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Hadronic production of top-quark pairs in association with a pair of leptons
in the POWHEG BOX framework
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We present an implementation of /7£7¢~ (£ = e, u) hadronic production at next-to-leading order in
QCD matched to parton-shower event generators in the POWHEG BOX framework. The program we
developed includes all leading-order contributions of order aZa? for the specified final state, as well as the
corresponding first-order QCD corrections. Decays of the top quarks have been simulated retaining
spin-correlations in all tree-level matrix elements. We consider the case of the Large Hadron Collider at
\/s = 13 TeV and compare results for 7+ #~ production in the fiducial volume where the invariant mass
of the lepton pairs is centered around the Z-boson mass to corresponding predictions for #7Z on-shell
production with Z — #*¢£~. We find that off-shell effects in #7£+#~ are in general small at the level of
the total cross section, but can decrease the tail of the leptons’ transverse momentum distributions by
10%—-20% and, in these regions, they are visible beyond the scale uncertainty due to renormalization and
factorization scale variation. Moreover, we find that accounting for top-quark decays in the narrow-width
approximation with tree-level spin correlations also gives origin to 10%—20% effects in specific regions of

the kinematic distributions of the #727#~ decayed final state.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) provides
energies and luminosities high enough to produce an
unprecedented number of top quarks. As a top-quark
factory, it constitutes an ideal environment for exploring
the properties of the heaviest known elementary fermion to
date. While several intrinsic properties of the top quark are
accessible in top-quark pair production (pp — tf), the
production of top quarks with electroweak (EW) massive
gauge bosons (tW as well as 1+ V for V= W* Z)
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strongly probes the consistency of the Standard Model
(SM) through a comprehensive set of top-quark production
measurements and can be crucial to constrain new physics
beyond the SM. In particular, while single top-production
(tW) gives access to the top-quark coupling to W* bosons,
its coupling to the Z boson can best be probed in f7Z
associated production. At the same time, the production of
fiIW* and t7Z are important backgrounds in the measure-
ment of the associated production of the Higgs boson with a
top quark pair (pp — ttH) as well as more generally in
searches of new physics which involve final states with
multiple leptons and b jets.

Cross sections for the f#W* and {7Z production processes
measured at the LHC with center-of-mass energy /s =
13 GeV by the ATLAS [1-3] and CMS experiments [4,5]
tend to be in agreement with SM expectations, but are
plagued by relatively large statistical and systematic uncer-
tainties. A crucially limiting factor in the analyses is due to
theoretical uncertainties. The expected improvement of

experimental accuracy in the upcoming LHC Run 3 and
the future LHC high-luminosity run (HL-LHC) will unfold

Published by the American Physical Society
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its full potential only if accompanied by a corresponding
improvement in the precision of theoretical predictions and
simulation tools.

Providing the means to identify effects of new physics in
deviations of measurements from SM expectations not only
requires precise theoretical predictions for benchmark
observables in the context of the SM and representative
scenarios for its extensions, but also a realistic assessment of
systematic uncertainties in experimental analyses and theo-
retical calculations. Such uncertainties include unknown
perturbative corrections (beyond the orders in the strong and
electroweak couplings considered in a calculation), non-
perturbative effects (which are typically estimated using
some generic models), and intrinsic uncertainties of the
simulation programs used. In particular the latter can only
be quantified by a comparison of conceptually different
implementations.

Several precise predictions and simulation tools for the
hadronic production of top-quark pairs in association with
weak gauge bosons are available. Results for the corre-
sponding total and differential cross sections including
next-to-leading order (NLO) QCD and EW corrections
have been presented in [6-11] for ##7W* and in [8,9,12,13]
for t1Z, respectively.1 Soft-gluon resummation effects up to
next-to-next-to-leading logarithms (NNLL) have been
studied in [15-21]. Furthermore, the modeling of f#W=
and ffZ events have been improved by interfacing fixed-
order NLO QCD calculations with parton showers (PS) in
several studies [7,11,22-25] based either on the POWHEG
[26,27] or Mc@NLO [28,29] methods. Some of these
frameworks also provide extra functionalities such as
the simulation of top-quark decays including spin corre-
lations at leading order (LO) accuracy [11,23-25] and a
systematic treatment of higher jet multiplicities via multijet
merging techniques [11,24].

Calculations also exist which take NLO QCD effects and
off-shell effects in the decays of the top quarks and/or W*
bosons into account [6,30-33]. While fixed-order NLO
QCD corrections in both production and decay of the top
quarks and Z boson have been taken into account for
instance in [34-36], a full study of off-shell effects in the Z
boson’s decay modes to charged fermions is still missing. It
is our goal in this paper to study the pp — 1i£T¢~ process
(with #* denoting either e* or y*) including both resonant
and nonresonant Z- and photon-induced contributions, and
explore their impact on experimentally accessible quantities
such as angular correlations of the decay leptons £ and £~
Our study includes all LO contributions of order a?a? for
the specified final state, as well as the corresponding first-
order QCD corrections. Moreover, we aim at presenting a
dedicated Monte Carlo program allowing not only the

'A review and comparison of fixed-order results has also been
presented in the 4th report of the LHC Higgs Cross Section
Working Group [14].

calculation of NLO QCD corrections to the pp —
ft¢ "¢~ production process, but also providing the option
of taking into account decays of the top quarks with full
tree-level spin correlations in the narrow-width approxima-
tion, using the method of Ref. [37].

