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Top-quark pair-production and decay at high precision
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We present a fully differential and high-precision calculation of top-quark pair-production and decay at
the LHC, providing predictions for observables constructed from top-quark leptonic and b-flavored jet final
states. The calculation is implemented in a parton-level Monte Carlo and includes an approximation to the
next-to-next-to-leading-order (NNLO) corrections to the production and, for the first time, the exact NNLO
corrections to the decay subprocesses. The corrections beyond NLO are sizable, and including them is
crucial for an accurate description of the cross section constrained by experimental phase-space restrictions.
We compare our predictions to published ATLAS and CMS measurements at the LHC, finding improved
agreement compared with lower orders in the perturbative expansion.
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I. INTRODUCTION

The presence of top quarks produced in collider experi-
ments is always inferred via the top-quark decay products.
The majority of data/theory comparisons are, however,
performed at the level of stable tops. Indeed, it is through
such comparisons that the top-quark sector of the Standard
Model is being carefully scrutinized. High statistics have
been collected at all three main center-of-mass energy
runs at the LHC and many measurements of “top-quark™
inclusive cross sections and distributions are already down
to the impressive level of a few percent in uncertainty.
On the theoretical side, there has been equally impressive
progress with top pair-production [1-8] and single top
[9,10] computed fully differentially at next-to-next-to-
leading order (NNLO) in perturbative QCD (pQCD) for
stable tops. The fixed-order predictions can often be
supplemented with various resummations which stabilize
the predictions against the effects of large logarithms; see
for example Refs. [11-22].

Despite this progress, to compare with stable-top predic-
tions, experiments must, in general, do two things. Firstly,
they must extrapolate their measurements from the detector
fiducial volumes out to the full phase space, and secondly,
they must translate their measurements of final states that
they are sensitive to, back to some definition of top-quark
“partons.” Such extrapolation and unfolding corrections are
typically derived from event generators that treat the top
decay at leading order (LO), which can lead to inconsisten-
cies when comparing with high-precision predictions.
Moreover, the resulting systematic uncertainties can be
difficult to estimate—the observed tensions [23] between
the ATLAS and CMS measurements of stable-top distribu-
tions may just hint at some unknown systematic errors in the
above procedure.

To overcome these modeling uncertainties it is evident
that experimental measurements of observables constructed
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directly from top-quark decay products in detector fiducial
volumes are the quantities that should be compared with
theoretical predictions. In fact, experiments have begun
publishing such measurements [24,25] and importantly
these often come with smaller systematic errors than
measurements of the inclusive cross section [24]. To fully
exploit these measurements it is crucial that theoretical
predictions describe the decay products fully differentially,
and that they are as accurate as possible; i.e. they include
higher order perturbative corrections in both production
and decay subprocesses.

Significant efforts have been made in this direction at
next-to-leading order (NLO), both in treating the top-quark
propagator in the narrow-width approximation (NWA)
[26-30] and in keeping the top quarks off their mass shell
[31-44]. Furthermore, frameworks have been recently
developed to consistently match both sets of the above
NLO calculations to parton showers [45—48]. It is clear that
these predictions come much closer to the quantities that
are actually measured by experiments.

In this article we focus on the dominant top-quark
production mode at the LHC, top-pair (¢7) production, and
describe a calculation that goes beyond NLO in pQCD in
both the production and decay stages in the NWA. The
calculation includes an approximation of the NNLO correc-
tions to the 77 production subprocess and the exact NNLO
corrections to the top and antitop decays. We present the first
results of our new calculation, which has been implemented
in a parton-level Monte Carlo, making predictions for the ¢7
process at the LHC in the dilepton channel, fully differential
in the final-state leptons, b-flavored jets (b-jets) and missing
energy. This represents a significant improvement to the
current state of the art at fixed order in perturbation theory
and, as will be shown below, compares very favorably to
published fiducial-region measurements by the ATLAS and
CMS experiments.
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I1. DETAILS OF THE CALCULATION

The full technical details of our calculation will be
presented in a forthcoming publication; however we now
briefly summarize the important building blocks. In the
NWA the differential cross section for 77 production and
decay in a particular decay channel (e.g. the dilepton
channel) can be written schematically to all orders as

