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This note presents a study of the ATLAS Monte Carlo (MC) sample describing pp —
bbt*t~ v, 7, events at next-to-leading order in quantum chromodynamics. Events are generated
using the PowHEG Box REs implementation of the bb4¢ process and are interfaced with
PyTHiA 8 for parton showering and hadronization. The nominal ATLAS bb4¢ MC sample
is compared to predictions from PowHEG+PyTHIA 8 for top-quark pair production (¢7) and
single-top production in association with a W-boson (+W). The bb4¢ MC sample is intended
to reduce modelling uncertainties in precision top-quark physics analyses with respect to the
modelling uncertainties associated with the #7+tW MC predictions. The impact of theoretical
modeling variations is evaluated and compared to the corresponding uncertainty estimate in
the ¢f simulation. The studied uncertainties include matrix-element scale variations, changes in
the PowHEG+PYTHIA 8 matching parameters, modification of the PyTHia 8 final-state splitting
kernel via ug variations, the use of parton distribution function (PDF) sets with an alternative
value of as(mz) and the inclusion of inverse width corrections in bb4{. These studies support
the development of a systematic uncertainty model for the bb4{ simulation.
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1 Overview

In this document, a collection of plots is presented, which is used to study the systematic modelling
uncertainty prescription associated with the nominal ATLAS bb4¢ Monte Carlo (MC) sample. The bb4¢
generator [1, 2] describes the full pp — bbttvel' vy process at next-to-leading order (NLO) in quantum
chromodynamics (QCD), thus incorporating top-quark oft-shell effects, interference between t7 and tW
production, top-quark decays, and spin correlations at NLO accuracy. In the bb4¢ process version used for
the ATLAS MC sample production, a code modification' in the finalisation of the hard scatter event is
applied to allow also same lepton-flavour combinations £ = ¢’.

Several ATLAS top-quark analyses are limited by the modelling uncertainties assigned due to the
approximate treatment of the top-quark off-shell effects and the interference between ¢ and tW production
in the nominal #f +tW ATLAS predictions, for example the recent top-quark entanglement analysis [3], the
tt production threshold analysis [4] or analyses using kinematic end-points, as the m?}mma" distribution,
which was unfolded in Ref. [5].

The nominal bb4¢ ATLAS MC sample is compared to the nominal #7 +tW ATLAS MC samples, describing
separately the 7 and tW production process. In the nominal ATLAS 7 MC sample, generated using the
PowsneG method [6, 7], the decays of the on-shell ¢7 pair are performed within PowHEG, which also includes
a Breit-Wigner smearing of the top-quark invariant mass to approximate off-shell effects. The nominal
ATLAS tW prediction approximates the interference between tf and tW production with the diagram
removal (DR) scheme [8]. In addition to the nominal ¢# +¢W prediction, two alternative MC samples are
typically considered to estimate uncertainties arising from the treatment of top-quark off-shell effects
and ¢#/tW interference. The first alternative MC sample models top-quark decays using MaDSPIN rather
than the internal PowHEG implementation [9], while the second compares the nominal DR scheme to the
diagram subtraction scheme (DS) approach for ¢7 +tW interference [10]. In contrast, these comparisons are
not needed if the bb4{ prediction is used.

The bb4¢, tt and tW processes are generated using the PowHEG method at a center of mass energy of
\/s = 13 TeV. The bb4(l process [1, 2] is implemented in the PowneG Box Res framework [11]?, while
the 77 and the W processes are simulated using the PowHec Box v2 framework [12]. Specifically, the ¢7
process uses the hvq implementation [13], and the tW process is modelled with ST_wtch_DR [14].

Depending on the final-state kinematics, each PowHEG generated bb4{ hard-scatter event has a resonance
history assigned. In the bb4¢-dl (beta) version used in this study, three possible resonance histories are
available: a t7, tWb and Wb resonance history [2]. For the bb4( generator, different central scale choices
(uo) for the renormalisation (1) and factorisation scale (ur) are applied depending on the resonance
history:

» For bb4¢ events, which are assigned a ¢f resonance history,

po = [(mf + pt.,) (m} + p3 )1'/* (1)

I The corresponding code changes can be found in https://gitlab.cern.ch/tjezo/powheg-box-res-bb4l-sl-beta/-/merge_requests/12.

