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ABSTRACT: Measuring precisely top-pair-associated processes at hadron colliders will become
possible with the upcoming LHC running stages. The increased data statistics will especially
enable differential measurements leading to an improved characterisation of such processes.
Aiming at a consistent data-theory comparison, precise Standard-Model predictions are
needed, including higher-order corrections and full off-shell effects. In this work we present
NLO-accurate predictions for the production and decay of a top-antitop pair in association
with a Z boson at the LHC, in the multi-lepton decay channel. The complete set of LO
contributions and NLO corrections of EW and QCD origin is included. The calculation is
based on full matrix elements, computed with all resonant and non-resonant contributions,
complete spin correlations and interference effects. Integrated and differential cross-sections
are presented for a realistic fiducial setup.
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1 Introduction

In view of the upcoming full Run-3 dataset and of the future high-luminosity stage of the
Large Hadron Collider (LHC), the increasing level of precision of LHC experiments requires
to be matched by theoretical predictions in the Standard Model (SM). An improved
interpretation of the data will then lead to cutting-edge results either confirming the
SM or highlighting new-physics effects. The increased luminosity will allow for precise
measurements of rare signatures that are expected to unveil the interplay between the
top-quark and electroweak (EW) sector of the SM. At the LHC, a direct access to the
top-quark coupling to EW bosons is given by the measurement of the production of a
top-quark pair in association with an EW boson, namely of the ttZ and ttW#* production
processes. Such signals are characterised by a large number of particles in the final state
and rather intricate resonance structures involving top quarks, W, Z, and Higgs bosons,
such that a proper theoretical modelling is required at production and decay level.

The ttZ process admits access to the top-quark coupling to Z bosons, which is still poorly
constrained by experimental measurements, leaving room for new-physics effects [1, 2].
This freedom has already been exploited in different beyond-the-SM (BSM) scenarios.
For instance, anomalous values of the top-Z coupling can be interpreted in terms of the
presence of top-philic resonances like Z' [3-6] and vector-like leptons [7]. A number of
studies on ttZ production has been performed in the presence of higher-dimension effective



operators [1, 2, 8-17]. It has been noticed [13, 18] that, similarly to the case of the
ttW* process, the production of ttZ in association with jets is enhanced by tZ — tZ
and bW — tZ underlying scattering processes. In the presence of anomalous couplings
between the top quark and EW bosons, this mechanism for ttZ production would lead to a
unitarity-violating energy growth of the amplitude that must be regularised by new-physics
mechanisms. Moreover, the ttZ process with the Z boson decaying into neutrinos represents
a background to dark-matter LHC searches [19].

The ATLAS and CMS collaborations have measured ttZ production with Run-1 [20, 21]
and Run-2 data [22-26]. The mostly considered decay channels are those involving three
or four charged leptons, with at least two opposite-sign, same-flavour leptons. The four-
lepton one, in spite of the lower decay branching fraction, has a very clean signature and a
low background yield, thanks to the optimised lepton identification in ATLAS and CMS
detectors. Like the ttW process, the ttZ one deserves high level of interest in the LHC
community also because it represents one of the largest backgrounds to ttH production
in the multi-lepton decay channel [27]. A proper modelling of ttZ production is therefore
crucial for both ttV and ttH measurements.

In the context of SM modelling, the next-to-leading-order (NLO) QCD corrections to
the ttZ process are known since many years [28, 29] for on-shell top quarks and Z bosons,
while the subleading NLO corrections are more recent [30, 31]. The matching of NLO QCD
corrections to parton shower (PS) has been performed with leading-order (LO) decays simu-
lated in the narrow-width approximation for top quarks and Z bosons [27, 32, 33] and more
recently including full off-shell effects related to the lepton pair from the Z-boson decay [34].
The NLO QCD corrections to the top-quark decays in ttZ production have also been
computed in the narrow-width approximation [11]. Resummed calculations are available
in the literature up to NLO+NNLL accuracy [35-38] in the case of on-shell resonances. For
a realistic comparison with experimental data in fiducial setups, it is necessary to properly
model the decay effects, with the possible inclusion of higher orders in perturbation theory.
The need for precise off-shell predictions is urgent, given the recent measurement of differ-
ential cross-sections in angular and transverse-momentum observables [25, 26] with Run-2
data. The increased luminosity of the upcoming data will allow for an even more precise
differential description of the process. The first off-shell calculation for the ttZ reaction at
NLO QCD was performed for the Z boson decaying into neutrinos, with the purpose of mod-
elling the sizeable QCD background in dark-matter searches [19]. An analogous calculation
(at NLO QCD) has been recently presented in the four-charged-lepton decay channel [39].

In this work, we present SM predictions for the ttZ process that go one step forward in
accuracy and modelling. In addition to the NLO QCD corrections to the leading tree-level
process that were first computed in ref. [39], we calculate all subleading LO contributions
and NLO corrections of EW and QCD type. All kinds of non-resonant contributions,
spin correlations, and interferences are accounted for at LO and at NLO. Photon-induced
and bottom-induced partonic channels are consistently included, giving a complete NLO
calculation in the five-flavour scheme. At variance with ref. [30], we do not include heavy-
boson radiation at NLO EW. Although these contributions typically account for a percent
in inclusive setups, they are usually regarded as reducible backgrounds owing to a different
final-state signature given by the additional heavy-boson decay products.



This article is structured as follows. In section 2 we detail our fixed-order calculation
of the ttZ process, highlighting the most relevant theoretical aspects of EW and QCD
corrections in the full off-shell description, the partonic channels that contribute in Born-like
and real topologies, and the interplay between different perturbative orders. A comparison
with existing results in the literature is presented in section 2.3. Our numerical results
obtained in a realistic fiducial setup are shown in section 3, including integrated cross-
sections and differential distributions in typical LHC observables. In section 4 we summarise
the main achievements of the calculation and present our conclusions.

2 Details of the calculation

In this paper we present the complete set of NLO EW and NLO QCD corrections to
the process

pp — e vep Vbbbt (2.1)

The calculation has been performed with the in-house program MOCANLO, a multichannel
Monte Carlo generator that has already proven suitable for the evaluation of processes
with high-multiplicity final states and involving top quarks at NLO QCD and NLO EW
accuracy [40-45]. It is interfaced with RECOLA [46, 47], which provides the tree-level SM
matrix elements together with the spin-correlated and colour-correlated ones, required for
the definition of the unintegrated subtraction counterterms. RECOLA also computes all the
required one-loop amplitudes using the COLLIER library [48] to perform the reduction and
numerical evaluation of one-loop integrals [49-51].!

We explicitly calculate the process in eq. (2.1), whose final state involves three different
lepton flavours. Despite that, predictions for leptons of the same flavour can be roughly
recovered by multiplying our results by appropriate factors, which account for the number
of identical particles in the final state. This procedure is expected to deliver the correct
cross-section up to interference effects, which are known to have a marginal impact. Indeed,
it has been shown in ref. [39] for the same hadronic process discussed here that differences
in the LO QCD cross-section induced by the presence of same-flavour leptons are at the
per-mille level for sufficiently inclusive cuts.

It is worth mentioning from the very beginning that in our setup for all diagrams in-
volving a resonant Z boson the corresponding diagrams with photon-mediated contributions,
as well as Z/~* interference effects, are properly taken into account. In ref. [39] it was also
explicitly checked with a LO calculation that diagrams involving a Higgs boson, despite
being quite numerous, contribute at the per-mille level and can be neglected to a first
approximation. In our work all Higgs contributions are instead retained both in LO and in
NLO terms. We also point out that throughout our calculation a diagonal quark-mixing
matrix with unit entries is assumed.

"While COLLIER proved capable in calculating all required one-loop integrals for the practically relevant
NLO corrections to the process (2.1), some improvements in the reduction of tensor integrals were required,
in particular, for the reduction of rank-6 tensor integrals in 10-point functions appearing in the (very small)
NLO corrections to the vg and vy partonic processes.
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Figure 1. Perturbative orders contributing at LO and NLO for ttZ hadro-production in the
four-charged-lepton channel.

2.1 Leading-order contributions

For the process (2.1) three LO contributions with different powers of as and « are allowed,
if the possible partons initiating the reaction are not only selected from gluons (g) and
light quarks (q € {u, d, s, c}) but also from photons () and bottom quarks (b), which are
considered massless here. This is illustrated in figure 1, where the splitting and naming of
the different contributions both for the LO and the NLO case make use of the notation
proposed in refs. [31, 52].

The largest LO contribution originates from QCD-mediated partonic processes of order
O(a2ab), which we dub LO;. In this case, the colliding partons can be two gluons gg or a
light quark-antiquark pair gg, namely:

gg —etvou v, bbrtr qq — e vep v, bbbt (2.2)

where the gg partonic reaction alone requires the computation of roughly 2000 Feynman
diagrams,? while each of the four? ¢g channels involves almost 1000 Feynman diagrams.
Indeed, gluon-initiated reactions can proceed both via s-channel diagrams involving a
triple-gluon coupling or ¢-channel diagrams, where the two incoming gluons are attached to
a top- or bottom-quark line, as illustrated by sample diagrams in figure 2(a) and figure 2(b),
respectively. In gg-initiated reactions, an internal gluon always propagates in the s channel,
like in the diagram shown in figure 2(c). Clearly, the gluon-induced channel represents the
dominant contribution, due to the large gluon luminosity in the protons. Despite the large

2The approximate number of Feynman diagrams contributing at a given perturbative order is obtained
from the one of integration channels provided by MOCANLO: even though the two numbers are not identical,
their orders of magnitude match.

30ur counting is defined as follows: each channel with two different initial-state partons has to be
computed separately for the two contributions differing by the interchange of the initial states. On the other
hand, MOCANLO allows to compute together partonic reactions that differ by the exchange of the first and
second generation of all initial-state light quarks, since the corresponding partonic amplitudes are identical
and just need to be reweighted by appropriate PDF factors. Thus, in eq. (2.2) the four different ¢g channels
to be calculated have the initial states ua, Gu dd, dd.



Figure 2. Sample LO; diagrams both in the gg and the ¢g channel with two [2(a)], one [2(b)], and
zero [2(c)] top-quark resonances.

Figure 3. Sample LOy diagram for the g channel with one top-quark resonance [3(a)] and
LO3 diagrams in the ¢q [3(b)] and 47y channel [3(c)] involving two and zero top-quark resonances,
respectively.

number of diagrams, in both cases more than the 90% of the cross-section? originates from
diagrams involving two resonant top quarks, either arising from an s-channel gluon splitting
into a top-antitop pair or from a top-quark line directly attached to the incoming gluons (for
the gg-initiated processes). Single-resonant and especially non-resonant top-quark diagrams
have a much smaller impact if compared to the doubly-resonant ones.

At the order O(asa), labelled LO», as long as initial-state bottom quarks are excluded,
the only non-zero contribution arises from the photon-gluon-induced partonic channel

vg = etvep v, bbrtr. (2.3)

All other contributions at this perturbative order come from the interference between EW-
and QCD-mediated quark-induced diagrams, which vanish owing to colour algebra. Despite
the fact that the LO contribution from these channels is expected to be just a small fraction
of the LO1, due to the small photon luminosity, their calculation involves roughly 4000
Feynman diagrams. Moreover, the role of doubly-resonant top-quark topologies is not
as dominant as for the LO; case: an equally important fraction of the result is ruled by
single-resonant diagrams, which involve an incoming photon connected to the rest of the
process by a YWTW™ triple-gauge-boson vertex [like the one reported in figure 3(a)].

4The numerical impact of resonant and non-resonant contributions has been estimated by means of a
survey of phase-space integration channels.



Figure 4. Sample LO; diagram for the bb bottom channel [4(a)] and LO3 diagrams in the bb [4(b)]
and bb [4(c)] bottom channels.

Finally, an even smaller contribution originates from the fully EW-mediated processes,
entering at order O(a7), that we refer to as LO3 term. Due to the suppression caused by
the small ratio of the o and the ag couplings, this contribution is expected to amount to
roughly 1% of the LO;. In addition to the ¢g-initiated partonic reactions, sharing the same
external particles as its LO; counterpart in eq. (2.2) (but involving now only EW interaction
vertices), the yy-induced channel also participates in the process through the reaction

vy = e vep v, bbbt (2.4)

In comparison with the gg channels, the v one represents just a tiny fraction of the
overall LOj result, as a consequence of the additional suppression from the photon parton-
distribution functions (PDFs). In spite of a negligible numerical impact, the EW nature
of these processes allows for a very high number of topologies, involving approximately
6000 Feynman diagrams for ¢gq channels and 17000 Feynman diagrams for the photon-
initiated ones, where resonant and non-resonant configurations play an equally important
role. Sample Feynman diagrams in the two configurations contributing at LOg3 are shown
in figures 3(b) and 3(c).