Cﬂﬁr—ﬂ?l*ul « drf—ﬂ_)l/'t'/l/

do = doz x ,
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(1)
where dog, dU;_;+, and dI’ 7bi-p, Aare the differential
production cross section for a 7 pair and the differential
top- and antitop-quark decay widths (we write the latter
as dI'; and dI'; for brevity). I'; is the total top-quark width.
The x in Eq. (1) indicates that production and decay are
combined in a way that preserves spin correlations. Each
term in Eq. (1) has a perturbative expansion in the strong
coupling constant «,
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In the expansion in a, of Eq. (1), we adhere to the
convention of a strict expansion; namely, we do not include
terms proportional to powers of « that are higher than
the order that we work to [27,28]. This means that at NLO
(NNLO) perturbative contributions proportional to a? (a3)
or higher are not included. In this convention when
integrating inclusively over the decay products of the top
quarks the cross section for the production of a stable top
pair is recovered (multiplied by the appropriate branching
fractions for the W-boson decays). This feature constitutes
a highly nontrivial check of the implementation of each
contribution in the expansion.

In the present calculation we include the exact NNLO
corrections (i.e. corrections up to a?2) in the expansions of
dl';7 and I'; and approximate NNLO corrections to do;

(the NLO corrections do-g ) are included exactly). We

denote our best predictions as NNLO (and not NNLO)

since we make an approximation to do-E;2 ) (the exact NNLO

corrections to the production where the spin information
of the top quarks is kept explicit, required to construct
Eq. (1), are not currently known).

The approximation to the exact NNLO corrections in
production builds on the work presented in Ref. [49].
The starting point for this approximation is a factorization
formula derived in the soft-collinear-effective-theory
(SCET) framework [50-52]. It was shown in Ref. [15]
that in the soft-gluon limit z = M;/$ = (p, + p:)?/5 = 1
(“pair invariant mass” kinematics) the cross section for ¢f
production can be written as a convolution of a hard
function, containing the effects of virtual corrections,
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and a soft function, which contains the effects of emissions
of soft gluons, together with standard parton distribution
functions (PDFs). The factorized structure makes it pos-
sible to resum large logarithms of (1 —z) and the sub-
sequent expansion to fixed order of the resummed cross
section provides an approximation to the exact NNLO.
In Ref. [49] this approach was generalized beyond the
stable-top approximation and the spin-correlated LO decay
of the top quarks was attached to the approximate NNLO
production kernels.

Part of the difference between the approximate NNLO
and exact NNLO results is due to subleading-power
logarithms in (1 — z) that are included in the latter but
not in the former. Two important sources of these are the
higher order terms in the soft expansion of the Altarelli-
Parisi splitting functions and the way in which the soft
phase space is treated (namely the exact power of z
appearing as a soft prefactor; see e.g. Ref. [53]). For our
central prediction we take the kernels of Refs. [49] and
additionally include the highest subleading-power loga-
rithms in (1 — z), that arise from the soft expansion of the
splitting functions [54,55]. These are known to bring
improvements to the NNLO approximation [54-56], and
indeed, when included they lead to an enhancement of the
inclusive cross section (of ~5-6%) bringing the approximate
NNLO inclusive cross section for stable top quarks into
better agreement with the exact NNLO. Our central pre-
diction also treats the soft phase space as in Refs. [15,49].

As discussed in Ref. [49], simply taking the standard
envelope of the factorization/renormalization scale varia-
tion can lead to underestimating the uncertainty in the
approximate NNLO approach. In order to construct a
reliable estimate of the theoretical uncertainty, we explicitly
use the freedom to include different subleading effects.
Specifically, to make this estimate we take the envelope of
scale variation together with variations (switching on and
off) of subleading corrections of different origin: firstly,
from the splitting functions [54,55] and secondly, from the
soft phase space (changing the power of the z prefactor by
one half, as performed in Ref. [53]).

