalisation is used in the SR as an initial value for the signal extraction fit described



in section 8. The normalisation of the W+ jets contribution is also allowed to float freely
in the fit, and so is the normalisation of the top-quark processes. The latter are grouped
together in one template where the relative contributions are fixed to their SM predictions,
as they show similar E%iss and m?f distributions. The normalisation factors extracted
for the W+ jets and top-quark processes in this fit are, however, not used for the signal
extraction fit described in section 8. The normalisations of the other processes are fixed to
their SM predictions. The fit is repeated in each of the three VRs to extract the multijet
normalisation in these regions. In the W+ jets VR (¢t 3-jets VR and tt4-jets VR), the
normalisation of the W+ jets contribution (top-quark processes contribution) is allowed to
float freely, while the normalisations of the other processes are fixed to their SM predictions.
The multijet normalisation obtained in the three VRs is used to validate the modelling of
the discriminant, as described in section 6.

Figures 2 and 3 show the Eﬁﬂ”iss and m%‘/ distributions in the electron and muon channels
respectively, after the fit of the multijet background in each region. In these distributions,
the uncertainties in the background normalisations described in section 7 are included,
as well as 6% and 40 % uncertainties in the ¢t and W+ jets background normalisations,
motivated respectively by the uncertainty in the tt cross-section prediction (cf. section 3)
and the value of the W+ jets normalisation factor extracted in the fit — while they are
eventually treated as unconstrained parameters in the statistical analysis of the signal cross-
section (cf. section 8). The predictions after the fit are in agreement with the data, given
the statistical and systematic uncertainties. The trends seen at low Effniss or m‘fvvalues for
the best fit distribution would not impact the signal extraction fit, for which the EIT]rliSS >
35GeV and mY > 30GeV requirements are applied (cf. section 4). Furthermore, the
trends seen at high EEFiSS or mYFV values are consistent with the mismodelling, seen in other
analyses [86], of tt events by MC generators at NLO in QCD, which predict harder top-
quark pr spectra than observed in data, and which are typically covered by the relevant t¢
modelling systematic uncertainties described in section 7.

6 Matrix element method

The matrix element method (MEM) [16, 17] directly uses theoretical calculations to com-
pute a per-event signal probability. This technique was used for the observation of single
top-quark production in proton—antiproton collisions at the Tevatron [3, 4, 87-89], and
in finding evidence of single top-quark s-channel production in proton—proton collisions in
ATLAS [15]. The discrimination between signal and background is based on the computa-
tion of likelihood values P (X | Hpmc) for the hypothesis that a measured event with final
state X defined by the presence of certain reconstructed objects, is of a certain process
type Hproc. The likelihoods can be computed by means of the factorisation theorem from
the corresponding partonic cross-sections of the hard scattering process, as follows:

1 dJHproc T
H

X| ).
UHprOC dq) proc( | )

P(X | Hyproo) = / 4d

The normalised fully differential cross-section (1/0g,,,.)(do#,,,./d®) gives the probability
density for a scattering process Hproc to lead to a parton-level final state ® as a function of
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Figure 2. Distribution of EX after the fit of the multijet backgrounds, in the electron channel,
in the (a) signal region, (b) W+ jets VR, (c) tt3-jets VR, and (d) tt4-jets VR without applying
the requirement on ER*5. Simulated events are normalised to the expected number of events
given the integrated luminosity, after applying the normalisation factors obtained in the multijet
fit. The last bin includes the overflow. The uncertainty bands indicate the simulation’s statistical
uncertainty, the normalisation uncertainties for different processes (40% for W+ jets production,
30% for multijet background and 6% for top-quark processes) and the multijet background shape
uncertainty in each bin, summed in quadrature. The lower panels show the ratio of the data to the
prediction.

