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1. Introduction

Single top quarks are an important tool to test the predictions of the Standard Model (SM) of
particle physics and constrain its parameters. Precision measurements of single top-quark produc-
tion are also gaining importance as constraints on models of physics beyond the SM, given the lack
of clear evidence from direct searches. The production can proceed via the electroweak interaction
in several ways, each of which is sensitive to different aspects or potential modifications of the SM.
All have in common that they are sensitive to the CKM matrix element V;;, as well as modifications
of the —W-b vertex.

The ATLAS collaboration studied the various production modes of single top quarks in pp
collisions at centre-of-mass energies of /s=7,8,13 TeV. Evidence for the production involving
the s-channel exchange of a W boson, previously observed only at the Tevatron, was found [2].
A variety of measurements were performed for the #-channel, such as differential cross sections at
8 TeV [3] or fiducial cross sections at 13 TeV [4]. Differential cross sections were also measured for
the production in association with a W boson in tW [5] as well as in tWb [6] final states. With the
increase in /s and the luminosity, £, it became possible to find evidence for the #-channel process
with the radiation of an extra Z boson [7]. These proceedings review the latter three analyses, all
of which were carried out using £ = 36.1fb~! of pp collision data at 13TeV collected with the
ATLAS detector [1] in the years 2015 and 2016.

The analyses selected isolated prompt electrons and muons, £ = e,u', as well as jets in the
pseudorapidity range of || < 2.5 unless noted otherwise. While tau leptons were not explicitly
reconstructed, their leptonic decays are included through the e/u selection. The jets were defined
using the anti-k; algorithm with a distance parameter of 0.4. Jets originating from b quarks were
identified based on the characteristics of the decays of b-hadrons. Prompt neutrinos, v, were collec-
tively reconstructed from the missing transverse momentum, E%liss. The transverse mass, my, of a
set of objects with indices K, can be expressed as: m%’K = ek P10 = ek Prs)* = Crek py,k)z,
where pr denotes the transverse momentum, and p, (py) its component along the x (y) axis. Parti-
cle level is defined as the state before the particles produced in a collision interact with the detector.

2. tW differential cross sections

Differential cross sections for the tW production were measured in events with exactly two?
oppositely charged leptons. The leptons were required to have pr(£;) > 27GeV and pr(£2) >
20GeV. Events containing one b-quark jet and no other jet with pr > 30GeV were selected.
Z +jets (production of a Z boson in association with jets) events were suppressed using cuts on
the combination of the lepton flavours, m(£€) and E?iss, leaving tf (top-quark pair) production as
the only relevant background. This background is particularly challenging because it is nearly
indistinguishable from W production when one of the two b-quark jets is not detected, and also
has an about 10 times larger cross section.

Hndices are assigned such that pt(£1) > pr(£2).
2The 2-lepton channel has the advantage that both W bosons are identified in a reliable way, removing a considerable
amount of misreconstructed #f events as well as almost all non-#7 background.
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In order to separate the signal from 7 production, a discriminant based on Boosted Decision
Trees (BDTs) was constructed from variables such as the transverse momentum of the tW system,
pr(€fvvb). In the lowest-order diagrams for #f and tW~b production, it can be seen that this par-
ticular variable acts as a proxy for the pr of the undetected b-quark jet. A cut was imposed on the
resulting BDT discriminant, Oppt > 0.3, increasing the signal-to-background ratio from 1 : 5 to
1 : 2, and reducing the effects of uncertainties in the # modelling.

After subtracting the background estimate, the distributions of the data in six different observ-
ables, listed in Table 1, were unfolded to particle level. Distributions for two of the observables
are shown in Fig. 1. An iterative method was used for the unfolding, with a number of iterations
chosen as to minimise the statistical uncertainties as well as differences between the true and the
unfolded distributions. The largest sources of uncertainties were the tW modelling (e.g. choice of
generators for the hard scatter and the parton shower), the # modelling, and in some bins the data
population. Normalising the differential cross sections was very effective at reducing effects from
tf modelling.

