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ABSTRACT: Webs are sets of Feynman diagrams which manifest soft gluon exponentia-
tion in gauge theory scattering amplitudes: individual webs contribute to the logarithm
of the amplitude and their ultraviolet renormalization encodes its infrared structure. In
this paper, we consider the particular class of boomerang webs, consisting of multiple gluon
exchanges, but where at least one gluon has both of its endpoints on the same Wilson line.
First, we use the replica trick to prove that diagrams involving self-energy insertions along
the Wilson line do not contribute to the web, i.e. their exponentiated colour factor vanishes.
Consequently boomerang webs effectively involve only integrals where boomerang gluons
straddle one or more gluons that connect to other Wilson lines. Next we classify and calcu-
late all boomerang webs involving semi-infinite non-lightlike Wilson lines up to three-loop
order, including a detailed discussion of how to regulate and renormalize them. Further-
more, we show that they can be written using a basis of specific harmonic polylogarithms,
that has been conjectured to be sufficient for expressing all multiple gluon exchange webs.
However, boomerang webs differ from other gluon-exchange webs by featuring a lower and
non-uniform transcendental weight. We cross-check our results by showing how certain
boomerang webs can be determined by the so-called collinear reduction of previously cal-
culated webs. Our results are a necessary ingredient of the soft anomalous dimension for
non-lightlike Wilson lines at three loops.
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1 Introduction

The structure of perturbative scattering amplitudes in non-Abelian gauge theories contin-
ues to be an important research area due to a wide range of phenomenological and formal
applications. Of particular interest are those universal quantities in field theory that govern
the all-order behaviour of amplitudes. One such quantity is the soft anomalous dimension,
which controls the long-distance singularities of on-shell form factors and amplitudes. These
singularities give rise to logarithms of kinematic invariants in perturbative cross-sections,
which reflect incomplete cancellation between real and virtual correction, and dominate
the perturbative expansion in many instances.

The soft anomalous dimension can also be determined from ultraviolet renormalization
properties of correlators of Wilson-line operators [1-7]. In calculating it one must make
a distinction between the colour singlet case, relevant for example for an on-shell form
factor, where the singularity structure is known in full to three loops (in particular the
angle-dependent cusp anomalous dimension was computed to three loops in QCD in [8, 9]
and to four loops in QED in [10]), and the more complicated case of multi-leg scattering
amplitudes, which is of interest here, where the soft anomalous dimension is matrix-valued
in the space of possible colour flows in the underlying hard process. One must make a fur-
ther distinction between lightlike Wilson lines, corresponding to the scattering of massless
particles, as discussed for example in [11-35] and non-lightlike Wilson lines, corresponding
to the scattering of heavy (coloured) particles, such as top quarks, see e.g. refs. [36-46].
In massless scattering, the soft anomalous dimension is highly constrained [22-25] and it
was computed in full at three-loop order [47, 48]. Furthermore, it was shown [49] that
its precise form can be deduced from general considerations and special kinematic limits.
These considerations do not apply directly to the massive case, and so the state-of-the-art
knowledge of this quantity remains two loops [38]. While specific three-loop contributions
have been directly computed in refs. [44, 45], a complete calculation is beyond the reach
of present methods. In this paper, we continue the calculation of the three-loop massive
soft anomalous dimension, by focusing on a particular class of contributions that have not
been previously obtained.

A particularly convenient language for organising calculations involving multiple Wil-
son lines is that of webs, first developed in the classic work of refs. [50-52] for the two-line
case. The starting point for this formalism is the fact that vacuum expectation values of
Wilson lines are known to exponentiate. Crucially, the logarithm of the Wilson-line cor-
relator can be given a Feynman diagram interpretation by itself, where the term “webs”
refers to the relevant diagrams. In the two-line case in QCD, webs can be conveniently
characterised by the fact that they are two-particle irreducible. Furthermore, their colour



factors are modified in the logarithm of the amplitude, such that all colour factors have the
property of being maximally non-Abelian, i.e. akin to the colour factors of fully connected
gluon graphs. Perhaps unsurprisingly, things are more complicated in the multiparton
case, and a number of formalisms have been developed [45, 53-63]. Here we will adopt the
approach originated in ref. [55] (see also [64] for a review and references [65, 66] for recent
progress beyond three loops), in which webs are closed sets of diagrams related by permu-
tations of gluon attachments on the Wilson lines. Each such web is associated with a web
mixing matriz describing how the colour and kinematic degrees of freedom are entangled
in the logarithm of the amplitude. These matrices have a combinatorial definition that has
been studied from a purely mathematical point of view [67-69], but in this paper simply
provide a convenient way to organise the combination of different Feynman diagrams. The
renormalization of multiparton webs has been spelled out in ref. [57], and involves combin-
ing diagrams at a given perturbative order with an intricate set of lower-order information.
Furthermore, it is known that only certain combinations of diagrams survive in the loga-
rithm of the amplitude, where each is accompanied by a fully connected colour factor [58],
in direct analogy with the two-parton case.

Previously calculated three-loop webs involving massive lines include the broad class of
multiple gluon exchange webs (MGEWs), defined such that the Wilson lines are connected
by multiple gluon emissions, with no three- or four-gluon vertices located off the Wilson
lines. Such diagrams involving four lines (the maximal number that can be connected at
this order) were calculated in the Feynman gauge in ref. [44]. Those involving three lines
were calculated in ref. [45], where an interesting relationship with previous results was
developed. Namely, it is possible to generate parts of webs connecting n — 1 Wilson lines
from those connecting n lines, by taking two lines in a given n-line web to be collinear. The
procedure can then be iterated to generate parts of webs with even fewer lines, and was
dubbed collinear reduction in ref. [45]. It provides a highly nontrivial and useful consistency
check of higher-loop computations, and we will encounter this idea in what follows.

References [44, 45] initiated an ongoing programme of work, to calculate all relevant
diagrams for the massive three-loop soft anomalous dimension. Our aim in this study is to
consider the next natural class of diagrams, namely MGEWs in which at least one gluon has
both its endpoints on the same Wilson line. We shall refer to such gluons as boomerang glu-
ons, and to the corresponding sets of diagrams containing them as boomerang webs. These
were not considered in the above three-loop references, as they present additional compli-
cations related to the presence of ultraviolet divergences when the ends of a gluon meet at
the same spacetime point (possibly with another gluon in between). Such complications
were already present at lower orders (see e.g. [7] for a non-trivial two-loop example), but
must be reconsidered here. Firstly, references [44, 45] have developed a regulator that is
well-suited to isolating ultraviolet divergences in the web approach, and we will need to
see how to generalise this regulator to boomerang webs. Secondly, we must account for
these additional ultraviolet divergences within the general scheme developed in ref. [57] for
renormalizing multiparton webs. We will deal with these issues in the following, and in
turn present explicit results for all boomerang webs up to three-loop order.



Our final expressions form an important contribution to the three-loop soft anomalous
dimension. In addition, we will also see a number of interesting results along the way.
In particular, a large class of individual diagrams entering boomerang webs — namely
those containing self-energy insertions alongside gluons which straddle multiple Wilson
lines — can be proven not to appear at all, at any order in the logarithm of the Wilson-line
correlator. Consequently boomerang webs spanning two or more Wilson lines effectively
involve only integrals where boomerang gluons straddle one or more gluons that connect
to other Wilson lines. Of course, this greatly reduces the number of integrals that need
to be evaluated and simplifies the work required to assemble all contributions. Another
important feature is that our final results can be written in terms of a special class of basis
functions that have appeared already for MGEWSs connecting four lines or fewer [44, 45],
and that have been conjectured to hold for MGEWs more generally. Nevertheless, it is not
a priori obvious that this class of functions would be sufficient to express boomerang webs.
Indeed, while for non-boomerang MGEWs all ultraviolet divergences are associated with the
renormalization of the multi-Wilson-line vertex, boomerang webs feature other divergences
as well. We will see that while the former have a uniform, maximal transcendental weight
of (2n — 1) at n loops, the latter feature a lower and non-uniform weight. Despite this, we
will find that the above-mentioned function basis suffices to express all boomerang webs
to three loops, bolstering the expectation that it applies to this class of webs to all orders.

The structure of the paper is as follows. In section 2, we review necessary properties
regarding the soft anomalous dimension and webs and their renormalization. In section 3,
we consider boomerang webs at one- and two-loop order and discuss their regularisation and
renormalization, preparing the grounds for the rest of the paper. In section 4 we prove the
decoupling of self-energy contributions from boomerang webs to all orders in perturbation
theory. In section 5, we calculate complete expressions for all three-loop boomerang webs.
In section 6, we describe how collinear reduction can be used to check the consistency of
parts of the results of section 5. Finally, we discuss our results and conclude in section 7.
Technical details are contained in six appendices.

2 The soft anomalous dimension from webs

In this section, we review salient details regarding the web formalism that we need for the
rest of the paper. We will be brief, referring the reader to refs. [44, 45, 55, 57, 58] for more
details.

2.1 Wilson lines and the soft anomalous dimension

Let us first consider a Wilson-line operator associated with a semi-infinite straight-line
contour:

®p, = Pexp {igs /Ooo dAB A, (A ﬁz)} , (2.1)

where A, is the gauge field, P denotes path ordering of colour generators along the Wilson-
line contour, A is a distance parameter, and (; the 4-velocity tangent to the curve (n.b.
throughout, we will be concerned with non-null Wilson lines). Our aim is to study the



vacuum expectation value of a product of Wilson-line operators, and to examine its renor-
malization properties, for which we will use dimensional regularisation in d = 4 — 2¢ di-
mensions. However, as is well-known, Feynman diagrams involving Wilson lines vanish
in dimensional regularisation, as scaleless integrals. This can be understood as an exact
cancellation between ultraviolet divergences associated with the vertex (at the origin) at
which the Wilson lines meet and infrared (long-distance) divergences associated with gluons
emitted and absorbed at infinity. To remove the latter, we follow refs. [44, 45] in modifying
each Wilson line, defining instead

<I>(67_n) = Pexp {igs/ gt AH()\ﬁi)e_im’\ ’31'2_“}, (2.2)
¢ 0

where ¢ is the infinitesimal quantity appearing in the Feynman ie prescription. Here m is
an additional regulator that has the effect of dampening emissions with increasing distance
along the Wilson line, thus smoothly removing long-distance behaviour. As has been found
for previous MGEWs, and as we will see in what follows, this regulator is well-suited to
the practical calculation of higher-loop webs. Armed with this regulator, we define the soft
function of L Wilson lines with velocities {0} as

m m
S (’Yija s (p1?), €, M) = <0 “I)gln) ® @g;l) ®...0 <I>(5L)’ 0> . (2.3)

This is gauge-invariant, provided that total colour conservation is obeyed. That is, if T;
defines a colour generator in the appropriate representation of line i [14, 15, 70, 71], one has

Y T;8=0. (2.4)

Equation (2.3) depends on the d-dimensional coupling as(1?) satisfying

dog
dln p2

= —qg |€+ byas + bloz? +.., (2.5)
| ]

where 4 is the dimensional regularisation scale, and on the cusp angles'

o 25@"5]’ :_< ”_|_1> 2.6
T \/Bf—is ﬁ?—is B )’ (26)

where we have defined the parameter o;; associated with each pair of lines 7 and j for

later use. We shall always pick |a;;| < 1. Due to the additional regulator, all singularities
as € — 0 are ultraviolet in origin, and the fact that multiple Wilson-line operators are
multiplicatively renormalizable [3] means that we can then define the renormalized soft

function
m

m
Sren. <7’LJ7 O[S(Mz)a €, M) - S <’Y’L]7 O[S(/’Lz)a €, ﬂ) Z(VZ]) as(u2)7 6)7 (27)

"More precisely, vi;/2 = cosh(¢;;) where ¢;; is the Minkowski-space angle between lines i and j. In
a timelike process, when ¢;; is real, v;; > 2 (or —1 < a;; < 0) while in a spacelike one v;; < —2 (or
0 <ag <1).



where the factor Z collects all singularities associated with the renormalization of the vertex
at which the Wilson lines meet. This leads to the renormalization group equation

d

pg? (i ast).€) = = Z (g, as1), ) T (315, 5%)) (2.8)

where I' is the soft anomalous dimension referred to above: it is a finite quantity that
encapsulates the ultraviolet singularities of Z and S. Each of the Wilson lines @E;:’) in
eq. (2.3) carries independent colour indices in a tensor product, and thus all quantities
appearing in egs. (2.7), (2.8) must be interpreted as matrix-valued in the space of possible
colour flows between the Wilson lines. As such, the order in which quantities appear on

the right-hand side is important. Defining the perturbative expansion?

r (%j,as(u2)> = i (as(u2))n ™ (v5) (2.9)

we may write the solution of eq. (2.8) (suppressing the dependence on the cusp angles and
the scale) as

1 b
y 2 — — M 2 (2 p@ _ 20 pm)
Z(vij, as(p”), €) = exp {ozs 5 'Y+ o <46F 462F ) (2.10)

1 1 1 b2
3 2p® L 2 [ p@] _ 2 (2) MY . % r
+a3 <6€F +4862 [F T } - (bOF + 5T )~|—663F )

1 1 b 1 [ b2
+es (86F(4) * 48¢2 {F(l)’r(g)} “52™ g (eo - bl) e

1 (b 2boby W _ b o e 5
_862<€2_ € to2 | I _4863[F T } —i—(’)(aS) ’

where the S-function coefficients of the d-dimensional coupling are defined in eq. (2.5). The

unrenormalized soft function also has an exponential form, which for now we may write as
(o] (o] n
S (as,€) = exp [w (as, e)} = exp Z Z (as(MZ)) ™) | (2.11)
n=1 k=—n

i.e. w™k) collects all contributions to the logarithm of the soft function at a given order in
the coupling a;, and dimensional regularisation parameter e. Equations (2.8) and (2.11),
together with the requirement that '™ be finite as € — 0 imply [57]

T = g1
1—‘(2) — _4w(27_1) -2 |:w(11_1)’w(170):| ,

1) — _gu®-1 4 gbo (w0, w00] 4 3 [0, D] 4 3 [0, 0]

n [w(1,0)7 [w(1,71)7w(1,0)H _ {w(l,—1)7 {w(l,fl)w(li)ﬂ . (2.12)

2Throughout, we will define the perturbative expansion of other quantities similarly to eq. (2.9) unless
otherwise stated.



That is, the coefficients of the soft anomalous dimension are fixed from the simple pole
in € of the logarithm of the soft function at a given order in as = g2/(4r), together with
commutators (in colour space) of various coefficients at lower order.

We emphasise that the anomalous dimension coefficients must be strictly independent
of the infrared cutoff scale m. Of course, they are also gauge invariant subject to colour
conservation, eq. (2.4), just like the soft function S (as,€) itself. Being independent of
any cutoff, finite and gauge-invariant, the soft anomalous dimension governing all-order
soft singularities is clearly an important physical quantity. With eq. (2.12) in place, we

(n,k)

have translated the problem of calculating it to finding the coeflicients w appearing in

eq. (2.11). This is the subject of the following section.