Throughout our calculation, we made use of a five-flavour scheme, where the bottom
quarks are treated as massless. Within this scheme, a consistent calculation should also
include bottom-induced processes. The small value of the bottom PDFs is expected to
highly suppress these contributions, as explicitly confirmed by a computation carried out
in ref. [53] for ttH production. Nevertheless, we decided to carry out their calculation for
the ttZ process consistently at all LO and NLO orders. Having a quantitative control on
bottom-induced contributions is especially relevant in the calculation we present, because
the size of the bottom-quark channels may become comparable to some of the subleading
NLO corrections to the corresponding light-quark ones.

Customary b-jet taggings are charge blind, which means that bottom- and antibottom-
initiated jets are not distinguished and have to be treated on the same footing. Therefore,
already at LO additional partonic channels are present on top of the bb ones, namely the
bb and bb reactions,

bb — et /fDHbBTJFT* ,

bb = et vep v, bbb T, bb — eTveu v, bbrTr . (2.5)



The LO terms for the bottom channels contributing at O(a2a%) (from now on LOy, 1)
require a computation of roughly 2000 Feynman diagrams for each partonic process. The
bb channels are expected to dominate the LO; cross-section, since they mainly receive
contributions from doubly-resonant diagrams; the bb/bb bottom channels are instead
resonance-suppressed, since only single or non-resonant topologies with a ¢-channel gluon
exchange can contribute, as shown in figure 4(a).

At the order O(asa”), named LOy, 2, differently from the light-quark mediated case,
non-vanishing contributions result from bottom-initiated reactions, both for the bb and the
bb/ bb ones. For instance, for the bb case non-vanishing contributions arise by interfering
EW tree-level diagrams with a t-channel W boson [as the one in figure 4(b)] and QCD
ones with an s-channel gluon, and vice versa EW tree-level diagrams with an s-channel
photon or Z boson and QCD ones with a ¢-channel gluon. For the bb/bb case no s-channel
topologies are allowed both for EW and QCD diagrams. Nevertheless, due to the presence
of identical bottom quarks in the final state non-vanishing terms still emerge by interfering
t-channel QCD diagrams [as the one in figure 4(a)] and u-channel EW ones, and vice versa.

Finally, we have also included the bottom channels at the order O(a®) or LOy,3.
This computation requires to deal with approximately 11000 Feynman diagrams for each
contribution in eq. (2.5), where the same channels now involve only EW interaction vertices.
Besides configurations obtained by replacing a gluon with a neutral EW boson in a given
LOy, 1 diagram, a new class of reactions appears at this order. This contains Feynman
diagrams involving a ¢-channel EW boson exchange like those reported in figure 4(b), where
a W-mediated scattering between a b-quark and a b-quark takes place, and in figure 4(c),
which illustrates a b-quark and an antitop-quark scattering via a Z boson exchange.

2.2 Next-to-leading-order corrections

As summarised in figure 1, NLO corrections to the ttZ process can be classified in four
different categories, according to the perturbative order they contribute to. Pure QCD
corrections enter at order O(a2a%) and are denoted by NLO; contributions, followed by
NLO; and NLOj corrections entering at the orders O(a2a”) and O(asa®), respectively, and
finally pure EW corrections, dubbed NLOy, which contribute at order O(a®). Perturbative
corrections to the bottom-induced LO contributions will be occasionally referred to as
NLOy, 1, NLOy, 2, NLOy, 3, and NLOy, 4, respectively.

Both QCD and QED singularities of infrared and collinear origin that plague the real
contributions are treated using the dipole subtraction formalism [54-57]. The initial-state
collinear singularities are absorbed in the PDFs in the MS factorisation scheme.

Throughout our calculation, the complex-mass scheme for all unstable particles is
used [58-61], resulting in complex input values for the EW boson masses, the top-quark
mass, and the EW mixing angle,

2
plo=MZ—iTyMy (V=W,2Z), pl=m?—ilum,, cosfy =" (26)
Hz,
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(a) NLO; loop. (b) NLO2 loop. (c) NLO3 loop. (d) NLOy4 loop.

Figure 5. Sample one-loop diagrams involving loop functions of different complexity: 7-point,
rank-6 loop functions for the gg channel entering at NLO; [5(a)]; 8-point, rank-3 loop functions for
the ¢gq channel entering at NLOg [5(b)]; 9-point, rank-5 loop functions for the g channel entering
at NLOg3 [5(c)]; 10-point, rank-6 loop functions for the 4 channel entering at NLO4 [5(d)].

2.2.1 Contributions of order O(a3a®)

The QCD corrections to LO; give by far the largest NLO contribution. The real corrections
originate from 13 different partonic processes (according to the counting explained in
footnote 3), which can be summarised in the following reactions,

gg — et u*ﬁubBT‘LT*g, qq — A ufﬂubBTﬂ'*g,

g7 — e, M_DubBTJFT_cj, gq — et M_D#bBT+T_q. (2.7)

Owing to the large gluon luminosity, a considerable fraction of real corrections is due to
the first partonic channel, which, together with the ¢¢ channel, is the one characterised
by the largest number of IR singularities. The evaluation of the gg-initiated real channel
is particularly challenging from a computational viewpoint, both for its large numerical
contribution and for the higher number of integration channels compared to the ¢g real
one. The calculation of the virtual corrections requires the evaluation of up to 7-point loop
functions, having at most rank-4 and rank-6 for the ¢q and the gg case, respectively. Owing
to the presence of the gg channel, loop diagrams involving 7-point functions can also occur
for doubly-resonant topologies [see for instance figure 5(a)], as opposed to the ttW case [41].
Since the NLO; contribution to the ttZ process was already computed in ref. [39] within
the HELAC-NLO framework [62], we have benefited from this calculation and, as a first
step, we reproduced these corrections with MOCANLO. We compared our results with the
ones of ref. [39] finding very good agreement, as shown and further discussed in section 2.3.

At this perturbative order we have also included for the first time the QCD corrections to
the LOy, 1 contribution, whose real part comprises 8 partonic contributions to be calculated
with the following channels,

bb — et [T bbrTr g,
bb — et M_Dubb7+7_g, bb — e, u_ﬂHBBT+T_g,
gb —etvep v, bb7r 77D, gb — et vepu v, bbr 7D, (2.8)

where the gb/gb-initiated ones involve three bottom quarks in the final state. The related
diagrams include additional collinear singularities as compared to the ones in eq. (2.7),



(a) NLOg real diagram. (b) NLOs3 real diagram.

Figure 6. A sample real squared diagram contributing at NLO3 [6(a)], obtained as an EW correction
to LOq, and a sample squared diagram contributing at NLOj3 [6(b)], showing a tZ-scattering topology,
representing a QCD correction to LO3.

due to a gluon splitting into a bb pair. Nevertheless, these singularities do not need to
be subtracted by introducing a dedicated subtraction term, since a ttZ signature requires
at least two resolved b jets in the final state that survive the fiducial cuts. Therefore,
configurations involving two collinear b quarks are simply cut away if recombination rules
that cluster two b jets into a light one are enforced as part of the jet-clustering algorithm,

as further described in section 3.1 in eq. (3.5).

2.2.2 Contributions of order O(a2a’)

The NLOg corrections to the process (2.1) are the result of two different types of contri-
butions, as shown pictorially in figure 1: EW corrections to LO; and QCD corrections
to LOQ.

This distinction does not lead to any ambiguity for the real part of the calculation,
where all squared diagrams can be attributed to one of the two contributions. Real EW
corrections to the LO; term are characterised by the presence of an additional photon, either
as an initial-state parton or as a final-state particle, as summarised in the following reactions,

gg — et u_D”bBT+T_'y, qq — e, [T bbrtry,
vqg — et v, ;fﬂubliMﬁT*q_, vq — et ;fDMbBTJrT*q. (2.9)

The gg and qq channels are again the most CPU-intensive ones to evaluate, since they
represent the most significant fraction of the NLOs corrections and comprise many more
integration channels as the corresponding real QCD counterparts in eq. (2.7). Indeed,
the final-state photon can be radiated both by quark and lepton lines, resulting in an
even richer singularity structure. A sample gg squared diagram belonging to this class of
corrections is shown in figure 6(a). Channels involving one initial-state photon, although
they contribute to the same perturbative order, are highly suppressed by the photon PDF.
A similar discussion applies to the real EW corrections to the LOy, 1 contributions, which



(a) NLO; real diagram. (b) NLO. real diagram.

Figure 7. Sample real interference diagrams contributing at NLOs representing QCD corrections
to LOs interference terms.

are characterised by the following reactions:

bb — eTveu v, bbrTr 7y,
bb — et ,u_ljﬂbbT—i_T_’}/, bb — eT v, M_DMBBTJFT_%
b — et ve p~ v, bb7Tr b, b — et ve u v, bbb, (2.10)

The second class of real contributions arises from the QCD corrections to LO2, obtained
by interfering a tree-level LO; with a tree-level LO3 diagram, with an additional QCD
radiation exchange amongst the two. We notice that, even if the LO; is zero for the gg
and ¢q channels due to colour algebra, the interference of the corresponding QCD-real
amplitudes is non-vanishing if the gluon is exchanged between an initial quark or gluon
and a final b-quark line of the two interfering diagrams, as in figure 7(a). Moreover, an
additional interference contribution is permitted for gg and gg channels, where a quark line
connects a genuinely QCD diagram with its EW counterpart, like in figure 7(b). Finally,
real QCD corrections to LO5 contributions, which are already non-zero at leading order, i.e.
LOy, 2 and ~vg-initiated ones, are taken properly into account. For the latter the following
real reaction has to be considered:

vg = eTvep v, bbr g, 2.11
o

The neat distinction between the two classes of NLOs contributions is not possible
anymore when considering the virtual corrections, as already pointed out in refs. [41, 43].
Indeed, interference of one-loop amplitudes of order O(g2¢®), obtained from the insertion
of a gluon propagator in a QCD-mediated diagram, with tree-level EW diagrams of order
O(g®) are unambiguously classified as QCD corrections to LOs, as shown in figure 8(a).
But, for instance, the interference of one-loop amplitudes of order O(g2¢%) and tree-level
QCD ones of order O(g2g%) can either be considered as an EW correction to LO; or a
QCD correction to LO2. These terms are obtained by inserting an EW-particle propagator
anywhere in a LO; squared amplitude [see for instance figure 8(b)]. This ambiguity is
also reflected in the IR structure of this class of loop diagrams, whose singularities are
fully cancelled only once contributions from both classes of real corrections are taken into
account. Already for NLOy virtual contributions, the evaluation of loop integrals involving
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Figure 8. Sample virtual interference diagrams contributing at NLOsz: the virtual diagram [8(a)]
is uniquely identified as a QCD correction to an interference term; the virtual diagram [8(b)] can
be considered both as an EW correction to a LO; amplitude and as a QCD correction to an
interference contribution.

EW particles becomes extremely challenging due to the higher number of loop diagrams to
account for and to the complexity of the loop integrals, which can involve up to 10-point
functions with a maximal rank of 6, as in the gg channel, where two external vector bosons
are attached to the loop. In figure 5(b) a sample NLOg diagram involving the computation
of 8-point, rank-3 loop functions illustrates how the number of loop diagrams to be evaluated
grows when EW particles are allowed to run in the loop, because of the larger number of
topologies permitted.

2.2.3 Contributions of order O(asa®)

The largest part of the NLO3 contribution arises from the QCD corrections to the LOg3
terms. The real-emission diagrams are obtained by adding an external gluon (either as
initial or final state) to LO3 amplitudes:

’y’y—>e+1/e,u_17#b’t_)7+7_g, ch—)eJrI/e/fﬂ#bBTJrT_g,

gq — e Ve "y, bbrTrq, gq — e v "y, bbrTr ¢, (2.12)

and similarly for the bottom-initiated contributions, where reactions with the same external
particles like the ones in eq. (2.8) are found. Clearly, all channels are EW mediated: the
only QCD vertex is the one at which the external gluon is attached. In line with the
observation in ref. [41] for the ttW process, we also expect NLO3 corrections to ttZ not to
be negligible with respect to the NLOg ones. Indeed, even though these contributions are
suppressed by an a/ag factor, the real gg/gg channels embed a top-quark scattering against
a Z boson [as shown in the left sub-diagram in figure 6(b)]. Their contribution is larger
than the corresponding LO3 and the largest of all NLOg corrections, as explicitly shown
and further discussed in section 3.2. Conversely, we do not expect similar effects for the
gl_)/ gh reactions. Apart from the enhancement by the gluon PDFs, which still renders these
partonic channels sizeable real NLOy, 3 corrections, no additional enhancement with respect
to LOy, 3 due to the opening up of new topologies occurs in this case. Indeed, diagrams
including a t-channel scattering of bottom quarks mediated by a W boson, which are the
dominant topologies at NLOs3, are already present at LOy, 3, as exemplified by figure 4(b).
Despite the larger number of diagrams, which is due to the EW nature of the process,
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(a) NLO3 real diagram for the yg channel. (b) NLOg real diagram for the bottom contribution.

Figure 9. Sample real squared diagrams contributing at NLOg3 representing EW corrections to LO5
for the vg channel [9(a)] and the bottom interference terms [9(b)].

the complexity of the loop functions to be evaluated for the QCD corrections to LOg3 is
comparable to the one encountered for the NLO; case.

