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Abstract

This note summarises recent studies on Monte Carlo simulation setups of top-quark pair
production used by the ATLAS experiment and presents a new method to deal with inter-
ference effects for the Wt single-top-quark production which is compared against previous
techniques. The main focus for the top-quark pair production is on the improvement of the
modelling of the Powheg generator interfaced to the Pythia8 and Herwig7 shower generat-
ors. The studies are done using unfolded data at centre-of-mass energies of 7, 8, and 13 TeV.
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1 Introduction

The LHC has been successfully running at a centre-of-mass energy of
√

s = 13TeV and collected as much
data as in Run-1 at

√
s = 8TeV. Several Run-1 and Run-2 measurements and searches have been performed

involving top-quark processes using the ATLAS detector. In the majority of these analyses, the systematic
uncertainties associated with the top-quark-physics modelling are among those which have the largest
impact on the final results. Furthermore, top-quark pairs can decay to a variety of possible topologies
involving jets, charged leptons and missing transverse momentum in the final state. Therefore, given the
large inclusive production cross-section, top-quark pair (tt̄) events contribute sizeable backgrounds to a
number of analyses such as Higgs physics, SUSY searches and Standard Model measurements.

The ATLAS Collaboration has previously documented the choice of Monte Carlo (MC) generator para-
meters and the testing of new MC setups in order to improve the description of top-quark physics [1–3].
The aim of this note is to present new studies that further improve the modelling of data through devel-
opment of new MC generator configurations. Two topics are presented in this note: the optimisation of
Powheg+Pythia8 and Powheg+Herwig7 for modelling top-quark pair production and a study of a new
technique to approximate the interference effects between top-quark pair and single top-quark production.
Section 2 describes studies which make use of

√
s = 7TeV and

√
s = 8TeV measurements to improve the

MC generator configurations and the modelling they provide of top-quark pair production that is available
for use in ATLAS analyses The proposed improved settings are also compared to the first measurements at
√

s = 13TeV andwith alternative generator setups. Section 3 presents the implementation of a new diagram
removal scheme to deal with the overlap between tt̄ and the associated production of single-top-quarks
with one or two gauge bosons. Comparisons of the new scheme against existing schemes are shown and
discussed. The conclusions of this note are then summarised in Section 4.
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2 Studies of t t̄ production

A range of tt̄ MC generators are currently available, and the MC generator configurations that will be
studied in this note are summarised in Table 1. While leading-order (LO) precision predictions are also
available for ATLAS analyses, this note focuses on samples with next-to-leading order (NLO) precision in
the strong coupling. The tt̄ inclusive production cross-sections are corrected to the prediction at next-to-
next-to-leading order (NNLO) in QCD including the resummation of next-to-next-to-leading logarithmic
(NNLL) soft-gluon terms calculated using Top++2.0 [4–10]1. For proton–proton collisions at

√
s = 13TeV,

this cross section corresponds to σ(tt̄)NNLO+NNLL = 831.8 ± 51.2 fb.

So far, the most commonly used tt̄ sample in recent ATLAS analyses is generated using Powheg [11,
12] interfaced to Pythia6 [13] with the Perugia set of tunable parameters [14]. In this sample, the PDF
used in the matrix element (ME) calculation is CT10 [15] and the PDF used in the parton shower (PS)
is CTEQ6L1 [16]. For the studies presented in this note, new tt̄ samples were generated using Powheg
interfaced with Pythia8 [17] using the A14 set of tunable parameters [18] or with Herwig7 [19, 20] using
the H7UE set of tunable parameters [20]. In addition to Powheg, an NLO inclusive sample is produced
with MadGraph5_aMC@NLO [21] interfaced to Pythia8 using the A14 set of tunable parameters. This
sample makes use of the NNPDF [22, 23] PDF sets, using NNPDF3.0 in the ME and NNPDF2.3 in the
PS. Additionally, top-quark spin correlations are preserved through the use of MadSpin [24].

Alongwith the various inclusiveNLO tt̄ samples described above, additional samples are studiedwhich are
offering higher precision through the use of state-of-the-art matching andmerging prescriptions, and using
the prescriptions based on the studies reported in [3]. These samples improve the accuracy of observables
which are formally described to leading-log (LL) precision by the PS in inclusive NLO samples. A
Sherpa 2.2 [25] sample is studied which implements the MEPS@NLO matching scheme [26] interfaced
to the Sherpa 2.2 parton shower and provides NLO precision for observables of one additional jet and LO
precision for the second, third, and fourth additional jets. In addition a MadGraph5_aMC@NLO sample
is studied which implements the FxFx matching scheme [27] interfaced to Pythia8 and can provide NLO
precision for observables of one or two additional jets. These samples make use of the NNPDF PDF sets
in the ME and in the PS which also improves the top-quark kinematic description, particularly improving
the top-quark rapidity [2].

1 NLO electroweak corrections are not taken into account in this study.
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ME Gen. PS/UE Gen. ME PS Tune Matching
PS/UE PDF (Merging)

Powheg-Box Pythia CT10 P2012 Powheg
r2330.3 6.427 CTEQ6L1 (hdamp = mtop)

Powheg-Box Pythia NNPDF3.0NLO A14 Powheg
r3026 (v2) 8.210 NNPDF2.3LO (hdamp = 0.5-2.0 mtop)

Powheg-Box Herwig CT10 H7-UE-MMHT Powheg
r2330.3 7.0.1 MMHT2014lo68cl

MadGraph5_aMC@NLO Pythia NNPDF3.0NLO A14 MC@NLO
2.3.3 8.212 NNPDF2.3LO

MadGraph5_aMC@NLO Pythia NNPDF3.0NLO A14 MC@NLO
2.3.3 8.210 NNPDF2.3LO (FxFx, µ

Q
= 70 GeV)

Sherpa Sherpa NNPDF3.0NNLO Default MC@NLO
2.2 (MEPS@NLO, Q = 30 GeV)

Table 1: ME and PS/UE generator settings for each of the MC samples used for the studies presented in this note.
The generator versions, the PDFs used for the ME and in the PS and the matching scheme are shown alongside the
tune.
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2.1 Measurements of t t̄ production

Predictions of various MC generators are compared to ATLAS data. Unfolded distributions from 7TeV,
8 TeV, and 13 TeV measurements are taken into account. Compared to previous studies based on 7TeV
data [1–3], the 8 TeV measurements have smaller uncertainties and allow for a better comparison. Meas-
urements are unfolded either to particle level in a fiducial phase-space or at parton level in the full
phase-space. Particle-level objects are defined for simulated events in analogy to detector-level objects.
Only stable final-state particles, i.e. particles with a mean lifetime τ > 300 ps are considered. Parton level
top quarks are taken at the point after the top quark has emitted any QCD radiation, but before it decays.
The studies shown in this document have been performed with Rivet v.2.4.0 [28] and the analyses used
are listed below.