2.2 Webs and their kinematic and colour factors

Equation (2.12) relates the perturbative coefficients of the soft anomalous dimension to
the coefficients appearing in the logarithm of the soft function, eq. (2.11). As explained in
ref. [55], we may write the total contribution w(™ at each loop order n as a sum of webs:

n) __ (n)
’LU( )= Z w(nl,ng,...nL)’ (213)

(n1,n2,..n1)

where each web

o0
_ (n) _ k,  (n,k)
W(m,ng,-..nL) = ay Win ng,np) — oy Z €W gy (2.14)

k=—n

consists of a closed set of diagrams connecting L Wilson lines, with a fixed number of
gluon attachments (nji,ng,...,nr) on each line, where n; > 0. Although each individ-
ual web (set of diagrams) is by itself gauge-dependent, this language provides a highly
convenient formalism for calculating the fully gauge-invariant soft function. In particu-
lar, contributions from single webs that survive in the logarithm of the soft function have
fully connected colour factors [58]. Furthermore, webs renormalise independently of each
other [44, 57] and feature different analytical properties, making them natural objects to
compute separately [44, 45, 72, 73].

The diagrams in a single web are interrelated by all possible permutations of the gluon
attachments along each Wilson line.®> Each diagram D € Win,,...n;) has a colour factor
C(D) and kinematic part F(D), such that the contribution of the web to w(™ may be
written? in the form

W= Y F(D)RppCD). (2.15)
D,D'eW
3Note however that the set of numbers (ni,m2,...,nr) does not uniquely identify a given web, even at

a given order in perturbation theory. For example W(; 5 3y webs can be formed at three loops by multiple-
gluon exchanges, with or without a boomerang gluon. Of course, three and four gluon vertices off the
Wilson lines also distinguish between webs. We refer the reader to ref. [58] for a full classification of all
webs at three loops, and to refs. [65, 66] for a classification at four loops using correlator webs.

4From now on, we will suppress the attachment indices on a given web Wini,...,n,) Where this is unim-

,,,,,

portant.



The quantity Rpps (a matrix in the space of diagrams) is called a web mizing matriz,
and has a purely combinatorial definition. An algorithm to calculate the mixing matrix
for a given web was given in ref. [55], further combinatorial aspects have been explored
in refs. [67-69], and recent progress beyond three loops was reported in refs. [65, 66].
Physically, the web mixing matrix describes how colour and kinematic factors are entangled
in the logarithm of the soft function.

Although a full understanding of web mixing matrices remains elusive, some general
properties have been well-established. Chief among these is the fact that web mixing
matrices are idempotent, and thus act as projection operators, with eigenvalues A; € {0, 1}.
The rank r of a p-dimensional web mixing matrix is the number of unit eigenvalues. Let
Y be the matrix that diagonalises the web mixing matrix:

YRY ™! = diag(\, Aoy ), A= =0 (2.16)

Then we can write the contribution of a single web as

W= Z (Z]—" > (ZY »C ) FipemH (2.17)

As expressed by the second equality, this has the form of a sum over combinations of kine-

(n)

matic factors Fw.j (one for each unit eigenvalue), each accompanied by a corresponding
[n,L]

colour factor ¢

lines. It has now been proven [58] that each such colour factor is equivalent to the colour

, where n indicates the loop order and L denotes the number of Wilson

factor of a fully connected soft gluon graph. As mentioned above, this is the appropri-
ate generalisation of the maximally non-Abelian property of two-line webs [50-52] to the
multiparton case. We will briefly discuss our basis of these connected colour factors in
section 2.3 below.

Having introduced the colour decomposition of each web in eq. (2.17), we may write
the corresponding Laurent expansion in €, eq. (2.14), more explicitly as

W w0 o Z _Z’” (n) [n,L]
(nin2,.np) = YWy ny mp) = Ps . € n1,n2, np) T 1]:(7117”2’ T (2.18)
=—n Jj=

To obtain the contributions of a given n-loop web to w(™*) of eq. (2.13) we must therefore
(n)

expand its kinematic function f(n17n27 )i in e
(n) o~k (nk)
n J— k n7
}—(nl,nman);j - Z € ]:(nl,ng,..AnL);j’ (219)
k=—n
and then recast the result as
,
(n,k) _ (n,k) [n,L]
Winina,mp) = Z}—(m,nm...m);jcj : (2.20)

j=1



In order to express the anomalous dimension in eq. (2.12) at order n in the loop expansion

we need, specifically, the single pole terms (k = —1) of each web. It is convenient to write
_ (n,—1 =(n,—1) _ a=(n—=1)
™ — _opnw™ )7 oD — Z Wi mmny) (2.21)

(n1,m2,...n1)

where we followed refs. [44, 45] in defining subtracted webs w which include, for each web,
the commutators of the relevant web-subdiagrams taken at O(e!), according to eq. (2.12).
For example, for three-line webs at two loops, according to the second relation in eq. (2.12)
the subtracted (1, 1,2) web is defined as

(2,1 2-1) . L1 -1 1,0 11 a1 1,0
T = Wi+ (W) Yorn) 5 [Uie Y] (2:22)

The colour decomposition of each subtracted web in eq. (2.21) readily follows from eq. (2.20):

—(n-1) o~ (n,-1) (1IN G L) (n,L]
w(n17n27'”nL) o z:lw(nlvn%an)%j o (47“-) ) F(nlvnQr"nL);jcj ’ (223)
i

where the {F(n)

(n1,m2,..n
associated with the colour structure j. These kinematic functions are independent of both

L)'j} carry the kinematic dependence on the Wilson-line velocities

the infrared cutoff scale m and the dimensional regulator and they directly contribute to
the anomalous dimension, eq. (2.21). Their calculation — for the case of boomerang webs
— will be a central goal of the present paper.

2.3 Web colour bases

Given that any superposition of degenerate eigenvectors of the web mixing matrix is also an
eigenvector, the matrix Y in eq. (2.17) is not unique. Put another way, the basis of colour

factors CB"’L}

is also not unique, and one must choose a suitable basis before calculating
all webs at a given order. One such basis was presented in ref. [58], which developed
an alternative language for the logarithm of the soft function. That is, one may think
of the latter as consisting of diagrams composed of effective vertices {VI((I)}, describing
the emission of K gluons from the specific Wilson line [. In general there can be several
such vertices on a given line, but such that their respective position along the line is fully
symmetrised. The colour factor associated with each such vertex is that of a fully connected

gluon configuration. For example, the case of two gluons has only the single possibility
Cshy = 1o, 1°] = ifrer, (2.24)

which is the same as the colour factor associated with a gluon emitted from the Wilson
line, that then splits into two via a three-gluon vertex. For three gluons, there are two
independent connected colour factors, namely

C?(ibl,c _ HTa’ Tb} 7Tc} _ fabdfeche;

i = [T, 1), ) = poct pebie, (2.25)



Ref. [58] showed that any connected diagram — i.e. one that remains connected when the
Wilson lines themselves are removed — composed of such vertices on the Wilson lines, and
ordinary QCD vertices off the Wilson lines, has a connected (“maximally non-Abelian”)
colour factor. In this way the effective-vertex formalism was used in establishing the non-
Abelian exponentiation theorem for multiple Wilson lines. Furthermore, this formalism
provides a neat way to fix a suitable colour basis for webs. For a given web W, 1, . 01,
the possible connected colour factors are generated by the possible assignments of effective
vertices on each Wilson line, commensurate with the gluon attachment numbers {n;}. As
explained in ref. [58], if more than one effective vertex is present on a given line, one
determines the contribution of this line to the overall colour factor by fully symmetrising
over the individual vertex colour factors {C;}:

{C1Cy...Cr}, = % > CpyCry...Chr,. (2.26)
TESy
We can use this to formulate a basis for the overall connected colour factors of webs
connecting L lines as follows. Firstly, let us denote by {Ck ;(l)} the set of (K — 1)!
independent colour factors associated with a given effective vertex V1(<l) on Wilson line [
(examples are given in egs. (2.24), (2.25)). Then a fully general web colour basis is provided
by the colour factors

L
U T {cKl,jl (1) Craio(D) - - Ciyp (z)}+ , (2.27)
I=1
consisting of the different choices of effective vertex factors multiplied together on each line,
and symmetrised according to eq. (2.26). The effective vertex colour matrix C () carries
K adjoint indices, which may be contracted in (2.27) with those of other colour matrices
on any of the Wilson lines. In particular, we will be interested in this paper in boomerang
webs where there are contractions between the adjoint indices of pairs of effective vertex
colour matrices on the same line. As noted already in ref. [58], in this case the basis defined
by eq. (2.27) is expected to be over-complete: there may be linear relations between cg-n’L]
consisting of different sets of vertices Ck ;(I), all having the same total number of gluons
emitted from line [ (out of which some pairs are contracted to form boomerang gluons).
This will become important in section 6.2 (see eqs. (6.10) and (6.25) there) where we will
study a related, highly non-trivial relation between webs spanning a different number of

Wilson lines upon taking collinear limits.

2.4 Kinematic factors of MGEWs

Having addressed the colour structure of webs in the previous sections, we must also de-
scribe how to calculate the kinematic part F(D) of a web diagram D. References [44, 45]
developed a systematic procedure for calculating the kinematic parts of multiple gluon
exchange webs, that will provide a highly useful starting point for what follows. First, we
will use the Feynman gauge gluon propagator in configuration space, which in d = 4 — 2¢
dimensions is

Dy (1) = =Ny (—2® +ie) 1, (2.28)
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where
I'(l1—e
471'2_6 :

N = (2.29)

Furthermore, eq. (2.2) implies that the Feynman rule for emission of a gluon from a Wilson

igsfi€ /0 NSl eV B e (2.30)

These results are sufficient to calculate any MGEW, given (by definition) the absence of

line is

three- or four-gluon vertices located off the Wilson lines. Let us now consider such a web,
consisting of n individual gluon exchanges, where the k"™ such gluon straddles the Wilson
lines i(k) and j(k) # i(k) (i.e. we do not yet allow for the possibility of boomerang gluons).
Letting s and t; denote the distance parameters of the gluon along these two Wilson lines,
the expression for a given web diagram D is given by

FM(D) = (g2 i N)" H <5i(k) “Bitk) /OOO dSkdtk> H [ (Bigkysk — Biwyte)* + if}_lﬁ
X Opl{sk,tr}] exp l—im Z (sk\/ﬂf(k) —ie+ tk\/ﬁ?(k) — 15)1 . (2.31)
k=1

Here ©p[{sk,tr}] consists of a product of Heaviside functions involving the distance pa-
rameters, that implements the ordering of the gluons on each Wilson line. To carry out
the integrals in eq. (2.31), one may first rescale to

O = Sk /,Bf(k), Tk = t].“ /632(k)’ (2.32)

before changing variables according to
op = Tk, Tk = (1 — Tk)Ag; 0< A <o0, 0<a <1, (2.33)

where A\, measures how far a given gluon is from the origin (the hard interaction vertex,
where the Wilson lines meet), and xj is an “angular” variable, which tends to 0 or 1 in the
limits where the gluon is collinear with line (k) or j(k) respectively. Equation (2.31) then
becomes

1 r GF " A o — € _—i(m—1
F (D) = (2g§u2 o ) H l/o dAg Ay, TR TIOA (2.34)

—1+e€

X/OldiL'k’yk [—x%—(l—l‘k)Q—i-’ykiL‘k(l—ka)-f—iE} ]@D[{xk,)\k}],

where vk = i)k is the cusp angle between lines i(k) and j(k), as defined in eq. (2.6).
To proceed, one may define

n
Me = Q—wyi—1) [T, k=1....n, 5 =0, (2.35)
p=k
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so that the exponential-regulator factor simplified to e (=% and after integrating over
Yn, €q. (2.34) becomes (see ref. [45] for more details):

F™ (D) = k" I'(2ne) ﬁ l/l dxy Yk {fﬂi + (1= z)* =y wi(1 = xk)}He]
k=1 L0

n—1 1 ,
< 1 [/0 dyw (1= ypr) 72 g 120 6] Op [ {2k yr}]
k=1

n 1
= K" I‘(2ne) H |:,/0 d:L'k Yk P6 (l'k,’}/k)] ¢(Dn) (a:i;e) y (236)
k=1
where we have defined the expansion parameter
1 ,(m2\ T(1—e
—= — | —— 2.
9 Js <m2> 4m2—e (2:37)

which is convenient at intermediate stages of the calculation. In the second line in eq. (2.36)

K

we also defined the propagator-related function

—1+e€
Po(z,7) = [22+ (1-2)* = 2(1 - 2)7)] (2.38)
and the kernel of diagram D
n—1 1
W (@ie) = ]I l/o dyi (1 —y) yk_m'“] Op[{ziyi}], (2.39)
k=1

consisting of integrals over Heaviside functions originating from the ordering of gluon at-
tachments. At this point it is natural to perform the integrals defining the kernel for each

)
polylogarithms of the variables {x;}. In eq. (2.36), the kernel will eventually be integrated

diagram, expanded as a Laurent series in €, obtaining <Z>gZ in terms of logarithms and
over the variables {x;} after multiplying it with the functions P.(x;,~;) related to the gluon
propagators. The overall divergence in the factor I'(2ne) in eq. (2.36) is associated with
the ultraviolet divergence one obtains upon shrinking the entire soft gluon diagram D to
the origin [44, 45].

All diagrams within a given web (i.e. with the same numbers of gluon attachments at
a given perturbative order) will have an integral expression of the form of eq. (2.36). The
only difference between such diagrams will be the kernel of eq. (2.39), which is the only part
sensitive to the ordering of gluons on the Wilson lines. It then follows from section 2.2 that

the contribution of a web W to the colour structure c[-n L]

;" in our chosen basis is given by

n 1
i)y (i) = w2 ene) TT | [ dmw Pelonw) | o, o, 20
k=1
where, following eq. (2.17), the web kernel is defined by

O (@ise) = Y Yplop (wise) . (2.41)
Dew
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As an example, we collect in appendix A the final results for the kinematic factors {fé(})} of
one- and two-loop MGEWs, after integration over the {yx} variables of eq. (2.39). Similar
three-loop results can be found in refs. [44, 45]. The integrals over the variables {zj}
in (2.41) could in principle also be carried out at this stage. However, in forming the soft
anomalous dimension, one must combine the result for each web with commutators of its
web-subdiagrams, as prescribed by eq. (2.12), leading to the definition of subtracted webs
in eq. (2.21). It turns out that performing the integrals over the {x}} variables at the level
of the subtracted webs is also much easier to carry out than for the web itself. This was
explained in refs. [44, 45], showing that for subtracted webs this integration yields a highly
restricted class of functions, which we briefly recall below.

Following refs. [44, 45], we write each O(a) subtracted web as in eq. (2.23), namely

—(n,— L\" & L
w0 ) = (5) X R ), (2.42)
]:
where from eqs. (2.6) we define v, = —ay — 1/a. Essential to deriving the subtracted

web of eq. (2.42) is the fact that the commutators in eq. (2.12) build up the same fully
connected colour factors as in the chosen basis of section 2.3. The kinematic function
multiplying each colour structure, F‘S(}) ;» contains integrals over the variables {z}}, as well
as the propagator functions of eq. (2.38), rewritten in terms of a:

pewa) = Pie) =~ (a3 folwa)]

q(z,a) = IL‘2—|—(1—$)2—|—<CM—|—;> x(1—x) :_(l—aa)2 (:r:— 1—1a) (:L‘+1(_Xa> .
(2.43)

The factorization property of ¢ (z, ) clarifies the advantage of using the variable « over
using 7 (see also ref. [73]). This ultimately amounts to rationalising the symbol alpha-
bet. The integrals may be carried out after expansion in the dimensional regularisation
parameter €, for which eq. (2.43) becomes

pe (z,00) = po ( Z%[logq x a)}n’ (2.44)

where

po (z,0) = — <a+ 1) L r(a) LU _11 - L , (2.45)

a) q(z,a)

is the leading part of the propagator function as ¢ — 0, and we have defined the rational
prefactor

1+ a?