The quality of the NNLO approximation in the produc-
tion can ultimately be assessed by comparing to the exact
NNLO cross sections for stable tops [2,3]. We find
excellent agreement with the NNLO inclusive cross sec-
tion, for example, for LHC 8 TeV, m, = 173.3 GeV,
ur = pg € [0.5,1.0,2.0Jm, and using MSTW2008 PDFs
[57] we have 6(NNLO,pp00) = 239.417/) pb, while the
exact NNLO cross section computed with top++ [58] is
o(NNLO) = 239.217;% pb, with equally good agreement
for LHC 7 and 13 TeV [59]. Furthermore, as displayed in
Fig. 1 for the average transverse momentum of the top and
antitop, we also find very good agreement with the exact
results at the differential level (similar agreement is also
found for the invariant mass of the top-quark pair and the
average rapidity of the top and antitop). These validation
checks for stable top quarks provide us with confidence
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FIG. 1. Comparison of NNLO,p,0« With exact NNLO for on-

shell, stable #f production for the LHC at 8 TeV. Results for the
exact NNLO are those published in Ref. [3]. The NNLO
uncertainty bands have been obtained via the envelope of
variations of ur and ug, while the uncertainty bands of the
NNLO,ppr0x have been obtained through the envelope of scale
variations and variations of formally subleading contributions in
(1 —z). See text for further details.

when using the approximate NNLO kernels for the case
when the top quarks are decayed.

The NNLO corrections to the top quark decay are also
calculated by retaining full spin correlations between
production and decay. Using the SCET-inspired phase-
space slicing method presented in Ref. [60], a small cutoff
on the invariant mass (m;) of all QCD partons from the top
quark decay is introduced to split the phase space in the

computation of dI’ 5(22) into resolved and unresolved regions.

The resolved region receives contributions from the NLO
corrections to the process of top decay plus an additional
jet, and can be dealt with straightforwardly. The contribu-
tion in the unresolved region can be factorized and
calculated using SCET, up to power corrections in
mjz/ m? [60]. The sum of resolved and unresolved con-
tributions then converges to the exact NNLO correction
when the cutoff is sufficiently small. In practice we find
that a cutoff of 107> on m7/m7 is sufficient to ensure the
remaining power corrections are negligible for all kin-
ematic distributions considered. We note that the NNLO
decay was also computed in Ref. [61].

Finally, the required NLO x NLO production-decay

[Ndaff1 ) % dr’ 51) X dl“;o)] and decay-decay corrections
[Ndcrg) ) % dr 5” x dI' ;1)] have also been computed. Since

production and decay subprocesses can be treated sepa-
rately in the NWA, as far as their singularity structure is
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concerned, standard NLO techniques [62-64] can be
adapted to deal with IR singularities in these contributions.

III. PHENOMENOLOGY

We now apply the calculation outlined above to LHC
phenomenology and in particular, to the 77 process in the
dilepton channel. We first focus our attention on the
fiducial cross sections measured by the ATLAS experiment
for the e*uT channel at 7 and 8 TeV [24], and the CMS
experiment in the full dilepton channel (e*u¥, ete™ and
utu™) at 8 TeV [25]. For simplicity we compare to
measurements where the indirect decays W — 7 — e(u)
are considered as backgrounds. The corresponding defi-
nitions of the fiducial volumes for each experiment,
constructed through cuts on final-state leptons (and b-jets,
J3), can be found in Table 1.

The inputs for our theoretical predictions are set to

' = 1.5048 GeV
Iy = 2.0928 GeV
Gr = 1.166379 x 10~ GeV~

m, = 173.3 GeV
my = 80.385 GeV

my = 91.1876 GeV

where we note that FEO) is a function of m,, My, and Gp.

We point out that we have fixed the value of the top mass to
the current world average value [66]. The parametric
uncertainty on the predictions due to the input value of
m, deserves careful study, particularly in the context of
fiducial cross sections. While such a study lies beyond the
scope of the work presented here, we mention that the
variation of m, by 1 GeV changes the LO values for
the fiducial cross sections presented in Table I by ~2-3%
(this dependence should be similar at NLO and NNLO).
We use fixed factorization and renormalization scales [67]
u=pur = pug €[0.5,1.0,2.0]m, and vary the scale in the

NLO and NNLO corrections to the top width T’ 51'2) (u) for
consistency. The theoretical uncertainty bands are obtained
by taking the envelope of the predictions for each scale.
For the approximate NNLO corrections in production, as
stated earlier, we additionally take the envelope of pre-
dictions computed with different subleading terms in
(1 =2). We use LO, NLO, NNLO MMHT2014 PDFs
[68] with the corresponding value for ay(M,) for our
LO, NLO and NNLO predictions. In the results presented
here we treat the W-bosons in the NWA.

