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ABSTRACT: We consider the production of a pair of heavy quarks and illustrate the
derivation of the MINNLOpg method to match next-to-next-to-leading order calculations
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production at NNLO+PS and discuss all details of its implementation in a parton shower
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Collider obtained by including the tree-level decays of the top quarks, while accounting
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observables. The computer code is available for download within the POWHEG-BOX.
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1 Introduction

The experimental precision reached by present and future LHC experiments demands

theoretical simulations with an accuracy at the edge of (or beyond) what can be achieved

with current technology. The data-theory comparisons used in the precise studies of the

SM and the extraction of SM parameters directly profit from smaller experimental and

theoretical uncertainties. Furthermore, high-precision predictions and measurements play a

fundamental role in the quest for new-physics phenomena at the LHC when searching for



small deviations from the SM picture. Theoretical predictions for the LHC are commonly
computed as a perturbative expansion in the coupling constants, with corrections in the
strong coupling of QCD being the most important ones at a hadron collider. For typical
LHC production processes the computation of next-to-next-to-leading order (NNLO) QCD
corrections (or even beyond in some cases) on the theoretical side are crucial to keep up
with the experimental precision. Moreover, the matching of such fixed-order calculations
at NNLO QCD with increasingly accurate parton-shower generators, which can provide a
description of full-fledged hadronic LHC events, is indispensable to fully exploit the vast
potential of data taken at the LHC.

The matching to a QCD parton-shower simulation becomes crucial not only for a direct
comparison at hadron level between theoretical predictions and experimental measurements,
but also to guarantee physical predictions in corners of phase space where fixed-order QCD
calculations become unreliable. The latter generally fail to provide physical results for
observables sensitive to soft/collinear QCD radiation due to a hierarchy between two or
more scales that lead to large logarithms of their ratios. The inclusion of soft/collinear
QCD emissions to all orders in perturbation theory, as provided for instance by a parton
shower, effectively resums the large logarithmic corrections, leading to a physical description.
The recent progress in this field has been remarkable, both on the matching technology to
combine higher-order QCD corrections with parton shower Monte Carlo generators [1-13],
as well as on the development of parton-shower algorithms whose logarithmic accuracy can
be formally established and systematically improved for a wide class of observables (see e.g.
refs. [14-21]).

The problem of matching NNLO QCD corrections to (leading logarithmic) parton
showers (NNLO+PS) has been addressed with different approaches: reweighting of MINLO'
generators [5, 6], GENEVA [7-9], UNNLOPS [10], MINNLOpg [11, 12], and Sector Showers
matching [13]. All processes involving only two massless coloured legs (either in the initial
or final state) at the Born level can be described with NNLO+PS accuracy by now, and
many results have been already obtained [6, 8-12, 22-40]. On the other hand, hadronic
reactions with final-state coloured particles cannot be straightforwardly simulated with the
same theoretical accuracy.

Recently, the MINNLOpg method was extended to more complicated collider reactions
containing colour charges in both the initial and the final state already at the Born level,
and specifically to the NNLO+PS simulation of top-quark pair production at hadron
colliders [41]. Besides being an important background in Higgs-physics measurements and
new-physics searches (see e.g. refs. [42—44]), this process is used for high-precision studies
of the properties of the top quark, which have by now been performed at the level of both
inclusive and multi-differential observables [45-54]. These investigations have led to the
precise extraction of fundamental parameters of the Standard Model, such as ag, parton
density functions (PDFs), and the top-quark mass (see e.g. refs. [55-59]).

The crucial role of top-quark pair production for the precision physics programme of
the LHC has motivated a significant progress in the associated theoretical calculations.
Specifically, fixed-order computations of the perturbative expansion in the strong coupling
constant as are known up to NNLO [60-68] (also including the top-quark decays in the



narrow-width approximation [69, 70]), full off-shell effects have been studied extensively
at the NLO order [71-74], and electroweak (EW) corrections have been computed up to
next-to-leading order (NLO) [75-79]. In certain kinematic regimes, a reliable perturbative
description requires the all-order resummation of large logarithmic corrections [80-87].
Some of the above calculations have been consistently combined to obtain state-of-the-
art perturbative predictions for top-quark pair production at the LHC [88]. Moreover,
NLO+PS predictions for top-quark pair production have been achieved in a number of event
generators [89-97]. The striking accuracy of experimental measurements of the top-quark
mass requires pushing theoretical calculations to the edge of what can be achieved with
perturbative methods (for recent reviews see refs. [98, 99]), and motivates new studies of
non-perturbative aspects of top-quark physics (see e.g. refs. [100-103]).

In this article, we present a detailed derivation of the method presented in ref. [41]
and describe all necessary steps to build an event generator with NNLO—+PS accuracy for
top-quark pair production. In particular, besides the construction of the event generator,
we discuss the implementation of dynamical perturbative (i.e. renormalisation, factorisation
and resummation) scales in the simulation, which we use to provide a robust estimate
of the associated theoretical errors. Moreover, we describe how the top-quark decays
and spin correlations are included. We exploit the newly developed event generator to
carry out an extensive phenomenological study of several differential observables, for which
we present a comparison to recent LHC experimental measurements, both for inclusive
observables extrapolated to the t¢ phase space and in the fiducial phase space of all relevant
top-decay modes (i.e. leptonic, semi-leptonic and hadronic). Overall, we find a remarkable
agreement with data within the substantially reduced uncertainties compared to lower-order
Monte-Carlo predictions. The computer code is publicly released with the article in the
POWHEG-B0X-V2 framework.!

The paper is organised as follows: section 2 presents an introduction to the MINNLOpg
method for colour-singlet production at hadron colliders, and in section 3 we derive
its extension to the production of two heavy quarks (specifically a top-quark pair). In
section 4 several computational aspects are discussed, including the scale dependence of the
MINNLOpg formulae and the inclusion of the top-quark decays and spin correlations at
tree-level. Phenomenological results are presented in section 5 and a detailed comparison of
the MINNLOpg predictions to experimental data from the LHC experiments is performed,
for on-shell top quarks as well as leptonic, semi-leptonic, and hadronic decays of the two
top quarks. Section 6 contains our summary and conclusions. In appendix A we provide
technical details on the additional resummation ingredients necessary to implement the
MINNLOpg method for top-quark pair production. In appendix B we give some details on
how off-shell effects can be approximately included in our prescription used for the top-quark
decays. In appendix C we show further observables comparing MINNLOpg predictions with
data that were not discussed in the main text for fully leptonic top-decays including (C.1)
and excluding (C.2) 7 decays to electrons and muons, and for the semi-leptonic (C.3) and
fully-hadronic (C.4) decay mode.

nstructions to download the code can be found on the webpage http://powhegbox.mib.infn.it/.


http://powhegbox.mib.infn.it/

2 From POWHEG to MINNLOpg: the colour singlet case

In this section we summarise in a schematic way the main features of the MINNLOpg
method. We consider the production of a colour-singlet final state F with transverse
momentum pr. For sake of illustration we assume F to be a Higgs boson produced in gluon
fusion. To define the goals of the method developed in this article, we start by stating what
the requirements of a NNLO+PS prediction are:

e to reach NNLO accuracy for observables that are inclusive over QCD radiation
(possibly without introducing any extra resolution/slicing scales);

e to reach NLO(LO) accuracy for the production of F in association with one (two)
final-state hard jets, possibly with a scale setting that is appropriate to the treatment
of each kinematic regime;

o to preserve the (leading-logarithmic) accuracy of common parton-shower generators

in the relevant kinematic regions.?

Our starting point for the construction of an event generator with NNLO+PS accuracy is a
POWHEG [2, 105, 106] calculation for the production of a general colour-singlet system in
association with a light jet (FJ) at NLO QCD matched to parton showers (NLO+PS). The
PowHEG formula for FJ production can be schematically written as

R(Pry; Praa)
B(®p,) } ’

do = d®p; B(Pp,) {prg(prg) + d®,aaApwg (Pr,raa) (2.1)
which describes the production of F in association with either one or two real partons. In
eq. (2.1), ®p; refers to the phase space of the FJ final state, while Apye (1) denotes the
PowHEG Sudakov form factor [2], representing the no-emission probability for the real
radiation down to a transverse-momentum scale y, and the scale Apye represents an infrared
cutoff chosen to avoid the Landau singularity in the QCD coupling. We have also defined

B(®g;) = / A®aq B(Pry, Prad), B(Pry, Praq) = B(Ppy) +V (Ppy) + R(Ppy, Praa),  (2:2)

where B(®g;), V(Pr;) and R(Pg;, Praq) denote the Born, virtual and real corrections,
respectively. The real and virtual corrections include local counter-terms [105] such that the
B (®g,) function is finite and can be evaluated numerically. The radiation phase space d®,,q
is normalised such that [d®;,q = 1, and the corresponding Jacobian factor is included in
R(®pj, Praq). Eq. (2.1) is used to generate events with either one or two real partons, which
are then fed into a parton shower that completes them with the addition of soft and collinear
radiation at all perturbative orders, with the requirement that the radiation from the parton
shower is softer than that generated by eq. (2.1). The original POWHEG formulation is

restricted to the generation of the colour-singlet system F with a relatively hard associated

2These commonly include also next-to-leading logarithmic (NLL) corrections of type a2L? to the Sudakov
form factor captured by the CMW scheme [104], which should be preserved as well. Note that many current
parton showers achieve LL accuracy only at leading colour.



jet and has NLO accuracy for the production of the FJ final state. In the following we
denote this accuracy by NLO®M | where the superscript (1) refers to the jet multiplicity.®
The POWHEG generator based upon eq. (2.1) contains parts of the NNLO corrections to
the inclusive production of the system F, i.e. the double-real and real-virtual corrections
of relative order a? above a resolution scale set by the hardness of the resolved jet. In
particular, if we introduce any transverse-momentum cut on the jet, the POWHEG generator
based upon eq. (2.1) has the same perturbative accuracy as a NNLO+PS generator for F
above the cut, while it is divergent below the cut. Therefore, the missing ingredients to
achieve NNLO accuracy for the production of the system F are given by the contributions
with F kinematics @ (i.e Born, one- and two-loop virtual corrections for F production) as
well as a calculation of the FJ and FJJ contributions below the cut.

The MINLO procedure [107] is a modification of eq. (2.2) such that the corresponding
POWHEG generator gives meaningful results also below the transverse-momentum cut. This
is achieved by multiplying the B-function by an appropriate Sudakov form factor that acts
as a regulator of the infrared singularity in the limit of a vanishing transverse momentum
cut and applying appropriate (transverse-momentum dependent) scale choices. For common
(leading-logarithmic) parton showers, such Sudakov form factor can be extracted from the
transverse-momentum resummation for the system F. The inclusion of this correction in
eq. (2.2) must be accompanied by a suitable compensating term in order to avoid double
counting. With this prescription, one also achieves LO accuracy, i.e. LO© . for observables
defined on the phase space of F (inclusive over radiation).

In ref. [5] it was shown that the Sudakov form factor can be corrected in such a way that
observables inclusive over radiation acquire O (o) accuracy relative to the Born process
of F production, i.e. NLO® accuracy, and the corresponding method was dubbed MINLO'.
This work also pointed out that NNLO(© accuracy for the inclusive production of F can be
achieved using an a-posteriori reweighing of the MINLO' events differential in the F kinemat-
ics ®p. This procedure was applied to several processes [6, 22, 24-27]. However, for complex
processes this approach becomes prohibitively intensive from a computational viewpoint.

