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1 Introduction

The electroweak production of top quarks in hadron-hadron collisions can be categorised in
three main production channels, which all involve a single top (anti)quark in the final state
and a Wtb interaction vertex. The three different channels can be distinguished according
to the virtuality of the W boson appearing in the Feynman diagrams. If the W is space-like,
the category is called ¢t-channel, if the W is instead time-like the category is called s-channel
and in the case of a final-state (on-shell) W boson we refer to tW associated production.

At the Large Hadron Collider (LHC) the category with the largest production rate
is the t-channel, with about 225pb at 13 TeV, of which approximately 135pb is coming
from top production and the rest from anti-top production. Within the SM the interest
in single-top production is mainly motivated by the possibility of directly extracting the
value of |Vjp| in the CKM matrix element [1-5]. Moreover, in numerous BSM scenarios,
single-top production provides a sensitive probe to New Physics effects [6-16], possibly
parametrised through dimension-6 operators [14-18]. Indeed, involving the heaviest of
the SM particles and EW interactions, this class of processes is of paramount interest for
physics beyond-the-SM (BSM).



The total cross section for t-channel single-top production was first measured at the
Tevatron about 10 years ago [19, 20], albeit with large uncertainties. The high-precision
data from the LHC allowed not only for a well-established measurement of the total pro-
duction cross sections, but also for a precise determination of differential distributions at
the centre-of-mass energies of 7, 8, and 13 TeV [21-29].

The top quarks decay (predominantly) to a W-boson and a b-quark. In order to be able
to tag the t-channel single-top production process experimentally, only leptonic decays of W
bosons are considered. With hadronic W decays the signature would be indistinguishable
from the multi-jet background, which has a cross section that is many orders of magnitude
larger than the ¢t-channel signature. Hence, the typical signature that is analysed involves
one b-jet from the top decay, missing transverse-energy and one high-pr lepton from the
decay of the W-boson emerging from the top-quark decay, and one additional light jet,
which is associated to the light parton present in the LO ¢-channel matrix elements.

On the theoretical front, predictions for t-channel single-top quark production have
been known at the NLO accuracy in QCD for quite some time [30-33] in the five flavour
scheme (5FS), and for about ten years in the four-flavour scheme (4FS) [34-36]. Much more
recently, also the NNLO corrections have been computed [37], also including the decay of
the top quark in the narrow width approximation up to the same level of accuracy, but
neglecting some interference contributions in the NNLO corrections [38, 39]. The NLO
corrections in the electroweak coupling have been computed [40-42] and are found to be
small for the inclusive production, but can be significantly enhanced in certain regions of
phase space. Going beyond the narrow-width approximation for the top quarks, off-shell
effects have been studied at fixed-order perturbation theory in refs. [43-45].

Beyond fixed-order perturbation theory, the all-order analytic resummation of thresh-
old and transverse momentum logarithms have been presented in refs. [46, 47] and ref. [48],
respectively. Monte Carlo simulations, in which the NLO single-top production pro-
cesses have been matched to a parton shower are available in the MCQNLO [45, 49-52],
Sherpa [53] and POWHEG [51, 54, 55] frameworks. Within the latter framework, also the
consistent inclusion of the single-top plus one-jet NLO matrix elements has been considered
through the (extended) MINLO method [56].

The main focus of this paper is to re-visit single-top production in the t-channel in a
suitably defined fiducial region of phase space. The motivation is as follows. Although the
categorisation of the three main single-top production channels is well-defined at lowest
order in perturbation theory, it breaks down when including higher-order quantum cor-
rections. Indeed, interferences between the t-channel and the other production modes are
non-zero. Also, from an experimental point of view, the virtuality of the W-boson, which
defines the categorisation, is not a direct observable. This, formally, also breaks down
the categorisation from an experimental point of view. Therefore, in this work we do not
include only ¢-channel single-top production into our predictions and simulations. Rather,
we include all contributions that produce exactly an electron, a neutrino and exactly a
jet-pair, of which only one is b-tagged, and consider a fiducial region that is dominated by
t-channel single-top production. We calculate all LO terms and all the complete-NLO cor-
rections, i.e., all NLO effects of QCD and EW origin are taken into account. Furthermore,



we study in detail the impact of the parton shower on the predictions for the ¢-channel
fiducial region.

This paper is organised as follows. In section 2 we describe the two different frame-
works used in this work: complete-NLO accuracy at fixed order, in section 2.1, and NLO
QCD corrections matched to shower effects, in section 2.2. Then, we present numerical
predictions at the inclusive and differential level for several phenomenologically relevant
distributions in section 3, for both the aforementioned approximations. Finally, in section 4
we write our conclusions and we summarise our findings. Furthermore, in appendix A we
collect comparisons with previous results and among different approximations.

2 Calculational frameworks

In this section we describe the two calculational frameworks on which the results presented
in section 3 are based. Our main focus is providing precise predictions for t-channel single-
top production with subsequent top-quark leptonic decays. Therefore, we consider the
signature

e, 1 light jet, 1 b—jet, ' and no additional jets, (2.1)

which is exploited in the measurements of t-channel single-top production at the LHC. As
already mentioned in the introduction, on the one hand, we calculate all the fixed-order
NLO corrections of QCD and EW origin for the signature (2.1), i.e., the complete-NLO
prediction. On the other hand, we match a subset of the complete-NLO predictions to
QCD shower effects. The calculation framework for the former approximation is discussed
in section 2.1, while for the latter in section 2.2.

In our calculation, with both approximations, we always apply cuts (they are explicitly
defined in section 3.1) in order to select the fiducial region that has been considered by the
ATLAS collaboration in the measurement of ¢-channel single-top production [27]. Other
production processes contribute to the signature (2.1) as well and the fiducial region is
defined in order to suppress them.

It is important to note that, within our setup, the calculation for a signature similar
to (2.1) where a ™ is present in the place of the et is exactly the same. Thus, the numbers
given in this paper can be used also for that signature. On the other hand, in this work we
do not consider the case where a e~ (or ™) is present in the place of the e™, i.e., the case
of t-channel single-top antiquark production; we expect results to be qualitatively similar.

2.1 Fixed-order complete-NLO predictions

In this section we describe the calculation at fixed-order complete-NLO accuracy for the
signature (2.1). First, in section 2.1.1 we discuss the different resonances appearing in the
different perturbative orders that enter the complete-NLO approximation and we introduce
the notation used in this work. Then, in section 2.1.2 we specify the input parameters and
finally in section 2.1.3 we describe the clustering procedure that we have adopted in order
to ensure infra-red (IR) safety. Numerical results are presented in section 3.2.

The calculation that is described in this section, fixed-order complete-NLO pre-
dictions for the signature (2.1), has been performed via the latest version of MAD-



GRAPH5_AMC@NLO [42], which is public. In the MADGRAPH5_AMC@NLO frame-
work [57] infrared singularities are dealt with via the FKS method [58, 59], which is
automated in the module MADFKS [52, 60]. The evaluation of one-loop amplitudes is
performed by dynamically switching among different types of techniques for integral re-
duction, i.e., the so called OPP method [61], Laurent-series expansion [62], and tensor
integral reduction [63-65]. These techniques have been automated in the module MAD-
Loop [66], which is employed for generating the amplitudes. We recall that MADLoOOP
employs the codes CUTTOOLS [67], NINJA [68, 69] and COLLIER [70]. Moreover, it includes
an in-house implementation of the OPENLOOPS optimisation [71].

2.1.1 Structure of the calculation: underlying resonances and notation

The main process we are interested in is single-top production via t-channel with the
top-quark decaying leptonically. In other words, pp—tj, where j is a light jet and the
top-quark is decaying into t—eTv.b. In the 5FS, this process contributes at LO, which is
of O(a?), to the cross section for the signature (2.1). Due to the misidentification of b-jets
as light jets, also s-channel single-top production contributes at the same order when the
top quark decays leptonically. Similarly, W Z production can contribute when the Z boson
decays into a bb pair. The O(a*) contributions, however, are the formally smallest LO
contributions in the expansion in powers of o and a. Indeed, the signature (2.1) receives
also O(a2a?) contributions from tree-level diagrams: W+jets with leptonic W decays
contributes to the O(a2a?). Thus, as already mentioned, single-top production is not the
only production process contributing to this signature. Furthermore also non-resonant
contributions are possible.