An additional class of corrections contributing at order O(asa®) results from EW
corrections to LO9, which are non-vanishing only for those terms whose LO4 is already
different from zero, since EW corrections do not modify the colour structure of the LO
amplitude. That means that only EW corrections to the vyg-initiated channel and to LOy, o
have to be taken into account. For the g channel, the real reaction [diagrammatically
shown in figure 9(a)],

vg — et v, /L_I;NbBT+T_’y, (2.13)

and the corresponding virtual term have to be computed. The latter turned out to be one of
the most challenging virtual contributions to be evaluated within NLO1, NLOs, and NLOs.
Indeed, it requires the evaluation of 10-point functions up to rank 6, already encountered
at NLOo, but with a much larger number of topologies induced by the presence of a photon
as initial-state parton. An exemplary NLOg3 loop diagram for this channel, involving up to
9-point, rank-5 loop functions is shown in figure 5(c). As far as the bottom contributions are
concerned, real EW corrections are simply obtained by the emission of a photon off bb-, bb-,
or bb-initiated QCD diagrams, which is then absorbed by an appropriate EW counterpart or
by connecting a vb/4b-induced QCD diagram and its EW counterpart via a bottom-quark
line [see for instance figure 9(b)]. As already found at NLOg, the NLOg3 virtual contributions
for the bottoms cannot be unambiguously separated into EW corrections to LOy, o and
QCD corrections to LOy, 3. The interference of one-loop amplitudes of order O(g'?) with
tree-level diagrams of order O(g2¢°®) are uniquely identified as EW corrections to LOy, 2,
as also clarified by figure 10(a). On the contrary, the interference of one-loop amplitudes
of order O(g2g®) and tree-level ones of order O(g%) can be attributed to both classes of
corrections [see figure 10(b)].

2.2.4 Contributions of order O(a?)

The NLOy4 contribution represents the last missing ingredient to furnish the full set of NLO
corrections to ttZ production. As suggested by power counting and as explicitly shown in
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(a) NLOg virtual diagram. (b) NLOs3 virtual diagram.

Figure 10. Sample virtual interference diagrams contributing at NLOg3 for the bottom channels:
the virtual diagram [10(a)] is uniquely identified as an EW correction to an interference term; the
virtual diagram [10(b)] can be considered both as a QCD correction to a LO3 amplitude and as an
EW correction to an interference contribution.

on-shell calculations [31], these corrections affect the overall result at the sub-per-mille level
and are out of reach in any realistic measurement. The evaluation of these contributions
requires to consider the set of real reactions

vy — ety u_DubBT+T_7, qq — e v, M_I?ubl_)TJrT_v,
vqg — et v, /fDMbBTJFT*q, vqg — et ;fDMbBTJFT*q, (2.14)

together with the bottom-induced ones as reported in eq. (2.10) but fully EW mediated.
The bottleneck here is the numerical evaluation of virtual corrections. The most difficult
term to be computed, which turns out to be also the least sizeable, is represented by the
virtual EW corrections to the v channel: the presence of two external photons renders
the number of 10-point, rank-6 loop functions to be evaluated even larger. A loop diagram
involving loop functions of such a level of complexity is shown in figure 5(d) for the vy
initial state.

We present results for the NLOy contribution in a fully off-shell calculation for ttZ
production at the integrated level for fiducial cross-sections in section 3.2, but we refrain
from including them in any differential result.

2.3 Validation

Our calculation has been validated by reproducing NLO QCD results (LO; + NLO; in
our notation) for fully off-shell ttZ production recently published in ref. [39] and obtained
within the HELAC-NLO framework. Since those results have also been computed for a
final state involving three different leptonic flavours, we just had to adapt our SM input
parameters, presented in section 3.1, to the ones reported in ref. [39]. The most important
features of the setup of ref. [39] that differ from those of our default setup and, thus, had
to be readjusted for validation purposes are the following:

e the NLO top-quark width does not include NLO EW corrections;

 the factorisation and renormalisation scales are set to u(()c), defined in eq. (3.9);

~13 -



o different PDF sets are used for LO; and LO; + NLO; results (NNPDF31_lo_as_0118
and NNPDF31_nlo_as_0118, respectively);

e no bottom-induced contributions are included.

Since the selection cuts used to generate our main results in section 3 (and described in
section 3.1) match the ones in ref. [39], no additional adjustment to our calculation has
been required.

In this setup we have obtained the following integrated cross-sections:

B +25.54 (32%) ) +25.51 (32%)
L0, nob = 80.39(1) T30 03 (aggr) ab (ref. (39 : 80327305 o) ab) :

+1.25 (1% +1.22 (1%
NLOs nob = 99-3(2) 5 55 Lot ab (ref. (39 : 98887 5 (o) ab) , (2.15)

to be compared with eq. (4.3) of ref. [39] (reported here in parentheses as a reference).
The digits in parentheses indicate the integration errors, while the absolute 7-point scale
variations are reported as super-/sub-scripts with the respective relative variations as
percentages in parenthesis. The agreement between the two LO; results is extremely good.
The two central values differ at the 0.1% level, which confirms the size of Higgs-diagram
contributions at LO; stated in ref. [39]. Indeed, the presence of Higgs contributions,
included in our results, is an unavoidable difference between the two calculations. The
theory uncertainty bands obtained via scale variations are also perfectly reproduced. A
good agreement is found after including QCD corrections. In this case, although larger
Monte Carlo uncertainties partially limit the comparison, the two results agree within
1.90 (computed with the Monte Carlo error estimate of our result), which is more than
satisfactory, especially considering the different treatment of Higgs diagrams that still
persists at NLO.

The comparison with the calculation of ref. [39] has been carried out also at the
differential level, by reproducing distributions in all kinematic variables reported therein.
In all cases a good agreement was found, as confirmed by the selection of distributions in
figure 11. We show the distribution in the azimuthal angle between the positron and the
muon in figure 11(a) as well as the distributions in the transverse momentum of the 747~
pair [figure 11(b)], of the subleading b jet [figure 11(c)], and of the positron [figure 11(d)]. In
the main panels the LO; and LO; + NLOj results (with no bottom contributions included)
are presented with a blue and red curve, respectively. In the ratio panels the same results
normalised to the LO; one are reported. The corresponding distributions can be found
in figures 6, 7, and 8 of ref. [39]. A direct comparison reveals that the relative NLO;
corrections as well as the size of the QCD-uncertainty bands obtained with 7-point scale
variations [see eq. (3.11)] are correctly reproduced by our calculation.

3 Numerical results

3.1 Input parameters

In the following, we present results for the LHC at a centre-of-mass energy of 13 TeV. We
consider the process (2.1) with four different charged leptons in the final state. All leptons
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Figure 11. Selected distributions used for validating our results against the ones obtained within
the HELAC-NLO framework in ref. [39].

are assumed to be massless, i.e. also m, = 0. We work in the five-flavour scheme, therefore
we treat all light and bottom quarks as massless. A unit Cabibbo-Kobayashi-Maskawa
matrix is understood.

The on-shell values for the masses and widths of the EW bosons are chosen according
to [63],

MJP = 80.379 GeV, 9% = 2.085 GeV
MPS = 91.1876 GeV, 9% =2.4952GeV,
My = 125 GeV, Iy = 0.00407 GeV . (3.1)
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The masses of the vector bosons are converted to their pole values by means of the following
relations [64]:

MOS FOS
My = v , I'y = v . (3.2)
VI 95/ M52 VI 95/ 05y
The top-quark mass and width are fixed as
my = 173.0 GV, 'O =1.4437GeV, MO = 1.3636 GeV . (3.3)

The top-quark width at LO has been computed with the formulas of ref. [65] and using
the pole mass and width for the W boson as input. In order to meet the perturbative
accuracy addressed in this work, the NLO width has been obtained upon applying QCD-
and EW-correction factors from ref. [66] to the LO width. All LO and NLO results in
sections 3.2 and 3.3 are obtained by using the NLO top-quark width in eq. (3.3).

The EW coupling is extracted from the Fermi constant G, by means of [67]

2
o= ‘f GMM\QN(l - %V%V) : (3.4)
where G, = 1.16638 - 1075 GeV 2.

The masses of unstable particles, i.e. the EW vector bosons and the top quark, are
treated in the complex-mass scheme [58-61] in all parts of the computation. As a conse-
quence, the EW mixing angle and the related couplings are complex valued.

For both the LO and the NLO calculation, we use NNPDF31_nlo_as_0118_luxqged
PDFs [68, 69] extracted at NLO with as(Myz) = 0.118. The usage of this PDF set allows
us to properly account for the photon PDF. The strong coupling constant «g used in the
calculation of the amplitudes matches the one used in the evolution of PDFs. The PDFs
and the running of oy are obtained by interfacing MOCANLO with LHAPDFG6 [70].

The QCD partons with pseudorapidity |n| < 5 are promoted to candidate jets and
then used as inputs for the jet clustering performed with the anti-k; algorithm [71] with
resolution radius R = 0.4. As part of the jet clustering, we recombine a b jet and a light jet
(j) into a b jet and two b jets into a light jet using the following recombination rules:

Jt+i— b +J = b b +ib = s (3.5)

where the last rule is crucial for bottom-induced contributions, which can include up to
three bottoms in the final state, and where simply requiring two b jets does not remove all
IR divergences (as discussed in section 2.1).

To facilitate the comparison of our results with the ones of ref. [39], we made use of
the selection cuts of that paper, whose choice is motivated by a recent ATLAS analysis [26]
(see table 2 therein) and a CMS one [25]. In particular, we ask for at least two b jets in the
final state, assuming a perfect b-tagging efficiency, which are required to fulfil

PTb > 25 GeV |77b| < 2.5, ARy, >04. (3.6)
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Charged leptons are dressed with anti-k; clustering algorithm, but with R = 0.1. For all
charged leptons, we require

P, > 20GeV, Ine;| < 2.5, ARgigj > 04, (3.7)

where ¢; € {e", =, 7%, 77 }. While these cuts are applied to the light leptons ¢ = e, u by
ATLAS, we apply them also to 7 leptons. Finally, we apply a cut on the missing transverse
momentum arising from the undetected neutrinos

DT miss > 40 GeV (3.8)

where for the specific case at hand pr miss is computed as the transverse component of the
sum of the momenta of the two neutrinos at Monte Carlo-truth level. No specific veto
is imposed on the additional light- or b-jet activity that may arise as part of real QCD
radiation at NLO.

As usual, we set the factorisation and renormalisation scales to the same central scale
Lo, i.e. ur = uF = po. For pg we made use of two different choices. In order to directly
compare our results with the ones of ref. [39], we adopted the following dynamical choice:

2
o = % with  Hp = leT,bi TP+ + 01— P +PTer + PTmiss,  (3.9)
=
where the sum over the transverse momenta of the final states in Ht does not run over
additional light jets. This scale has been adopted in section 2.3 to validate our calculation
at NLO; level: since no bottom-induced channels are included for that comparison, the two
b jets entering the definition of Ht are the only ones present in the partonic reaction. We
notice that the definition in eq. (3.9) is insensitive to specific resonant topologies which lead
to the final state of interest.
Our main results, discussed in sections 3.2 and 3.3, rely on a second scale choice, whose
definition was first introduced in ref. [40] for ttW* production and which was in turn
constructed in line with the choice of refs. [44, 45] for tt and ttH production:

= (i) = S (Vs )T o

where the top and antitop transverse momenta are reconstructed from their decay products
based on the Monte Carlo truth. As pointed out in ref. [40], since the determination of
the top-quark momentum is subject to an ambiguity, we use the lepton-neutrino pair that,
combined with the b quark, gives rise to an invariant mass which is the closest to my.
This scale definition is physically motivated by the expectation that top-antitop resonant
structures dominate the cross-section, even when considering off-shell effects. Moreover, the
overall factor of one half in eq. (3.10) has been shown in ref. [40] to give a smaller scale
sensitivity of the results when using the conventional 7-point scale variation and to reduce
the size of QCD corrections (of NLO; type).

The uncertainties in our results are estimated by computing the 7-point scale envelope,
i.e. by considering the maximum and minimum values of the cross-section evaluated on the
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Channel LO; LOy LO3
gg 74.760(4) - -
qq 32.486(3) - 0.2848(1)
bb 0.29208(9) —0.6330(2) 0.7821(2)
bb/bb 0.02171(2) 0.002516(9) 0.005817(9)
Vg - 0.7522(2) -
vy - - 0.001431(6)
sum 107.560(5) 0.1217(3) 1.0742(3)

Table 1. LO cross-sections (in ab) in the fiducial setup defined by eqs. (3.6)—(3.8) for the different
sets of partonic channels contributing to the reaction pp — eTve ™7, bb7t7~. In the last line the
sum of all partonic channels contributing at that specific order is reported as a reference. Integration
errors are given in parentheses.

set of scales (ur, pr) defined as

<“R, W) € {(0.5,0.5), (0.5,1),(1,0.5),(1,1),(2,1),(1,2),(2,2)}.  (3.11)
Ko Mo
Note that the ag coupling entering the calculation of the NLO top-quark width is kept fixed
for the evaluation of the scale envelope.