In refs. [11, 12] an alternative approach was introduced to achieve NNLO® accuracy
by including the appropriate higher-order terms directly during the generation of events,
circumventing the issues of the previous approach based on reweighting. The precise
expression of these terms can be extracted from the following formula for the differential
cross section

do d

dprd®, = E{E(QF;[)T) exp[—g(q)F,pT)]} + Riinite(Pr) - (2.3)

The right-hand side of eq. (2.3) can be derived from the resummation of the transverse
momentum of F at next-to-next-to-NLL (N3LL) matched to fixed-order. Here £(®y,pr)
denotes a luminosity factor that includes the PDFs, the hard-virtual corrections and the
collinear coefficient functions for the production of the system F expanded in powers of
as(pr) up to two loops. The factor exp[—S(pr)] denotes the Sudakov form factor for the

3We use the notation ((N)N)LO to denote ((N)N)LO accuracy for observables defined for the production
of the system F in association with j hard jets.



resummation of logarithms In(Q/pr) (with @ being a scale of the order of the invariant
mass of F), and Rgpite(pr) denotes the regular part of the differential cross section, also
expanded in powers of a,(pr). To obtain eq. (2.3), we have simplified the original N*LL
transverse-momentum resummation formula to retain only terms that are relevant up to
O(a?) relative to F production at LO, while preserving the LL accuracy (including also the
a21n?(Q/pr) CMW corrections to the Sudakov radiator S(pr), which are accounted for in
common parton showers we will match onto). In its present form, the integral of eq. (2.3)
over pp up to any perturbative value is NNLO®O) accurate.

In order to include NNLO( accuracy in eq. (2.1) we need to modify the expression for
B(®py, Praq) in eq. (2.2) in the following way [11, 12]:

Qg (pT)
2

B(®ry, Brad) = expl—5(Pr, pr) [B(%) (1 4 [5<<1>F7pT>]<”) + V(@)

+ R(®p, Braa) + D<23><<I>F,pT>FC°”<<I>FJ>} (24

where we have defined

2
DDy, pr) = D(Pp, pr) — aséiT)[D(@F,pT)](l) — (%2(?)) [D(®r, pr)]? |
_dS(®,pr)

dﬁ((pFapT)
dpr '

D(® =
( F:pT> dpr

L(Pp,pr) + (2.5)
In the above equations we use the notation [X]*) to denote the coefficient of the expansion
X = Zk(g‘—;(pT))k[X](k). We note that the term [S(®g,pr)]™M) in eq. (2.4) cancels the
corresponding O (a) term arising from the expansion of the Sudakov form factor, which is
required to avoid double counting and to preserve NLO(!) accuracy. Although for simplicity
in eq. (2.4) we have factorised the Sudakov form factor, py is actually evaluated in the ®y;
configuration for all terms except R(®g;, Praq), for which it is taken equal to the transverse
momentum of the system F in the full ®;; phase space. Without the last term, eq. (2.4)
corresponds exactly to the MINLO’ formula, yielding both NLO©® and NLO(M accuracy.

The quantity D% (®y, py) guarantees that the integral of B at fixed ®; matches the
expansion of eq. (2.3), up to the accuracy that we require, namely NNLO. This quantity
depends on @ and pr. On the other hand, B(@FJ, ®,,q) depends on the full ®r;. Thus, we
must spread the D& (P, pr) term in the ®p; phase space. This is done by the function
Feo(®y,), which is defined such that its integral at fixed ®r and pr equals one (see ref. [11]
for a precise definition).

We note that the correction term D@ (®g, py), starting formally at order o (py), after
integration over py at fixed ®r contributes starting at relative order o2(Q). This is because
D@3 (P, pr) contains logarithmic singularities that are regulated by the Sudakov form
factor. When integrated over p, their product gives rise to a Gaussian integral of the form

_ntl

/ dL exp[—a, L?a™L" o oy 2, (2.6)
0

where we schematically defined L = In(Q)/pr) and ignored the running of a; (cf. appendix C
of ref. [5] for a detailed discussion on this point). Therefore, to reach NNLO©) accuracy



one must ensure that the perturbative truncation error is of relative order a2(Q), which
in turn requires including all singular terms at least up to m = 3 and n = 0.* However,
we also stress that the definition of the function D&* (P, pr) does not require any actual
computation at order O(a?). The higher-order terms beyond o2(py) in B(®g;, $r.q) are
simply generated by taking the total derivative in eq. (2.3), leading to eq. (2.5).

In refs. [11, 12, 35-39] the MINNLOpg formalism was applied to several processes
where the system F is a colour singlet. Strictly speaking, eq. (2.3) holds in this form
only in this case. The production of a colour-charged heavy system involves additional
conceptual complications related to the fact that the final state will exchange soft gluons
within itself and with the initial state. This leads to a more complicated structure of
the transverse-momentum resummation formula, which now involves colour matrices (see
e.g. [80-83]). Thus, in order to deal with heavy-quark pair production one must first
generalize the procedure adopted in the colour singlet case by finding the appropriate
extension of eq. (2.3). This will be discussed in the next section.

3 The MINNLOps method for heavy-quark pair production

In this section we present an extension of the MINNLOpg method to the production of a pair
of heavy quarks in hadronic collisions, having in mind the concrete application to top-quark
pair production. Our goal is to achieve NNLO© accuracy for all observables defined in
the phase space of the pair of heavy quarks, and inclusive in the additional QCD radiation.
At the same time, we will retain NLO®) (LO®)) accuracy for observables which require one
(two) resolved hard jet(s). We also demand that our matching procedure preserves the lead-
ing logarithmic (LL) accuracy (plus the simple NLL corrections to the Sudakov form factor
captured by the CMW scheme [104]) of the parton shower the calculation is matched onto,
which in this case is assumed to be ordered in a transverse-momentum variable. Specifically,
we will consider the dipole shower PYTHIAS [108] in all phenomenological applications pre-
sented in this article.> The above accuracy goals will be taken into account when performing
some of the approximations necessary in the extension of the MINNLOpg method.

3.1 Structure of heavy-quark pair production at small py

We consider the production of a pair of heavy quarks, F = QQ from now on, differential
in the phase space of the pair d®g5 = dz1dZ2[d®2]. Here 12 = mga/V/s etYea, with
Yoo being the rapidity of the QQ system, meg its invariant mass, [d®s] denotes the
Lorentz-invariant two-body phase space and /s is the collider centre-of-mass energy. Our
starting point is the well-known formula for transverse-momentum resummation for a QQ

“We stress that the function D(®r,pr) contains at most single logarithmic terms (i.e. only n = 1 and
n = 0) as a consequence of the fact that the coupling and the PDFs are evaluated at scales of order pr.

5For different ordering variables, preserving the accuracy of the shower is more subtle. A common
procedure is to resort to truncated showers [2, 109] to compensate for missing collinear and soft radiation.
Failing to do so spoils the shower accuracy at leading-logarithmic level (in fact, at the double-logarithmic level).



pair, which reads [80-83] (we denote by = 272, b = |b|)

do M P? / b 5 - se(™)
= ¢ Te e\ Z Tr(HeA) (Cei @ fi) (Cgj @ f) -
d?pr d® g e 200 (2m)? v

(3.1)

The first sum in eq. (3.1) runs over all possible flavour configurations of the incoming partons
p1 of flavour ¢ and py of flavour ¢. In the above equation, the quantity Sz represents the
Sudakov radiator,

2
bo Mo dg? L%
See (2] = 2 % =5 [Acc(as(@) In —22 + Bea(as(q)) | (3.2)
b 4 g q
b2

which encodes the resummation of logarithms of the impact parameter b (and thus py of the
heavy-quark pair) of collinear and soft-collinear origin (i.e. double and single logarithms),
that originate entirely from initial-state radiation.

The coefficient functions Cj; = Cyj(z, p1, p2, l_;; as(bp/b)) encode constant contributions
to the factorisation theorem that originate from initial-state collinear radiation. The symbol
® denotes the usual convolution,

Ldz .
(Fo9E = [ Tray (). (33)

z

Both Scz and Cj; are universal, and are identical to the ones featuring in the resummation
formula describing the low transverse momentum behaviour of a heavy colorless final state.

In eq. (3.1) and throughout the paper, operators in colour space are denoted in bold face.
The colour-space operator A encodes the resummation of single-logarithmic corrections that
arise from soft radiation exchanged with large angles between the final state heavy-quark
legs and between the initial and final state (we refer the reader to ref. [82] for a more
thorough discussion).

The trace Tr(H.A) runs over the colour indices and encodes the difference between
the factorisation formula (3.1) and the corresponding one for colour-singlet production. It
can be given an explicit representation by using the colour space formalism of ref. [110].
In order to do so, we will denote by |Mz) the all-orders infrared-subtracted amplitude for
the production of the heavy-quark pair from the incoming partons p; of flavour ¢ and po
of flavour ¢. All amplitudes here are considered to be renormalised, specifically in the MS
scheme. The object |M.z) represents a vector in colour space, and can be obtained from the
un-subtracted (IR divergent) scattering amplitude |M2X-4V) by applying an appropriate
subtraction operator [82]

’Mcé> = (]]- - ICE) ‘Mclgi_div.> : (34)

In terms of |M.), the operator H.z can be written as He = |M05)<Mcg|/]Mc(g)\2, and
therefore we have [82]

Tr(HeeA)(Co ® fi) (Coj @ ) = _—'>(Cm- ® fi) (Ce ® fj), (3.5)



where a sum over the colours (and spins) of the external legs is understood. The symbolic
object Tr(HA) (Cei ® fi) (Cz; @ f;) takes a different form in the ¢g and gg channels. In
particular, while eq. (3.5) is strictly valid for ¢g annihilation, in the gluon-initiated gg
channel this factor has a rich Lorentz structure. Firstly, the object (Cy ® f;) (Cz ® f5)
now contains the contribution from additional coefficient functions that encode azimuthal
correlations of collinear origin (commonly denoted with G;; [111]). Furthermore, eq. (3.5)
should be now understood as a tensor contraction between Tr(HzA) and (Ce; @ f;) (Cz ® f5)-
This leads to additional azimuthal correlations of soft nature that, for simplicity, are kept
implicit in eq. (3.1). For more details, we refer the reader to eq.(13) of ref. [82], and
subsequent discussions. We note that in the case in which the produced final state is a
colour singlet, we have A = 1 and eq. (3.5) simply reduces to Tr(H.z) = H.z, where H. is
the usual process-dependent hard-virtual coefficient.

It is worth pointing out that while the pole structure of the subtraction operator I.z
is uniquely defined, its finite O(e") piece is, in principle, arbitrary. Its exact definition
is tied to the choice of the resummation scheme. In the current work we adopt the
resummation scheme of ref. [82] (which in the colour-singlet case reduces to the so-called
hard scheme [112]). The corresponding finite terr(r})s can only be obtained by means of an
7

explicit calculation of the expansion coefficients I, defined by the perturbative series

=3 (%) 1. (3.6)

The expression for IE? can be found in ref. [82], while the NNLO operator I((:? has been taken
from ref. [113], which has been used in the context of gr-subtraction [114] for heavy-quark
production [66, 67, 115].