• Analysis A:Measurement of top-quark pair differential cross-sections in the lepton+jets chan-
nel in pp collisions at

√
s = 8 TeV using the ATLAS detector (not yet published in Rivet) [29]

The cross-sections are measured at stable particle level and at parton level as a function of the
transverse momentum and absolute rapidity of the hadronically decaying top quark and as a function
of the transverse momentum, absolute rapidity and invariant mass of the tt̄-system. The events are
selected in the lepton+jets channel, which is characterised by the presence of exactly one charged
lepton (electron or muon), at least four jets with at least two jets being identified to originate from
a b-quark. Jets originating from b-quarks are defined using a B-hadron matching, requiring at least
one B-hadron to be found within the jet using the ghost association technique [30–32]. The jets
are reconstructed with the anti-kt jet algorithm with a radius parameter R = 0.4 [33]. Only jets
with pT > 25 GeV and |η | < 2.5 are considered in the analysis. The results are defined at truth
particle level and are corrected for all detector effects, within a kinematic range closely matched
to the experimental acceptance. The data used in this measurement were taken with the ATLAS
experiment at

√
s = 8 TeV.

• Analysis B: Measurement of the differential cross-section of highly boosted top quarks as
a function of their transverse momentum in

√
s = 8 TeV proton-proton collisions using the

ATLAS detector (Rivet analysis: ATLAS_2015_I1397637) [34]

The cross-section is measured at stable particle level as a function of the transverse momentum of
the hadronically decaying top quark with pT > 300 GeV. The events are selected in the lepton+jets
channel, which is characterised by the presence of exactly one charged lepton (electron or muon),
at least one small-R jet close to the lepton (∆R < 1.5) and one large-R jet with pT > 300 GeV and
m > 100 GeV. Additional cuts on the large-R jet substructure are applied to identify it to originate
from a top quark, which is required to be well separated from the lepton and the small-R jet. At least
one jet within the large-R jet or the jet close to the lepton candidate have to be identified to originate
from a b-quark. The small-R jets are reconstructed with the anti-kt jet algorithm with a radius
parameter R = 0.4 [33]. Only jets with pT > 25 GeV and |η | < 2.5 are considered in the analysis.
Events are selected if they satisfy a requirement on the missing transverse momentum (Emiss

T ) and on
the transverse mass2 mT(`, Emiss

T ): Emiss
T > 20 GeV and Emiss

T +mT(`, Emiss
T ) > 60 GeV. The large-R

jets are reconstructed with a radius parameter of R = 1.0. The leading large-R jet which is identified
to originate from a top quark is used as hadronic top-quark candidate. The results are defined at truth
particle level and are corrected for all detector effects, within a kinematic range closely matched to

2 The transverse mass mT(`, Emiss
T ) of the lepton and the Emiss

T is defined as mT(`, Emiss
T ) =

√
2p`TEmiss

T (1 − cos∆φ), where p`T
is the lepton transverse momentum and ∆φ the azimuthal difference between the lepton and the Emiss

T .
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the experimental acceptance. The same analysis also provides unfolded distributions of top-quark
and tt̄ observables on parton level. The data used in this measurement were taken with the ATLAS
experiment at

√
s = 8 TeV.

• Analysis C: Measurements of top-quark pair differential cross-sections in the lepton+jets
channel in pp collisions at

√
s = 13 TeV using the ATLAS detector (not yet published in

Rivet) [35]

The cross-sections are measured at stable particle level in the resolved and the boosted topology.
In the resolved topology, the observables are the transverse momentum and absolute rapidity of
the hadronically decaying top quark as well as the the transverse momentum, absolute rapidity
and invariant mass of the tt̄-system. The events are selected in the lepton+jets channel, which is
characterised by the presence of exactly one charged lepton (electron or muon), at least four jets with
at least two jets being identified to originate from a b-quark using the same technique described
in Analysis A. The jets are reconstructed with the anti-kt jet algorithm with a radius parameter
R = 0.4 [33]. Only jets with pT > 25 GeV and |η | < 2.5 are considered in the analysis. The results
are defined at truth particle level and are corrected for all detector effects, within a kinematic range
closely matched to the experimental acceptance. The data used in this measurement were taken
with the ATLAS experiment at

√
s = 13 TeV.

• Analysis D: Measurements of normalized differential cross-sections for t t̄ production in pp
collisions at

√
s = 7 TeV using the ATLAS detector (not published in Rivet) [36]

Differential cross-sections for top-quark pair-production are measured as a function of the top-quark
pT, and of the mass, pT, and rapidity of the tt̄ system. Events are selected in the lepton+jets channel,
requiring exactly one lepton and at least four jets with at least one of the jets tagged as originating
from a b-quark. Jets are reconstructed using the anti-kt jet algorithm with a radius parameter R =
0.4 [33] and are required to have pT > 25 GeV and |η | < 2.5. The top-quark and top-antiquarks
are reconstructed from the reconstructed jets, leptons and missing transverse momentum. The
distributions are unfolded to the parton level, corresponding to the point after the top quark has
emitted any QCD radiation, but before it decays. The data used in this measurement were taken
with the ATLAS experiment at

√
s = 7 TeV.

• Analysis E: Measurement of the t t̄ production cross-section as a function of jet multiplicity
and jet transverse momentum in 7TeV pp collisions with the ATLAS detector (Rivet analysis:
ATLAS_2014_I1304688) [37]

The differential cross-sections are measured as a function of the jet multiplicity for up to eight
jets using jet transverse momentum thresholds of 25, 40, 60, and 80GeV, and as a function of jet
transverse momentum up to the fifth leading jet. The events are selected in the lepton+jets channel,
requiring exactly one lepton and at least three jets with at least one of the jets tagged as originating
from a b-quark using the same technique described in Analysis A. Jets are reconstructed using the
anti-kt jet algorithm with a radius parameter R = 0.4 [33] and are required to have pT > 25 GeV and
|η | < 2.5. The results are defined at truth particle level and are corrected for all detector effects,
within a kinematic range closely matched to the experimental acceptance. The data used in this
measurement were taken with the ATLAS experiment at

√
s = 7 TeV.

• Analysis F: Measurements of fiducial cross-sections for t t̄ production with one or two addi-
tional b-jets in pp collisions at

√
s = 8TeV using the ATLAS detector (Rivet analysis: AT-

LAS_2015_I1390114) [38]
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The fiducial cross-sections of tt̄ plus one additional b-jet (tt̄ +b) has beenmeasured in the lepton+jets
and dilepton channel and the fiducial cross-section of tt̄ plus two additional b-jets (tt̄ +bb) has been
measured in the dilepton channel. The ratio of cross-sections between tt̄ plus two b-jets and tt̄ plus
two additional jets has also been extracted from the data. The events are selected in the lepton+jets
channel by requiring exactly one charged lepton (electron or muon) with pT > 20 GeV and |η | < 2.5
and at least four jets. Jets are reconstructed using the anti-kt jet algorithm with a radius parameter
R = 0.4 and are required to have pT > 25 GeV and |η | < 2.5. The events are also selected in the
dilepton channel by requiring exactly two leptons with pT > 20 GeV and |η | < 2.5 and at least two
jets. The number of b-tagged jets is dependent on the cross-section being measured, with at least
three b-tagged jets required for tt̄ +bmeasurements and at least four b-tagged jets required for the tt̄
+bbmeasurement. The ghost association technique [30–32] is used to estimate templates of tt̄ with
additional jets, split by the number of heavy flavour hadrons present in the additional jets, for use in
the fit-based cross-section measurements. The data used in this measurement were taken with the
ATLAS experiment at

√
s = 8 TeV.

