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1 Introduction

The High Luminosity Large Hadron Collider (HL-LHC) provides an unparalleled platform to
investigate fundamental processes involving Higgs bosons, electroweak bosons, top quarks,
and hadronic jets with exceptional precision. By achieving high accuracy in experimental
measurements, the HL-LHC will examine in detail the fundamental interactions of particles
at short distances. This precision is crucial, especially when new particle discoveries are
absent, as even the smallest deviations from Standard Model predictions could reveal new
physics. Precision phenomenology, therefore, plays a vital role in the ongoing quest to
expand our understanding of the universe, where any minor discrepancy between theoretical
predictions and experimental data could guide us toward physics beyond the Standard Model.
Continued advancements in fixed-order calculations, parton distribution functions, parton
showers and modelling of non-perturbative effects are necessary to reach the level of accuracy
demanded by the LHC experiments.

Perturbation theory plays a central role in improving theoretical predictions to match
the precision of current or future collider experiments. To achieve percent-level accuracy,
theoretical calculations must extend to at least Next-to-Next-to-Leading Order (NNLO) in
the strong-coupling expansion. However, these higher-order calculations are complex due
to the interplay between real and virtual corrections across multiple phase spaces. Infrared
divergences, arising from unresolved real radiation (such as soft or collinear emissions) must
be carefully canceled by singularities in virtual matrix elements. Schemes for achieving
this cancellation generally fall into two classes - subtraction and slicing. Slicing schemes
typically restrict the allowed phase space of the real-radiation using a slicing parameter. The
approximate form of the matrix elements below the parameter is known, and its (divergent)
contribution is integrated over the unresolved phase space and combined with the virtual
matrix elements. However, since the real matrix elements and their approximations do not
fully match outside the singular limit, there remains a residual dependence on the slicing
parameter that must be carefully evaluated. In contrast, subtraction schemes are free from
systematic effects: they subtract the singular terms from the real radiation and add them back
exactly to the lower-multiplicity virtual contribution, after integration over the unresolved
phase space. Such infrared cancellation schemes offer a well-established solution to handle the
intricacies of higher-order perturbative calculations for an arbitrary scattering process. On
the other hand, subtraction techniques generally require complete control over each individual
unresolved configuration and hence demand significant efforts for their development and
numerical implementation.

For Next-to-Leading Order (NLO) calculations, the infrared cancellation is considered
solved. Fully general schemes like Catani-Seymour dipole subtraction [1] and FKS subtrac-
tion [2] were developed in the mid-1990’s. Together with automated one-loop matrix-element
generators [3, 4], these schemes are used to compute fully-differential predictions for generic
processes, with limitations coming only from the difficulty of generating high-multiplicity
matrix elements. Schemes for matching NLO calculations with parton showers, such as
MC@NLO [5] and POWHEG [6, 7] have been developed which systematically combine
NLO calculations with all-order parton-shower resummation. These innovations laid the
foundations for the state-of-the-art multi-purpose event generators [3, 8-11], see ref. [12] for



a review. Nevertheless, for some observables NLO predictions are still not precise enough
and even higher order corrections, NNLO or even beyond (N3LO), are needed to approach
the desired target of percent-level precision.

Several methods have been proposed to compute NNLO corrections [13-27], leading to
NNLO-accurate predictions for essentially all 2 — 1 and 2 — 2 processes at hadron colliders.
From 2020 onwards, NNLO calculations for 2 — 3 processes have started to appear [28-39],
thanks to the calculation of two-loop five-point amplitudes [40-52]. These results represent
the current state-of-the-art for NNLO QCD corrections for LHC processes.

The NNLO results currently available have been typically achieved on a case-by-case basis,
often requiring significant effort to adapt existing formalisms to new processes. Despite the
recent advances mentioned above, two-loop matrix elements continue to pose major challenges,
frequently requiring custom integral reduction techniques and the evaluation of new master
integrals. Additionally, the cancellation of infrared divergences across higher-multiplicity final
states becomes increasingly complex. Existing NNLO methods do not scale easily to processes
with higher multiplicities, either because of intrinsic limitations or the complexity of the
numerical implementation. Nevertheless, promising recent progress has been made towards
formulating more general schemes. In particular, the sector-improved residue subtraction
technique [18, 19] has been employed, within the STRIPPER numerical framework, to perform
a series of cutting-edge NNLO calculations for high-multiplicity processes up to three-jet
production at hadron colliders [31, 34]. In parallel, efforts focused on explicitly demonstrating
the cancellation of infrared singularities for arbitrary scattering processes have been made
in the context of the local analytic sector subtraction [26, 53] and nested soft-collinear
subtraction [27] methods. Another major hurdle in making NNLO computations more
widely accessible is the significant computational cost involved in generating cross-section
predictions, further complicating their broader implementation. It is therefore desirable that,
in the development of novel infrared cancellation methods as well as in the improvement
of well-established ones, efforts are made to render NNLO calculations as computationally
efficient as possible.

Among the various methods employed for fully-differential NNLO QCD calculations,
the antenna subtraction scheme has been particularly successful. Initially developed for
electron-positron annihilation with massless partons [13], this method enabled the calculation
of NNLO corrections for three-jet production and related event-shape observables at LEP
energies [54]. It was based on colour-decomposed antenna functions constructed directly
from matrix elements, thereby capturing the necessary infrared behaviour. Each antenna
function captures soft and collinear singularities at the same time. Over time, the scheme was
extended to address initial-state radiation, making it applicable to processes involving hadrons
in the initial state [15, 55-58]. It has since been applied to numerous LHC processes using
the NNLOJET parton-level Monte Carlo framework. Furthermore, the antenna subtraction
technique has been adapted to handle the production of heavy coloured particles [59-66]
as well as fragmentation processes including photons [67] and identified hadrons [68, 69] in
the final state. In [70-72] the analytic integration of N®LO antenna functions for final-state
radiation have been performed.

Recently there have been several improvements to the original antenna subtraction
scheme. The colourful antenna subtraction method [32, 73] exploits the predictability of the



singularity structure of virtual amplitudes in colour space to straightforwardly construct the
virtual subtraction terms in a completely general way. The advantage consists in automatically
retaining the structure of colour correlations among external QCD particles, making the
construction of subtraction terms straightforward even beyond leading-colour. The one-to-one
correspondence between integrated and unintegrated antenna functions is then exploited
to infer subtraction terms for real emission corrections. In a parallel development, the
recently-proposed designer antenna scheme [74-76] offers an algorithm to build antenna
functions for any number of real emissions directly from a specified list of unresolved limits.
This eliminates the need to decompose the antenna functions into sub-antenna functions
and it reduces the size of the subtraction terms by avoiding the introduction of spurious
limits that are inevitably present in the matrix-element-based antenna functions. This paper
makes a further important step towards the simplification and ultimate automation of the
antenna subtraction scheme for final-state radiation by further reducing the complexity of
the subtraction terms, and paves the way for the merging of the two directions described
above. Since the CPU requirements of NNLO calculations are considerable, any new scheme
needs to be carefully validated: for this purpose, as an example, we consider perhaps the
simplest non-trivial process of eTe™ — jjj at NNLO.

The structure of the paper is as follows. In section 2 we review the fundamentals of the
antenna subtraction scheme, outlining the challenges we aim to address in this work and
introducing the principles of the designer antenna method. A key focus of this section is the
dependence on the choice of momentum mapping when connecting phase spaces of different
multiplicities. Section 3 then introduces the generalised real-radiation antenna functions at
NNLO, explaining their definition and construction. In section 4 we detail the implementation
of these new antenna functions in the double-real subtraction terms, using leading-colour
three-jet production at electron-positron colliders as an illustrative example. In section 5
we explain how the real-virtual subtraction terms are modified within the new framework.
At this level, we will introduce a new class of generalised real-radiation one-loop antenna
functions. In the context of a subtraction scheme, these real-radiation antenna functions
must be integrated over the unresolved phase space. Section 6 demonstrates how to achieve
this in full analytical fashion for the novel antenna functions. In section 7 we assemble the
double-virtual subtraction terms and assess the cancellation of infrared singularities. Section 8
presents numerical validation of the entire setup. Finally our conclusions are summarised in
section 9. The appendices provide further details: appendix A lists the unresolved limits of
the new real-radiation antenna functions, appendix C gives the explicit analytic expressions
of the integrated antenna functions and appendix D gives the full set of subtraction terms
required for ete™ — jjj at NNLO.

2 Preliminaries

In this section we briefly cover the necessary background for the remainder of the paper.

2.1 Recap of the antenna subtraction method

The antenna subtraction scheme for NNLO calculations is presented in detail in [13, 15]. In
this section we do not aim at a thorough summary of the method, but rather we want to



Figure 1. A single-unresolved emission (dashed line) emitted between two hard radiators (continuous
lines).

highlight the underlying structure of the subtraction terms and motivate the generalisations
described in the remainder of this paper.

Antenna functions capture the infrared behaviour of partons becoming unresolved between
a pair of hard radiators. The colour connections between the emitted partons and the hard
radiators determine the possible structures and infrared patterns that need to be addressed
within the antenna subtraction scheme.

Single unresolved.

At NLO, only one parton can become unresolved, therefore the only emission topology to be
considered is the one depicted in figure 1. Here continuous lines represent hard radiators,
while the dashed line indicates the single-unresolved emission.

This configuration is naturally described by a tree-level three-parton (two hard radiators
and a single emission) antenna function Xg. In general, Xf; denotes an ¢-loop n-particle
antenna function. Considering a (n+ 1)-parton tree-level matrix element M2, (...,4,5,k,...)
as a real correction to an underlying n-particle Born configuration, in the limits where parton
j becomes unresolved between ¢ and k, we can reproduce the singular behaviour with:

X", 4, KM (6), (R, - ) IS ({p}a), (2.1)

where the superscript h indicates a specific choice of hard radiator. MS represents the
Born-level matrix element, and (i), (jk) denote composite momenta obtained by applying
a momentum-conserving on-shell map (p;,p;,pr) — (p;j,pfk) which preserves the correct
behaviour in the unresolved limits. This map defines the n-particle phase space from the
(n 4+ 1)-particle one. Traditionally, in the context of antenna subtraction, the momentum
mapping (antenna mapping) described in [77] is used. We anticipate that for the generalised
antenna functions introduced below we will make use of other choices of momentum mapping

J(np)

for reasons we will outline later in the paper. Finally, the jet function J»,;”” reconstructs n;
resolved jets from n,, final-state partons with momenta {p},, and implements the definition

of the fiducial phase space.

Colour connection.

Before analysing the double-unresolved emission case, it is helpful to introduce the idea of
colour-connection. In any colour-string, each gluon is colour-connected to two other partons



Figure 2. Two colour-unconnected unresolved partons (dashed lines) emitted between two different
pairs of hard radiators (continuous lines).

(either quarks or gluons) and each quark/antiquark is colour-connected to a single parton.
Photons are colour-connected to a quark and an antiquark. At NNLO we encounter different
configurations depending on whether the two unresolved partons are

e colour-unconnected from each other and have no hard radiators in common
e colour-connected to each other

¢ almost colour-connected, which we define to be the case where the unresolved partons
are colour-unconnected, but one or more of the hard radiators is colour-connected to
both unresolved partons.

These different emission topologies need to be addressed separately.

Double unresolved: colour unconnected.

We start by considering the particularly simple configuration where the two emissions are
well-separated in the colour-string and do not share any common hard radiator. This
configuration is labelled colour-unconnected and is depicted in figure 2. In this case, the
double-unresolved contribution is purely iterated, hence the singular behaviour of a double-
real matrix element M2+2(. coy 01,71, K1, - - - 02, J2, k2, .. .) with j1 and j2 becoming unresolved
between the neighbouring partons can be fully described by the product of two disconnected
X9 antenna functions:

We note the combined action of the two antenna functions produces a map from the (n + 2)-
particle phase space to the (n + 1)-particle phase space, and from this to the n-particle one,
whose momenta enter the Born matrix element and the jet function.

Double unresolved: colour-connected.

The next configuration we have to consider at NNLO is given by two unresolved partons that
are colour-connected to each other and one of the hard radiators. This case is depicted in
figure 3. The singular behavior associated to such a configuration is not simply iterated, and
hence cannot be captured by any combination of X antenna functions. Instead, tree-level
four-parton (two hard radiators and two unresolved partons) antenna functions XJ are used.



Figure 3. Two colour-connected unresolved partons (dashed lines) emitted between two common
hard radiators (continuous lines).

These remove the singular behaviour of the double-real matrix element M? I G B/ 0 S
in configurations where j and k are unresolved according to:

X34 kM MR( . (i5K), (R, - )T ({pda), (2.3)

where (EE), (ﬁ:/l) indicate composite momenta obtained by applying a momentum-conserving
on-shell map (pi,p;, pk,p1) — (pl%7 ijkl)’ which preserves the correct behaviour in the
unresolved limits. This map defines the n-particle phase space from the (n 4 2)-particle one.
While providing the correct double-unresolved behaviour, X antenna functions inevitably
also contribute to spurious limits in single-unresolved regions. In this regard, the X antenna
functions are constructed in such a way that these limits can be subtracted with iterated
X9XY structures [13, 15, 74]. The complete set of terms to address the colour-connected
case is then given by

XY 4,k VM (i5K), GRD, )T (pha)

—~—— e~~~

=X3 (", 4, KX ()", (R), MR (@) R (GR)D - )T ({p}a)

—~—~

=Xk G X (R, (k) )M, (1)), (GRY(RD), - )T (pha)- (2.4)

The momentum mappings in each line of (2.4) produce different reduced n-particle momentum
sets. However, the mappings are chosen in such a way that they yield the same momenta in
the required unresolved limits, to allow for the desired cancellation between the X antenna
functions and the iterated structures in single-unresolved limits [13, 77].

Double unresolved: almost colour-connected.

One final emission topology has to be considered in order to build a subtraction scheme able
to deal with arbitrary multiplicity at NNLO. This is the so-called almost colour-connected
configuration, depicted in figure 4. Here the two unresolved partons are not colour-connected,
but also not entirely disconnected since they share both hard radiators (figure 4(a)) or
only one of them (figure 4(b)). These two cases are treated differently in the context of
antenna subtraction.



(a)

Figure 4. Two almost colour-connected unresolved partons (dashed lines) sharing both (a) or one (b)
hard radiator.

First let us consider the four particle configuration shown in figure 4(a), which we
generically label as X)). These antenna functions are implemented in subtraction terms as:

XY, 4, K DM (1), (GRL), - ) T ({p}a)

—_— e/~

—X3(" 5, KX ()" 1 GR)MR( ., (@), (GR)D, - ) I ({p}a)

—_— e~

=X (k" 1M X (k)" g, @M, ((@)5), (kD) - ) I ({pha)- (2.5)

Note that there are two types of )?2. One type typically addresses subleading-colour contribu-
tions to matrix elements which also have two colour-unconnected emissions between the same
hard radiators. The prime example of this is the ﬁg which describes the subleading-colour
emission of two gluons radiated within a quark-antiquark pair. This type of antenna is
needed to describe subleading-colour configurations even for higher multiplicity processes.
The other type of X 9 antenna appears with the same colour factor as the corresponding XJ.
An example being the FY and F ) antenna functions. When there are only four gluons in
the process, the F ) is necessary to capture the almost colour-connected limits. However, as
soon as the multiplicity increases, these X 2 would be replaced by the new constructs that
we are introducing below. This point is further discussed in section 3.4.

From now on we focus on figure 4(b) and assume that at least five partons are present at
the double-real level. In the traditional antenna subtraction scheme, dealing with this emission
topology is significantly less straightforward than the cases discussed above. As one can guess,
the reason for this lies in the fact that the unresolved radiation is distributed among three hard
radiators, a situation which is not easily addressed by the two-hard-radiator antenna functions
considered so far in the literature. It is still possible to achieve local infrared subtraction for
these configurations in the context of the traditional antenna subtraction method, however
this requires complex strings of interdependent terms, which typically end up being the
largest contribution to the expressions of the double-real subtraction terms. In addition to
iterated X{ X9 contributions, the almost colour-connected subtraction terms rely on suitable
combinations of eikonal factors, called large angle soft terms [54, 78]. The complexity of the
subtraction at the double-real level also impacts the integrated structures in the real-virtual
subtraction terms [79]. The conventional treatment of the almost colour-connected case is
described in detail in [15, 54, 73].