As already mentioned, the operator A encodes the main source of difference between the
colour-singlet and the QQ final states. It can be written as A = VDV, where the operator
V is obtained by exponentiating the soft anomalous dimension matrix for heavy-quark pair

production I't(®gn; as(q)), i-e. [82]

2
m2 - dq2
V =Pex —/ —T1(P,H5; . 3.7
€ p{ b2 7 ( QQ (C]))} (3.7)

In the above equation, the symbol P denotes the path ordering (with increasing scales from
left to right) of the exponential matrix with respect to the integration variable ¢?. The
operator D = D(®, b; s (bo /b)), on the other hand, encodes the azimuthal correlations
of the produced Q@ system in the low-p; limit due to soft radiation at large angles. It
is normalised in such a way that [D]s = 1, where [---]4 denotes the average over the
azimuthal angle ¢ of pr. As mentioned above, additional sources of azimuthal correlations,
this time of collinear origin, are present in the coefficient functions Cj; corresponding to the
gluon-initiated channels (the two are combined in the contraction of eq. (3.5) to produce
non-trivial correlations that are typical of the process under consideration). We note that
V and D are also resummation-scheme dependent quantities. In the adopted resummation
scheme all the dependence on the azimuthal angle is absorbed in D and absent from H_z
and V, but other schemes could be defined in which this is not the case [82].



Having introduced the main features of the resummation formula (3.1), we focus now
on its connection to the derivation of a NNLO+PS generator for QQ production. In the
colour-singlet case [11, 12], the resummation formula (in particular its formulation in direct
space [116, 117]) is the basis to constructing eq. (2.3). The low-gr structure of the QQ
cross section is, however, clearly more involved. In particular, writing the equivalent to
eq. (2.3) starting from eq. (3.1) is not straightforward due to the colour interference effects
present in A and due to the non-trivial azimuthal correlations in eq. (3.5). However, as
in the colour singlet case, we are not seeking a formula that is N3LL accurate for the
transverse-momentum distribution of the QQ pair (which through matching to the shower
reduces to its accuracy regardless), but instead we only need to ensure that its integral
at fixed @, is accurate at the NNLO level, while preserving the logarithmic accuracy
of the shower algorithms we match to. This allows us to perform several approximations
in eq. (3.1), which are described in what follows, with the goal of transforming it into a
NNLO-accurate expression which resembles the (considerably simpler) structure of the
colour-singlet case.

We start by defining the perturbative expansion of the different ingredients entering

eq. (3.1),

Zayan) =3 (A0 20 (o)

7
as(mpa ;
M) =3 (W) M) (3.8)
where Z represents any of the quantities Z = {Ace, Bee, Cij, Hee, D, T}, and {x} stands for
any additional set of arguments. The scale p at which the expansion is performed is the one
explicitly indicated in the corresponding function Z. Explicit results for the coefficients Z ()
up to two loops can be extracted from the results presented in refs. [67, 81, 82, 111, 113, 118-
128]. We note that D®) is still unknown at present, however due to the property [D] p=1
its contribution for azimuthally-averaged observables exactly vanishes at NNLO (this is
not the case for DU, as discussed in the following). In the case of |M), as stated in
eq. (3.8), the expansion is performed in powers of as(mgg). The additional power of

present already at LO is included in the definition of |Mc(é)>, and is evaluated at a hard
scale plY) ~ mgg- The evaluation of |M£é)> up to NNLO requires the knowledge of the
complete two-loop virtual corrections for pips — Q@Q, which we take from the numerical
implementation in ref. [123], as well as the corresponding subtraction operator IE? [113].

Let us now consider the matrix exponential in V. Up to N3LL accuracy, we can expand
the I‘,(f2) term inside the path ordering sign in the following way,

m2 _ 2 m2 _ 2 .2
V:Plexp{/ @ d%%(q) rg”}x (1/ °Q dqas(q)r(z))]+(9(N3LL). (3.9)
b b

2/b2 q 2T 2 /b2 q2 (27‘1’)2 t

The path ordered expression must be now evaluated exactly to retain next-to-NLL (NNLL)
accuracy. However, we recall that our goal is to achieve NNLO(® and we do not necessarily
need to preserve the full logarithmic accuracy of the resummation formula, which allows us to
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make the following approximation. Without spoiling the NNLO®©) accuracy of the expression,

we can take the I‘§2) contribution out of the path-ordering symbol in eq. (3.9). This is

because ng) enters at relative order O(a?) and therefore the action of the path-ordering

would only start at O(a?). Then we have

V = Vi X 1—/m2QQ‘M20‘3(Q)F(2) +0(ad) (3.10)
NLL bg/bQ q2 (27‘(’)2 t s/ .

where we have defined the object Vi1, entering gp-resummation at NLL accuracy,

m2 _ 2
Vi = P[GXP {—/ o digas(Q) Fgl)}] ~ (3.11)
b

2/p2 g7 2w

We focus now on the contribution to eq. (3.1) proportional to I‘,@. Firstly, we observe

that said contribution is no longer in an exponential form, due to the approximations made
in eq. (3.10). Furthermore, it is accompanied by an a2 suppression. This implies that it

contributes to the trace Tr(H.A) with the following NNLO term

Tr(HzA) O S

b

M2 a2 ¢ (2m)%)

where, to simplify the discussion, the notation A O B indicates that A contains the
summand B in its perturbative expansion. We now note that this contribution has the
functional (single-logarithmic) form of the O(a?) term stemming from the B?) coefficient
in the Sudakov radiator,

(b més dg? o?

eSee(F) 5 _Bg?/ o9 %as(qg . (3.13)
e g (27)

This implies that the I‘§2) contribution can be completely absorbed into the B coefficient

cc
at the desired accuracy by performing the replacement

M |02+ T M)

B® _, g® +<
cc cc ’Mc(g)’2

(3.14)

We turn now to the term coming from Vyri, which appears in the combination
VLLLD VniL. As stated before, the function D depends upon the azimuthal angle ¢ of
pr and it is an important source of azimuthal correlations. However, due to the fact that
rﬁ” does not depend on ¢, the O(a?) contribution proportional to I‘El)D(l) present in the
product VLLLD Vi1 vanishes upon taking the azimuthal average since [D]y = 1. We can
therefore perform the approximation

(Me| Vi D Ve M) (Mee| Vi Vi | Mez)
1MQ)2 N MO

Tr(HeeD) + Eca(@g0,b) + O(af)

(3.15)
where the remainder term Ecz (P, b) contributes at order o2 In(mgg b), but for the reasons
just discussed vanishes upon azimuthal integration and therefore can be safely ignored. We

- 11 -



now focus on the object <Mca’VTNLLVNLL\Mcg>, and deal with the NNLO contribution from
the function D afterwards.

In order to obtain a colour-singlet-like resummation formula, we would like to factorize
the loop corrections in the following way,

0 0
<Mca|V1TvLLVNLL!Mca> . (MO Vi Ve M) (M, cclMcc>
MO M2 M2

, (3.16)

however, the replacement in eq. (3.16) is not NNLO accurate due to the colour structure of
the operator Vi1, and the amplitude |M.z). We can however subtract the incorrect O(a?)
term that is induced by such replacement, and add back the correct one in order to match
the Lh.s. of eq. (3.16) up to NNLO accuracy. This yields:

0
(Mee| Vi Vien| M) . (M, \VNLLVNLL|MC(E)> (M| M)

ME P M ML o
o [ 1) | (M| + TV M) e (mgg) /mZqu?as@
’Mc(g) 2 ‘ C(g) 2 2 w2 ¢ 2w
- (0 2 2 e g 2n T O
’MCE’ g bo/b q T

If in addition we replace as(mgg) = as(q) + O(a?) in the above equation, which does not
affect the NNLO accuracy of the expression, we can notice that the additional terms in
the second and third line of eq. (3.17) have again the same structure as those generated by
BO in eq. (3.13). Therefore, we can perform the simplification in eq. (3.16) accompanied
by the further replacement, in addition to that in eq. (3.14),

1 0) (1 1 0)
B(2>%B(2>_2§R[<M()\ ) ] (M@ + VM)
A 2 rM<°>r2
WMy
M|y
+23%[< = T+ T >] (3.15)
M, |
The exponential factor present in <M§§) |V L VNLL| M, ) can now be evaluated explic-

(1) .

itly by performing a rotation in colour space into a basis in Wthh I, is diagonal. Explicit
expressions for the corresponding colour matrices can be found in ref. [129] and are reported
in appendix A.

After performing the approximations described above, we arrive to the following

expression:
do 1 Z- 7SCC(70) (0) T (0)
5 = / b/ (Mez'| (VL)' VL Mez")
ded(I)QQ 2m QQC 4,9,9
X Z TI‘ HCED) (Ccz & fz) (CEj & f])] + O(Oé?) ) (319)
i’j
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where the effective Sudakov radiator S is obtained from the usual colour-singlet case by
replacing B((: ) 5 BY with

cec

B® _ @ (M, e Ty T+ T M)
| cE |2
1 0 0 1 1 0
o | M 1M ] (M@ 0T+ T )
ML M
MW F(I)T )| MO

We finally need to address the contribution coming from the azimuthally-dependent
operator D. As mentioned before, due to the property [D]g = 1, the second-order coeflicient
D® gives a vanishing contribution to azimuthally-averaged observables at NNLO. On
the other hand, in the case of D) we still have an O(a?) contribution after averaging
over ¢, due to the interference between D) and the collinear functions Cj; in eq. (3.1)
(see ref. [82] for a detailed discussion). More specifically, this non-vanishing contribution
arises only in the gluon-initiated channel, and it originates from the product of D) with
the polarization-dependent coefficient functions G;; [111]. Therefore, the term in square
brackets in eq. (3.19) can be written, upon azimuthal averaging, as

[TI“(HCED) ( i ® fz) ( cj & fj)]¢ = [Hcc( ci @ fz) ( i ® f])] (321)
« ()
- (el (WEIDTMEDY (e gy g+ (1 0 0 19) |+t
T ’Mcé ’2 ®

The first term in the r.h.s. of eq. (3.21) is analogous to what features in colour-singlet
production, where the quantity H.z is defined as

Meel® | sy s

MO 2 ¢ (2m)?

We recall, however, that the subtraction operator needed to compute the IR-subtracted

H; = (o). (3.22)

amplitudes defining H.z is not the same as in the colour-singlet case. The analytic result
for the integrals over the azimuthal angle that are needed to compute the additional term
in eq. (3.21) can be found in ref. [129], see e.g. eq. (4.85) of that reference.

3.2 The MINNLOpg master formulae for heavy-quark pair production

The result obtained in eq. (3.19) can be regarded as the starting point for the derivation
of the MINNLOpg formalism for QQ production. If we compare eq. (3.19) with the
factorisation formula for colour-singlet production (obtained from eq. (3.1) by setting
A = 1), we can see that the only difference, besides the extra term taken into account
by eq. (3.21), is the replacement of the usual Sudakov radiator by the more complicated
expression exp(—S’cg)(Mc(g)\ (V) VNLL]MC((?)>, where S,z is defined by eq. (3.2) with the
replacement (3.20). In the colour basis in which I‘t1 is diagonal, this expression reduces to
a linear combination of complex exponential terms, whose coefficients are related to the
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rotation needed for the change of basis. More specifically, the structure of each of the terms

(1)

.z, obtained

in the sum is exactly that of a Sudakov radiator with a complez coefficient B
from the one in S,z by adding the contribution from the eigenvalues of the I‘E ) operator.
The details of the linear combination are given in appendix A.