All studied generators model the data generally well, with a trend to softer spectra in all observ-
ables, especially E(£€b). PowneG-Box+Herwig++ was found to deviate more than the alternatives
from the data in certain bins of the differential cross sections. The differences between the DR and
the DS scheme?® as well as between the radHi and radLo tunings (of radiation and theory scale)
were negligible.

3. Quantum interference between W and ¢7 production

At next-to-leading order (NLO) in QCD, diagrams such as gg — tW~b appear in the pertur-
bative expansion for tW production. These lead to a W*W~bb final state after the decay of the top
quarks, just like 77 production, giving rise to interference. Some of the diagrams even look like #f
production followed by the decay # — Wb, and their double-counting as both tW and #f has to be
avoided in one way or another [8]. An excellent overview of the available options, namely dia-
gram removal (DR), diagram subtraction (DS), and diagram removal 2 (DR2) is given in Ref. [9].

Observable E(b) m(€1b) m(t,b) E(tb) mr(€tvvb) m(€lb)
Degrees of freedom 4 5 3 5 3 5

PowHEG+PYTHIAG DR 0.31 0.34 0.45 0.15 0.56 0.55
PowHEG+PyTHIAG6 DS 0.29 0.30 0.46 0.11 0.49 0.50
aMC@NLO+Herwig++ 0.23 0.37 0.49 0.12 0.61 0.61
Pownec+Herwig++ 0.18 0.15 0.52 0.05 0.57 0.40
PowHEG+PyTHIAG radHi 0.30 0.38 0.48 0.16 0.60 0.60
PowHEG+PyTHIAG radLLo 0.29 0.33 0.45 0.14 0.56 0.55

Table 1: p-values from the comparison of the normalised differential tW cross sections to several
Monte Carlo predictions. [5]

3See Section 3, but note the analysis here was designed to be insensitive to the choice of scheme, by selecting events
with exactly 1 jet, and using a mixture of DR and DS W events in the BDT training.
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Figure 1: Normalised differential cross sections for tW production as functions of m(£b) (left) and
E(¢Cb) (right). The measured cross sections, shown as markers, are compared to several Monte
Carlo models. The bars through the markers indicate the statistical, the yellow band the total
uncertainty. [5]

The choice generally plays a minor role in measurements of single top-quark production, but is
associated with sizable uncertainties in the W modelling elsewhere, for example in searches for
top squarks in the context of supersymmetry. A radically different and technically challenging
approach is to calculate the W*W~bb final state at NLO QCD, avoiding the distinction between
tW and 7. In particular Pownec-Box-REs is able to simulate e*vu*vbb events, which can then be
extrapolated to all flavor combinations including fully leptonic tau decays.

The analysis discussed here constitutes a unique benchmark for generators of tW events, es-
pecially their treatment of the tW—tf overlap. The basic selection is similar to that in Section 2;
however, events with 2 jets are picked in order to enhance the interference. Note that if a Wb pair
does not originate from the decay of an on-shell top-quark, max(m(W*b),m(W~b)) may exceed the
top-quark mass, m,. Taking this and the limitations of neutrino and jet-charge reconstruction into
account, the following observable was constructed:

minimax

be = min{ max {m(£1b),m({>b,)},

max {m(£2b1),m({1b2)}} .