In this section we present the calculation of all the contributions to fixed-order
complete-NLO predictions for the signature (2.1). Following the notation already used in
refs. [42, 72-78], with complete-NLO predictions we denote all the one-loop and real emis-
sion corrections of QCD and EW origin. To this purpose we calculate all the O(a™a™*2)
contributions with m,n > 0 and m +n = 2,3 to

pp — vedJJ (2.2)

where J is any particle that may potentially enter in a fully-democratic jet, i.e., a jet that
is obtained by clustering quarks (including b-quarks), gluons, photons and leptons. As
discussed in refs. [42, 75], this procedure is necessary in order to fully ensure IR safety
when dealing with complete-NLO contributions and massless final state. In practice, given
the presence of an electronic neutrino,! all the possible final states include a positron and
two(three) massless particles.

The different contributions to the total cross section can be denoted as:

vedJJ 2 2xwedJJ 3ywedJJ | AswedJJ
Y10 (as, ) = agat S0 + asa’XiT + a Y

= LO; +LOs + LOg, (2.3)
o (s, @) = 5o Sg5" + afa? S5 + asalugg Y 4 aPugg
= NLO; + NLO;y + NLO3 + NLOy.. (2.4)

In our calculation lepton PDF's are safely set to zero [79], so no initial-state leptons can be present.



Figure 1. Selection of Feynman diagrams contributing to the signature (2.1). The upper-left
diagram contributes to NLO; and NLOy (W+jets), the upper-central diagram to NLO4 (single-top
resonant), and the upper-right diagram also to NLOy4 (non-resonant). The lower-left diagram is a
typical s-channel single-top production diagram, with an extra gluon, while the lower-right diagram
can be considered tW T-associated production, both contributing to NLO3.

Single-top production via s- and t-channel enters at LLOs and the corresponding NLO
QCD and EW corrections are part of the NLOj3 (e.g. bottom-left diagram in figure 1)
and NLOy (e.g. top-central diagram in figure 1), respectively. The same applies to W Z
production. W +jets contributes at LO to the LO; and the corresponding NLO QCD
and EW corrections are part of the NLO; and NLO; (e.g. top-left diagram in figure 1),
respectively. Moreover, including NLO corrections, also tW-associated production can
contribute to the signature (2.1). Indeed, due to the top-quark decay, two W bosons are
present: if one of them decays hadronically and the other one leptonically, LO contributions
from tW, tW (e.g. bottom-right diagram in figure 1) and WW + bje; production enter the
NLOj3 and NLOy4. This pattern is summarised in table 1. We remark that besides these
production processes, all the off-shell and non-resonant effects (e.g. top-right diagram in
figure 1) are exactly taken into account.

In the following, in order to simplify the notation, we will also refer to the perturbative
orders LLO3s, NLO3 and NLO4 as “Single-Top”, while the remaining perturbative orders
LO1, LOg, NLO; and NLO9 will be also referred as W-jets. In particular,

LO = LOs3,
Single-Top — NLO QCD = LO3 + NLOs3,,
NLO QCD 4+ EW = LO3 + NLO3 + NLOy,
LO = LO;(+LO2),
W +jets — NLO QCD = LO; + NLOq,
NLO QCD + EW = LO; + NLO; + NLO>,

where LO2 has been put in parentheses since it is numerically zero when the signature (2.1)

is considered.



Perturbative order Resonant processes

LO; (a2a?) W + 2 jets

LO2 (asa?) -

LO3 (a?) single-top (¢- and s-ch.), WZ

NLO; (a2a?) W + 2 jets

NLO2 (a?a?) W + 2 jets

NLOj3 (asa?) single-top (¢- and s-ch.), WZ,
tW, tW and WW + b-jet

NLOy4 (a®) single-top (¢- and s-ch.), WZ,
tW, tW and WW + b-jet

Table 1. Intermediate resonances contributing to the various perturbative orders that enter the
calculation.

It is worth to note that going beyond NLO for pp — v.JJJ production, in particu-
lar at O(a3a?), top-quark pair production with semi-leptonic decays is present and also
contributes to the signature (2.1). Moreover, it represents the largest contribution to the
background in the searches for t-channel single-top production, see e.g. ref. [27]. This con-
tribution appears only beyond the formal accuracy of our calculation and therefore it is
not entering our results. However, it has to be taken into account for a correct estimate of
the background.

2.1.2 Input parameters

In order to perform the calculation, given the presence of intermediate resonances, we use
the complex-mass scheme. We use as input parameters for the EW sector G, mz and
mw and we accordingly perform the renormalisation in the G),-scheme. The results of
section 3.2 are obtained with the following masses and widths for the input parameters of

the complex mass scheme?

my = 91.1876 GeV, my = 80.385GeV, mpy =125GeV, my=173.34GeV, (2.6)
'y =2.4955GeV, Ty =2.0897GeV, I'y =4.07MeV, TI{=1.36918GeV. (2.7)
In our calculation, the width of the Higgs boson is necessary only for regulating the inte-

grable singularity of the s-channel Higgs boson that can be present in one-loop diagrams.
The value of G, is set equal to

G, = 1.16639 x 107° GeV ™2, (2.8)

and the CKM matrix is set equal to the 3 x 3 identity matrix. We renormalise QCD
interactions in the MS scheme and, as already mentioned, we use the 5FS.3 We set the

2The same decay widths are used for LO and NLO calculations.

3The parameter SeparateFlavourConfigurations has been introduced in MADGRAPH5_AMC@NLO in
order to plot each one of the flavour configurations independently, even if they are summed together because
they have identical matrix elements. This allows, for example, b-tagging in the 5FS.



renormalisation and factorisation scales to ur = up = Hp/2, where Hy is the scalar sum
of the transverse momenta of all the final-state particles, which are all massless. As PDF
set we use LUXQED17_pPLUS_PDF4LHC15_NNLO_100 [80, 81], which includes a photon
member and as(mz) = 0.118. Scale uncertainties are evaluated via the standard 9-point
independent variations of the factorisation and renormalisation scales.

2.1.3 Clustering procedure

Since we perform a fixed-order NLO computation, at most two particles can be clustered
together to generate signature (2.1). Therefore, in order to ensure IR safety we perform the
following procedure. First of all we perform a QED clustering among leptons and photons,
where AR = +/(An)? + (A¢)? is the distance among two particles and the clustering

parameter is set to AREP = 0.1. In practice, we apply the anti-k7 clustering algorithm
QED
T, min
we do not cluster this particle with any other. Otherwise, in order to be IR safe, if the

with p = 0GeV. If only a single particle is present within a radius AR = ARQEDP,

distance between two particles is AR < ARQFEP we follow this procedure:

e [f they are two photons, they are not clustered.

e If they are one photon and one lepton with flavour f, they are clustered and defined
as a lepton with flavour f.

e If they are an opposite-sign same-flavour (OSSF) lepton pair, they are clustered and
defined as a photon.

o If they are two leptons which are not OSSF, they are not clustered.

After this clustering procedure we can already reject events with three or more QED
particles (leptons or photons). Indeed, leptons will not enter the QCD clustering and in
order to obtain the signature (2.1) we need at least a v, a b or b and a positron. Therefore,
four QED particles among four/five particles in the final state are not possible. Three
would be in principle possible in the case of a positron and two photons, which in turn
would lead to a light jet via the QCD clustering procedure discussed in the next paragraph.
However, the process pp—e™ v byy is not possible due to flavour.

Then, we proceed with the standard QCD clustering for quarks, gluons and photons
in order to define QCD jets. Since we will perform the calculation for the fiducial region
defined in ref. [27], which is also explicitly reported in section 3.1, we use the anti-kp
clustering algorithm with parameters ARQCP = 0.4 and p%il]i)n = 30GeV. Only jets that
contain a b quark or antiquark and have pseudorapidity |n(j)| < 2.5 are identified as b-jet
with a 100% tagging efficiency. Note that in the case of |n(j)| > 2.5 or if a bb pair is
present,* the jet is considered as a light jet. The latter condition is needed to ensure IR
safety in the 5FS.

“In the analysis of section 3.3, where shower effects are taken into account, if a jet includes a bb pair it
is considered as a b-jet.



2.2 Shower effects matched to NLO QCD

In this section we describe the calculation of the contributions for Single-Top and W +jets
productions to the signature (2.1), at NLO QCD accuracy and including QCD shower
effects. Numerical results are presented later in section 3.3.

First of all, it is important to note that at the moment the theoretical knowledge
for a consistent matching of NLO QCD and EW effects to (QCD) shower effects is not
yet available for processes involving QCD interactions at LO.?> The first attempts in this
direction have been performed in refs. [84, 86, 87]. However, the approach pursued in these
works applies only to the cases where EW effects are dominated by purely weak effects, in
particular electroweak Sudakov logarithms. As we will explain in section 3.2, this is not
the case for the calculation performed in this work, both at the inclusive and differential
level. In particular, in our calculation QED effects cannot be neglected due to the effective
jet veto from the definition of the signature (2.1). Moreover, as we will see in section 3.3,
QCD shower effects are large and so an analogous feature is expected, although at a smaller
extent, also for EW corrections, which for these observables are mainly of QED origin.