2 For the bb4¢ MC sample generation, the allrad emission generation scheme is employed, which allows to generate multiple
PowHEG emissions per event: from the production and from the resonance decay processes. This setting is not available
for the on-shell generators (¢f and tW MC samples) discussed in this note, since only the production process is part of the
matrix-element calculation.



* For bb4( events, which are assigned a tW resonance history (tWb or fWb),
po = [(mf;+p3 D ms  +p3 5 'Y, 2

with the transverse momentum pr and the invariant mass m of the top- and anti-top quark, as well as
bottom and anti-bottom quark at the underlying Born level, meaning before the real emission in the
PownEeG framework.

In the #7 hvq simulation, the central scale is defined as

Ho = [PT, + Mg, 3)

where myp, is the invariant mass of the top-quark in the ME calculation, which is always equal to the
nominal value of m,p, = 172.5 GeV, since on-shell top-quarks are described in ME calculation. The
transverse momentum of the top-quark pt; is also evaluated at the underlying Born level. For the tW
process [14], also a dynamic scale choice is applied [10], given by

o = Hr/2, with Hy = \/mtz + p%’t + \/m%)v + p%,w(+p4). @

The transverse momentum of an additional jet p% is included in the Ht definition, if a real emission was
generated in the PowHEG framework.

In the PowHEG generation of these MC samples, the NNPDF3.0NLO [15] (as(mz) = 0.118) PDF set
is used and the top-quark mass is set to myp, = 172.5GeV. The POWHEG hgamp parameter is set to
hdamp = 1.5myp. While the ¢7 and tW predictions are obtained with a five flavour number scheme (SFNS)
calculation, the bb4¢ calculation is done within the 4FNS. Thereby, matching factors are applied to match
the 4FNS matrix element calculation to the SFNS PDF set [2].

All Powneg generated Les Houches events (LHEs) are interfaced with Pythia 8 [16, 17] in the nominal
MC samples for modelling of the parton shower and hadronisation, thereby using the A14 tune [18]. The
PyTHia 8 versions of the considered samples differ between the bb4¢ (8.312)%, the nominal hvq 7 ATLAS
sample (8.230), the hvq +MADSPIN +PyTHIA 8 #7 sample (8.309) and the W DR (8.309) and DS (8.307)
samples. It was verified that the usage of different PyTHiA 8 versions has a minor impact on the presented
distributions. The PowHEG-PyTHIA 8 matching parameter pdTef is set to 2 for all described MC samples.
While the default minimum PowHEG emission generation scale ptsgmin is set to 0.8 GeV? in case of the t7

and tW MC samples, in case of the bb4£ sample it is instead set to 1.44 GeV>*.

Different PyTHia 8 recoil strategies are used in the nominal ATLAS #7 + tW and bb4¢ MC samples, which
affect the emission pattern of the second and subsequent parton shower emissions from top-quark decay
products. While for the nominal ATLAS ¢7 + tW MC sample the recoil option recoil-to-colour is used, in
the case of the nominal bb4¢ sample instead the recoil-to-top option is applied, which should give rise

3 A source code change was included in the PytHia 8.312 version in ATLAS, which enables the recoil-to-top setting for bb4{
events and which is part of the official PyTHia 8.313 release.

4 This parameter was reset in the bb4¢ MC sample production in order to have a more comparable set-up between the PyTHia 8
and HeErwic 7 matched hard-scatter events, since the tuned parton shower cut-off scale for the previous HERwIG 7.2 version of
0.958 GeV is higher than the minimum pt generated by Pownec. This is not the case though for the newer HErwic 7.3 version
with a shower-cut off scale of 0.655 GeV [19]. A comparison of the nominal with an alternative bb4¢ MC sample, in which
the default value of ptsqmin= 0.8 GeV2 was used, showed that the parameter setting does not have a large influence on the
considered differential distributions.



to wider-angle gluon radiation [20]. To allow a more direct comparison between setups an alternative ¢
PownEG+PyTHIA 8 MC sample with the recoil-to-top setting and PyTH1A version 8.245 is also shown.

For all processes the EvTGEN program [21] was used to simulate the decay of the bottom and charms
hadrons. All distributions are normalised to their NLO+PS cross-section, which is calculated during the
event generation.