7



2.2 Optimisation studies for Powheg+Pythia8

Studies have been performed on the optimisation of the parameters of Powheg+Pythia8 following on
from the studies presented in [2]. Here the focus is on choosing the optimal Powheg hdamp parameter. This
parameter is used as a resummation damping factor, which is one of the parameters controlling the ME/PS
matching in Powheg and effectively regulates the high-pT radiation. The default Powheg+Pythia6
sample used hdamp = mtop and the current Powheg+Pythia8 sample used the same hdamp value.

In addition to the Powheg hdamp parameter, there are parameters in the main31 Pythia8 routine which
control the merging between Powheg and Pythia8 through the use of vetoed showering. This allows
Pythia8 to shower the full phase-space, while vetoing emissions. Two parameters of interest are pTdef,
which controls whether the pT is defined by Powheg or by Pythia8, and pThard, which controls the
shower veto scale definition.

The description of unfoldedmeasurements while varying hdamp between 0.5 and 2.0 timesmtop is presented
in this section. This hdamp range was selected after comparing the description of data with a larger range
of values and finding that hdamp greater than two times the top mass does not adequately describe the
data. The impact of different pTdef and pThard options is also studied and compared to unfolded
measurements.

2.2.1 Optimisation of hdamp

The 8 TeV resolved analysis (Analysis A) provides more precise top quark kinematic measurements than
those made with the 7 TeV dataset which allows for comparing finer variations of hdamp to data than has
previously been performed. Four samples have been produced with different hdamp values. Defining
hdamp = h · mtop, the four samples have been generated with h = [0.5, 1.0, 1.5, 2.0]. The distributions
used to optimise the hdamp parameter are those which are sensitive to additional radiation in the tt̄ system.
Two key variables are the transverse momentum of the tt̄ system (pt t̄T ) and the out-of-plane momentum
(|pt t̄out |) of the hadronically decaying top quark ( ®pt,had) with respect to the plane defined by the leptonically
decaying top quark ( ®pt,lep) and the beamline (ẑ):

|pt t̄out | =
��� ®pt,had · ®pt,lep × ẑ

| ®pt,lep × ẑ |

���. (1)

These distributions are shown in Fig. 1 for the resolved regime, where separation between the samples
with different hdamp values can be observed. The invariant mass of the top-quark pair (mt t̄ ) and the
transverse momentum of the hadronically decaying top-quark (pt,hadT ) are less sensitive to the value of
hdamp and are also presented to show that the top-quark kinematics are not adversely affected by tuning
hdamp. The transverse momentum of the top-jet candidate in the boosted regime (Analysis B) is shown in
Fig. 2 and checked to ensure that the boosted top-quark kinematics are not affected by changing hdamp. It
is clear from these plots that a hdamp value smaller than mtop is strongly disfavoured by the data. From
these distributions, the data appears to be best described using hdamp = 1.5 · mtop or hdamp = 2.0 · mtop.
Similar distributions have been produced using the 13 TeV measurements from Analysis C and are shown
in Fig. 3. In these distributions the data is best described using hdamp = 1.0 · mtop or hdamp = 1.5 · mtop.
Therefore, to offer the best agreement between multiple centre-of-mass energies, using hdamp = 1.5 · mtop
is the preferred value.
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This value of hdamp has been checked against the 7 TeV measurements which were used to determine the
original hdamp tuning performed by ATLAS [1, 2] with Analysis D. The 7 TeV data can be seen in Fig. 4
to be described by both hdamp = 1.0 ·mtop and hdamp = 1.5 ·mtop. As such, there is no conflict between the
hdamp tuning performed for Run-1 and this new tuning performed for Run-2.

The effect of the hdamp parameter on the jet multiplicity and on the jet transverse momenta has been
checked using 7 TeV data (Analysis E), as shown in Fig. 5. Both hdamp = 1.0 · mtop and hdamp = 1.5 · mtop
give good modelling of the unfolded distributions, given the experimental uncertainties.

Finally, the effect of the hdamp parameter on the additional b-jet production has been checked using 8 TeV
data (Analysis F), as shown in Fig. 6. The large uncertainties on the experimental measurement do not
permit to assess which setting is favoured by the unfolded data of this analysis, but the cross-sections in
the fiducial regions with one or two additional b-jets are increased by setting the hdamp parameter to a
higher value, while the the ratio of tt̄ production with two additional b-jets to tt̄ production with any two
additional jets remains the same.
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Figure 1: The Powheg+Pythia8 samples with different hdamp variations are compared to data at
√

s = 8TeV. The
comparison is performed for (a) the transverse momentum of the tt̄ system, (b) the out-of-plane momentum, (c) the
invariant mass of the tt̄ system and (d) the transverse momentum of the hadronic top quark candidate in tt̄ lepton+jets
events (resolved channel) using ATLAS data unfolded to particle level in Analysis A [29]. The data are represented
as closed (black) circles with statistical uncertainties. The yellow band is the total experimental uncertainty on the
data (statistical and systematic). The generator predictions are shown as solid colored lines.
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are presented the same way as in Fig. 1.
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Figure 3: The Powheg+Pythia8 samples with different hdamp variations are compared to data at
√

s = 13TeV. The
comparison is performed for (a) the transverse momentum of the tt̄ system and (b) the invariant mass of the tt̄ system
in tt̄ lepton+jets events (resolved channel) using ATLAS data unfolded to particle level in Analysis C [35]. The data
and generator predictions are presented the same way as in Fig. 1.
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Figure 4: The Powheg+Pythia8 samples with different hdamp variations are compared to data at
√

s = 7TeV. The
comparison is performed for (a) the transverse momentum of the tt̄ system and (b) the transverse momentum of the
top quark in tt̄ lepton+jets events (resolved channel) using ATLAS data unfolded to parton level in Analysis D [36].
The data and generator predictions are presented the same way as in Fig. 1.
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Figure 5: The Powheg+Pythia8 samples with different hdamp variations are compared to data at
√

s = 7TeV. The
comparison is performed for the number of jets with (a) pT > 25GeV and (b) > 60GeV as well as for the transverse
momenta (c) for the leading jet and (d) for the 5th leading jet in tt̄ lepton+jets events (resolved channel) using
ATLAS data unfolded to particle level in Analysis E [37]. The data and generator predictions are presented the
same way as in Fig. 1.
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Figure 6: The Powheg+Pythia8 samples with different hdamp variations are compared to data at
√

s = 8TeV. The
comparison is performed using ATLAS data unfolded to particle level in Analysis F [38], (a) for the fiducial cross-
sections for tt̄ production with one or two additional b-jets, and (b) for the ratio of tt̄ production with two additional
b-jets to tt̄ production with any two additional jets. The data and generator predictions are presented the same way
as in Fig. 1.
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2.2.2 Choice of main31 pT parameters

Studies of the main31 pT parameters were initially performed in Ref. [2], where pTdef and pTemt were
varied. The studies on the hdamp value setting presented in this note use the Powheg+Pythia8 main31
parameters which resulted from that initial study. Recent empirical studies with dijet events [39] have
shown that pTdef and pThard are both important parameters ruling the choice of the pT definition for
Initial State Radiation (ISR) and Final State Radiation (FSR), and the procedure to calculate the matching
scale, respectively, andwhich should be varied and comparedwith data to ensure the best overall prediction.
The definitions of the parameters which were varied in this study are shown in Table 2 and Table 3. For
all samples compared in this section, the hdamp value is set to 1.5 · mtop. For the studies in the previous
section, pTdef was set to 2 and pThard was set to 0. In Fig. 7 one can see that the impact of the pTdef
and pThard variation is quite small. Additional distributions were checked with these parameters but the
size of the resulting variations were of the same order as those shown here. As such, the conclusion is
that the current default setup with pTdef = 2 and pThard = 0 provides a good description of the data.
Therefore these values will be used for further studies shown in this note.

pTdef Definition
0 Powheg ISR pT definition is used for both ISR and FSR.
1 Powheg ISR and FSR pT definitions.
2 Pythia ISR and FSR definitions.