. 24

r(a) =
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Finally, the subtracted web kinematic factor can be written as

A ) = 1:[ [/ dxr. po zk’ak)} G, (sz‘,Q(ﬂfuaiD

— n n 1 1 B 1 ) (. o

= (1;[ )k 1 [/0 dxy, (wk_ - "E’f+1a2k>] gw;j(xz,q(asz,al))
1

ag
(n)

) () (2.47)
which defines the subtracted web kernel QI(,{,?]., and its fully integrated counterpart GW; e

In all previously studied MGEWs [44, 45], the subtracted web kernel consists exclusively
of powers of logarithms of certain rational functions of xj and «j (details will follow).
The integrals in the middle line of eq. (2.47) are then in so-called dlog form,” and can be
carried out explicitly to give G(W) j (i) as a pure transcendental function of weight (2n—1),
consisting of a sum of products of harmonic polylogarithms, where a given polylogarithm
depends on a single angle a;;. More than this, the functions appearing in the final answer
are of a special type, as we review in the following section. As stated above, we have
considered here only webs that do not contain boomerang gluons i.e. all gluon exchanges
begin and end on different Wilson lines. We will need to generalise the above results to

cope with the case when boomerang gluons are indeed present.

2.5 A basis of functions for MGEWs

Upon integrating the subtracted web kernel for a given MGEW, one obtains a pure tran-
scendental function Gg}) ; taking the form of a sum of products of harmonic polylogarithms
of a;;, where each polylogarithm depends on a single «;;. The analytic properties of such
functions can be efficiently encoded by means of the symbol map [74-77]. It was argued

already in ref. [44] that the symbol of (integrated) subtracted MGEWSs has the highly

restricted alphabet
v
{am Nij = 2 } . (248)

1—aij

This structure realises the two symmetries

1
a— —« and o — — (2.49)
a

at symbol-level. Reference [45] then proposed a set of basis functions consistent with this
symbol alphabet, and in terms of which all currently calculated MGEWSs can be expressed.
To quote the basis, we may use the functions defined in the previous section, as well as the
additional function ¢(z,«) given by

Ing(z,a) = r(la)/oldypo(y,a)ﬂ(x>y) =In (i—ka—l) —1In (i—k;—l) . (2.50)

5Similar observations regarding the dlog form have been made in the context of the calculation of the
cusp anomalous dimension in ref. [73].

— 14 —



The proposed basis for Ggﬁ) ; in eq. (2.47) can then be written as

1 1 g(z, o z N
M n(a) = 7“(0&)/0 dx po(z, o) In® < (a:2 )) In! <1—x> In" §(z, ), (2.51)
where each function in the set has uniform weight w = k+[+n+1. Defined in this manner,
the basis is actually overcomplete, as the functions satisfy the relations

kK n
Miin(a) = (D)3 % (f) (Z) 2577 (=1)* log® (o) Mg—p1rm—s(c) . (2.52)
r=0s=0

For completeness, we quote the symbols of basis functions which occur up to three-loop
order — as well as explicit forms for the functions themselves — in appendix B. There is
currently much evidence that this basis is sufficient for describing MGEWs to all orders in
perturbation theory. Up to three-loop order, it covers all such webs that do not involve
boomerang gluons [44, 45], including those two-line webs that involve intricate patterns of
crossed gluon exchanges. Furthermore, a certain special diagram type, called the Escher
staircase in ref. [45], can be calculated for arbitrary numbers of gluon exchanges, and is
fully expressible in terms of the basis of eq. (2.51). It remains to be seen whether or not
the basis will cope if boomerang gluons are indeed present, and it is one of the aims of the
present paper to explore this.

Note that one of the simplifying features of subtracted web kernels, discussed in detail
in refs. [44, 45], is that higher weight polylogarithm functions (such as dilogs) are absent,
whereas they are present in the web kernel itself. This made it particularly straightforward
to formulate the above basis of functions. However, there is nothing to forbid the possibility
that such dilogs are indeed present in the subtracted web kernel for more general webs.
If so, they threaten to undermine our basis of functions for integrated webs. Another
possibility is that polylogarithmic functions are present, but that after integration one still
requires only the restricted set of basis functions defined above. We will return to this
point later in the paper.

Finally, we point out that neither the simple rational structure of eq. (2.47), consisting
exclusively of powers of 7(«;;), nor the highly restricted transcendental function basis are
expected to hold for non-MGEWSs. In particular, a richer structure was found in the full
angle-dependent cusp anomalous dimension in QCD at three loops in refs. [8, 9] and also
in QED at four loops [10].

3 Boomerang webs up to two-loop order

Having reviewed the properties of MGEWSs and their calculation, we now turn to the main
subject of this paper, which is to calculate boomerang webs, namely MGEWSs containing at
least one gluon whose two endpoints are attached to the same Wilson line. These were not
considered in refs. [44, 45] due to the fact that they present an additional complication,
namely the presence of ultraviolet singularities associated with shrinking a boomerang
gluon to a point on its Wilson line that is not at the origin. These extra singularities must
be regulated and removed, where necessary, via renormalization of the coupling gs. This
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B

Figure 1. The self-energy web at one-loop order.

possibly involves modifying the regulator of eq. (2.2). As a warm-up exercise, we may
consider boomerang webs up to two-loop order, even though these have been calculated
before using different regulators [7]. The lessons drawn may tell us how to generalise the
results of section 2.4 and then apply them at three loops. We begin with the simplest
boomerang web.

3.1 The self-energy graph

The simplest boomerang web one can consider consists of the self-energy graph of figure 1.
This diagram forms a web by itself, given that permutation of the two gluon attachments
sends the diagram to itself. We take the 4-velocity of the Wilson line to which the gluons
attach to be 1, and label the distance parameters of the gluon emission vertices as shown
in the figure. Note that the colour factor of this graph is simply given by

Csp = TOT® = Cp,, (3.1)

where the right-hand side is a quadratic Casimir in the appropriate representation Ry of
the Wilson line. Thus, the colour factor of this graph commutes with the colour factors of
all other graphs or webs, a fact that will be useful later on.

For the kinematic part of the self-energy diagram, we may apply the results of eq. (2.31),
together with the transformations of egs. (2.32), (2.33), to get

> o0 e—1 . -
Fp = 2PN B /0 ds /0 dt [~(tp1 — sp)? +iz| e MEEIVIITE g (¢ > )

— g (ﬁ)N/Ol da [(2;5 - 1)2]6_1 0 (m > ;) /OOO AANNZTl e, (3.2)

where the “cusp angle” in this case is simply 17 = 2, according to the definition of eq. (2.6).
The X integral is easily carried out to give

1 x
FLE = 26T (2€) A @ - 1) _dl)z]“ , (3.3)

2

where we expressed the prefactor in terms of k using eq. (2.37). As discussed in section 2.4,
the pole in e that arises upon performing the A integration is an ultraviolet singularity
associated with shrinking the entire diagram to the origin. It is thus associated with
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renormalization of the cusp vertex at which the Wilson lines meet, and indeed appears in
the soft anomalous dimension at one-loop order [3-5, 12, 13]. We are left with the integral
over the = variable, whose integration region from z = 1/2 to x = 1 is dictated by the
O(t > s) in eq. (3.2). There is of course a symmetry in the propagation of the gluon between
the points of emission and absorption, and swapping the two corresponds to transforming
x — 1—z. The x integral in eq. (3.3) is divergent at the lower limit, for e < 1/2. Physically,
this corresponds to shrinking the self-energy loop to a point away from the origin, and the
fact that the critical value of € is 1/2 rather than zero indicates a power-like, rather than
logarithmic, singularity in four space-time dimensions. We will follow the conventional
procedure of focussing on logarithmic divergences, and therefore only expand about € = 0.
Firstly, one carries out the integral to obtain

1 1
Fii) = 25T (26) 2 —— 3.4
) = 201205 (3.4)
assuming € > 1/2. Next, one may analytically continue to near ¢ = 0. In practice, this
simply means expanding eq. (3.4) about € = 0 to obtain

Fi) = —kT(2¢) [1 + O(e)] = i 497:22 +O(). (3.5)

We see that there is in fact no additional ¢ — 0 divergence in this case from shrinking the
loop to a point. Nor indeed can there be: it is known that the only ultraviolet singulari-
ties that affect Wilson lines are associated with renormalization of the cusp at which the
Wilson lines meet, or with the coupling. There are no singularities associated with field
redefinitions of the Wilson lines themselves. Shrinking the self energy to a point would
indeed correspond to a renormalization of the Wilson line itself, and is hence forbidden.

Here, we have seen that the regulator of eq. (2.2) is sufficient to calculate the self-
energy web at one-loop order. The situation will be different at two loops, as we describe
in the following section.

3.2 The mushroom (3,1) web

We now move to the calculation of the two-loop (3,1) web of figure 2. Diagrams (b) and
(c) in this web contain self-energy loops, and can be calculated using the methods of the
previous section. However, we will see in due course that, although the kinematic factors
of the individual diagrams are non-zero, they do not in fact contribute to the overall result
after combination with the colour factors and web mixing matrix,% as in eq. (2.15). We thus
do not consider them further. More interesting is diagram (a), which has been previously
called the mushroom diagram due to its resemblance to said fungus. This diagram was
of course computed, along with all other two-loop diagrams, in the original computation
of the two-loop angle-dependent cusp anomalous dimension in ref. [7]. We repeat the
calculation here, albeit using a different regulator, preparing the ground for the evaluation
of higher-order diagrams.

SA similar mechanism does not lead to the vanishing of the self-energy web at one-loop (figure 1), as
there is nothing for this to cancel against.
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(a) (b) ()

Figure 2. The (3,1) web.

Notably, diagram (a) contains a boomerang gluon that straddles an extra emission.
Here we again expect an ultraviolet singularity as the boomerang gluon is shrunk to a point.
Furthermore, at least part of this singularity will not be associated with renormalization
of the cusp, as it will instead have to do with the renormalization of the coupling of the
gluon to the Wilson line.

We can again apply the calculational methods of section 2 to obtain a result for the
kinematic part of diagram (a). However, there is a subtlety in how to apply the exponential
regulator of eq. (2.2) for the specific case in which a boomerang gluon straddles an extra
emission. The exponential regulator dampens the emission of a gluon that is emitted
further from the origin along the Wilson line. This in turn means that the endpoints of the
boomerang gluon on either side of the extra emission are not treated equally. The latter
is not a problem when shrinking the entire diagram to the origin i.e. when obtaining those
ultraviolet singularities associated with renormalization of the cusp. However, there is
indeed a problem when trying to cleanly isolate the ultraviolet singularity associated with
shrinking the boomerang gluon to a point around the extra gluon, and which contributes
to the renormalization of the coupling gs. The safest and simplest way to proceed is to
remove the exponential regulator for the boomerang gluon, leaving it in place only for
the gluon exchange that links two different Wilson lines. As we will see explicitly below,
the regulation of the exchanged gluon will be sufficient to dampen the emission of the
boomerang gluon at large distances. Given the rather subtle nature of the problem, we
will present here the calculation of the mushroom diagram in detail.

From figure 2(a), the colour factor of the mushroom graph is given by

1
Cl0) = TVTYTTS = (C — 5N ) T+ T (36)

where Cr, denotes a quadratic Casimir in the representation of line 1, and the kinematic
factor (excluding the exponential regulator for the boomerang gluon) is

F®(ara,e) = g2 N2 (51)* (B '52)/0 dsidsadtidts(—(t1 81 — s151)% +ie) !

X (—(82,31 - t2ﬂ2)2 + ié)ﬁileiimsz \ 6%7i€67imt2 \ 5371’59(151 > 82)0(82 > 81).
(3.7)
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Upon rescaling the parameters:

81\/5%*1'6:0'1 52\/5%*1'6:0'2
tl\/ﬂ%—k:ﬁ tzy/ﬂg—isza

we get:

o0
.7:,52)(0412, €) = g;l/_fkj\f?%/ ddldUngldTQ(—O'% — 7'12 + 201711 + i€)€_1
0

X (=08 — 72 4+ 190972 + ie) Le MO (1) S 59)0(0y > 01). &
We now perform another change of variables,
-
A =01+T1 x:al(;ﬁ
A2 =02+ T y:O'Q‘ETQ
from which one finds
doydm = \id\dz, doodry = AadAady. (3.9)

At this point the integrals over A\, are straightforward: the A; integral is bounded from
both ends by Heaviside functions, which imply

A A
Ly<)\1_ 2Y
T 1—=z

(3.10)

while the Ao integral is regulated by the exponential damping in the infrared, and by
dimensional regularization in the ultraviolet. We thus obtain:

1 1
]-"152)(0412, €) = R2F(4e)1/1 dx (2x — 1)26*2((1 — x)*Qe — :C*QG)/ dy y2€p€(y, a12), (3.11)
e Ji 0

where the lower limit of the x integral is implied by eq. (3.10). Proceeding to evaluate
this integral, we note that in contrast to the self-energy graph of section 3.1, here there

is no power divergence near z — 3; instead, the factor ((1 — z)~2¢ — 27%)

suppresses the
singularity in this limit, so that the integral is well-defined for 0 < € < % Carrying out the

integral one simply obtains:

1
1—26

(87r2> / dypo(y, a12) [412 + <2+1HQ(?/,0412) +2Iny+2In (T/:j )) +O(e )]
(3.12)

F @l fm?,) = #T0T [ ety en)

where in the last step we expanded the expression in €, and switched from the scale i of
egs. (2.30) and (2.37) to the MS renormalization scale, u? = me=7% ji%,

The appearance of a double pole at ¢ — 0 corroborates our above observation that
one expects a logarithmic singularity upon shrinking the boomerang gluon to a point at
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Figure 3. Counterterm graph for the mushroom diagram of figure 2(a), where ® denotes the
counterterm for the gluon emission vertex from the Wilson line.

the gluon emission vertex, in addition to the singularity associated with renormalization
of the cusp. Before renormalizing the cusp singularity as described in section 2 we must
renormalize the gluon emission vertex. To this end we add the counterterm graph of
figure 3, corresponding to the one-loop single gluon-exchange diagram, dressed by a gluon-
emission vertex counterterm which we compute in appendix C. The colour factor with
which the counterterm graph enters is the same as the graph itself (eq. (3.6)), and its
kinematic factor is given by

2

S

1
FRCT (19, 12/m?,€) = ZW () FV (a2, €) = 892 /@F(Qe)/ dy pe(y, a12)
m2e 0

gf L 1 1 MQ 0
= (871'2) /O dypo(y, a12) [—262 ~ 5 (lnq(y,au) +1In <mQ>> + O(e )1 :

where Zf,l) is the one-loop counterterm corresponding to the renormalization of the gluon

(3.13)

emission vertex, and F() is the kinematic part of the one-loop exchange graph. In the
second step we inserted the result for F() from egs. (A.1) and the counterterm from
eq. (C.4), and in the third we expanded in € and switched from z to p as in eq. (3.12).