Two aspects of the bb4¢ MC generation are studied with dedicated MC samples:

* Inverse width correction [2]: In narrow-width approximation (NWA) calculations, top-quark
production and decay are treated as separate processes, as is the case in the ## and tW MC sample
generation. When integrating over the decay phase space of the full differential cross section,
doprodxdec> one should recover the production cross section dopreq to all orders of perturbation
theory. However, an additional contribution — known as the spurious width term — arises after
integration. This term is typically avoided in NWA calculations by using a perturbative expansion
of the inverse decay width 1/T'nro. A similar correction can also be applied in the context of full
off-shell calculations [2]. The use of these inverse-width or spurious-width corrections is particularly
relevant in the comparison of the off-shell bb4¢ calculation with the 7 +tW predictions, since
genuine effects from top-quark off-shell modeling and ¢#/tW interference can be disentangled from
spurious width effects. The nominal ATLAS bb4¢ MC sample is thereby defined without applying
the inverse-width corrections. The variation when applying the inverse width correction is evaluated
via event-weights in the nominal bb4¢ sample. Further, in Ref. [2] it is argued that the spurious
width corrections should follow a similar kinematic dependence as the NLO/LO K-factor in case
of narrow-width-approximation calculations. To study this in case of the bb4{ calculation, an
additional bb4¢ LO QCD sample was produced, which was matched to PyTthia 8.312 using the A14
tune without applying any NLO parton shower matching procedure and using the default PyTHia 8
settings Space/TimeShower :pTmaxMatch=0/1.

* Dedicated bb4¢ matching: A dedicated bbh4( parton shower matching procedure’ is required, since
up to three emissions per hard-scatter event can be generated by PowHEG in the allrad scheme used
in bb4{: an emission from the production, the top-quark and the anti-top quark decay. Consequently,
up to three matching scales have to be respected during the parton showering. The nominal bb4¢
+PyTHiA 8 and a bb4¢ +HErwiG 7.3.0 MC sample are compared to bb4{ +PytHiA 8 and bbAL
+Herwic 7 MC samples, which apply the standard PowHEG-PyTHIA or PowHEG-HERWIG matching as
done e.g. in the t# hvg MC sample. In the standard Pownec matching procedure only the matching
scale associated with the PowHEG emission from the production process is respected.

To study modelling uncertainties in the ATLAS bb4¢ MC sample and to compare to the corresponding
uncertainties in the ¢7 +tW or the tf MC sample, the following predictions are used:

* Matrix-element (ME) ug and yr variations: The ME scale variation uncertainty is evaluated via
event-weights in the nominal bb4¢, tf and tW DR MC sample.

* PyTHiA 8 splitting kernel variations [23]: The PyTHia 8 splitting kernel variation uncertainty is
evaluated via event-weights in the nominal bb4¢ MC sample. A 7 hvq +PyTtHia 8.307 MC sample
was produced with the same PowHEG and PyTHia settings as for the ¢# nominal MC sample, but also
including splitting kernel variation event weights.

5 The dedicated bb4¢ matching is implemented through a bb4¢ UserHook in PyTHiA 8 and a dedicated shared library in HErwiG 7,
similar to the implementation described in Ref. [22].



* Matching uncertainty: Additional MC samples are generated for both bb4¢ and tf hvq by only
changing the ph*® PowHEG+PyTHIA 8 matching parameter from the default value of 0, to the
alternative values of 1 and 2 [9]. Thereby, in case of the ¢ hvq +PyTHia MC sample, the newer
PytHia 8.306 version with respect to the nominal 77 hvg +PyTtHia MC sample is used. Another
bb4¢ MC sample is produced to evaluate the parton shower matching uncertainty in the top-quark
decay [22]. In this variation, effectively the definition of the transverse momentum (pr) of parton
shower emissions originating from the top-quark decay is changed from the PowHgc pt definition
used in the top-quark decay in bb4¢ (default) to the PyTHIA pT definition®. The pr definition of a
parton shower emission influences the parton shower matching, since this pr-scale is compared to
the matching scale.