the four-momenta of all outgoing particles. The mapping between the measured final state
X and the parton-level state ® is implemented by transfer functions Ty, (X | ®) which
take into account the detector energy-resolution functions, the reconstruction efficiencies
for the electron, the muon and the jets, and the b-tagging efficiencies, as a function of
the parton-level transverse momenta and pseudorapidities, and the efficiency of the EEFiSS
selection as a function of the neutrino transverse momentum. The permutations between
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Figure 3. Distribution of m¥ after the fit of the multijet backgrounds, in the muon channel, in
the (a) signal region, (b) W+ jets VR, (c) tt3-jets VR, and (d) tt4-jets VR without applying the
requirement on m} . Simulated events are normalised to the expected number of events given the
integrated luminosity, after applying the normalisation factors obtained in the multijet fit. The last
bin includes the overflow. The uncertainty bands indicate the simulation’s statistical uncertainty,
the normalisation uncertainties for different processes (40% for W+ jets production, 30% for multijet
background and 6% for top-quark processes) and the multijet background shape uncertainty in each
bin, summed in quadrature. The lower panels show the ratio of the data to the prediction.

the partons and the reconstructed objects are taken into account by summing over the
possible configurations which contribute to the differential cross-section [87, 89].

The phase-space integration of the differential partonic cross-sections is performed by
using the Monte Carlo integration algorithm Vegas [90] from the Cuba program library [91].
The required PDF sets are taken from the LHAPDF5 package [92], while the computation
of the scattering amplitudes is based on code from the MCFM program [93]. The func-
tional forms and parameterisations of the ATLAS detector resolutions used for the transfer
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Figure 4. Expected distributions of the MEM discriminant P(S|X) in the SR, for the s-channel
single-top signal, and for the tt and W+ jets backgrounds, for MEM discriminant values larger than
2.0 x 10~*. Each distribution is normalised to unity. The binning is the same as the optimised
binning used in the signal extraction fit, resulting in a non-linear horizontal scale.

functions are those used in the KLFitter kinematic fit framework [94, 95]. The parameters
are derived from event samples produced using the ATLAS detector simulation.

In total, eight different processes, all having at least one charged lepton, one neutrino,
and two quarks in the final state, are considered for the computation of the likelihood
values: two processes for the s-channel single-top-quark signal (one with two final-state
partons corresponding to the b-quarks in the LO diagram, and one with three final-state
partons in which a real radiation correction is included), one process for the t-channel single-
top-quark background (which is modelled in the four-flavour scheme only), two processes
for ¢t production (for the semileptonic and dileptonic final states, which are evaluated
separately), and three processes for the remaining W-boson background production (one
process with two associated light-jets, one process with one light-jet and one c-jet, and one
process with two b-jets). The scattering matrix elements for all considered processes are
calculated using LO amplitudes.

From the likelihood values of these processes the probability P(S|X) for a measured
event X to be a signal event S can be computed with Bayes’ theorem by:

B S P(S)P(X]|S)
PO X) = S sy X [5) 15, PB) PX| B)

Here, S; and B; denote all signal and background processes that are considered. The a
priori probabilities P(S;) and P(Bj) are taken to be the expected event fractions from
the various processes contributing to the signal region, as obtained from Monte Carlo
simulations; variations of these factors were observed to have negligible impact on the
sensitivity. The final state X of the measured events have the SR topology: one electron or
muon, two b-tagged jets, and missing transverse momentum. The value of P(S |X) is taken
as the discriminant in the signal extraction. Figure 4 shows its expected distribution for
the s-channel single-top-quark signal and for the ¢ and W+ jets background contributions
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Figure 5. Distributions of the MEM discriminant P(S|X) in the (a) W+ jets VR, (b) tt 3-jets VR,
and (c) tt4-jets VR. Simulated events are normalised to the expected number of events given
the integrated luminosity, after applying the normalisation factors obtained in the multijet fit
presented in section 5. The uncertainty bands indicate the simulation’s statistical uncertainty and
the normalisation uncertainties for the various processes in each bin, summed in quadrature. The
ratio of the observed number to the predicted number of events in each bin is shown in the lower
panel, with different vertical axis ranges. The binning is the same as the optimised binning used in
the signal extraction fit described in section 8, resulting in a non-linear horizontal scale.

in the SR, with the same binning and range as used for the signal extraction described in
section 8.