In this paper we revisit the infrared structure of almost colour-connected singularities
at NNLO and aim at a description as concise as the one in the colour-connected case. In
particular, considering the parton string (ih, 4, k" 1,m"), the goal is to capture the full
unresolved behaviour of the configuration in figure 4(b) with something like:

X95(i", 4, K" L mM) MO (igF), (ijkim), (Km), .. )T ({p}n)
o (

(@), G kD), (Im), . )8 ({pha), (2.6)

—X3(" 5. KX (GR)" L m" MY (6), (KD, (Im), .. )5 ({p}a)

m", KM XS (k)" 5, ") M.

(
X3

where X g’g(ih, g k"L mh) denotes a tree-level five-parton three-hard-radiator antenna function.
The notation we will adopt for these generalised antenna functions in the remainder of the
paper is Xfl,nh, where n is the total number of partons in the antenna function, ny, is the
number of hard radiators, and ¢ is the number of loops. If the nj; index is omitted, in
analogy with the notation used so far, we assume n; = 2. The immediate advantages of

this program at the double-real level are:

a more algorithmic construction of generic subtraction terms;

a significant reduction in the size of the expressions of the subtraction terms;

the elimination of large angle soft terms;

the possibility of constructing local subtraction terms which work for a single colour-
ordered matrix element, rather than for the full sum.

The last point above will also allow us to significantly reduce the computational time required
for an NNLO calculation, as we will comment on later. Finally, the simplifications at the
double-real level propagate into the real-virtual subtraction terms, as discussed in section 5.

Single unresolved at one loop.

The removal of single-unresolved divergences at one-loop can also be organised in terms of
emission topologies. Even if at the real-virtual level there is only a single emission, in the
context of antenna subtraction it matters how the unresolved parton relates to the loop
correction. X{ antenna-functions are only capable to capture the singular behaviour due
to tree-level sub-graphs of a full virtual matrix elements and so new structures are needed,
which we illustrate in the following.

The first case we consider is given by an unresolved emission directly connected to a
loop. In particular, the soft and collinear singularities are generated by loop graphs where
a virtual particle couples to one or more of the hard radiators and the unresolved real
emission. We represent this topology in figure 5, with a dotted red line representing a
virtual particle exchanged between the two hard radiators. Such configuration is treated
with three-parton one-loop antenna functions X [13], which are implemented within the
real-virtual subtraction term as:

X3(", 4, KM, (), (GF), )T ((pda)- (2.7)



Figure 5. Colour-connected virtual (dotted line) and real (dashed line) partons emitted between the
same pair of hard radiators (continuous lines).

Figure 6. Colour-unconnected virtual (dotted line) and real (dashed line) partons sharing both (a)
or only one (b) hard radiator (continuous line).

The other possibility at NNLO is given by colour-unconnected virtual and real emissions
with one or more common hard radiators, represented in figure 6. As for the double-real
emission discussed above, we distinguish the cases in which the virtual and real particles
share both or only one hard radiator, depicted in figure 6(a) and figure 6(b) respectively.
The former configuration is practically analogous to the colour-connected case in figure 5,
typically appears in subleading-colour contributions to matrix elements, and is therefore
addressed with subtraction terms like:

X3, 4, KM (0)s (GR)s - )T ({p})- (2.8)

The configuration in figure 6(b), instead, naturally involves three hard radiators, hence it
is not straightforwardly described by conventional antenna functions. Indeed, figure 6(b)
can be loosely seen as the real-virtual counterpart of figure 4(b). To properly deal with
this case, in section 5 we will introduce four-parton three-hard-radiator one-loop antenna
functions X i73. They will be implemented as:

X15(i" 4, K" a")M( - (6), (F), (Ra), - )T ({p}n)- (2.9)

As we will discuss in detail, the contribution given by these new antenna functions is a
byproduct of the implementation of X 273 antenna functions at the double-real level. X i?)
antenna functions absorb the integrated counterpart of the large-angle eikonal factors, which
are traditionally needed in almost colour-connected configurations [54].

,10,



The remainder of this paper is dedicated to the construction of generalised antenna
functions and to their implementation in a consistent subtraction scheme for NNLO calculation.
The possibility of building antenna functions with more than two hard radiators is a direct
consequence of the designer antenna method, which is briefly outlined below.

2.2 Recap of designer antenna principles

In the original formulation of the antenna subtraction scheme, the antenna functions used to
construct subtraction terms were extracted from matrix elements [80-82]. Recently, work has
been done to instead construct antenna functions directly from the desired unresolved limits
in a new formalism known as the designer antenna method [74-76]. The antenna functions
obtained from this approach, labelled idealised, offer several advantages with respect to their
traditional counterparts, which are summarised in the design principles:

I. each antenna function has exactly two hard particles (“radiators”) which cannot become
unresolved;

II. each antenna function captures all (multi-)soft limits of its unresolved particles;

ITI. where appropriate, (multi-)collinear and mixed soft and collinear limits are decomposed
over “neighbouring” antenna functions;

IV. antenna functions do not contain any spurious (unphysical) limits;
V. antenna functions only contain singular factors corresponding to physical propagators;

VI. where appropriate, antenna functions obey physical symmetry relations (such as line
reversal).

The iterative algorithm for constructing real-radiation antenna functions according to the
principles above is described in detail in [74] and relies on:

o a list of “target functions” L;, which describe the behaviour of the colour-ordered matrix
element squared in a given unresolved limit;

e a set of “down-projectors” P;L which map the invariants of the full phase space into the
subspace relevant for the limit L;;

e a set of “up-projectors” Pj which restore the full antenna phase space.
With such ingredients the construction of an antenna function X is given by:

X, =PlL,
X, = X1+ P} (L, - P{Xy)

Xy = Xyt + PN (Iy = Ph Xy 1)

The generalisation of the algorithm to include ¢-loop antenna functions and address virtual
corrections is described in [75].

— 11 —



2.3 Mapping dependence

In this section we elaborate on the choice of the momentum map which relates different-
multiplicity phase spaces in the context of local subtraction. In any subtraction scheme, one
has to guarantee that the local subtraction terms in the numerical evaluation of the real
radiation contributions precisely cancel against the analytically integrated terms that are
added back to the virtual contributions. We are particularly interested in how the choice of
momentum maps in the unintegrated subtraction terms influences their analytic integration.

The traditional antenna subtraction method with two hard radiators relies on the class
of maps described in [77] for the numerical implementation of the real radiation subtraction
terms. The main advantage of the antenna mapping is the smooth interpolation between
all infrared configurations. However, it is implemented via complicated relations among
momenta and invariants, which clearly make it not suitable for analytical integration. In fact,
as we formalize below, for the case of two hard radiators the integration over the unresolved
phase space is independent of the choice of mapping, and one can therefore choose a simpler
mapping for the analytical integration of the antenna subtraction terms. However, the case
of multiple-hard-radiator antenna functions requires a more careful treatment.

We begin by considering an unintegrated subtraction term,

X({py) M({p}{4})

(n~tnq) - -
In;” (P A dPSny 4, (P2 @) (2.10)

where the n, momenta {p} and the n, momenta {q} are the original momenta appearing in
the phase space dPSy,,+n,. The mapping acts on the momenta appearing in the antenna X,

{p} = {p} (2.11)

(where there are n; hard radiators in the set {p}) in a way that preserves momentum
conservation and on-shellness but leaves each momentum in the set {q} unaffected,

qg—q=q. (2.12)

The jet function J selects n; jets from the final-state partons. The matrix elements M and
the associated jet function J depend on the mapped momentum set.
In general, we aim to select a mapping such that the phase space factorises,

AP Snytn, (P, q) = APSx (p/{P}) AP Spsin,({P}. {0}) (2.13)

and that the integration over the antenna phase space dPSx can be performed,

/X({p}) dPSx(p/{p}) = X*({p}), (2.14)

so that the integrated subtraction term is given by,

JT(:;“F ng)

X ({p}y) M({p}, {q}) ({p}.A@}) dPSp—tn, (1P} {T}). (2.15)

Two mappings are equivalent if X ({p}) is the same for both mappings.

— 12 —



Antenna functions with two hard radiators.

When there are two hard radiators, the generic mapping has the form,

{1, pn,} = {Br. ps}- (2.16)

The only available scale is the invariant mass of the antenna,

Sl.n, = SIJ (2.17)

which, because of momentum conservation, is the same for all possible mappings. On
dimensional grounds the result of the integration of the antenna over the antenna phase
space must satisfy,

X({p1,ps}) = c(e) (s17)" (2.18)

where d is a constant fixed by the dimensionality of the antenna and the antenna phase
space, and c(e) is a constant. It is straightforward to check that different n, — 2 mappings
(that preserve momentum conservation and on-shellness) always produces the same values
of d and c¢(e). For this reason, one has the freedom to choose different mappings for the
analytical integration, where simplicity is preferred, and the numerical implementation, for
which regularity across the phase space is better suited. In the two-hard-radiator case, the
numerically integrated real-emission subtraction terms are then guaranteed to match and
cancel the analytically integrated ones added back in virtual corrections.

Antenna functions with three hard radiators.
For antenna functions with three hard radiators, the mapping has the form
{p1,- Py} — {P1,Ps, DK }- (2.19)
In this case, there are multiple scales available,
S1J, SIK, SJIK, SIJK, (2.20)

as well as composite scales, e.g.,

517+ SJK, S1J + SIK, SJK + SIK (2.21)

so that, while the overall dimensionality of X" is fixed (and mapping independent), the
dependence on the individual scales is not. In general,

X({Pr,ps,Pr}) = ZCi (s1.0)% (s75)% (s75) (5175)% + . .. (2.22)

where ¢; is a scaleless function of ratios of scales and d = «; + 5; + v + ;. Here + ...
represents possible contributions involving composite scales. Different mappings can lead
to different values of {¢;, i, Bi, i, d:}, and therefore it is clear that X ({pr,ps,pr}) is not
necessarily the same for all mappings. For the cases we investigated, each mapping gave
a different dependence on the scales. It may be possible to find classes of mappings that
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lead to the same value of X ({ps,ps, Px}). However, to be guaranteed to avoid any mismatch
between real and virtual subtraction terms, one must use exactly the same mapping for the
numerical implementation as for the analytic integration.

It follows from the observations above that the momentum mapping for the new antenna
functions will be more constrained than the traditional one. For clarity, in the remainder
of this paper, we will denote with ZNJ or z/jvk momenta reconstructed applying a single- or
double-unresolved antenna mapping [77]. Where alternative choices are required, we will
introduce dedicated notation.

3 Tree-level five-particle three-hard-radiator antenna functions

The main objective of this section is the construction of five-particle antenna functions
X5073(i2, b, kP, 15, m!), aimed at describing the singular behaviour of the configuration in
figure 4(b). The particle types are denoted by a, b, ¢, d and e, and carry four-momenta p;, p;,
Pr, p and p,, respectively. Particles a, ¢ and e are the three hard radiators and the antenna
functions must have the correct limits when particles b and d become unresolved.

3.1 Unresolved limits

The starting point for the application of the designer antenna algorithm [74] consists in a list
of infrared limits a given antenna functions needs to reproduce. For the X 873 (3", gy, kP 1g, mP)
antenna functions, these limits occur when momenta j, [ are either soft or collinear with
the hard radiator momenta ¢, k, m. In particular, we have: double-soft j, [, triple-collinear
§||k"||l, double-collinear i"||7, k"||l, i*||j and I||m", j||k" and I||m", single-soft j and I, and
single-collinear i"||7, j||k", k||l and I||m". In addition, there are the four soft-collinear limits,
when j is soft with either k||l or I||m" and when [ is soft with either i"||j or j||k". In the
designer antenna approach [74] these soft-collinear limits are automatically satisfied. The list
of eleven limits for XY (i%, jp, k2,14, m}) in the notation of [74] is then given by:

Li(i", 4, k ,l,mh) = Sb(zh,],kh)Sd(kh,l,m ) double-soft ¢, {
Lo(i", j, k" 1, ml) = Py (i, 5) Cd(kh ) double-collinear i || j, k || I
Ls(i", j, k" 1, mM) = Py (i, §) Pog(m™, 1) double-collinear i || 7, I || m
Ly(i", j, k" 1, m") = Py (K", §) P, ( kD double-collinear b || ¢, I || m
Ls(i", j, k", l,mh) = Sb(Zh,j, EM X (k" 1, mM) single-soft i

Le(i", j, k" 1, m") = Sy(k" 1, m )X3( hoj kM single-soft [

L:(i", j, k ,l,mh) = Py (i", 5) X9(k", 1, m™) single-collinear i || j
Lg(i", j, k", 1, m") = Pg(m” )X hoj k™ single-collinear 1 || m
Lo(i", j, k", 1, m") = Pyeq(j, k", 1) triple-collinear j || k ||
Lio(i", 4, kM 1, m") = Py (K™, N XI((G + k)P, 1, m™) single-collinear j || k
Li(i", 4, kM 1, mM) = Pog(kh, D) X36GM, 4, (k + DM) single-collinear k || 1. (3.1)
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The tree-level soft factor S, is given by the eikonal for particle b radiated between two
hard radiators:

2 .
Sg(ihajg>kh) = S’Y(ih7j’y’kh) = ﬁa (32)
Sijsjk
Sq(ihajqa kh) = Sff(ih’j(ﬁ kh) = 07 (33)
where we use Lorentz-invariant momentum structures
Si,..n = (pz +. +pn) . (34>

The splitting functions P, (i", j) are not singular in the limit where the hard radiator a
becomes soft and are related to the usual spin-averaged splitting functions, cf. [83, 84], by,

Py (", ) = ijq(g) (25) (3.5)
PO, M =0, (3.6)
PR 5) = P ) (3.7)
P = S P ), (38)
P 5) = POy (39)
PO, ") = ;P;;b@)u — ;) (3.10)
with
PO (z;) = (2(:%) +(1— e)xj> (3.11)
J
PO (a;) = (1 - W) = P91~ 1)) (3.12)
POy = (M2 40 0y @19
J
and
PO () + P01 — 25) = PO (x). (3.14)

Here, the momentum fraction z; is defined with reference to one of the other particles in
the antenna, e.g.

e — Pj - Pk _ Sjk
T i) e (Sik+ Sjk)

(3.15)

Finally, Py.q denotes a triple-collinear splitting function [85-87]. For explicit expressions
see, for example [87]. Of course, not all limits are required or will be present for all particle
types. For example, if b (or d) is a quark there is no singular behaviour when its momentum
become soft, hence no soft limit associated to it.
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In single-unresolved limits (Ls—Lg, L1g, L11) we require that Xg73(2‘2,jb,k?,ld,m’g)
factorises onto three-parton tree-level antenna functions. We recall that an individual
X8 (i, jb, kc) antenna function describes the b soft limit and the a” || b or b || ¢* collinear
limits. In the designer antenna approach, these are denoted as:

Ll(ihaja kh) = Sb(ihujv kh) 9
Lo(iM, ji k) = Pup(i™, ), (3.16)
L3(k", j;i) = Pay(k", ) .

We note that the product of two single-unresolved antenna functions,
X§(ih, o, k2 X9 (KD 1a, m]) (3.17)

correctly describes singular limits when b and d are unresolved and emitted between pairs of
hard radiators (a,c) and (c,e). Namely, eq. (3.17) captures a significant subset of the limits
that are expected for the X 9,3. However, it does not get every limit correct. More precisely,
every limit involving ¢ being collinear with any other parton is only partially described,
because c is shared between both antenna functions. In other words, eq. (3.17) gives limits
Li—Lg in eq. (3.1) exactly, while only partially describes limits Lo—Lj;, given that they involve
collinear configurations with the shared hard radiator c. It is nevertheless advantageous to
consider eq. (3.17) as the starting point for the construction of the new antenna functions.

We define a middle component of X§; (that we denote as Xg,s;M) that fully satisfies
limits L1—Lg and gives no purely collinear (i.e. not soft) contribution to limits L9—Li; by
removing the collinear limits with the shared hard radiator c:

X50,3;M = Xg(ig’ Jbs k?)Xg(kgv la, mg)

— Cj (1 = SHX3(ih, o, k) C(1 = SHXS (KL 1a, m)). (3.18)

In eq. (3.18), the combination Cjk((l - Sj)Xg(iZ,jb, k")) selects the non-soft j part of the
antenna function when j||k. In general each X{ antenna contains three singular limits,
leading to nine terms in the product. After removing the collinear (but not soft) component,
eight terms remain in Xg’&M.