Furthermore we have implemented the NLO QCD
calculation of this process in POWHEG BOX [38], which
provides an interface to general-purpose Monte Carlo PS
event generators such as PYTHIA and HERWIG using the
POWHEG method [26,27]. For completeness, we have also
developed an independent implementation of pp — t1Z at
NLO QCD matched to PS using the POWHEG method in
POWHEG BOX, and will describe the implementation of both
processes in the course of this paper. We notice that for the
first time the implementation of both processes will be
available as part of the POWHEG BOX-V2 repository, which
also includes processes such as pp — t1H [39,40]. This will
allow to generate both signal and background events in a
consistent framework for studies of Higgs-boson associated
production with top-quark pairs. We hope that the tools
described in this paper will help in the analysis and
interpretation of data collected by the ATLAS and CMS
experiments in upcoming LHC runs and will facilitate the
study of residual modeling uncertainties [41,42].

This article is structured as follows. In the next section
we explain the implementation of the #7£"#~ production
process in the POWHEG BOX framework, while detailed
numerical studies are presented in Sec. III. We summarize
our findings in Sec. I'V.

II. IMPLEMENTATION

We consider the production of the #7£#~ final state in
proton-proton collisions (pp — #£7¢~, with £ = e, u) and
calculate the corresponding cross section up to NLO in the
strong coupling a, and at LO in the EW coupling o, i.e., we
consider LO contributions of order a?a’ and NLO QCD
contributions of order a’a?. As illustrated in Fig. 1, both Z
and photon (y) contributions are retained and the effect of
both contributions and their interference will be discussed
in Sec. III. Since we assume both electrons and muons to
be massless, the calculation for both cases is the same.
Representative diagrams are shown in Fig. 1 for both LO
contributions (top row) and real and virtual NLO QCD
corrections (bottom row). As part of our study we also
consider the corresponding production of an on-shell f7Z
final state (pp — (1Z) followed by the Z-boson decaying
into a pair of charged leptons (Z — ##~) and calculate it at
the same perturbative order (i.e., O(aZa) for 7Z production
and O(a2a?) when including the decay of the Z-boson).”

“In order to test our pp — t1Z implementation, we compared
results obtained with our code for f7Z production to results
presented in Ref. [14]. Using the setup of Ref. [14], we find
excellent agreement at fixed-order NLO QCD for both total and
differential rates.
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FIG. 1. Representative Feynman diagrams for quark- and
gluon-induced contributions to the pp — ti£T¢~ process. The
top row illustrates examples of processes that contribute to the LO
QCD cross section at order aa?, while the bottom row provides
examples of real-emission (bottom left) and virtual (bottom right)
NLO QCD corrections.

For the implementation of the pp — i£"¢~ and
pp — ttZ processes in the framework of the V2 version
of POWHEG BOX, we resort to a combination of existing
tools and tailored building blocks. While POWHEG BOX
provides all process-independent elements of the matching
of an NLO QCD calculation to parton-shower event
generators, it requires process-specific input from the
developer such as the flavor structure of the given process,
a parameterization of its phase space, the hard-scattering
matrix elements squared at LO, the NLO virtual corrections
and real-emission amplitudes squared, as well as spin- and
color-correlated amplitudes for the construction of infrared
subtraction terms according to the Frixione-Kunszt-Signer
(FKS) scheme [43].

In order to build the required tree-level amplitudes,
subtraction terms, and flavor structure for the pp —
(¢~ and pp — tiZ processes, we rely on standard
features of POWHEG BOX based on MadGraph 4 [44]. We
provide the required f7£T#~ phase-space parametrization
with the option of mapping the Z-boson resonance if the
selected fiducial volume of a given study is limited to events
where the invariant mass of a pair of opposite-sign same-
flavor leptons is restricted to a narrow region around the Z-
boson mass. Virtual corrections are computed with the help
of the one-loop provider NLOX [45,46], where we employed
the complex-mass scheme [47,48] for the 17£+¢~ calcula-
tion. The interface that ensures the correct calls of the NLOX
amplitudes within POWHEG BOX, as well as the transfer of the
necessary input parameters, has also been developed.

While the cross section for the #7Z production process is
finite at Born level without any phase-space restrictions, the
cross section for the 777 ¢~ final state exhibits a collinear
singularity already at tree level because of a photon of
vanishing virtuality splitting into an #*#~ pair of massless
leptons, cf. the photon-exchange diagrams in Fig. 1.

Experimentally, such configurations are of little interest
since measurements are typically performed by imposing
a cut on the invariant mass of the lepton pair (M ,+,-) that
favors configurations where the lepton pair originates from a
decaying Z boson (rather than a photon of low virtuality). To
exclude this singular phase-space region, we implemented a
generation cut on the invariant mass of the £7#~ pair,
M‘;‘i“f,, which is imposed at the level of the Born phase-
space generation. In the absence of QED shower effects, any
analysis cut on the invariant mass of the £*#~ system has to
be chosen at least equal to M ;‘i‘}_ . The results presented in
Sec. III have been obtained with M‘;’i‘}, = 10 GeV and an
analysis cut of mz — 10 GeV < M+ ,- < mz + 10 GeV.