Table 2: Summary of the pTdef definitions tested in the Pythia8 main31 routine [17, 40].

pThard Definition
0 Qfac.
1 The pT of the Powheg emission is tested against all other incoming and outgoing partons,

with the minimal value chosen.
2 The pT of all final-state partons is tested against all other incoming and outgoing partons,

with the minimal value chosen.

Table 3: Summary of the pThard definitions tested in the Pythia8 main31 routine to calculate the matching
scale [17, 40].
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Figure 7: The Powheg+Pythia8 samples with different pTdef and pThard variations are compared to data at
√

s = 8TeV. The comparison is performed (a) for the transverse momentum of the tt̄ system and (b) for the out-of-
plane momentum for different pTdef values as well as (c) for the transverse momentum of the tt̄ system and (d) for
the out-of-plane momentum for different pThard values in tt̄ lepton+jets events (resolved channel) using ATLAS
data unfolded to particle level in Analysis A [29]. The data and generator predictions are presented the same way
as in Fig. 1.
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2.2.3 Powheg+Pythia8 scale variations

Based on the findings in the previous sections, the best description of the 8 and 13 TeV data for the
Powheg+Pythia8 setup is obtained with the hdamp parameter set to 1.5 ·mtop, pTdef = 2 and pThard = 0.
To assess the impact of variations of the amount of additional radiation on the distributions under study,
two samples are compared to the nominal sample to determine sensible systematic variations based on the
parameters just described. The two samples have the following setup:

• The factorisation and renormalisation scales are coherently varied by a factor of 2.0, and the Var3c
down variation from the A14 tune is used.

• The factorisation and renormalisation scales are coherently varied by a factor of 0.5, and the Var3c
up variation from the A14 tune is used.

The Var3c A14 tune variation [18] corresponds to the varying αs which impacts ISR in the A14 tune and
it was shown in Ref. [2] that this variation covers the size of the other available A14 eigentune variations.
Coupled with the relevant scale variations, this results in an estimation of the radiation uncertainty which
appears to be slightly conservative. In the distributions shown for the 8 TeV data one can see that the
variations partly bracket the nominal prediction and the data, but are a bit smaller than the uncertainties
on the data for the low bins of Figs. 8(a)–8(c) and larger than the uncertainties on the data for the high
bins. In addition the transverse momentum and the invariant mass of the tt̄ system are shown in Fig. 9 for
13 TeV data. In those distributions a similar trend is shown, however the deviation at large transverse tt̄
momenta is even larger than for 8 TeV data. Further studies may thus be necessary to find the best setup
for the radiation systematic uncertainty.
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Figure 8: The Powheg+Pythia8 samples with different scale and tune variations are compared to data at
√

s = 8TeV.
The comparison is performed for (a) the transverse momentum of the tt̄ system, (b) the out-of-plane momentum,
(c) the invariant mass of the tt̄ system, and (d) the transverse momentum of the hadronic top quark candidate in tt̄
lepton+jets events (resolved channel) using ATLAS data unfolded to particle level in Analysis A [29]. The data and
generator predictions are presented the same way as in Fig. 1. The nominal generator prediction is shown as a solid
red line, while the scale variation samples are shown in solid and dashed blue lines.
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Figure 9: ThePowheg+Pythia8 sampleswith different scale and tune variations are compared to data at
√

s =13TeV.
The comparison is performed for (a) the transverse momentum of the tt̄ system and (b) the invariant mass of the tt̄
system in tt̄ lepton+jets events (resolved channel) using ATLAS data unfolded to particle level in Analysis C [35].
The data and generator predictions are presented the same way as in Fig. 1.
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2.3 Optimisation studies for Powheg+Herwig7

In this section studies of hdamp and a parameter concerning the treatment of the global momentum recoils
at the end of the showering (KinematicsReconstructor:ReconstructionOption) for the Herwig7
angular-ordered shower are presented. The hdamp studies complement the similar studies performed for
the Powheg+Pythia8 setup, while the study of the ReconstructionOption is used to find the best
option among the available ones.

2.3.1 Optimisation of hdamp

In order to ensure consistent behaviour of hdamp together with Pythia8 and Herwig7, samples with
modified values are produced. The most sensitive observable for hdamp is the pT of the tt̄ system. Fig. 10
shows these distributions for different values of hdamp on parton and particle level. It can be seen that
on parton level the choices hdamp = mtop and hdamp = 1.5 · mtop are equally good, while on particle level
hdamp = 1.5 · mtop is slightly preferred. This is in agreement with the findings for Powheg+Pythia8 and
will be used in the following studies.

2.3.2 Study of different kinematic reconstruction options of the Herwig7 showering

In this section several treatments of the global momentum recoil at the end of the showering for the angular-
ordered Herwig7 shower are presented. With the update from Herwig++ to Herwig7, the authors intro-
duced several newmethods for shower reconstruction. The momentum reshuffling at the end of the shower
is especially important for the modelling of the top-quark pT [11]. The different treatments can be chosen
using the parameter /Herwig/Shower/KinematicsReconstructor:ReconstructionOption. Ac-
cording to the Herwig7 manual the allowed values are (explanations taken from the manual): C

• General Use the general solution which ignores the colour structure for all processes.

• Colour Use the colour structure of the process to determine the reconstruction procedure. This
option is called “Colour1” in the following studies.

• Colour2 Make the most use possible of the colour structure of the process to determine the
reconstruction procedure. Start with final–final-state, then inital–final-state then inital–inital-state
colour connections.

• Colour3 Make the most use possible of the colour structure of the process to determine the
reconstruction procedure. Do the colour connections in order of the pT’s emitted in the shower
starting with the hardest. The colour partner is fully reconstructed at the same time.

• Colour4 Make the most use possible of the colour structure of the process to determine the
reconstruction procedure. Do the colour connections in order of the pT’s emitted in the shower
starting with the hardest, while leaving the colour partner on mass-shell.