In this work therefore we consider only NLO QCD corrections to separately Single-
Top and W+jets production and we match them to QCD parton-shower effects. On the
other hand, it is important to note that while such a calculation can be straightforwardly
performed for the case of W+jets via public tools, in the case of Single-Top the situation
is much more complex. Indeed, NLO QCD corrections to Single-Top correspond to the
NLO3 contribution. The NLOj3 involves both “genuine” QCD corrections on top of LOs,
the LO in Single-Top, but also “genuine” EW corrections on top of LOs. Indeed the LO9
for the full process (2.2) is not vanishing, and therefore the IR structure of the NLO3 does
involve QED singularities on top of the LOs.

On the other hand, as also shown later in section 3.2, the LO5 contribution is exactly
zero when the signature (2.1) is considered. Therefore, QED soft and collinear singularities
are not involved in the NLO3 calculation for the signature (2.1); soft and collinear enhanced
contributions in the NLO3 are only of QCD origin. For this reason, NLO QCD corrections
can be matched to the QCD parton shower following the standard approaches [88, 89]. On
the other hand, since as we said NLOg3 in (2.2) involves QED singularities on top of the
LO,, for the shower simulation we actually consider the process

pp — VebJJ 4+ pp — vebJJ (2.9)

forcing one of the parton in the final state to be a bottom quark or antiquark. In this
way, partonic channels that would be divergent due to QED interactions but that do not
contribute to the signature (2.1) are discarded from the beginning. We remind the reader
that, in order to preserve IR safety, this approach cannot be pursued for the entire complete-
NLO calculation described in section 2.1.1 and results in section 3.2, and in general for
other processes [42].

5In the case of processes involving a single perturbative order at LO and without QCD interactions,
such as Drell-Yan or Higgs-Strahlung, this technology is available [82-85].



Results based on this approximation are presented in section 3.3 and are based on the
same input parameters, scale definitions and PDFs listed in section 2.1.2. Only two differ-
ences are present. First, photon-induced contributions have been ignored, but their contri-
bution is negligible. Second, when a bb pair is clustered within a jet, this jet is tagged as a
b-jet, at variance with the fixed-order calculation where it is instead tagged as a light jet.

It is important to note that at LO (where the IR-safety problem cannot be present) in
Single-Top numerical differences between the syntaxes (2.2) and (2.9) are completely negli-
gible; also when showering the events. Indeed, at LO3 J cannot be a gluon that the shower
will subsequently split into a bb pair. Moreover, we have explicitly verified that also tagging
a clustered bb pair as a light jet the NLO QCD predictions including shower effects are in
general not affected above the percent level. Among all the plots presented in section 3.3,
only for the m(e™j,) distribution above 150 GeV differences of order 5% are observed.

In the case of W+ jets production, tagging a clustered bb pair as a light jet has instead a
non-negligible impact. We have verified that this reduces the NLO QCD predictions includ-
ing shower effects by ~ 10% at the inclusive level. Nevertheless, in experimental analyses
this procedure is typically not employed and a b-jet can contain more than a b-hadron.

3 Results

3.1 Fiducial region

In order to isolate the contribution to the signature (2.1) and select the fiducial region for
t-channel single-top production we perform the following procedure at the analysis level,
adopting the cuts from ref. [27].

As already mentioned in section 2.1.3 jets are clustered via the anti-kp algorithm with
parameters ARYCP = 0.4 and p%?n?n = 30GeV. Also, only jets that contain a b quark
or antiquark and have pseudorapidity |n(j)| < 2.5 are identified as b-jets; in the case of
In(7)] > 2.5 a jet is always considered as a light jet. We also remind the reader that in
the case of the fixed-order results, if a bb pair is clustered, the corresponding jet is always
considered as a light jet for IR safety. When we perform the calculation including shower
effects this requirement is not necessary and therefore we consider such a jet a b-jet, still
only if |n(7)] < 2.5. As already mentioned, we explicitly verified that this choice, being
preferable because it is much closer to a realistic experimental procedure, has a negligible
impact on the Single-Top results presented in this work.

After having defined jets (and dressed leptons), we define the fiducial region according
to (2.1), i.e., by requiring exactly one light jet (j;), one b-jet (jp), a positron and missing
transverse-energy. In particularly, following ref. [27], these cuts are applied:

e exactly one lepton: |n(¢)| < 2.5 and pr(¢) > 25GeV and identified as a positron,
e exactly one light jet: |n(j;)| < 4.5 and pr(j;) > 30 GeV,
e exactly one b-jet: |n(jp)| < 2.5 and pr(jp) > 30 GeV,

e missing transverse-energy: Fp > 30 GeV,



e positron and jets separation: AR(et, /) > 0.4,
e positron and b-jet system: m(e*j,) < 160 GeV,

where B = pr(ve).

The requirement of exactly two jets of which one being a light jet and one being a b-jet
is suppressing the relative contribution of all the resonant processes besides the ¢t-channel
single top. Indeed, s-channel single top typically leads to two b-jets and tW associate
production to three jets. Also, WZ and W + jets production mostly lead to 2 b-jets or 2
light jets.

3.2 Fixed order

In this section we present and discuss fixed-order results at complete-NLO accuracy for
the total cross section and the differential distributions at 13 TeV; we consider the signa-
ture (2.1) in the fiducial region defined in section 3.1. As summarised in (2.5), we will refer
to the perturbative orders LO3, NLO3 and NLO4 as “Single-Top”, while the remaining
perturbative orders LO1, LOy, NLO; and NLOs will be referred as “W+jets”.

One should bear in mind that although the fiducial region has been designed for en-
hancing the relative contribution of t-channel single-top, s-channel single-top and tW con-
tributions are still present and are not negligible. Numerical results on the relative impact
of these other production channels and their dependence on the cuts are presented in ap-
pendix A. Furthermore, considering directly the signature (2.1), the different processes
cannot be separated in a gauge-invariant way at NLO and also non-resonant contributions
are present, which also cannot be excluded for the same motivation. For this reason we
have not subtracted the s-channel single-top and tW contributions from the Single-Top
predictions (cf., the lower two diagrams in figure 1).

We remind the reader that NLO (and also NNLO) QCD corrections to t-channel single-
top with leptonic top decays have already been calculated in a similar fiducial region in
refs. [38, 39]. However, this calculation is based on the narrow-width approximation for
the top decay, therefore non-resonant effects, and s-channel and tW contributions are not
taken into account. In appendix A we perform a detailed comparison with the results in
refs. [38, 39|, showing how these effects can have an impact and motivating the features
that are found in the results presented in this section, especially at the differential level.

3.2.1 Total cross section

In table 2 we present predictions for the signature (2.1) in the fiducial region defined in
section 3.1. For different accuracies, we provide the results for the central value of the
factorisation and renormalisation scale together with the associated scale uncertainties.%
We also show the relative size of QCD and EW corrections for the central values of the
scales. As can be seen, for Single-Top, the NLO QCD cross section (LO3 + NLO3) is much
smaller than the corresponding LO (LO3) prediction; the QCD K-factor is ~ 0.6. This

5Scale uncertainties are evaluated via the standard 9-point independent variations of the factorisation
and renormalisation scales.

~10 -



Single-Top

cross section

NLO QCD+EW

(NLO QCD)/LO
(NLO QCD+EW)/(NLO QCD)

+0.415(+9.0%)

LO 4-623(1)_0.533(—11.5%) pb
+0.226(+8.2%)

NLO QCD 2.762(6) ' 540( s.7%) PP

)

—0.236(—8.8%
0.60(1)
0.97(1)

W +jets cross section
+0.3002(+39.2%)
LO 0'7656(6)70.2265(729.6%) pb
+0.323(+20.1%)
NLO QCD 1.612(3) " 500( - 19.2%) PP
+0.318(+19.9%)
NLO QCD+EW 1-597(3)70.305(719.1%) pb
(NLO QCD)/LO 2.11(1)
(NLO QCD+EW)/(NLO QCD) 0.99(1)

Table 2. Various fixed-order cross sections (in pb), including their scale uncertainty, for the
signature (2.1) within the fiducial region defined in section 3.1 for the Single-Top process (top table)
and the W+jets process (bottom table). The ratios (last two lines of both tables) are computed
for the central values of the corresponding predictions.

reduction is due to the requirement of exactly two jets; vetoing extra jets the QCD radiation
is suppressed, yielding a negative correction. For the same reason, scale uncertainties do not
strongly decrease moving from LO to NLO QCD accuracy and they are ~ 8% for the latter.
However, in section 3.3 we will see that taking into account shower effects, and therefore
the multiple emissions of partons, NLO QCD corrections do significantly decrease scale
uncertainties (cf. table 3). Also, we will show that, unlike the fixed-order case, including
shower effects LO and NLO QCD scale-uncertainty estimates are compatible. Moreover,
we will compare NLO QCD predictions with or without shower effects and we will show
they are compatible, at the inclusive level. Thus, although scale uncertainties are larger at
fixed order, NLO corrections are still sensible and reliable, with the exception of specific
phase-space regions that we will specify in section 3.3.