In the following two sections, we present results for the fiducial cross-sections and
differential distributions where all contributions described in section 2 are combined in an

additive scheme, i.e.

OLO+NLO = 0LO; + ONLO; + 0LO, + ONLO, + 0LO; + ONLO3 + ONLO, » (3.12)
which provides an exact result at the order of truncation of the perturbative expansion.

3.2 Fiducial cross-sections

In this section we present results for the integrated cross-section at different levels of
perturbative accuracy in the fiducial region discussed in section 3.1.

In table 1 we report the different LO contributions separately for the various partonic
processes. Their sum at a given order is shown in the last line as a reference. As expected,
the LO result is dominated by the contribution of the gg channel, which just enters at order
O(a2a®), due to the high luminosity of the gluon PDF. A significant fraction of the LO
result is also represented by the ¢g channel, whose LO; is roughly 30% of the full LO;
result. The ¢q partonic process enters also at LOg, which only amounts to roughly 1% of
the corresponding LO1, as expected by the a/as power suppression. Its LOo (interference)
contributions exactly vanish owing to colour algebra.

The bb and bb/bb channels participate in all three LO terms, even though they
contribute overall at the sub-percent level. The bottom contribution is dominated by the
bb partonic channels, due to the enhancement of doubly-resonant top-quark topologies,
which are absent for the bb/bb cases. All LO contributions are comparable in size, contrary
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Channel NLO;, NLO, NLOj3 NLOy4
gg —14.9(1) —0.107(9) - -
qq —12.35(7) —1.177(6) 0.013(4) —0.0380(9)
bb —0.106(2) 0.253(2) —0.324(4) —0.0194(9)
bb/bb 0.00031(7) —0.0017(1) —0.0022(2) —0.00059(2)
Vg - —0.136(2) 0.0101(8) -
vy - - —0.00020(3) —0.00010(2)
2q/gq 15.77(3) 0.0570(5) 1.102(1) -
gb/gb 0.624(2) —0.146(2) 0.237(2) -
vq/vq - 0.4774(8) - 0.00403(2)
b /~vb - 0.00347(9) —0.00026(1) 0.00194(1)
sum —10.9(1) —0.78(1) 1.037(6) —0.052(1)

Table 2. NLO corrections (in ab) to the LO cross-section in the fiducial setup defined by
egs. (3.6)—(3.8) shown for the different sets of partonic channels contributing to the reaction
pp — et T, bb7t7~. In the last line the sum of all partonic channels contributing at that
specific order is reported as a reference. Integration errors are given in parentheses.

to the expectation from a naive power counting, with the interference terms in LOy, 2 having
negative sign. Indeed, at O(a®) the bb partonic channel embeds doubly-resonant topologies
with a t-channel W-boson exchange [like the one shown in figure 4(b)], which is absent in
the corresponding tree-level QCD diagrams. Since the bb/bb channels allow only for a
single top resonance their integrated cross-sections are small fractions of the bb ones at
each perturbative order: the largest bb/bb contribution is provided by the LOy,1 term,
which is already only 7% of the LOy, ; one for the bb channels.

Two additional partonic channels are allowed at LO, namely the vg and v ones. The
former enters at O(asa”) and is comparable in size with the contribution of the bb reactions:
indeed the photon PDF suppression is partially compensated by the gluon PDF and by
the appearence of topologies involving a t-channel W-boson exchange [as in figure 3(a)].
Overall, it amounts to roughly 1% of the contribution from the dominant gg channel. The
purely photon-induced contributions are even further suppressed by the photon luminosity
and by the EW nature of the reaction, accounting for a few milli-percent of the gg channel
and for 0.1% of the full LO3 result.

In table 2 we illustrate separately the contributions of the various partonic channels
to the different NLO corrections. The sum of the channels at each perturbative order is
reported in the last line as a reference. At NLO; the new gluon-induced partonic channels
gq open up. In our fiducial setup they provide the largest correction in absolute value, which
is of positive sign, since the gg channels just comprise real tree-level contributions (together
with corresponding subtraction counterterms cancelling initial-state collinear singularities).
The corresponding bottom counterparts, namely gb, are also present, but just amount to
roughly 4% of the gg ones. A sizeable and negative correction at this order arises from
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the virtual and real corrections to the gg and ¢q channels, roughly —20% and —38% of
the corresponding LO1, respectively. Similarly, for the bb process the LOy, 1 corrections
amount to roughly —36% of the corresponding LO, but their contribution to the overall
NLO; corrections is only about 1%. The QCD corrections to the bb/bb bottom channels
are instead fully negligible.

All partonic channels contributing to NLO; also receive corrections at the order together
with the vg one, whose NLOs contribution can be unambiguously identified as a QCD
correction to its LOg. In our fiducial region the NLOg corrections to g are negative and
amount to —18% of their LO. At O(a2a”) also the ¢ and yb channels open up, which
are clearly EW real corrections to LO;. Actually, the g cross-section is the second-largest
contribution (in absolute value) to NLOy after the one of the ¢q reaction. We remind
the reader that the gg partonic channel, together with bb, bb, and bb, receives both EW
corrections from LO; and QCD corrections from LOg, whose contributions cannot be
unambiguously separated. The EW corrections to gg (also contributing at NLOy order)
are quite small if compared to the corresponding NLO; ones (just a 0.8% of them). The
real channels gg and gb enter at order O(a2a’) as genuine QCD corrections to the LO
interference. The NLOy result for the gq channel is 0.4% of its corresponding contribution
at NLO7, while for the gb one it amounts to 23% of the corresponding NLO; counterpart
but of negative relative sign. More strikingly, the impact of the gb partonic channels is more
sizeable than the gq one. This can be traced back to the different topologies contributing
in the two cases. For gq initial states, the colour structure is only non-vanishing if the
additional gluon connects the light-quark and the bottom-quark lines [see figure 7(a)]. In
the gb case, the presence of t-channel gluon exchange in the LO QCD amplitude allows for
more possibilities for the additional gluon to connect the two b-quark lines, opening diagram
topologies with a non-vanishing colour factor that are not kinematically suppressed.

At NLOj3 the largest positive contribution comes from the gg channel, which plays the
role of a QCD correction to O3, but is actually almost 4 times larger than the corresponding
LOg3 cross-section in the gq channel. As anticipated in section 2.2.3, this result can be
explained by the presence of tZ-scattering topologies that open up at this order [see left
sub-diagram in figure 6(b)]. For the gb reaction, the NLOg contribution is a non-negligible
fraction of its NLO; one, but roughly a factor of 3 smaller than the corresponding L.O3
cross-section in the bb channel. Indeed, differently from the gq case, all relevant scattering
topologies contributing to the gb reaction are already present at LOy 3. Therefore, the
NLOj3 corrections to the bb channels are comparable in size to the gb ones, and, being
negative, they largely cancel them. Moreover, since the LOy, 3 contribution is enhanced by
EW-boson scattering topologies [see figures 4(b) and 4(c)], its QCD corrections to the bb
and the bb/ bb channels are not suppressed with respect to the NLO; and NLO» corrections
to the same channels. On the contrary, the O(asa®) corrections to qg are a-suppressed, as
expected: they amount to roughly a per-mille of the corresponding NLO; term. The NLO3
QCD corrections to the yv-induced process are fully negligible. In the g partonic channel,
the NLOg corrections are of purely EW nature and amount to 7% of the QCD corrections
of order NLOs. An even stronger suppression is visible in the vb channels, which enter this
order as real EW corrections to the LO interference.
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perturbative Onob [ab] Un(‘)fgi"fol oy, [ab] Um;',bml o [ab] UL"OI
order
LO, 107.246(5) 7550 1.0000 | 0.31378(9) +0.0029 | 107.560(5)*535%  1.0000
LO, 0.7522(2)*3%0%  +0.0070 | —0.6305(2) —0.0059 0.1217(3) +0.0011
LO; 0.2862(1)734%  4+0.0027 | 0.7879(2)  +0.0073 | 1.0742(3)"121%  10.0100
NLO; —11.4(1) —0.1072 | 0.518(3)  +0.0048 —10.9(1) —0.1016
NLO, —0.89(1) —0.0083 | 0.109(3)  +0.0010 —0.78(1) —0.0072
NLO; 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096
NLO,4 —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 —0.052(1) —0.0005

LO+NLO; | 95.8(1)T0%%  +0.8933 | 0.832(3)  +0.0078 | 96.6(1)%9)%,  +0.8984
LO 108.285(5) 537 +1.0097 | 0.4713(3)  +0.0044 | 108.756(5) 53 2%  +1.0111
LO+NLO | 97.0(1)%97%,  +0.9052 | 0.991(6)  +0.0092 | 98.0(1)"04%  +0.9114

Table 3. LO cross-sections and NLO corrections (in ab) in the fiducial setup. In the second column
all partonic channels are included in oy, except the ones having at least one bottom quark in the
initial state, while o}, includes all these channels. The sum of the two (o) is shown in the sixth
column. Ratios with respect to the cross-section o, at LO; accuracy are reported in the third
and fifth column. In the seventh column ratios are shown with respect to the full LO; cross-section
including the bottom channels, as well. Integration errors are given in parentheses and percentage
7-point scale variations as super- and sub-scripts.

All NLOy corrections for each partonic channel are consistently found to be a-suppres-
sed with respect to the corresponding LLOs and overall negligible compared to the other
corrections. This last statement holds true for all channels receiving an O(a”) contribution,
with the exception of the bb/bb bottom ones (whose NLO; corrections were already
3 x 10~*ab) and the ¢ ones, with a negative NLOy4 term of the same order of magnitude
as the NLOj3 one. The overall NLOy4 result is dominated by the negative contribution of
q@/bb channels, with a positive yg/yb contribution roughly giving a 10% of the former.
The EW corrections to the di-photon channel, whose virtual contribution has been the
most CPU-expensive part of the calculation to evaluate, is the smallest correction amongst
the ones in table 2 (less than half of the QCD corrections to this channel) and therefore
fully negligible.

Results for the integrated cross-sections, which have been separately shown for the
different partonic channels in tables 1 and 2, are collected in table 3. Theoretical uncertainties
in the results are estimated with 7-point scale variations, as described in section 3.1. We
refrain from showing scale uncertainties for LOg results in all cases where interference
contributions from bottom-induced diagrams are present. For such contributions, the
QCD-scale (renormalisation- and factorisation-scale) uncertainties do not have a clear
interpretation. However, the scale uncertainties are shown for the LOy contribution from
the vg process. Uncertainty bands for LOj3 results come uniquely from factorisation-scale
variations, owing to the EW nature of the contribution, which is also why they turn out to
be smaller than the LO; ones.
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In the second column of table 3 we present results for the integrated cross-section
onob at different perturbative accuracies: all partonic channels are included, except the
ones involving at least one bottom quark in the initial state. The contribution oy}, to the
integrated cross-section, namely the sum of all bottom-induced contributions, is presented
in the fourth column individually for each perturbative order. The results accounting for
all partonic channels (o = opop, + 0p,) are reported in the sixth column of the table. For
the bottom contributions alone, we also decided not to report scale uncertainties: since the
running of the bottom PDFs that enters when computing the scale envelope includes also
contributions from other quark flavours, the interpretation of the scale-uncertainty bands
for these comparably small contributions is unclear and not particularly revealing. The
scale variations for bottom-induced contributions are instead properly taken into account
for the complete result o.

From table 3, one can notice that the LO contribution to oy, is dominated by the LO;
term. The largest NLO correction is represented by the NLO; term: with our scale choice
of eq. (3.10) it roughly amounts to a —10% correction of the LO; result and its inclusion
significantly reduces the size of QCD-scale uncertainties. The NLOj turns out to be the
largest NLO contribution amongst the subleading ones, providing a positive 1% correction
to LO;1. Since LOj is a purely EW contribution, no improvement in QCD-scale uncertainty
is obtained when adding the NLO3 correction. The NLOg term is slightly smaller than the
NLO3 one, but being negative, largely cancels the effect of the NLO3 contribution, so that
the sum NLOg + NLOj3 only corrects the LO; by 0.2%. Finally, the NLOy4 just affects the
NLO result for o1 at the sub-per-mille level. Due to their EW nature (with the exception
of the small contribution arising from the QCD corrections to LOg) both NLOg and NLO4
do not further reduce the scale uncertainties.

The LOy, 1 contribution for the bottom channel is comparable in size to the subleading
LOy, 2 and LOy, 3 terms. The sum of these three LO perturbative orders only modifies the
complete LO result for o at the per-mille level, also as a consequence of large cancellations
occurring amongst them. A similar impact on the full NLO result for ¢ is observed for the
set of NLO corrections in bottom-induced channels. The largest contribution still arises from
the NLOy, ; perturbative order, which changes the NLO; corrections computed without
including the bottom contributions by —4%. The NLOy, 2 and NLOy, 3 corrections are again
comparable in size but, due to their opposite signs, compensate each other to a large extent.
The NLOy4 corrections to o, 35% of which comes from the bottom-induced channels, still
remain negligible compared to the other NLO terms. Therefore, the LO+NLO result for o
only receives roughly a +1% correction after including the bottom channels at all LO and
NLO perturbative orders.