The most basic version of our implementation treats the
top quarks as stable particles. Decays of the top quarks, for
instance via the chain t - W*b — ¢ Tv b, can in princi-
ple be simulated in the narrow-width approximation after
the event-generation stage by using the decay feature of a
multipurpose Monte Carlo event generator like PYTHIA.
However, such a simulation of the top-quark decays is
limited to the spin-averaged case and cannot provide
information on correlations between the production and
decay part of the full pp — (£ wpb) (¢ Dpb)f+ ¢~
process.

In order to partially overcome these limitations, we also
introduce the possibility of retaining the correlations
between production and decays of the top quarks, in the
narrow-width approximation, applying the method of
Ref. [37]. Implementations of this method in the context
of POWHEG BOX can be found in related processes such as
tt+jet and tfH production [39,49]. Inspired by these
examples, we proceed as follows. In a first step, the program
internally generates events at NLO QCD accuracy for
fi¢ ¢~ final states with stable top quarks. Subsequently,
decays of the top quarks into bottom quarks, leptons, and
neutrinos are simulated according to a probability deter-
mined by tree-level matrix elements for (t - £"Tv,b)(7 —
£'~0pb) ¢+ ¢~ (+jet) production. The corresponding matrix
elements have been obtained with MadGraph 5 [50]. In this
way, the full tree-level spin correlations between production
and decay are retained in the soft and collinear regions as
well as in the real-emission matrix elements. For more
details on the method and its implementation in POWHEG
BOX, we refer the interested reader to the original publica-
tions of Refs. [37,49].

III. NUMERICAL ANALYSIS AND RESULTS

In the following, we explore the capabilities of the
program we developed and present some representative

*We notice that, depending on the choices made at the parton-
shower and analysis level, the relation between analysis and
generation cut on M+ ,- could vary and the user should adapt it
on a case by case basis.
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phenomenological results for the LHC running at a center-
of-mass energy of 13 TeV. For illustration purposes, we
specialize our discussion to the case of pp — ffete™ and
consider the top and anti-top decays r— u'v,b and
- ﬂ_ﬂﬂl_ﬂ. As explained in Sec. II, our POWHEG BOX
implementation also allows to consider other choices for
the leptons coming from ¢7£ "¢~ production and top/antitop
decays, with the obvious caveat that the corresponding
selection of events (i.e., the selection of the final-state
fiducial volume via a set of cuts on final-state particles)
needs to be modified accordingly.

The effect of NLO QCD corrections on ffe*e™ produc-
tion will be presented in Sec. III A for both total and
differential distributions, considering a variety of kinematic
observables. In particular, we will discuss the charge
asymmetry of the f7 system. In order to identify the
observables that are most affected by off-shell effects and
the interplay between Z and photon resonant channels in
ftet e~ production, in Sec. IIIB we will compare our
findings to the corresponding results obtained from #7Z
on-shell production matched, in the narrow-width approxi-
mation, to the decay of the Z boson into an e*e™ pair as
simulated by the decay feature of PYTHIA, the PS
Monte Carlo event generator adopted in our study, where
spin-correlation effects are not taken into account. In
Sec. I C we present an assessment of the effect of spin
correlations in the pp — tie™e™ process, where we com-
pare the two options of top-decay modeling available in
our implementation. We end the section by comparing our
most complete modeling of the process, pp — tieTe™
with spin-correlated top decays, against the simplest one,
pp — ti(Z - eTe”) without spin-correlated top decays.

The results presented in this section have been obtained
using the CT18NLO set [51] of parton distribution func-
tions (PDF) as implemented in the LHAPDF6 library [52],
corresponding to a,(my) = 0.118 for five massless quarks.
For the EW input scheme we use the G, scheme where the
Fermi constant G, and the masses of the Z and W bosons
(mz, my) are input parameters, and the electromagnetic
coupling constant a is computed via the tree-level relation:

a

— .
For our study we choose the following values for the EW
input parameters [53]:

m, =91.1876 GeV,  my = 80.379 GeV,
G, = 1.166378 x 1075 GeV~2. (1)

The widths of the Z and W bosons are set to [53]:

I, =24952 GeV, Iy =2085GeV, (2)

while for the top-quark mass and width we use [53]:

m, = 172.76 GeV, I, =1.42 GeV. (3)
We define the renormalization and factorization scales as
multiples of a central scale y according to ur = Erpo and
up = Eppo with variation factors &, and &g, and consider
both the case of a fixed central scale:

2m; +m
Hoz%v (4)

and the case of a dynamical central scale:

My (e"e”) + Mr(1) + Mr(7)

Ho = 3 ) (5)

based on the transverse masses of the top quark and
antiquark, and of the eTe™ system, where the transverse
mass M (i) of a particle or system of particles i is obtained
from its (invariant) mass m; and transverse momentum,

Dr.i> Via
My (i) = \/m? + p7,. (6)