The impact of NLO EW corrections (NLO4) on the NLO QCD prediction is sizeable;
it reduces the cross section by —3%. Even though this is within the scale uncertainties,
the latter are significantly reduced by shower effects. Therefore, for a correct comparison
between theory predictions and experimental measurements EW effects have to be taken
into account.

In table 2, we also show results for W+jets, i.e., the contributions from the remaining
perturbative orders LO;, LO2, NLO; and NLO2. The NLO QCD cross section (LO; +
NLO;) is much larger than the corresponding LO (LO;) prediction; the QCD K-factor

is ~ 2.1. Unlike the case of Single-Top, the requirement of exactly two jets does not

- 11 -



lead to negative corrections. This pattern is unusual for a NLO QCD calculation with a
requirement of an exclusive number of jets, i.e., applying a jet-veto. However, in this process
real QCD radiation can convert LO events that would not contribute to the signature (2.1)
in events that do contribute. For example, e*v,.gg final states, which are present at LO,
do not contribute to the signature (2.1). On the other hand, real QCD radiation can
convert them via the g—bb splitting into a e*v,gbb final state, which can contribute to the
signature (2.1). Moreover, the LO e r.gg final state has a much larger cross section than
the e*v.bq one, which does contribute to the signature (2.1) at LO. Hence, the NLO QCD
contributions increase the central value of the LO cross section by more than a factor 2.

At variance with Single-Top predictions, scale uncertainties decrease moving from LO
(~ fgggﬁ) to NLO QCD (~ fgg%) accuracy. However, despite this reduction, they are larger
than in the case of Single-Top, due to the higher powers of «a; factorising the LO prediction.
On the other hand, similarly to the case of Single-Top, LO and NLO QCD predictions do
not overlap. We will show in section 3.3 that including shower effects NLO QCD scale
uncertainties are strongly reduced and are compatible with the fixed-order case.

The impact of NLO EW corrections (NLO2) on the NLO QCD prediction is instead
negligible at the inclusive level; it reduces the cross section by —1.0%, i.e., NLO EW
corrections are much smaller than scale uncertainties. The LO4 is instead exactly equal
to zero. Indeed, although the process (2.2), i.e., with fully democratic jets, involves
non-vanishing contributions to the LO2, by requiring a b-jet in the analysis they all vanish.

3.2.2 Differential distributions

We move now to differential distributions. Similarly to the inclusive case, we separate
results for Single-Top and W +jets predictions, but one should bear in mind that both
refer to the same final state. We provide at the end also a direct comparison at differential
level for Single-Top and W+jets predictions.

In figures 2 and 3 we show predictions for several quantities, taking into account the
cuts of section 3.1 that define the fiducial region. All plots display results for Single-Top
contributions at LO, NLO QCD and NLO QCD+EW accuracy. In the first inset we show
both LO (black) and NLO QCD (red) predictions including scale uncertainties normalised
to the central value of the LO; the latter is the QCD K-factor. In the second inset we show
again the NLO QCD scale uncertainties, but now normalised to the central NLO value, and
also the (NLO QCD+EW)/(NLO QCD) ratio. In figure 2 we display the predictions for the
transverse momentum of the light jet (j;), the b-jet (j) and the reconstructed momentum of
the top-quark pp(t'¢¢). We show also the pseudorapidity for the light jet and the b-jet, and
the rapidity for the reconstructed top. In figure 3 we instead show the predictions for the

quantities m(t), m(t*°), m(e™ jp), cos(92+jl) and cos(6% . ), which we define in the following.

)
The quantity m(t) is the invariant mass of the positi“lgllrl, the b-jet and the momentum of
the neutrino and therefore, although it cannot be directly measured, corresponds to the
true momentum of the would-be top-quark. On the contrary, m(¢**°) is the same quantity,
but with the momentum of the neutrino extracted from the value of fp assuming the W

boson being on-shell. In practice, one has to solve the quadratic equation m%V = 2D+ * Du.
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for p;_ assuming Fr = pr(ve).” The same procedure is used also for the determination of
pr(t*°). The quantity m(e™j,) is the invariant mass of the positron and b-jet, which is
exploited for the measurement of m;. Indeed, at LO and assuming the top-quark and the
W boson on-shell, m(e*j) has an end-point for m(e*j,) = /m? — m¥, ~ 154 GeV. For
this reason in figure 3 we show this distribution both in a wide range (central-left plot) and
close to the aforementioned end-point (central-right plot). The quantities COS(QZJer) and
cos(@j-b jz) are the cosine of the angle between the positron and the light jet and of the angle
between the b-jet and light jet in the top-quark rest-frame, respectively [91]. Via these
angular distributions it is possible to gain information on the top-quark polarisation along
the direction of the spectator light jet (j;) that is present in the ¢-channel production. The
positron angular distribution cos(&iJrjl) carries the higher spin-analysing power (degree of
correlation) with the top-quark spin. Thanks to the dependence on the top-quark spin and
polarisation these distributions are sensitive to new physics [10-13, 16].

Consistently with the result at the inclusive level, differential QCD K-factors of plots
in figure 2 are in general substantially smaller than one. Especially, the pr(j;) and pr(js)
distributions exhibit very large and negative corrections in the tail; they are ~ —70%
at 200 GeV and well outside the LO scale uncertainty. This feature is induced by the
requirement of exactly two jets, and clearly shows the necessity of resumming large QCD
Sudakov logarithms in this phase-space region. As we will see in section 3.3 this effect
is counterbalanced by QCD shower effects (cf. upper-left plot in figure 9). The QCD K-
factor is instead very different for 7(j;) and n(jp); it is very flat for n(jp) while n(j;) shows
a bump centred around 7(j;) = 0. As discussed in appendix A, this effect is due to the
large contribution from ¢tW ™ production entering via NLO QCD corrections. Moreover,
tWT is also contributing, increasing even more this effect. Indeed, in tW™ production
the W™ boson can decay into e*v,, while the top can decay hadronically, contributing in
total to the signature (2.1) (see e.g. bottom-right diagram of figure 1). Considering EW
corrections, for both 1 and pr distributions of the light and b-jets, the shape of the (NLO
QCD+EW)/(NLO QCD) ratio is very similar to the one of the corresponding QCD K-
factor. In particular, for pr(j;) (pr(j»)) ~ 200 GeV, EW corrections further reduce the NLO
QCD predictions by ~ 20(30)%. Also, EW corrections similarly to QCD corrections do not
lead to large effects for central light jets. The pr and 7 distributions for the reconstructed
top-quark have features very similar to the case of the b-jet, besides the region pp (") <
80 GeV. In all the aforementioned cases the NLO EW corrections are within the NLO QCD
scale uncertainties. On the other hand, as already mentioned, shower effects significantly
decrease scale uncertainties as discussed in section 3.3.2 (cf. figure 9).

We move now to the discussion of plots in figure 3. The m(t) distribution receives
enormous corrections from QCD manifesting also as very large scale uncertainties that
nevertheless do not overlap with the LO ones. This effect is induced by real radiation
from the bottom quark which is not clustered into the b-jet and therefore leads to the
migration of events from the LO peak m(t) ~ m; to smaller values. Moreover, this effect is

"We use the same procedure employed in ref. [90]. We select the solution that is the smallest in absolute
value. If the two solutions are complex, we rescale the pr(v.) components such that we get one real solution.
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Figure 2. LO, NLO QCD and NLO QCD+EW predictions for the transverse momentum (left) and
rapidity (right) distributions of the light jet (top), b-jet (central) and reconstructed-top (bottom)
for the Single-Top process.
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Figure 3. LO, NLO QCD and NLO QCD+EW predictions for the top-quark invariant mass
(top) at the truth level (left) and reconstructed (right), positron and b-jet system invariant mass
distribution (central) in a large (left) and small range (right), and spin-correlation observables
(bottom) for the Single-Top process.
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further enhanced by the requirement of exactly one b-jet and one light jet. Indeed, at NLO
QCD, often these two jets corresponds to the b quark and the unclustered gluon emitted
by it, with instead the light-jet from ¢-channel production (¢j;) being actually forward and
undetected. Thus, the shape of the NLO QCD prediction and the QCD K-factor of m(t)
strongly depend on the veto and the clustering radius ARRCP. As a further check, we
have investigated the effect of a jet veto on m(t) for pp—W bW ~b production at NLO
QCD accuracy. While without jet veto we find results qualitatively in very good agreement
with the case of m(t) for a top quark with leptonic decays discussed in ref. [92], a veto on
additional QCD radiation strongly affects the distribution and moves the position of the
peak as in figure 3. The very large K-factor at m(t) < my is induced by the migration of
events from the peak to the off-shell region.