The recommended value from the Herwig7 authors is Colour3. Most sensitive observables for these
settings are again distributions connected with the tt̄ system, but also distributions from the top quark
itself. Figure 11 shows distributions of the tt̄ system on parton and particle level. The distribution of
the pT (tt̄) is modelled very well by samples using options Colour3 or Colour4, while all other options
produce distributions close or outside of the experimental uncertainty band. The m(tt̄) distribution has the
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Figure 10: The Powheg+Herwig7 samples with different hdamp values are compared to data at

√
s = 8TeV. The

comparison is performed for (a) and (b) the pT of the tt̄ system, (c) and (d) the out-of-plane pT of the tt̄ system from
Analysis A [29] in tt̄ lepton+jets events using ATLAS data unfolded to (left) parton level and (right) particle level.
The data and generator predictions are presented the same way as in Fig. 1.

best modelling for Colour2, but with this setting the distribution of the production angle χ(tt̄), defined
as χ(tt̄) = e2 |∆y | [41], is outside of the experimental uncertainty band. The same holds for Colour4.
Distributions of the partonic top quark and the reconstructed top quark are presented in Fig. 12. It can be
noted, that the pT of the top quark is almost perfectly modelled using Colour3 or Colour4.
In summary the recommended option Colour3 has the best performance for all considered distributions.
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Figure 11: The Powheg+Herwig7 samples with different reconstruction options for the shower compared to data
at
√

s = 8TeV. The comparison is performed for (a) and (b) the pT of the tt̄ system, (c) and (d) the invariant mass of
the tt̄ system, (e) and (f) the χ(tt̄) from Analysis A [29] in tt̄ lepton+jets events using ATLAS data unfolded to (left)
parton level and (right) particle level. The hdamp value in these studies is set to 1.5 · mtop. The data and generator
predictions are presented the same way as in Fig. 1.
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Figure 12: The Powheg+Herwig7 samples with different reconstruction options for the shower compared to data
at
√

s = 8TeV. The comparison is performed for (a) and (b) the pT of the tt̄ system from Analysis A [29] in tt̄
lepton+jets events using ATLAS data unfolded to (left) parton level and (right) particle level. In most of the cases
the purple and the orange lines do overlap perfectly, such that they can’t be seen. The hdamp value in these studies is
set to 1.5 · mtop. The data and generator predictions are presented the same way as in Fig. 1.

23



2.4 Comparison of generator setups

Different generator and parton shower combinations are presented in this section and compared to unfolded
√

s = 7, 8 and 13 TeV data to assess the performance of the tt̄ predictions.

2.4.1 Comparison of different parton shower algorithms interfaced to Powheg

In Fig. 13 different samples generated with Powheg and interfaced to different parton shower and hadron-
isation algorithms are compared to 8 TeV data (Analysis A). Differences can be observed in the description
of the transverse momentum and the out-of-plane momentum of the tt̄ system between Powheg+Pythia8
and Powheg+Herwig7 samples in Figs. 13(a) and 13(b). The differences between the samples are of the
same order as the uncertainty on the measurement. Similar differences are observed for the transverse
momentum of the tt̄ system in Fig. 15(a) for 13 TeV data (Analysis C).

The transverse momentum of the top-jet in the boosted regime can be seen in Fig. 14 (Analysis B), where
the three different Powheg samples are compared. The description of high pT data is better with Pythia8
compared to either Pythia6 or Herwig7.

For the measurement of the the top-quark pT at 13 TeV shown in Fig. 15(c), the best agreement is achieved
with Powheg+Herwig7, similar to the agreement seen with 8 TeV data shown in Fig. 13(d). However,
when considering the tt̄ invariant mass, Powheg interfaced to Pythia6 or Pythia8 provides a much better
description of the data than Powheg+Herwig7, both at 8 TeV (Fig. 13(c)) and at 13 TeV (Fig. 15(b)).

The distributions with
√

s = 7 TeV data (Analysis E) in Fig. 16 clearly shows a feature of the current
Herwig7 setup described in [3], namely increased jet activity which is not in agreement with the Pythia
parton showers or with the data. Due to the higher jet activity the amount of heavy flavour production
is over-predicts in Herwig7, as shown in Fig. 17 (Analysis F). There is good agreement between the
Powheg samples interfaced to Pythia6 and Pythia8 and with data in Fig. 16 and 17. The description of
the number of high-pT jets in data is also good with Powheg+Pythia8.
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Figure 13: The Powheg samples with different parton shower and hadronisation algorithms are compared to data at
√

s = 8 TeV. The comparison is performed (a) for the transverse momentum of the tt̄ system, (b) for the out-of-plane
momentum, (c) for the invariant mass of the tt̄ system, and (d) for the transverse momentum of the hadronic top
quark candidate in tt̄ lepton+jets events (resolved channel) using ATLAS data unfolded to particle level in Analysis
A [29]. The data and generator predictions are presented the same way as in Fig. 1.
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Figure 14: The Powheg samples with different parton shower and hadronisation algorithms are compared to data
at
√

s = 8TeV. The comparison is performed for the particle top-jet pT candidate using ATLAS data unfolded to
particle level in Analysis B [34]. The data and generator predictions are presented the same way as in Fig. 1.
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Figure 15: The Powheg samples with different parton shower and hadronisation algorithms are compared to data at
√

s = 13 TeV. The comparison is performed (a) for the transverse momentum of the tt̄ system, (b) for the invariant
mass of the tt̄ system, and (c) for the transverse momentum of the hadronic top-quark candidate in tt̄ lepton+jets
events (resolved channel) using ATLAS data unfolded to particle level in Analysis C [35]. The data and generator
predictions are presented the same way as in Fig. 1.
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Figure 16: The Powheg samples with different parton shower and hadronisation algorithms are compared to data at
√

s = 7TeV. The comparison is performed for the number of jets with (a) pT > 25GeV and (b) > 60GeV as well
as for the transverse momenta (c) for the leading jet and (d) for the 5th leading jet in tt̄ lepton+jets events (resolved
channel) using ATLAS data unfolded to particle level in Analysis E [37]. The data and generator predictions are
presented the same way as in Fig. 1.
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Figure 17: The Powheg samples with different parton shower and hadronisation algorithms are compared to data at
√

s = 8TeV. The comparison is performed using ATLAS data unfolded to particle level in Analysis F [38], (a) for
the fiducial cross-sections for tt̄ production with one or two additional b-jets, and (b) for the ratio of tt̄ production
with two additional b-jets to tt̄ production with any two additional jets. The data and generator predictions are
presented the same way as in Fig. 1.
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2.4.2 Comparison of matrix-element generators

In Figs. 18–22, the optimal Powheg+Pythia8 setup resulting from the studies presented in this note
is compared with MG5_aMC@NLO+Pythia8 which models tt̄ inclusively at NLO precision, with
MG5_aMC@NLO+Pythia8 which uses the FxFx merging prescription to describe up to two addi-
tional partons at NLO accuracy, and with Sherpa 2.2 which uses MEPS@NLO merging to describe up
to one additional parton at NLO accuracy and up to four additional partons at LO accuracy.

In Fig. 18 results are compared to the
√

s = 8 TeV data using Analysis A. The two multi-leg generators
MG5_aMC@NLO+Pythia8 + FxFx and Sherpa 2.2 perform equally well in all four investigated observ-
ables. Differences are present forMG5_aMC@NLO+Pythia8 in case of pT(tt̄) and for Powheg+Pythia8
in case of m(tt̄). For the latter the differences are within the uncertainties of the measurement. The differ-
ent shape of the m(tt̄) distinguishes between different NLO subtraction methods. It can also be noted, that
the |pt t̄out | distribution of MG5_aMC@NLO+Pythia8 indicates that the amount of additional radiation is
not well modelled. These conclusion are confirmed by comparisons with

√
s = 13 TeV data recorded in

Analysis C as shown in Fig. 20. The modelling of the top-quark pT is of special interest, since several
analyses found discrepencies between the measurement and predictions of the MC generators. While the
distribution agrees well within the uncertainty of the measurement in

√
s = 8 TeV, there is a clear slope

observed in the distributions at
√

s = 13 TeV using measurements from Analysis C. The pT distribution
measured at

√
s = 8 TeV in a boosted regime using Analysis B, see Fig. 19, is not sensitive enough.