We are now in a position to write an expression for the py distribution of the QQ
system, differential in the Born phase space @5, that is NNLO-accurate upon integration
over pp and LL accurate (plus the CMW corrections associated with the coefficient A®) in
the Sudakov captured by common parton showers) in the limit pr — 0. Each summand of
this formula will have the same structure as in the colour-singlet case discussed in eq. (2.3).
Since the new starting point given in eq. (3.19) is a linear combination of colour-singlet-like
terms, we can follow the same steps used for the colour-singlet MINNLOpg formulation that
lead from the gp-resummation formula to eq. (2.3) [11]. Specifically, the Fourier integral of
eq. (3.19) can be performed as described in appendix E of ref. [11], leading to the result

570 (M| (V) Vi | M)

do d { e‘gaé(pT)
c QQ

dprd®oq  dpr
%Y [Tr(HD) (Cu@ ) ( cj®fj>}¢}+Rﬁmte<pT>+0<a§>. (3.23)
1,

The quantities Sez, Hez and C’ij in eq. (3.23) are now all evaluated at the scale pp, and can be
obtained from the ones in eq. (3.19) by means of the following additional replacements [11]:

B® - BY = B(2 +26(ADY2 1 278, HY (3.24)
Y & g2 =g — g A<1>Bg;> : (3.25)
() = CY(2) = c:ER( ) —26A0PY(2), (3.26)

where H C(? is the second-order term in the a expansion of H.; defined in eq. (3.22) and
PO)(2) is the tree-level regularised Altarelli-Parisi splitting function.

The final steps in the derivation of the MINNLOpg algorithm for QQ production follow
again the procedure described in refs. [11, 12] for the colour-singlet case. Thanks to the
structure of eq. (3.23), being a sum of terms of the type (2.3), the derivation can be applied
to each of the terms in the sum individually. The more technical details can therefore be
found in refs. [11, 12], while the main features of the derivation have been already described
in section 2. To connect with the results in section 2, we now write eq. (3.23) as

do

45 [% Shilpey | oo P . 5
de d(I)QQ de { ; lzc ‘|£cc( FapT) + Rﬁmte(pT) + O(Ols),

(3.27)

where we have diagonalised the one-loop soft anomalous dimension in V1, and used

~ 1]
e 5D (Viwn) Ve M) = QP ZC e (38)
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We defined 5’([%’] as the Sudakov obtained from eq. (3.23) via the replacement

BY - BY = BY +i(®40) (3.29)

where the functions v; = 7ce; (we omit the cc¢ subscript in the following) are obtained from
the eigenvalues of the operator I‘E ) Moreover, the coefficients C,; il = ¢ [%](CDQ ) define the
linear combination in terms of the resulting complex exponentlals and obey the constraint

> C([%i](%@) =1. (3.30)
=1

The number of terms n. in the sum depends on the SU(3) representation of a given flavour
configuration of the initial state, and in particular one has n. = 4 for ¢g channels and
]

n. = 9 for the gg channel. The expressions for the v; and Cgl coefficients is reported in

appendix A. We also defined the luminosity factor in eq. (3.27) as
1M, (0)‘2 ~
Lea(®e.pr) = 5 G 3 [Te(HeD) (Cai ® f3) (Cej @ £7)] - (3.31)
"QQ i

We can now repeat the derivation of eq. (2.4) for each of the terms in the sum over ¢ in
eq. (3.27), and we obtain the following definition of the MINNLOpg B function

Nep<—cpg
BQQ(¢FJ’ (Prad Z { Z CCF<—CFJ (PF) eXp[ S£z‘l(}—CF‘] ((PF7 pT)]

CFrJ

x [BCN@FJ) (14 280 0] ) Ve 8

Mep<——cpyg
+ Z { Z CC[F(LCFJJ( )eXp[ Sg}}zl‘Z(LCFJJ (QF?pT)]}RCFJJ((pFJ7q)rad)

CFJJ

nCF
+ Z { ZZC[’YZ exp S['Yz](i) 7pT)]D[ Yil, (>3) ((I)F7PT)}FCC}S;T(¢)FJ) .

CFJ cr =1

(3.32)

In the above equation, the phase space @ is obtained with an appropriate kinematic map
from the ®; phase space. The projection can be obtained, for example (see refs. [2, 105, 106]),
with a longitudinal boost such that the F-system has zero rapidity, followed by a transverse
boost such that the F-system has zero transverse momentum, and a final longitudinal boost
equal and opposite to the first one. Analogously to eq. (2.4) (and with a little abuse of
notation), the transverse momentum p; in each term of eq. (3.32) is calculated in the
corresponding kinematics (either ®p; or ®pjy).

The sum over cpy in eq. (3.32) runs over all possible initial-state flavour compositions
of the F.J process (in this case cpy = {99, 9¢, ¢q}, and we omit for simplicity all conjugate
configurations in our notation). The notation cp < cpj denotes instead the flavour
configuration of the final state F' corresponding to the flavour projection of the FJ final
state. Analogously, cp < cpyy indicates a projection between the flavour configuration of
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FJJ and F, which is obtained by first deriving the flavour of FJ via the POWHEG flavour
mapping and then applying the cp < cpy projection. There are various ways to define
such a projection, meaning that each summand might be unphysical and only the total
combination (i.e. BQQ) is physical. We define the projection using the following procedure:

o If cpy = {99, qq} then there is no ambiguity and we set cp = cpy;

e If cpy = gq then we assign the flavour cp as follows. In the partonic c.o.m. frame, we
consider the rapidity 7y of the light parton in the FJ final state and we split the event
into two hemispheres at 1, = 0. If the parton shares the same hemisphere with an
initial-state gluon, then we assign crp = qq. Conversely, if the parton shares the same
hemisphere with an initial-state quark (or anti-quark), then we assign cp = gg. This
procedure guarantees that the flavour configuration is correctly assigned when the
light parton is collinear to one of the initial-state legs (i.e. the collinear singularity is

correctly reproduced by the Sudakov 5’2’(}_@ ;)

The function DL”;']’ =% is defined by extending eq. (2.5) as

2
DpFi},(zs)(q)F,pT) _ D([;F,Z.]((I)F’pT) B Oé;(iT) [DPFi](CI)FaPT)](I) _ <Oés2(iT>> [Dg;i]((I)F’pT)](Q)7

' de[%} Py,
DE (@, py) = S (®espr) b g )+

d['cp (q)F,pT)
dpr '

3.33
dpr (3.33)

The explicit expressions of the expansion coefficients [Dgi}(ép, pr)]® and [DL?}(Q)F, pr)]®
directly follow from the colour-singlet formulae given in egs. (27), (28) of ref. [12]. In
eq. (3.32) we have explicitly indicated the dependence of the Sudakov S and the luminosity
factor £ on the phase space ®y.

4 Computational aspects

In this section we discuss some computational aspects of the implementation of eq. (3.32). In
particular, we derive the dependence of eq. (3.32) on the perturbative scales and introduce
their settings, whose variation is used to estimate the size of subleading perturbative
corrections. We further comment on the treatment of the Landau pole in the stron%

coupling constant that is encountered in the calculation of the Sudakov radiators S’E—ZZ .
Finally, we also describe the implementation of the decay of the top quarks.

4.1 Renormalisation and factorisation scale dependence

The fixed-order elements of eq. (3.32) (i.e. B,V

CrJ1 Y CFJ
dependence on the renormalisation- and factorisation-scale variations. For collider reactions

and R.,,,) receive the customary

that are mediated by strong interactions already at the Born level, such as the process
considered here, the np powers of the strong coupling in the Born squared matrix element
are evaluated at a scale 1Y which is always of order mgq, and we would like to maintain
its dependence explicit in the expressions that follow so that different choices for this scale
can be made by the user. In particular, we will set this scale to a dynamical hard scale in
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the phenomenological study of this article. The remaining scales are defined with respect to
the central value as pr = Kg pt0, pr = K po, with o ~ pr in the regime pr < mgg. For
the time being we will consider pg = pr, but in section 4.3 this will be consistently modified
by means of a prescription to turn off all resummation effects at large pr. The Ky and Ky
dependence of the remaining terms in eq. (3.32) is obtained by following refs. [11, 12] and,
for completeness, it is reported below.

We start from the Sudakov radiators S*C[Z"](pT), which now become

2
T

2 2
s m2 5 dg? mhs .
SOl (py, Kn) = / 9 7@ [Acc(as(KRq),KR)ln q%Q—l—Bcg(as(KRq),KR) . (41)
D

where the Ky dependent perturbative coefficients A(—) and B(—) are obtained from those
given in egs. (3.2), (3.20), (3.24), (3.29) by means of the relations [11]

AP (k) = AD + (2780)AY n K2,

cc

0
B (k) = B? + 2r80) BY n K2 + (2780)* np In @ . (4.2)
"oq

The factor np (defined as the power of a; of the Born squared amplitude) is induced by
the presence of C(C) in the Bg) coefficient, which, in turn, originates from evaluating the
hard virtual corrections Hygz at pr in the factor Lz defined in eq. (3.31), see also eq. (3.21).
The integral in eq. (4.1) is evaluated exactly without additional approximations through
a numerical integration using a quadrature method, which allows us to adopt the strong
coupling constant used in the evolution of the parton densities, encoding the effect of
heavy-quark thresholds as taken from the parton-densities provider.

We now continue with the scale dependence of the luminosity factor (3.31). All
coupling constants are now evaluated at ur = Ky pr and the parton densities are calculated
at pp = Kppr. The definition of the [...]y expectation value is given in eq. (3.21).
The perturbative coefficients of the hard factor H.z acquire the following Ky and Ky

dependence [11]

(0)\2
HY (Ky) = HY + (2mBo)np In @, (4.3)
m —
QQ
i7(2) 77(2) 2 p2 (MR )? (Mg)) 2 2
H2(Ky) = HY - 2np(1 — np)r2B2 In? +dr?ngIn 5 (B + B3 In K2)
m m
Q0 QQ
(Mg))) (1)
+ 276y [ np1n +InK2)H,' . (4.4)
Moo

The coefficient functions Cj; receive the following scale dependence [11]:

(2, Ke)=CH (2) - PV (=
(2, KF,KR)EC(2)(Z) 5 P<

)

+ipog PO () K2~ (PO @CW);(2)In K2 +215CL) (2) In K2,

)In K2, (4.5)
'(2) (W? K -2l KZn K2 ) — P (2) In K
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while the part of the coefficient functions G;; as well as the second term in the r.h.s. of
eq. (3.21), which together contain all sources of azimuthal and colour correlations, remain
unchanged since they enter first at relative order O(a?).

We use the above coefficients in the evaluation of the MINNLOpg coefficient D([;F”]’ (28)
defined in eq. (3.33). In addition to the scale dependence of the coefficients above (which
is understood in the following equations), the [Dgcfi](q)F, pr)]®) and [Dg”(CDF, pr)]® terms
acquire an additional explicit dependence on the scale factors Ky and Ky due to expanding
the derivative of the luminosity in eq. (3.33) in powers of a,(Kx pr). This reads

9

}(1) }(1)

{D?@i](q’FaPT) (KFaKR) = [DLZJ((I)vaT)

}@) 2) AL (P, pT)} 1) . K2

R

(e, K) = [D2) (@0, )] = 260 | (46)

On the other hand, the scale dependence in the ng']’(z?’)((IDF,pT) originating from the
luminosity factor £ is retained implicitly by performing the derivative of £ numerically.