After subtracting the backgrounds, primarily ¢ production in association with b-quark jets, the
observed distribution of mg}i“ima"
unfolded distributions. A very good description of the full distribution by Pownec-Box-REs can

be observed. The predictions based on the DR and the DS schemes start to diverge above m;, but

was unfolded to particle level. Figure 2 shows the raw and the
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Figure 2: Distribution and differential cross section for tW+tf production as a function of mg}?“ima".
The observed data are compared to selected MC models with different treatment of the rW—f
overlap. The black error bars correspond to the statistical error of the data. On the left, the colored
bars include all systematic uncertainties in the prediction. On the right, the colored bars indicate

the uncertainty of the theory models, including PDF and scale variations. [6]

stay less than 2 standard deviations away from the data. Note that the detector acceptances for W
events in the DR and the DS schemes are slightly different, which was taken into account in the
systematic uncertainty; the difference is small compared to the deviations seen in Fig. 2 (right).
The DR2 scheme significantly underestimates the tail of the distribution .

4. Evidence for tZj production

The t-channel production of single top quarks in association with a Z boson was measured
for the first time [7]. The additional Z boson not only adds sensitivity to the r—t—Z but also to
the W-W-Z coupling. The measurement was performed in final states with 3 charged leptons,
using staggered pr cuts at 15, 25 and 28 GeV. An opposite-charge same-flavour pair of leptons
was required, satisfying m(£€) = 91 £ 10GeV. The remaining lepton, £y, was used in the cut
mT(KWEgliSS) > 20GeV in order to suppress backgrounds without a W boson. Two jets with pt >
30GeV were required, one b-tagged jet and one forward jet, which is characteristic for -channel
events. The forward jet was looked for in an extended pseudorapidity range || < 4.5. Using 10
variables such as the reconstructed mass of the top-quark candidate and the pseudorapidity of the
forward jet, a discriminant based on a neural network was constructed (Fig. 3).

The signal process was calculated at leading order (LO) in QCD using the narrow-width ap-
proximation for the top quark and the Z boson. Backgrounds containing a fake lepton, almost
exclusively 77 and Z + jets, were estimated using a combination of simulation and data-driven meth-

4A different generator, aMC@NLO, was used for the DR2 prediction. aMC@NLO and Powrec-Box yield compat-
ible DR predictions, as can be seen in the auxiliary material of Ref. [6].



Single Top-Quark Production with ATLAS at the LHC Sebastian Mergelmeyer

- T T T T
2 ATLAS o Data
8% 15 =13 TeV, 36.1 b tzq

£ Rl .
5 o\ Zujets

I
o

Diboson
W TV THAtWZ
W Uncertainty

o‘ Data ‘
tZq
3TeV,36.1 1" et
ignal Region Z+jets
Diboson
W (VT H Wz 20
Uncertainty

%)

bl
(5]
o
Lovoa b bew i P

Events /0.4
S
H‘HH‘HH‘\

{11

kN \\\*\\%\\\

h— —

(4]
Data / Pred.
TTT \_‘\ TTT

‘o

18E L 4 4
LA S B

0 0.5 1 15 2 25 3 3.5 4 4.5
[nG)l O

Data/Pred.

o

a1

-
-

-

-
.

——

o

Figure 3: Distributions of the pseudorapidity of the forward jet (left) and the neural network output
(right) in the analysis of Zj production. [7]

ods. Diboson (predominantly WZ +jets) and ##V events were simulated at LO QCD, and normalised
using a control region and NLO predictions, respectively.

The signal and background expectations were fitted to the observed data, using a free param-
eter for the normalisation of the signal as well as multiple nuisance parameters for the systematic
uncertainties. After (before) the fit, 143 + 11 (163 £ 12) events were expected, 26 +8 (35+9) of
which were attributed to the 7Z; signal. The measured cross section is:

o = 600 + 170(stat.) = 140(syst.) fb at v/s=13TeV,

where the systematic uncertainties are mainly due to the tuning of radiation and renormalisation
scale, and the amount of diboson background. The cross section is consistent with the calculation at
NLO QCD obtained through aMC@NLO, 800fb, which comes with an about 7 % uncertainty due
to the choice of scales and PDFs. The background-only hypothesis was rejected at a significance
level of 4.2 standard deviations (for 5.4 expected), providing clear evidence for the existence of the
tZ j process.
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