* as in Pownec Sudakov: For both processes, bb4¢ and hvq, two new MC samples generated with the
NNPDF3.0 PDF set with as(mz) = 0.115 (LHADPDF ID 264000) and a5 (mz) = 0.121 (LHAPDF
ID 267000) are produced as suggested in [22], leaving the other MC generator settings unchanged
and using the PyTHia 8.312 version.

The histograms used to study the bb4¢ systematic uncertainty model are produced using RIVET [24].

To study properties of the particle-level b-jets, the publicly available RIVET routine MC_HFDECAYS [25] is
used, thereby showing the

* b-jet width, defined as the sum of the pt weighted distance of the particles in a jet to the jet-axis,
normalised to the pt sum of all particles in the jet

Yicjet P - AR(i, jet-axis)
Ziejet pr '

(&)

* the b-jet fragmentation function, defined as the fraction of the total three-momentum of the jet
carried by the b-hadron in direction of the jet Phad - Piet/ ﬁjzet.

Additionally, a RIVET routine targeting a typical ¢f phase space is considered. Dressed particle-level
leptons - obtained by adding prompt photons to the bare prompt lepton in a cone of AR = 0.1 - are required
to satisfy the transverse momentum cut pt > 20GeV and |n| < 2.5. Jets are defined by means of the
anti-k, clustering algorithm [26] with the radius parameter R = 0.4 using the FastJet implementation [27].
The particle level jets are required to satisty the kinematic cuts pt > 25GeV and || < 2.5. In the jet
clustering algorithm all stable particles with a mean lifetime greater than 0.3 x 107" s are considered,
except for the dressed prompt leptons and prompt neutrinos. An overlap removal procedure is applied at
particle level: lepton objects which are close to a reconstructed jet (AR (jet,lepton) < 0.4) are excluded to
obtain particle level selections which are more similar to typical detector level object selections. A jet is
identified as a b-jet, if a b-hadron with pt > 5 GeV is associated to the jet through the ghost-matching
technique from Ref. [28]. In the event selection, exactly two charged leptons are required (either ee, uu or
eu), which need to have opposite electric charge. Additionally, at least two b-jets need to be present in the
event. The top-quarks at particle level are reconstructed using the two hardest truth neutrinos from the
event record. The pairing of the two neutrinos and the two charged, dressed leptons that originate from
the same W decay is found by minimizing |mg,,, — 80.4 GeV| + [mg;,; — 80.4 GeV|. Then, the particle
level top quarks are constructed, by finding Wh-pairs which minimize the difference between my;, and
myp = 172.5 GeV. The following observables are considered:

6 This is achieved by setting ScaleResonance:veto=1 and FSREmission:veto=0 in the bb4¢ Pytaia 8 UserHook.



* Invariant mass of the two £b-pairs per event, which are closest in distance in AR - thereby first
combining the hardest b-jet with the closest charged lepton and requiring exactly two b-jets
(Np-jet =2)

* Invariant mass of the reconstructed top-quark, which is defined as the invariant mass of the {vb-pair
with the positively charged lepton ¢*

* Transverse momentum distribution of the second-hardest light jet, i.e. a particle level jet, to which
neither a b-hadron nor a c-hadron has been ghost-matched.

Additionally, without applying any event selection, one parton-level distribution is considered:

* Invariant mass of the last parton-level top-quark before the top-quark decay in the event record. This
definition does not include the parton-level anti-top quark.

In Figure 1(a), the invariant mass distribution of the reconstructed top-quark m;°“® is shown, in which

the m}*“°-peak is sensitive to the PyTHia 8 recoil-setting, while the influence of the top-quark lineshape
uncertainty (evaluated with the alternative hvg + MADSPIN + PyTHIA 8 MC sample) is visible in the full
reconstructed invariant mass range. In Figure 1(b), the invariant mass distribution of the £b-pair is shown,
in which the uncertainty in the ¢z + tW prediction for the high mp-tail is completely dominated by the

tt/tW-interference uncertainty - evaluated by comparing the ¢7 + tW DR to tf + tW DS prediction.

In Figure 2, the same mp-distribution is displayed, but showing the distributions obtained with the ¢, 17
+tW, bb4{ and only bb4¢ events which were projected onto a ¢7 resonance history. It is observed, that in
the high mj; phase-space region, the contribution of events from the tW sample and from bb4¢ events
projected onto a tW resonance history has increased importance.