In order to validate the s-channel MEM discriminant P (S |X), it is computed in the
three validation regions. For the ¢t VRs, in which events with three or four jets are se-
lected, only the two b-tagged jets are considered for the MEM discriminant computation,
since most of the considered processes have only two outgoing partons. For the jet-electron
sample, in which the b-tagging requirement is not applied (cf. section 5), only the two lead-
ing jets are considered. Figure 5 compares the discriminant distribution in data with that
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in simulation for the three VRs, using the same optimised binning as used for the signal
extraction fit in the SR described in section 8. In these distributions, produced prior to the
signal extraction fit, the uncertainty band includes the normalisation uncertainties of all
processes, including the signal and the ¢t and W+ jets backgrounds, as well as the simula-
tion’s statistical uncertainty. Good modelling is observed in the three validation regions.

7 Systematic uncertainties

Systematic uncertainties affect the signal acceptance and the background normalisations.
Furthermore, most of them affect the shape of the MEM discriminant distribution because
they affect the four-momenta of the reconstructed objects, or their efficiencies. Uncertain-
ties related to the detector and to the modelling of the signal and background processes
are taken into account. In the statistical analysis, an independent nuisance parameter is
assigned to each source of systematic uncertainty. Several of the systematic uncertainties
are decomposed into components from multiple independent sources.

The uncertainty in the combined 2015-2018 integrated luminosity is 1.7% [96], obtained
using the LUCID-2 detector [97] for the primary luminosity measurement. An uncertainty
associated with the modelling of pile-up in the simulation is included to cover the difference
between the predicted and measured inelastic cross-section values [98].

The jet energy scale uncertainty is derived by combining information from test-beam
data, LHC collision data and simulation, and the jet energy resolution uncertainty is ob-
tained by combining dijet pp-balance measurements and simulation [75]. Additional con-
siderations related to jet flavour, pile-up corrections, n dependence and high-pr jets are
included. A total of 31 independent contributions are considered for the jet energy scale
uncertainty, and 9 for the jet energy resolution uncertainty. The efficiency of the JVT
algorithm to identify and remove jets from pile-up is measured with Z — u = events in
data using techniques similar to those used in ref. [78].

The efficiency to correctly tag b-jets is measured using dileptonic tt events [79]. The
mis-tag rate for c-jets is measured using semileptonic t¢ events, exploiting the c-jets from
the hadronic W-boson decays using techniques similar to those in ref. [80]. The mis-tag
rate for light-jets is measured using a negative-tag method, similar to that in ref. [81],
applied to Z + jets events. Uncertainties on this efficiency and these mis-tag rates are due
to reconstructed object calibrations and to the modelling of the different processes, and are
decomposed into sets of uncorrelated sources of uncertainty: 45, 20, and 20 components
for b-, c- and light-jets, respectively.

Uncertainties associated with leptons arise from the trigger, reconstruction, identifi-
cation, and isolation, as well as the lepton momentum scale and resolution. Efficiencies
are measured, and calibrations of the scale and resolution are performed, using leptons in
Z — 0t0 and J/¢p — T4 events [72, 83]. Systematic uncertainties in these measure-
ments account for 22 independent sources.

All uncertainties related to the energy scales or resolution of the reconstructed objects
are propagated to the calculation of the missing transverse momentum. Three additional
uncertainties associated with the scale and resolution of the soft term are also included.
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The modelling of the cross-section and acceptance of the two dominant backgrounds,
tt and W+ jets production, is affected by several systematic uncertainties. Therefore, the
normalisations of these processes are measured in the signal extraction fit (cf. section 8),
and no constraints are placed on these two freely floating parameters. For single-top
t-channel and tW production, uncertainties in the theoretical cross-sections of 4 % and 5 %,
respectively, are propagated to the statistical analysis. For Z+jets and diboson processes,
an uncertainty of 60 % is considered, including 5% for the inclusive cross-section summed
in quadrature with £24% per additional jet and £50% for the heavy-flavour component [15,
99, 100]. Finally, an uncertainty of 30 % is assigned to the normalisation of the multijet
background, motivated by the change in the multijet normalisation when altering various
settings in the multijet fit described in section 5, or by comparisons with other methods of
estimating this background, as used in previous analyses [84, 85].