4.2 Resummation scale dependence

We also introduce some flexibility in the scale at which one turns off the resummation
effects in eq. (3.32) in phase space regions characterised by a large transverse momentum
pr of the heavy-quark pair.® This is done by means of a resummation scale Q ~ mog:
which is introduced in both the Sudakov radiators and the luminosity factor. At the level of
the Sudakov, the resummation scale @ effectively replaces the upper bound of the integral,
as we now show. We start by re-writing the Sudakov factors in eq. (4.1) as (we define

Kq = Q/mQQ)

i Q? d 2 2
SO (o, K) = / q% [Awms(KRq),KR) lnffg
p

2
T

m2 _ d 2 Q2
+ /Q - q% [ACC(%(KR 0) Kn)In -5
+ (Bcé(as(KR q), Kr) — Acz(as(Kr q), Kr) In K%)] . (4.7)

Subsequently, for later convenience, we expand the second integral in the r.h.s. of eq. (4.7)

to second order in powers of as(Kr/Kq pr), and absorb the terms proportional to In p% into

the first integral neglecting subleading corrections (specifically into the Bﬁ? coefficient),

namely

B (Kn, Ko) =B (Ky) — nhon K3 (AL k2 - 2BY)) (4.8)

5Since the following formulas are reported here for the first time we stress that they apply also to the
case of colour-singlet production.
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while the non-logarithmic terms are expanded out of the exponential and absorbed into
the H. hard factor. Consistently, we then change the scales of the strong coupling and
parton densities in the hard factor H.s and parton distribution functions in the luminosity
factor (3.31) as follows:

Kr Ky

pr = Kgpr — pg = prT’ MFZKFPT%/JF:KiQPT- (4.9)

The above procedure results in the following scale dependence in the coefficients H, (E? and C’ij

(1) (1) AY 5(1)
HY (Kn, Kq) = Hy (Kg) + | — 2 ImK2+ B |InKg, (4.10)

H? (K, Ko) = HP (Ky) +

cc

3 In* Kg - (2 <+ 78 §E ) In® Ké

A (i B2 i (0))2
___Tcc ( R) + ( cc ) + TFBOB((%) _ nBTFﬁOA((%) In (:U'P; ) 1n2 Ké
2 2 mQQ

(0)y2
+<E%Km+%mm£$mwgfymg
m

QQ
(1) 2 AE? 2 -2 2 (1)
+ | Bee' In K — =55 K§ — 2mfo In Kg | Hey' (4.11)
and
OO (5, K, Ko) = C0 (2, Ko f Ko) (4.12)
C’i(jg)(z,KF,KR,KQ) = C’Z(J?)(z,KF/KQ,KR/KQ) . (4.13)

4.3 Profiled logarithms and scale setting at large pr

In order to actually turn off all resummation effects at pr ~ @ we introduce a (new version
of the) modified logarithm by means of the replacement

In Q — L (4.14)
Pr
with
In 2 it pr<?,
L=qm <a0+allg+a2 (g)2> if %<pT§Q, (4.15)
0 it pr>@Q,
where ag = 5, a1 = —8, ag = 4. The coefficients are chosen in such a way that L and its

derivative with respect to pr are continuous at (/2 and that they both vanish at Q). The
above parameterisation ensures that the resummation is exactly turned off for pr > Q, at
variance with the modified logarithm adopted in ref. [12] which only vanishes asymptotically
for pr > Q. Following ref. [12], the replacement in eq. (4.14) can be implemented with the
following simple procedure:
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o We rewrite the scale setting in eq. (4.9) as
= Kqxmgge * = Kemgge © 4.1
pr = Krmgge ™, pr = Krmgge . (4.16)

At small pr this reduces to eq. (4.9) (we recall that Kq = Q/mgg), while at large pr
the scales tend to Ky meoo and Ky mog: respectively.

o We rewrite the lower integration bound of the first integral in the Sudakov (4.1) (the
integrand is unchanged) as
pr — Qe L. (4.17)

o We multiply D([%i]’ =¥ in eq. (3.32) by the following Jacobian factor:

1 lf pT S % ’
) . dL
D[’X@L(Z@ N \7 D[’Xz}v(23). \7 =_ — = 2a2pT+a1Q . Q
ce QFce JQ pr dpr pr a0Q?+a1Qpr+azp? f 2 <pr=@,
0 if pr>Q.

(4.18)

In order to avoid the Landau singularity in the calculation of the Sudakov radiator and in
the evolution of parton densities, we implement the freezing procedure of ref. [12] with a
freezing scale Qg = 2 GeV. This is easily implemented by further modifying the scales in
eq. (4.16) as follows

prn = Krmgg (e_L + %0 g(pT)> . ke =Kemgg <6_L + %0 g(pT)> ;o (419)

where g(pr) is a damping function. A suitable choice (albeit one has some freedom) is [12]

1

Q(Z?T):ﬁ'
1+@€

(4.20)
This prescription is also consistently adopted in the Sudakov radiator S(pr) (4.7), at the
integrand level. The integration is then still performed numerically. Analogously to what
has been discussed for the modified logarithms in eq. (4.18), the choice in eq. (4.19) requires
the introduction of an additional factor Jg,

_ dIn (Q/pr)

1- 92<pT)
Joo =4

_ —L
= e T Qoglpr)

(4.21)

which multiplies only the derivative of the luminosity [12] in the definition of D([%i]’ =9 (3.33).
We stress that the freezing only affects running coupling effects, and hence does not modify
the double logarithmic structure of eq. (3.32) and the phase-space integration is performed
down to vanishing pr including all power corrections at the desired accuracy. Therefore,
the scale Qg does not play the role of a slicing parameter in the MINNLOpg calculation.
A final important remark is that in all formulae defined in this section we allow for
the scale factors Ky and Ky to be set dynamically on an event-by-event basis. That is, we
can choose to perform the computation with reference renormalisation and factorisation
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scales at large pr different from a multiple of the top-quark pair invariant mass Mmoo = My,
while their setting at small pr has to remain of order p; for consistency of the MINNLOpg
procedure, as detailed before. This has the advantage of allowing different scale settings
in phase space regions characterised by a large pr, which better describe the momentum
transfer in the hard scattering. Suitable candidates are for instance scales proportional to

HY = mb 4 mbe, HEVES — b ol 3 (4.22)
it

with sz = \/ml2 + p2TZ» being the transverse mass of particle i.” In particular, such settings
may be used for the fixed-order part of the calculation by selecting from the inputs of
the MINNLOpg tt code fixedscale 0 and by choosing different values of the parameter
largeptscales. Moreover, by setting the parameter whichscale in the input file such
scale setting can be chosen for the powers of the coupling constant of the Born squared
amplitude, denoted by p in the equations given in this section. In the phenomenological
studies shown below, we use u\y’ = Ky H4 /4 (whichscale 4) for the scale of the two Born
powers of the strong coupling, while not changing the setting of the other scales (keeping
fixedscale 0 and largeptscales 0).

4.4 Top-quark decays and spin correlations

In this section we discuss the inclusion of the top-quark decays and of spin correlations
between the decay products. Several event generators can achieve NLO accuracy for top-
quark pair production in both production and decay, with the exact inclusion of off-shell
(including non-resonant contributions) and spin correlation effects [91, 93-97].

In fixed-order calculations up to NNLO QCD, the inclusion of top-quark decays and
spin correlations has been presented in refs. [69, 70] in the narrow-width approximation
and in the double-resonant channel only. Including such effects at this perturbative order
in event generators is currently still an open problem. In our study we simply consider the
inclusion of off-shell effects and spin correlations for the double-resonant channels at the
leading order. This is motivated by the observation that the effect of spin correlations in
several important top-decay observables (such as the azimuthal correlation between the two
charged leptons in the fully leptonic decay channel) is well described at this perturbative
order provided one includes NNLO QCD corrections to the production of the top-quark
pair (see e.g. ref. [69]).

Our implementation of the top-quark decays follows the approach of ref. [132] that is
already implemented in the generator of ref. [133] for the production of a top-quark pair
and a light jet, which we used as a starting point to build the MINLO’ and MINNLOpg
generators presented in this work. In the results presented in the next section we consider top
quarks and W bosons to be on-shell, but we give the user the possibility to include off-shell
effects according to the same algorithm used in the POWHEG-HVQ process [90], which we
describe in detail in appendix B. In the algorithm described in the articles mentioned above,

"A detailed discussion about suitable scale settings in top-quark pair production is reported in refs. (67,
130, 131].
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solely the double-resonant contributions to the decayed matrix elements are used in the
reweighting. This simple procedure includes the top-quark decays at LO in the FJ and FJJ
configurations. Since in the limit of small pr the entire decay process factorises from the
structure of QCD radiation, this procedure ensures a LO treatment of the top-quark decays
(including spin correlations) also at the level of fully inclusive observables (i.e. those related
to the final state F). In the remainder of this paper we will refer to this implementation of
the top-quark decays as the native implementation.

In order to validate the native implementation of the top-quark decays and spin cor-
relations, we have produced corresponding results using the well-tested and well-established
MADSPIN code [134]. Those results have been obtained by passing on-shell ¢t events at
NNLO+PS to MADSPIN. While both approaches rely on the same basic concept, their imple-
mentation and the choices made may differ in some details. In particular, we have produced
MADSPIN results where in the decayed matrix elements the top quarks are off-shell. More-
over, MADSPIN always includes off-shell effects for the W bosons in the top-quark decays,
while in the native implementation they are on-shell when the top-quarks are kept on-shell,
as stated above. Therefore, the comparison of the native implementation to the MADSPIN
results allows us to quantify the differences (and uncertainties) that may be expected from
the approximation adopted for the top-quark decays. In particular, such comparison allows
us to assess whether those differences, although they are not expected to be described by
scale-variation uncertainties, could exceed the quoted perturbative uncertainties.

In figure 1 we show three observables in setup-leptonic, i.e. in the fully leptonic top-
decay mode, and three observables in setup-semi-leptonic, i.e. in the semi-leptonic top-
decay mode (see section 5.1 for details on the setup). We compare MINNLOpg predictions
with the native implementation of the top-quark decays in blue and solid against MINNLOpg
predictions with the top-quark decays included through MADSPIN including off-shell effects
in brown and dashed. By and large, both implementations lead to results that are very close,
regardless of whether or not off-shell top-quark effects are included, in several instances even
barely different disregarding statistical fluctuations. In some cases, like the pr, spectrum,
there can be differences ranging up to 10%, which are not unexpected due the different
approximations made for the top-quark decays, but in all cases those are fully covered by
the quoted scale-uncertainty bands. We have tested a large number of distributions in
either of these two top-decay modes, arriving to similar conclusions for all of them.

5 Phenomenological results

In this section, we present phenomenological results for top-quark pair production at
NNLO+PS with and without decays of the top quarks. After introducing our setup in
section 5.1, we perform a comprehensive comparison against LHC data: in section 5.2 we
compare MINNLOpg predictions for on-shell top quarks against CMS data extrapolated to
the inclusive tt phase space. We then continue by considering top-quark decays including
spin correlations and we compare novel MINNLOpg predictions against data from both
ATLAS and CMS in various top-decay channels, including fully leptonic (section 5.3),
semi-leptonic (section 5.4) and hadronic (section 5.5) top-quark decays.
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Figure 1. Comparison of MINNLOpg predictions with native implementation of the top-quark
decays with on-shell top quarks and W bosons (blue, solid) against that of MADSPIN with off-shell top
quarks and W bosons (brown, dashed) in setup-leptonic (upper plots) and setup-semi-leptonic
(lower plots). See section 5.1 for details on the setup.