Summing up the results of the non-renormalized graph, eq. (3.12), plus the counterterm
graph, eq. (3.13), and using the basis functions of eq. (2.51), one finds for the coefficient of
the double pole

2
1 2
F2D = 20 4 FB-ACT o -1 (897?2) r(a12)Mop,0(12), (3.14)
and for the single pole
2
1 2
fé?;;i) =FF D 4 FBUOT = 1 (897:2> r(a12) [M100(a12) — 2Mop0(12)] , (3.15)

where the explicit expressions for My and Mj g0 can be found in appendix B. We stress

that while the latter result can neatly be written in terms of basis functions, the non-

renormalized kinematic function ]-}(Lz’*l) cannot. This is a general feature.” We also point

"Generally, the additional stage of forming subtracted webs will be required for the result to be expressible
in terms of basis functions [44]. We will encounter this in section 5.1.
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out that the dependence on In(u?/m?) has cancelled in the coefficient of the 1/e pole
between eq. (3.12) and eq. (3.13), as it must do given that the infrared regulator m cannot
appear in the final result for the soft anomalous dimension.

We can now use these results to calculate the contribution of the entire web of figure 2
to the soft anomalous dimension. We first need the web mixing matrix, that describes how
to combine the kinematic and colour parts of individual diagrams in the web. Using the
algorithm of ref. [55] (reviewed here in appendix D) for the (3,1) web, we find that the
combination of eq. (2.15) evaluates to

2 -1-1\ /C(a)
(F) Fo) F)) {0 1-1 || co) | (3.16)
0-1 1 C(e)

1
Wen =3

We have already given the colour factor of diagram (a) in eq. (3.6). The colour factors of
the other two diagrams are

C(b) = TY TV T} T5 = Cr, T{T5;
Cle) =TRTP TP TS = C(b), (3.17)

where as usual Cg, denotes a quadratic Casimir in the representation of line i. The fact
that the colour factors of diagrams (b) and (c) are equal, and evaluate to the Cr,-dependent
part of diagram (a), means that eq. (3.16) simplifies considerably to

Wiy = %]—"(a) [2C(a) — C(b) — C(c)] = —%Nc(Tl -Ty)F(a) . (3.18)

The single pole of eq. (3.18) contributes to the two-loop soft anomalous dimension
'@, as prescribed by eq. (2.12). The commutator term that converts the web into a
subtracted web is zero, given that the only lower-order subwebs in the (3,1) web are the
self-energy bubble, and a single gluon exchange between the two Wilson lines. As discussed
in section 3.1, the colour factor of the self-energy graph is a constant, and thus commutes
with all other webs. We can then immediately identify the contribution of (3,1) webs to
the two-loop soft anomalous dimension to be

D gD N~ L 1)?
F( ) 3.1) = —4w(3?1) = ; §NC(T1 . Tj) (27‘(‘) T(Ozij) {2M0,070(Ck,‘j) — Ml’(),o(a,-j)}, (3.19)

where we have used eq. (3.15), and summed over all pairs of Wilson lines ¢ and j (n.b.
each pair occurs twice in the sum, given that the boomerang gluon can be on line i or j).
The result in eq. (3.19) agrees with previous calculations, in particular it can be checked
that it reproduces the (non-Abelian part of the) coefficient of the single-logarithmic term
in eq. (42) of ref. [7] upon relating the kinematic variables according to v = In a.

To summarise, we have shown in detail how to adapt the exponential regulator of
eq. (2.2) to the calculation of boomerang webs. We do it by simply removing this regulator
for boomerang gluons, so as to be able to cleanly isolate ultraviolet singularities associated
with the cusp, from those that have to do with the renormalization of the coupling. The

- 21 —



regularization of the non-boomerang gluons at large distances is sufficient to render dia-
grams in which they are straddled by non-regularized boomerang gluons infrared-finite. A
simplification in the calculation of the (3,1) web was that self-energy diagrams (i.e. dia-
grams (b) and (c) in figure 2) do not contribute to the final expression for the web, despite
the fact that their individual colour factors and kinematic parts are non-zero. In fact, this
property persists at higher perturbative orders, and thus greatly streamlines the calcula-
tion of boomerang webs at three loops and beyond. We present a proof of this result in
section 4, so that we can reliably use it throughout the remainder of the paper.

Considering the contribution of the (3,1) web to the soft anomalous dimension in
eq. (3.19), we note that the general structure is similar to that of non-boomerang MGEWs
analysed in refs. [44, 45], namely an overall rational function r(c;) associated with the
non-boomerang gluon, multiplying a pure transcendental function. Furthermore, the latter
may still be written in terms of the basis functions defined in eq. (2.51). However, while
non-boomerang MGEWs are characterized by a uniform maximal weight (that is the con-
tribution to the anomalous dimension at n loops is of weight 2n — 1) the (3,1) web displays
mixed (non-uniform) non-maximal weight: eq. (3.19) features both weight 2 (M) and
weight 1 (M) contributions. The origin of this weightdrop can be traced back to the
integration over the boomerang gluon yielding the factor 1/(1 —2¢) in eq. (3.12) (¢f. a sim-
ilar factor appearing in the self-energy diagram of eq. (3.4)). This weightdrop is a general
characteristic of boomerang webs and is discussed further below in section 3.3 and in the
context of the three-loop examples in section 5.

3.3 Kinematic factors of boomerang webs

In section 2.4, we discussed the general procedure for calculating MEGWs of refs. [44, 45],
where an explicit assumption of this method was that each gluon propagates between
different Wilson lines. The latter is no longer true once boomerang gluons are present,
and the results of the previous two sections can be used to guide us towards a suitable
generalisation of the MGEW integrand, which encompasses the new feature. Given a
MGEW with n gluon exchanges in total, out of which b are boomerang gluons, we must
modify eq. (2.34) as follows:

1, 5, DA—e\" [ /> 142 —i(m—i
]_—(n) (D) _ <2 g§M2 iW2_5>> H [/0 d)\y, )‘k 1+2€ ( €) Ak
k=1

1 ) 9 o\ e
x/o d;];kfyk(—:l,‘k—(l—l'k) +'yka:k(1—:nk)+zz—:)

< I [/OoodAl AL /01 dm2 [~ (2w~ 1) +ie] ]@D[{xi,xi}}.

l=n—b+1
(3.20)

The first two lines correspond to the n — b non-boomerang gluon exchanges, and follow
a similar format to eq. (2.34), including the presence of the exponential regulator. The
third line contains the integrations associated with the b boomerang gluons, where the
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exponential regulator has been removed as discussed in the previous section. Furthermore,
the propagator function in each z; integral has been replaced with its appropriate form
for v; — 2. Finally, the third line also contains the Heaviside functions implementing the
gluon orderings along the Wilson lines for a given diagram, which may potentially involve
both the boomerang, and non-boomerang, gluons.

While the convergence of the integrations over the distance parameters \; for the
non-boomerang gluons (k < n — b) is clearly guaranteed by the regulating exponentials,
it is less obvious from eq. (3.20) that also those for the boomerang gluons, that is, \; for
all n —b+ 1 <[ < n, are regulated. Closer inspection of these integrals reveals that
they are in fact regulated in all cases of interest, namely so long as Wilson-line self-energy
subdiagrams are excluded.® One way to see this is to observe that each boomerang gluon
then necessarily straddles at least one other gluon emission, be it another boomerang gluon
or a non-boomerang one. Furthermore, each boomerang cluster (a subdiagram involving
one or more boomerang gluons) limits the upper integration limit over some non-boomerang
gluon along the Wilson line, and it also limits the lower integration limit of some (possibly
another) non-boomerang gluon along the same line. Upon performing the integration over
all boomerang \; parameters first, one then necessarily hits both an upper and a lower limit
of integration due to the Heaviside functions ©p [ {;, A;} |, linking the distance parameters
A for the boomerang gluons to those of the non-boomerang ones, A, for £ < n—b, which are
in turn regularised by the exponentials. This mechanism was seen already in the context of
the (3,1) web above (see in particular eq. (3.10)); we now see that it is completely general,
and we will give further examples at three loops in section 5.

It is convenient to rewrite eq. (3.20) so as to expose the general properties of boomerang
webs. To this end, we may introduce variable transformations analogous to eq. (2.35):

n—>b

Me=0=yp—1) [Tvps E=1.....n—b, 5 =0, (3.21)
p=k
where the product now includes the non-boomerang gluons only. One may also decouple the
distance parameters {\;} of the boomerang gluons from their non-boomerang counterparts
by defining
N = Yn—b N, (3.22)

after which one may perform the y,_; integral in eq. (3.20) to obtain

n—>b n
Fn) (D) = k" F(Qne)kl;ll [/Oldl‘k Vi Pﬁ(xk’fyk)] H l/lldxl [(2:81—1)2]6—1] qbgl)({%}, e,

l=n—b+1L" 2
(3.23)
where the kernel is now defined by
n—b—1 1 n o _ ~
Dteidio=2 T1 | [ -y 292 T | [T ep[fa 5w,
k=1 .70 I=n—b+1"/0
(3.24)

where the )\; integrals are bounded by the Heaviside functions, as explained above.

8 As mentioned above, those which are excluded (see figure 5), will be shown to have a vanishing expo-
nentiated colour factor in the next section.

~ 93 -



The general representation of boomerang MGEWs in eq. (3.23) gives us an opportu-
nity to recall some of the general properties of MGEWs [44, 45, 73|, and then pinpoint
the differences between those containing boomerang gluons and those which do not. Equa-
tion (3.23) much like its boomerang-free analogue, eq. (2.36), represents at n-loop order
an integration over the 2n positions of emission and absorption of the n gluons along the
Wilson lines. As we have seen in the previous section, these integrals ultimately lead to
a result for the subtracted web, that is a contribution to the soft anomalous dimension,
taking the form of eq. (2.47), with a rational factor consisting of a factor of r(cy;) for
each gluon exchange between lines ¢ and j, multiplying a pure transcendental function of
{ci;} with polylogarithmic weight 2n — 1. Equation (2.36) explains the origin of this pure,
maximal weight structure: every integral over yj in eq. (2.39) is an integral over a dlog
form, with endpoint singularities regularised by € > 0. The resulting kernel is therefore a
pure function of weight n — 1, that is, the €® term in its Laurent expansion is of weight
n — 1, and upon assigning € weight —1, all the terms in the Laurent expansion have the
same weight. A similar thing happens at the next stage, when the kernel is integrated with
respect to the propagators in eq. (2.36). At this stage the linear denominator is generated
by the propagators (see eq. (2.45)), and again, each and every integral over xj, results in an
increase of one unit in the transcendental weight. This is true for each and every diagram
contributing to the web, as well as the commutators entering the subtracted web.

Consider now the analogous structure of the integration in the case of boomerang webs.
In eq. (3.24) we see n—b— 1 integrals over non-boomerang y variables plus b integrals over
boomerang distance scales ;. Both are of dlog form, regularized by € > 0. Thus, again
in total we have n — 1 integrals each contributing to the weight of ¢p. The latter must
therefore still be a pure function of weight n — 1. The differences to non-boomerang webs
occur at the next step, when integrating over the kernel in eq. (3.23). First, a factor of ()
is only generated by the n — b non-boomerang propagator integrals over xj. Second, while
each of the latter integrals is a dlog form, regularised by ¢ > 0, which therefore increases
the weight by one unit, the remaining b integrals over z; take a rather different form:

/11 dy (20 — 122 (), (3.25)

where the ellipsis denotes the remaining integrand, containing Heaviside functions which
may depend on the {x;}. Such integrals contain a potential divergence associated with the
lower limit x; — % This lower limit of integration corresponds to a local (instantaneous)
emission and absorption of the boomerang gluon. Integration over z; in eq. (3.25) produces

a factor of )

1— 2¢

(3.26)

in the final expression for the kinematic function of the corresponding boomerang web
diagram.

The pole at € = % represents a linear power divergence. We have already seen such
a factor in the self-energy web in eq. (3.4) as well as in the (3,1) web in eq. (3.12). We
now see that this is a general feature of boomerang webs. We further note however that
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there is a qualitative difference between the above two cases. In the self-energy web, the
extra factor (...) in eq. (3.25) is absent, so the integral only exists for € > , and one must
first compute it there and then analytically continue the result towards ¢ = 0, where it is
ultimately expanded. In contrast, in the case of the (3,1) web we can see from eq. (3.11),

—2e

as already discussed there, that a factor of the form ((1 — z)~%¢ — 272¢) regularises the

endpoint singularity at = = % It is also clear that the occurrence of this regularising
factor is rather general: it appears due to the difference of the two limits of integration
over the boomerang gluon ); (this is A; in eq. (3.10)), which must both coincide with the
emission point of the other gluon when the boomerang gluon is contracted to a point. This
would therefore be the precise form of the factor (...) in eq. (3.25) whenever a boomerang
gluon straddles a single gluon emission. The same considerations apply more generally:
whenever a boomerang gluon straddles other emissions at some position Ag on the line,
both the upper and lower limit of \; coincide with Ag when the boomerang gluon is shrunk
to a point, namely at z; — % We therefore expect that the factor (...) multiplying the
singularity at z; = %, would always have a Taylor expansion that begins with a linear
1

term, (x; — %) This factor regularises the double pole at x; = 5 and renders eq. (3.23)

well-defined for any ¢ > 0. Of course, poles at ¢ — 0 will be generated due to end-point
1
2
survives. These features are already present in the example of the (3,1) web in eq. (3.12)

singularities. In addition, despite the regularising factor in eq. (3.25), the pole at € =

and we shall illustrate them in more complex three-loop examples in section 5.

1

29
have on the transcendental structure of the kinematic function F(™ in eq. (3.23) are clear:

The implications the analysis above, and specifically the presence of the pole at € =

instead of increasing the weight by one, as the usual propagator integrals xj in eq. (3.23)
do, the b boomerang integrals leave the weight unchanged in as far as the contributions
arising from the leading term in the expansion of eq. (3.26) are concerned, and decrease it
further in contributions arising from higher-order terms in the € expansion. This implies,
first, that the maximal weight attained in the relevant subtracted web is 2n — 1 — b, i.e.
a weight drop of one unit for every boomerang web when compared to ordinary MGEWs
of the same loop order, and second, that when higher-order terms in the ¢ expansion are
relevant, the subtracted boomerang web would feature mixed (non-uniform) weight. These
phenomena were exemplified in the (3,1) web, which features basis functions with weights
2 and 1 (to be contrasted with the maximal weight of 3 of subtracted two-loop MGEWs,
see [44, 45]). We will see further examples of this at three loops in section 5 (see a summary
in table 2 there).

In order to present explicit results, it is useful to generalise the definition of a subtracted
web kernel from eq. (2.47), to the case in which boomerang gluons may be present:

n—>b 1
Fil(ei) = I[ [ /0 dzy po<mk,ak>] G (wir (i, o). (3.27)
k=1
Here, as above, b is the number of boomerang gluons, and thus the integration only in-
cludes propagator functions associated with non-boomerang exchanges. Having discussed
the general kinematic properties of boomerang webs, let us now return to the decoupling
property of self-energy-type diagrams discussed in the previous section, namely that web

— 95—



Figure 4. The (2,4) web, where we have assigned replica indices to the gluons in diagrams (g)
and (j). Although not drawn here, it is assumed that additional Wilson lines emanate from the
Wilson-line cusp.

diagrams spanning two or more Wilson lines, which contain self-energy subdiagrams (such
as those in figures 2(b) and 2(c)) do not contribute to the soft anomalous dimension at
any order.

4 Decoupling of self-energy diagrams at all orders

Boomerang webs at arbitrary orders in perturbation theory will contain many individual
diagrams in which gluons form self-energy-like loops, without straddling one or more gluon
emissions that leave the Wilson line. The aim of this section is to formally prove that
such graphs do not end up contributing to the web after combination with the web mixing
matrix of eq. (2.15). Put another way, if we define the exponentiated colour factors of
diagrams in a given web via

C(D) =) RppC(D), (4.1)
T

where C'(D) is the conventional colour factor of diagram D, then the exponentiated colour
factor of a diagram containing a self-energy loop is zero.