The situation is a bit different for the case of m(t"*¢). NLO QCD scale uncertainties
are not as large as in the m(t) case and, especially, we do not see the very large K-factor
at m(t'°) < my, which we observe at m(t) < m;. Regardless of the value of m(¢), most of
the events are associated to an on-shell W, but nonetheless for a small fraction of them the
reconstructed value of the longitudinal component of the neutrino momentum is different
to the true value. This fraction is anyway sufficiently large to lead to a much flatter
LO distribution for m(¢"°) w.r.t. m(¢); this effect is due to events with m(t) ~ m; and
|m(t*°¢) — my| > I'y, which are a small fraction w.r.t. the generic events with m(t) >~ my,
but not w.r.t. those with m(t) >~ m(¢**°). When NLO QCD corrections are calculated,
the migration effects from the peak of m(¢"°) is then much smaller, and therefore we do
not observe large K-factors for m(¢'*°) < my. Although smaller in size, a similar effect is
observed also for EW corrections, which for both m(t) and m(¢'*) are within the NLO
QCD scale uncertainties.

The m(etj,) distribution (central-left plot) receives also very large negative QCD
corrections due to the jet veto, besides the last bin where only events originating from
a off-shell top-quark and/or W boson can contribute at LO. We zoom the last two bins

in the central-right plot, where this effect can be seen even better in proximity to the

value m(etjy) = \/m? —m?, ~ 154 GeV. Electroweak corrections start being rather flat

at ~ —2% in the m(e*j,) < 100GeV range. They increase in absolute value reaching
a relative size of ~ —10% for m(e*j,) ~ 140 GeV and then quickly decrease up to the
cut m(e*j,) = 160 GeV. Also for this observable parton-shower effects are expected to be

non-negligible. Finally, we discuss the Cos(92+jl) and cos(¢ . ) normalised distributions, for

)
which scale uncertainties are calculated via the envelope o]fb‘ilhe 9-point variation correlated
in the numerator and the denominator. For values cos(6’2+jl) < —0.5, QCD corrections
are positive and large (reaching a factor of ~ 5) and they are further increased by EW
corrections, which are instead negligible over the rest of the phase space. On the contrary,
in the case of the cos(ﬂ?b jz) normalised distribution, EW corrections are negligible and QCD

corrections are at most ~ 15% in absolute value.

Summarising, the plots in figures 2 and 3 clearly show that EW effects are sizeable,
although within the NLO QCD scale uncertainties, and that in very specific phase-space
regions (the tails of the pr(j;) and pr(jp) distributions, the peak of the m(t) and m(t**°)
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and the m(etj,) bin around the y/m? —m, ~ 154 GeV region) QCD effects are not
under control at fixed order; NLO QCD and LO scale-uncertainty bands do not in general
overlap. Precisely for this reason, in section 3.3 we analyse the impact of shower effects,
which as anticipated reduce the impact of NLO QCD corrections and also the associated
scale uncertainties.

In figure 4 we show predictions at LO, NLO QCD and NLO QCD-+EW accuracy for
W+jets. The layout of the plots is the same of those in figures 2 and 3 and we have
shown only the distributions that have already been considered for the case of Single-Top
and that show non-flat effects from either NLO QCD or NLO EW corrections, i.e., n(j;),
pr(Jp), m(t), m(et jp) in the large range, cos(9£+jl) and COS(QEbjL)' For all these observables,
also in the W+jets case, NLO QCD scale uncertainties are large and are not compatible
with the LO ones.

At variance with Single-Top, the light-jet and the b-jet distributions have a very differ-
ent shape in the case of W+jets contribution to the signature (2.1). Therefore, the fact that
all jets with |n| > 2.5 are tagged as light jets has a strong impact on the 7(j;) distribution
(top-left plot). Indeed, especially in the (NLO QCD)/LO ratio, this distribution shows a
very different behaviour for |1(j;)| < 2.5 and |n(j;)| > 2.5. The NLO EW corrections are
instead rather flat. Moving to pr(jp) (top-right plot), the impact of NLO QCD correc-
tions on this distribution is very different from the Single-Top case. At small pp(j,) values
the QCD K-factor is almost equal to 3 and becomes much smaller than 1 at large pr(jp).
Therefore, also in the case of W+ jets shower effects are expected to be relevant. Results at
the inclusive level including QCD shower effects are presented in section 3.3.1 for W+jets.
NLO EW corrections exhibit a negative growth for large pr values due to the jet veto, but
for this observable are smaller in absolute value than in the case of Single-Top, reaching at
most —5% in the tail. The m(t) distribution and the corresponding NLO QCD corrections
(center-left plot) are very flat in the range considered, since no top-resonance is present.
However, the (NLO QCD+EW)/(NLO QCD) ratio is non-flat around m(t) ~ my, with the
typical shape induced by a resonance and has a +10% impact for m(t) < my. This effects
is induced by interferences among real emission diagrams of (’)(04:;’/ 204) and (’)(a;/ 208/ 3,
where the latter order contains diagrams with s-channel top-quark propagators and there-
fore induces this effect. On the other hand, in the case of m(t"¢) we have checked that the

non-flat effect is reduced a lot, being at most 2%.

For all the three remaining distributions in figure 4, NLO EW corrections are small
and flat w.r.t. the NLO QCD predictions, while the QCD K-factor is not flat. Since
top-quark resonances are not present at LO or NLO QCD, the shape of the m(et )
distribution is completely different from the Single-Top case and consequently also the
QCD K-factor, which is positive over the full m(e™j,) range considered and ranges form
~ 3 at m(eTjp) = 20GeV to ~ 1.5 at m(e™j,) = 160 GeV. The same argument applies
also to the cos(92+jl) and cos(&ﬁ-b ;) distribution. On the other hand, while in the case of

cos(92+jl) the QCD K-factor monotonically decreases from 1.2 at cos(9£+jl) =—-1to0.8at
Cos(GteJrjl) =1, in the case of cos(9§b ;) it monotonically grows from 0.7 at cos(9§b ) =-1

to 3 at cos(#} ;) = 1 using our binning.
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Figure 4. LO, NLO QCD and NLO QCD+EW predictions for the observables from figures 2 and 3
that show non-flat effects from either NLO QCD or NLO EW corrections for the W+jets process.
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Figure 5. Comparison between Single-Top and W+jets predictions at NLO QCD+EW accuracy
for the same observables considered in figure 2.

Finally, in figures 5 and 6 we plot the predictions at NLO QCD+EW accuracy for
Single-Top and W-+jets for the same distributions considered in figures 2 and 3, respec-
tively, and we show in the inset of each plot their ratio (Single-Top)/(W +jets), including
scale uncertainties. In this case we do not normalise the cos(02+jl) and cos(ﬁj»b jz) distribu-
tions. At the inclusive level (Single-Top)/(W +jets)~ 1.7, but several distributions show
a very strong kinematic dependence for this quantity. As expected, in the case of m(t) in
the range shown in figures 6 the (Single-Top)/(W +jets) ratio is much larger than at the
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Figure 6. Comparison between Single-Top and W +jets predictions at NLO QCD+EW accuracy
for the same observables considered in figure 3.

inclusive level, however, this feature is strongly reduced for the experimental observable
m(t'°). Non-negligible effects are also present for the remaining distributions. Notably,
(Single-Top) /(W +jets) reduces to almost 1 for m(e* ;) in the region around the endpoint
m(etjp) = /mi —md, ~ 154 GeV.

The case of n(j;) is somehow special. As can be seen in figure 5, the ratio (Single-
Top) /(W +jets) strongly increases moving from the central to the peripheral region. This
is particularly interesting for two reasons. First, the Single-Top 7(j;) distribution is rather
flat, so cutting the central region the decrease of the total cross section is not dramatic.
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Second, as discussed in detail in appendix A, the tW contamination to the fiducial region
we are considering is mainly affecting the central region of the n(j;) distribution. Therefore,
applying a veto on central light jets may at the same time improve the sensitivity to Single-
Top production and also reduce the contamination from tW, leading to a measurement
closer to the true t-channel single-top production. We have also verified that ¢¢ production,
which is the main background in the measurements of ¢-channel single-top production via
the signature (2.1), has much more central distribution for 7(j;) too.