5.1 Input parameters and fiducial cuts

We present results for proton-proton collisions at the LHC with a centre-of-mass energy of
13 TeV. The top-quark pole mass is set to m; = 173.3 GeV. In the top-quark decays both the
top quarks and the W bosons are treated in the narrow-width approximation (see section 4.4
for details), i.e. I'y = T'yy = 0 GeV is used, while assuming branching ratios for each charged
lepton ¢ € {e, p, 7} of BR(t — bfv;) = 0.108 and to all quarks BR(t — bqq’) = 0.676. For
the electroweak (EW) parameters, which are relevant for the top-quark decays, we employ the
G, scheme. Thus, the EW coupling is evaluated as ag, = V2/ ﬂGum%V sin? Oy and the EW
mixing angle as cos? Oy = m%V/mZZ The EW inputs are set to Gp = 1.16637 x 107° GeV 2,
myw = 80.399GeV, myz = 91.1876 GeV. We consider five massless quark flavours using
the corresponding NNLO set of the NNPDF31 [135] with as = 0.118 via the LHAPDF
interface [136] for all our predictions. In MINLO’ and MINNLOpg the PDFs are read by
LHAPDF, but their evolution is performed internally through HOPPET [137] together with
all convolutions as described in ref. [11].
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The renormalisation and factorisation scale setting within MINLO’ and MINNLOpg
has been described in detail in section 4.3. In particular we use eq. (4.19) with Qo = 2 GeV
and Ky = Ky =1 for the central scales. To more appropriately describe the momentum
transfer in the hard scattering, the renormalisation scale for the two powers of the strong
coupling constant entering the Born cross section is set to py) = Ky Hg /4, with H%l?
defined in eq. (4.22). The value of Ky here corresponds to that used for the renormalisation
scale within MINLO' and MINNLOps in eq. (4.19) with mg5 = myg, so that the scale
within all strong couplings is varied simultaneously. The scale of the modified logarithm in
eq. (4.15) that turns off the resummation effects in phase-space regions characterised by large
transverse momentum of the top-quark pair is set to @) = my;/2. In our phenomenological
study we also compare to fixed-order NNLO results (obtained from the implementation of
refs. [66, 67] within the MATRIX framework [138]), where the scales are set correspondingly
as pur = Knmyg, pp = Kemyg, and py) = Kg H,frf /4. Scale uncertainties in all cases are
estimated by varying Ky and Ky by a factor of two in each direction, while keeping the
minimal and maximal values within the constraint 1/2 < Ky /Ky < 2.

All showered results have been obtained with PyTHIA8 [108] with the Monash 2013
tune [139] (specifically py8tune 14 in the input card) and using the dipole recoil prescription
(specifically SpaceShower:dipoleRecoil =1 setting of PyYTHIAS). For the inclusive tt
results, where no top-quark decay is included, we have kept the shower purely at parton
level turning off all additional effects. By contrast, for the fiducial results in the phase-space
of the top-quark decay products we have included hadronisation, multi-parton interactions
as well as QED showering effects. For the final states where these effects are particularly
important, like the fully hadronic top-decay mode, we have checked explicitly that using
a different tune, in particular the A14 ATLAS tune [140] (specifically py8tune 21 in the
input card), leads to very similar results.

We have considered various setups of fiducial cuts for the different decay modes
of the top quarks. For brevity, we simply refer to the relevant experimental studies,
where the respective fiducial cuts have been specified in detail. In particular, we show
results for a fully inclusive setup in the tt phase space of the on-shell top quarks that is
dubbed setup-inclusive from now on, for the fully leptonic setup of ref. [46] dubbed
setup-leptonic, for the semi-leptonic setup of ref. [53] dubbed setup-semi-leptonic,
and for the hadronic setup of ref. [48] dubbed setup-hadronic.

5.2 Comparison to data extrapolated to the inclusive ¢t phase space

We start our presentation of phenomenological results by considering distributions in the
inclusive tt phase space. In figure 2 we show MINNLOpg (blue, solid), MINLO’ (black,
dotted) and fixed-order NNLO (red, dashed) predictions compared to data from CMS [53]
(black points with errors) that has been extrapolated from semi-leptonic top-quark decays to
the inclusive t¢ phase space. The first five distributions shown in that figure, which include
the rapidity (y;;), invariant mass (m;;), and transverse-momentum (py ) of the tt system as
well as the rapidity (yz,,) and transverse momentum (pr,,,) of the leptonically decaying top
quark, have been considered already in our original publication in ref. [41]. We update that
comparison here using the newest settings, in terms of scales etc., considered in this paper.
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Figure 2. Comparison of MINNLOpg (blue, solid), MINLO’ (black, dashed), and NNLO QCD
(red, dashed) predictions with CMS data [53] (black points with errors) in setup-inclusive.
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We find excellent agreement between MINNLOpg and fixed-order NNLO predictions for the
rapidity distributions, both for the central predictions and for the scale-uncertainty bands.
For the other kinematical distributions some differences between MINNLOpg and NNLO
results can be observed, especially in terms of shape, which however are largely covered by
the respective scale uncertainties. With respect to MINLO’ the MINNLOpg corrections
lead to a significant increase at the level of +10% and a substantial reduction of the scale
uncertainties by more than a factor of two. The agreement of MINNLOpg predictions with
data is quite remarkable. Only in the very first bin of the m,; distribution the data deviates
beyond the quoted uncertainties from the MINNLOpg result. Indeed, the m,; region close
to the 2m; threshold is strongly affected by finite width effects of the top quarks, which
are not included due to the on-shell approximation of the top quarks that is employed here.
Moreover, non-relativistic effects [84-86] and QED corrections through multiple-photon
radiation play an important role at m,; values around the 2m; threshold, which have to
be accounted for at the level of the leptonic final states and not for the inclusive tt final
state. This clearly shows that such extrapolations come with various uncertainties and why
comparisons in the fiducial phase space of the top-quark decay products are advantageous.
Finally, it is interesting to notice that for the shape of the py,; distribution we observe
a better description of the data for MINNLOpg than at fixed-order NNLO. This is not
unexpected since the fixed-order result suffers from large logarithmic contributions in the
limit pp ;7 — 0, which are resummed by the parton shower in the MINNLOpg calculation.
We observe that the last py,; bin shows a mild difference between MINNLOpg and the
NNLO result. We have verified that this difference is entirely due to the effect of the parton
shower that, because of the large momentum transfer in the hard process, can radiate
at moderately large transverse momentum scales, hence still having an impact around
pr ~ 500 GeV.

The last two observables in figure 2, namely the transverse momentum of the leading
(prt,) and subleading (pr4,) top quark, have not been shown in ref. [41]. These are actually
quite interesting as both are somewhat pathological at fixed order [67, 141]: the first
distribution is affected by large logarithmic contributions at small pr;,, while the second

one is affected by large logarithmic contributions for pr;, 2 my, due to their sensitivity to

soft-gluon emissions. Therefore, the matching to the parton shower becomes particularly
important. We observe that the shapes of the pr;, distribution are only slightly different
between MINNLOpg and fixed-order NNLO predictions and both results are in agreement
with the experimental data within uncertainties. By contrast, substantial shape effects
can be observed for the pr;, distribution when comparing the MINNLOpg and fixed-
order NNLO curves. Here, the parton-shower matched MINNLOpg prediction yields a
substantially improved description of the data. This is not unexpected for the reasons

discussed before and shows once more the relevance of matching with the parton shower.

5.3 Comparison to data in the fully leptonic top-decay mode

We continue by considering MINNLOpg predictions in comparison to data for various
distributions in the phase space of the top-decay products. For simplicity, we only show the
MINLO' results as a reference prediction in the following.
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We start with the decay channel where both top quarks decay leptonically, requiring
one electron and one muon in the final signature. Figure 3 shows a selection of various
distributions that have been measured by ATLAS at 13 TeV in ref. [46] (black points with
errors) in comparison to MINNLOpg (blue, solid) and MINLO’ (black, dotted) predictions.
In the results considered here, the electrons and muons may also stem from top-quark
decays to 7 leptons and their subsequent leptonic decays. Corresponding plots for all
other observables considered in the measurement of ref. [46] with and without 7 decays to
electrons and muons can be found in appendix C.1 and appendix C.2, respectively.

The first two observables in figure 3 are the transverse-momentum spectrum of the two
leptons (prg), binned at each event for both the electron and the muon, and the invariant
mass of the electron-muon pair (m,). We find good agreement within the respective
uncertainties between MINNLOpg predictions and data in all bins of the pr, distribution.
In particular the pr, shape is very well described, while there is a slight off-set in the
normalisation, with all data points being at the upper edge of the MINNLOpg uncertainty
band. This is not unexpected, as the MINNLOpg predictions do not include corrections
beyond NNLO+PS, such as the additional resummation of threshold logarithms [88],
that may slightly increase the normalisation. Also for the m,, distribution we find that
MINNLOpg predictions describe the data well, with larger differences only in the first two
bins in me,. These differences can be traced back to two possible effects missing here. The
first one is that the top-quarks are treated in the on-shell approximation. Since this leads
to an underestimate of the cross section for m,; 2 2my, as observed in the previous section,
this might induce an effect also at low mg,. Moreover, in this region QED/EW corrections
through multiple photon emissions are relevant. While we include those through the QED
shower, the approximation of the QED shower might not yield a complete description of
such effects.

The lower two plots in figure 3 show double differential distributions. In particular the
rapidity of the two leptons (7¢), binned each event for both the electron and the muon,
and the azimuthal difference between the electron and the muon (Ad¢e,) are shown in
slices of me,, in the following order: inclusive, m,, < 80GeV, 80 GeV< m,, < 120 GeV,
120 GeV< my, < 200GeV, and 200 GeV< m,, < 500GeV. For the 7, distribution we
observe a rather similar agreement between MINNLOpg predictions and data as for the
pr, distribution: the shapes are described very well and the data is at the upper edge
of the uncertainty band, but overall still compatible. The same is found inclusively and
in essentially all bins of mg,. For m., < 80GeV the differences become slightly larger at
forward rapidities, which could have the same origin as the difference observed at low m,,.
What is interesting to observe from the main frame is the fact that for the bins with larger
me,, the leptons become successively more forward. In fact in the highest m,, bin there is
even a small dip at central rapidity.

The Ag¢,,, distribution is quite an important observable, as it is directly sensitive to
spin correlations in the top-quark decays. It therefore allows us to test our implementation
in comparison to data. By and large, we find good agreement in A¢,,, between MINNLOpg
predictions and data in all slices of me,. Only in the region where the electron and the
muon are close in the azimuthal angle slight differences in shape appear. Nevertheless, given
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the fact that spin correlations in the top-quark decays have been included only through an
approximation at tree-level, the observed agreement is quite remarkable. Another interesting
feature can be observed in the main frame of the A¢,, distributions. For mg, < 80GeV
the shape of the distribution is reversed with respect to the other slices in m,,. This
feature can be understood by pure kinematic considerations. The peak of the invariant
mass distribution of the pair is at about 90 GeV (top right plot of figure 3). The inclusive
distribution (bottom left plot) favours configurations where the two leptons are back to
back. Instead, as one requires the invariant mass to be smaller, one forces the leptons to be
closer in angle. When the invariant mass is large, then once again the favoured kinematics
is the one where the two leptons are back to back.