Uncertainties due to the modelling of the different processes are taken into account. For
each of the single-top s-channel, t-channel and tW processes, and the ¢t process, four sources
related to the modelling of initial- and final-state radiation (ISR/FSR) are considered: two
independent sources estimated by separately varying the renormalisation and factorisation
scales in the ME generator by factors of 0.5 and 2, one source estimated by varying the
renormalisation scale for QCD emission in the initial-state radiation in PYTHIA 8 (corre-
sponding to the Var3c variation of the A14 tune [34]), and one source estimated by halving
and doubling the renormalisation scale for QCD emission in the final-state radiation in
PyTHIA 8. One additional source is also estimated for each of these four top-quark pro-
cesses to account for the parton shower and hadronisation model, by comparing the nominal
PowHEG Box + PyTHIA 8 MC sample with a POWHEG Box + HERwWIG 7.04 sample. The
uncertainty associated with the algorithm removing the overlap between tW and tt pro-
duction at NLO [37] is assessed by comparing the nominal POWHEG BoX + PyTHIA 8 tW
sample produced using the diagram removal scheme with an alternative sample produced
with the same generator but using the diagram subtraction scheme. For the dominant tt
background, two additional sources are considered: one source related to soft gluon resum-
mation is estimated by setting the hqamp parameter to 3.0-my, instead of the nominal 1.5-my,
in the POWHEG Box + PYTHIA 8 tt MC sample, and one source related to the matching
of the ME to the parton shower is estimated by comparing the nominal POWHEG Box
+PyTHIA 8 tt MC sample with a MADGRAPHS_AMC@NLO + PyTHIA 8 sample. One
source of uncertainty related to the shape of the W+ jets background is evaluated by using
the envelope of the independent variations of the renormalisation and factorisation scales
in the ME of the W+ jets MC sample. Two sources of uncertainty affecting the shape of
the multijet background are considered, one for the electron channel and one for the muon
channel. These two sources are estimated by varying the criteria related to the fraction of
energy deposited in the electromagnetic calorimeter for the jet-electron model, and to the
tracking isolation in the anti-muon model, respectively (cf. section 5). All these modelling
uncertainties may affect both the shape of the MEM discriminant and the normalisation of
each process, except for tt and W+ jets, for which the normalisation is extracted in the fit.

The choice of PDFs affects the modelling of top-quark processes, and these uncertain-
ties are evaluated using the PDF4LHC15 combined PDF error sets [53], which contain 30
symmetric eigenvectors. Four independent sets of 30 uncertainty sources are considered,
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one for each process. For single-top t-channel production, the PDF4LHC15_nlo_nf4 30
set is used, while for single-top s-channel and tW production, and ¢t production, the
PDF4LHC15 nlo 30 set is used.

8 Signal extraction

The single-top-quark s-channel production cross-section is measured by means of a binned
profile maximum-likelihood fit of the MEM discriminant in the signal region. The binning
of the MEM discriminant is optimised in the signal region using the procedure described in
ref. [101], in order to maximise the expected sensitivity while keeping the total statistical
uncertainty of the predicted number of events in each bin at a level adjusted to avoid biases
due to fluctuations. This results in bins of unequal width, with wider bins in regions with a
large signal contribution, while preserving a sufficiently large number of background events
in each bin. In this paper, MEM discriminant distributions are presented with a non-linear
horizontal scale, in such a way that the histogram bins appear to have a constant width.
Values of P(S|X) lower than 2.0 x 10~% are not taken into account for the signal extraction
because of the very low signal-to-background ratio in this range; this rejects 21% (18%) of
the expected tt (W+ jets) background events, while the expected signal yield is reduced
by less than 1%. The electron and muon channels, which have similar sensitivity to the
signal, are merged regardless of the lepton charge or flavour or of the various data-taking
periods of the LHC, while preserving correlations of the later described nuisance parameters
associated to systematic uncertainties, in order to measure the combined production cross-
section of single top quarks and top antiquarks.