The reader should note also that in figures 5 and 6 scale uncertainties are associated
to the NLO QCD+EW predictions, unlike in the plots of figures 2—4, which display NLO
QCD scale uncertainties. As can be seen, in the case of Single-Top, the relative size of
the NLO QCD+EW scale uncertainties is a bit larger than the NLO QCD ones in specific
phase-space regions. The main reason is that when NLO EW are large and negative, for
example at large pr(j;) and pr(jp), the central value is reduced and therefore the relative
size of the scale uncertainties increases.

3.3 Shower effects matched to NLO QCD

In this section we provide numerical results at NLO QCD accuracy including shower effects
for the signature (2.1) within the cuts specified in section 3.1. Details on the calculational
framework are described in section 2.2. In section 3.3.1 we present the inclusive results for
separately W+jets and Single-Top production. In section 3.3.2 we show and comment on
differential distributions for Single-Top case only.

3.3.1 Total cross section

We start discussing the case of Single-Top production and then we move to the W+jets
case. In table 3 we compare LO and NLO results for Single-Top production including
shower effects, denoted respectively as LOPS QCD and NLOPS QCD, together with the
corresponding results at fixed-order. In the same table we also show three different ratios
in order to separately display the impact of shower effects and NLO corrections. As can be
seen, the LOPS QCD result is much smaller than the LO one, the shower effects reduce the
cross section by a factor 0.64. This effect is due to the jet veto, i.e., the request that there
are at most two jets. We remind the reader that for this reason results strongly depend on
the RQCP and p?ﬁﬁ On the other hand, once the shower effects are taken into account,
NLO effects have a no impact at inclusive level with the ratio being at 1.00 and the NLOPS
QCD result is higher by a factor of 1.08 w.r.t. the NLO QCD one. At variance with the

fixed-order case (see table 2), NLO effects do reduce the scale uncertainty, which moves

+8.2% to +3.3%
—8.7% —3.3%"

actual experimental fiducial region is considered, parton-shower effects (or possibly analytic

form This result is important for two reasons. First, it shows that if the
jet-veto resummation) are necessary in order to reduce theory uncertainties for Single-Top
predictions. It is not even clear if NNLO QCD effects would reduce the scale uncertainties
or anyway would be useful for estimating the theory error. Indeed, although in ref. [39] a
reduction of scale uncertainties is progressively observed moving from LO to NLO and then
to NNLO accuracy, this reduction is very sensitive to the definition of the fiducial region
(which is different in ref. [39] and in this work), see also appendix A. Also, in ref. [39] it
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Single-Top cross section

0.415(+9.0%
LO 4.623(1)to.533§i11.5‘7)«)) pb

+0.28(+9.3%)
LOPS QCD 2-968(3)70.35(—11.9%) pb
+0.226(+8.2%)
NLO QCD 2.762(6) " 530(_s.7r) PP
+0.098(+3.3%)
NLOPS QCD 2'974(9)70.098(73.3%) pb
(NLOPS QCD)/(LOPS QCD) 1.00(1)
(LOPS QCD)/LO 0.64(1)
(NLOPS QCD)/(NLO QCD) 1.08(1)

Table 3. Total cross section and scale uncertainty in various QCD approximations for the signa-
ture (2.1) from Single-Top production within the fiducial region defined in section 3.1. The ratios
are computed from the central values of their corresponding predictions.

was pointed out that LO, NLO and even NNLO QCD uncertainty bands do not overlap.
Second, NLO electroweak corrections at fixed order reduces the NLO QCD corrections
by ~ —3%, i.e., their impact is at the same level with the scale uncertainty at NLOPS
QCD. Summarising, both QCD shower and EW fixed-order effects are important in order
to further improve the precision of predictions for the fiducial region. However, these two
results cannot be directly combined, being the latter based on a fixed-order computation
for a process where shower effects are very large. The technology for matching NLO EW,
and more in general complete-NLO, calculations to shower effects would be very useful for
the calculation studied here. We summarise in the plot in figure 7 the results obtained
for the total cross section within the fiducial region, including the scale uncertainties, for
different approximations discussed in this section and in section 3.2.1.

Using the same layout of table 3 and figure 7 we show predictions at fixed order and
including shower effects for W+jets production in table 4 and figure 8. At variance with
the Single-Top case, the LOPS QCD result is larger than the LO one; the shower effects
increase the central value of the cross section by a factor 1.78. Although the jet veto (at
most two jets) is present, the additional radiation induced by the shower splits part of
the final-state gluons into bb pairs, converting events with two light jets into events with
one b-jet and one light jet, which in turn contribute to the signature (2.1). Therefore, as
explained in more details in section 3.2.1, the real radiation leads to an increase of the
cross section, even though a jet veto is present. Matching the shower simulation to NLO
QCD corrections, and therefore improving the simulation of hard real radiation, further
increases the cross section by a factor 1.31. In this case the central value of the NLOPS
QCD result is higher by a factor of 1.11 w.r.t. the NLO QCD one.

For W+jets the jet veto induced by the signature (2.1) is not leading to negative
corrections, but nevertheless is preventing fixed-order calculations to substantially improve
the scale uncertainties moving from LO to NLO. However, like in Single-Top, taking into
account shower effects, NLO corrections do reduce the scale uncertainty, which moves from

J_rgéég; at LOPS to J_“;’Ol?% at NLOPS QCD. Therefore, also for W+jets contributions to
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Figure 7. Single-Top cross section and their uncertainty from scale dependence in the fiducial
region in various approximations. Corresponding numbers are listed in tables 2 and 3.

W +jets cross section
+0.3002(+39.2%)
LO 0.7656(6) " 5965(—29.6%) PP
+0.42(+31.1%)
LOPS QCD 1'36(2)—0.32(—23.6%) pb
+0.323(+20.1%)
NLO QCD 1.612(3) g 509(_19.29%) PP
+0.09(+5.1%)
NLOPS QCD L.79(5) ¢ 18~ 10.3%) PP
(NLOPS QCD)/(LOPS QCD) 1.31(4)
(LOPS QCD)/LO 1.78(3)
(NLOPS QCD)/(NLO QCD) 1.11(3)

Table 4. Total cross sections and their uncertainty from scale dependence in various QCD approx-
imations for the signature (2.1) from W+jets within the fiducial region defined in section 3.1. The
ratios are computed for the central values of the corresponding predictions.

the signature (2.1), parton-shower effects (or possibly analytic jet-veto resummation) are
necessary in order to reduce theory uncertainties. On the other hand, the impact of NLO
EW corrections on top of NLO QCD predictions is much smaller (~ 1% at the inclusive
level) than the scale uncertainty even at NLOPS QCD accuracy. Given the results that we
have found at the inclusive and differential level for NLO EW corrections (see section 3.2),
in the case of the W-jets contribution to the signature (2.1), the impact of EW corrections
is negligible and their combination with showered effects is not so relevant as in the case
of Single-Top.
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Figure 8. Wjets cross sections and their uncertainties from scale dependence in the fiducial
region in different approximations. Corresponding numbers are listed in tables 2 and 4.

3.3.2 Differential distributions

We move now to differential distributions for Single-Top production. In figures 9 and 10 we
show the NLOPS QCD predictions for the observables already considered in figures 2 and 3.
In the main panel we show the central value for NLO QCD and NLOPS QCD predictions,
while in the first inset we compare their scale uncertainties normalised to the central value
of the NLO QCD prediction. Since the NLOPS QCD scale uncertainties are much smaller
than the corresponding NLO QCD ones, it is interesting to compare them with the size of
the NLO EW corrections, which on the other hand can be computed at the moment only
at fixed order (see discussion in section 2.2). For this reason, in the second inset we show
the NLOPS QCD scale uncertainty band normalised to its central value together with the
(NLO QCD+EW)/(NLO QCD) ratio already shown in figures 9 and 10. In other words, in
such a way, we can directly compare the scale uncertainty at NLOPS QCD accuracy with
the impact of NLO EW corrections on top of the corresponding fixed-order calculation.
As at the inclusive level, NLOPS QCD scale uncertainties are in general smaller than
the NLO QCD ones and are roughly of the same size as the NLO EW corrections in absolute
value. However, shower effects are largely enhanced in many regions of the phase space
and especially the NLOPS QCD and NLO QCD predictions can be incompatible at the
differential level. In the tails of the pr distributions for the light-jet, the b-jet and the
reconstructed top-quark, scale-uncertainty bands are much smaller when shower effects are
taken into account and especially they are clearly outside the corresponding NLO QCD
scale-uncertainty bands. Moreover, in all the three cases, EW corrections are also much
larger than the NLOPS QCD scale uncertainties. The corresponding (pseudo)rapidity
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Figure 9. Predictions at NLO(PS) QCD accuracy for the same observables considered in figure 2
for the Single-Top process. Note that the second inset shows the ratio of the NLO QCD+EW over
the NLO QCD process, but with the relative uncertainty from the NLOPS QCD superimposed on
the latter.
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Figure 10. Predictions at NLO(PS) QCD accuracy for the same observables considered in figure 3
for the Single-Top process. Note that the second inset shows the ratio of the NLO QCD+EW over
the NLO QCD process, but with the relative uncertainty from the NLOPS QCD superimposed on
the latter.
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distributions instead show compatible results at NLO QCD and NLOPS QCD accuracies,
with anyway the latter with smaller scale uncertainties. For these distributions, electroweak
corrections are negative and, in absolute value, as large as the scale uncertainties at NLOPS
QCD, with the exception of the central region for n(j;).