Thus, also when regarding the matrix-element scale variations in the mgp-distribution - combined or
separately in the 17 and W like events - in Figure 3, the importance of the ME scale variations in the
tW events and bb4¢ events projected onto a tW topology increases for high mgp, - albeit still remaining
small.

In the b-jet property distributions shown in Figure 4 - the b-jet fragmentation function and the b-jet width
- the dedicated bb4¢ matching has a similar effect for both the Pythia and the HErwiG parton shower,
thereby validating the two independent implementations.

In Figure 5, the transverse momentum distribution of the second hardest light jet is shown, and its variation
when applying the pl{“rd matching uncertainty definition, which is in very good agreement between the
bb4f and hvq sample. The b-jet fragmentation functions obtained with the nominal bb4¢ MC sample
and its variation when applying the matching uncertainty in top-quark decay is shown in Figure 6. The
matching uncertainty in top-quark decays is only applicable in bb4¢ and was found to influence b-jet

properties.

In Figure 7, the b-jet fragmentation function is shown, as predicted by the bb4¢ and t7 +tW MC samples,
as well as showing the variation induced by the PyTHia 8 splitting kernel variations and by using a different
as(mz) value in the Pownec Sudakov. Additionally, the b-jet fragmentation function prediction of the
tt +tW MC samples is shown, using the 17 hvg MC sample with the recoil-to-top PyTHia 8 setting. This
comparison emphasizes that the bb4¢ and tf +tW b-jet fragmentation function predictions are in much
better agreement when using the same recoil-setting, as would be expected due to the large influence of
this parton shower setting on the b-jet fragmentation function. The ug variation in the PyThia 8 FSR
heavy quark gluon splitting kernels Q — Qg (Q € {t, b}) are the dominant splitting kernel variations in
the b-jet fragmentation function and the corresponding variation is significantly larger in case of the ¢



hvq +PyTH1A 8 compared to the bb4¢ +PyTHiA 8 prediction. Instead, when varying the as(mz) value
in the PowHEG Sudakov by using an alternative PDF set with a different ag(m ) value, only a variation
in the bb4¢, but not in the ¢f hvq prediction is observed. Thereby, the varied samples generated with
an alternative PDF set are compared to the prediction, which is obtained by reweighting the nominal
predictions to the same alternative PDF set. This event weight reweighting does not affect the PowHEG
Sudakov though, such that the above comparison only focuses on the variation of ag(mz) in the POWHEG
Sudakov, and not in the matrix element calculation of the so-called underlying Born configuration, which
is varied in both cases: when using the predictions obtained by explicity setting an alternative PDF set
or using event weight reweighting. The difference in the PowHEG a5 (m;) variation uncertainty can be
explained by the fact that in the /7 hvqg MC sample, the first gluon from a top-quark decay is always
generated by the PyTH1A 8 parton shower, making it sensitive to variations of the FSR splitting kernels. In
the bb4¢ MC sample, the first gluon emission from a top-quark decay can be generated in the PowHEG
event generation, rendering it less sensitive to PyTHiA 8 variations but sensitive to the ag(mz) value in the
PowHEG Sudakov factor. The variation in the first gluon emission from the top-quark decay would thus
partly be shifted from the PyTH1a 8 splitting kernel variations to the variations in the PowneG Sudakov
factor in case of the bb4¢ simulation. This interpretation seems also plausible since the shape of the FSR
(g variation in the PytHia 8 Q — Qg splitting kernel and the as(m ) in the Pownec Sudakov factor
in the b-jet fragmentation function is very similar, which would be expected if both variations describe
the same physical effect in the first emission from the top-quark decay, which can take place either in the
PyTHIA 8 or in the PowHEG framework in case of the bb4{ simulation.

The invariant mass distribution of the last parton-level top-quark in the event record and of the reconstructed
top-quark are shown in Figure 8. While the inverse width correction introduces a significant normalisation
and shape effect in case of the invariant mass of the parton-level top-quark - where the shape variation
follows the NLO/LO bb4¢ K-factor - for the reconstructed top-quark mass at particle level the shape
variation is strongly reduced. The variation in the overall normalisation due to the inverse width correction
was observed already in Ref. [2].