We note that X 50’3; s haturally involves all five particles. However, each term in X 333 A s
composed of invariants made from the momenta in one antenna multiplied by invariants made
from the momenta in the other. No term involves an invariant that spans momenta from
one three-parton antenna function to the other. This feature will turn out to be very useful
in constructing suitable momentum mappings and in performing the analytic integration
of the X 273; u antenna function.

The remaining limits only affect a subset of the five momenta. The triple-collinear
4 || k™ || I limit Lg directly involves the three collinear momenta, plus a spectator to determine
the momentum fractions, which can be either ¢ or m. The single-collinear limit L1y involves
four momenta j,...,m (which all appear in the argument of the XY), provided that the
spectator for the single-collinear splitting is chosen to be m. Similarly, the single-collinear limit
L1 involves four momenta ¢,...,l when 4 is chosen as spectator to define the momentum
fractions of the splitting.
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We therefore break the XQ’S into three parts:
X2 4(i", 4, K" L,mM) = X 50, (", 5, K" 1, m")
+ Xg,S;L(ih7j7 kha la mh)
+X§,3;R(ih7ja khvlamh)a (319)

where X 33; s satisfies limits L;—Lg, while X 5073; . (left component) and X, 33; r (right compo-
nent) are built from limits Lg—L11. Xg73;L depends on momenta %, j, k, [ and not on momentum
m, while X g’g; r depends on momenta j, k, [, m and not on momentum 4. To assemble X, 50’3; I
and X g& R, we follow closely the procedure detailed in ref. [74] for the construction of four-
parton antenna functions. We systematically ensure that combination X 5?,3 satisfies eq. (3.1)
by injecting X 33; a as the starting point of the designer algorithm and then working through
limits Lo—L11 sequentially to avoid any double-counting of singular behaviour. Limits Lg—L11
introduce denominators s;x, sy and s;;. Terms that have denominators s;;, are assigned to
X 5?73; r (using m as the reference momentum for defining the collinear momentum fractions),
while those that have denominators si; are assigned to Xg?); ; (using i as the reference
momentum). The X 5?73; ;, antenna function depends functionally on the first four momenta,
while the X g’g; r antenna function depends functionally on the final four momenta. X, g’g; I
therefore describes part of Lg and Lqg while X 33; r describes the remainder of Lg and L.

3.2 Momentum mappings

Within a local subtraction term, antenna functions induce a momentum mapping from the
real-emission phase space to the reduced phase space obtained by redistributing the momenta
of the additional emissions among the ones of the hard particles. In this section we define the
appropriate double-unresolved mapping to be used with the new antenna functions. Each
of the three components introduced above (XEE),S;M’ Xg73;L and Xg73;R) is associated with a
different {i,7,k,l,m} — {I, K, M} mapping. Each mapping must:

(a) preserve both momentum conservation and on-shellness conditions;
(b) behave correctly in the limits relevant to that part of the X gg antenna;

(c) be analytically integrable over the phase space of the unresolved emissions.

To be precise, point (c¢) is not strictly necessary to achieve local subtraction, but it is
mandatory to have analytical control over the integrated form of the subtraction terms and
avoid potentially demanding point-by-point numerical integrations.

3.2.1 Momentum mapping for Xg’&M: dm

For the X5073;M part of Xg,3, we use the mapping, ¢y,

pr=pi+p;— —2—p
Y st
Sij Sim
¢M : pk = |1+ + Pk 3.20
Sik + Sjk  Sik + Smk ’ ( )
S1
pM =DpL+ P — ————— Dy,
Sik + Smk

,17,



which clearly satisfies both momentum conservation,
pr + Pk +PyM = Pi +Pj+ Pkt DLt P, (3:21)
and on-shellness,
p} = pk = pir = 0. (3.22)

This mapping amounts to the iterated use of a dipole mapping [1], first on the triplet (i, 7, k)
with momentum k rescaled, and then on the triplet (k,1,m), again with momentum k rescaled.
The final mapping is independent of the order of the individual dipole mappings. To make
our notation for this mapping explicit, we will use the following convention:

I = [ijk], K = [ijkim)], M = [klm], (3.23)

where the momentum that is rescaled is underscored.
X g’g; a describes Li—Lg of eq. (3.1), therefore, the ¢); mapping must collapse appro-
priately in these limits. Indeed, we find that

(1, K, M} 225 GG g om),

(1,5, My DR ek L m),

(1, K, vy emddlim ek m),
(1, K, My e s e m),
{1, K, M} 225 4, [ki), [im)}

[ soft

{L Kv M} — {[U]v []E]am}a
(1, &, M}y W i 5 T, i)},
(1, &, M} U (i), (K], 1+ m).

Here {[ij], [jk]} denotes the result of a dipole mapping where k is the scaled momentum,

Sij

Dlij) = Pi +DPj — P sjkpm
Sijk
g1 = — . 3.24
i P (3.24)

Similarly, {[kl], [lm]} is obtained by a dipole mapping where k is the scaled momentum.
In addition, the limits where either j or [ are soft and one other pair is collinear are also
correctly described,

(1, K, My 200 1 m),
(1, K, My 220 e m),
(1K, My 20 G e m),
(1, 5, My Bk )
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3.2.2 Momentum mapping for Xg’&L: oL
For the X§73;L part of Xg,3, we use the tripole mapping [88], ¢r,

pr= p‘+p'+pl_¢
! J Sik + Sjk + Ski
Sijkl
oL PK = — (3.25)

Sik + Sjk + Skl

PMm = Pm;
which clearly satisfies both momentum conservation,
p1+PK + Py = pi+pj + P+ Pt P, (3.26)
and on-shellness,
pi = pik =i = 0. (3.27)
To make our notation for this mapping explicit, we will use the convention:
I = [ijl], K = [jkl], M =m, (3.28)

where the momentum that is rescaled is underscored.
X g’g; ;. describes the triple-collinear limit Lg as well as the single-collinear k||l limit Li;.
In this case, we find that for the ¢y mapping,

(K, My Mkl m)

(1, &, M3 2 (i), [k + 1), m}.

Here {[ij], [7(k 4+ 1)]} denotes the result of a dipole mapping where the collinear momentum
(k + 1) satisfies (kK +1)? = 0 and is rescaled:

Sij
Sik + Sil + Sk + Sji
_ Sij + Sik + Sit + Sjk + Sj1
p[j@} a Sik + Sit + Sk + ;i

Plij] = Pi +Dj — (P + 1),

(pk + 1) (3.29)

3.2.3 Momentum mapping for X(5),3;R: br

The mapping ¢r is obtained by line-reversal {i <> m,j <> {} from ¢. By symmetry, the
¢r mapping correctly describes the j||k||l and j||k limits.

3.3 Summary

Our notation for the X 33 antenna functions is summarised in table. 1. Putting together the
different components, we can write down the complete implementation of the X 873 antenna
function in relation to its respective reduced matrix element within a double-unresolved

subtraction term:

X35, (0 4k, Lm) M gl [k, m, )
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I K M
generic mapping {ijk} {ijklm} {kim}
XLF?,S;M mapping  [ijk]  [ijklm]  [klm]
X35, mapping  [il]  [jkl] m
X9 s.p mapping i [jkl]  [jlm]

X33, 4, k,1,m)

Table 1. Notation for the mappings for the X7 ; antenna functions with three hard radiators. Details
of the X85 5 (X 4. ()) mappings are given in eq. (3.20) and (3.25) respectively.

+ X050 (i, 4, kL) MY [ijk], [i7kim], [klm], . ..)
+ X5 5.5 (6 4,k L) MY (.4, KD, [im], . .). (3.30)

In table 2 we list all the X 5073 antenna functions required for an NNLO calculation up to line
reversal, charge conjugation and quark-flavour swaps. We organize them according to the
partonic species of the reconstructed hard partons, namely the constituents of the underlying
resolved three-particle configuration in infrared limits. We distinguish gluon-gluon-gluon,
quark-gluon-gluon, quark-antiquark-gluon and quark-antiquark-quark antenna functions.
Within these classes, a specific X gg has a particular partonic content and a particular order
of reconstructed hard partons. The names of the new antenna functions are chosen to follow
the conventions for traditional antenna functions [13] as closely as possible. Where needed,
we introduced dedicated labels (a, b, ...) to distinguish X 5?’3 antenna functions which differ
by a rearrangement of their partonic content. Finally, we indicate what is the pair of X3
antenna functions needed to assemble the X 5())73; s component, according to (3.18). We notice
there are no X 873 antenna functions with two pairs of identical-flavour quarks. This is due
to the fact that the infrared limits associated to a string like (ig,jq,kg,lq,mg), where a

indicates a generic parton, are almost entirely covered by the (ZZ, Jg» k‘g, lg, mh—) configuration.

The only additional limit is represented by the j, || k:fjZ || lg triple-collinear l?mit, which can
easily be accommodated by a C) antenna function [13]. Hence, there is no need to introduce
dedicated Xg,g antenna functions.

We give the explicit expressions of all the X g,g antenna functions in ancillary files. In
appendix A we illustrate the infrared limits of each antenna function in table 2.

We note that because EY(i, 7, k) and GY(i, j, k) only contain the limit where j and k are
collinear, with parton i being a mere spectator whose nature is irrelevant, we can identify
the following relations between X5?73 antenna functions:

Bg,S;i(ia ja k? l7 ’I?’L) = Eg,(;)z(%J, k? la m)a (331)
ng3§i(i’j’k’l’m) = Hg,(;;)i(i’jakahm)? (332)
Egy(;?i(i’j’kJ’m) = Gg,(g,)z(lvj’kal7m)7 (333)

for i = M, L, R. Furthermore, the line reversal symmetry of the antenna induces additional
relations between the three components of the same X 33 antenna functions,

A g0y 4, K, Lm) = AR 50 (m, 1k, 4,4), (3.34)
A 5.1 (i, k,1,m) = AD 5. p(m, Lk, 1), (3.35)
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Type parton content hard partons X3 © XY
Agﬁ(ig’jg’kg’lgvmg) q99q D®D

quark-antiquark-gluon Balig do by lgrma) 994 A®E
AR (il 3 Kl Lg, m) qqg A®D

BY 3(if iy ki Lo miy) a9 A®E

quark-antiquark-quark 25 3(2 gk q g, mQ) 4GQ Ao A
DS 5(ig, Jg: kg lg,mi) q99 D®F

B (il G Kl lg, ) 99 E®D

quark-gluon-gluon E5 3 (ZZ’]Q’ olam mg) 99 AwG
B (23,197 ki lg,md) 99 D®G

57 (ily, Gy Kl Iy, ) 999 EFoD

K53( iq> g Ky L i) q99 E®QE

F4 (il jg, kit 1, mly) 999 FoF

GoS (il g, Kl Ig, ) 999 GoF

gluon-gluon-gluon Ggg) (127 Jan kh ly,m ) 999 GeD
Hy (it g, Kl U, mt) 999 GoG

H (il gy, kb g, m)) 999 GOE

Table 2. List of X }3’3 antenna functions, organised by the partonic species of the reconstructed hard
partons of the underlying resolved three-particle configuration. The symbols ¢ (¢), Q (Q), R, (R)
represent different flavours of quarks (antiquarks). We use the symbol v to denote a photon or an
abelian gluon. The X ® X§ column refers to the assemblage of X? 5.3.07 10 (3.18), with the notation

X3(za,]b,/<;c) = X9 (ke, jb,ia). Note that A= A, F = F.

~0 ~0
A5,3;M(i7j7kal7m) = A5,3;M(m7l7k7jai)7 (336)
~0 ~0
A 5.1 (iy gk, lym) = Ay 5. p(m, 1k, j,6), (3.37)
Fgn(i. 4.k, l,m) = F g (m, Lk, §,1), (3.38)
F§3;L(i7jak7l7m) = F£3;R(mal7k7j7i)a (339)

while the particle content implies further relations between the L and R parts of some
different X7 ; antenna functions,

A5 p (i .k, l,m) = DS 3.1 (i, 4, k,1L,m), (3.40)

~ ~0
AD 5 (i k1, m) = Ag 5.0 (i, 4, k. 1,m), (3.41)
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F53R(z Jyk,l,m) = D53R(z J,k,l,m), (3.42)
5 3. L(z Jyk,l,m) = 5 3. R(m, Lk, j,i), (3.43)
53L(Z,J7k%l,m) 53R(m7l7k’j’i)’ (3.44)
5 3. L(z Jyk,l,m) = (m, Lk, j,10) (3.45)

3.4 Link to ng antenna functions

As discussed in the introduction, almost colour-connected limits are also present for processes
with only four particles at the double-real level. The X 9 antenna functions describing these
limits were constructed directly from the relevant infrared limits in ref. [74]. However, it
is interesting to see whether these special cases can also be constructed using the same
approach as for the ng antenna functions.

The list of limits for the Xg(ig,jb,ld, k") antenna is given by [74]

L, 3,1, k") = So(a", 5 k") Sali® 1K)
Ly(i", 3,1, k") = Pup(i", §) Pea(k", 1) ,
Ls(i", 5,1, k") = Pg(i", k) Py (K", §)
La(i", 5,1, k") = Sy(i", 4, k") X3(", 1, k"),
Ls(i", 5,1, k") = Sy, 1, kM) X9(i", 5, k")
Le(i", 4,1 k") = Papa(i", 4,1) ,
Ly(i", 4,1, k") = Poy (i, ) X9((i + 5)", 1K),
Lg(i", j, 1, k") = Pg(i", D X9((i + D), j, k™),
Lo(i", j,1, k") = Py (K", 1,5)
Lao(i", 4,1, k") = Pea(k", k) X3 (", 4, (1 + k)") ,
L1 (i", 4,1, k") = Py (", ) XSG 1, (k+ ). (3.46)

We see that one can do a similar construction as for the X gg antenna, by introducing
X9 (i dvs las k) = X3 (i, o, k) XS (K¢ Lay i)
— CJ.((1 = S)) Xl v, k) Cry(1 = SHXG (KD 14, 18))
= C((1 = SH)XE(il v, k) Ci(1 = S XF (kL L)) (3.47)
which fully satisﬁNes tNhe double-soft, double-collinear and soft-collinear limits FI:r’I:g,. The
remaining limits Lg—L11 are the single- and triple-collinear limits that are precisely captured

by the X? 5.3, and X0 5.3.r antenna functions. When the particle types are appropriate, we can
therefore build an X9 function by combining X9 A M XY 3., OF XY 3. functions as, for example,

FQ(i,5,1,k) = F{ p (i, 4,1, k)

+ (i, 4, k1, A) + F 3. p(A, i, 5, k)

+ Fy (61 k4, A) + Fy5p(A, 4, 1K), (3.48)
DY(i, j, 1, k) = DY (i, 5,1, k)

+ D051 (i, ks 1, A) + A 5 p(A, 14, 5, )

+ DS 5. (6,1, Ky, A) + A 5 (A, 4,4, 1, k), (3.49)
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where, because Xg’g; I (Xg’& r) does not depend on the fifth particle momentum, A is a
dummy momentum. We have explicitly checked that eqs. (3.48) and (3.49) correctly generate
the proper infrared singular structure (and the correct infrared poles when integrated) for
the ﬁf and 152 antenna functions respectively.

4 Double-real subtraction terms

As an example of the use of the generalised antenna functions, we consider the process
ete™ — jjj at leading colour. We follow closely the notation in ref. [54] to demonstrate the
similarities and most importantly the differences with the original antenna subtraction.

The real-radiation correction to the cross section daﬁ% LoN? 18 obtained by summing
the contributions of the colour-ordered matrix elements for the six permutations of gluons
(labelled here as 4, j and k). The quarks carry momentum p; and py and the gluons carry
momentum p;, p; and py in the set {ps, ps,ps}.