For all observables in figure 3 we find that the corrections induced by MINNLOpg
with respect to MINLO' are at the order of 10% and generally quite flat in phase space.
The only case where some differences in shape between MINNLOpg and MINLO' can
be appreciated are the A¢,, distributions at high m.,. As far as scale uncertainties are
concerned, the MINNLOpg predictions feature significantly smaller uncertainty bands
than those of MINLO’, with a reduction of roughly a factor of two. We remark again
that we have considered a large number of observables, comparing MINNLOpg, MINLO’
and ATLAS data in setup-leptonic, and similar conclusions as those pointed out for the
distributions shown in this section are found for all of them, as the reader can appreciate
from the additional figures in appendix C.1 and appendix C.2.

5.4 Comparison to data in the semi-leptonic top-decay mode

We now turn to results for semi-leptonic top-quark decays, where one of the W bosons
stemming from the top quark decays to leptons and the other to hadrons. Figure 4 shows a
selection of various distributions measured by CMS at 13 TeV in ref. [53] (black points with
errors) compared to MINNLOpg (blue, solid) and MINLO’ (black, dotted) predictions.
Other distributions measured in this analysis can be found in appendix C.3.

We start with the rapidity (1), invariant mass (1), and transverse momentum (pr )
distributions of the two reconstructed top quarks. As for the corresponding distributions
extrapolated to the inclusive ¢t phase space studied in figure 2 of section 5.2, the agreement
with data is very good for the MINNLOpg predictions, with none of the data points
deviating beyond the quoted uncertainties. It is interesting to notice that, contrary to
figure 2, also the first bin in the m,; distribution is well described by MINNLOpg. This
indicates that QED effects on the leptonic final states included through the QED shower
here, which could not be applied in section 5.2, may indeed be important in that region.
Moreover, this shows the importance of performing such comparison directly in the fiducial
phase space of the top-quark decay products. Note, however, that there is still a slight
difference in terms of shape between the MINNLOpg curve and the data points at low my;
that is likely due to the missing finite width effects in the applied on-shell approximation of
the top quarks.

The other plots shown in figure 4 are the rapidity and transverse-momentum distri-
butions of the leading jet coming from the hadronic W decay (n;,,, and prj,,,), of the
bottom-flavoured jet coming from the hadronically decaying top quark (m,., and pry,..)
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Figure 4. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
CMS data [53] (black points with errors) in setup-semi-leptonic.
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and of the bottom-flavoured jet coming from the leptonically decaying top quark (np,,, and
PT,b1ep)' MINNLOpg predictions and data agree perfectly for all rapidity distributions, both
in terms of shape and in terms of normalisation. As far as the transverse-momentum spectra
are concerned, the same level of agreement as for the observables just discussed is found also
for pr ., - Also for the pry, , distribution MINNLOpg provides a reasonable description
of data with slight shape differences towards large pry, ... Among all the distributions we
have considered throughout this paper, it is only prp, that shows a significant deviation of
the data with respect to our MINNLOpg prediction: there is a clear difference in the shape,
such that towards large prp,, the discrepancy between MINNLOpg and data increases.
Given that the MINNLOpg prediction describes the measured prp,,, spectrum reasonably
well it is surprising that such discrepancy is found for the prp,.  spectrum, since one would
expect the latter actually to be cleaner both in terms of its theoretical modeling and in
terms of its measurement. At the moment, we cannot provide any deeper explanation for
the observed behaviour and it will be interesting to see whether this trend persists in future

measurements in the semi-leptonic top-decay mode.

5.5 Comparison to data in the fully hadronic top-decay mode

Finally, we have also considered the fully hadronic decay mode of the top quarks. In
this case the measurements are plagued by relatively large experimental uncertainties
due to the substantial QCD backgrounds. In figure 5 we present a selection of various
distributions measured by ATLAS at 13 TeV in ref. [48] (black points with errors) compared
to MINNLOpg (blue, solid) and MINLO' (black, dotted) predictions. Other distributions
measured in this analysis can be found in appendix C.4.

The first observable shown in figure 5 is the cross section as a function of the number
of jets Njets. Since we consider hadronically decaying top quarks only there are already six
partons in the tree-level process, including the two bottom quarks. Therefore MINNLOpg
predictions are NNLO+PS accurate for Njets = 6, NLO+PS accurate for Nijes = 7,
LO+PS accurate for Njets = 8, and all multiplicities Njets > 9 are described purely by
the parton shower. Indeed, the MINNLOpg scale uncertainties increase towards larger jet
multiplicities. Similarly, the corrections induced by MINNLOpg with respect to MINLO’
and the ensuing reduction of the scale uncertainties become successively more significant for
smaller jet multiplicities. Taking into account the decreased accuracy at higher multiplicities,
MINNLOpg is doing a good job in describing the data for the different jet multiplicities.
In particular the first NNLO-accurate Njets = 6 bin is in excellent agreement.

The second plot in figure 5 shows the distribution in H. i as defined in eq. (4.22). Since
this observables determines our preferred scale choice for 4\, the scale of the two powers
of the strong coupling constant entering the Born cross section, it is reassuring to see that
the agreement with data for this observable is excellent, both in terms of shape and in
terms of normalisation. Moreover, as one can see, the MINLQO' calculation predicts a quite
different shape compared to MINNLOpg, leading to a worse agreement in the tail of the
HtTt_ distribution.

The third observable shown in figure 5 is the cross section as a function of the ratio
(Rkvﬁ‘fing) of the transverse momentum of the W boson originating from the leading top
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Figure 5. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [48] (black points with errors) in setup-hadronic.

quark with respect to the transverse momentum of the leading top quark. As can be
seen, the cross section peaks around the value where the W boson takes 75% of the top-
quark transverse momentum, while it is rather unlikely that the W boson has a transverse
momentum which is larger than that of its parent (leading) top quark, or less than half of
it. Also here MINNLOpg predictions are in good agreement with the data. It is reassuring
to see especially the shape to be extremely well described, given that the definition of this
ratio originates entirely from the hadronic top-quark decays that are included only at tree
level in our calculation. In fact, ref. [48] has defined and measured various such ratios and
we have found our MINNLOpg predictions to be in excellent agreement with the data in
all cases, as can be seen from the additional observables provided in appendix C.4.

The last three observables in figure 5 concern the transverse momenta of the top quarks.
More precisely the one of the leading (pr,.,) and the subleading (pry,) top quark is shown
as well as the ratio of the latter to the former (Z% = DPTt, /P71, )- As discussed before, these
observables cannot be described appropriately by fixed-order calculations as they are subject
to large logarithmic corrections due to soft-gluon effects. By contrast, our MINNLOpg
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calculation is perfectly able to describe the shapes and normalisation of all three measured
distributions in all bins within the quoted uncertainties. In particular for pr;, we find
that the agreement is better than compared to the MINLO' result, which features quite a
different shape than MINNLOpg towards large pr,. The distribution in Zt peaks around
one, which is not unexpected since the top quarks are back-to-back at LO. The distribution
for Z' < 1 is filled only upon inclusion of addition real QCD emissions starting from NLO,
which is also indicated by the enlarged uncertainties towards small VAD

6 Summary

The experimental precision of LHC measurements is challenging the accuracy of theoretical
predictions, which need to keep up with the steadily decreasing uncertainties of the measured
observables. In this context, the accuracy of full-fledged Monte Carlo event generation tools
is particularly important, and it becomes indispensable to advance the description of LHC
interactions through the inclusion of perturbative information at highest-possible order.

In this paper, we have presented a novel formulation of the MINNLOpg method to
achieve the matching of NNLO QCD corrections to parton showers for processes with a
pair of heavy quarks in the final state. The goal was to keep the various positive features of
the MINNLOpg approach, while making it applicable to a new class of collider processes.
In particular, MINNLOpg preserves the (LL) accuracy of any parton shower ordered in the
transverse momentum, it does not introduce any new scale or slicing parameter to separate
between different jet multiplicities, and it directly includes the NNLO corrections on-the-fly
in the event generation. The latter two render the implementation particularly efficient as
no large (non-local) cancellations appear and no post-processing of the events is required.

The new formulation of MINNLOpg for a heavy quark pair is based on the observation
that the transverse-momentum resummation formula of the pair, despite being considerably
more complicated, can be rewritten in a form very similar to that for a colour singlet to
the accuracy we are interested in. After achieving this, the NNLO matching to the parton
shower can be obtained with steps analogous to those of the MINNLOpg procedure for
colour singlets. A detailed derivation of the final matching formula has been provided and
all technical and computational aspects have been discussed, including the renormalisation,
factorisation and resummation scale dependence, introduction of a new modified logarithm
and its profiling, as well as the respective scale settings.

We have applied the formalism to the production of a top-quark pair, one of the most
relevant and best studied processes at LHC. The decay of the (on-shell) top-quarks has been
consistently included via the tree-level amplitudes, fully accounting for spin correlations
of the top quarks and W bosons in the decay chain. A comprehensive phenomenological
study of our MINNLOpg predictions has been performed in comparison to a fixed-order
NNLO calculation for on-shell top-quark pair production without decay, to our less accurate
MINLOQO’ results, and to experimental data in all relevant top-decay modes. For the case
of on-shell top-quarks without their decays we found excellent agreement of MINNLOpg
for fully inclusive observables with the fixed-order NNLO predictions, while observables
sensitive to soft-gluon effects demonstrated the advantages of the MINNLOpg matching to
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the parton shower, with (the expected) improved agreement with data (extrapolated to
the inclusive t¢ phase space) compared to fixed order. When comparing to less accurate
MINLO’ results we find that the MINNLOpg procedure induces corrections of typically
O(4+10%) that are generally, but for a few exceptions, quite flat in phase space, as well as
substantially smaller scale uncertainties, typically by a factor of two or more. We note that
also the MINLQO’ prediction stems from a genuinely new calculation emerging from the
developed formalism. Compared to standard NLO+PS calculations the improvements can
be expected to be even more prominent.

As far as the top-quark decays are concerned, we have compared two different approaches
to include the tree-level decays of the top quarks, both through the native implementation
in the tt+jet calculation and through MADSPIN. We have shown the ensuing results to be in
good agreement, fully covered by the residual scale uncertainties. We have then considered
a significant number of observables in the leptonic, semi-leptonic and hadronic top-decay
modes using the native implementation and compared MINNLOpg predictions with LHC
data. Additional results were reported in the appendices. In conclusion, MINNLOpg
describes data in all three top-decay modes remarkably well, also for observables sensitive to
the top-quark decays and the respective spin correlations. Among all results we have found
tension with data only in a single observable, namely for the transverse-momentum spectrum
of the bottom-flavoured jet from the leptonically decaying top quark in the semi-leptonic
top decay mode, whose source we can not identify at the moment.

We reckon that this calculation will be very useful especially for the experimental
analyses based on top-quark final states at the LHC. Our MINNLOpg tt generator is
implemented in the POWHEG-B0OX-V2 framework. It is publicly available and can be
downloaded within POWHEG-B0OX-V2 as any standard (NLO+PS) process as instructed on
the corresponding webpage http://powhegbox.mib.infn.it/.
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A Resummation ingredients

We provide here the necessary ingredients for implementing the MINNLOpg method for
top-quark pair production following eq. (3.32), that is, the explicit results for -; and C([%i].