As expected, the case of m(t) is extreme, especially for the region m(t) = m; where
NLOPS QCD predictions are larger and far outside the NLO QCD ones. Also the region
m(t) < my is strongly affected, with scale uncertainties very much reduced and decreasing
the prediction to the lower edge of the NLO QCD scale-uncertainty band. In other words,
the QCD parton shower has an opposite effect w.r.t. NLO QCD corrections on top of
LO, and therefore it flattens the distribution. Again, this distribution is strongly affected
by the RCP and pgg-g parameters. Around the peak, EW corrections are much larger
than NLOPS QCD scale uncertainties and in minor extent also in the region m(t) < my.
However, similarly to the QCD case, the QED shower is expected to reduce these effects,
which also strongly depend on the parameter REP for the clustering of photons with
leptons. In the case of m(t™*°) we observe the same features, but in a milder way. Similarly
to the fixed-order case, the realistic m(t"*°) observable is flatter than the purely theoretical
quantity m(t) and therefore migration effects from the peak are less severe.

The m(etjp) distribution shows effects similar to those at the inclusive level, with the

exception of the phase-space region close to the end-point m(e*j,) =y /m? —mi, ~154 GeV,
see central-left and -right plots of figure 10. Indeed, in most of the phase space the cor-
rections from parton showering are small and positive, but significantly reduce the NLO
QCD scale uncertainties. However, close to the end-point, the corrections increase to a
maximum of ~ 25% at m(e*j,) ~ 140 GeV; once we exceed the m(e™j,) ~ 150 GeV and
enter the off-shell region the shower effects reduce very fast. Hence, the parton shower par-
tially compensates the large fixed-order NLO QCD corrections, and introduces non-trivial
alterations to the shape of the m(e™j,) distribution close to the end-point. A similar dy-
namics is also present for the region cos(«92+jl) < —0.5, where the shower effects reduce the
NLO QCD prediction by up to 20%. In the rest of this distribution, the shower effects are
small, except for the final bin, where the corrections are large and positive. In the case of
COS(Q}b]’l)
most ~ 10% effects. This observable therefore turns out to be very stable under radiative

, shower effects are small, similarly to the NLO corrections at fixed order, with at

corrections.

4 Conclusions

In this work we have calculated and provided precise predictions for the signature (2.1),
which belongs to the class of those exploited at the LHC for the measurement of ¢-channel
single-top production. All the results presented in the main text of the paper have been
obtained by applying the cuts that are listed in section 3.1, defining the fiducial region.
First, we have calculated the complete-NLO predictions, i.e., all NLO effects of QCD
and EW origin, for the signature (2.1). We have shown that also other resonant processes
contribute at this accuracy and we provided predictions at the inclusive and differential
level for all the perturbative orders entering the complete-NLO results. According to the
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underlying resonance structure (see table 1) we have denoted the orders LO;, LO2, NLO;
and NLO2 as W+jets and LOg, NLO3 and NLO4 as Single-Top (see also eq. (2.5)). The
latter does include also contributions from the s-channel single-top, tW~/tW™* and WZ
production, which we have not subtracted since we directly provide predictions for the
signature (2.1).

Second, for both Single-Top and W +jets production we have calculated LO and NLO
QCD predictions matched to parton-shower effects. As discussed in section 2.2, the neces-
sary technology for matching NLO QCD+EW predictions to shower effects, and possibly
including also photon emissions in the shower, is not yet available. However our study
clearly shows that it is desirable and, for particular observables, necessary in order to
obtain precise and reliable predictions.

Here, we summarise our main findings. At the inclusive level NLO EW corrections to
Single-Top production are of order —3% w.r.t. the NLO QCD prediction, which reduces
the LO cross section by ~ 40% and scale uncertainties (only) from ~ £10% at LO to
~ +8% at NLO QCD. This effect is due to the presence of the jet-veto imposed by the
signature (2.1). However, once parton-shower effects are taken into account, NLOPS QCD
predictions reduce scale uncertainties to ~ +3% and increase the fixed-order NLO QCD
prediction by 8%. Notably, NLO EW corrections are in absolute value of the same order as
QCD scale uncertainties when parton-shower effects are included. We have also found that
the impact of QCD corrections strongly depends on the cuts applied and in general on the
definition of the fiducial region. Moreover, as documented in appendix A, the contributions
from s-channel and tW ™~ /tW™ production are sizeable also in the fiducial region.

At the differential level, both EW and QCD effects can be enormous and consequently
also the effect from parton showering is very large. For instance, for values of pp ~
250 GeV, for both the light- and b-jet, NLO QCD corrections reduce the LO prediction
by 80% and similar effects are present for the reconstructed top-quark mass close to the
my value. Moreover, in these phase-space regions, scale uncertainties are of order ~ £50%
at NLO QCD, and even larger at NLO QCD+EW. However, shower effects reduce them
to the order of ~ £3%, as at the inclusive level, and shift the predictions outside the
scale-uncertainty band of NLO QCD predictions at fixed-order. The NLO EW corrections
are also in general much larger than the percent level; in the case pr(j,) ~ 250 GeV they
are of the order of —50% w.r.t. the NLO QCD prediction. Therefore, since the origin of
the enhancement is also in this case the jet veto, the multiple emission of photons and
QCD partons via EW interactions is also expected to have a non-negligible impact in these
specific phase-space regions. Also, NLO EW corrections are in general larger, or at least
as large as, the NLOPS QCD scale uncertainty in absolute value over the full phase space.
Last but not least, it is also important to remember that the opening of new resonating
channels at NLO induces important distortions on distributions, such as the pseudorapidity
of the light jet.

In the case of W+jets the situation is different. At the inclusive level, NLO EW cor-
rections are of order —1% w.r.t. the NLO QCD prediction, which increases the LO cross
section by a factor ~ 2.1 and reduce the scale uncertainty from ~ 0% a4t LO to ~ +20%

—30%
at NLO QCD. The increase due to the NLO QCD corrections is quite surprising, given
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the presence of the jet veto. However, as explained in the text, NLO QCD corrections
induce g—bb splittings that lead to the migration of LO contributions inside the signa-
ture (2.1). Once parton-shower effects are taken into account, NLOPS QCD predictions
reduce scale uncertainties to ~ J_“;’E)%% and increase the fixed-order NLO QCD prediction by
11%. Therefore, at variance with the Single-Top case, NLO EW corrections are in absolute
value much smaller than QCD scale uncertainties also including parton-shower effects. At
the differential level, both NLO QCD and EW corrections are mostly flat for the observ-
able we considered. On the other hand, few exceptions are present and include, e.g., the
distribution of the rapidity of the light jet and the pr of the b-jet at small values.

In conclusion, our study demonstrates the relevance of both EW corrections and shower
effects for obtaining precise and reliable theoretical predictions for the single-top-production
fiducial region. Therefore, in this context, the possibility of performing NLO QCD+EW
corrections matched with QCD and QED shower simulations would be desirable. Finally,
from the experimental side, we also suggest to study the possibility of applying a veto
on central light jets in order to increase the Signal/Backgrounds ratio. Indeed such a
cut suppresses much more the contributions of W+jets, tW ™ /tW™ production and also
tt production, which is the main background in the measurement of ¢-channel single top
production, than the contribution from ¢-channel single-top itself.
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A Comparisons with previous results and different approximations

The purpose of this appendix is twofold. First, we want to compare our NLO QCD results
for Single-Top production and decay with those presented in the literature, in particular the
NLO results from refs. [38] and [39]. These calculations used different input parameters®
and applied different cuts than those specified in section 3.1. Moreover, these calculations
are performed employing a different approximation. Indeed, not only for the NNLO but also
in the NLO case, only factorisable corrections in the narrow-width approximation for the
t-channel pp—tj; production with the subsequent leptonic top-quark decay are taken into
account; non-factorisable corrections, non-resonant contributions, and the contributions
from s-channel and tW to the full final state have been ignored. Second, we want to
explore the effects of the different cuts of the fiducial region for the signature (2.1). For
this purpose we start from the case of pp—tj; production and we progressively take into
account the t—Wb and W—eTv, decay and the effects of the cuts, directly comparing the
obtained results with those of refs. [38] and [39] for the same final state. We show results

8See refs. [38] and [39] for the details.
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Figure 11. Differential distributions for the process pp—tj; at LO and NLO QCD accuracy. They
can be compared with figures 20 and 22 (bottom-left plots) of ref. [39].

at the total cross-section level and for the light- and b-jets distributions. It is important to
bear in mind that none of the aforementioned approximations are well-defined if we want
to take into account EW corrections as done in section 3.2 — here we are comparing only
fixed-order QCD effects.