1 L.
Aol o ne = N5N2dq>5({p}5;q)§ S MULi, gk 2) IS ({p)s). (4.1)
" (i,5,k)EP(3,4,5)

Here we use M2(1,...,2) to denote the squared tree-level leading-colour colour-ordered
amplitude |A%(1,...,2)|? for the annihilation of an electron and a positrion to two quarks
and three gluons, while N5 is an overall normalisation and d®s; the five particle phase space.
In general we denote:

N, = dra Y e2 (4ma,) " (N2 1) . (4.2)
q

The double-real subtraction term using the generalised X 8,3 antenna functions is given by,

1
doNnrone = NsN2d®s({p}sia)o; D {
" (i.5,k)€P(3,4,5)

L+ DS(L,4,5) MY((Td), (i), k. 2) J5" ({p}a)
2+ FY(i, j, k) M{(L, (), (k7). 2) 5V ({p}s)
3+ DY(2,k, j) MY(L,4, (k). (k2)) J5" ({p}a)

+ D(1,4, 4, k) MY((135), (kji), 2) J52 ({p}s)
— DS(1,i,5) DY((T3), (i), k) MY (((T2)(5)), (k(50)), 2) IS ({p}s)

—_—~

F9(i, j. k) DY(L, (i), (k7)) MO((1(i)), (k) (1)), 2) J52 ({p}3)

+ DY(2,k, j.i) M(L, (ijk), (2k)) IS ({p}s3)

Y~

F3(i, j. k) DY(2, (), (7)) MS(L, () (GK)), (2(k3))) IS ({p}3)

P

— D§(2,k, §) DY((2K), (k). ) MY (L, (i(k)), (2K), (iK))) I3 ({p}s)
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10+ AD5(L,4,5, k5 2) MY(({1i5}), ({145k2}), ({7K2)))) J5” ({p}s)
11— DY(L,4,§) D2, k, (7)) MI((Td), [(J)k). [k2]) IS ({p}s)

12 —DS(&!«J)D&(M@))Mg([u],[<E3>i1,<§fc>>J§3><{p}3>}, (4.3)

where the single-unresolved X3 and double-unresolved XY are as given in ref. [74]. This is to
be compared and contrasted with the subtraction term given by combining eqgs. (6.3) and
(3.31) of ref. [54]. First of all, we sum over the six colour orderings, rather than the three
pairs of line-reversed colour orderings, because the new subtraction term is able to locally
remove the divergent behaviour associated to each individual colour ordering. We introduce
coloured line labels to facilitate the discussion below.

The first three terms (1-3) in eq. (4.3) represent the single-unresolved limits and cor-
respond to the first six lines of eq. (6.3) in ref. [54]. Terms in eq. (4.3) describe the
double-unresolved colour-connected singularities, as anticipated in (2.4). The DY antenna
functions (lines 4 and 7) contain both single and double-unresolved singularities. The single-
unresolved contributions are removed by lines and respectively. These terms correspond
roughly to the blocks with D} , and Dib in eq. (6.3) in ref. [54]. The main difference is that
the DY is designed to contain only the required infrared limits, while Dg,a and ngb were
extracted by partitioning D} based on matrix elements.

The major change comes in the double-unresolved almost colour-connected contribution
in lines 10-12 in eq. (4.3). These terms replace both the remainder of eq. (6.3) and the
large angle soft contribution in eq. (3.3) of ref. [54]. For the first nine terms, all the
mappings (whether 3 — 2 or 4 — 2) are antenna-like (denoted by (ij) etc). We note that
in double-unresolved limits both antenna- and dipole-like mappings collapse correctly, but
in single-unresolved limits we must be consistent between terms that should cancel. As
noted in section 3.2 and specifically eq. (3.30), line 10 is divided into three parts, each with
different (dipole-like) mappings,

10 A 5(1,4, 5, k,2) AY({1i}, {1ijk2}, {jk2}) IS ({p}s)

10L = A 5.1, 5, k. 2) AY([1ig], [igk], 2) IS ({p}s)

10M + A8 (11,4, k, 2) AY([14g], [1igk2), [1k2) 1§V ({p}s)

10R + AS 5 p(1,i,4,k, 2) AY(L, [igk), [k2]) IS ({p}s). (4.4)

The mappings in terms 11 and 12 must correctly cancel the single-unresolved contributions
in term 10. This means that the mapping used in the second XJ antenna function must
also be dipole-like. To determine the mappings needed, we consider the soft ¢ limit. In this
limit, term 1 gives the correct unresolved behaviour, while there are additional contributions
from terms 3,4.5 and 10,11,12. By design, the contributions from terms 4 and 5 cancel, and
therefore we need pairwise cancellation between terms 3 and 12, and between terms 10 and
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11. For the 3 and 12 cancellation, we find
where Sgp is the soft eikonal function. These contributions do indeed cancel if the mapping
for the first XJ antenna in term 12 is antenna-like. For the 10 and 11 cancellation, we find

10 +S81;D8(2, k, j) M3 (1, [jK], [k2]) (4.7)
11 =S D3(2,k, ) MJ(1, [

which again does cancel, so long as the mapping for the second X{ antenna in term 12 is
a dipole mapping with j rescaled. Similar considerations in the k soft limit mean that the
mapping for the first XJ antenna in both terms 11 and 12 is an antenna mapping, while the
mapping for the second X§ antenna must be a dipole mapping with momentum j rescaled.
One can check that this solution works in single-collinear regions too.

With the appropriate choice of mapping, the single-unresolved limits are addressed by
the (NLO-like) terms 1-3. For example, the limit where particle ¢ is unresolved is fully
described by term 1. All the other terms with divergences when ¢ becomes unresolved must
then cancel between each other.

On the other hand, the double-unresolved behaviour of the matrix element is fully
captured by 1,7 and 10, with the XJ XY terms cancelling the additional divergences of 1-3.
Hence, the correct behaviour across the whole phase space is guaranteed.

Overall, the subtraction term in (4.3) represents a dramatic simplification compared to
ref. [54]. Similar simplifications occur for every colour factor that previously required large
angle soft terms, in particular the N2, N and NpN~! contributions in ref. [54]. QED-like
contributions, such as the N2 factor in ref. [54], do not have such structures and therefore
only benefit from the use of idealized antenna functions.

To confirm that (4.3) indeed does locally reproduce the single- and double-unresolved
behaviour of the matrix element, we performed pointwise numerical tests similar to those
described in [73, 89]. We note that to account for azimuthal contributions in the collinear
limits of the real matrix elements, we employ azimuthal averaging as described in ref. [58].
As expected, we find local cancellation for a single squared colour-ordering. To compare our
implementation to the original subtraction terms for e™e™ — jjj [54, 90], a sum over colour
orderings is required. We observe no degradation in the subtraction performances relying
on the new setup, which demonstrates that there are no numerical drawbacks in combining
dipole mappings with antenna mappings. We performed analogous tests for all the other
double-real subtraction terms in appendix D.1 and drew the same conclusions.

5 Real-virtual subtraction term

We now consider the corresponding real-virtual subtraction term. The real-virtual correction
to the cross section daﬁ%LO N2 is obtained by summing the contributions of the colour
ordered matrix elements for the two permutations of gluons (labelled here as i and j carrying
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momentum ps and p4 respectively):

1 .
Ao = NV (§2) don(heayy Y M2 A (k) ()
(i,4)€P(3,4)

Here we use M!(1,...,2) to denote the interference between the one-loop and tree-level
leading-colour colour-ordered amplitudes: 2Re [A?L(l, o2 (AL, ,2))T}, with Ny being
an overall normalisation as in eq. (4.2) and d®4 the four particle phase space.

The real-virtual subtraction term is given by,

dU%NLO,NQ = N4N? ( )d¢4({P}47 Z {
(4,5)€P(3,4)
U= DY) + F(s) + Dssa)| ML, 1,.2) IS (o))

6+ Di(1,i.5) MS((T0), (i), 2) J5” ({p}s)
T+ DY(2,5,1) M1, (i7), (72)) IS ({p}s)
S+ DY(L,4.5) MI((T0), (i), 2) 5V ({p}s)
0+ DY(2,4,1) M(L, (7)), (72)) J§ ({p}s)

10+ Di4(1,4,5,2) M§({1i}, {is}, {21) 157 ({p}s)

11+ Dig(2.5,4,1) MY({1}, {ij}, {52}) J§3)<{p}3>} (5.2)

where the final-final integrated antenna functions are denoted by X3 and are as given in [74],
and the single-unresolved one-loop antenna function X3 is as given in ref. [75]. This is to be
compared and contrasted with the subtraction term given by combining eqs. (6.5) and (3.35)
of ref. [54]. The real-virtual subtraction term has a twofold purpose: removing from the
matrix element the implicit divergent behaviour in single-unresolved limits and the explicit
e-poles exactly across the phase space. In the following we show how equation (5.2) achieves
this. The real-virtual subtraction term is structured as follows:
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(a)

5.1

Terms 1, 2, 3, 4 and 5 are fixed by the integration of terms 1,2,3, and 8.9, and 11,12
of eq. (4.3). Specifically,

eq. (4.3) — eq. (5.2)
12,3 — 1
—
—
12 =4
11— 5. (5.3)

Note that the mappings appearing in terms 4.5 precisely match those in terms 11,12
of eq. (4.3). There is no freedom to choose different mappings for terms 4,5 because,
although the integration from RR to RV is mapping independent, the numerical
integration of terms 4,5 over the rest of the phase space is mapping dependent. We
must use the same mapping as the second mapping in the corresponding RR term,
namely the dipole mapping with j rescaled for term 4 and ¢ rescaled for 5.

Terms 2, 3, 4 and 5 completely cancel the divergent behaviour in single-unresolved
limits of term 1. This is explained by the fact that the RR terms to the left of the
arrows in (5.3) cancel in double-unresolved configurations. After analytical integration
over a single emission one obtains the RV terms to the right of the arrows, which have
to cancel in the residual single-unresolved limits.

Terms 6-9 subtract the single-unresolved behaviour of the real-virtual matrix ele-
ment [15].

Term 1 exactly reproduces the e-pole structure of the real-virtual matrix element, but
in general, terms 2-9 are not poles free. Therefore, we add terms 10,11 precisely to
subtract the leftover e-poles, and we design them in such a way they do not produce
any divergence in unresolved limits. We discuss below how this is achieved.

One-loop four-particle three-hard-radiator antenna functions

We introduce a generalised antenna function X 5(il, ji, k2, Il}) for each possible X3 (i, jy, kl')

antenna function appearing in the real-virtual subtraction term. Since each X3 can appear

with up to three different types of mapping (antenna or dipole with either of the hard radiators

being rescaled), we identify three parts for each X 41’3 function:

10 X14(1,1,5.2) MY ({13}, {ig}. {2}) J5” ({p}s)

10L = X15.0(1,4.5.2) MY([1i), [i],2) J$ ({p}s)

10M + Xh g (1,4.5,2) MS((T0), (i), 2) J§” ({p}s)

10R + X gin(Li:,2) MY ([14), i3], 2) T3V ({pa). (5.4)

The mappings for the three cases are summarised in table 3. The explicit expression for

the X i,3 antenna functions are completely determined by the leftover e-poles that they

need to remove.

— 27 —



1 K L
generic mapping {ijk} {jki} {l}
X i& a mapping {7 ﬁ l
X}ap mapping  [ij]  [jk] I
X}gp mapping  [ij]  [jk] I

Xi3(i,4.k,1)

s

Table 3. Notation for the mappings for the X i’3 antenna functions with three hard radiators.

For the specific leading-colour subtraction term considered in this example, we first
recall that the poles of the one-loop reduced matrix element can be expressed by means
of integrated NLO antenna functions as:

Poles(M3 (1), (77),2)) = (=D (s137) — DY (s 55, ME (1), (7). 2) (5.5)
With this we obtain:
Di?);L(lviajaQ) 507

Di,?);M(laiaij) = —Poles |: (Dg(sll)+Fg(sl])_Dg(sllj)_pg(s(5)2)> Dg(lvlaj)—i_D%(levj)

1 1 Slij,u2 5 0 .o
==+ (log| —2= ) +2) | DY(1,4,5),
(62 € ( & ((51j+5ij)5i~j2 3 3( 7)

DiS;R(lviaj¢ 2) = —Poles (Dg(532)Dg(1aZ7]))
1 1 SjQ 5 0 ..
= <—62+6 <10g (MQ>_3>)D3(1’Z’])’ (5.6)

where g is the renormalisation scale. The left (L) component vanishes because, for this
specific subtraction term, there is no occurrence of a dipole mapping where momentum 1
is rescaled. We see that term 10R exactly cancels the poles of term 4, while term 10M
removes those of terms 2 and 6,8.

Away from the unresolved limits, the X i& L X i& o and X iv& r contributions multiply
reduced matrix elements with different mappings. However, in the unresolved limits, the
antenna and dipole mappings coincide. This means that X 41,3; I X ii’n o and X 41’3; R can be
combined together into an overall non-divergent contribution. For example, in the ¢ soft limit:

Di,S;L(la ivja 2) = 07

1 1 w2 5
Dian(1,i,5,2) = | =+ = log | — | +=] ) Suj
130 (1,4, 5,2) (62 + . <0g <8j2> + 3>> 1ij

D}sp(1,i,5,2) — <—€12 + % <log (‘Zj) - 2)) S, (5.7)
with X i& a and X i3; g clearly cancelling each other. This is also true for both the i || j and
J || k single-collinear limits. We remark that this holds in general by construction: terms
1-9, despite not being e-finite, do correctly subtract the divergent behaviour of the matrix
element in single-unresolved limits, both for the finite part and the explicit poles. Therefore,
the poles mismatch encapsulated in terms 10 and 11 has to vanish in singular configurations.
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Type parton comtens 8 X3
Alg(ig, jg, kg, 0") A A}
quark-antiquark A}L S gy KDY A AL
Al lig, g, k3,07 A3 A}

(iy )

Di,3,g(227]g,k37bh) Dg D%
quark—gluon Di7379 (227 Jg> kgv bh) Dg D?l)
E}4(i jg. ki, ") EY  E}

gluon-gluon Gls(ip, g kb, ") GY G

Table 4. List of X ; antenna functions, organised by the partonic species of the two hard radiators
in the underlying three-parton antenna functions, identified by removing the generic spectator parton
b. The corresponding three-parton tree-level and one-loop antenna functions are indicated in the X§
and X3 column respectively.

In table 4 we list all the X 3 antenna functions. As explained above, each X 3 collects
residual explicit singularities from terms coming with specific X9 and X1 antenna functions.
Since standard three-parton antenna functions can be classified as quark-antiquark, quark-
gluon and gluon-gluon ones according to the partonic species of the two reconstructed hard
radiators, we can straightforwardly adopt the same separation for the X i73 too. For each X ig,
we indicate the corresponding Xg and X?}. We provide expressions for all the unintegrated
Xi3 antenna functions in appendix B.

We performed pointwise tests [73] to confirm that the subtraction term in (5.2) correctly
removes both the explicit e-poles and local single-unresolved limits of the real-virtual matrix
element. As for the double-real case, we find that the cancellation works for individual colour-
ordered matrix elements, and observe the same performances when comparing with original
subtraction terms [54, 90]. All the other real-virtual subtraction terms in appendix D.2
passed the tests too.
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6 Analytical integration

In this section we describe how the momentum mappings introduced in the previous sections
for the generalised antenna functions induce a phase-space factorisation which allows us
to perform the integration over the degrees of freedom of the unresolved radiation in fully
analytical fashion. As usual, we work in dimensional regularisation with the number of
dimensions d = 4 — 2e.

6.1 Integration of Xg’3 antenna functions
6.1.1 X2,

The ¢p; mapping is defined in eq. (3.20). For this mapping, we can write the five particle
phase space in factorised form as,

dPS5(i, j,k,1,m) = dPSxo (i, 5, k,1,m)dPSs(I, K, M) (6.1)

where
.o 1 e’ 2 —€ —€ __¢ —€
dPSXSO&M(Z,J’ k,l,m) = 2 \ar(i—o dz1 dzo dyr dyz 27 (1 — 21) 25 (1 — 22)
2—-3€ 1—e_l—¢

e 1-2¢ .
Xy (U —w)  wa (L =) six‘sgar (6.2)

with
S, = 8w (4m) €. (6.3)

The relations between the invariants of un-mapped momenta and the integration variables
Y1, Y2, z1 and z (which all run between 0 and 1) are given by

sij = y1(1 —y2)srks

sik = (1 —y1) (1 —y2) (1 — 21) 81K,
sik = 21(1 —y1) (1 — y2) 51k,

si= (1 —y1) (1 —w2) (1 — 22) KM,
Skm = 22(1 —y1) (1 — y2) Sk M

Sim = Y25K M,

sijk = (1 — y2) 81k,

Stim = (1 — 1 (1 — y2)) sk (6.4)

As a basic check of the formulae above, we confirmed that integrating dPS X040 OVET 21(2)
and y;(2) and then integrating inclusively over the three-particle phase space dPS3 (I,K, M)
yields the full d-dimensional five-particle phase space.