To guide the proof, let us first consider a non-trivial example, namely the (2,4) web
of figure 4. This has 12 diagrams, 6 of which — diagrams (g) through (1) — involve self-
energy bubbles. Let us take two of the graphs, namely (g) and (j), and show that their
exponentiated colour factors vanish. To this end, we can perform a replica analysis as in
ref. [55] or appendix D, and we have labelled the gluons in the figure with appropriate
replica indices (i,7,k). In table 1, we show the possible hierarchies h of replica indices,
together with their multiplicities My (h). We also show, for each diagram D, the colour
factor of the diagram obtained from ordering the replica indices along the Wilson line (such
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h Rlglh] | R[j|h] My (h) O(N) part of My (h)
i=j=k| Clg) | CU) N 1
i—j<k| Ch) | cm IN(N - 1) -3
i=j>k| Clg) | Clg) IN(N - 1) -3
i—k<j| ) | cm IN(N - 1) ~3
i=k>j| Clg) | Clg) SNV - 1) -3
j=k<il| Clg) | C() FN(N —1) -3
i=k>i| c6) | c IN(N - 1) -3
i<j<k| CG) | Cl) | AN(N=1)(N—2) 3
i<k<jl| ct) | ct) | INN-1)(N-2) 3
j<i<k| C(h) | C(h) | tN(N—1)(N -2) :
j<k<i| Clg) | Clg) | sN(N—1)(N-2) 3
k<i<j| C(h) | C(h) | sN(N —1)(N —2) 3
k<j<i| Clg) | Clg) | eN(N-1)(N—-2) 3

Table 1. Replica analysis of the (2,4) web of figure 4.

that larger replica indices are closer to the Wilson-line vertex), labelled by R[D|h]. The
exponentiated colour factors of the two diagrams considered are given by eq. (D.1), and
we find

5 Clg) _Clh) _CGH).
oy = -C8) O 200 )0l

We may now use the fact that a self-energy loop contributes a factor 7T = CRp,
to the colour factor of any web diagram, which is diagonal in colour space. Thus, graphs
which differ only by the placement of a self-energy loop on a given Wilson line have equal
colour factors. For the specific web of figure 4, this implies

Clg)=C(h)=C@),  C()=Ck)=C() (4.3)
Equation (4.2) then immediately implies
C(g) = C(j) = 0. (4.4)

In the above replica analysis (and as noted in ref. [55]), a hierarchy h containing r
distinct replica indices has multiplicity

(4.5)
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Figure 5. (a) General web diagram containing a self-energy loop, where the rest of the diagram
G consists of a number of connected pieces; (b) generalisation to include a non-trivial subdiagram
H in place of the self-energy loop.

and thus contributes the following to the O(NNV) part of the replicated colour factor:
MyTh(r)]| = (4.6)

Now consider a general web diagram D containing a self-energy loop on line i, as shown
in figure 5(a). Here G is the rest of the graph, which must contain at least one gluon
connecting to another Wilson line, and may potentially consist of a number of connected
pieces. Let us assume that a hierarchy of replica indices has already been assigned to G,
and that this has r distinct indices. For a given hierarchy h of replica indices for the entire
diagram, we must reorder those gluons on line i whose replica numbers differ. However,
this reordering can never make the self-energy loop straddle another gluon emission: both
endpoints of the boomerang gluon have the same replica number, and so cannot appear
on opposite sides of another gluon attachment whose replica number is different. The
most that can happen is that the self-energy loop as a whole is shifted along the line.
According to eq. (D.1), for each hierarchy h, we must record the colour factor R[D|h]
obtained after the reordering. The contribution to this colour factor from the self-energy
loop is Cg,, which is diagonal in colour space. Given that the hierarchy of replica indices
for the subgraph G have already been fixed, it follows that for every hierarchy A (including
the replica index for the self-energy loop), the reordered colour factor R[D|h] is the same,
and given by

R[D|h) = Cr, RG] (47)

There are then two possibilities when inserting replica index i of the self-energy loop to
give the full hierarchy h:

1. The index i is the same as one of the r indices already assigned in G. Here the h con-
tributes with a multiplicity factor (—1)"~!/r, from eq. (4.6). There are r choices for
1, so that the contribution to the exponentiated colour factor from all such choices is

(_1)T_1 r—1
richR[GVl] = (_1) CRZR[GVZ]’ (48)

r

where we have used eq. (4.7) in eq. (D.1).
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2. The index 17 is distinct from the r indices already ordered in G. Now there are r + 1
distinct replica numbers in total in A, so that h has a multiplicity factor (—1)"/(r+1).
There are r + 1 possible placings for the replica index i (i.e. it may be less than or
greater than any of the existing r replica numbers), and thus the total contribution
to the exponentiated colour factor is

(=1)"
r+1

(r+ 1) =L CR,RIGI] = (~1)"Cr, RIG|1] (4.9)

Adding together eqgs. (4.8) and (4.9), the total contribution to C'(D) from the hierarchy h
for subdiagram G is
(=1 4+ (=1)7) Cr,RGIA] = 0. (4.10)

The full calculation of C'(D) requires a sum over all hierarchies for the full diagram. This
is easily rewritten as a sum over all hierarchies, h, of G then a sum over all assignments
of ¢ for the extra gluon. Each of these sub-sums is zero by eq. (4.10), hence the required
result that indeed C(D) = 0.

To clarify the above proof, we can revisit the replica analysis of the (2,4) web in table 1.
Considering first diagram (g), the subdiagram G consists of a ladder of two gluon exchanges
between the two active Wilson lines. There are then three possible assignments of replica
indices j and k to G. If j = k (corresponding to r = 1 distinct indices), then in assigning a
replica index to the self-energy loop one may choose i = j or ¢ # j. When the index i is the
same as (7, k) one obtains the colour factor C(g), with multiplicity factor 1. Alternatively,
we may have i < j or i > j, giving colour factors C'(i) or C(g) respectively, and each with
a multiplicity factor of —1/2. However, C(g) = C(i), so that the total contribution to the
exponentiated colour factor is C'(g)(1— % — %) = 0. A similar analysis can be applied to the
other possible hierarchies j < k and j > k for the subdiagram G, and also for the second
diagram (j) considered in table 1.

As well as the above result for self-energy loops, we can also prove a more general result.
Consider replacing the self-energy loop in figure 5(a) with a subdiagram H consisting of
more than one connected piece in general, but such that none of its gluon attachments
on Wilson line ¢ straddle any gluon emissions not in H. Let us again label the complete
diagram by D, containing the subdiagrams G and H, such that H is assumed to only
attach to Wilson line ¢, while G involves attachments to ¢ and other Wilson lines. We
shall now show that the exponentiated colour factors for such diagrams vanish (a result we
will use for three-loop boomerang webs in section 5). Let us assume that r replica indices
have been assigned to G, and s indices to H, where the latter potentially overlap with the
indices in G.

As in the previous proof, we will split the sum over all replica index hierarchies into
a sum over sums, which between them cover all hierarchies. We will then show that each
is zero. To do this, we define a sub-hierarchy, {{r},{s}}, of a replica hierarchy h to be
the separated ordering for G and H. This is equivalent to undoing a shuffle. For example,
h = {r1 < s1 =rg < sy < rs}, has sub-hierarchy {{r1 < ro <r3},{s1 < s2}}. Each h has
a unique sub-hierarchy, but many different hierarchies may give the same sub-assignment
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£ Vi

(a) (b)

Figure 6. (a) Generalised self-energy diagram on a single Wilson line, with replica indices 7 and
J; (b) replica ordered version, if ¢ < j.

(e.g. r1 < 81 < rg < sg < r3 gives the same sub-hierarchy as above). We then split the
sum in eq. (4.1) according to sub-assignment:

(D) =3 Mulh(r, )|, RIDIR = 37 > Ml s)| o RIDIA,
allh {{r}{s}} allh>{{r}.{s}}

(4.11)
where R[D]h] is the colour factor of the diagram obtained from D after hierarchy h is
applied.

For a given assignment {s} of replica indices to H, the subdiagram will split into a
number of pieces, each of which has a colour factor proportional to the identity, as we are
only considering diagrams where H does not connect to any Wilson line other than ¢ and
furthermore does not straddle any gluon in G on line i. An example for H is given in
figure 6(a), which shows a subgraph on a single Wilson line, consisting of two overlapping
self-energy loops. If we assign replica indices such that ¢ < j, the graph will split into two
separate self-energy loops (figure 6(b)), each with colour factor Cg,1, which is different to
the colour factor of figure 6(a). We use the organisation of the sum in eq. (4.11), to treat
the contribution for each hierarchy of H separately, so in this example the hierarchies with
i = j are considered separately to those with ¢ < j.

For a fixed assignment of the r replica indices to G and s indices in H, different
hierarchies of the full set of replicas will potentially reorder the parts of H along the
Wilson line, according to the mutual ordering between the indices of G and H. However,
because both before and after this reordering none of the subdiagrams in H straddle any
gluon emissions in G and the colour factor of the subdiagram H (and its subdiagrams
if present) are proportional to the identity, it follows that all choices with the same sub-
hierarchy {{r}, {s}} will lead to a diagram with the same colour factor. We may express
this common colour factor as the product R[G|{r}] R[H|{s}], noting explicitly that it
depends on the choice of the r indices in G and s indices in H, but not on how they are
interleaved.

Combining H and G, we will have a total number of indices
n=r+s—=k, k&[0,min(r,s)] (4.12)

where k£ is the number of indices that overlap (i.e. are set equal) between G and H. From
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eq. (4.6), the overall hierarchy h will contribute with a multiplicity factor

(_1)n71 _ (_1)r+sfk71

n r+s—k

Returning to the expression for the exponentiated colour factor of D in eq. (4.11), we have
now found that the inner sum can be written as

min(r,s) rts—k—1
(=
Y. Mylars)]|  R[DIE] = RIGHIHRIH{sY DY Nesp————
Al ([} ) oy . T+S_f )
4.13

where N, ;1 is the number of ways of assigning r indices to G' and s indices to H, with &k
overlaps. To find this, first note that there are » + s — k distinct indices in total. There are

()

ways of choosing which indices correspond to the overlapping ones. Of the r + s — 2k
remaining indices, (r — k) must be chosen to be the remaining indices of G (which has r
distinct indices in total), for which there are

r+s—2k
r—k

possible choices. The remaining s — k indices are then automatically the remaining indices

in H, and one thus finds
Nooy = r+s—k r+s— 2k ‘ (4.14)
"~ k r—k

Note that N, ,j is symmetric under <+ s as it must be. From eq. (4.13), the total
contribution to the exponentiated colour factor of diagram D is then

min(r,s) s — ris— _1\r+s—k—1
RIGHARIFNsH Y ( - ’“)( * _,f’“)““. (415)

= r+s—=k

To carry out the sum, we may write it as an infinite sum, i.e.,

mii(f’s) r+s—k r4s—2k\ (=1)rts7k-1
k r—k r+s—k

k=0
_ mlnz(ﬂs) 1—‘(7’- + S — k/‘) (_1)r+s—k—1
S KID(r—k+ 1)D(s — k + 1)
0 I(r+s—k) —k—1
S KID(r — k + D)I(s — k +1)
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relying on the fact that for integer r and s the I' functions in the denominator render all
terms with k£ > min(r, s) identically zero. Next we may consider generic values of r and s,
for which one may establish that

S L(r+s—k) rs—k—1 ris_q sin(mr)sin(ms)
kX:;) k!I‘(r —k+ 1)F(S —k+ 1) (_1) = (_1) " 1777"3 sin(?T(T -+ s)) ’ (4'17)

which vanishes in the limit where r and s are positive integers. Thus, each assignment
of r replica numbers to the subdiagram G and s replica numbers to the subdiagram H
in figure 5(b) leads, upon summing over all hierarchies, to a vanishing contribution to the
exponentiated colour factor of the whole diagram. Hence, exponentiated colour factors of
diagrams which can be split as in figure 5(b) are zero.

Note that a consistency check of the above proof is that for the case s = 1, the sum in
eq. (4.15) reduces to just two terms, k = 0 and k = 1, yielding

RGHAI RIS |+ )L EV )
r+1 T
as encountered in the previous proof (cf. egs. (4.9) and (4.10)).

In summary, we have shown that graphs of the general form of figure 5(b), in which
G and H are subdiagrams consisting (in general) of any number of connected pieces, such
that H connects to a single line and does not straddle any emission in G, have vanishing
exponentiated colour factors. Thus, from eq. (2.15), their kinematic parts do not contribute
to the logarithm of the soft function, and so do not have to be calculated. For example,
we will see in section 5 that of the 15 diagrams in the (5,1) web, only 4 have non-zero
exponentiated colour factors. This greatly simplifies the calculation of boomerang webs at
three-loop order, which we proceed to do in the following section.

We note that in the above proof we required that G contained at least one gluon
connecting to other Wilson lines. This means that the proof above does not apply to
webs which consist of multiple boomerang gluons on a single line and nothing else. Indeed
these pure self-energy webs are not zero (as we saw with the one-loop self-energy graph in
section 3.1) and they do contribute to the soft anomalous dimension. However, because
they involve just a single line, these contributions must be entirely independent of kinematic
variables and we do not consider them further in this paper.

5 Boomerang webs at three-loop order

In the previous sections, we have prepared the necessary ingredients for the calculation of
boomerang MGEWs. We will now focus on the explicit calculation of these webs at the
three-loop order. We have seen that at two loops there is a single boomerang web, the (3,1)
web. At three loops there are five: two webs involving three Wilson lines, (1,1,4) and (1,2,3)
and three webs involving two lines: (3,3), (5,1), and (2,4). As before we shall not assume
colour conservation amongst the Wilson lines involved, allowing for a hard interaction
vertex involving more lines. The three-line webs are discussed first, in section 5.1, followed
by the two-line ones in section 5.2.
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5.1 Boomerang webs connecting three Wilson lines

For three-loop webs connecting three lines, the colour basis of eq. (2.27) can be written in
the explicit form? [58]

3,3 b

i = — poce prler{ oD T — {1, T T, T)(TY, T
o5 = — e TP T = (T YT, T, T
et = — e T Ty T = [T, TS, TI TS, T5)

1 1
¥ = —Sigeed oS PUSTITYT = SiN TP TYTS = (17, 1Y) (18, T 73 )

For each three-line web, the combinations of kinematic factors accompanying each colour
factor have already been derived in ref. [58] using the corresponding mixing matrices. There
are two distinct boomerang webs connecting three lines, namely the (1,1,4) web of figure 7,
and the (1,2,3) web of figure 8. Let us consider each in turn and compute the relevant

integrals.

5.1.1 The jelly-fish (1,1,4) web

The (1,1,4) web consists of twelve distinct diagrams, where six of them (diagrams (g)—({)
in figure 7) contain self-energy loops, and are thus irrelevant according to the results of
section 4. Following the approach of sections 2 and 3, the kinematic parts of the first six

diagrams can be written as

1 d 1
Fp(aus, sz, €) = "G?’F(GE)/l [(233_:;)2]16/0 dydz pe(y, a23) pe(z, a13)¢p (7, y, 23 €) ,
’ (5.2)

where D € {a,b,c,d,e, f}, and we present the calculation and results for kernels ¢p in
appendix E. The results ¢p(z,vy, z; €) are presented in egs. (E.7) through (E.12), both as
hypergeometric functions depending on z, y and z, with € shifting the parameters away
from integer values, as well as through an expansion in powers of €. These expressions
are useful to illustrate the general discussion around eq. (3.25). Indeed, we observe that
each diagram kernel consists of differences between pairs of hypergeometric functions, which
vanish at x = %, providing a linear suppression near the lower endpoint of the = integration
in eq. (5.2), such that the double pole associated with the boomerang gluon propagator is
regularised, rendering this integral well-defined for small positive e.