As a general remark, we stress that the cancellations of contributions between different
partonic channels should not be viewed as a general feature but might be related to our
specific event selection. The sizes of the individual channels are more characteristic than
sums of different contributions.

3.3 Differential cross-sections

In this section we study the impact of including the NLO corrections at differential level, by
examining some relevant distributions. Since NLOy corrections have already been shown in
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the previous section to be fully negligible and out of reach in any foreseen LHC experimental
measurement, we refrain from including them in our differential results. Unless otherwise
stated, all predictions include bottom-initiated contributions. Whenever presented, the
uncertainty bands are obtained by means of 7-point scale variations performed at the
bin-by-bin level.

All plots are characterised by the following structure. In a main panel the three LO
contributions are presented with dashed lines, namely the LO; (blue curve), the LOq
(magenta curve) and LO3 (turquoise curve). The last two contributions are shown after
scaling them up by a factor of 10. In the same panel, the genuine NLO QCD result,
obtained by correcting the LO; result by NLOj, is shown in red, together with the full
NLO prediction LO4+NLO, shown in brown. All plots are supplemented with at least two
ratio panels. The first one shows again the LO3 curve but also the three NLO corrections,
namely NLO; (in red), NLO; (in green), and NLO3 (in goldenrod), normalised to the LO;
result. Since the LOy contribution is typically negligible or at most similar in size to the
LO3 one, we refrain from including its curve in any ratio panel, with just one exception for
the distribution in the invariant mass of the 7-lepton pair (as justified below). A second
ratio panel compares the LO; + NLO; result with the complete LO4+NLO prediction, both
normalised with respect to the former. For a selected set of distributions two additional
ratio panels are included. The first additional panel reports three curves, normalised to the
LOj result: the NLO2 and NLOj corrections are included again as a reference together with
an additional purple curve, which includes photon-induced channels (namely all channels
having at least one photon as an initial-state parton). The second additional panel is added
to illustrate the impact of the bottom-induced contributions. Our full LO4+NLO prediction
is reported together with the (LO + NLO),o}, result (dash-dotted orange curve), where all
channels with at least one initial-state bottom have been excluded: the latter prediction is
also used for normalisation.

We consider observables that are directly measurable at the LHC as well as observables
that rely on Monte Carlo truth. The latter refer to kinematic variables of the top and
antitop quark or of jets initiated by bottom/antibottom quarks arising from the top/antitop
decays. As already mentioned, some partonic channels may include up to three final-state
bottom quarks. Moreover, since our jet-clustering algorithm does not distinguish bottom
and antibottom, bottom jets are identified as originating from a top or antitop quark by
maximising the likelihood function £, defined as a product of two Breit-Wigner distributions
corresponding to the top-quark and antitop-quark propagators,

1 1

(pzﬁ'z/ebi - m%)Z + (muTy)? (PQ_— b — m%)z + (mTy)?

K Vubj

L(pr;, pv;) = , (3.13)

where the momenta pg. are defined as pgpe = pa + Py + pe. Notice that at the Monte
Carlo-truth level the neutrino flavour is accessible. The combination of momenta {py,, pbj}
(at most nine for channels with three final-state bottom quarks) that maximises this function
defines the two bottom jets originating from top quarks: the first momentum of the pair is
identified with a bottom quark and the second with an antibottom quark. The top- and
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Figure 12. Distributions in the azimuthal-angle separation between the positron and the muon in
units of 7 (left) and in the cosine of the angle between the two 7 leptons (right). The different NLO
corrections for the observables are compared separately (first ratio panels) and at the level of the
full prediction (second ratio panel).

antitop-quark momenta are then computed as

Pt = Petyeh;  and DE = Pu-p,b, - (3.14)

respectively. Owing to the final state involving three different lepton flavours, all consid-
ered observables refer to charged leptons via their flavours with no need to introduce a
transverse-momentum ordering. In the dominant tt-resonant topologies, the 777~ pair is
unambiguously associated to a potential Z/~* boson. All leptons are understood as dressed
leptons (see section 3.1).

We start the discussion by examining the two angular distributions in figure 12. In
figure 12(a) the distribution in the azimuthal-angle separation between the positron and
the muon A¢e+ - is shown. This observable is particularly relevant to constrain some BSM
theories and to study the spin correlations of top-antitop pairs. The cross-section shows a
minimum at small azimuthal separation and monotonically increases towards larger values
of A¢ge+,~. This trend, which is particularly pronounced at LOj, is partially mitigated by
adding NLO; corrections. Indeed, the NLO; corrections are positive at A¢q+,~ ~ 0, where
they amount to 2-3%, while they become negative towards large azimuthal separation,
reaching more than —20% at A¢e+,~ ~ m. The other contributions, i.e. LO2, LO3, NLOq,
and NLOj, are flat and basically reproduce the relative corrections to the fiducial cross-
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section. Adding them to the dominant QCD ones (LO; and NLO;) amounts to a shift in
normalisation of about +1%, giving a combined LO+NLO curve sitting at the edge of the
scale uncertainty band of the LO; + NLO; result for our scale choice (3.10).

In figure 12(b) the distribution in the cosine of the angle between the two 7 leptons is
presented. It shows a minimum for 6 +,- = 7, where the two leptons are produced in a
back-to-back configuration. Then, the cross-section steeply increases reaching a maximum
around cos 0.+.- = 0.85, where the two leptons are almost collinear. The right-most bin is
lower than the previous one, owing to the AR distance cut of 0.4 between charged leptons
[see eq. (3.7)]. NLO; corrections essentially amount to a negative shift in the normalisation
of the distribution varying from —9% to —11% throughout the allowed kinematic range,
reaching —7% in collinear configurations. The LOy contribution weakly increases towards
the collinear region until the very last bin of the distribution. The LOg3 contribution
reflects the peaked behaviour of the LO; term, even though its size is much smaller: it
ranges from 2% to about 0.5% of the LO; when moving from the anticollinear to the
collinear region. The impact of subleading NLO corrections on this observable is quite
moderate. NLOy corrections are negative and amount to roughly —0.5% in the anticollinear
region, almost vanishing in the central emission range of —0.25 < cosf_+,.- < 0.25 and
then decreasing again to —2% in the collinear-emission region. On the other hand, NLOg3
corrections are positive and grow moderately from 0.5% to 1% at 6,.+,— = 0. Due to the
partial compensation of the different subleading corrections, their overall effect on the
normalisation of the LO; + NLO; result vanishes in the collinear region, while it provides a
2% correction in the anticollinear and especially central-emission region, mainly due to the
LO3 and NLO3 terms.

We turn to the distributions in the rapidity of the muon and of the antitop quark
in figures 13(a) and 13(b), respectively. Similar considerations hold for both observables,
since the two quantities are largely correlated (in the dominant doubly-resonant topologies
the muon is a decay product of the antitop quark). This allows to consider to a good
approximation the muon rapidity as a proxy for the antitop one, which cannot be directly
measured at the LHC. Both the muon and the antitop quark are preferably produced
at central rapidity. The muon-rapidity distribution is cut at |y,-| < 2.5 [see eq. (3.7)],
while the antitop one is highly suppressed by the rapidity cuts applied on its visible decay
products. NLO; corrections are negative and roughly —10% throughout the rapidity range,
just slowly decreasing in absolute value towards the edges of the distribution (especially for
the antitop case, where they amount to —5% around |y;| ~ 2.4). The LO3 term mimics the
shape behaviour of the LO; one to a large extent, even though it represents a small fraction
of it (just a 1%). This behaviour was observed for all distributions that we analysed in
phase-space regions dominated by on-shell top quarks. The even smaller LOs term exhibits
a dip at central rapidity: this is due to the fact that the LOs result is the sum of a ~g
contribution, which shows the expected behaviour at central rapidity, and bottom-induced
interference terms, which are negative and entirely cancel in our setup the enhancement at
zero rapidity of the former contribution. These large cancellations between the two channels
at differential level are already manifest for the fiducial cross-sections, as visible in the third
column of table 1. Subleading NLO corrections range between —2% and +1% of the LO;
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Figure 13. Distributions in the rapidity of the muon (left) and of the antitop quark (right). The
different NLO corrections for the observables are compared separately (first ratio panels) and at the
level of the full prediction (second ratio panel).

result. Owing to the opposite sign of the NLOy and NLOg corrections, their overall impact
on the combined NLO results is moderate, giving a +1% normalisation factor (reaching a
4% for the antitop quark in very suppressed forward regions).

We move on presenting some transverse-momentum distributions, which are known to
be quite sensitive to EW corrections. In figures 14(a) and 14(b) we display the distributions
in the transverse momentum of the 777~ pair and the antitop quark, the latter being
accessible only with Monte Carlo truth. In both cases the maximum of the cross-section is
around 100 GeV. The NLO; corrections are negatively increasing in the most populated
region, reaching —15% around 300 GeV, then they decrease and turn positive at very high
transverse momenta (as visible for the transverse momentum of the 7+~ pair). While the
position of the distribution maximum is unchanged when computing the LOgs contributions,
for LOs it is shifted to higher values as a result of the negative interference contribution
in bottom-induced channels at low transverse momentum. Indeed, in this region the
bottom-interference terms are as large as the g ones but of opposite sign. On the other
hand, towards the tails of the distribution the LOs result is dominated by the positive vg
cross-section, which even exceeds the LOg one for pp ;. A similar behaviour of the LO2
terms was found in all transverse-momentum distributions that we have studied, i.e. large
cancellations for small transverse momenta but dominance of photon-induced contributions
at larger pr. Moving to NLO subleading corrections, NLOs are by far the dominant ones for
these observables. The correction with respect to the LO; result is positive at low transverse
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Figure 14. Distributions in the transverse momentum of the 777~ pair (left) and the antitop
quark (right). The different NLO corrections for the observables are compared separately (first ratio
panels) and at the level of the full prediction (second ratio panel).

momentum, but constantly decreases showing the expected negative enhancement at high
transverse momentum due to the effect of EW Sudakov logarithms [72]: for the 777~
pair the corrections reach —20% at pp .+,- = 1TeV, while for the antitop distribution we
observe a —12% at pp; = 800 GeV. NLO3 terms only marginally correct the LO; result:
the corrections are roughly 1% for both py .+,- and pr; and essentially constant over
the whole range. Clearly, the LO; + NLO; distributions are strongly distorted by the
inclusion of subleading contributions, with a dominant effect given by NLOs corrections.
Both distributions exhibit a positive correction of 4-5% in the bulk region, which slowly
decreases becoming negative around 250 GeV.

In figure 15 two more transverse variables are reported. In figure 15(a) we present our
results for the distribution in the transverse momentum of the bb pair defined at the Monte
Carlo-truth level as described at the beginning of this section and in eq. (3.13). As for
the transverse momentum of the tt pair (not shown here), the transverse momentum of
the bb pair is particularly sensitive to QCD corrections to LO;. The QCD corrections are
negative and roughly —15% in the bulk of the distribution, then, after changing sign around
200 GeV, they steeply increase up to +100% at pr i & 600 GeV. These huge effects are not
simply explained by the presence of hard QCD real radiation, but are known as giant QCD
K-factor [73]. Indeed, at NLO; topologies of a ttj event open up where the emission of a soft
and/or collinear Z boson causes the double-logarithmic enhancement of the cross-section in
the high transverse-momentum regions of the jet. A similar effect was found also in ttW=*
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Figure 15. Distributions in the transverse momentum of the bottom-jet pair (left) and in the HY®
variable (right). The different NLO corrections for the observables are compared separately (first
ratio panels) and at the level of the full prediction (second ratio panel). The size of photon-induced
channels and bottom contributions are presented in the third and fourth ratio panels, respectively.

production [40]. As a consequence of the very large QCD corrections for large PT b the
scale dependence of the full NLO QCD result is LO like in these regions of phase space. The
NLO> corrections are once again dominated by large and negative EW Sudakov logarithms.
They start from small positive values of roughly 0.5% (as visible in the third ratio panel)
to reach —15% at Prpp = 700 GeV. An opposite behaviour is found for NLO3 corrections,
which are ruled by real gluon-induced contributions: being positive and reaching +5%
at high transverse momenta, they partially balance the effect of NLOy corrections in the
high-energy tails. Indeed, when considering all subleading contributions, the impact of EW
Sudakov logarithms is reduced, and subleading corrections never exceed —3.5%. In the
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soft region of the spectrum, i.e. for Prpp < 250 GeV, subleading corrections reach at most
+3% of the NLO QCD cross-section. Transverse-momentum distributions are known to be
more sensitive to the effects of photon-induced contributions in the tails. In the third ratio
panel we show these contributions at NLO accuracy. All partonic channels involving at
least one initial-state photon and their NLO corrections are included. For the process at
hand, photon-induced contributions receive both NLOs and NLOj corrections, the latter
being essentially EW corrections to the yg LO2 term (QCD corrections to the v+ channel
are fully negligible). In agreement with similar studies for other processes (see for instance
ref. [43]), photon contributions slowly increase reaching 4% of the LO; contribution at high
pr values. This behaviour is explained by the fact that the photon PDF grows faster than
the quark and gluon ones in this phase-space region [74]. Finally, in a fourth ratio panel we
present the impact of the bottom-induced channels together with their NLO corrections.
As already observed in ref. [53], the observables which are expected to be more affected by
bottom contributions are the hadronic ones whose definition requires at least one b jet. We
see that the inclusion of leading and subleading bottom corrections has a moderate impact
on the result, which is corrected by roughly +1% in the bulk of the distribution and up
to +1.5% in the tails. Nevertheless, these corrections are entirely covered by the theory
uncertainty bands of the NLO result not including the bottom channels.