Because of the product-like nature of eq. (3.18), every term in an X 50’3; a antenna can
be completely factorised and written as

__ 01 02 a3 a4 05 .06 07 48
IXg,S;M(al,CLQ?aE}’ ay, as, ag, a7, ag) = Si7 Sik SibSiikSkl Sk Stm Skim (6.5)
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where the exponents ay, ..., a4 are fixed by the X3 (i, j, k) antenna function, while as, ..., as
are fixed by the XJ(k,l,m) antenna function. Because of the dimensionality of each antenna
function, we have:

ar +az+az +as = —1,
as + ag + a7 + ag = —1.

The integration of a term like I X040 in eq. (6.5) over dPS X0, . can be performed in full
analytical fashion, retaining exact dependence on the regulator €. The integral has the
following closed form:

I ai,as,as, a4, as, g, a7, ag)dPS ik lm
/ ng&]w( 1,442,043, 44, d5,d6, A7, 8) ng;]w( y ]y Ky L, )

1 ee'y 2 —€ _—€
52 <2F(1 - e)> PIKEKM

x I(ag —€,a3 — €,a6 — €,a5 — €,a1 — €, a3 + az + as + ag + 1 — 2¢,

a7—e,a1+a2+a3+a4+a5+a6+2—36,a8) (6.6)
with
I(bla b27 b37 b4a b57 bGa b77 bSa b9)
! b2 ! b by
= / (1 —2z1) "dz 292 (1 — 29) "dzo
0
1 b6 by bg by
—y1) Yo (L=y2) (1 =91 (1 — y2)) " dy1 dy»
1 - 61 (1 + bo) T(1 4 bg)T(1 + by)
['(2+ b1+ b2) I'(2 + bz + ba)
D(1+b5)T(1 + bg) I(1 4 by)I(1 + bg)
D(2+0b5+bs) (24 by +bg)
X 3F2([1 + b5, 1+ bg, *bg], [2 + b5 + b6, 2+ b7 + bg], 1) (67)
The generalised hypergeometric function ,Fy([a1,...,apl, [b1,...,b,], 2) can be written as:
00 )n 5
oFy(lat, ..., ap), [b1,...,b Z—)—,, (6.8)
n=0 q noe

where (a), denotes the Pochhammer symbol:

(@) = W (6.9)
The expression above allows one to expand the exact result in egs. (6.6) and (6.7) up to any
desired power in e. We used HypExp[91, 92] to check all our results.

We note that we could achieve a relatively straightforward analytic integration of a double-
unresolved divergent function of five distinct momenta, retaining differential information with
respect to independent hard scales. On one hand, this is due to the simplicity of the integrand,
which in turn descends from the designer antenna algorithm, which naturally produces simple
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physical denominators. On the other hand, the phase-space factorisation induced by the
iterated dipole mapping in (3.20) allows for a sequential integration of the almost completely
factorised integral I in (6.7). The only term spoiling the separation of the y; and ys integrals
is (1 —y1(1 — y2))?, associated with the sy, invariant, which is at the origin of the 3Fy
hypergeometric function. The specific choice of mapping also ensures that the dependence
from the hard scales s;x and sg s of the final result is trivial and completely factorised.

6.1.2 Xg,3;L (XE?,S;R)

The ¢, (¢r) mapping is defined in eq. (3.25). For this mapping, we can write the five-particle
phase space in factorised form as

dPS5(i, j,k,1,m) = dPSyo (i, j,k,1,m)dPSs(I, K, M) (6.10)

where we can exploit the fact that one of the five momenta is untouched (m=M for X 5?73; 1, Oor
1=1I for X 5?,3; ) and rely the four-particle phase space parametrisation (tripole parametrisation)
described in [88]:

1

2
dPSXg’S;L@}j’ k,l,m) = 52 (M—Q> dz1 dzo dyy dya 27 €(1 — 21)172622_6(1 —29) °

1—2¢

e

xyi (L—y1) ya (1 —y2) "7, (6.11)

with a similar expression for ng& r With s;x — sga. As a basic check, we verified that
integrating (6.11) over zj(9) and y;(2) and then integrating inclusively over the three-particle
phase space dPS3(I, K, M) yields the full d-dimensional five-particle phase space.

The terms in an X g& L (X g,g; r) antenna functions are products of invariants involving
two or more of the four momenta i, j, k, [ (j, k, I, m). Therefore, such expressions can
be all be straightforwardly integrated following the procedure outlined in ref. [88] for the
analytical integration of traditional four-particle antenna functions.

As indicated by eq. (6.13), after integration over dPS X8y the final result will depend

on a single hard scale s;x (or sxar), which hence appears simply as an overall factor.

6.1.3 Summary

As a shorthand, we use the notation ng,(s[;(, sk ) to denote the integrated Xg}B func-
tion where,

X§3(81K, SKM) = XE?,B;M(SIK7 SKM) + ng;L(SIK) + XE?,S;R(SKM)' (6.12)

We remark that the explicit scale dependence of each term (6.12) is different, due to the
different phase-space factorisation for the respective mappings. In particular:

ngg;M(SIKasKM) = <S/i§> B (8;{;\/1) h fu(e), (6.13)
0 sri\ "

X5 5. (s1K) = <M2> fr(e), (6.14)
—2¢

X35 p(skn) = (SZéM) fr(e), (6.15)
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where fyr, fr and fr are constant series in the dimensional regulator €. In appendix C.1 we
provide the analytically integrated form of all the X gg antenna functions.

We notice that the deepest infrared poles (¢=* and ¢~3) of an integrated X, 873 antenna
function, whose X 33; s component has been constructed according to (3.18) from X??, AX:?’ B>
coincide with the deepest poles of Xgﬂ AX?E{ - This happens because both the residual terms
in (3.18), as well as X 333 7, and X 273; r» do not have soft singularities and hence give only up
to €2 poles after integration. This serves as a basic sanity check of the analytic integration
procedure.

6.2 Integration of Xi3 antenna functions

For any mapping where the fourth spectator momentum is unaffected, the X4173 function
is a single-scale function, is independent of the choice of how the three active momenta
are mapped and depends only on their invariant mass. The analytic integration of X 4173; R
(X i& ;) can be straightforwardly carried out using the appropriate dipole mapping (see
table 3). On the other hand, X 41’3; A is easy to integrate with a dipole mapping where either
of the two hard momenta is rescaled. For this reason, in the following we explicitly provide
formulae for the X i& R integration.
For the Xi,:’,;R part of Xi3, we use the dipole mapping, pg,

pr=pi+pj— —2—p
! J Sik + Sjk K
PR PK = Siijkpk
. Sik + Sjk
PL = Di- (6.16)
As usual, we will use the notation
I = [ig], K = [jk], L=I, (6.17)

where the momentum that is rescaled is underscored.
For the pr mapping defined in eq. (6.16) we can write the four particle phase space
in factorised form as,

dPS4(i,j,k,1) = dPSy: (i,5,k,1)dPSs(I, K, L) (6.18)

where
1

APSx) 3 kD) = o <2r(1_6)

The invariants before mapping are related to the invariant masses after mapping by

e7

> dzdyz"“(1 —2) "y (1 —y)' "2 s 5 (6.19)

Sij = YSIK,
sit. = (1 = 2)(1 — y)srxk,
sik = 2(1 —y)sik,

Sijk = SIK,
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sik + 8k = (1 —y)sik,
sij + sik = (1 — 2(1 —y))sik,
Sk — (1 — y)sKL. (6.20)
The generic form of the X i& r integrand is a product of an X{(i, j, k) antenna and a

logarithm (see appendix B). The X9 depends only on the invariants constructed from the
momenta 4, j and k and has the form,

X065, k) = 3 5025050, (6.21)
where the sum runs over the terms in the antenna and on dimensional grounds,
a1 +as +az+aqg = —1. (6.22)

The logarithm can in general be expressed as,

by bo by by b bg b7 bs
log (sij Siksjksijk[sik + 551" 815 + sik] GSIkSKL> (6.23)

where, to have a dimensionless argument in the logarithm,
b1 + b + bg + by + bs + bg + by + bg = 0. (6.24)

Moreover, by construction, the dependence on the fourth momentum [ has to cancel after
analytic integration, which requires:

b7 + bg = 0. (6.25)

Note that for the dipole mapping where k is rescaled and the spectator [ is unchanged, so
that spx o si, eq. (6.25) ensures that the dependence of the integrand on the momentum
[ (and on the scale sy ) drops out. Therefore every term that we need to integrate has
the form of the generalised integrand

IXi 3R <a17 a27 a37 a47 b17 b27 b37 b47 b57 b67 b77 bS)

— 01,02 a3 a4 b1 bo bs by . 1057w . - 1bs b7 bg
= S;; Sir SinSi1 108 (Sz’j SikSkSitklSik + Sik] " [sij + sik] ° S| ST

0 (Sa1+b16 a2+b28 az+bs8 _astbsd

. 16567 1bgd brd bgd
s s s [sak skl [sig 4 sik] S8 s Eke

)
6=0
(6.26)
Integrating IXi L, over dPS)(i L Ve find that
1 e’ e
/IX41,3;RdPSXi,3;R - E <2F(1 - €)> oIK
X %K(ag—i—bgé—e, as+b2d—€,a1+b16—¢, 1—|—a2+a3+(b2+b3+b5+b7)5—26, bﬁ(S)
6=0
(6.27)
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where
K(c1,c2,c3,c4,¢5)

= / / yf (1= 1) P5P (1= 1) (1= w1 (1 — w2)) Cdyr dyo
F(1+ce)P(1+c) T(14e3)I'(1 4 cq)
F(2+01 + c2) I'(2+c3+c¢q)
X3F2([1 +c1,1 + ¢4, —05], [2 +c1+c2,2+c3+ 04], 1) (628)

Expressions for the dipole mapping for X i,3; ; in which 7 is the scaled momentum can be
obtained from eq. (6.27) with the exchange

{(Il <~ az, as <7 ag, b1 4 bg, b5 — bG} (629)

Similarly to the integration of the X 5?73 antenna functions, the result in eq. (6.28) allows
to obtain the expression of the integrated X ig, antenna functions up to any desired power in e.

6.2.1 Summary

As a shorthand, we use the notation Xig(s 1K) to denote the integrated X ig function where,

Xis(sik) = Xlgar(s1k) + Xiap(s1x) + Xis.r(s1k), (6.30)

where the scale dependence is the same for each component, so we can combine the integrated
results as:

Xis(sik) = (Sﬂlf)_eg(E), (6.31)

where the g is a constant series in e. In appendix C.2 we provide the analytically integrated
form of all the Xig antenna functions.

7 Double-virtual subtraction term

Finally, we consider the corresponding double-virtual subtraction term. The double-virtual
contribution to the cross section daK,%LO N2 18 given by

g\ 2
Aok Yisone = NaN? (52 ) dba{phas M3 (1.7.2) I (p)). (r.1)

Here we use M3(1,4,2) to denote the sum of the leading-colour contributions of the interference
of two-loop with tree-level and one-loop squared amplitudes:

M3(1,3,2) = 2Re [ A9(1,4,2)(A3(1,5,2)) ] + |43(1,4,2) 2 (7.2)

N3 is an overall normalisation and d®j3 is the three particle phase space.
The double-virtual subtraction term reads

dOJ[{fNLO,N2 N3N2< ;) d‘I’3({p}3;Q){

— [DY(s13) + DY (s2)] MY (1,4, 2) J5V ({p}s)
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| b
1 — 'D%(SQZ') + ?0 (

5 — [DY(s1:) + DY(s20)] M (1,4,2) J5” ({p}s)

Gwmwm+%wmwwmm$wmﬁ, (7.3)

where X denotes the integrated four particle antenna functions from [74], X4 denotes the
integrated one-loop three particle antenna functions from [75], and X507 3 and X4173 represent
the integrated generalised antenna functions introduced earlier. Eq. (7.3) is to be compared
with the subtraction term given by combining eqgs. (6.6) of ref. [54].

We note that terms | and 2 are the integrated counterparts of terms 4 and 7 and 10 in
eq. (4.3). All terms in eq. (4.3) have now been accounted for in either eq. (5.2) or eq. (7.3).
The remaining terms in eq. (7.3) are the integrated versions of terms 6-9 and 10-11 in eq. (5.2).
The X4 antenna are presented with the renormalisation scale set to the mass of the antenna,
while the unintegrated antenna are subtracted at general p. The contributions in terms 3
and 4 proportional to by/e restore the full 4 dependence of the integrated antenna function,
where by is the leading-colour contribution to the one-loop QCD beta-function:

11 1
Bo = bogN + b()J:‘Nf = FN - §N , (74)
with Ny the number of light fermions.

We verified that the cancellation of infrared singularities between the subtraction term
in 7.3 and the leading-colour two-loop matrix element happens correctly. The same holds
for all the double-virtual subtraction terms in appendix D.3. This is a strong check of the
validity of the implementation we discussed so far and the analytical integration of the
new antenna functions.

8 Numerical validation

In this section we discuss a series of checks we performed to probe the correctness of the
newly defined antenna functions and of their numerical implementation. We remark that the
tests discussed in the following not only validate the X 5973 and X i3 antenna functions, which
represent the main novelty of this paper, but also the idealised final-final X9, X and X3}
antenna functions introduced in [74, 75|, which have been fully incorporated in our numerical
setup for the first time in the context of this work. In general, the results we obtain stand as
a solid validation of the designer antenna scheme for final-state radiation up to NNLO.

Our main target is to replicate a full NNLO calculation for eTe™ — jjj, comparing the
results and the performance we obtain with the long-established implementation available
in NNLOJET [90] based on the traditional antenna subtraction scheme.
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As a preliminary step, we performed checks at the cross section level for simpler processes:
ete™ — jjj at NLO, ete™ — jj at NNLO, ¥ — jj (neutralino decay to hadrons [81]) at
NNLO. We observe complete agreement between results obtained with the traditional and
idealised antenna functions. Moreover, to assess the performances of different momentum
mappings, we repeated the tests replacing antenna mappings with dipole mappings and found
again agreement with no degradation in the numerical convergence. Such computations allowed
us to validate all the quark-antiquark and quark-gluon X9, X and X3 idealised antenna
functions, without the additional complications given by the almost colour-connected sector.

For the NNLO computation of eTe™ — jjj, we consider yu = /s = mz = 91.186 GeV.
The fiducial phase space is defined imposing a lower bound y.,+ = 0.05 on the following
event-shapes:

e one-minus-thrust 1 — T with:

(8.1)

YRR
T — max|ﬁ|:1 <Z] ’pJ ’) ’

>k D]

with the sum running over all external particles. We define the thrust axis 7ip to be
the vector which maximises the expression in the parentheses;

e (C-parameter C, defined through the eigenvalues \; of the linearised momentum tensor:
B

1 PRp
@aﬁ — = k_,k 9 (auﬁ - 17273) 9 (82)
2 PR zk: 1P|
as
C=3 ()\1/\2 + Ao A3 + )\3/\1) ; (83)

o total jet broadening TJB, defined starting from the hemisphere broadening:

ZieHm |pi % 7ir|

255 il

By, = =1,2, (8.4)

as
TJB = By + By; (8.5)

where the hemispheres (H;, H) are separated by the plane through the origin which is
normal to the thrust axis fir;

o wide jet broadening WJB:
WJB = max(Bji, B2); (8.6)

o two-to-three jet transition variable in the Jade algorithm 23 computed as the largest
value of ¢y, 7 for which an event is identified as a two-jet event by the Jade algorithm;

e heavy jet mass HJM, defined starting from the single-jet mass:

(XCicn,, p¢)2
Q* ’

where H,, are the two hemispheres separated by the plane orthogonal to 7it, as

Pm = m=1,2, (8.7)

HJM = max(p1, p2); (8.8)
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For phenomenological studies, one typically chooses a smaller value of ¥.,:, however we want
to prevent our numerical results from being dominated by the large logarithmic behaviour of
the cross section in the two-jet limit y.,; — 0. This allows us to precisely probe potential
discrepancies between the traditional and new implementations in the fully-resolved three-jet
region. Since our purpose here is the validation of the new framework, rather than the
delivery of theoretical predictions, we present results for the NNLO coeflicient only in the
form of ratios to the traditional setup. Different colour factors in the matrix elements require
different combinations of antenna functions. Therefore, to better ensure the correctness
of the new ingredients, we separate our result by colour factors. We neglect the singlet
contribution, which is infrared-finite [54].