Our theoretical predictions of the cross sections for the
corresponding fiducial setups of ATLAS and CMS are
tabulated in Table I. The ATLAS and CMS measurements
are also shown in the same table. The error bars on the
experimental data have been obtained by summing the
published individual uncertainties (statistical, systematic,
luminosity and beam) in quadrature. One observes that for
each setup shown, there is a reduction in the uncertainty
bands with increasing perturbative order, with the NNLO
bands being roughly half the size of the NLO bands.
Additionally the corrections to the cross section going from
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Fiducial cross sections for a variety of LHC center-of-mass energies and setups. Theoretical predictions with uncertainties

are tabulated at LO, NLO and NNLO as are the experimental measurements. The uncertainties on the measured cross sections have been
obtained by summing the individual statistical, systematic, beam and luminosity uncertainties in quadrature. d4.. indicates the impact on
the cross section of higher-order corrections to the top decay; see Eq. (3). The Monte Carlo uncertainty on all theoretical predictions is

better than 1 permil.

ATLAS setup, e*uT channel [24]

Energy Fiducial volume LO (pb) NLO (pb) NNLO (pb) Odec ATLAS (pb)
7 TeV pr(I*) > 25 GeV, |n(I*)| < 2.5 1.592439.2% 2.007133% 2.210123% -0.3% 2.30513 8%
7 TeV pr(1*) > 30 GeV, [n(I*)| < 2.4 126513077 1.5851 13 4% 1.736 25 -0.8% 1.817138%
8 TeV pr(lF) > 25 GeV, |n(I*)] < 2.5 2.249151%% 2.8551 o 3.130125% -0.3% 3.0364%
8 TeV pr(l*) > 30 GeV, [n(1*)| <24 1.788380% 2.2561 1) 00 2.461125% -0.7% 2.3801 %
CMS setup, eTuT, et e, utu~ channel [25], 2 b-jets required (anti-k, algorithm [65], R = 0.5)
Energy Fiducial volume LO (pb) NLO (pb) NNLO (pb) Odec CMS (pb)
8 TeV pr(l*) > 20 GeV, |n(I*)| < 2.4, y . % "
() In()| 378015747 4.483700%, 4.874723 —8.0% 4735377

pT(Jb) > 30 GeV,

n(J,)| <24

LO to NLO and from NLO to NNLO are also reduced,
indicating an improved perturbative convergence. The
corrections beyond NLO are significant, around 9-10%,
underlining that such corrections are crucial for an accurate
description of fiducial regions [69]. This statement is
strengthened when a comparison to the experimental
measurements is made: for each setup considered,
Table I reveals an improvement in the agreement between
measurement and data. More precisely, use of the NNLO
prediction brings the difference between the central values
of theory and measurement to within 3-4%.

An important aspect to quantify is the size of the
contributions involving corrections to the top decay. This
can be done by studying the percent difference between the

NNLO prediction, which includes higher-order corrections
to the decay, and the prediction NNLOj 4. that just
includes the LO decay (dI” 5??))),

Sgec = NNLO/NNLOy o 4o — 1[%]. (3)

also found in Table I. For the ATLAS setup, whose definition
of the fiducial volume involves no cuts on the b-jets, we find
Odgec < 1%; i.e. the contributions from higher orders in the
decay are very small. However, this is not the case for the
CMS setup, where the constraint py(J,) > 30 GeV is in
place, and where the prediction that treats the top decay
only at LO is 8% larger than the prediction that consistently
includes corrections in the decay [70]. Coupled with the
comparison to the precise experimental measurements, these
findings point to two important conclusions. Firstly, NNLO
corrections in general are vital to describe fiducial-region
cross sections accurately. Secondly, corrections to the pro-
duction subprocess alone do not uniformly give a good
description of the measurements—higher-order corrections
to the decay must also be included to see an improved
agreement for all setups considered.