In figure 15(b) we present another variable of interest for LHC searches, namely HYS,
defined as

HY® = prp, +Prby + 70+ + P10 +Prp- + P16t (3.15)

similarly to Hr in eq. (3.9) but without including the missing-energy contribution. Since
in our calculation up to three b jets can be produced, the sum of the transverse momenta
is restricted to the leading and subleading b jets (here by and by, respectively) defined
according to a pt ordering. We see that also for this observable NLO; QCD corrections are
large, reaching more than —25% at 2 TeV. NLOj corrections amount to 6% at low HY®
values, steadily decreasing and becoming negative towards higher values. The impact of
EW Sudakov logarithms is less pronounced than in the P pp distribution, with a correction
relative to LO; of around —15% at 2TeV. The NLOj3 contributions account for at most
+1% and are essentially flat up to very high HY® values. Overall, the subleading NLO
corrections are dominated by the NLOgy corrections in the high-energy regime. The impact
of photon-induced contributions is slightly milder than for Prpp, amounting to roughly
1% of LO; at low H%is values and increasing to almost a 2% towards the tail. Since
b jets are involved in the definition of the observable in eq. (3.15), we might expect that
bottom-induced channels play a role. Indeed, in the fourth ratio panel in figure 15(b) some
shape effects are found, owing to the inclusion of the bottom contributions, which correct
the oyop result from +1% in the very first bin up to +3.5% at HYS = 2 TeV.

In figure 16 we consider two invariant-mass variables. We start with the distribution
in the invariant mass of the antitop quark displayed in figure 16(a). The characteristic
invariant-mass peak at my = 173 GeV is found in the LO; and in the LOg3 results. Conversely,
the LOy shows a dip in that region, as a consequence of the negative bottom-interference
contributions, which overcompensate the resonance peak of the LO2 g term leading to a
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Figure 16. Distributions in the invariant mass of the antitop quark (left) and of the 77~ pair
(right). The different NLO corrections for the observables are compared separately (first ratio panels)
and at the level of the full prediction (second ratio panel). The size of photon-induced channels and
bottom contributions are presented in the third and fourth ratio panels, respectively.

slightly negative LO2 contribution near the nominal top mass. Our results for the NLO;
corrections are in line with the results for this observable found in tt [75] and ttW¥ [40]
production. The QCD corrections are negative (around —40%) on the peak, while they
become positive in regions where the antitop quark is off shell: for regions of a reconstructed
antitop mass above the peak, i.e. M; > my, the corrections progressively increase reaching
up to +60% for M; ~ my + 25 GeV; for My < my the LO; + NLO; result is one order of
magnitude larger than its LO; one. The enhancement below the peak is well-known and
due to QCD radiation that is not clustered with the b jet arising from the antitop-quark
decay. Radiative-tail effects are also present in subleading NLO corrections, even though
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to a lesser extent. Indeed, in NLOsy corrections real-photon radiation can also be emitted
from the muon arising from the antitop quark. Owing to the suppression of the EW versus
the QCD coupling, this gives rise to smaller corrections with respect to LO;, reaching
+60% for M; ~ my —20GeV. The NLO; corrections are negative at the peak (around
—4%) as well as in the off-shell region above the pole mass. Yet another behaviour is found
for the NLO3 contribution, which remains positive throughout the considered spectrum.
It reaches a minimum of 0.5% around the top resonance, while increasing in the off-shell
regions: for M; =~ my + 25GeV a 2% correction is found, and for M; &~ my — 20 GeV the
radiative tail generates a 10% correction. The behaviour of NLOg corrections is dominated
by quark-gluon partonic channels, which involve a quark in the final state that cannot
arise from the radiative decay of the top or the antitop quark, differently from a final-state
gluon or photon (as observed in ref. [41]). The complete set of subleading corrections to
the NLO QCD result just reinforces the behaviour of the QCD corrections: it amounts to
an essentially constant +10% effect below the peak, to a negative correction of roughly
—5% around M; ~ my, and is almost vanishing for M; > my. As already observed for tt
production [43], the role of photon-initiated contributions in invariant-mass distributions
can be quite significant. In our case we see that the full set of photon-induced channels
mimics the NLO3 behaviour, being always positive and growing towards the off-shell regions.
The radiative-tail enhancement mostly comes from the g channel, reaching +5.5% at
M; =~ my — 20 GeV. Since the definition of this variable involves just one bottom quark for
the reconstruction of the antitop-quark mass at Monte Carlo-truth level, the role of the
bottom contributions is slightly smaller than for other distributions analysed previously.
They essentially give a contribution to the combined NLO cross-section ranging from 0.5%
to 1.5%.

In figure 16(b) we present the distribution in the invariant mass of the 777~ pair. The
peak at the Z-boson mass is observed for LO; and LOg, but appears to be completely
absent for LOs. In fact there is even a slight dip in the bin containing the Z-boson mass.
As discussed for figure 16(a), this results once again from large cancellations between the yg
and the bottom-induced interference terms in the resonant region. The harder tail of the
LOg2 curve as compared to LOj is instead entirely due to the yg channel, which is by far the
largest subleading contribution in the tail, accounting for a +4% correction with respect
to LO1. The NLO; corrections constantly decrease from +4% in the very first bin of the
distribution to roughly —20% in the far off-shell region. Since the observable at hand is fully
leptonic, large radiative effects are generated by NLOs corrections, owing to real photons
that are not clustered with 7 leptons: the NLOs corrections with respect to LO; are indeed
more than +40% right below the peak and —2% for M_+_ - ~ My. Above this region they
increase, almost vanish around 300 GeV, and then mildly decrease again. Since the NLOg
contributions are effectively dominated by QCD corrections, they do not affect the position
of the resonance peak, like NLO1, but they provide an essentially constant correction to
the LO; cross-section ranging from +0.5% to +1%. Therefore, subleading contributions
to M, +,- mainly arise from LO contributions in the region M, +,- £ 150 GeV, while the
NLOg corrections dominate around and below the Z-boson mass. The photon-induced
contributions are quite relevant, increasing from roughly 1% at M_+,.- ~ My up to 6%
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at 500 GeV, due to the leptonic nature of the observable. The impact of bottom-initiated
contributions is instead negligible: they only mildly distort the shape of the distribution by
a positive correction of at most 1%, which is entirely contained within the theory uncertainty
of the result without bottom contributions.

4 Conclusions

We have presented the first calculation of the off-shell production of a top-antitop pair in
association with a Z boson that is accurate both at NLO QCD and NLO EW for 13 TeV
proton-proton collisions. To be more precise, we have computed the entire tower of LO
contributions and NLO corrections to a final state that involves four different charged
leptons, two bottom jets, and missing transverse momentum. All off-shell effects have been
retained in order to provide a realistic description of the process including decay effects at
NLO accuracy.

Owing to the very high multiplicity of the final state, this calculation proved to be
extremely intensive from the computation-time and book-keeping point of view. In this
sense, the off-shell ttZ process lies at the frontier of LHC signatures that can be simulated
with optimised Monte Carlo integrators and one-loop amplitude providers that are currently
available. Given the high complexity of the simulations, we have performed a careful
validation of the QCD corrections with existing results [39], finding very good agreement
both in integrated and in differential cross-sections.

Even if bottom-induced partonic processes were already considered in the context of
NLO QCD predictions for tt-associated processes [53], our calculation is the first one that
accounts for all LO and NLO contributions to these channels, i.e. we provide predictions in
a truly five-flavour scheme. Also photon-induced processes have been taken into account, in
spite of the expected minor impact on the final results. Throughout our calculation full
spin correlations have been kept, while including both resonant and non-resonant diagrams.
The mixing of QCD and EW radiative corrections as well as all interference effects have
been taken into account.

We provide integrated and differential results in a realistic fiducial setup, using a
resonance-aware definition for the renormalisation and factorisation scales, which is known
to improve the convergence of the perturbative expansion in «ag [41]. With such a choice,
the QCD corrections to the LO QCD (LO;) cross-section, namely NLO1, are sizeable and
negative (—10%) at integrated level, and decrease the QCD-scale uncertainties from 30%
down to 10% when going from LO; to LO; +NLO;. The NLO; corrections (EW corrections
to LO QCD and QCD corrections to LO interference) account for less than a percent
of the LO fiducial cross section and are comparable in size with the NLO3 contributions
(EW corrections to LO interference and QCD corrections to LO EW), where the expected
a suppression is balanced by the enhancement owing to tZ-scattering topologies in the
real corrections. On the other hand, our calculation confirms the expectation that NLO4
corrections (EW corrections to LO EW) are very strongly suppressed, giving a sub-per-mille
effect that is definitely out of reach at the LHC even after the planned luminosity upgrades.
The contributions of bottom-induced and photon-induced channels are each about 1% of
the complete NLO cross-section. In particular, we have observed in our fiducial setup
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strong cancellations between the bottom-induced contributions and photon-gluon-induced
ones, occurring already at the integrated level for the LOy cross-section. This interplay
amongst the various LO and NLO corrections gives an even more intricate structure at
differential level. All NLO corrections do not just cause a change of normalisation but
also a distortion of the distribution shapes, even for some more inclusive observables like
angles and rapidities. Remarkable shape changes at NLO; are motivated by an overall
strong scale dependence, but also by the presence of hard real radiation, which gives LO-like
scale bands in tails of some distributions. After including NLOg and NLOj corrections,
the differential cross-sections change sizeably w.r.t. the pure QCD result (LO; + NLOy)
especially in transverse-momentum distributions, pointing out that the NLO1, NLOs, and
NLOs3 corrections are unavoidable for a description of the ttZ process when aiming at
precise predictions over the full phase space. In particular, a sizeable enhancement from
EW Sudakov logarithms gives NLOs corrections that reach up to —20% of the LO result at
moderate-to-high transverse momenta. The differential NLOj3 corrections are usually flatter
than the other two. As a general comment, in phase-space regions where the cross-section
is sizeable, the subleading NLO corrections are below 5%.

We conclude stressing that, although an on-shell calculation (or one including decay
effects via a production x decay approximation) is expected to capture most of the ttZ features
in the bulk regions of the phase space, it is essential to simulate this process including all
kinds of off-shell effects, especially in the case where exclusive fiducial selections are applied
and differential measurements are performed.

Acknowledgments

The authors are indebted to Sandro Uccirati for fixing the RECOLA code in the case of
processes with four external (anti)bottom quarks and intermediate top-quark propagators,
to Jean-Nicolas Lang for testing the fixed RECOLA code, and to Christopher Schwan for
useful discussions. This work is supported by the German Federal Ministry for Education
and Research (BMBF) under contract no. 05H2IWWCAA.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] A. Buckley et al., Constraining top quark effective theory in the LHC Run II era, JHEP 04
(2016) 015 [arXiv:1512.03360] [INSPIRE].

[2] O. Bessidskaia Bylund et al., Probing top quark neutral couplings in the Standard Model
Effective Field Theory at NLO in QCD, JHEP 05 (2016) 052 [arXiv:1601.08193] [INSPIRE].

[3] P. Cox, A.D. Medina, T.S. Ray and A. Spray, Novel collider and dark matter phenomenology
of a top-philic Z', JHEP 06 (2016) 110 [arXiv:1512.00471] [INSPIRE].

[4] J.H. Kim, K. Kong, S.J. Lee and G. Mohlabeng, Probing TeV scale Top-Philic Resonances
with Boosted Top-Tagging at the High Luminosity LHC, Phys. Rev. D 94 (2016) 035023
[arXiv:1604.07421] [NSPIRE].

— 33 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP04(2016)015
https://doi.org/10.1007/JHEP04(2016)015
https://arxiv.org/abs/1512.03360
https://inspirehep.net/literature/1409109
https://doi.org/10.1007/JHEP05(2016)052
https://arxiv.org/abs/1601.08193
https://inspirehep.net/literature/1418496
https://doi.org/10.1007/JHEP06(2016)110
https://arxiv.org/abs/1512.00471
https://inspirehep.net/literature/1407848
https://doi.org/10.1103/PhysRevD.94.035023
https://arxiv.org/abs/1604.07421
https://inspirehep.net/literature/1452565

[5]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

P.J. Fox, I. Low and Y. Zhang, Top-philic Z' forces at the LHC, JHEP 03 (2018) 074
[arXiv:1801.03505] [INSPIRE].

E. Alvarez, A. Juste, M. Szewc and T. Vazquez Schroeder, Topping-up multilepton plus b-jets
anomalies at the LHC with a Z' boson, JHEP 05 (2021) 125 [arXiv:2011.06514] [INSPIRE].