At the production level, pp—tj;, we find perfect agreement both at LO and NLO
accuracy with the settings of ref. [39], where no pr cut for the jet (clustered with AR; = 0.5
and anti-kp algorithm) is set. Clearly, in order to obtain the agreement, we have excluded
s-channel single-top contributions by excluding any diagram with a W boson in the s-
channel. We also perform a comparison at the differential level for the leading jet, which
accordingly to ref. [39] can be either a light or b-jet.

In the top plots of figure 11 we show LO and NLO contributions as well the K-factor
for the transverse momentum and the rapidity of the hardest jet. Comparing these plots
with the distributions in figures 20 and 22 of ref. [39] we find a very good agreement. The
lower plots show the case of the light jet (which is always identified with the hardest jet
only at LO). From the comparison of upper and lower plots we understand that b-jets
emerging from real emissions are more central than the light jet.
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Order Ref. [39] [pb] A [pb] B [pb] tW [pb] s-channel [pb]
LO (I'NLO) - 157.88(1) 1% 163.96(2) 775 - 5.15(2) T2
LO (}O) 14457506 144.3(4)T8 1% 150.7(4) 7 5 - 4.73(2) 2%
NLO QCD  138.8729%  137.8(3)™33%  160.5(1)"2%¢  19.1(1)" 5% -

Table 5. Comparison between the two approximations (A and B) described in the text, at the
cross section level. The LO tW process contributes to the NLO QCD in the approximation B. At
NLO we use I'NFO.

We move now to the process pp—W'bhj;. In this case, in order to be close to the
calculation in ref. [39], we use two different approximations.

e Approximation A: we remove all diagrams with W, Z and/or photon s-channel
propagators.

e Approximation B: we remove all diagrams with Z and/or photon (but not W)
propagators.

In practice, the former does not include any single-top s-channel or tW contribution, but
it includes non-resonant effects with no intermediate top quarks already at LO. The latter
instead involves only contributions from resonant diagrams at LO, which on the other hand
includes also s-channel single-top contributions. Similarly, tW contributions are present
at NLO. For the comparison with the results in ref. [39] we calculate the LO contribution
from pp—Wbhjj, with a W~ and a top-quark in s-channel propagators, i.e., the tW
contribution with top-quark leptonic and W™ hadronic decays. Also, we calculate the
LO contribution from s-channel single top (pp—W Tbb vetoing any Z or photon in the
diagrams). Since in the Approximation A initial-state collinear QED divergencies from
b—by splittings are already present at the LO, we use the generation cuts at the matrix-
element level AR; > 0.5, pr(j) > 5GeV.

In table 5 we display the numerical results for the calculations we have just described
and we compare with the results from ref. [39], which on the other hand are still at the
purely production level pp—tj;. However, although we apply some technical cuts on the
jets, we can still perform a qualitative comparison between results from table 5 and Ap-
proximations A and B, being Br(t—Wb) ~ 1. More important is the use of a consistent
value of I';, which is very different at LO and NLO.

The consistent use of I'y is necessary for achieving the agreement at LO. Indeed, in
ref. [39] the LO value of I'; is used for LO calculations, while in the NLO calculations the
NLO value is used. Moreover, moving from the approximation A to B, there is a ~ 5%
increase at LO due to the s-channel inclusion. At NLO QCD, also the tWW production is in-
cluded and since at this point there are no cuts designed for ¢-channel single top, their effect
cannot be ignored. At LO, the best agreement with the results of ref. [39] is achieved with
the Approximation A, which does not include the s-channel. Similarly a good agreement
is present for the value of the Approximation B subtracting the s-channel contribution. In
both cases, the usage of T'F© is crucial. At the NLO level the Approximation A, but also
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Figure 12. The LO and NLO QCD predictions for the pr(j;) and n(j;) distributions for the process
pp—tji(t — Wb) using Approximations A (left) and B (right).

the Approximation B subtracting the s-channel and tW contributions have a qualitatively
good agreement with ref. [39].

We also show in figure 12 a comparison between the approximation A (left) and B
(right) for the pr (top) and the n (bottom) distributions of the (leading) light jet. The
inclusion of the s-channel single-top and the tW production flattens the K-factor of the
pr distribution and completely changes the shape of the n distribution. The reason is
that for both these two additional contributions the leading light jet is more central. So
although we have considered only light jets, we see a similar effect to the one observed for
the upper-right plot of figure 11.

Then we compare Approximations A and B after applying part of the fiducial-region
cuts of section 3.1. Specifically,

e light jet: |n(j;)| <5, AR > 0.5, pr(j;) > 40 GeV,
o bjet: [n(jp)| < 2.4, AR > 0.5, pr(jp) > 40 GeV,

e event veto: require exactly two jets of which exactly one is a b-jet.
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Vetoes Order A [pb] B [pb] tW [pb] s-channel [pb]

No jet veto LO 157.2(2)T81%  163.8(1) 7757 - 5.17(2)T26%
NLO QCD  131(2)"55% 159(1) 7256 19.3(1) ]85

P LO 74.9(1) TS0 79.2(2) T - 2.83(2) "2 0%
NLO QCD  47.7(6)781%  59.3(6)735%  9.28(8) 17 0%

ni=2 my =1 LO 74.8(1) TSk Tr.0(1)tTA - 0.676(9) 905
NLO QCD  41.8(4)"8%%  52.9(9)T0%  9.15(8) "7 3%

Table 6. Comparison between approximations A and B applying subsequent jet vetoes.

These cuts are expected to reduce the s-channel single-top and the tW contributions.
Especially, the last requirement suppresses the s-channel single-top, because this channel
typically leads to two b-jets at LO, and the tW because mostly leads to three jets.

In table 6 we show numerical results applying the aforementioned cuts without re-
quirements on the number of (b-)jets and then progressively asking exactly two jets and at
least one b-jet and then exactly one b-jet. The first row of the table actually differs with
results of table 5 only for the definition of the jets; the results are qualitative identical. On
the contrary, both in the second and third line NLO corrections are negative and therefore
reduce the value of the total cross section. Moreover, scale uncertainties are much larger
at NLO as compared to no jet veto, especially for Approximation A. This comparison
clearly shows that vetoing extra jets leads to larger scale uncertainties. Also, these vetoes
strongly suppress the s-channel contribution, but leave a non-negligible contribution from
tW production; it is 17% of the results with Approximation B and accounts for most of
the difference with the approximation A.

We also show distributions corresponding to the case of the last row of table 6. In
figure 13 we show the pp (top plots) and n (bottom plots) distributions of the leading
light jet. The shape of the K-factors for the pr is similar but this is not the case for
the n distribution. This implies that despite being in the fiducial region there are still
some contributions with central leading light-jet, which clearly are not related to ¢-channel
single-top production. Based on the results of table 6, we can conclude that they mostly
originate from the tW production.

Moving to the case where also the W—seT v, decay is included, we clearly cannot use
the Approximation A. We compared the results obtained with the Approximation B with
the results in ref. [39], where decays and cuts on decay products are taken into account.
Taking into account that non-resonant effects are not present and that they use different
scales for the production and the decay, we found again good agreement (~ 2% difference)
after subtracting the LO s-channel single-top contribution and the contribution from tW
production, which represents in total ~ 20% of the results in the Approximation B. At the
differential level we observe the same features of figure 13. Notably, similarly to ref. [39],
we observe also here a reduction of the scale uncertainties moving from LO to NLO, which
instead we do not see in the case of Single-Top in table 2, where different cuts have been
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Figure 13. Same as figure 12, but applying part of the fiducial-region cuts (see text for details).

used. Therefore, the behaviour of the scale uncertainties is very sensitive to the definition
of the fiducial region. Moreover, in ref. [39] it was pointed out that LO, NLO and even
NNLO QCD uncertainty bands do not overlap. This comes with no surprise since we have
shown in this paper that QCD shower effects are important.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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