In our 77e* e~ implementation, M (e™e™) is computed from
the momenta of the et e~ system, while in the #7Z code it is
determined by the momentum and mass of the Z boson. All
results in this paper include a renormalization and factori-
zation scale uncertainty obtained by a seven-point scale
variation, i.e., by independently setting the scale factors &g
and &g to the values 1, 1 and 2 while excluding the
combinations (&g, &) = (3.2) and (&r, &) = (2.3). As
we will see in Sec. IIl A, the two scale choices give very
similar results and in presenting the results of Secs. III B
and III C we will consider only the fixed scale choice of
Eq. (4), unless otherwise specified. In estimating the
theoretical uncertainty of the results presented in this paper
we do not include PDF uncertainties since, based on studies
of ttZ production (see e.g., [14]), they are at the moment
subleading compared to residual uncertainties from scale
variation.

Our POWHEG BOX implementations provide event files in
the LHA format [54] that we subsequently process with
PYTHIA8.240 [55] using the Monash 2013 tune [56]. For
our simulations we deactivate multiparton interactions
(MPI) and hadronization effects and switch off QED
showering.

If not specified otherwise, in our phenomenological
analyses cuts are imposed on the transverse momentum
and pseudorapidity of the electron and positron of the
ttete™ final state,

ps. > 10GeV, || <25, (7)
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and on the invariant mass of the e*e™ system, restricting it
to a window around the Z-boson mass, i.e.:

my;—10 GeV < My+p- <my+10 GeV.  (8)

When decays of the top and antitop quarks are taken into
account, namely ¢ — yu*v,b and 7 — /4‘17”5, the following
additional cuts on the muons’ transverse momenta and
pseudorapidity are also imposed,

pr > 10 GeV, | < 2.5. 9)

A. Features of the NLO QCD corrections to
#f* ¢~ production

In order to assess the theoretical uncertainty of our fixed-
order predictions, we consider total and differential cross
sections for pp — fieTe™ after the lepton cuts of Egs. (7)
and (8) have been applied and investigate the impact of
NLO QCD corrections and their dependence on the
renormalization and factorization scales. First of all we
notice that total cross sections show a very mild depend-
ence on the nature of the renormalization and factorization
scales. Choosing the fixed scale of Eq. (4) we obtain the
following LO and NLO QCD cross sections:

o0, =15973, b,
oBLO. = 21,973 o, (10)

while the corresponding results when using the dynamical
scale of Eq. (5) are

o0, =158737 b,
MO =221732 1, (11)

where LO and NLO QCD results have been calculated for
the same choice of NLO PDF and a, while the quoted
uncertainties are from renormalization and factorization
scale variation, as discussed in the beginning of Sec. III.

Figures 2-5illustrate the differential distributions of a
variety of observables built from the momenta of the top
quarks at LO and NLO QCD. In each figure the upper panel
shows LO and NLO QCD results for a given distribution
using the fixed scale of Eq. (4) and the corresponding
uncertainty band obtained from scale variation, while the
middle and lower panels give the bin-by-bin ratios of NLO
QCD versus LO results (i.e., the so-called differential K
factor) obtained using the fixed and dynamical scale
choices of Eqgs. (4) and (5), respectively. In general, the
middle and lower panels in Figs. 2-5show a very similar
behavior when considering either a fixed or a dynamical
scale, even at the differential level, and well summarize
the impact and residual perturbative uncertainty on the

0.08 T T T \ T
. : ttete™, NLO BEEREE
% 0.06 tfejL677 LO BB |
g fixed scale
2 0.04 [BEE .
- ,
35 0.02 4 i
S ]
0 ! ! ! ! ! !
400 500 600 700 800 900
e}
2
o
|
Z.
Q
2
Q
|
Z 1 C | | | | | |
400 500 600 700 800 900
M (tt) [GeV]
FIG. 2. TInvariant mass distribution of the 7 pair in r7e*e”

production at LO (blue) and NLO QCD (red) accuracy.

theoretical prediction for 7£"#~ production including
NLO QCD corrections.

More specifically, in Fig. 2 we see that the NLO QCD
corrections to the invariant mass distribution of the 7
system (M(t7)) are quite large and uniformly affect the
corresponding LO results over the extended range consid-
ered in Fig. 2. On the other hand, as illustrated by Fig. 3, the
transverse momentum distribution of the ¢7 system (p (7))
receives larger NLO QCD corrections in the high-py
regime, where the scale uncertainty is also larger. A similar
behavior has been previously observed in calculations of
W+ production [25]. In contrast, the p; distribution of the
top quark (py(t)) receives larger NLO QCD corrections in
the low py region. Both the variation of the relative NLO
QCD correction and of its scale uncertainty throughout the
shown transverse momentum range are less pronounced for
the top quark than for the 77 system. The case of p(¢7) and
pr(t) distributions is also the only case in which we notice
a mild difference between using a fixed and a dynamical
renormalization and factorization scale. Using a dynamical
scale seems to enhance the effect of NLO QCD corrections
in the high-p;(#7) region, while it gives a more uniform K
factor in the case of the py(¢) distribution.