S. Biimann, G. Hiller, C. Hormigos-Feliu and D.F. Litim, Multi-lepton signatures of vector-like
leptons with flavor, Eur. Phys. J. C 81 (2021) 101 [arXiv:2011.12964] [INSPIRE].

U. Baur, A. Juste, L.H. Orr and D. Rainwater, Probing electroweak top quark couplings at
hadron colliders, Phys. Rev. D T1 (2005) 054013 [hep-ph/0412021] [InSPIRE].

U. Baur, A. Juste, D. Rainwater and L.H. Orr, Improved measurement of ttZ couplings at the
CERN LHC, Phys. Rev. D 73 (2006) 034016 [hep-ph/0512262] [INSPIRE].

E.L. Berger, Q.-H. Cao and 1. Low, Model Independent Constraints Among the Wtb, Zb anti-b,
and Zt anti-t Couplings, Phys. Rev. D 80 (2009) 074020 [arXiv:0907.2191] [INSPIRE].

R. Rontsch and M. Schulze, Constraining couplings of top quarks to the Z boson in tt + Z
production at the LHC, JHEP 07 (2014) 091 [Erratum ibid. 09 (2015) 132]
[arXiv:1404.1005] [iNSPIRE].

R. Rontsch and M. Schulze, Probing top-Z dipole moments at the LHC and ILC, JHEP 08
(2015) 044 [arXiv:1501.05939] [INSPIRE].

F. Maltoni, L. Mantani and K. Mimasu, Top-quark electroweak interactions at high energy,
JHEP 10 (2019) 004 [arXiv:1904.05637] [INSPIRE].

G. Durieux et al., The electro-weak couplings of the top and bottom quarks — Global fit and
future prospects, JHEP 12 (2019) 098 [Erratum bid. 01 (2021) 195] [arXiv:1907.10619]
[INSPIRE].

I. Brivio et al., O new physics, where art thou? A global search in the top sector, JHEP 02
(2020) 131 [arXiv:1910.03606] [INSPIRE].

Y. Afik et al., Multi-lepton probes of new physics and lepton-universality in top-quark
interactions, Nucl. Phys. B 980 (2022) 115849 [arXiv:2111.13711] [INSPIRE].

R. Rahaman, On two-body and three-body spin correlations in leptonic ttZ production and
anomalous couplings at the LHC, JHEP 02 (2023) 077 [arXiv:2204.12152] [INSPIRE].

J.A. Dror, M. Farina, E. Salvioni and J. Serra, Strong tW Scattering at the LHC, JHEP 01
(2016) 071 [arXiv:1511.03674] [INSPIRE].

G. Bevilacqua et al., Towards constraining Dark Matter at the LHC: Higher order QCD
predictions for tt + Z(Z — veig), JHEP 11 (2019) 001 [arXiv:1907.09359] [INSPIRE].

ATLAS collaboration, Measurement of the ttW and ttZ production cross sections in pp
collisions at /s = 8 TeV with the ATLAS detector, JHEP 11 (2015) 172 [arXiv:1509.05276]
[INSPIRE].

CMS collaboration, Observation of top quark pairs produced in association with a vector boson
in pp collisions at /s =8 TeV, JHEP 01 (2016) 096 [arXiv:1510.01131] [INSPIRE].

ATLAS collaboration, Measurement of the ttZ and ttW production cross sections in
multilepton final states using 3.2 fb=1 of pp collisions at \/s = 13 TeV with the ATLAS detector,
Eur. Phys. J. C'77 (2017) 40 [arXiv:1609.01599] INSPIRE].

CMS collaboration, Measurement of the cross section for top quark pair production in
association with a W or Z boson in proton-proton collisions at /s = 13 TeV, JHEP 08 (2018)
011 [arXiv:1711.02547] [iNSPIRE].

— 34 —


https://doi.org/10.1007/JHEP03(2018)074
https://arxiv.org/abs/1801.03505
https://inspirehep.net/literature/1647561
https://doi.org/10.1007/JHEP05(2021)125
https://arxiv.org/abs/2011.06514
https://inspirehep.net/literature/1829753
https://doi.org/10.1140/epjc/s10052-021-08886-3
https://arxiv.org/abs/2011.12964
https://inspirehep.net/literature/1833594
https://doi.org/10.1103/PhysRevD.71.054013
https://arxiv.org/abs/hep-ph/0412021
https://inspirehep.net/literature/665879
https://doi.org/10.1103/PhysRevD.73.034016
https://arxiv.org/abs/hep-ph/0512262
https://inspirehep.net/literature/700947
https://doi.org/10.1103/PhysRevD.80.074020
https://arxiv.org/abs/0907.2191
https://inspirehep.net/literature/825559
https://doi.org/10.1007/JHEP09(2015)132
https://arxiv.org/abs/1404.1005
https://inspirehep.net/literature/1288510
https://doi.org/10.1007/JHEP08(2015)044
https://doi.org/10.1007/JHEP08(2015)044
https://arxiv.org/abs/1501.05939
https://inspirehep.net/literature/1340866
https://doi.org/10.1007/JHEP10(2019)004
https://arxiv.org/abs/1904.05637
https://inspirehep.net/literature/1729251
https://doi.org/10.1007/JHEP12(2019)098
https://arxiv.org/abs/1907.10619
https://inspirehep.net/literature/1746315
https://doi.org/10.1007/JHEP02(2020)131
https://doi.org/10.1007/JHEP02(2020)131
https://arxiv.org/abs/1910.03606
https://inspirehep.net/literature/1758233
https://doi.org/10.1016/j.nuclphysb.2022.115849
https://arxiv.org/abs/2111.13711
https://inspirehep.net/literature/1978842
https://doi.org/10.1007/JHEP02(2023)077
https://arxiv.org/abs/2204.12152
https://inspirehep.net/literature/2072389
https://doi.org/10.1007/JHEP01(2016)071
https://doi.org/10.1007/JHEP01(2016)071
https://arxiv.org/abs/1511.03674
https://inspirehep.net/literature/1404154
https://doi.org/10.1007/JHEP11(2019)001
https://arxiv.org/abs/1907.09359
https://inspirehep.net/literature/1744863
https://doi.org/10.1007/JHEP11(2015)172
https://arxiv.org/abs/1509.05276
https://inspirehep.net/literature/1393760
https://doi.org/10.1007/JHEP01(2016)096
https://arxiv.org/abs/1510.01131
https://inspirehep.net/literature/1396140
https://doi.org/10.1140/epjc/s10052-016-4574-y
https://arxiv.org/abs/1609.01599
https://inspirehep.net/literature/1485353
https://doi.org/10.1007/JHEP08(2018)011
https://doi.org/10.1007/JHEP08(2018)011
https://arxiv.org/abs/1711.02547
https://inspirehep.net/literature/1634843

[24]

[25]

[26]

[31]

[32]

[33]

ATLAS collaboration, Measurement of the ttZ and ttW cross sections in proton-proton
collisions at /s = 13 TeV with the ATLAS detector, Phys. Rev. D 99 (2019) 072009
[arXiv:1901.03584] [INSPIRE].

CMS collaboration, Measurement of top quark pair production in association with a Z boson in
proton-proton collisions at /s = 13 TeV, JHEP 03 (2020) 056 [arXiv:1907.11270] [NSPIRE].

ATLAS collaboration, Measurements of the inclusive and differential production cross sections
of a top-quark-antiquark pair in association with a Z boson at \/s = 13 TeV with the ATLAS
detector, Eur. Phys. J. C' 81 (2021) 737 [arXiv:2103.12603] INSPIRE].

F. Maltoni, D. Pagani and I. Tsinikos, Associated production of a top-quark pair with vector
bosons at NLO in QCD: impact on ttH searches at the LHC, JHEP 02 (2016) 113
[arXiv:1507.05640] [INSPIRE].

A. Lazopoulos, T. McElmurry, K. Melnikov and F. Petriello, Next-to-leading order QCD
corrections to ttZ production at the LHC, Phys. Lett. B 666 (2008) 62 [arXiv:0804.2220]
[INSPIRE].

A. Kardos, Z. Trocsanyi and C. Papadopoulos, Top quark pair production in association with a
Z-boson at NLO accuracy, Phys. Rev. D 85 (2012) 054015 [arXiv:1111.0610] [INSPIRE].

S. Frixione et al., Electroweak and QCD corrections to top-pair hadroproduction in association
with heavy bosons, JHEP 06 (2015) 184 [arXiv:1504.03446] [INSPIRE].

R. Frederix et al., The automation of next-to-leading order electroweak calculations, JHEP 07
(2018) 185 [Erratum ibid. 11 (2021) 085] [arXiv:1804.10017] [INSPIRE].

M.V. Garzelli, A. Kardos, C.G. Papadopoulos and Z. Trocsanyi, Z°-boson production in
association with a top anti-top pair at NLO accuracy with parton shower effects, Phys. Rev. D
85 (2012) 074022 [arXiv:1111.1444] [INSPIRE].

M.V. Garzelli, A. Kardos, C.G. Papadopoulos and Z. Trocsanyi, ttW=* and ttZ
hadroproduction at NLO accuracy in QCD with Parton Shower and Hadronization effects,
JHEP 11 (2012) 056 [arXiv:1208.2665] [INSPIRE].

M. Ghezzi et al., Hadronic production of top-quark pairs in association with a pair of leptons
in the powheg box framework, Phys. Rev. D 106 (2022) 014001 [arXiv:2112.08892] [nSPIRE].

A. Broggio et al., Associated production of a top pair and a Z boson at the LHC to NNLL
accuracy, JHEP 04 (2017) 105 [arXiv:1702.00800] InSPIRE].

A. Kulesza et al., Associated production of a top quark pair with a heavy electroweak gauge
boson at NLO+NNLL accuracy, Eur. Phys. J. C 79 (2019) 249 [arXiv:1812.08622]
[INSPIRE].

A. Broggio et al., Top-quark pair hadroproduction in association with a heavy boson at
NLO+NNLL including EW corrections, JHEP 08 (2019) 039 [arXiv:1907.04343] [INSPIRE].

A. Kulesza et al., Associated top quark pair production with a heavy boson: differential cross
sections at NLO+NNLL accuracy, Eur. Phys. J. C' 80 (2020) 428 [arXiv:2001.03031]
[INSPIRE].

G. Bevilacqua et al., NLO QCD corrections to full off-shell production of ttZ including
leptonic decays, JHEP 08 (2022) 060 [arXiv:2203.15688] [INSPIRE].

A. Denner and G. Pelliccioli, NLO QCD corrections to off-shell ttW* production at the LHC,
JHEP 11 (2020) 069 [arXiv:2007.12089] [iNSPIRE].

— 35 —


https://doi.org/10.1103/PhysRevD.99.072009
https://arxiv.org/abs/1901.03584
https://inspirehep.net/literature/1713423
https://doi.org/10.1007/JHEP03(2020)056
https://arxiv.org/abs/1907.11270
https://inspirehep.net/literature/1746445
https://doi.org/10.1140/epjc/s10052-021-09439-4
https://arxiv.org/abs/2103.12603
https://inspirehep.net/literature/1853014
https://doi.org/10.1007/JHEP02(2016)113
https://arxiv.org/abs/1507.05640
https://inspirehep.net/literature/1384114
https://doi.org/10.1016/j.physletb.2008.06.073
https://arxiv.org/abs/0804.2220
https://inspirehep.net/literature/783373
https://doi.org/10.1103/PhysRevD.85.054015
https://arxiv.org/abs/1111.0610
https://inspirehep.net/literature/944180
https://doi.org/10.1007/JHEP06(2015)184
https://arxiv.org/abs/1504.03446
https://inspirehep.net/literature/1359461
https://doi.org/10.1007/JHEP11(2021)085
https://doi.org/10.1007/JHEP11(2021)085
https://arxiv.org/abs/1804.10017
https://inspirehep.net/literature/1670211
https://doi.org/10.1103/PhysRevD.85.074022
https://doi.org/10.1103/PhysRevD.85.074022
https://arxiv.org/abs/1111.1444
https://inspirehep.net/literature/944789
https://doi.org/10.1007/JHEP11(2012)056
https://arxiv.org/abs/1208.2665
https://inspirehep.net/literature/1127360
https://doi.org/10.1103/PhysRevD.106.014001
https://arxiv.org/abs/2112.08892
https://inspirehep.net/literature/1992012
https://doi.org/10.1007/JHEP04(2017)105
https://arxiv.org/abs/1702.00800
https://inspirehep.net/literature/1512123
https://doi.org/10.1140/epjc/s10052-019-6746-z
https://arxiv.org/abs/1812.08622
https://inspirehep.net/literature/1710410
https://doi.org/10.1007/JHEP08(2019)039
https://arxiv.org/abs/1907.04343
https://inspirehep.net/literature/1743184
https://doi.org/10.1140/epjc/s10052-020-7987-6
https://arxiv.org/abs/2001.03031
https://inspirehep.net/literature/1774757
https://doi.org/10.1007/JHEP08(2022)060
https://arxiv.org/abs/2203.15688
https://inspirehep.net/literature/2059476
https://doi.org/10.1007/JHEP11(2020)069
https://arxiv.org/abs/2007.12089
https://inspirehep.net/literature/1808595

[41] A. Denner and G. Pelliccioli, Combined NLO EW and QCD corrections to off-shell ttW
production at the LHC, Eur. Phys. J. C' 81 (2021) 354 [arXiv:2102.03246] [INSPIRE].