Apart from properties of the top quark and the tt̄ system, the number of jets and pT of the jets is important.
These distributions are shown in Fig. 21 compared to results obtained with

√
s = 7 TeV data of Analysis

E.

For the number of jets and the pT of the first and fifth jet, good agreement between data andMC is given by
MG5_aMC@NLO+Pythia8 + FxFx, Sherpa 2.2 and Powheg+Pythia8. Sherpa 2.2 predicts too many
jets for very high numbers of jets, while MG5_aMC@NLO+Pythia8 under-predicts them. However the
predictions of the number of jets, which the generators model at least with LO accuracy, are all within
the uncertainties of the measurements. For the leading jet pT, MG5_aMC@NLO+Pythia8 gives a softer
spectrum than observed in data.

Finally, fiducial cross sections of tt̄ production with additional heavy flavour production are compared
using

√
s = 8 TeV data from Analysis F in Fig. 22. Since Sherpa 2.2 includes matrix elements with b

quarks the predicted fiducial cross sections are higher than those from the other generators, which all give
lower predictions than the measured value, but with differences smaller than the uncertainties.
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Figure 18: Sampleswith different generator setups are compared to data at
√

s = 8 TeV. The comparison is performed
(a) for the transverse momentum of the tt̄ system, (b) the out-of-plane momentum, (c) for the invariant mass of the tt̄
system, and (d) for the transverse momentum of the hadronic top quark candidate in tt̄ lepton+jets events (resolved
channel) using ATLAS data unfolded to particle level in Analysis A [29]. The data and generator predictions are
presented the same way as in Fig. 1.
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Figure 19: Samples with different generator setups are compared to data at
√

s = 8TeV. The comparison is performed
for the particle top-jet pT candidate using ATLAS data unfolded to particle level in Analysis B [34]. The data and
generator predictions are presented the same way as in Fig. 1.
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Figure 20: Samples with different generator setups are compared to data at
√

s =13 TeV. The comparison is
performed (a) for the transverse momentum of the tt̄ system, (b) for the invariant mass of the tt̄ system, and (c) for
the transverse momentum of the hadronic top-quark candidate in tt̄ lepton+jets events (resolved channel) using
ATLAS data unfolded to particle level in Analysis C [35]. The data and generator predictions are presented the
same way as in Fig. 1.

33



b b

b

b

b

b

b b

b

b

b

b

ATLAS Data,
√

s = 7 TeVb

Powheg+Py8, hdamp = 1.5 ·mtop
MG5 aMC@NLO+Py8
MG5 aMC@NLO+Py8 (FxFx)
Sherpa 2.2 MEPS@NLO

10–2

10–1

1

10 1
Particle level, absolute cross-section

dσ
/d

n j
et

s
[p

b]

3 4 5 6 7 8
0.4
0.6
0.8

1
1.2
1.4
1.6

njets(jet pT > 25 GeV)

E
xp

ec
te

d/
D

at
a

(a)

b

b

b

b

b

b

b

b

ATLAS Data,
√

s = 7 TeVb

Powheg+Py8, hdamp = 1.5 ·mtop
MG5 aMC@NLO+Py8
MG5 aMC@NLO+Py8 (FxFx)
Sherpa 2.2 MEPS@NLO

10–2

10–1

1

Particle level, absolute cross-section

dσ
/d

n j
et

s
[p

b]

3 4 5 6
0.4
0.6
0.8

1
1.2
1.4
1.6

njets(jet pT > 60 GeV)

E
xp

ec
te

d/
D

at
a

(b)

b
b b

b

b

b

b

b

b
b b

b

b

b

b

b
ATLAS Data,

√
s = 7 TeVb

Powheg+Py8, hdamp = 1.5 ·mtop
MG5 aMC@NLO+Py8
MG5 aMC@NLO+Py8 (FxFx)
Sherpa 2.2 MEPS@NLO

10–6

10–5

10–4

10–3

10–2

10–1

Particle level, absolute cross-section

dσ
/d

p T
[p

b/
G

eV
]

10 2 10 3
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

1st jet pT [GeV]

E
xp

ec
te

d/
D

at
a

(c)

b

b

b

b

b

b

b

b

ATLAS Data,
√

s = 7 TeVb

Powheg+Py8, hdamp = 1.5 ·mtop
MG5 aMC@NLO+Py8
MG5 aMC@NLO+Py8 (FxFx)
Sherpa 2.2 MEPS@NLO

10–6

10–5

10–4

10–3

10–2

10–1

Particle level, absolute cross-section

dσ
/d

p T
[p

b/
G

eV
]

10 2
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

5th jet pT [GeV]

E
xp

ec
te

d/
D

at
a

(d)

Figure 21: Samples with different generator setups are compared to data at
√

s =7TeV. The comparison is performed
for the number of jets with (a) pT > 25GeV and (b) > 60GeV as well as for the transverse momenta (c) for the
leading jet and (d) for the 5th leading jet in tt̄ lepton+jets events (resolved channel) using ATLAS data unfolded to
particle level in Analysis E [37]. The data and generator predictions are presented the same way as in Fig. 1.
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Figure 22: The Powheg samples with different parton shower and hadronisation algorithms are compared to data at
√

s = 8TeV. The comparison is performed using ATLAS data unfolded to particle level in Analysis F [38], (a) for
the fiducial cross-sections for tt̄ production with one or two additional b-jets, and (b) for the ratio of tt̄ production
with two additional b-jets to tt̄ production with any two additional jets. The data and generator predictions are
presented the same way as in Fig. 1.
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3 Interference studies of Wt and tWZ processes

At NLO, generating Wt results in the generation of diagrams that overlap with tt̄, as illustrated in Fig. 23.
Several different methods exist in order to separate between the processes and to remove the overlap to
avoid double counting.

Figure 23: Diagrams generated [21] forWt production at NLO in the five flavour scheme. A singly-resonant diagram
is shown to the left and a doubly-resonant diagram, which overlaps with tt̄ production at LO, is shown to the right.

The diagrams that give rise to the overlap contain two top quarks, both of which can be on shell, and are
henceforth referred to as doubly-resonant (dr). The diagrams with only one on-shell top quark are called
singly-resonant (sr). In equation (2), the amplitude for Wt production is expressed in terms of sr and dr
contributions, with the square of this equation giving Eq. (3):

Mtot =Msr +Mdr , (2)
|Mtot |

2 = |Msr |
2 + 2Re(Msr · M

∗
dr) + |Mdr |

2. (3)

In what is commonly known as Diagram Removal (DR), here referred to as Diagram Removal 1, the
amplitudes of dr diagrams are set to zero, Mdr = 0. This removes the tt̄ contribution as well as the
interference between tt̄ and Wt - only the first term in Eq. (3) is kept. If the interference is to be neglected,
this should be justified by checking its effect in the signal region for the measurement in question. For
this a different method needs to be implemented. A procedure that removes the overlap, while also
assessing the interference, is the Diagram Subtraction (DS) method [42, 43]. This method, however,
relies on momentum reshuffling that introduces uncertainties and dependence on unphysical parameters.
The method that is highlighted in this section is referred to as Diagram Removal 2, here implemented
in MG5_aMC@NLO, as recently suggested in Ref. [44]. In this method, the amplitude squared of the
doubly-resonant diagrams is subtracted from the amplitude squared of the total, thus keeping both the
singly-resonant diagrams and the interference of Wt with tt̄, while removing the last term in Eq. (3).