We further point out that the suppression of the enpoint singularity at = % can also
be easily seen after the e expansion of the kernel. For diagrams D € {¢,d, e, f}, where the
boomerang gluon straddles a single emission, the e-expanded kernel ¢p(zx,y, z;€) begins
with ~ %ln((l — x)/x) providing linear suppression of the x = % singularity. In turn, for
diagrams D € {a, b}, where the boomerang gluon straddles two emissions, the e-expanded
kernel ¢p(z,vy,z;€) begins with In?((1 — z)/x) providing a quadratic suppression of this
singularity.

9Note that here we use the usual anticommutator notation {17, Tib} = TAT? + TPTY, rather than the

notation of eq. (2.26) which includes an extra factor of 1/n! =1/2.
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Figure 7. The (1,1,4) web.

The exponentiated colour factors for the six diagrams are [58]

Cla) = %(CE’?’] — Py, C(b) = %@g&?ﬂ + i) (5.3)
Cte) = () = e, Cle) = C(f) =~

where we used the basis of colour factors of eq. (5.1). The complete renormalized web can
then be written in this basis as

Wi = Foaps + i | Fana + FQhaya)

1 1
— IS F R+ BV Rk Rt Pt Fa-Fo-F) (s

)

1
+3 (FST+ FgT = T = FFT

where FST is the counterterm contribution associated with the renormalization of the gluon
emission vertex in diagram D, analogous to eq. (3.13) for the (3,1) web. Note that the
counterterm contributions enter with the same coefficient as the diagram they renormalize,
thus removing any singularities associated with the shrinking of boomerang gluon loops to
a point. As is implied from eq. (5.4), counterterm graphs are not required for diagrams
(a) and (b) in figure 7: such a counterterm would correspond to the renormalization of a
two-gluon emission vertex coupling to the Wilson line, which is not required.
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Using the integrals of eq. (5.2) we immediately find the results for the kinematic func-
tions F(1 1 4y;3 and F(1 1 4).4 defined by the combinations of contributions from individual
diagrams in eq. (5.4); these two are given respectively by egs. (E.15) and (E.19). In
turn, each of the counterterm contributions entering ngl )4 consists of the factor Z»L(,l)
of eq. (C.4) multiplying a lower order graph, obtained by shrinking the boomerang gluon
to a point. For each of the diagrams (¢)—(f) in figure 7, the lower-order diagram will be
one of the members of the (1,1,2) web of figure 18, after relabelling of the Wilson lines.
Indeed, the combination of graphs appearing in eq. (5.4) is precisely such as to construct
the combination of kinematic factors found in the (1,1,2) web (see ref. [55]) and we may
thus write

f((f,T1,4);4(061370423, Mz/m2> €) = _Zél)'r((i)lg)(al&a%)

1( g ! 1 z 7., z
9\l 82 /Odydzpo(y,azz)po(%am) ten(y>+e[2L12 (_y) (5.5)

— 2Liy (—z) +1In <Z) (ln (q(y, a23)q(z,013)) + 21n <::2>> ] + (9(60)},

using egs. (A.2) and (C.4).
(3,3]

To obtain the renormalized kinematic function multiplying ¢; ™ in (5.4) we now sum

up the unrenormalised function of eq. (E.19) and the counterterm contribution of eq. (5.5),
obtaining

]:(1,1,4);4(0413, 023, :U’2/m2a €) + f((f,TlA) 4(013, 23, MQ/TTLQ, €)

)

_ (% 31/1ddz (y, aa3)po(z, )ln(z>
“\322) 8/ yaz poly, 23)pol 2, 12 y (5.6)

1+1
e €

where we note the cancellation of all dilogarithms at O(1/¢). With this we have completed

6 +31In(yz) — In(q(y, a23)q(2, a13)) + In (:;)

+ O(eo)},

the computation of all ingredients in the renormalized (1,1,4) web of eq. (5.4).

For the contribution of this web to the soft anomalous dimension, we must combine
eq. (5.4) with the commutator contributions appearing in eq. (2.12), to form the subtracted
web Wy 1 4) as follows:

(3,1 3-1) 1 — 7 1 , — 1 , —
w(1,1,4§ = w((1,1,4) + 3 [w(2 2) 1)} -5 {w(lo)’w(z 1)} -3 [w(Q 0) 41 1)} . (5.7

Note that, as always, all w(™*) entering this expression are defined including the countert-
erms associated with the renormalization of the gluon emission of the Wilson line.

The two lower-order webs which occur in the (1,1,4) web are the single gluon exchange
web and the (3,1) web, where the latter has been calculated in section 3. The commutators

(3,3]

of these do not yield anything proportional to the colour factor c They do give a
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3,3]

contribution to the colour factor c; ™, with the kinematic function

f(cl?f?4l§l;4(a137 ags, 1i° /m?,€)
1 _ _ _
= 5 [Fan? (@) F D (ars) = FE P (1) FOD () + FG P (azs) FHO (o)

—Fiana1s) FEO (azs) — Fioy) () FO~ (o) + }"((32,’?))(0413)5’:(1’_1)(0423)} 59
5.8

= 8¢ \ 812

+ (2 +In(yz2)) (ln q(y,a23) —Ing(z,a13) — In (;)) —1In (;) In (::;) }

Note that similarly to eq. (5.6) this result is manifestly antisymmetric under the interchange

1 (g2 - 1.5 1. 9
/0 dydz po(y, a23)po(z, a13) §ln Q(Z,Oél?))*iln q(y, a23)

of a3z and ay3. This permutation symmetry is of course consistent with Bose symmetry
and the fact that the colour factor ¢ in (5.1) is antisymmetric.

Similarly to egs. (2.42), (2.47) we can write the final result for the (1,1,4) subtracted
web in terms of integrals over subtracted web kernels. Specifically, we define

1
F((i)174);¢(0413,a2376)=/0 dévldl‘on(!El,0413)]90@2,0423)g((i)1,4);i(951a902,041370423) (5.9)

for ¢ = 3,4. After adjusting for normalisation, we find g((f)l 3 from eq. (E.15) and g((f)l nw

from the sum of the ¢! pole in eq. (5.6) and eq. (5.8):

472
g((i)),)l,4);3(aj1’ x2,013, 0423) = _77
1 To, o1, 0
g((f,)l,4);4($1a952,0&1370423) 9 [4 n ((1(295223)> —41In (W) (5.10)
2 1
g (Memom) g (o))
x5 22

Again, the antisymmetry under the interchange of as3 and a3 is manifest. The In(u?/m?)
terms have cancelled in the 1/e pole, as they must do to ensure that the soft anomalous
dimension does not depend on the regulator m. Carrying out the remaining integrals, we
obtain the kinematic factors for the subtracted web (defined as in eq. (2.47)):

472
F((i)174);3(0413, ag3) = —Tr(a13)7’(0423)M0,0,0(0413)Mo,o,o(Oé23);
. 1
F((f,)174);4(04137 a3) = §T(013)7’(0423) [4M1,o,0(0423)M0,0,0(a13) — 4M; 0,0(013) Mo,0,0(c23)
— My 0,0(aa3)Mpoo(cas) + MQ,O,O(Q13)M0,0,0(0423)} , (5.11)

where the My ,(a ;) are defined in eq. (2.51). Explicit expressions for these functions
and their symbols are summarised in appendix B. Note that the first result in eq. (5.11)
contains an overall factor of w2, which itself has a non-zero transcendental weight. It is
then natural to ask whether one can rewrite this result to be purely in terms of (products
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of) our basis functions with purely rational coefficients. That this is indeed the case can
be seen by noting that (see appendix B)

7M000(O£) = 4M020(Oé) — MQOQ(Oé). (512)
Thus, one may write

1
F((13,)1,4);3 = —67“(@13)7"(0423) [(4M0,2,0(0613) - Mo,o,z(a13)>M0,0,0(0423)

+ Mo,0,0(a13) <4M0,2,0(0623) — M0,0,2(0623))}, (5.13)

where we have made the symmetry of the web under the interchange of lines 1 and 2
manifest. We see once again the same general pattern previously seen in MGEWs and in
the (3,1) web in section 3.2: the subtracted web kinematic function takes the form of a
rational function consisting of one factor of r(a;j) for each gluon which connects distinct
Wilson lines ¢ and j, multiplied by a pure transcendental function. The latter consists of a
sum of products of polylogarithmic functions of individual c;;. The latter are again drawn
from the basis of My, (cv;) proposed in ref. [45].

We further note that as in the case of the (3,1) web — and in contrast to non-boomerang
MGEWs — the polylogarithmic function in eq. (5.11) is of mixed, non-maximal weight,
here weight 3 and weight 4, while the soft anomalous dimension at three loops receives con-
tributions starting at weight 5. We will see a similar mixed, non-maximal weight structure
across all boomerang webs.

5.1.2 The (1,2,3) web

Next, we consider the (1,2,3) web of figure 8, consisting of six diagrams. However, four of
these (diagrams (¢)—(f)) contain self-energy loops, and thus do not contribute to the loga-
rithm of the soft function, using the results of section 4. From ref. [58], the exponentiated
colour factors of diagrams (a) and (b) are

~ 1

C(a):—%cé[f”g] and C(b) = 5. (5.14)

Therefore, the renormalized web is given by

Wiz = CE’B] [}—(1,273);4 +]:((£73);4}

1 1 (5.15)
= cL3’3] [ — 5(]‘_@ —Fp) — §(~F$T — fET)}

Using similar methods to the (1,1,4) web, we find that the kinematic parts of these diagrams
are given by

1 1

1
L /0 dydz pe(y, am)pe(z, c12)bp(y,2),  (5.16)

Fplonz, ass, €) = £°T'(6e) P
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Figure 8. The (1,2,3) web.

1 2
%3
(@)
(@)
where
1 /1—y)\2% 1-—
ba(y, 2) = ( y) 2F1(6e,2e;1+2e;—y)
y4

2e \ 2

1o (1—?/) n {mz (1—y> 6L, (_1-;,) } e+ O(2);
2¢ z z z

1 z \% z
— Fi (66,461 + de; ———
¢b(y7z) Ae (1 y) 2471 (667 €; + € 1 y)

1 z z z
_ 1 o~ 12 o~ : o~ 2
46—1- n(l_y)—i-{Qn (1_y>—|—6L12( 1_y)}e+(’)(e),

and where o F (a, b; ¢; z) is the Gauss hypergeometric function. The integrals corresponding

(5.17)

to the boomerang gluon'® have already been performed here, generating the pole at € =
% in eq. (5.16). To these, we must add the ultraviolet counterterm graphs, F<T and
FLT, associated with renormalization of the gluon emission vertex in graphs (a) and (b)
respectively. As for the (1,1,4) web, the counterterms construct the (1,1,2) web of eq. (A.2),
where line 2 in figure 8 is the one having two gluon attachments. The resulting counterterm

contribution in eq. (5.15) is

1
]:8?2,3);4(0412, g3, 2 /m?€) = —521(,1)]-“((12,)1’2)(%2, a3, €)
3
1 g2 ! 1 z 1 . z
1 <87r2> /0 dydz po(y, c23)po (2, 0412){62111 (y> += 2Lip <_y> (5.18)
. z 2
—2Lip <—Z> +In (y> (ln (q(y, a23)q(z, a12)) +21n (%)) + 0(50)}7

10WWe point out that prior to performing this integral we observed the same regularisation of the double

pole at the x = % endpoint as in eq. (3.11).
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using eq. (C.4). Combining this with the results from eq. (5.17) gives the final result for

the kinematic function multiplying c£13’3] in the renormalized (1,2,3) web in eq. (5.15) to be

Fazayalong, ags, pu?/m? €) + Fh g).4(ana, oz, 5 /m?, €)

! 1
- 48 (87T2> / dydz po(y, c23)po(2, a12){

2+3In (:5 ) +In (q(y, @23)q(2z, a12)] — 2In(y) + 4111(2)]

s 5.19
8 + 3— +401n(y) — 321n(2) + In? (¢(y, a23)q(z, a12)) — 41n%(y) ( :

1
2

+32In(y) In(1 — y) — 161n(y) In(z) — 81n?(2)
+4In (q(y, a23)q(z, a12)) (1 — In(y) + 21In(z))

e (7/5> <4+21n( (4, a23)q(2, 12)) + 4In(y) + 31In <7/?f )>

Once again the dilogarithms have cancelled to this order in € in the renormalised result.

+ O(e).

In order to obtain the corresponding contribution of this web to the soft anomalous
dimension, the (1,2,3) subtracted web, we must now add to eq. (5.19) the commutator
contributions involving lower-order webs. As is clear from figure 8, the relevant lower-order
webs include the single gluon exchange (one-loop) diagram, and the (3,1) web of figure 2
and we find

_(3,-1 3,1 3,3] -Comm
“’51,2,33 - w§1,2,3§ [ ]f8,2,3);4(a12’a23’“2/m276)’ (5.20)

where

?21113131,4(0412, 23, M2/m2, €)

1 —
= 5 (FH )75 0m) = FEO i) 7y om) + F(5) ) 7Y o)
1
B i (87‘(‘2> / dydzpo(:% a23)p0(2 Oélg)
1372

8+ —— +4In(a(y, azs)) — 41n(g(2, a12)) — n?(q(y, a3))

+1In%(q(z, 12)) + 2In(q(y, a23)) In(q(z, 12)) + 8In(y) + 41In*(y)
+4In(q(y, az3)) In(y) — 41In(q(z, a12)) In(y)

+ In (:}f ) <4 + 21In (¢(y, @23)q(z, @12)) + 41n(y) + 31n <5;>> ]
(5.21)

Upon adding this to the 1/e term of eq. (5.19), as expected, all dependence on the regulator
m cancels and the integrated subtracted web is given by

1
F((i)273);4(0412,0623) :/o dl‘ldmpo(ﬂﬁl,0412)Po($2,0423)g((i)273);4($1,962,012,023) (5.22)
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where the subtracted web kernel is given by

1 T2, T1,Q
g((i)2,3);4($1, T2, 012, 0023) = — [—8 —4ln (q(2223)> +8In ((1(1212)>

6 5 x]
4o <CJ(952,20423)) 2 <Q($1,20412)> 1612 ( T2 )
ol <Q($1,20412)> In <Q($2,20¢23)>} 7 (5.23)
1 T3
so that the integrated contribution to the soft anomalous dimension is
3) 1
Fi g gy.q(0n2, 023) = 67“(0(12)?"(0423){ — 8Mo,0,0(12) Mo,0,0(cx23)

— 4Mo0,0(012) My 0,0(c3) + 8 My g0(v12)Moo,0(x23)
+ 2Mo 0,0(12) M2 9,0(a23) — Mo 0(a12) Mo 0,0(cr23)

— 16Mo,0,0(a12) Mo,2,0(023) — 2M1,0,0(0412)M1,0,0(a23)} . (5.24)

where explicit expressions for the functions My, (cv;) are summarised in appendix B. We
observe again the same pattern described following eq. (5.11). Also the (1,2,3) web can be
expressed in terms of the previously-defined basis functions (see eq. (2.51)), and similarly
to the (1,1,4) web we see mixed, non-maximal weight. We note that in eq. (5.24) the weight
ranges from 4 all the way down to 2.