In conclusion, the bb4¢ MC sample removes the need for the top-quark off-shell effects and r#/tW
interference uncertainties that are applied to the ¢ +tW MC prediction, benefiting top-quark analyses,
which are sensitive to these modelling uncertainties. Systematic uncertainties evaluated with the same
prescription in bb4{ and tf +tW- as e.g. the matching uncertainty in the production process - lead to
similar uncertainty estimates in both predictions. While the usage of the multiple emission generation
scheme in bb4{ leads to dedicated uncertainties such as the matching uncertainty in top-quark decay and
the as(myz) variation in the PowHec Sudakov factor - which are not present in the ## +tW modelling
uncertainty recipe - the overall modelling uncertainties are expected to be reduced in the bb4¢ compared to
tt +tW predictions.
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Figure 1: Comparison of the predictions for (a) the invariant mass distribution of the reconstructed top-quark
(identified through the positvely charged lepton in the by pair) and for (b) the invariant mass distribution of the
{b-pair obtained through AR-pairing of the nominal ATLAS bb4¢ and ¢t7 +tW DR MC sample. Also, the comparison
to 7 +tW MC samples is included, which are used to evaluate the systematic uncertainties related to the 7/tW
interference (zf +tW DS), the top-quark line shape modelling (t7 hvq +MADSPIN +PyTHIA 8 + tW DR) and the
PytHia 8 recoil-scheme (¢7 hvq + PyTHia 8 recoil-to-top +tW DR = #7 (rT) + tW DR). The gray uncertainty band
is obtained by adding in quadrature the uncertainty estimates obtained with the lineshape and the interference
uncertainty w.r.t. to the nominal t7 +W DR ATLAS prediction and symmetrising the uncertainty. In the middle
panel, this uncertainty band is applied to the 77 () + tW DR prediction to be able to compare better to the bb4¢
prediction, which is produced with the same PyTHia 8 recoil scheme. In the bottom panel instead this uncertainty
band is applied to the nominal ATLAS ¢7 +tW DR prediction. The differential distributions are normalised to the
fiducial phase space, i.e. to the cross-section of all events passing the particle-level event selection. When using the
bb4¢ prediction as a nominal MC sample the ¢7/tW interference and the top-quark line shape uncertainty do not
need to be applied, since these effects are described at NLO QCD accuracy in the bb4¢£ ME calculation. This leads
to a significant improvement in the modelling uncertainties in the invariant mass distribution of the reconstructed
top-quark, in which the line shape uncertainty is significant and the high m,p-tail, in which the DR/DS interference
uncertainty is dominant.
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Figure 2: Comparison of the predictions for the invariant mass distribution of the £b-pair obtained through AR-pairing
of the nominal ATLAS bb4¢, tt +tW DR MC sample and the alternative t# +tW DS MC sample. Further, the
comparison of the prediction obtained only with 7 events (red dotted) or only with bb4¢ events which were projected
onto a tf resonance history (blue dotted) is shown. The differential distributions are normalised to the fiducial phase
space, i.e. to the cross-section of all events passing the particle-level event selection. The relative importance of tW
events in the 7 +tW prediction and bb4¢ events, which are projected onto a tW resonance history is enhanced in
the high mp-tail. This is in good agreement with the observation of an increased DR/DS interference uncertainty
(Figure 1(b)) and ME scale variation uncertainty in ¢tW-like events (Figure 3) in this phase-space region. Comparing
the fractions of ¢f events — taken either from the ¢7 sample in the ¢7 +#W prediction or from bb4¢ events projected
onto a tf resonance history — in ¢7 +tW and bb4¢ shows a similar overall trend. However, the 7 fraction in the 7
+tW DR prediction decreases more rapidly, while the 17 +tW DS prediction is in closer agreement with the ¢7 fraction
in bb4l.
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Figure 3: Comparison of the predictions for the invariant mass distribution of the £b-pair obtained through AR-pairing
of the nominal ATLAS bb4f and #f +tW DR MC sample. The envelope of the seven-point ME scale variation -
obtained by varying pr = Krpo and up = Kpup in all bb4¢ events and all 17 and tW events simultaneously by
(Kgr,Kr) € {(0.5,0.5),(0.5,1), (1,0.5), (1, 1), (1, 2), (2, 1), (2,2)} - is displayed as blue and red band for the bb4¢
and ¢7 +tW predictions, respectively, in all four ratio panels. In the second ratio panel, the envelope of the seven-point
ME scale variation is compared to varying Kg = Kr = 0.5 (K}g}”F, dotted) and Kr = Kr =2 (Kz/g;, solid) for all
bb4l events (blue) and all 7 +tW events (red). It is thereby shown, that the full seven-point ME scale variation is
well covered by the three-point ME scale variation. In the third ratio, this three-point ME scale variation uncertainty,
ie. Kg = Kp =0.5 (K}g}”F, dotted) and Kz = Kp =2 (Kz/g;, solid) is evaluated only for ¢f events in the 7 +tW
simulation stack and bb4¢ events, which are projected onto a 7 resonance history. In the bottom ratio pad, the same
comparison is done, but the three-point ME scale variation applied only onto tW events of the r7 +:W simulation
stack or bb4{ events, which are projected onto a tW resonance history. The increased importance of the ME scale
variation in tW events in the high mj-tail is in good agreement with the increased W fraction in this phase space
region in Figure 2. Further, the ME scale variation in tW events in the #f +tW and bb4{ predictions are in good
agreement, even though different central scale definitions are used and the bb4¢£ resonance history projectors rely on