The binned likelihood function £(u, ) used in the fit consists of a product of Poisson
probability terms over the signal region histogram bins. The likelihood function depends
on the signal strength p, defined as p = o/d™M, where o is the observed signal production
cross-section, and on a set of nuisance parameters 6, which characterise the effects of
systematic uncertainties in the signal and background predictions. They are implemented
in the likelihood function as Gaussian priors, with the exception of the unconstrained
normalisation factors for the t¢ and W+ jets backgrounds. The statistical uncertainty
in the predictions, which incorporates the statistical uncertainty arising from the limited
number of simulated events, is included in the likelihood function in the form of additional
nuisance parameters, one for each of the considered bins, and constrained by PoAisson priors.
The test statistic ¢, is defined as the profile likelihood ratio: ¢, = —2In(L(u, éu)/lj(ﬂ, 0)),
Wherg i and 6 are the values of the parameters which maximise the likelihood function,
and HAM are the values of the nuisance parameters which maximise the likelihood function
for a given value of p [102]. This test statistic, implemented in a framework based on
RooStats [103, 104] and HistFactory [105], is used to assess the compatibility of the observed
data with the background-only hypothesis, and to make statistical inferences about pu.

9 Results

A comparison of the MEM discriminant distributions in data and simulation is shown in
figure 6, before and after the fit to data. The uncertainty in the total prediction before
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Figure 6. Distributions of the MEM discriminant P(S|X) in the SR (a) before and (b) after the
fit to data, for MEM discriminant values larger than 2.0 x 104, The lower panels show the ratio
of the data to the prediction, with different vertical axis ranges. The uncertainty bands indicate
the total uncertainties and their correlations in each bin. The uncertainties in the ¢t and W+ jets
normalisation factors, as well as in the s-channel signal cross-section, are not defined pre-fit and
therefore only included in the post-fit uncertainties in (b). The binning is the same as the optimised
binning used in the fit, resulting in a non-linear horizontal scale.

the fit in figure 6(a) is dominated by signal modelling, the jet energy resolution and scale,
ISR/FSR in top-quark processes, and t¢ modelling uncertainties. The distribution after
the fit in figure 6(b) shows good agreement within the total uncertainty band, and the
global goodness of fit calculated using the saturated model [106] is 10.3%. The measured
distribution of the MEM discriminant for the signal contribution is shown in figure 7,
and is compared with the data after the subtraction of all background contributions. The
expected event yields for the different processes, before and after the fit, are shown in
table 1, together with the observed event yield in data. The measured tt and W+ jets
normalisation factors are 0.817073 and 1.37793% respectively; their correlation is 51%,
and their respective correlations with the signal cross-section are 55% and 27%. After the
fit, none of the other nuisance parameters is pulled by more than 0.8 standard deviation,
constrained to less than 74% of its pre-fit impact on the cross-section by the fit, or has a
correlation with the fitted cross-section larger than 33%.

Several tests were performed in order to assess the robustness of this fit, called ‘base-
line fit’ in this paragraph. First, instead of being left unconstrained, the tt and W+ jets
normalisations were assigned an uncertainty on their cross-sections. In such case, the nui-
sance parameters associated to these uncertainties were pulled in the same directions as the
normalisation factors in the baseline fit. Second, a fit of the background-only hypothesis
to the data was performed, keeping only bins of the discriminant distribution in which the
expected signal-to-background ratio does not exceed 5%. In such a fit, the tt and W+ jets
normalisation factors were pulled by values compatible to those obtained in the baseline fit.
Furthermore, the post-fit nuisance parameters of this background-only fit were propagated
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Figure 7. Distribution of the MEM discriminant P(S|X) in the SR after the fit to data, for
MEM discriminant values larger than 2.0 x 1074, after subtraction of all backgrounds. The fitted
distribution for the simulation of the signal is shown together with the post-fit uncertainty in the

backgrounds. The binning is the same as the optimised binning used in the fit, resulting in a non-
linear horizontal scale.

Process Event yield

Pre-fit Post-fit
s-channel 4200£710 3700£1100
t-channel 1300042000 15000 4+ 2300
tWw 36804970 4250+1100
tt 76 000 + 12000 70600 + 4 200
W+ jets 21500+ 2900 32200+ 5000
Z +jets, VV 240041400 290041600
Multijet 2150 £ 650 1700 + 540
Total 123000+ 17000 1303104620
Data 130310