Instead of considering v; with ¢ = 1,...,n. we will use the alternative notation v )
with k,1 =1,..., /n.. We will accordingly consider C, [

write the followmg compact expressions:

7('“ l)] Using this notation, we can

Vikd) = (615 =2 [)\ia + ()\166)*} ; (A1)
[ ] rce

cc

In the above equations, we denoted by A the k-th eigenvalue of the one-loop soft anomalous
dimension, working in a colour basis given by the matrix C°® and where the matrix H is
given by the colour-decomposed LO hard-scattering amplitude. The matrices C and H¢®
(1)

are obtained from C and H by performing a rotation to the basis in which I'; ’ is diagonal.

Explicit results for the colour matrices and eigenvalues needed to compute eqgs. (A.1)
and (A.2) can be found in ref. [129]. For the sake of completeness, they are given below.
The colour matrices C for the quark- and gluon-initiated channels can be chosen in the
following way,

2032 0 0
C¥ = % (2(5“‘ c? ) , CY=Cr| 0 C3 o0 |. (A.3)
F 0 0 C%-—

(1)

The two eigenvalues of I';"’ in the quark-initiated channel are given by

_ 1 q
)\({q = 5 (CA(FS + Ft) + \/C,%{(Ft - FS)Q + 4F5Ft> + ]-_‘qq) (A4)

o _
=S ( s+ Ty) — /O34Ty — Ty)2 4T rt> T, (A.5)

while the three eigenvalues corresponding to the gluon-initiated channel can be written in
the following way:

1

A9 = G [Xl/3 +Y +2(A1 + 2A22)} + 177, (A.6)
1 .

g — ﬁ =X ¥ 4+ VBI(XYE — )+ A(An + 24)| + T, (A7)

M= 2 [FX Y - VEBXYP V) b (An 4+ 240) 4T, (A8)
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where we have defined the following quantities

1 . .

I = tm <p1 P3 P2 p4) ’ (A.9)
4 \p1-pap2-p3

1 14w . (1 4])1'104]92']93”
Is=-— 1 { <1—v) im <v+1> ln( sm3 , (A.10)
_ 1 1 ) :

o — _Or (1 S [m ( +”) - in} —In (WD , (A.11)

2 2v 1—w P1-P4ap2 - P3
1 1 . .

oo — _CF (1 - [m( ”) —2mD 4 GatCry <p1 b5 P2 p4) . (A12)

2 20 1—wv 4 P1-Pap2-P3

and the following variables specific to the gluon channel,

= —18A%2(Ci —8)(A11 — Ax) +8(Ann — A22)3 ) (A.13)
2 2 2 (2 2
+ {4(1411 — A22) [4(1411 — A22) — 9A12(CA — 8)} ,

34y1/2
— 4411 = Ap)? +34%,(Ch+9)] ),

Y = [4(An — Ag)? + 34%,(C + )] X712, (A.14)
A =T4(Ca+CF), (A.15)
Ago —Pt(CF+CA/2)+F Ca, (Alﬁ)
Ay =T (A.17)

In the present colour basis, the LO matrix H takes the following form

1/C% r/C4 1/Cy

. 2 00 1
HY = —— < > , HY = 5 5 r/Ca 12 r ; (A.18)
CaCr \01 CF[CA(1+T ) — 2] 1/Cy 7 1

with 7 = (t — u)/s. Finally, C* and H are obtained by applying the following change
of basis,
Ccé _ (RcE)TCcE RCE’ I:ICE — (Rcé)lecE ((Rcé)fl)’[ (Alg)
(1)

where the rotation matrices to go into the basis in which I';"’ is diagonal are given by

qq 99 qq qq9
gar _ (a7 [MT =TI = 20Ty g (M7 - T - 20T | (A.20)
1 1
for the quark-antiquark channel, and
A1 A1 A1
NTT99 Ay, TP Ay NPT Ay
RY = 1 1 1 , (A.21)

NTTT A5 NT-T99— A5 A\T-T79— A,

for the gluon-initiated channel.
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B Generation of virtualities in top-quark decays

We now discuss how we generate off-shell effects (when the option zerowidth 0 is used) in
tt decays. We stress that more accurate treatments of finite-width effects of the top quarks
in generators are available at NLO accuracy [91, 93-97]. In the following, we discuss the
implementation of a minimal prescription already adopted in refs. [89, 90] that we use in
the context of our MINNLOpg calculation.

For clarity, in the following we indicate with Q and @ the ¢ and ¢ quarks. The way the
virtualities are chosen will be described later. We start by describing the mapping from the
kinematics configurations with on-shell ¢¢ quarks in the final state to the configuration where
the t¢ have virtualities Mg and Mg. Quantities before/after the mapping will be written
in lower/upper case. We will consider two reference frames: the partonic centre-of-mass
(CM) frame (i.e. the rest frame of the incoming partons), denoted with Scm, and the
centre-of-mass frame of the QQ system denoted by Sgg- Frame dependent quantities in
the S, frame will be accompanied by a prime, to avoid confusion. We proceed as follows:

e We start from the Scy frame. We boost the heavy quark and antiquark system to
their rest frame S5, with the boost velocity

5 PQTPg

6 = - 0 @ ) (Bl)
Pg t+ Ps

where pg, /0 denote the heavy-quark four-momenta, and ﬁQ /0 and p% )G are their

vector components and energies in the Scy frame.

e In the S5 frame, we change the energy of the quark and antiquark maintaining their
three-momenta fixed in such a way that, denoting with P, /0 the four-momenta after
the mapping, we have

PG =My,  Pj=Mp, (B.2)

D/ _ =
Fara = Pasa-
where M, /G are the generated virtualities of the heavy quarks, which may be different

from mg 5, and ﬁQ//Q

vectors evaluated in the SQQ frame.

and ﬁé G are the three-momenta of the corresponding four-

e The momenta Py and Py are boosted back to the Scy frame with boost velocity

- PQ + Do
B/: : Q_) = 2‘ (B3)
W%+%)Hm+%)

We thus have, in the Scy frame, pg + ﬁ@ = ]3Q + ]3@ , but in general ﬁQ/Q =+ ﬁQ/Q‘

e The four-momenta of any associated light partons are left unchanged by this procedure.
Thus, calling ecy and Ecy the total initial partonic energy in the Scy frame before
and after the mapping procedure, we have

Ecev =ecom + EQQ — €00 (B.4)
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while the total three-momentum in the Scy frame remains zero. Thus, the rapidity
of the partonic CM frame is not changed by our procedure. Denoting with x5 and
X1/2 the incoming parton momentum fractions before and after the mapping, we
must have X; /Xy = x1/x9, and

Ecm
Xi9==x X . B.5
1/2 1/2 oy (B.5)

The above procedure provides the off-shell ¢t kinematics for given virtualities (invariant
masses) M, /0 of the top quarks starting from on-shell ¢t momenta. The values of M /0
for each event are generated according to a Breit-Wigner distribution

M? = m? + I'mtan (?) , (B.6)

where 7 is a random number uniformly distributed between —1 and 1. This formula is used
not only to generate M, /G 1t s also used to generate the virtualities of the W™ bosons
Myy+ jw -, using the top and W-boson masses and widths. The generated values are subject
to the following restrictions:

e Values of M?2

Q/Q > 2m? are rejected.

2 2
< mjy or MQ/Q

e Values of the virtualities that prevent the construction of a consistent decay chain are
rejected.

Finally, the weight of the event is multiplied by the following correction factor, accounting
for the enlarged off-shell phase space, changed kinematics, PDFs, etc.:

2 >/ |2 2 > |12
_ Eou \/mQ+ 17| y \/mQHpQ‘ . faaMaq
eoM \/M22+ 1552 \/M5+ P51 Foeamaa
fi(Xy) o f2(X2)

We

* h(an) " fa(wa)
@ rfg‘ ‘ﬂlJr‘ |_‘l—‘

X Af% X ]\{@ X ]\/{‘3‘” X M;V (B.7)
Ryl = kgl 1R | Fy- | ’
mQ s M+ My —

where |pg| = ]ﬁé\ by definition, and k¥ and K denote the three-momentum of a decay
product in the resonance rest frame (i.e. both for top and W decays). The second line
corrects for the fact that the parton luminosities are evaluated at different momentum
fractions in the off-shell t¢ kinematics.
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It is obtained by writing the full phase space as

/d<1> = /d?JCMdTXd4PQQd‘I)k54(X1p1 + Xop2 — Pyp — k)

43P, d* P
4

= [ dyonsdrd® Pogd®us*(~ Fag — B)S(X1pf + Xop) — P — )

3P/
0 2 2 2 Q /0 10 _
2 /Txdyc Mys [ AP
= [ dyon =G Maa, 32 [ G (B.3)
beam QQ Q Q

where all frame-dependent quantities in the outer integral (including p(l) /2) are evaluated in
the Scn frame, while those in the inner integral are evaluated in the SQQ frame. We have

used
X1 = exp(yCM)\/TX , X9 = eXp(—yCM)\/TX )
p(l) = Ebeam eXp(—ycM) > pg = Ebeam eXp(yCM) ) (B.Q)

where 7x = X1 X5 and ycv is the rapidity of the partonic CM system. The phase space for
the light partons in the final state is represented by d®y. It is clear that the only difference
with respect to the phase space at fixed masses is given by the factor

Mga 1

7 507 0 _ _ 07,07
VX Pos _ PYFY Eow _ PooMaa | PQPg B.10
AT % mQQ x _1 ecM X PO _m - X P por - ( . )
z Pog Pory QQRQ Q7Q

As far as the correction factors to the resonant decays are concerned, they are included

through the third line in eq. (B.7). The phase space together with the normalisation of the

width is given by % Thus a factor

=

B

(B.11)

[=

3l\)

is provided for each decaying resonance.

For the correction factor in eq. (B.7) an upper bound is determined, which is imple-
mented using a standard hit-and-miss technique. In our implementation, the hit-and-miss
technique is used for each on-shell event that is produced. Strictly speaking, it would be
more correct to regenerate the on-shell event in case of a miss. Whether the improved
accuracy would be worth the loss of efficiency is a matter yet to be studied.

C Additional comparisons to data

In this appendix we show the comparison of MINNLOpg and MINLQO' predictions to data
for additional observables. Since similar comments to those made about the plots shown in
the main text generally apply here as well, we refrain from commenting on these results
any further.
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C.1 Fully leptonic top-decay mode including 7 decays to electrons/muons
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Figure 6. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [46] (black points with errors) in setup-leptonic, including decays of 7 leptons.
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C.2 Fully leptonic top-decay mode excluding 7 decays to electrons/muons
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Figure 7. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [46] (black points with errors) in setup-leptonic, excluding decays of 7 leptons.
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Figure 8. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [46] (black points with errors) in setup-leptonic, excluding decays of 7 leptons.
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C.3 Semi-leptonic top-quark decay mode
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Figure 9. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
CMS data [53] (black points with errors) in setup-semi-leptonic.
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C.4 Fully hadronic top-quark decay mode
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Figure 10. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [48] (black points with errors) in setup-hadronic.
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Figure 11. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [48] (black points with errors) in setup-hadronic.
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Figure 12. Comparison of MINNLOpg (blue, solid) and MINLO’ (black, dashed) predictions with
ATLAS data [48] (black points with errors) in setup-hadronic.
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