For the top-quark rapidity (y(#)) and the rapidity differ-
ence of top quark and antiquark (Ay(z, 7)), shown in Fig. 4,
the relative NLO QCD corrections become larger for higher
values of y(r) and Ay(r,7), and the associated scale
uncertainties also increase with the absolute value of the
rapidity or rapidity difference. Figure 5 shows the distri-
bution of the azimuthal-angle difference (A®(z, 7)) between
the momenta of the top quark and antiquark. We observe
larger relative NLO QCD corrections and larger scale

014001-5
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m=s

NLO/LO NLO/LO

3
2
1
3+ dyn‘atmical s‘cale
2
1
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pr (tf) [GGV]

FIG. 3.
implementations at LO (blue) and NLO QCD (red) accuracy.

uncertainties for both scale choices in the low Ag(f7)
region than at high values of A¢(¢7).

Finally, we consider the charge asymmetry of the 7
system. In processes involving top-quark pairs, charge
asymmetries of the ¢7 system or its decay products have
received considerable attention (see, e.g., Ref. [23] for the
case of tfW production) for constraining effects of physics
beyond the SM. In particular, the charge asymmetry A, is

C L T T T ]
10 ttete™, NLO
—_— 8L ttete™, LO i
ﬁ 6 fixed scale
=
ol
S5 4
=
2
0 =
o 22 ‘ﬁxed écale | | | | | A
218 "“E
S 14 5
z 1
8 2.2¢ ‘dynan‘nical s‘cale | | | |
= 1.8E
S 1.4f #
Z 1 Il Il Il Il Il Il I

3 -2 -1 0 1 2 3
Ay(t,t)

'S‘ -
)
S fixed scale A
~
é -
O |
= -
55 100 200 300 400 500
8 2:0 L fixed scale | ‘ ‘ T ]
~~
[}
s
Z |
5 25 — ‘
= 201+ dynamical scale
Q )
s
“ 1 - . ! L 1 1
0 100 200 300 400 500

pr(t) [GeV]

Transverse-momentum distribution of the 77 system (left) and of the top quark (right) obtained with our ffeTe™

sensitive to differences in the absolute values of the rapidity
distributions of the top quark and antiquark,

Ay = |yl = |yil- (12)
With 6(Ay; > 0) [6(Ay; < 0)] denoting the part of the
full cross section within a given set of cuts with positive

[negative] values of Ay this charge asymmetry is
defined as

)
I~
=
o
|
Z
o
I~
=
o
—
Z

FIG. 4. Distribution of the rapidity separation of the top and antitop quark (left) and of the top quark (right) obtained with our z7e™ e~

implementation at LO and NLO QCD accuracy.
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= 20
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=~ 15+
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Q
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~
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@)
|
~
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S|
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FIG. 5. Distribution of the azimuthal angle separation of the top
from the antitop obtained with our fZe* e~ implementations at LO
and NLO QCD accuracy.

~0(Ay; > 0) —o(Ay; <0)

A, = ,
o(Ay; > 0) +o(Ay; <0)

(13)

where the cross section for each term in the numerator
and denominator is evaluated at NLO QCD accuracy.
While each of the entries in this quantity can be sizable,
large cancellations between cross-section contributions
with rapidity differences of opposite sign result in rather
small values of A., which makes the numerical calcu-
lation of the asymmetry challenging. We note that a
similar trend in the simulation of the charge asymmetry
was reported in the context of /7 and ¢7 + jet production at
the LHC in Ref. [57] and Ref. [49], respectively. As
discussed in Ref. [57], for instance, the definition of A, of
Eq. (13) introduces contributions beyond NLO QCD
which are not under control. This can be avoided by
expanding A, consistently up to O(a,) which yields

GNLO
ttete”
c 10 ( 1 4)
ftete”

A=A

with the unexpanded charge asymmetry A, of Eq. (13)
and the inclusive ffeTe™ cross section at NLO QCD
(6N0_) and LO (%2, ) accuracy. For the unexpanded
charge asymmetry of Eq. (13) and the expanded charge
asymmetry of Eq. (14) in ffete™ production, we find
using the fixed scale of Eq. (4):

A =0841008%,  AZ =115101%, (15)

and for the dynamical scale of Eq. (5):

4 L ‘
fixed scal ttete™, AS®
_ 3L xXed scale tt—eJ’,e,,Ac -
X oL 7
o = :
< 1
0
1 1 1 1 1 1 1 1
350 400 450 500 550 600 650 700 75
4 F T T T T T T T ]
q cal scal ttete™, A" R
_ 3 CYRAMHICASEA ypete— A, BEEER
X ool i
< 1t -
0
1 1 1 1 1 1 1

1
350 400 450 500 550 600 650 700 75
M (tt) [GeV]

FIG. 6. The expanded charge asymmetry AS*(M,;) (red) and
unexpanded charge asymmetry A.(M ;) (blue) for the fixed (top)
and dynamical scale (bottom) choice as functions of the invariant
mass of the 77 pair in ffe™ e~ production.