For each event-shape we compute the NNLO corrections to the total cross section as:

tot. Omax do’

ONNLO = V)
Yeut dO

, (8.9)
NNLO

where Opax is the appropriate upper bound. In figure 7 we show the comparison between the
new and the original implementation separated by colour factor. The error bars represent the
Monte Carlo uncertainty. In general, we observe percent-level (or better) agreement on the
NNLO correction, which is quite beyond the accuracy typically required for phenomenological
applications, but it is relevant in the context of a proof-of-principle validation of the newly
proposed framework.

For some of the event-shapes, the N° and N N ~1 colour factor exhibit larger error
bars. This is due to the fact that the Monte Carlo integration struggles to adapt to these
subleading-colour contributions, due to the oscillatory behaviour of the integrand. In a full
calculation, these colour factor have a small numerical impact on the NNLO coefficient:
< 10% for N° and < 1% for NN !, therefore one typically does not have to resolve them
with the same accuracy as the leading-colour N2 or N #IN contributions (colour sampling).
Here we pushed the numerical integration to a point where we can confidently claim very
good agreement between the two implementations, without exaggerating the computational
cost of this validation. For the remaining colour factors we reach percent or even sub-percent
accuracy on the ratio, showing excellent compatibility with the original implementation.
Overall, the comparison in figure 7 stands as a very solid confirmation of the correctness
of the new approach.

To ensure that the agreement extends beyond the total cross section, in figures 812
we show differential results for the event-shapes listed above. In general, no significant
deviations are observed between the new implementation and the traditional one. Large
error bars in some bins are due to the numerical value of the differential cross section being
very close to zero.

One of the main motivations of this work is the improvement of the computational
performances of the antenna subtraction method. As we mentioned before, the new antenna
functions open up the possibility of constructing local subtraction terms for individual colour-
ordered matrix elements, summing over colour orderings a posteriori by multiplication of
the result by a suitable symmetry factor. This is in general not possible with traditional
antenna functions, because the almost colour-connected sector requires a sum over colour
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orderings to achieve local cancellation of infrared singularities. Thanks to this feature, for
a generic sub-process with n gluons, one can expect an n! speedup for the point-by-point
evaluation of matrix elements and associated subtraction terms. This speedup in general does
not directly transfer to the runtime for the full Monte Carlo due to other time-consuming
tasks (phase-space generation, observables evaluation, ...) and to the presence of several
partonic channels. However, this improvement clearly becomes more relevant the higher the
multiplicity and the more computational time is required by complicated matrix elements. On
top of this, an individual colour-ordered squared matrix element exhibits a much more regular
behaviour than the full matrix element, due to the fewer infrared divergences, especially for
the double-real correction. This significantly helps the Monte Carlo importance sampling
procedure, which we perform through the VEGAS algorithm [93], with the identification of
the relevant phase space region, and hence results in a faster numerical convergence.

For ete™ — jjj at NNLO, the speedup in a specific calculation is affected by many
factors, such as the choice of the fiducial phase space, the observables to be computed and the
relative size of the double-virtual, real-virtual and double-real contributions. According to the
numerical tests we performed, we can in general expect the new implementation to be five to
ten times faster than the original one in reaching a given numerical accuracy. For the reasons
explained above, the speedup for higher multiplicities will surely be even more significant.
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the error bars represent Monte Carlo uncertainties.
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9 Conclusions and outlook

We discussed the definition and implementation of final-state generalised antenna functions
for NNLO calculations in QCD, in particular tree-level five-parton three-hard-radiator (X 5?73)
and one-loop four-parton three-hard-radiator ( Xi73) antenna functions. In contrast to
traditional antenna functions, generalised ones can be constructed to have more than two
hard radiators, relying on the recently proposed idealised antenna algorithm. This feature
makes them particularly suitable to remove infrared singularities for almost colour-connected
emissions, resulting in a major simplification of the subtraction infrastructure compared
to the traditional antenna scheme. One of the main advantages lies in the possibility of
assembling local subtraction terms for individual colour-ordered matrix elements, which
reduces the computational cost of NNLO calculations. We showed how, through a careful
choice of momentum mappings, one can write down an exact factorisation of the phase space
leading to a fully analytical integration of the new antenna functions.

Considering three-jet production at electron-positron colliders as a test case, we demon-
strated the complete cancellation of infrared singularities in the new approach. We also
performed several numerical tests to assess the correctness of the setup. Most importantly,
we were able to reproduce inclusive and differential results obtained with the long-established
traditional antenna subtraction method with excellent agreement. We estimate that the
calculation with the new scheme is five to ten times faster than the original implementation,
depending on the specific computational setup. The speedup increases at higher multiplic-
ities. We remark that the results we obtained not only stand as a thorough validation
of generalised antenna functions, but also as a solid check of standard two-hard-radiator
antenna functions obtained according to the idealised antenna algorithm, employed here
in an NNLO calculation for the first time.

This works paves the way to several future developments. First of all, a natural phe-
nomenological application of the antenna functions computed here is the calculation of the
NNLO correction to eTe™ — jjjj, which would greatly benefit from the improvements and
the speedup offered by generalised antenna functions. Secondly, we foresee an extension
to hadronic processes through the definition of generalised antenna functions with one or
two hard radiators in the initial-state. Most of the concepts and techniques discussed in
this paper apply straightforwardly to the initial-state radiation case too, while significant
differences lie in the analytical integration of antenna functions and in the bookkeeping of
partonic channels. A necessary preliminary step in this direction consists in the continuation
of the work in [76] with the construction of idealised four-parton initial-final and initial-initial
antenna functions. Finally, as a long-term outlook, generalised antenna functions can be
assembled for N3LO calculations too. At this perturbative order, the simplifications due to
the new antenna functions will be pivotal to achieve a general local subtraction scheme.
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A Limits of X2, antenna functions

We present here the unresolved limits of each X g,3 antenna function. In terms of notation
and explicit expressions of projectors and unresolved factors, we follow [74].
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DS VAR (i, 4, K" L m") = Sg(ih, j, k") Sg (k™ 1,m")
TCJMA53< hG kR L ml) = Pt (5 + k)", 1) Pt (k" 5)
+ PR ((k+ D), ) Posb (k1)

DCU klA53(Zha]ukhal7mh) P (i", )PS“b(kh )
mzm 8.3(1" 5, k", 1,m") = Pyg(i", ) Pyg(m", 1)
jklm (Zhaﬂakh ! mh) = PO (k" j) Pyg(m",1)
siA 3(i" 4 KM L) = Sy (i, 4, k") DY(m, 1, k)
§A RGN mew=%@%um>0a1%m
CJ A5 (", k", 1, m") = Pyy(i", j) D§(m, 1, k)
C]kA53(Zhaju ,l,mh) Pyt (K", j) DY(m, 1, (j + k)
Cj AL (zh,j,kh,l,mh) = P3P, 1) DY (i, §, (k + 1))
Ct, AL (", 4, K", 1,mM) = Pyg(m, 1) DS(i, j, k) (A.12)

Bg,3(iqajgakQ7lQ’m¢7)
chleg,:%( 7]7kh7lam ) = Pyg((y +k)h ) qg(kha])
+ P ((k + )", 5) Pyg(K", 1)
Dcz] leS 3(Zhv]v 7lamh) qu(ih’j) PQQ(kh’l)
Sy BY (1", 4, k", 1, m") = S, (i, j, k") BY (m, 1, k)
P,

(
BSS(Zhv.jv ol mh) = qg(z 7.7) Eg(mvlak)
]k;BSB(ZhvjvkhJamh) qu(kh7j) Eg(mal7 (.7+k))
LB, K" 1,m") = Pyg(k",1) DG, j, (k + 1)) (A.13)

12,3(i§’j7’kq’lg’mg)
DS} AR (i, 4, k" 1,m") = Sy(i", j, k") Sy(k", 1, m")
TCJklA53( ,],k:h,l,m )= qu((]+k)h 1) qg(kh,])
<(k+l) 7.7) qg(khvl) +R(1’Y’Y(kh7ja l)

DC@J IclA5 3(Zhaj,khalvmh) = ( »J )qu(k‘hvl)
DGy, A3 (1", 5, " L m") = Pig (", 5) Py (m, )
chk A (zh,],kh,l,mh) = Pyy(k", j) Ps(mh 1)
SiA 3" 5,k Lm") = Sy(i", j, k") DS(k, 1, m)
SiA A", K LmM) = S,(k", 1, m") A3, 4, k)
CL AR 5 (i, 4, k" 1, m") = Pyy(i", 5) D§(k,1,m)
CHAD (", 4 k", 1,m") = Py (K", ) DS((5 + k), 1,m)
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CklA53( ?]7k alamh) :qu(khvl) Ag(laj, (k+l))

Cp, AL (i, 5, k", 1, m") = Psb(mh, 1) AY(i, j, k) (A.14)
§g,3(i¢7’jwkq’lé’m62)
DCz]lmB53(2h7j7k JLm) = Py (i, ) Pyg(m”, 1)
DC]klmB53(lh7]vkh7lamh) Pyg(K", ) Pag(m, 1)
SIBY (i, k" 1,m") = Sy(i", j, k") S (k,1,m)
Ci B5 3(Zhaj7 kh,lvmh) = qu(ihaj) Eg(k,l,m)
C; B (1", . K", 1,m") = Py (K", j) ES((j + k), 1,m)
C, B2 3(i", j k", 1,m") = Pyg(m".1) AY(i, j, k) (A.15)
~0
A5,3(i€7’j‘rvkqvlg’m(2)

DS A53( gk L ml) = S, (i", 5, kM) Sy(k" 1, mM)
chk:lAs,:s(ih’j,k 7l7m ) = qu((J +k>h Z)qu(khJ)
+ qu((k + l) a]) qu(k'ha l) + wa(kzh,j, l)
~0
DCj; MA5 5 (", 5, K", 1m") = Pyg(i, §) Pyg (K",1)

DCZ] lmA5 3( 7]7k' ;lamh) = qu(ih,j) qu(th)

DCY i Aa g, K L") = Py (K" 7) Pyg (" 1)
Sy o (1", 4, K, L") = S,(i%, 1, k") AY(k, 1, m)
sﬁ;g(zh,j, K 1 mP) = S, (kh, 1, m") A3(, 4, k)
CL Ay (07, 4, K, L") = Py (i", ) A (k1 m)
g, K1) = Pyg(k, ) A((j + k), 1, m)
ChAs 50", K L") = Pg(k,0) A, j, (k + 1)
C Ay (i, 4, 1,1, m) = Pyg(m®, 1) A, , ) (A.16)

B Unintegrated X},

In this appendix, we list the three components of the unintegrated X ig antenna functions
(Xtap, Xbas Xisp) listed in table 4:

o 1 1 Sib 5 .
A411,3;L(7’Qa]ga k(ja bg) = (62 + g (log </~L2) - 3>) Ag(za]a k)a (B]-)
o 2 1 sijk(1%)° 10 -
Aéll,?);M(qu]ga kcia bg) = <62 + E <log <S]8 + ? Ag(@,], k‘), (B2)
ik=i5p ]kb
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A411,3;R(iq= jgv kév bg
A\i,S;L(iqv jga kév bg
Ai&M(iqv jgv k’q, bg
Azli,?);R(iqa jga kc}v bg
g}l,S;L(iqv jgv kév bg
A}L,Z&;M(iqv jgv qu bg
f‘ﬁ,&R(iqv Jg» kg, bg
Di,3;L(iqa jga kgv bq

)
)
)
)
)
)
)
)

Di,:&;M(iqv jgv kgv bQ)
Di,:ﬁ;R(iqv jgv kgv bé)
Ei,S;L(iqa jga kgv btj)
Di,:&;M(iqv jgv kgv bQ)

Di,S;R@% j97 kgv bQ)

DiS;L(iqngv kgv bq‘) =Y

~1 .
D4,3;M(7JQ7 Jgs kgv blf)

0,
0,
0,
0,
0,
0,

0,
0

g2 5 0
)8)) ot
kb

Di&R(iq’jg’ kg’ bq) = ?Dg(%]a k)a

E} 3.1.(ig, j5, kQ» bg)
Ej 3.0 (iq, g0 k@ bg)
Ei3;R(iq7 an ka bé)
Ei,S;L(iq’ Jo:kqQ,bg)
B} 3.0(ig,dg: kg, bg)

Ei,B;R(Z.Q')an ka bQ)
F41,3;L(7:ga jga kga bg)

F41,3;M(i97 jgv kgv bg)

F41,3;R(ignga kga bg)

51 . .
F4’3;L(7’gngv kga bg) =Y,

) - 2)) D5(i,ji k).

)-3)) PhGidh,

W) + 3)) Dg(i,j, k),
izb 2

,53,

(sij+sin)sijre(p?)? | 11 0/ -
+— F3(i,5,k),
g( SikS%cb(sik'f‘Sjk) 3 3(0:.%)

o
~—
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S22l s
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N o 1 .
F4173§M(7’g’]g’k9’bg) = _7Fg(za]7k)a (B29)

3e
~ . 1
F41,3;R(ngjgakgvbg) 3¢ F3 (Z ]71{7)7 (B30)
. . 1 1 Sib 11
GAII,S;L(Zga]qa kqabg) ( 2 + = c (lOg <,U2) 6 )) G3(Z ],k’), (B31)
. 2 1 siin(1?)? 21
Gl lig, Jg kg bg) = | 5 + = | log Sig(0)” + == | GS(Gi, 4, k), (B.32)
€ € SikS 77,5 T 6
. 1 1 s o
G411,3;R(7’gv.7¢77 kqa bg) (_2 + = (log (kgb> - )) Gg(lvjv k)v (B33)
€ € W 3
A o 1 .
G}l,3;L(Zq7jg7kq7bg) = iGg(ZuLk): (B34)
~ 1 )
G}L,S;M(lﬁbjgvkqvb ) = _gGg(lajak)a (B35>
6’&,3 R(Z%ng kqv bg) 0, (B.36)
G411,3 L(Y’q’jga kqv b ) 07 (B37)
G g (iqr dgs kg bg) = 0, (B.38)
G411,3 R(lqnga kqa b ) 0. (B39)

C Integrated new antenna functions

C.1 Integrated Xg’3

In this appendix, we list the integrals of the three components of the X 5073 antenna functions,
with each part integrated over the appropriate antenna phase space. We can write down
the integral as,

XS 3(s1kc skm) = X g (S1kc, Skn) + Xs3.(s1) + X5 3.p(ss k). (C.1)

Expressions for XE?,?);M’ X£3;L and XQ&R are listed below where

SIK) ¢ SkM\ ¢
Srx = () , Skm= () . C.2
1K 2 KM 2 (C.2)
1 10 1 /223 4 673 317 68
0 223 4 673 317 5
As s.m(s1x,8xMm) = StcSkm |+ aT33 ( 6 3" )+ ( o " T3 C3>
10799 1789 , 1315 13 4)
+( 18 96 " 12 {—1—90 +0O (e )1 (C.3)

1 1487 1
A8 3. (s1x) = Sk [ 322 (1728 8" <3>

82133 127 , 25 1
b U 4
+(10368+17287r EASTH >+0()] (4
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1 1487 1
0 2 us
. = SkM| 753 1798~ 48
A5 3.r(5K0) KM [ 322 T ¢ (1728 18" Cs)

+ (f§§2:+1172278 2—§<3—1—127r >+0(e)1 (C.5)
B2 s (sixc, skn) = Six Sk [—313—?;%-1 (—ig’s+3g7r2>
NEC RPN o
By s (six) = Stk [+721€2+1 ( 27176+2147T2> + (—1531(;05—214 2+263> +0(€)]
(C.7)
B 5.r(skm) = Sk l—?jg—fﬁi%—?;;gl;jt 48352 2)+(9( )] (C.8)
-’453M(51Ka5KM) = SikSkm |+ ! +6193+ (?87_§7T2)+e <1229—37021 2—6;))853>
(H§§5—2$“2]2M@+é3 >+O@ﬂ (©.9)
AS51(s1K) = Six [32562+1( gfi*% ;C:s)
+< ig—kzi 2_L7C3_;ZW )+O(e)] (C.10)
AS5ir(sxm) = Skar —32562+1< 122;—% —;C:s)
+C§£§iﬁ2—ng—;ﬁ>+0@ﬂ (C.11)
BY g (s1xc.5K0m) = SixSkm l_?}é”_zli? 1(—??2 3Z7r2>
( %;?+ii 2fgg)+0@ﬂ (C.12)
gg,3;L(31K) =0 (C.13)

- 9
B5,3;R(SKM) = Skum

1/ 133 1 , 517 3
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~0
As v (81x,8x0m) = S1cSkm

1,31 (203 4 2>+ (407 9 | 68<>
1.3 203 4 10407 9 , 68
AT 16 37 )7 e\Us 3

+(1629_1625 2_&43 13 4)—1—(9(6)] (C.15)
8 9
i?,g;asm):s%K[—?ng{( i)
(e e o] e
jg,:’,;R(SKM) = S%(Ml_:32562+1< g_ﬁ ? ;C)
e I

0
D5 3.0 (515,85 M) = Stk Skm

L, 7+1(2095 4 2>+ (25277 83 5 68C)
Lo 0 1209 4 25277 83 5 68
A3 2\ 144 3 132 18" 3

75949 1867 13
ol e = 1
( 320 o " 0%t ggT >+O(6)1 (C.18)

1 1487 1
Dg’S;L(SlK):S?Kl 322 ¢ (1728_48 _C?’)