LO matrix-elements [2].
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Figure 4: Comparison of the predictions for (a) the b-jet fragmentation function and for (b) the b-jet width of the
nominal ATLAS bb4¢ +PyTH1A 8 and the bb4¢ +Herwic 7 MC sample. Additionally, two MC samples in which
bb4l Pownec LHE events are matched to either PyTria 8 or HErwiG 7 are produced, in which the required dedicated
bb4¢ matching is not applied, but instead the default PowneG matching is used - which is applied e.g. in the 17
hvg MC sample. A dedicated bb4¢ parton shower matching is needed, since the allrad scheme was used in the
bb4¢ PowHEG event generation, which allows up to three emissions: POWHEG emissions from the production, the
top-quark and the anti-top quark decay process. Consequently, three different matching scales need to be respected
in the subsequent parton showering: While the emissions from the production process are vetoed via the default
Powsnec matching procedure, the emissions from the top-quark and anti-top quark decay are vetoed via the dedicated
parton shower matching. Thus, applying or not applying the dedicated bb4¢ matching influences especially b-jet
property distributions. Without the dedicated bb4¢ matching, typically more parton shower emissions from the
top-quark decay products are expected, and thus less b-hadrons with a large momentum fraction of the b-jet and
broader b-jets are simulated without the dedicated matching. Further, the influence of the dedicated bb4¢{ matching
is quite similar between the bb4¢ predictions matched with Pytaia and HErwig, validating the two completely
independent implementations of this bb4¢ matching procedure.
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Figure 5: Comparison of the predictions for the transverse momentum (p) distribution of the second-hardest
light jet of the nominal ATLAS bb4¢, tf and tf +tW PowHEG+PyTHIA 8 sample, using either the default matching
parameter pi™® =0 or varying this parameter to pf® =1 and ph*? =2 in the bb4( and 17 MC sample generation.
The corresponding matching uncertainty is defined by comparing the nominal sample ( pl%“d =0) to the varied MC
sample with p}Tlard =1. While the hardest additional jet in the event is expected to be mostly influenced by the hard
process generation, the second hardest light jet should be sensitive to the parton showering and matching. Further, the
hardest parton shower emissions are expected to originate from the production process, for which the same matching
procedure is applied in bb4¢ and t7. This explains the excellent agreement in the uncertainty estimate in bb4¢ and t7