5.2 Boomerang webs connecting two Wilson lines

Having calculated all boomerang MGEWSs connecting three Wilson lines, we now turn our
attention to those connecting two lines. Without loss of generality, we will take the labels
of the lines to be 1 and 2. As explained in ref. [45], if the Wilson lines are not in a colour
singlet state (as will be the case in general if the lines 1 and 2 are chosen out of total
of L > 2 Wilson lines), the effective vertex formalism generates two independent colour
structures, which we label using our standard notation as
C[13’2] = Ning . T2

41 (5.25)

b = LT TR (T TS}

Of these two colour factors, the second contains symmetrised combinations of colour gen-
erators, whereas the first does not. These observations will be useful when considering
collinear reduction later on.

A further simplification occurs in the two-line webs considered here compared to the
three-line ones described in the previous section. This is the fact that no commutators
of lower-order webs can arise, owing to the fact that all the relevant one- and two-loop
subdiagrams form webs with colour factors proportional to 17 -75, which are hence mutually
commuting. Thus, the contribution of each web to the anomalous dimension in eq. (2.12)
— the subtracted web — simply corresponds to the single pole of that web.
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(i)

Figure 9. The (3,3) web.

In the following sections we consider in turn the three boomerang MGEWSs connecting
two lines at three loops, the (3,3), (5,1) and (2,4) webs, compute their contribution to
the soft anomalous dimension, and comment on how they manifest the general properties
discussed above.

5.2.1 The (3,3) web

The (3,3) web is shown in figure 9, and contains nine diagrams. However, eight of these
contain self-energy loops, and thus do not contribute to the soft anomalous dimension,
using the results of section 4.

The contribution of the entire web is then simply

Wiss = Cla) (Fa+ FJT), (5.26)

where C(a) is the exponentiated colour factor of diagram (a), F, its kinematic part before
renormalization, while ]:ET is the corresponding counterterm contribution. The exponen-
tiated colour factor is found to be

Cla) = C(a) — 5 (C(b) + O(e) + C(d) + C(e) + C(1) + C(0))
+3(Clo) +C(h) +200) +20(£)) (5.27)
3.2

:Cl 5

] . . . - 3,2]
where the second line follows after performing the appropriate colour algebra, with c;

as defined in eq. (5.25).
Applying the Feynman rules similarly to the previous webs, one finds

K'/3 €
Falon) = 5l [ ayly — ) Ppely, ). (5.28)

€2(1 — 2¢)
Note that we see explicitly the presence of a double pole at € = % associated with the power

divergence of the boomerang loop. The double pole is to be expected given that there are
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two independent boomerang gluons, one on each Wilson line. Expanding the result yields

872

1 1 2
Fa (12) = < > / dypo 3/,0412){663+6€2{4+1HQ(1/,@12)+4111?J+31H (:,LQ)}

1 13
+ 1726 |:24 + 32 lny + 81In Q(y7 Oé12) + ?WQ + 1n2 q(y7 a12) + 8In q(y, 0412) ]ny + 81112 y

+8In(l —y)lny +1In (22) (6 Ing(y,n2) +241n(y) + 24) +91n? (:;)} + (’)(60)}.
(5.29)

One must combine this with counterterm contributions, and as is evident from figure 9(a)
there are three possibilities. One can shrink both boomerang gluon loops to a point, in
which case one obtains the one-loop single gluon exchange web dressed by two counterterms.
Or, one can shrink only the upper or lower boomerang gluon loops, recovering the (3,1)
web dressed by one counterterm. The full counterterm contribution to the web is then

FM () = (202 F() (an2) + 220 FG) (o)

1 1 112
<8772> /dypo y,0412){62[1+1ny+21n(mzﬂ

1 [ 13 (5.30)
+

- 2+2lny+1HQ(y,a12)+ﬂ7r +1Ing(y,a12) Iny +1Iny

+1In (Z) (% Ing(y, a12) +2Iny + 2) + 21112 (5;)] + O(eo)} :

There are no lower-order webs one can use to form commutator structures, and thus sum-
ming eqs. (5.29), (5.30) leads directly to the contribution of this web to the soft anomalous
dimension:

1
F((;i)?));l(oqz) :/0 dz1po(z1, 12)G(3,3)1 (71, a12), (5.31)

where we have defined the subtracted web kernel

G331 (21, a12) = —% {m? (‘W) —4In (W) — 41n? ( o )] . (5.32)

x] x] 1—x

The integrated subtracted web can then be written in terms of the basis functions of
eq. (2.51) as

2
F((;i)g));l(CVIQ) = —gr(am) [M2,0,0(0412) —4Myp0(012) — 4M0,2,0(0412)} ; (5.33)

where explicit expressions for the functions My, (y;) are summarised in appendix B.
We see again the same pattern described following eq. (5.11): the (3,3) web can also
be expressed in terms of the previously-defined basis functions, and similarly to other
boomerang webs it features mixed, non-maximal weights, in this case, weights 3 and 2.
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Figure 10. The (5,1) web in a compact representation. Note that in any given diagram in this
web there is just one non-boomerang emission. Labels attached to the gluons correspond to the
diagram obtained by placing the gluon as shown, and connecting it with a second Wilson line.

5.2.2 The (5,1) web

Next, we consider the (5,1) web, consisting of two boomerang gluons on one Wilson line,
and a single gluon emitted from the same line that lands on another. We represent this web
compactly as in figure 10. There are three configurations of the boomerang gluons, and the
non-boomerang gluon can be in any of the places shown, where each of these constitutes a
different diagram in the web. Thus, there are fifteen diagrams in total.

By the results of section 4, the only diagrams which end up contributing to the web
(i.e. which do not contain self-energy loops) are (c), (g), (k) and (7). Furthermore, we find
the exponentiated colour factors to be

Cle) = C(g) = C@) = M, C(h) = 237 (5.34)
Thus, the renormalised web including counterterm contributions may be expressed as
3,2
W) :c[l ][‘7:(5,1);1 + ]:(C5,T1);1} (5.35)
3,2]

= Aot Fy 20+ Fib FET + FOT 4 27T + FET.

Using eq. (2.31) we may write the kinematic function of each of the four surviving dia-
grams as

Potow) = 505 e -] (o )
(5.36)

where the function B[DO’OO} (u) represents the two-loop subdiagram consisting of boomerang
gluons with their emission and absorption positions — whose order depends on the specific
diagram D considered — integrated along the 1 Wilson line over the entire range [0, co]
without any regulators. Applying similar methods to above, the kinematic functions may
be brought to the following form:

['(6e) [1 _ _
Fplam) = 532(62) /0 dx dy dz pe(z, c12)2* (22 — 1)* 7 (2y — 1)* ¢ (x,y)

oo D)o(u>1) )
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ot = a2 1 ()| i (52) " (155) o <o
+ (1 x)‘%y_zel (1_‘yy>2€r€(w>y),
% 2
on(, ) = 32y 2 [1_(133:5) ] 0z < y) (5.38)
(1= )21 - gy [1 - (1;3,)% 0w ),

6 2
di(z,y) = (1 — x)*2€y725 [1 B (1 — ;E)Z ] oz < 9)

T

s[5 - (59 () oo

Importantly, as discussed on general grounds in section 3.3, the integral in eq. (5.37)
exists for any € > 0. Specifically, we observe that the functions ¢p(z,y) provide linear
suppression in (z — %) whenever © = % is a limit of integration and similarly for y, so
the double poles in Fp(ai2) associated with the boomerang gluon propagators are always
accompanied by a regularising factor, such that the integral is well defined for small positive

values of e.

After adding together all contributions in the combination of eq. (5.35), one may carry
out the z and y integrals and expand in €, obtaining

['(6e) 1 1 ['(2¢ — 1)I'(2¢ + 1
~7:(5,1);1(Oé12)=/<53 (Ge) {4 (2¢ = I'(2e + 1)

1
d (2, 4e
22 2 —1|de—1" T(4¢) }/0 2z, a12)2
2\3 2
Js 1 0
- — 34 (1a+9m (-
<8772> 1232 ( +om <m2>)6

2 2 27 2 1
+421n (M) + = 1n? <M>>62 + ... / dz pe(z, 0412)245.
m?2 2 m?2 0

(5.39)

93
n (52+ T

According to eq. (5.35), we must now combine F 5 1).; with counterterms for the ultravi-
olet subdivergences associated with shrinking the boomerang gluons to a point. To remove
all divergences, we may write a renormalization factor Z, for the gluon emission vertex
from the Wilson line to two loops, where the one-loop Zq()l) was computed in appendix C
(see eq. (C.4)) and the two-loop one, 7 will be determined below. The renormaliza-
tion of this web is described in figure 11, which shows the four contributing diagrams (c),
(9),(h) and (i) along with the counterterm contributions arising upon contracting one or
both boomerang gluons to a point. In diagram (c), a one-loop counterterm is required
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Figure 11. Renormalization of the (5,1) web. Upper row: the boomerang gluon subdiagram
in diagrams (c), (g), (k) and (4); Second row: one-loop counterterm contributions to the above
diagrams associated with shrinking the innermost boomerang gluon to a point; Third row: two-
loop counterterm contributions to the above diagrams associated with simultaneously shrinking
both boomerang gluons to a point.

to compensate for the subdivergence associated with shrinking the innermost boomerang
gluon to the emission vertex of the non-boomerang gluon at point u, going to the second
line in figure 11. The remaining diagram after this contraction is the mushroom graph of
figure 2(a), which was computed in section 3.2. An additional renormalization is required
to compensate for the divergence associated with shrinking both gluons to a point, going
to the third row in figure 11. The remaining diagram is simply the one gluon exchange dia-
gram. Similarly, one- and two-loop counterterms are required for diagrams (g) and (i), with
the only difference to the above being that now the first boomerang gluon being shrunk
renormalizes one of the vertices of the second, rather than the non-boomerang emission ver-
tex. Finally, diagram (h) has no one-loop subdivergences, as each of the boomerang gluons
straddles two emission vertices, but it does require a two-loop counterterm corresponding
to shrinking both boomerang gluons simultaneously to a point.

As implied by the above description, the required counterterm contributions can be
all identified considering the boomerang subdiagrams in figure 11, without reference to
the integration over u nor the other Wilson line. We therefore proceed to compute these
considering the pole terms in the integrand of eq. (5.36). To this end we introduce an
upper limit on the furthest boomerang gluon attachment along the Wilson line, which we
denote by umax, and consider the poles arising in Bl[o’um‘"‘x] (u) for each of the contributing
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diagrams. For diagram (c) we find

BLO’UmaX](U) 51 26 N2/ d82/ Cltg/ ‘del/ dtl 81 —82) )E 1((t1 —tg) )

_ < gs )2{1+ ! [1+2’yE+21n< _Blﬂ(umax_u)uﬂ +O(eo)},

472 8 €2 Umax

(5.40)

where in the second line we performed the four integrations and expanded in ¢, discarding
finite terms. Similarly, for the remaining diagrams we find

2\ 2 — B2 1 (Umax — u)u
[Ovumax] — gS 1 1|: ( ll’L max >:| 0 }
B, (u) (47r2) {862+2 1+~ +1In — + O(e”) ¢;
2\ 2
[O’Umax} _ gs i 0 .
By _<47r2) {46+O(6 )}’

Bl () (932)2{1 + 1 [1 +p +1n( it “)uﬂ + 0(60)}. (5.41)

47 8 €2 Umax

Note that diagram (h), being free of one-loop subdivergences, does not have a double
pole, nor does its single-pole carry any dependence on the position of the non-boomerang
attachment u and the cutoff umax.

Next, consider the counterterm contributions removing the one-loop subdivergences in
diagrams (c), (¢) and (i) described by the second row in figure 11. These three diagrams are
all the same: they simply correspond to the one-loop counterterm Zf, ) of eq. (C.4) times

Bl ) = = @2 (=) g [ s [ dsal(s = s2)?) !
2¢ b 2¢ 2¢ (542)
_ =2¢(_ p2\e 2 umax_(umax_u) —u
=K ( /81) gsN 26(1 _ 26) )

where the subscript M indicates that this function forms the integrand of the mushroom
diagram, that is inserting B[ ; m‘”‘]( ) into eq. (5.36) and sending umax — 00, One recovers
the mushroom diagram of section 3.2. Upon expanding eq. (5.42) in e and multiplying by

Z"Y of eq. (C.4) we obtain:

2\ 2 —pB2 —

” 1 1 Bt i (Umax — w)u

Zq(;l)BEBf ma"](u): (49;2) {—46—2[1 +7E+ln< ! " )} +O(60)}.
(5.43)

To complete the renormalization of the web we proceed to determine the relevant two-

loop counterterm by requiring that the sum of all contributions to the web, weighted by
the appropriate exponentiated colour factors displayed in the second line of eq. (5.35), is
ultraviolet finite:

<B£07umax}(u) + Z(l)B[O,umax] (’LL) + Z’l(}%g)) + (B‘[go Umax}( )+ Z( )B[O Umax]( )+ Zé%;))

(5.44)
_‘_Q(BLO,Umax]( ) Z,L(}?QL)) + (Bl[oyumax] (u) + Z,L(Jl)B[O umax]( )+Zﬁz)> 0(60),



It is straightforward to verify that for each of the three diagrams (c¢), (¢) and (i) the
logarithmic dependence on the position of the non-boomerang attachment u and the cutoff
Umax cancels with the corresponding Zl(,l)BE&um‘“] (u) counterterm. Ultraviolet finiteness of
the sum of diagrams in eq. (5.44) fixes the two-loop vertex renormalization factor associated
with multiple gluon exchange graphs to be

2 2
(2) — 72 (2) (2) @ [ 9 3 1
ZU(MGE) = ZU(C) + Zv(g) + QZv(h) + Zv(i) —<47r2) {8 2 46}. (5.45)

The total contribution to the web from the second-order counterterm may be written as
qu?l)v[GE) multiplying the one-gluon exchange web:

2 \3 /1
(2) (1) 9s 1 3 1 377
2
+3lnz+§ln2z—|—ln L (7+31nz) N—
2 m? | \2 m?
(5.46)
The total renormalized web is now given by

W) = A Fo+ Fy+ 20 + Fi + 320 Far + 22 i FLL 5.47
G1) = TSt h T St M+ ZymGE) (1)) (5.47)

where Fj; denotes the mushroom graph of figure 2(a). As in other two-line webs no
additional subtraction of commutators is necessary and thus, the contribution of the (5,1)
web to the soft anomalous dimension is directly given by the single-pole contribution to
eq. (5.47). Combining all contributions leads to

FO (1) = [ dwipo(en, 01202 (o1, a1a) (5.48)
(5,1);1\12 0 1P0(T1, @12)Y (5 1,1 (L1, X12), .

where the appropriate web kernel is

4 7 5 , 1 ,
Gy (w1, 012) = —8 [ S (W) + = In2 (W)] . (5.49)

7 8 x]

Finally, performing the integration over x; we readily obtain the result in terms of the
basis functions My, (c;j) of eq. (2.51):

4 1 1 5
F((5)1) (a12) = — 8r(ai2) [SMOO o(ai2) — §M0 2,0(a12) + 12M0 0,2(012) — ng 0,0(cv12)
1
+8M2,0,0(0412)} : (5.50)

We confirm once more the pattern described following eq. (5.11). Indeed, the (5,1) web
can also be expressed in terms of these basis functions, and similarly to other boomerang
webs it features mixed, non-maximal weights, here weights 3, 2 and 1.