When computing the cross section that includes doubly-resonant diagrams for the DR2 procedure, a
divergence appears in the top-quark propagator when the top quark is on-shell, shown in the left hand side
of Eq. (4). By default, the propagator expression is evaluated with the top quark width Γt set to zero in
MG5_aMC@NLO. To regularise the integral over the four-momentum, the top-quark width is redefined
to the value found in the parameter card, thereby modifying the propagator as
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1
(pb + pW )2 − m2

t

→
1

(pb + pW )2 − m2
t + imtΓt

. (4)

Overlapping diagrams also appear for the associated production with a Z or Higgs boson (tW Z , tWH).
Diagram Removal 2 can be applied in a similar manner to remove the overlap, while including the
interference with tt̄, tt̄Z and tt̄H. In the case of tW Z , overlaps with tt̄ are produced in the channel
t → WbZ , as shown in Fig. 24. The procedure for removing these overlaps is the same as described
above, with the addition that for certain diagrams, where a top quark emits a Z boson before decaying,
both top-quark propagators need to be redefined as in Eq. (4). The procedure for Diagram Removal 2 is
similar to Wt for tWH production. This process is not studied in this note, but is explored in detail in Ref.
[44].

Figure 24: Diagrams generated [21] for tW Z production at NLO in the five flavour scheme, with a singly-resonant
tW Z diagram at the top left. The top right and bottom left diagrams overlap with tt̄Z production at LO and the one
to the bottom left overlaps with tt̄ production, followed by the rare decay t̄ → W−b̄Z . The bottom right diagram
contains two top quark propagators that need to be regularised.

By construction, the difference between DR1 and DR2 should give the interference. However, in order to
support this claim, one should check for the process in question whether DR2 or DR1 gives a result that is
closer to a gauge invariant prediction. In Ref. [44], such computations are performed, testing theoretical
motivations of the DR1, DR2 and DS predictions. DR2 is found to perform better than DR1 for the Wt
and tWH processes.
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All calculations and predictions in this section are performed for proton–proton collisions at a collision
energy of

√
s = 13TeV at NLO in QCD in the five-flavour scheme. For the case of the four-flavour scheme,

the overlap would occur already at LO. In this part of note, the method is presented in an experimental
context, with comparisons in fiducial regions between DR2 and more established methods.

3.1 Study of Wt distributions

In this part, the Diagram Removal 1 and 2 procedures are implemented for Wt production in
MG5_aMC@NLO 2.3.2.2 and interfaced with MadSpin [24, 45] for particle decays and with Her-
wig++ 2.7.1 for parton shower. The PDF set for the matrix element is CT10 [46], the PDF set for the
shower is CTEQ6L1 [16] and the UE-EE-5 set of tuned parameters [18] is employed for the underlying
event. The predictions are compared with the nominal ATLAS sample for Wt production, produced with
Powheg-Box r2856 and interfaced with Pythia6.428, which implements Diagram Removal 1. The PDF
set for matrix-element generation for the nominal sample is CT10PDF and the CTEQ6L1 set together
with the Perugia2012 tune [14] is used for the parton shower. A similar sample, with Diagram Subtraction
implemented in Powheg-Box r2819, is also included below for comparison. The cross sections for the
four samples are shown in Table 4. The total cross section differs by 10 % bewteen the DR1 and DR2 pre-
dictions in MG5_aMC@NLO and by 5 % for the DR1 and DS samples in Powheg-Box. The interference
between Wt and tt̄ is negative.

Method Total cross section Difference w.r.t. DR1
MG5_aMC@NLO DR1 7.87 pb
MG5_aMC@NLO DR2 7.09 pb -10 %

Powheg-Box DR1 7.16 pb
Powheg-Box DS 6.82 pb -5 %

Table 4: Cross sections for the dilepton samples produced with MG5_aMC@NLO (DR1, DR2) and with Powheg.
In MG5_aMC@NLO, the DR2 prediction is 10 % lower than the one from DR1. In Powheg, the DS prediction is
5 % lower than the nominal DR1 prediction.

A fiducial region is defined by requiring exactly two leptons (electron or muon), defined to have pT
above 20GeV and |η | < 2.5. The jets shown below have requirements of pT > 25 GeV and |η | < 2.5.
These kinematic requirements are similar to those use at reconstructed level in a recent Wt cross-section
measurement at 13 TeV [47]. The ratios at the bottom of Figs. 25, 26 and 27 are computed with respect
to the nominal DR1 prediction from Powheg. The overflow is always included in the last bin.

In Fig. 25 the pT of jets is shown. While the four predictions agree at low jet pT, at higher pT the two
methods that include the interference (DR2, DS) are lower than the two DR1 predictions. This may
indicate a larger interference with tt̄ in topologies with jets of high pT. Where only the leading jet is
considered, the agreement between the two Powheg and the two MG5_aMC@NLO samples is better at
low pT.

Jet multiplicity and the pseudorapidity |η | of the jet with the highest pT are examined in Fig. 26. For the
jet multiplicity, after the three jets bin, the DS and DR2 predictions decrease noticeably with respect to
the two DR1 predictions. This corresponds to a higher interference with tt̄ at higher jet multiplicity. This
effect is larger for the DR2 with MG5_aMC@NLO than for DS with Powheg-Box. No clear pattern in
the difference of shape is observed for the pseudorapidity of the leading jet.
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Figure 25: The distribution of pT for all jets (left) and the leading jet (right) for Wt production with dileptonic
decays, shown in a fiducial region. The nominal DR1 Powheg-Box prediction is shown in black, the Powheg-Box
DS prediction in purple, the MG5_aMC@NLO DR1 in blue and the MG5_aMC@NLO DR2 in red. The ratio is
computed with respect to the nominal distribution from Powheg-Box
.
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Figure 26: Jet multiplicity (left) and pseudorapidity of the jet with the highest transverse momentum (right) for Wt
production with dileptonic decays, shown in a fiducial region. The nominal DR1 Powheg-Box prediction is shown
in black, the Powheg-Box DS prediction in purple, the MG5_aMC@NLO DR1 in blue and the MG5_aMC@NLO
DR2 in red. The ratio is computed with respect to the nominal distribution from Powheg-Box.

Figure 27 shows the pT for electrons and for muons. The DS and DR2 predictions agree better with the
nominal Powheg DR1 than the MG5_aMC@NLO DR1 prediction until around pT = 100 GeV. At higher
pT, the predictions that include the interference are lower than the DR1 predictions.

3.2 Study of tWZ distributions

In this part, the associated production of a Z boson with Wt is examined. This process is not currently
measured at the LHC due to the combination of low production cross section and high background from
tt̄Z . Conversely, tW Z forms a major background in signal regions targeting tt̄Z .
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Figure 27: Electron pT (left) and muon pT (right), Wt production with leptonic decays for Wt production with
dileptonic decays, shown in a fiducial region. The nominal DR1 Powheg-Box prediction is shown in black, the
Powheg-Box DS prediction in purple, the MG5_aMC@NLO DR1 in blue and the MG5_aMC@NLO DR2 in red.
The ratio is computed with respect to the nominal distribution from Powheg-Box.