82133 127 , 25 1
e L R 1
+<10368+1728 g o >+ O(e)] (C.19)

1 1787 5
Dg,3;R(8KM) = S%(M[ 32€2+ (1728 144 <3)

106825 89 , 31 1 4>
- 9
(10368 728" RS T +O(6)1 (C.20)

a 1 25 1 523 3
5?,(3;3\/1(511(781(]\/[) = Stk SkMm [— — <_+ 71'2)

33 182 e\ 108" 8

5339 131 2 61
(‘ 321 2" 18<3>+@<6>] (C.21)

o 5 131 / 21611 85
E5k1(s1K) = S [_3662_966+< 2592 432" 2>+O(6)1 (€22)

1 1/ 29 5 , 11803 17 , 15 )
st~ tes - 6]
+72€2+6< B " )+( o T TG HO()

(C.23)

53,(3%(8KM) = Skm
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1 4

0(b) B
55,3;M(SIK75KM) = SikSkm [_363_362

( 1691
96

72€ €

1/ 233 29 ,
+E ———+ =T

48 72

16

5T <3>+0()] (C.24)

0(b 1 1/ 7 1
557(3§)L(SIK) = ‘S’%K [+2+ (—216+247T2>

( 13003 j;
5184 24"

ZCg) +0 (6)1 (C.25)

5 131 21611 85
Eg,(gb;)R(SKM) = Sk [——%— <—+ 2) +0O (e )] (C.26)

36€2  96e

c 1 47
55?,(3;)1\/[(51Ka5KM) = SikSkm [—

( 39673
2592

£ (s1x) = 0

0(c
55,(3;)3(3KM) = S%(M 14 79

2592 432

1 +1( 1933 3 2)
3e3  36€2 € 432 8

83 o,

T fécg)m@] (C27)

(C.28)

81 144"

e i)+ (e B o) o)

8507%{)]\/[(S[K73KM) = SikSkM l—;—?é;—i-i (—iii—i—iiﬂ)
( 426509825 Zg; i 351563)+O(6>] (C.30)
v (s1k) = St l+1( ngi 2>+(—iz+136 +243> +O(e)] (C.31)
& (s1ar) = 0 (C.32)
K830 (s1c,sxm) = SixSkum +9%2+% (—%4—3567#)
+ (11326;;+118 +5 Cs) +0 (e )] (C.33)
K81 (s1) = 0 (C.34)
,CSSR(SKM) = Skur [‘*‘ (2(1)2_356 2>+<12i31?—§)27f2—15)43) 0(6)] (C.35)
~E3M@Uo&mﬂ——&K&m1+l+;£ (?f—gﬁ)+e<f§?—ig 2(?@)
(01 o] o

o7 —



1 1 /1787 5
T3 (six) = St [—3262+6 (1728_M47T2_<3>

106825 89 , 31 1 4)
+(10368 s sS T 1" +0(6)1 (C.37)

1 1 /1787 5
T8 s.r(sK0) = Siear [—3262+6 <1728_M47T2_C3)

106825 89 , 31, 1 4)
(10368 728" 3T 1" +0(6)1 (C.38)
1 49 1( 2035 3 2)

+-7

0(a) = SikS 23 a2p2 2\ T2
g573;M(81K78KM) IK KM[ 363 3662 € 432 8

( 14083 781 ,

61
864 432" +18<3) “9(6)] (C.39)

90 o) = s [+ (20 B ) (30, 03 o 10
9573;L(51K)—51Kl+6( 144+727T + 81+1447r +4C3 +0O (e) (C.40)

Gsin(sicnr) = 0 (C.A1)
1 2% 1( 523 3 2)

33 182 e 3

0(b) B B 523
g5,3;M(SIK73KM) = SIKSKM[ T8 87T

( 5339 131 ,

61
RETRE T +1843> +O(€)] (C.42)

o(b 5 131 21611 85
95,(3;)1:(311() = S%K [_3662 - ﬁ-ﬂ- (—25924—4327F2) +0 (6)] (C.43)

0
g5,(3;)R(SKM) = Sk

722 e\ 48 12"

(—111;;()8?’+gw2+f<3> +(’)(e)] (C.44)

Hg,(??;)]\/[(SlKasKM) = Stk SkMm +912+216+<1§17—;1?%7r2> —i—(’)(e)] (C.45)

Mo (s1) = 0 (C.46)

Hy o (s10) = 0 (C.47)
%g,(g;)M(SIKvSKM) = Sk SkM —i—gfi?—i-% (—;?g—i—;ﬁ)

+ (—11326;35+1187r2+2;cg) +(’)(e)] (C.48)
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Hgfb;)L(SIK) =0 (C.49)

305 5 2> (10823 93 5 15

0(b) _ @2 17305 5 28 9 1o

C.2 Integrated Xi3

In this appendix, we list the integral of the Xi-73 antenna functions over the appropriate
antenna phase space. Because the integration of each of the X i,3; L, X i& o and X i,3; R
components is proportional to the same scale,

Srx = <8;§> (0.51)

we combine the results together as X4173.

1/ 11 93 27t
Al s(six) = Six (6 (—8 + 2C3) + (—8 +3¢s+ 1”5) + O(e)) : (C.52)
«1411,3(811() =0, (C.53)
“‘111,3(51}() =0, (C.54)
Djs(six) = 0, (C.55)
~ 1/ 179 17461  27* 10
Dys(s1k) = Stk (6 <_108 + 2C3) + <_1296 + % + 3<3> + O(e)) ,  (C.56)
Dis(six) =0, (C.57)
11 =2 5 72
Eis(sik) = Sik (e (6 + 18) + <4 + 3 + C3> + 0(€)> ; (C.58)
Eia(s1x) = 0, (C.59)
~ 1({59 =2 1303 7% 5
E43(s1K) = Sik (6 <216 - 18) + ((&48 e ?) + O(e)) , (C.60)
1/ 419 1241 11 4
Fis(six) = Six (6 <—432 + Cs) + <_162 - % + 71T5> + O(e)> ; (C.61)
Fia(six) =0, (C.62)
1 95 2113 2
gis(SlK) = Sik <6216 + <648 — g?’) + O(e)> , (C.63)
Gia(six) =0, (C.64)
Gis(sik) = 0. (C.65)

D Subtraction terms for ete™ — jj7 at NNLO

In the following, we give the expressions for the NNLO subtraction terms for eTe™ — jjj
employing generalised antenna functions. The leading-colour subtraction terms have been
considered as examples and thoroughly discussed in sections 4, 5 and 7. Here we list the
subtraction terms for the remaining colour factors. In general, we denote quark momenta
with numbers, and gluon momenta with letters.
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We follow the notation and the conventions of [54], with a few modifications which we
illustrate in the following. The Born-level matrix element is represented by M3 (14,19, 2g).
The interference between the one-loop correction and the Born amplitude is split according
to its leading-colour, subleading—colour and closed-fermionic-loop components, respectively
denoted with M3 (14,14, 27), M3( 9 %g:24), M3( ¢-1g,2). For the single-real emission matrix
element, we have to distinguish different partonic channels. The two-quark two-gluon matrix
element is split into its leading- and subleading-colour components: M) 2997 La» Tg> Jg» 2g)

and M7 i qggq(lq, ig,Jg-2g). The four-quark different-flavour matrix element is denoted with

M4qqqq

element which only exists with four same-flavour quarks:

(14,44,34,27). For the identical-flavour case, we isolate the part of the matrix

2
. D

M2 gaq (Lo 2630 40) = | A g (L 43¢, 28) — AL g (10, 20 3¢, 47)

where A is used to denote a scattering amplitude rather than a squared matrix element.
An analogous definition is used for the real-virtual and double-real matrix elements [54].
Everywhere the dependence of the reduced matrix elements on the electron and positron
momenta is understood, as well as the renormalisation scale dependence of loop quantities.

The coloured indices on the left of each line in the subtraction terms follow the scheme
described in sections 4, 5 and 7, to relate different contributions to their (un)integrated

counterparts.

D.1 Double-real subtraction terms
We start with the definition of the abelian (ab.) double-real subtraction term, which come

with the colour factor (N2 + 1)/N2:

N2 +1
dO’JS\}NLo,ab. = Ns N2 d®s5({p}s; ){

1+ AY(1,4,2) MY q(13), 3, i, (20)) J§ ({p}a)
2+ AY(1,5,2) MY 40q (1), 1, K, (29)) IS ({p}a)
34 AY(L, b, 2) MY (1K), 4,4, (20)) IS ({p}a)

+ A1, 5,4,2) MY ((17i), k, (ji2)) IS ({p}3)

—
—~

— AY(2,4,1) AY((T7), 4, (2)) MY(((71)), K, (5(i2))) IS ({p}s)

—

2.4.1) AY(TG). i, (7)) MO((GL)0). k. (172))) S ({p}s)

— Ay (
1, k, 2) MY ((Lik), j, (ik2)) J5” ({p}s)
(

+ AY

(
(1,

= A3(2,1,1) A3((T0), b, (72)) ML), j,<k<€é>>>ﬂ3><{p}3>
(2,5, 1) AY(TR), , (2) MO(((R1)0), 4, (k2))) 5 ({p}s)
(1., k,2) MS((1jk), 4, (7k2)) J$ ({p}s)

—Ag
+ A}
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— A2k, 1) AS((1K), 4, (K2)) MO(((K1)7).4, ((k2))) IS ({p}3)

— AY(2,5.1) AY((L5), k, (72)) MI(((GD)K), 4, (k(52))) J§3><{p}3>}. (D.2)

The subleading-colour double-real subtraction term contributing to the N° colour factor
has three components:

2
daS 99999 +do S,949d9

S S
dUNNLO,NO NNLO,N© OINNLO,NO + N2 + 1daNNLO,ab-7 (D.3)

with:
dU}?fNLo,NO = —NsN°d®s5({p}s; Q)l, Z {
(4,5,k)EP(3,4,5)
L+ D14, 5) M3 g0 (1), (i5), K, 2) J§ ({p}a)
2+ DS(2,,3) My ggqq (1 K, (57), (2)) T3 ({p}a)
3+ ALk, 2) M yg0q (1R). 4,5, (2k)) ISV ({p}a)
+ AY(1,4,5,2) MY((135), k, (i72)) <3><{p}3>
— DY(L, i) AY((T), (77), 2) MI(((T0) (i), s ((07)2)) 2 (o))
— DR(2,, 1) AY(L, (), (72)) ME((L(i))s ks (1) G2)) A2 ({p)s)
T4 Asg (2.5, 1,6,5) M§({2k1ij}, {1ij}, {2k1}) J§ <{p}3>
8 — DS(1,4,5) AY(2. k. (11)) M ([(Ti)k], (7). [kzwg '({p}s)
0 — AY(2,k, 1) D((k1), 7, 5) ME(I(IR)i], [7i], (k2)) IS ({p}s)
10+ Asa (1, k,2,5.8) MY({1k2}, {253}, {1k24i}) IS ({p}s)
11— DY(2,5.1) AY(L, k, (25)) MI([1K], (i7), [k(27))) 15" ({p}s)

12 — AY(1,k,2) DY((k2), ,4) MJ((1k), [4i], [@J]) J§3)({p}3)}a (D.4)
and
A0S0 N N0 (), q>{

1+ A(1,,3) MY 4g0q((10),2, (i3), 4) J5 ({p}a)
24+ AY(2,4,4) M] 40 (1. (20). 3. (14)) J5" ({p})

+209(1,2,3,4) MY((123),4, (234)) 5 ({p}s)

+209(3,2,1,4) MY((321),4, (412)) I ({p}s)
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+209(4,3,2,1) MY((123),4, (432)) J5* ({p}s)

+209(2,3,4,1) MJ((143), 4, (23)) J§3><{p}3>}. (D.5)

The most subleading-colour double-real subtraction term contributing to the N~2 colour
factor has two components:

1

dofnron-2 = da%??%%g,w + mda%z\/w,ab.a (D.6)
with
oyt ., = NsN~2d®s({p}s; q){
1= AQ(1,4,4) MY 00 ((T0), 3, (i), 2) 5V ({p}a)
2+ AS(1,4,2) MY 00 ((T2), 3,4, (2)) J5V ({p}a)
3+ AS(L,4,3) MY s (7). (3),4,2) J$V ({p}a)
4+ AY(3,4,4) MY (1, (30), (1), 2) ISV ({p}a)
5— A3(3,1,2) MY a1, (30), 4, (30)) J5 ({p}a)
6+ A(4,7,2) MY 000(1,3, (43), (20)) J5V ({p}a)
+209(1,3,4,2) MY((134),4,(342)) J5” ({p}s)
+209(4,3,1,2) M9((431), 4, (312)) J5” ({p}s)
+209(2,4,3,1) M9((431), 4, (243)) J5” ({p}s)
+209(3,1,2,4) MJ((124), 4, (312)) J§3’<{p}3>}. (D.7)

The leading- Ny double-real subtraction term proportional to Ny N after summation over
quark flavours reads:

dUzé;fNLo,NfN = N5sNyNd®s5({p}s; Q){ [

Loy S

L 5 AY(L4,3) MY (1), (13),4,2) J5” ({p}a)
1 .. o

2+ 5 G3(3,3,4) MY 05 (1, (13). (30),2) J5 ({p}a)

L1 o
3+ 3 E9(2,4,3) MY 000(1,1, (34), (42)) J3" ({p}a)

b5 F0,3,4) MY(1), (331),2) B({p)s)

- é AJ(1,4,3) ES((10), (30), 4) M5 (((10)(i3)), (4(30),2) J{ ({p}s)
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—~—

— 5 G3(i,3,4) DY, (), (38) MY((1G3)), ((3)(34)),2) B({p}s)
+ Ez(l)(27 47 3’ Z) Mé)(l, (m)’ (ﬂf’))) ‘]g({p}B)

— 5 E5(2,4,3) DY((3A), (38). 1) MY(1, ((33)0), ((20)(33)  ({p}s)

- % Gg(l, 3, 4) Dg(27 (21\3)7 (3~Z)) M??(lv ((?E)(E))v ((21\3)2)) Jg({p}i‘l)

1
1045 B3a(1,i,3,4,2) My ({133}, {1,4,3,4, 2}, {342}) Ji({p}s)