A, =074708%,  AF =1.04700%.  (16)
As illustrated by Fig. 6, where the charge asymmetry is
shown as a function of the invariant mass of the 7 system,
the scale uncertainty is smaller for A¢* than for A, for both
the fixed and dynamical scale choices. This is expected
due to the consistent matching of perturbative orders in
the expanded expressions for the asymmetry. We there-
fore recommend to use the expanded charge asymmetry
when comparing with a measurement of A. even though
the unexpanded and expanded charge asymmetries are
compatible within their respective scale uncertainties.

B. Assessment of off-shell effects in the Z* ¢~ system

After having established the main theoretical uncertainty
of NLO QCD predictions for 17£+7¢~ production, we
explore the sensitivity of 7£7¢~ results to off-shell and
lepton spin-correlation effects through a comparison of
fiete~ with 1iZ on-shell production matched, in the
narrow-width approximation, to Z — ete™ via the
PYTHIA decay feature. We consider observables involving
the momenta of the Z boson’s decay leptons and compare
results obtained from our fZete™ and 17Z implementations.
In both cases top and antitop quark’s decays (t — u*v,b
and 7 - ,u‘z'/ﬂl_)) are treated using the decay feature of
PYTHIA, since we first aim at isolating effects arising only
from spin-correlations and off-shellness of the leptons not
coming from top-quark decays.

The tiet e~ implementation fully accounts for off-shell
contributions and spin correlations in diagrams where a Z
boson decays into an e e pair, and also includes diagrams
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0.8
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FIG. 7.
(red) implementations, respectively, at NLO + PS accuracy.

where the lepton pair stems from a photon rather than a Z
boson. While the e e~ final-state system is described with
full NLO QCD accuracy in our tfe*e™ implementation, in
the 17Z program decay products of the Z boson can only be
accounted for when event files providing momenta for the
1tZ system are processed with a multipurpose Monte-Carlo
event generator like PYTHIA, capable to simulate decays of
on-shell particles with no spin-correlation effects at LO
accuracy. Such an approach does not capture off-shell
effects or spin correlations in the decay and, moreover,
entirely neglects contributions to the t7e™ e~ final state due
to diagrams where a photon is exchanged rather than a Z
boson. A detailed comparison of observables that might be

10_2 ‘ ‘ T T T T
'; tt_e+6_7 NLO+PS
8 Z(e+€_), NLO+PS
z 107
J¢ 1074
SIE
&
% 10_5 ‘ . : L I I I
0 50 100 150 200 250 300 350
1.2
s
iy 1 o
Toost

0 50 100 150 200 250 300 350
pr(e”et) [GeV]

FIG. 8.

10_2 T T T T T T
ttete™, NLO+PS
S b, (tZ(ete™), NLO+PS
(5 =5
U &
~
=}
i,
S5
<
10—5 I I I I I I I 7
0 50 100 150 200 250 300 350
- 19l T T T T T T T ]
I o
+:t 1
\:j‘\N'/
= 0.8

0 50 100 150 200 250 30
pr(e”) [GeV]

Pseudorapidity (left) and transverse-momentum distribution (right) of the electron obtained with our 77Z (blue) and ffe™e™

particularly sensitive to such effects reveals that the two
implementations differ in specific regions of phase space,
as illustrated in Figs. 7-9. It is interesting to notice that such
effects are visible even if we restrict the fiducial volume to a
window region around the mass of the Z boson by using the
cut of Eq. (8). Since the features observed in Figs. 7-9
could be due to both off-shell effects and spin-correlation
effects, we have then tried to establish their main origin by
studying the dependence on the cut imposed on M +,-. We
noticed that such features very mildly depend on requiring
that M-, > M™" when M™"_ is varied from 10 to
80 GeV at the analysis level, while keeping the correspond-
ing generation cuton M ,+,- at 1, 5, or 10 GeV. We interpret

0.16 +
0.14
0.12
0.10

RRERRIIRILZS —
Fetotetetete% %% %!

T T T
ttete~, NLO+PS
ttZ(ete™), NLO+PS

RRRERIIRILS
Fetetetetetet s %a%! .

=5 [

dA¢(e—

tiete™
ttZ(ete—)

Transverse-momentum distribution of the e e~ system (left) and azimuthal angle separation of the electron from the positron

(right) obtained with our #7Z (blue) and tfe*e™ (red) implementations, respectively, at NLO + PS accuracy.

014001-8



HADRONIC PRODUCTION OF TOP-QUARK PAIRS IN ...

PHYS. REV. D 106, 014001 (2022)

T
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ttZ(ete ), N

RRXXIIIIIXS —
Ye8e%e%e%% % et %!

e
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ttZ(ete—)

T T T T T T T
tteTe™, NLO+PS
tiZ(ete™), NLO4PS

1.5 2 25 3 35 4
AR(e™,e™)

FIG. 9. Distribution of the pseudorapidity separation (left) and AR separation of the electron from the positron (right) obtained with
our t7Z (blue) and tieTe~ (red) implementations, respectively, at NLO + PS accuracy.

this as an indication that the features seen in Figs. 7-9 are
mainly due to spin-correlation effects.