Table 1. Pre-fit and post-fit event yields in the SR, for MEM discriminant values larger than
2.0 x 10~%. The central value of the event yield for each process is calculated by summing the
values of the discriminant bin contents, using the nominal expected yield for the pre-fit value, and
the best-fit estimate for the post-fit value. The error includes statistical and systematic uncertainties
summed in quadrature. All sources of systematic uncertainties are included, taking into account
correlations and anti-correlations in the post-fit case. The uncertainties in the ¢ and W+ jets
normalisation factors, as well as in the s-channel signal cross-section, are not defined pre-fit and
therefore only included in the post-fit uncertainties.

to the signal and background MC samples, with signal cross-section set to its prediction
from theory, in order to build a ’realistic’ pseudo-data set. A signal-plus-background fit to
this pseudo-data set was then performed, and the measured cross-section was compatible
with the predicted cross-section. Finally, the linearity of the statistical model was checked,
by performing fits to pseudo-data sets produced from the nominal predictions (Asimov
datasets), where the expected signal cross-section was increased or decreased. In such fits,
the measured and expected cross-sections were in agreement.
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Source Ao /o (%)
tt normalisation +24/-17
tt shape modelling +18/—15
ISR/FSR +13/-11
PS & had. +12/-10
ME/PS matching +10/-8
hdmnp <1
s-channel modelling +18/-8
PS & had. +18/-8
ISR/FSR +3/-1
Jet energy resolution +18/—12
Jet energy scale +18/-13
MC statistics +13/-11
Flavour tagging +12/-10
W+ jets normalisation +11/-8
PDFs +10/-9
tt +10/-9
s-channel +1
t-channel +1
tW +1
t-channel modelling +6
PS & had. +5
ISR/FSR +4
W+ jets pr/ps shape +6/—5
Normalisation of other processes +6/—5
Pile-up +5/-3
Luminosity +4/-3
tW modelling +1/-2
PS & had. +1
tt overlap +1
ISR/FSR +1
Missing transverse momentum +1
Multijet shape modelling +1
Other detector sources +1
Systematic uncertainties +42/-34
Statistical uncertainty +8
Total +42/-35

Table 2. Observed impact of the different sources of uncertainty on the measured s-channel signal
cross-section, grouped by categories. The impact of each category is obtained by repeating the
fit after having fixed the set of nuisance parameters corresponding to that category, subtracting
the square of the resulting uncertainty from the square of the uncertainty found in the full fit,
and calculating the square root. The statistical uncertainty is obtained by repeating the fit after
having fixed all nuisance parameters, including the ¢ and W+ jets normalisation factors. PS &
had. refers to the parton shower and hadronisation model, '"ME/PS matching’ to the matching of
the ME to the parton shower, and ’tt overlap’ to the algorithm removing the overlap between tW
and tt production at NLO, as described in section 7.

The measured cross-section is 0 = 8.2 £ 0.6 (stat.)f%:é (syst.) pb = 8.2735 (total) pb,
which is compatible with the SM prediction of oM = 10.32f8:§8 pb. A summary of the
main sources of uncertainty is presented in table 2. The largest contribution arises from
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the tt normalisation. Uncertainties in the jet energy scale and resolution, and in the signal
generator modelling, also play an important role, followed by the modelling of ISR/FSR
in top-quark processes, the statistical uncertainty of the MC predictions, the ¢t generator
modelling uncertainties, and the flavour-tagging uncertainties. The observed signal signifi-
cance is 3.3 standard deviations above the background-only hypothesis, while the expected
significance is 3.9 standard deviations.

10 Conclusion

A measurement of the s-channel single-top-quark production cross-section in pp collisions
at a centre-of-mass energy of 13TeV recorded by the ATLAS detector at the LHC is
presented. The analysis was performed using data collected in 2015-2018 corresponding
to an integrated luminosity of 139fb~!. The selected events contain one electron or muon,
two jets which are both b-tagged, and missing transverse momentum. The matrix element
method was used to obtain a discriminant to separate the signal from the background
events, and the signal was extracted using a profile likelihood fit. The measured signal
cross-section, combining top-quark and top-antiquark production, is ¢ = 8.2f§:3 pb, in
agreement with the SM prediction of 0™ = 10.3 & 0.4 pb. The observed (expected) signal
significance is 3.3 (3.9) standard deviations above the background-only hypothesis. This
result provides a measurement of the cross-section of this process at a new centre-of-mass
energy, which allows the energy dependence of this observable to be probed.
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