1 3 A1) B2, 4, (30) MY((T0), [4, ()], (99)) J3 ({p}s)

12 - % E3(2,4,3) D5(1,1, (34)) M3((10), [i, (34)], (24)) J3({p}s)

+(1 <—>2,3<—>4)] +(1 <—>3,2<—>4)}.
The subleading-N; double-real subtraction term proportional to Ny N ~1 reads:

donron,n-1 = —NsNyN~'d®s({p}s; Q){

1+ %Ag@,, i,4) M3 yarga(1, (31), (4i), 2) T9 ({pha)
2t % AR(1,4,2) MY g (10), 3,4, (20)) T3 ({p}a)
ot % E9(1,3,4) M 045((13), (34),4,2) 15" ({p})
1t 5 B9(2,4,3) M 001, (38), (50)) J§ ({p})

+ % E9(1,3,4,4) MO((13i), (3i4), 2) IV ({p}s)

— 5 AYBi,4) BY(L, (B, (F0) MY((1(30), ((31)(30)),2) 5 ({p}s)

b3 BR(2,4,0,8) MY(L, (37), (42)) A5 ({p}s)

— 5 AYBi,4) BY(2, (F), () MY(L, (31) (30), (2(80)) 5 ({p}s)

+ 5 BY0L3,4,2) M((T34) i, (233)) 5V ({p)s)
2 S

— 5 E3(1,3,4) AY(13), (43),2) ME(((13)(43)), 4, (2(43))) J5” ({p}s)
45 BY(2,4,3,1) MY((T3A), 1, (322)) I ({p}s)

1 —~ —_—

— 5 E3(2,4,3) AY(1, (34), (42)) M9((1(39)), 4, ((39)(42))) 5 ({p}:)
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1 ~ PR —
134 5 BEa(1,4,2,4,3) MJ((201), (342),[3,4.2,4,1)) J5” ({p}s)

1= 3 AY(,0,2) BR(0,2),4,3) MI(L, 4, 13,4, 14, 6,20 5 ({p))

15— 3 B9(2,4,3) A3(3),i, 1) MY(T), (30), (i) 57 ({n}s)

1 < —
1645 BS5(2,4,1,3,4) M3 ((2.4,1,3,4], (13), (211)) I3 ({p}s)

17 AB(2,0,1) B3], 3,4) ML), 31, 3,41, [ 20) 5 ({p)s)

18— 3 BR(1,3,4) AY(13),i,2) MY(((T3)i), (3A), (2)) 5" ({p}s)

—|—(1<—>3,2<—>4)}. (D.9)

We notice here that the mappings in term 14 are not like any iterated X{X3{ mappings
we discussed in section 4: we have two dipole mappings in which particle 3 is rescaled
both times. The reason for this is that terms 13 and 14 only serve to reroute contributions
between different layers of the subtraction infrastructure and, when summed, they do not
yield additional unresolved behaviour at the double-real level. More precisely, we need
the integrated form of 14 at the real-virtual level, so we add it in at the double-real along
with term 13 which fully cancels the extra unresolved behaviour and is integrated to the
double-virtual level. In order for terms 13 and 14 to cancel locally, the mappings of 14
must match the mappings of 13, which explains the choice of mappings above. The same
holds for terms 16 and 17. This seemingly unnecessary complication is actually required to
preserve the general construction principles and the overall pattern of infrared cancellations
common to all the other subtraction terms.

D.2 Real-virtual subtraction terms

The subleading-colour real-virtual subtraction term contributing to the N colour factor
has three components:

donrono = dUJ:C/’?vggg,NO + dJJTv’Jq\fqzqo,NO’ (D.10)
with:
d T,q99q — _N, NO Qs dd . 1
INNLO,NO = THV4 oy a({p}a; Q)g >
" (i,§)EP(3,4)

= |+ DYGo1,) + D(s12) + Dilow) + D) — AY(s12)] W11 5 (o)

.. 4
2-— Ag(SIQ) Méi),qgg(j(la (VR 2) J:'S )({p}4)
. - 4
3— 'Ag(su) Mé[l),qgg(j(la I 2) JZ‘S )({p}4)

+ [+ DY(s13) + DY(s12) — A(s12) | AS(1,4,2) MI((Td), 4. (12)) I ({p}s)
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+ | DRy + DY) — Afo12)| A3(1.3.2) M((TI), . () 5 ()
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(D.11)

~1
43

31+ D
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and

Jgoa (0%
A8 o = N (52 ) atiphic

Lo [+ AB(o19) + AS520)| M3 0(1,2.3,) J§4><{p}4>}. (D.12)

The most subleading-colour double-real subtraction term contributing to the N2 colour
factor has two components:

T — do1ra994 T,9999
doynron-2 = doyNLo -2 T dONNLO N2 (D-13)

with
q _ «
A8 e = N2 (52 dlihica{

1- Ag(312) nggg(j(L iy 7, 2) J§3)<{p}4)

+ AY(s12) A(1,4,2) ME((T3), 4, (12)) I ({p}3)
+ AQ(s12) AY(1, 4, 2) MI((1)), 4, (72)) I3 ({p}s)

1 AY(1,4,2) M3 ((T3), 4. (12)) 15 ({p}s)
5 AY(1,4,2) M3 (1), 4, (72)) 157 ({p}s)
0((1), 4, (2)) J5Y ({p}3)

T+ A3(1,5,2) MY((1)), 1, (72)) J§3><{p}3>}, (D.14)
and

Aok 80D s = NaN 2 (%) (b q>{
Lo [+ A1) = AR(o10) = AS12)| M q(1.2.3,0) I (o)

2+ [ — AY(s93) + AY(s024) — Ag(s34)} M3 1ia(1,2,3,4) J§4)({p}4)}. (D.15)

The leading-N; real-virtual subtraction term contributing to the NyN colour factor has
two components:

T _ q,Da99q Tyqq'q'q
donNLON;N = dUNNLo,NfN + dUNNLo,NfNa (D.16)

with
do 999 = NNy N (22 ddy({p}s;
INNLO,NyN — tVaiVf o 1({p}4;9)

1= G(s57) MY 001,15, 2) TS ({p}4)
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2 - g??(811> Mé[l),qggtj(L U5 Js 2) J§4)({p}4)
‘ .. 4
3 — &9 (s2) M gqq(1,4,5.2) J5" ({p}a)

),2) I ({p}s)
), (72)) 157 ({p}s)

((12), (i

+G3 (sij) D3(2,5,4)

(1, (ij

0
3

),2) I3 ({p}s)

), (72)) 157 ({p}s)

((12), (45

+ &9(s15) D3 (1,4, ) M3

(1, (i

+ &3 (s25) DY(2, 1) My

8+ 9 (s15) DS(2, 7,7) MY (1, [i5], [72]) J5” ({p}3)
0+ E9(s05) DS(1, 7, 5) MY (1], [i4],2) I\ ({p}3)

),2) I ({p}s)
),2) JP ({p}s)

), (27)) 1P ({p}s)
), (27)) 1P ({p}s)

((14), (g

1
3

M.

10+ DY(1,i,7)

((14), (g

11+ Di(1,4,5) M2

3 (17 (Z]

arl

12+ D3(2,4,4)
134 Di(2,4,4)

(1, (i

0
3

(1,4,5,2) MY ({13}, {i5},2) I ({p}s)

A1
4,3

14+ D

(D.17)

(2,44, 1) M9(1, {ij}, {25}) J§3><{p}3>}7

1
4,3

15+ D

and

) d®s({p}s; q){

Qs
=NyN;N|—
s (27‘(‘

NNLO,N;N =

T,q3'q'q

do

(1.4,3,2) JS" ({p}a)

0 — —
4,99'q'q

M

1— { + AJ(s14) + Ag(S%)}

+ AQ(s14) E(1,4,3) MY((14), (43),2) 15 ({p}3)
+ A3 (s14) ES(4,1,2) MY(3, (21), (14)) J5” ({p}3)
+ A3(s23) ES(3,2, 1) MY((32), (21),4) J3” ({p}3)

+ AD(s23) E9(2.3,4) MY(1, (43), (32)) J3” ({p}3)

6+ A(s14) BS(3,2,1) MI(3,2], [2.1],4) J\ ({p}s)

7+ AY(s1a) BS(2,3,4) MI(L, [4,3], 3,2]) J5” ({p}s)

8+ AS(s23) E(1,4,3) MI([1,4], [4,3],2) I ({p}s)
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0+ AY(s23) ES(4,1,2) MI(3, (2.1, [1,4]) J5” ({p}s)

10+ 5 B3(1,4,3) MY(T8), (33),2) 7))
1+ % EY(1,4,3) MY((14), (43),2) ¥V ({p}s)
12 4 % E9(2,3,4) M1(1, (43), (32)) 1Y ({p}s)
4 5 BN(2,3,4) MY(L, (33), (32)) /57 ({p}s)
14 + % E9(3,2,1) M1((32), (21),4) 1Y ({p}s)
15+ % E3(3,2,1) M3((32), (21),4) J;” ({p}s)
16 + % E9(4,1,2) M1 (3, (21), (14)) 15 ({p}s)

17 + % E}(4,1,2) MI(3,(21), (1)) J5* ({p}3)

18 + % E;5(1,4,3,2) Mg ({14}, {43},2) I ({p}s)
194 5 Blo(2,3,4,1) MJ(1, {43}, {32)) /57 ({p}s)

20 +% E}5(3,2,1,4) M9({32}, {21},4) JS¥ ({p}3)
2+ 5 Ela(41,2,3) MY(3, (21}, {14)) J§3><{p}3>}. (D.18)

The subleading-N; real-virtual subtraction term contributing to the N;N ~1 colour factor
has two components:

T _ 1.T.q99q T,97'q'q
doNNLONN-1 = dUNNLO,NfN—l + dUNNLo,NfN—lv (D.19)

with
do 19997 — “NuNy N7 22) 4 ({p}a: @)
NNLO,NyN—1 44V o 4\\Pr4: 9
L=+ gg(sll) + 8??(821)] Mg,qggq(17i7ja 2) J§4)<{p}4)

2 — | 4+ E(s1j) + E(s25) | MY ygea(117,5,2) I3 ({p}a)

[+ €901y + E9(2) | 491, 5.2) M((TT), 1, (72)) S ({p}s)

b [+ E8(s10) + E9(s00)| 4014, 2) M((T9). 5. (2)) I ({p}s)
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5+ [+ E9(s1;) + sg?(sm] AY(1,4,2) M3((19), 4, (72)) I ({p}s)

D
—

+ |+ E9(s15) + e§<sm>}A8<u, 2) MY (1), j, (i2)) J5¥ ({p}3)

T+ A§(1,4,2) MY((T0), 4. (12)) IS ({p}s)
i,(72)) I8V ({p}s)
0+ AL(1,4,2) MY((T3), 5, (12)) ISP ({p}s)

10+ AY(1,4,2) MY((17),i, (ﬁ))Jé?’)({p}g)}, (D.20)

and
1 [ Qs
do f/]q\?quqN y-1 = NaNy N7 (27T> dq>4({p}4;Q){

1+ | +A%s10) + Ag(343)} MO oa(1,4,3,2) 1Y ({pha)

1= AY(s12) ES(1,4,3) M9([L,4],[4,3],2) J§ ({p}s)
5 — AS(s13) B (4,1,2) ME(3,[1,2], [4,1]) J5” ({p}s)
6— ES(1,4,3) Mj 7, (14), (43),2) J5” ({p}s)
7— E}(1,4,3) MJ((14), (43),2) J5” <{p}3>

— ES(4,1,2) M3 ;,(3,(12), (41 >> D ({p}s)
0 — E3(4,1,2) M§(3,(12), (41)) J$ ({p}s)

10— El4(1,4,3,2) MY({14}, {43},2) /&) ({p}s)
11— Bl5(4,1,2,3) M3(3, {12}, {41}) J¢’ <{p}3>} (D21)

where the f; indicates the flavour of the quarks attached to the Z/~.
The N]% real-virtual subtraction term is given by:

T s
dUN]q\;ILqO(,]NQ = N4Nf ( ) d®4({p}a;q {

U5 B9(1,4,3) M, (2, (33), (1) I ({p))
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—

D2 B(2,4,3) ML, ((23), (33), 1) 1) ({p}s)
5+ = BY(1,4,3) MY (2, (43), (14)) J5V ({p}s)
L+ 5 B (2.4,3) MP(21),(33),1) 7Y ({p}a)
D4y B(4,2,1) M, (3, (30), (30) 5 ({p)s)
G+ g E3,2,1) M, (82), (30),4) 5 ({p)s)

T+l 01(4,2,1) MY(3, (21), (24)) J5” ({p}3)

RN =N

N = DN

S+ 5 B(3,2,1) MJ((32), (21), 4) J§3’<{p}3>}, (D22)
where the f; indicates the flavour of the quarks attached to the Z/~.

D.3 Double-virtual subtraction terms

The subleading-colour double-virtual subtraction term contributing to the N reads:

g 2
i = NN (5 d¥sliohsia J§3><{p}3>{

1 ~
~ (2020s12) = 3 A(o2) + Af(ore) ) MI(1,0.2)

2 — (flg,:a(sm, Si2) + ./2(33(312, 811‘)) M3 (1,4,2)

1+ (Di(s1i) + Di(si2) ) ME(1,,2)
H— .A (812)M3 (1,2,2)
= (DY (s10) + DY (si) ) M3 (1,4, 2)
(A

3(s12) + Dl (1) + Dl5(s00)) M§(1,¢,2)}. (D.23)

The most subleading-colour double-virtual subtraction term contributing to the N~2 colour
factor reads:

do’J({fNLO,N*Q = N3N 2 <§;> d®s3({p}s; q) J3 ({P}3){

1 -
5 Alore) + 2600 | M1, 7,2)
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2 — A(s12) M3 (1,4,2)

3— A;,(slg)Mg(l,m)}.

The leading- Ny double-virtual subtraction term proportional to Ny N reads:

g\ 2
dU%NLO,NfN = N3Ny N <277> d®3({p}s;q) J§3)({P}3){

1- 15 .
52(810 + 52(82‘2) + 552(811) + 252(&2)) Mg(l, 7, 2)

)
(10

1 .
2= | 5Bs.3(s10,52) + 552,3(81'2, 511’)) M3(1,i,2)
by 0 1 .
3= (DY(s1) + DS (s2) ) M3 (1,3,2)
1
1—5@&a»+&@m)MaLam
(ﬁé(SM) + bOéF ((‘;h)_ — 1) Dg(sh)> Mg(l,z,Q)
6 — <15§(322) + bof <<“;2> — 1) Dg(si2)> MY(1,i,2)
;-1 51(314)+b—° <81> 1) EY(sy) | MI(1,4,2)
2 3 7 € /L 3 7 3 ) Uy
o e+ <sl2>6—1 E(si) | MI(1,4,2)
2 3 1 € ,U 3 ) 3 ) Oy
0= 2 (£ (51) + ELy(512)) MO(1, 1,2
5 13(511) + E43(si2) ) M3(1,4,2)

The subleading-N; double-virtual subtraction term proportional to Ny N ~1 reads:

2
_ Qg 3
dG%NLO,NfN* = N3Ny N ! (277) d®3({p}3;q) J?E )({P}3){

1 o > ,
+ 5 (263(s12) + E(s00) + EJ(s12)) MJ(1,5,2)

245 (52,3(812, si2) + B (512, Su‘)) M3(1,4,2)

AS(s12) M (1,1, 2)
E9(s15) + 3 (s12)) M3 (1,3,2)

E}(s15) + E} (si2) ) MS(1,7,2)
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( (510) + 2O ((Zl;) o 1) A3(312)> MI(1,,2)
7T+ % (Eda(s10) + ELs(s00)) M§(1,¢,2)}. (D.26)

The double-virtual subtraction term proportional to N]% reads:

As

dUNNLO N2 N3Nf (27r) d®3({p}s;q) J:)Eg)({p}?)){

17 —~
1 — B Sg(sh) +5§)(8i2):| Mg}(l,i,Q)
o s borp [ (s1i\ © 0 0/ -
2 — 5 53(811') + — —1 53(811') M3(1,’L,2)
L € L
o s bor [ (si2 © 0 0/1 -
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