The following discussion is based on NLO + PS results
obtained with PYTHIA. The electron cuts of Egs. (7)
and (8) are applied. The corresponding total cross
sections including scale uncertainties for the fixed scale
choice of Eq. (4) are

NLO+PS __ 0'274+O‘025 fb

iZ(ete™) —-0.030
oNLOTPS = 026110054 b, (17)

and for the dynamical scale of Eq. (5) we find

NLO+PS _ 0'275-&-0.028 fb

iiZ(ete™) —0.031
Tere = 026415057 fb. (18)

We present results for the pseudorapidity ((e”)) and
transverse-momentum (pr(e~)) distributions of the elec-
tron in Fig. 7, the transverse-momentum (pr(e"e™)) and
azimuthal-angle separation (A¢(e™,e™)) of the ete”
system in Fig. 8, as well as its pseudorapidity separation
(An(e=,e")) and AR separation (AR(e™,e")) in Fig. 9,
where AR(£~,¢7) is defined in terms of A¢ and An of a
generic £~¢7 pair as:

AR(£~.6%) = \JAGA (e~ 04) + Mp(e=.6). (19)

The differential distributions obtained with our ffe™e™
and t7Z implementations and shown in Figs. 7-9agree
within the scale uncertainty band in most regions of phase
space. However, there are substantial effects of the order
of 10%—-20%, visible outside the scale uncertainty band,
most notably in the high-p; region of the electron/

positron transverse-momentum distribution as illustrated
in Fig. 7 for the case of py(e”), in the large absolute-
value region of the pseudorapidity difference An(e™, e™)
and in corresponding regions of the AR(e™, e™) distance
as one can see in Fig. 9.

C. Assessment of spin correlations in top decays

Next, we would like to assess the effect of modeling on-
shell top-quark decays, in the narrow-width approxima-
tion, including tree-level spin correlations as obtained in
our tfeTe” implementation following the method of
Ref. [37] versus a more approximate treatment where
decays of the top quarks are simulated by the decay feature
of PYTHIA and no spin correlations are retained. For
simplicity, in the following these two simulations are
referred to as with spin correlations and without spin
correlations, although in both cases spin correlations in the
ete” system are fully taken into account. We remind the
reader that, as explained in Sec. II, both options are
available in our POWHEG BOX implementation. In the first
case, at the Les-Houches event (LHE) level before parton
shower, the program generates fully decayed events, i.e.,
(t = pu,b)(t > u~u,b)ete”, while in the second case
only tiete™ events are generated.

For the results shown in this section, the muon cuts of
Eq. (9) are applied in addition to the electron cuts of
Egs. (7) and (8). The corresponding total cross sections
including scale uncertainties for the fixed scale choice of
Eq. (4) are

. . . NLO+PS __ 40.030
with spin corr: 6,0 = 0.1997y07; 1b,
. . NLO+PS __ +0.019
w/o spin corr: o " = 0.214750,5 fb, (20)

while for the dynamical scale of Eq. (5) we find
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FIG. 10. Transverse-momentum (left) and invariant-mass distribution of the p*u~ system (right) in the pp — (t - p'tv,b)
(= p~0,b)e*e” process at NLO + PS accuracy. Correlations in the top-quark decays are either taken into account at the level of

event generation (red) or provided by PYTHIA (blue).

. . . NLO+PS _ +0.021
with spin corr: o v,0 " = 0216745, tb,

NLO+PS __ +0.020
ftete T 0'2]3—0.023 fb.

(21)

w/ospin corr: ¢

As expected, effects on the total cross section are small (in
fact the cross sections are compatible within the scale
uncertainties), while they are more relevant in specific
regions of kinematic distributions. Indeed, a more detailed
comparison of the two approaches in terms of distributions
of kinematic observables built from the momenta of the
top-quark and Z-boson decay products reveals the presence

1072 3 T T T ™

w spin corr.

w/o spin corr.

ttete~, NLO+PS
10-6 ‘

0 50 100 150 200 250 300

w spin corr.
w /o spin corr.

0 50

100 150 200 250 300
pr(p”) [GeV]

FIG. 11.

of non-negligible effects, in particular for observables of
the (utu™) system.

A clear example is illustrated in Fig. 10, where we show
the transverse momentum (p7(u~p")) and the invariant
mass (M (u~u™)) distributions of the gy~ system. The tails
of both of these distributions are considerably lower, by
roughly 10%-20%, for the predictions that take into
account spin correlations in the top-quark decays and the
effect is clearly visible on top of the renormalization and
factorization scale uncertainty considered in our study. A
similar effect can be observed in the transverse-momentum
distribution of the muons (p7(u*)), as depicted in Fig. 11

T T T T T T
W spin corr.

RRRRIILLLRS
RAEKKKRRKI

RRRIIIXE %!