For the event generation, MG5_aMC@NLO 2.3.2.2 is used to generate DR1 and DR2 predictions, with
the PDF set NNPDF3.0NLO. MadSpin is implemented for the particle decays and Pythia8 is applied
for parton shower with the A14 tune and the NNPDF23LO PDF set. The Z boson is required to decay
leptonically in MadSpin.

The cross sections for these two samples are listed for the two different Diagram Removal methods in
Table 5. It is found that DR2 gives a 28 % lower cross section than the nominal DR1 sample. This could
indicate a large negative interference with tt̄Z , provided that it can be shown that DR2 prediction is better
theoretically motivated than DR1. This difference in the predictions for tW Z is of similar magnitude for
tWH, as shown in Ref. [44], where DR2 was found to give a prediction closer to the gauge invariant
calculation at leading order.

For tW Z , more types of diagrams contribute to the interference than for Wt, which gives a larger relative
difference in the predictions of DR1 and DR2. While Wt only has overlapping diagrams corresponding to
the top-quark decay t → Wb (Fig. 23), for tW Z , there are also contributions from diagrams corresponding
to the tt̄Z-like channel that contains the chain t → tZ → WbZ and what looks like tt̄ production followed
by a rare top-quark decay t → bW → bW Z (see Fig. 24). It should also be pointed out that at the level of
the matrix-element generation, the difference between DR2 and DR1 is -22% rather than the -28% found
based on truth studies (with the Pythia8 shower applied together with the A14 tune). Using the A14 tune
could affect the DR1 and DR2 predictions differently, as these have differences in shape for distributions
such as pT of the Z boson (see Fig. 28). The differences between the A14 tune and data is shown for this
distribution in Ref. [18].

Currently, the DR1 prediction for tW Z is used as the nominal background sample for the tt̄Z measure-
ment [48], while the total difference from the DR2 prediction on the matrix-element level (-22%) is used
to evaluate the normalisation uncertainty on tW Z .

In Figs. 28–30, different distributions for the tW Z process are shown in Figs. 28–30. At least three jets are
required with pT above 25GeV and |η | < 2.5 and at least two leptons above 15GeV and with |η | < 2.5.
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Method Cross section Difference w.r.t. DR1
MG5_aMC@NLO DR1 15.6 fb
MG5_aMC@NLO DR2 12.2 fb -28%

Table 5: The inclusive cross sections for the tW Z samples, assessed with DR1 and DR2 in MG5_aMC@NLO and
interfaced with Pythia8. The Z boson is required to decay leptonically. The DR2 prediction is 28% lower than
DR1.
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Figure 28: Z-boson pT (left) and jet multiplicity (right) for tW Z production with leptonic Z decays, shown in a
fiducial region. The Z boson is required to originate from the hard scattering process. The nominal prediction from
MG5_aMC@NLO with DR1 is shown in blue and the MG5_aMC@NLO DR2 in red. The ratio is computed with
respect to the DR1 prediction.

These cuts are applied on the truth level to approach the signal regions on reconstructed level for the tt̄Z
measurements [48, 49].

One distribution that shows a prominent difference between the DR1 and DR2 predictions is the pT of
the Z boson from the hard process, Fig. 28. The Z-boson pT steadily decreases for the DR2 compared to
DR1, even more so above 200GeV. Above 300GeV (in the overflow bin), it amounts to less than 20 % of
the DR1 prediction. In the same figure, the jet multiplicity is shown, with the differences in predictions
increasing with jet multiplicity. As tt̄Z production tends to result in more jets than tW Z , the negative
interference is expected to grow with jet multiplicity.

In Fig. 29, the pT of jets and of the leading jets is shown. At high jet pT, the differences between the
predictions is large, in particular when only the jet with the highest pT is considered. Finally, in Fig. 30,
the pT of leptons is shown. Similarly to Z pT, the difference between the predictions increases with pT,
but the trend is weaker.
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Figure 29: Jet pT (left) and leading jet pT (right) for tW Z production with leptonic Z decays, shown in a fiducial
region. The nominal prediction from MG5_aMC@NLO with DR1 is shown in blue and the MG5_aMC@NLO
DR2 in red. The ratio is computed with respect to the DR1 prediction.
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Figure 30: Electron pT (left) and muon pT (right) for tW Z production with leptonic Z decays, shown in a fiducial
region. The nominal prediction from MG5_aMC@NLO with DR1 is shown in blue and the MG5_aMC@NLO
DR2 in red. The ratio is computed with respect to the DR1 prediction.
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3.3 Summary and discussion

Anew implementation of DiagramRemoval can be employed inMG5_aMC@NLO to remove the overlaps
for Wt-like processes. From the theory point of view, the main advantage of the method is being able
to include the interference with tt̄-like processes without relying on momentum reshuffling. In this note,
Diagram Removal 2 is applied to the Wt and tW Z in regions similar to signal regions for measurements
of Wt and tt̄Z processes, with tW Z forming a major background for the latter. This is the first time that
the mehod is implemented for tW Z . The difference between DR1 and DR2 predictions can be used to
assess the effect of the interference.

While there is an overall cross-section difference between DR1 and DR2 with MG5_aMC@NLO, the
predicted shapes agree at low pT of jets and leptons but start to diverge at higher pT. In tW Z , the
interference is larger and the shapes are more distinct. Diagram Removal is more complicated for tW Z
than for tW and tWH, since interference from tt̄ production followed by rare top-quark decay (t → WbZ)
also interferes with tW Z . The contribution and behaviour of this subprocess should be investigated to
understand tW Z better.

For the future, it would be interesting to improve both the DR1 and DR2 predictions in MG5_aMC@NLO,
interfaced with MadSpin, by following an analogous Diagram Removal procedure in MadSpin, as has
been recently proposed by the authors of Ref. [44]. This could be important for analyses where spin
properties are studied.

In summary, there is more to understand about overlap removal schemes for the Wt, tW Z and tWH
processes than was considered previously and this should be taken into account when modelling them,
bothwhen they enter as either signal or background. Comparisonswith data would be useful to evaluate the
overlap removal methods for Wt, together with forming a better theoretical understanding, as investigated
in Ref. [44]. A better way to handle the tt̄-Wt interference inMC is to generate this as a single sample using
the WbWb final state at NLO precision. This process has recently become available in Powheg-Box [50].
For tW Z , more detailed theoretical studies are needed to understand the process.

4 Conclusions

The Monte Carlo simulation setup for top-quark pair production has been studied for the modelling of the
Powheg generator interfaced to the Pythia8 and Herwig7 shower generators. Using unfolded data from
ATLAS analyses at

√
s = 8 TeV and

√
s = 13 TeV optimal modelling using hdamp = 1.5 · mtop has been

found. All relevant distributions are in agreement within experimental uncertainties for Powheg+Pythia8
using the A14 set of tuned parameters. The Powheg+Herwig7 shows the best modelling using the
Colour3 reconstruction option; in particular the pT of the top quark agrees well with the unfolded data
distribution. However, the jet multiplicity is not well described and further studies are need. Finally
a new method to take into account interference effects between Wt single-top-quark production and tt̄
production has been studied and compared with established methods.
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