Finally, we make a comparison to differential CMS
measurements [71] in the dilepton channel. In Fig. 2 we
present absolute distributions for the average lepton pseu-
dorapidity, #(/),. ., and the transverse momentum of the
lepton pair, p7(I*,17), and b-jet pair, py(J,, J;), normal-
ized to the NNLO prediction. We have chosen to rescale
the published normalized data by the fiducial cross section

LHC 8 TeV, CMS setup LO [=INLO NNLO H CMS
12

ratio to NNLO

ratio to NNLO

osbo 0 T A A AV T LA
0 50 100 150 200 250 300 350 100

pr(l*,17) [GeV]

ratio to NNLO
-

A R R VAV VAVl A O O WAV VAV AV
50 100 150 200 250 300 350 400

pr(Jy; J5) [GeV]

FIG. 2. Distributions of the average pseudorapidity of the
leptons, 7(/),.., and the transverse momentum of the lepton-
pair, pr(I*,17), and b-jet pair, pr(J,,J5). The plots show the
CMS measurements as well as the LO, NLO and NNLO
predictions normalized to NNLO. The error bars and shaded
bands indicate the experimental and theoretical uncertainties
respectively. See text for further details.
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found in Ref. [25] in order to make the differences between
theoretical predictions at different orders more visible. Since
there are no published uncertainties for the absolute dis-
tributions, we show the experimental points with two error
bars—the smaller error bars are those of the normalized
cross section while the larger ones are those of the
normalized cross section added in quadrature with the
uncertainty of the fiducial cross section used for rescaling.
Overall, there is again good agreement between the mea-
surements and the NNLO predictions—the latter agreeing
with the former within uncertainties in all bins. The NNLO
brings an improvement in the agreement not only in the
overall normalization, but also in the shape of each dis-
tribution for the bulk of the region of phase space measured.
In the last bin of the p;(I*, 1) and p(J,, J;) distributions
the agreement becomes less good; however, in these regions
both theoretical and experimental uncertainty bands become
large.

IV. CONCLUSIONS AND OUTLOOK

In this article we have presented high-precision results
for the fully differential production and decay of a top-
quark pair in fiducial regions at the LHC. Our results are
based on the NWA and are accurate at approximate NNLO
in the production subprocess and exact NNLO in the decay
subprocess. The approximation we use in the production
does an excellent job at approximating the exact NNLO for
stable tops, giving us confidence in the results we present
for decayed top quarks.

We have shown that, in general, the NNLO corrections
are significant. Moreover, it is vital to include corrections
to the decay as well as to the production subprocess for an
accurate description of observables constructed from top-
quark decay products. The importance of going beyond
NLO is clearly seen when comparing theoretical predic-
tions to available ATLAS and CMS fiducial cross section
measurements. For different center-of-mass energies and
setups we consistently find that the agreement between
theory and measurement improves when the NNLO
predictions are used. Additionally, we see an overall
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improvement in the agreement, in normalization as well
as in shape (for the bulk of the ranges considered) when
comparing to distributions constructed from lepton and
b-jet final states published by CMS.

We envision that the calculation presented in this work
will open up a number of exciting possibilities for the study
of top quarks. Given the impressively small experimental
uncertainties on the measurements of fiducial cross sec-
tions, it would be particularly interesting and timely to use
these measurements and exploit this new calculation to
perform an extraction of a, and m"®. This would bypass
the need to extrapolate measurements to the full phase
space and the modeling back to top-quark partons, that
affect extractions from the inclusive stable-top cross sec-
tion. With this calculation at hand it will also be possible to
quantify the impact that the exact NNLO top-quark decay
corrections have in methods of m,-extraction sensitive to
the decay (see for example Refs. [72,73]).

Data/theory comparisons of top-quark production, at the
level of stable tops, have brought numerous impactful
applications, for example, constraining the high-x region of
the gluon PDF [23]. We advocate that moving towards
such applications, but working with observables at the level
of the decay products of top quarks, as we have done here,
will maximize the impact that current and future top-quark
measurements will have both within and beyond the area
of top-quark physics.
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