0.15 +
w/o spin corr. BRRERRE

= 0.12 + E
0.09 L ttete™, NLO4PS |
0.06 - i
0.03 + i

0 | | | | | | | |
0 05 1 15 2 25 3 35 4 45

do
dAR(u=,pt)

—_

w spin corr.
w /o spin corr.
o 00— o
|

e

0 05 1 15 2 25 3 35 4 45
AR(p=, put)

Transverse-momentum distribution of the muon (left) and AR separation of the y~ from the u* (right) in the pp —

(t = pty,b)( — ,u‘z?,ﬁ)e*e‘ process at NLO + PS accuracy. Correlations in the top-quark decays are either taken into account at

the level of event generation (red) or provided by PYTHIA (blue).
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FIG. 12. Invariant-mass distribution of the ete™uu~ system (left) and of the e ™ system (right) in the pp — (r = u*v,b)
(- py,b)ete and pp — (t > p'v,b) (T - u~0,b)(Z — e*e”) processes at NLO + PS accuracy. Correlations in the top-quark and
Z-boson decays are either taken into account at the level of event generation (red) or provided by PYTHIA (blue).

for the case of py(u~). Milder yet visible effects are
observed in angular distributions such as the AR separa-
tion of u~ from p* defined as in Eq. (19), which is
dominated by contributions of low or moderate transverse
momentum.

Having access to the momenta of the muons stemming
from the top-quark decays as well as to the e e~ system, we
can also explore correlations between the various final-state
leptons in the pp — (t = p'v,b)(1 - u~v,b)e" e proc-
ess. As an example, we present in Fig. 12 the invariant mass
distributions of the eTe uTu~ and the e u™ systems,
respectively, and we compare results obtained using the
tteTe” implementation with spin-correlated top decays

0.10 T T T T T T T
ttete™, w spin corr. BREEEERI
g 0.08 + ttZ(ete™), w/o spin corr. N
~ 0.06] -
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T 06

4 -3-2-10 1 2 3 4
An(e, pu')

FIG. 13.

versus those obtained from the corresponding implementa-
tion of 77Z with on-shell Z — e™ e~ decays via PYTHIA default
routines, i.e., without spin correlations. Both distributions
show 10%—-20% off-shell and spin-correlation effects for high
invariant masses, while we do not find appreciable effects in
the case of angular distributions of the e*x ¥ systems, such as
pseudorapidity differences and AR separations, as illustrated
in Fig. 13 for the e~ u™ case.

IV. SUMMARY AND CONCLUSIONS

In this article we present results for the production of
ft¢t¢~ at the LHC with /s = 13 TeV including NLO

0.16 T T T T T T T
- ttete™, w spin corr.
= 012+ ttZ(ete™), w/o spin corr. i
-
3 0.08 - E
ol !
S|E
S 004} .
= , NLO-+PS _
O ] ] ] ] ] ] T
0 05 1 15 2 25 3 35 4 4.5
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TN 0.8 K
N 0.6 ¢ ! ! ! ! ! ! i

0 05 1 15 2 25 3 4.5

AR(e™, ut)

b 4

Distribution of the pseudorapidity separation (left) and AR separation of the electron from the x* (right) in the pp —

(t > uty,b) (T - pp,b)ete” and pp — (t > ptu,b)(1 - p~5,b)(Z — e*e”) processes at NLO + PS accuracy. Correlations in the
top-quark and Z-boson decays are either taken into account at the level of event generation (red) or provided by PYTHIA (blue).
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QCD corrections matched to parton showers via the
POWHEG method. The option for simulating decays of
the top quarks in a narrow-width approximation including
tree-level spin correlations is provided.

We explicitly study the impact of off-shell effects by
comparing results for 17£7¢~ production versus results
obtained from f7Z on-shell production matched to the
Z — ¢¢~ decay in a narrow-width approximation. For
illustration purposes we specify our discussion to the
fteTe~ case. We find general compatibility between the
two implementations, but we also notice sizable effects at
the 10%—-20% level, clearly visible in the tails of the
leptons’ transverse-momentum distributions, as well as in
the transverse momentum and pseudorapity distributions
of the £*£~ system.

Furthermore, we investigate the effect of considering
approximate spin-correlations among the leptons from top
quark and antiquark decays, as well as among all leptons in
the final-state signatures (from both Z-boson and top/antitop
decays). We illustrate our results for the specific case of
fteTe” with t - ptv,b and 7 — p~p,b. Although small at
the level of total cross sections, these effects can reach
10%-20% in tails of distributions for transverse momenta
and invariant masses of the Z-boson and the top-quark and
top-antiquark decay products.

Our implementations of 17+ #~ and f7Z in POWHEG BOX
allow to study any other 77" ¢~ signature, provided due
care is taken to adjust the selection of the desired final state
signature. Hence, our study and the tools developed in its
context represent substantial progress toward a full descrip-
tion of production and decay of a /77 #~ system at hadron
colliders, including NLO QCD corrections matched with
parton shower, and will allow a more adequate assessment
of the theoretical uncertainty stemming from the modeling

of the kind of complex final states that are considered in
LHC measurements of SM properties and searches of new
physics. In particular they will allow a more accurate
exploration of the properties of the top quark and its
interactions with EW gauge bosons and the Higgs boson,
where the 17Z signatures play a major role either as signal or
background, respectively. With this respect, the kind of
effects described in this paper can be of great relevance
since new physics effects tend to appear in high-mass and
high-momentum tails of distributions that will become
more and more statistically significant with the upcoming
high-luminosity runs of the LHC.

Both the r7£t¢~ and iZ implementations that we
developed for this study will be made available from the
website of the POWHEG BOX project, [58].
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