obtained by varying the p%ﬁld parameter.
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Figure 6: Comparison of the prediction for the b-jet fragmentation function of the nominal ATLAS bb4¢ MC sample
and a bb4¢ MC sample, in which the matching in the top-quark decay is performed using the scale-resonance-veto
option of the dedicated PyTHia 8 UserHook, which implements the dedicated »b4¢ matching for PowHEG events
generated with the allrad scheme. Since this variation in the parton shower matching is only affecting emissions
from the top-quark decay products, especially b-jet distributions should be sensitive to this variation. This is indeed
found to be the case, shown here for the b-jet fragmentation function.
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Figure 7: Comparison of the predictions of the b-jet fragmentation functions of the nominal ATLAS bb4¢ sample, the
nominal 7 MC sample and the 7 MC sample generated with the recoil-to-top (rT) PyTHia 8 setting combined with the
tW DR sample. The FSR uncertainty bands for bb4¢ (blue) and 7 (red) displayed in the ratio panels are obtained by
varying pg in the separate splitting kernels (g — gg, ¢ — g9, ¢ — qg, O — Qg with Q € {¢, b}) and adding these
four variations in quadrature. The full FSR pg uncertainty bands are compared to the variation of ug only in the
FSR heavy quark splitting kernels (Q — Qg) in the second ratio panel (ysﬁﬁ_@g = 2up and yf:lRo;]Q_)Qg = 0.5u0).
In the lowest ratio panel, the PowHEG Sudakov variation uncertainty is shown, evaluated by taking the difference
between the nominal MC sample reweighted to the alternative PDF (with different as(mz) = 0.115 (solid) and
ag(mz) = 0.121 (dashed) value) to the MC sample explicitly generated with the alternative PDF set. The PDF
reweighting does not affect the Powne Sudakov factor as discussed e.g. in [22], while explicitly using a PDF set
with an alternative ag(mz) value during event generation does. The differences in these variations between the bb4¢
and 7 predictions are interpreted as originating from the differences in the generation of the first emission from the
top-quark decay: While the first emission from the top-quark decay products is always performed by the PyTHia 8
parton shower in the 1 MC sample, in case of the bb4¢ simulation this emission can also be generated by PowHEG
in the allrad emission generation scheme. Thus, in case of the 17 MC sample, the FSR PytHia 8 pur Q — Qg
splitting kernel variations influence the first emission from the top-quark decay - and thus from the b-parton from
the top-quark decay - strongly. But for the bb4¢ MC samples, this variation often only influences the second and
subsequent emissions from top-quark decay, while the first emission is sensitive to variations of the PowHEG Sudakov
factor. This interpretation is further supported by the fact the variations in the b-jet fragmentation function through
the FSR pg QO — Qg splitting kernel variations and through the as(mz) variations in the Pownec Sudakov are in
good agreement based on the comparison of the shape of ghe ratios.
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Figure 8: Comparison of the predictions of (a) the invariant mass distribution of the last parton-level top-quark in the
event record and of (b) the invariant mass of the reconstructed top-quark of the nominal bb4¢ and tf +tW ATLAS
MC samples. Further, the comparison of these predictions to the ones obtained by applying either the inverse width
correction weights in the bb4¢ MC sample or generating a LO bb4¢ MC sample, matched to the PyTHiA 8 parton
shower is shown. Applying the inverse width corrections in the bb4¢ simulation leads to a significant normalisation
difference, which is in agreement with the findings in Ref. [2]. The bottom panel displays the spurious width effects,
obtained as the difference between the nominal bb4¢ prediction and the bb4¢ predictions with the inverse width
corrections, i.e. with the spurious width effects removed. To construct a similar term as in Eq. (3.16) in Ref. [2], this
difference is divided by the bb4¢ LO prediction. It should be emphasized however, that in contrast to the predictions
in Eq. (3.16) in Ref. [2], the bb4¢ prediction does not correspond to a narrow-width approximation calculation.
Especially in the invariant mass distribution of the parton-level top-quark, a pronounced shape variation is observed
when applying the inverse width correction. The shape variation in the spurious width effects in the bottom panel
does follow the shape of the differential bb4¢ NLO/LO K-factor. In Ref. [2] it was stated, that the spurious width
effects are expected to follow the differential NLO/LO K-factor in narrow-width approximation calculations. This
comparison of the spurious width terms and the NLO/LO K-factor in the parton-level top-quark invariant mass
distribution is not affected by the different parton shower matching when interfacing NLO or LO bb4¢ events with
PyTHia 8. Instead, this would affect the invariant mass of the reconstructed top-quark at particle level. Still, this
distribution is interesting to study, as it is found, that the shape variation induced by the inverse width corrections is
strongly reduced.
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