[42] A. Denner and R. Feger, NLO QCD corrections to off-shell top-antitop production with
leptonic decays in association with a Higgs boson at the LHC, JHEP 11 (2015) 209
[arXiv:1506.07448] [iNSPIRE].

[43] A. Denner and M. Pellen, NLO electroweak corrections to off-shell top-antitop production with
leptonic decays at the LHC, JHEP 08 (2016) 155 [arXiv:1607.05571] [INSPIRE].

[44] A. Denner and M. Pellen, Off-shell production of top-antitop pairs in the lepton+jets channel
at NLO QCD, JHEP 02 (2018) 013 [arXiv:1711.10359] [INSPIRE].

[45] A. Denner, J.-N. Lang, M. Pellen and S. Uccirati, Higgs production in association with
off-shell top-antitop pairs at NLO EW and QCD at the LHC, JHEP 02 (2017) 053
[arXiv:1612.07138] [INSPIRE].

[46] S. Actis et al., Recursive generation of one-loop amplitudes in the Standard Model, JHEP 04
(2013) 037 [arXiv:1211.6316] [INSPIRE].

[47] S. Actis et al., RECOLA: REcursive Computation of One-Loop Amplitudes, Comput. Phys.
Commun. 214 (2017) 140 [arXiv:1605.01090] [INSPIRE].

[48] A. Denner, S. Dittmaier and L. Hofer, COLLIER: a fortran-based Complex One-Loop LIbrary
in Extended Regularizations, Comput. Phys. Commun. 212 (2017) 220 [arXiv:1604.06792]
[INSPIRE].

[49] A. Denner and S. Dittmaier, Reduction of one loop tensor five point integrals, Nucl. Phys. B
658 (2003) 175 [hep-ph/0212259] [INSPIRE].

[50] A. Denner and S. Dittmaier, Reduction schemes for one-loop tensor integrals, Nucl. Phys. B
734 (2006) 62 [hep-ph/0509141] [INSPIRE].

[61] A. Denner and S. Dittmaier, Scalar one-loop 4-point integrals, Nucl. Phys. B 844 (2011) 199
[arXiv:1005.2076] [INSPIRE].

[52] R. Frederix, D. Pagani and M. Zaro, Large NLO corrections in ttW=* and tttt hadroproduction
from supposedly subleading EW contributions, JHEP 02 (2018) 031 [arXiv:1711.02116]
[INSPIRE].

[63] D. Stremmer and M. Worek, Production and decay of the Higgs boson in association with top
quarks, JHEP 02 (2022) 196 [arXiv:2111.01427] [INnSPIRE].

[64] S. Catani and M.H. Seymour, A general algorithm for calculating jet cross-sections in NLO
QCD, Nucl. Phys. B 485 (1997) 291 [hep-ph/9605323| [INSPIRE].

[65] S. Dittmaier, A general approach to photon radiation off fermions, Nucl. Phys. B 565 (2000)
69 [hep-ph/9904440] [INSPIRE].

[56] S. Catani, S. Dittmaier, M.H. Seymour and Z. Trocsanyi, The dipole formalism for
next-to-leading order QCD calculations with massive partons, Nucl. Phys. B 627 (2002) 189
[hep-ph/0201036] [INSPIRE].

[57] S. Dittmaier, A. Kabelschacht and T. Kasprzik, Polarized QED splittings of massive fermions
and dipole subtraction for non-collinear-safe observables, Nucl. Phys. B 800 (2008) 146
[arXiv:0802.1405] [iNSPIRE].

[58] A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Predictions for all processes ete™ — 4
fermions +y, Nucl. Phys. B 560 (1999) 33 [hep-ph/9904472] [INSPIRE].

— 36 —


https://doi.org/10.1140/epjc/s10052-021-09143-3
https://arxiv.org/abs/2102.03246
https://inspirehep.net/literature/1845196
https://doi.org/10.1007/JHEP11(2015)209
https://arxiv.org/abs/1506.07448
https://inspirehep.net/literature/1377764
https://doi.org/10.1007/JHEP08(2016)155
https://arxiv.org/abs/1607.05571
https://inspirehep.net/literature/1477042
https://doi.org/10.1007/JHEP02(2018)013
https://arxiv.org/abs/1711.10359
https://inspirehep.net/literature/1639262
https://doi.org/10.1007/JHEP02(2017)053
https://arxiv.org/abs/1612.07138
https://inspirehep.net/literature/1505425
https://doi.org/10.1007/JHEP04(2013)037
https://doi.org/10.1007/JHEP04(2013)037
https://arxiv.org/abs/1211.6316
https://inspirehep.net/literature/1204468
https://doi.org/10.1016/j.cpc.2017.01.004
https://doi.org/10.1016/j.cpc.2017.01.004
https://arxiv.org/abs/1605.01090
https://inspirehep.net/literature/1455789
https://doi.org/10.1016/j.cpc.2016.10.013
https://arxiv.org/abs/1604.06792
https://inspirehep.net/literature/1451658
https://doi.org/10.1016/S0550-3213(03)00184-6
https://doi.org/10.1016/S0550-3213(03)00184-6
https://arxiv.org/abs/hep-ph/0212259
https://inspirehep.net/literature/605032
https://doi.org/10.1016/j.nuclphysb.2005.11.007
https://doi.org/10.1016/j.nuclphysb.2005.11.007
https://arxiv.org/abs/hep-ph/0509141
https://inspirehep.net/literature/692154
https://doi.org/10.1016/j.nuclphysb.2010.11.002
https://arxiv.org/abs/1005.2076
https://inspirehep.net/literature/855849
https://doi.org/10.1007/JHEP02(2018)031
https://arxiv.org/abs/1711.02116
https://inspirehep.net/literature/1634855
https://doi.org/10.1007/JHEP02(2022)196
https://arxiv.org/abs/2111.01427
https://inspirehep.net/literature/1958842
https://doi.org/10.1016/S0550-3213(96)00589-5
https://arxiv.org/abs/hep-ph/9605323
https://inspirehep.net/literature/418649
https://doi.org/10.1016/S0550-3213(99)00563-5
https://doi.org/10.1016/S0550-3213(99)00563-5
https://arxiv.org/abs/hep-ph/9904440
https://inspirehep.net/literature/498796
https://doi.org/10.1016/S0550-3213(02)00098-6
https://arxiv.org/abs/hep-ph/0201036
https://inspirehep.net/literature/581476
https://doi.org/10.1016/j.nuclphysb.2008.03.010
https://arxiv.org/abs/0802.1405
https://inspirehep.net/literature/779156
https://doi.org/10.1016/S0550-3213(99)00437-X
https://arxiv.org/abs/hep-ph/9904472
https://inspirehep.net/literature/499024

[59]

[60]

[61]

[62]

A. Denner, S. Dittmaier, M. Roth and L.H. Wieders, FElectroweak corrections to
charged-current ete™ — 4 fermion processes: Technical details and further results, Nucl. Phys.
B 724 (2005) 247 [Erratum dbid. 854 (2012) 504] [hep-ph/0505042] [INSPIRE].

A. Denner and S. Dittmaier, The Complex-mass scheme for perturbative calculations with
unstable particles, Nucl. Phys. B Proc. Suppl. 160 (2006) 22 [hep-ph/0605312] [INSPIRE].

A. Denner and S. Dittmaier, Electroweak Radiative Corrections for Collider Physics, Phys.
Rept. 864 (2020) 1 [arXiv:1912.06823] [INSPIRE].

G. Bevilacqua et al., HELAC-NLO, Comput. Phys. Commun. 184 (2013) 986
[arXiv:1110.1499] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2020 (2020) 083C01
[INSPIRE].

D.Y. Bardin, A. Leike, T. Riemann and M. Sachwitz, Energy Dependent Width Effects in
ete™ Annihilation Near the Z Boson Pole, Phys. Lett. B 206 (1988) 539 [NSPIRE].

M. Jezabek and J.H. Kithn, QCD Corrections to Semileptonic Decays of Heavy Quarks, Nucl.
Phys. B 314 (1989) 1 INSPIRE].

L. Basso, S. Dittmaier, A. Huss and L. Oggero, Techniques for the treatment of IR divergences
in decay processes at NLO and application to the top-quark decay, Eur. Phys. J. C 76 (2016)
56 [arXiv:1507.04676] INSPIRE].

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Electroweak radiative corrections to
ete™ = WW — 4 fermions in double pole approzimation: The RACOONWW approach, Nucl.
Phys. B 587 (2000) 67 [hep-ph/0006307] [INSPIRE].

NNPDF collaboration, Parton distributions for the LHC Run II, JHEP 04 (2015) 040
[arXiv:1410.8849] [INSPIRE].

NNPDF collaboration, Illuminating the photon content of the proton within a global PDF
analysis, SciPost Phys. 5 (2018) 008 [arXiv:1712.07053] INSPIRE].

A. Buckley et al., LHAPDFG6: parton density access in the LHC precision era, Eur. Phys. J. C
75 (2015) 132 [arXiv:1412.7420] [NSPIRE].

M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04 (2008)
063 [arXiv:0802.1189] [INSPIRE].

A. Denner and S. Pozzorini, One loop leading logarithms in electroweak radiative corrections. 1.
Results, Eur. Phys. J. C' 18 (2001) 461 [hep-ph/0010201] [INSPIRE].

M. Rubin, G.P. Salam and S. Sapeta, Giant QCD K-factors beyond NLO, JHEP 09 (2010) 084
[arXiv:1006.2144] [INSPIRE].

D. Pagani, I. Tsinikos and M. Zaro, The impact of the photon PDF and electroweak corrections
on tt distributions, Eur. Phys. J. C 76 (2016) 479 [arXiv:1606.01915] [INSPIRE].

A. Denner, S. Dittmaier, S. Kallweit and S. Pozzorini, NLO QCD corrections to off-shell
top-antitop production with leptonic decays at hadron colliders, JHEP 10 (2012) 110
[arXiv:1207.5018] [INSPIRE].

37—


https://doi.org/10.1016/j.nuclphysb.2005.06.033
https://doi.org/10.1016/j.nuclphysb.2005.06.033
https://arxiv.org/abs/hep-ph/0505042
https://inspirehep.net/literature/682093
https://doi.org/10.1016/j.nuclphysbps.2006.09.025
https://arxiv.org/abs/hep-ph/0605312
https://inspirehep.net/literature/717880
https://doi.org/10.1016/j.physrep.2020.04.001
https://doi.org/10.1016/j.physrep.2020.04.001
https://arxiv.org/abs/1912.06823
https://inspirehep.net/literature/1774520
https://doi.org/10.1016/j.cpc.2012.10.033
https://arxiv.org/abs/1110.1499
https://inspirehep.net/literature/930965
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/literature/1812251
https://doi.org/10.1016/0370-2693(88)91627-9
https://inspirehep.net/literature/263569
https://doi.org/10.1016/0550-3213(89)90108-9
https://doi.org/10.1016/0550-3213(89)90108-9
https://inspirehep.net/literature/261711
https://doi.org/10.1140/epjc/s10052-016-3878-2
https://doi.org/10.1140/epjc/s10052-016-3878-2
https://arxiv.org/abs/1507.04676
https://inspirehep.net/literature/1383154
https://doi.org/10.1016/S0550-3213(00)00511-3
https://doi.org/10.1016/S0550-3213(00)00511-3
https://arxiv.org/abs/hep-ph/0006307
https://inspirehep.net/literature/529378
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/literature/1325552
https://doi.org/10.21468/SciPostPhys.5.1.008
https://arxiv.org/abs/1712.07053
https://inspirehep.net/literature/1644104
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
https://inspirehep.net/literature/1335438
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/literature/779080
https://doi.org/10.1007/s100520100551
https://arxiv.org/abs/hep-ph/0010201
https://inspirehep.net/literature/535298
https://doi.org/10.1007/JHEP09(2010)084
https://arxiv.org/abs/1006.2144
https://inspirehep.net/literature/857993
https://doi.org/10.1140/epjc/s10052-016-4318-z
https://arxiv.org/abs/1606.01915
https://inspirehep.net/literature/1468062
https://doi.org/10.1007/JHEP10(2012)110
https://arxiv.org/abs/1207.5018
https://inspirehep.net/literature/1123386

	Introduction
	Details of the calculation
	Leading-order contributions
	Next-to-leading-order corrections
	Contributions of order O(as**(3) alpha**(6))
	Contributions of order O(alpha(s)**(2) alpha**(7))
	Contributions of order O(alpha(s) alpha**(8))
	Contributions of order O(alpha**(9))

	Validation

	Numerical results
	Input parameters
	Fiducial cross-sections
	Differential cross-sections

	Conclusions