47 —



5.2.3 The (2,4) web

The last remaining boomerang web is the (2,4) web of figure 4 where, as already discussed,
only diagrams (a) through (f) will contribute to the final result. Applying a replica anal-
ysis to obtain the web mixing matrix, we find (after applying colour algebra) that the
corresponding exponentiated colour factors are given by

Cla) = ek Lis2)  [32),

C(b) = —20[13’2] + 0[23’2];

Cle) = C(d) =0

Cle) = C(f) = —7, (5.51)

so that the contribution of the entire renormalised web is given by
W = 6[13’2] []:(2 4);1 + }'82). } + 0[23’2] {}'(2 4).2} (5.52)

:—0[13’2]( Fat fb+}" +.Ff+fCT+fCT)+C[32](fa+fb),

As indicated in the second line, .7-"(02’1;1);1 is included because diagrams (e) and (f) must be
supplemented by graphs in which the one-loop vertex counterterm of appendix C dresses
the two-loop crossed gluon web of figure 19, whose kinematic factor can be found in
egs. (A.3), (A.4). This gives

Foohya = —22V Fx. (5.53)

Using the calculational approach adopted for the other boomerang webs, we find that the
kinematic part of each diagram D € {a,b, e, f} in figure 4 can be written as

3 I'(6e)

Fp(ai2) =k (1_26/ dy dz pe(y, a12)pe(2, 12)ép (Y, 2; 12) (5.54)

where we have already performed the integration over the boomerang gluon. Considering
first diagram (a) we find

l—wl—z\*
oaly, z; 012) /dww46 1 w)26_1{1_<1_w z) ]

w 11—y
><0<_w<)0(1_< 1_y>.
w z w 1—=z2

Making the change of variable to:

(5.55)

qg=——o1, (5.56)
eq. (5.55) becomes:

outyz002) = () a0 - (1-122) oo < Lo < 1Y),

(5.57)
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which can be integrated to give

€ 2e
by, 25 a12) = (1‘?’)2{ (1) 6> ) (5.58)

2€ z

1 _
x lQFl <2€, 6e: 1+ 2e; —y> -y (26, 6e, —2¢,1 + 2¢; — 2, y(z)) ] +
z

2 2(1—y)
G = Z)zee(y > 2)

1—y T2(1 + 2e¢) 1—y
Fi| 2¢,6¢; 1 + 2¢; — — Fi( 2¢,6€;1 4+ 4¢; ——= .
X [2 1( €, 0€; + € 1—Z> F(1+46) 2 1( €, b€ + €; 1 >

Here 9F(a,b;c; z) is the Gauss hypergeometric function, and Fi(a,b,c,d;z,y) the Appell
Fy function. We may expand the former in e using the HypExp package in Mathemat-
ica [78, 79]. We explain how to expand the Appell function in appendix F.1, such that
after expansion in € eq. (5.58) assumes the form

daly, z;a12) = 2¢€ Liy <Zi_5) O(y > 2) + 2e(b(z > y) + O(2). (5.59)

Next we note that owing to the symmetry of the propagator functions in (5.54), we are free
to transform the integration parameters according to y — 1 —y and z — 1 — 2, in any of
the terms. Using this freedom we eliminate the 6(z > y) component, shifting the (s term
to the 6(y > z) component, obtaining

oy, z;002) = € {2 (o + 2 Lig <;1:Z> } O(y > z) + O(€%). (5.60)

Similarly, the kinematic parts of diagrams (b), (e) and (f) in figure 4 can be written
in the form of eq. (5.54) with the kernels

dp(y, 2 012) = (1 — y)%/ooodq 1+ Q)‘&@(q > y>9<q < l_y) ¥p G:;q) (5.61)

P 1—2z

where

Wh(Q)=1—-vp(Q);  ¥e(Q)=Q* —yu(Q);  ¥r(Q)=(1-Q)*. (5.62)

The corresponding e-expanded kernels are given by

op(y, z; 12) =€ {2 Co — 2Lis <21:Z> } O(y > z) + O(€%); (5.63)

yl—z 1 2(1—2«) 1 2<z21—y) <y1—z)
; ={In( = -1 ——In?( 5 2In( = In(1 —
Gely, 2 012) {n(zl—y)—i_bn 1—y o Y21l —z +tem 21—y n(l—z)

26, +6L12<— Z)— 6L12<— ;)+2Lig<;1:3)]e} 0(y>z) + O(2);

o5y, 23 012) :{ln(31:2) + {ln2<1:;> —ln2<;> +21n<51:;>1n(1 —2)—2(
+6Li2(— 1_’2) —6Li2<— Z) +2Lig<21_y>}6}0(y > 2) + O(é2).

-y Y yl—=z
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The combination of kinematic factors appearing in eq. (5.52) for the colour factor 0[3 2

then evaluates to

2\3 1
Fay1(oaz) = — <8g;2> / dy dz po(y, a12)po(z, 012)8(y > 2)

o () e () e (G28)
e () () o (25 m ()
(5w (f) o (325 ()
—4In (Zg:;i) —12InzIn (‘ZS:Z;) —In? (13y> —91n? (1;Z> ]
“In (T’j;) In (M) }1 +O().
Furthermore, the counterterm contribution amounts to
]-"(0231);1(0412) _ 1 (8712> / dy dz po(y, a12)po(z, a12)0(y > z){ ln<‘zg:;;) [2 ln<:;>

]__
+ 1n(q(y’§‘12)) + ln(Q(Z’ ‘;12)> +21In(yz)| + 4Lis (— Z) — 4Li (—z>
(0 z l—y Yy

+ In? (1:;) — In? <Z) }1 +O(). (5.65)

Using the fact that there are no lower-order contributions that form non-zero commu-

Qd

—21In

tators in eq. (2.12), the O(e~!) coefficient of the renormalized (2,4) web directly determine
its contribution to the soft anomalous dimension. Putting things together in the combi-

nation of eq. (5.52), we find the integrals multiplying the two colour structures 02[3’2} for
1 =1,2 to be

e oot (3)

(2 1) (aq2) = / dy/o dz po(y, a12) po(z, a12) O(y > 2) Q(274);i(y, zZ,012) , (5.66)

where we displayed the overall Heaviside function restricting the integration range, and
where

Al (21 y y qy, o y
Bt= o 2)  am{ 2 ) o 2252) e )
l—-z 1—=z CI(Z, 0512) Yy Q(Z, 0412)
ram(= ) (S () (2 Jm(E)
z q(y, 12)
+1n(1_z)ln( y212 >:|7

16
Gl (¥, 2 012) = — 3G (5.67)
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The second kernel can be straightforwardly integrated over y and z and written in terms
of the basis functions of eq. (2.51) as
(3) 4 5 2772 4 5

F(2,4);2(0‘12) = 9" (c12)m Mg o(a12) = 9" (a12)<6M0,2,1(a12) —Mo,o,g(a12)> . (5.68)

The integration of the first kernel in eq. (5.67), however, is not immediately inter-
pretable in terms of basis functions. Firstly, it contains dilogarithms involving the param-
eters y and z, which are not part of the integrand of eq. (2.51), consisting exclusively of
powers of logarithms. The webs previously calculated in this paper and in refs. [44, 45]
contained dilogarithms at intermediate stages, but these completely cancelled at the level
of the subtracted web integrand. Here this is not the case, and we have furthermore found
no variable transformation (or dilogarithm identity) that removes the dilogarithms from
eq. (5.67). Secondly, there is a remaining Heaviside function in eq. (5.67), which also does
not appear in the definition of eq. (2.51). It thus appears that our previously conjectured
basis of functions is incomplete. However, this conclusion is premature and incorrect. Re-
markably, the kernel of eq. (5.67) may be integrated fully analytically and found to respect
the basis of eq. (2.51) after all. In appendix F.2 we show how this works in detail. The
final result reads

4 1
F((i)él);l(am) = 57‘2(0412) [8M0,1,1(0412) —4M;i 11 (02) — 3Mo 2,1 (12) — 5 M0,0,3(0412)} ;
(5.69)

featuring weight 4 as well as weight 3 contributions.

We have now calculated all multiple-gluon exchange boomerang webs up to three-loop
order, and shown that they conform with the expected functional form: an overall rational
function consisting of powers of r(a;;) for any non-boomerang exchange between lines ¢
and j, multiplying a pure transcendental function. The latter may be expressed in terms
of sums of products of our My, (c;) basis functions, each dependent on a single a;; and
having a restricted symbol alphabet, eq. (2.48). We found one salient difference compared
to non-boomerang MGEWs: while MGEWs without boomerang gluons have uniform, max-
imal weight (weight 5 for subtracted webs at three loops), boomerang ones have mixed,
non-maximal weight. Table 2 presents the weights occurring in each case: the fact that the
maximal weight occurring reduces by one unit with each additional boomerang gluon, is
expected based on the observation in section 3.3, namely that for each boomerang gluon,
there is one integration, over x; in eq. (3.23), which instead of increasing the weight by one
unit as in non-boomerang webs, generates a factor of 1/(1 — 2¢), which reflects a power
divergence due to an instantaneous interaction. At leading order in the € expansion this
readily translates into a weight drop compared to the non-boomerang case, and further-
more, when subleading powers in € hit higher-order pole terms in the web kernel, further
lower weight terms emerge.

As discussed in section 2.3, a further consistency check on higher-loop webs is that a
subset of the information in a given web can be obtained from webs connecting a greater
number of Wilson lines, through the process of collinear reduction. We discuss how this
applies to the boomerang webs calculated in this paper in the following section.
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web boomerangs | weights

(1,1,4) 27 1 4
(1,1,4) 1 4,3
(1,2,3) ¥ 1 4,3,2
(3,3) 2 2 3.2
(5,1) > 2 3,2,1
(2,4) &2 1 1

(2,4) 2 1 4,3

Table 2. Transcendental weights in the kinematic functions of three-loop webs. The left column
specifies the web and the colour factor component using the bases in egs. (5.1) and (5.25), the
middle column presents the number of boomerang gluons, and the right one the weights of the
transcendental functions entering the anomalous dimension.

6 Collinear reduction for boomerang webs

In section 2, we reviewed how kinematic factors have been previously obtained for
boomerang-free MGEWs [44, 45, 55, 57, 58]. In such cases, it was possible to perform
an additional (albeit partial) cross-check of the final results for web kinematic factors, us-
ing the process of collinear reduction [45]. Roughly speaking, this states that one may
take a web connecting n Wilson lines, and obtain kinematic results pertaining to webs
connecting m < n lines, by identifying the 4-velocities of two or more Wilson lines in the
original web. In carrying out such a procedure, gluon emissions from different Wilson lines
may end up on the same line, and we must then reinterpret the colour indices of such emis-
sions appropriately. To this end, the effective vertex formalism reviewed here in section 2.3
becomes useful: eq. (2.26) implies that there is no natural ordering of effective vertices
if more than one of them occurs on a given Wilson line. Thus, as far as the ordering of
vertices is concerned, it is similar to the case where they occur on different Wilson lines.
To explore the converse of this, imagine a web in which two Wilson lines [y and [» contain
a single vertex each, which we may write as VI((lll) and VI((IQQ) respectively. The collinear
reduction process then consists of the following steps:

1. One sets the 4-velocities 1 and (2 to be equal (hence the term “collinear”).

2. One identifies the partonic colour indices of the generators in the two vertices as
living in the same (single) colour space.

3. One symmetrises over the colour factors of the two vertices, as in eq. (2.26).

4. One must include symmetry factors present in the obtained web, that are missing in
the original web.

This procedure generalises straightforwardly to any number of effective vertices, and was
already used in ref. [45], where it provided a highly non-trivial check of non-boomerang
MGEWs at three-loop order. Note that not all information in the fewer-line webs can be
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(@) (b)

Figure 12. (a) The (1,1) web, which features a 1-gluon emission vertex on each line; (b) collinear
reduction of Wilson lines ¢ and j to make a self-energy web on the single line 3.

obtained by collinear reduction. Due to the symmetrisation over multiple vertices, the
fully antisymmetric colour part of a given web cannot be generated. This is precisely the
contribution in which there is a fully connected colour factor on each individual Wilson line,
namely that arising from having at most a single effective vertex on each line. For example,
for three-line webs collinear reduction may yield the components involving 01[3’3] fori =1
through 3 in eq. (5.1), which contain two Csy; effective vertices (defined in eq. (2.24)) on

line ¢, but not CL3’3], which is fully antisymmetric. Similarly for two-line webs collinear

[32] component defined in eq. (5.25), but not the 0[13’2] one.

reduction may yield the ¢
It is possible to use a similar collinear reduction procedure to check some of the results
of this paper. However, the presence of boomerang gluons creates additional complica-
tions, which were not necessary to consider in ref. [45]. At the outset, in computing non-
boomerang MGEWs using collinear reduction, the collinear limit 3; = 3; simply amounts
to identifying o, = o, in the kinematic function of the original web. In turn, in computing
boomerang webs, the collinear limit also involves taking c;; — —1 for the boomerang gluon
itself. In this limit r(c;;) of eq. (2.46) diverges and the basis functions My ,(c;;) become
complex, so it is not a priori clear that the collinear limit exists. To better understand the
problem we first consider the relation between the single-gluon exchange (1,1) web diagram
and the self-energy one upon taking the collinear limit. We will subsequently explain how
the problem is resolved in boomerang webs in which boomerang gluons straddle one or
more emissions along the Wilson line. We will demonstrate the application of the collinear
reduction procedure in the rather non-trivial example of the (1,1,4) web in section 6.2.

6.1 The collinear limit of the (1,1) web

In this section, we consider the (1,1) web of figure 12(a) and use it to analyse the collinear
limit. Upon identifying the two Wilson lines i and j, we obtain the self-energy diagram
of figure 12(b), whose integral was computed in section 3.1. The kinematic factor for the
(1,1) web is given in eq. (A.1),

FO (s, 6) = ' it 0
Qjj,€) = &F(Qe)/o dzpe(z, ;) = 5 In(agj) + O(e), (6.1)

€ 1—0%
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where in the second equality we substituted for r(c;;) using eq. (2.46) and expanded in e,
keeping only the leading-order term. Taking the collinear limit to obtain figure 12(b), one
identifies 5; = 3;, which from eq. (2.6) implies

Yij —* 2, QGj — —1. (62)

One could therefore expect that the self-energy web would be given by the a;; — —1 limit
of eq. (6.1), that is

1 1k 1+ aZ; 1k ir
2 ocijlin—l}— (alp 6) 2¢ ocijlin—l 1— a?j H(Oz”)—k 2 ¢ O[ijli)rl—l 1+ i + s (6 3)

where the factor of 1/2 originates from the symmetrisation of the colour generators. Per-
haps surprisingly, we see that the kinematic limit required for the collinear reduction is
ill-defined, whereas the result we are expecting to reproduce — the self-energy factor of
eq. (3.5) — is perfectly well-behaved.

To see what has gone wrong, we may examine the kinematic factor for the (1,1) web
in more detail. Following the procedures outlined in section 2, one finds (cf. eq. (3.2))

%) S e—1 . 5 PR
]:((11,)1)(@1']') = G N B; - 53‘/0 ds/o dt [_(S/Bi —t6)* + iﬁ} e im(sVB T /FT )
(6.4)

where s and t are distance variables for the gluon attachments on lines ¢ and j respectively.
Transforming according to egs. (2.32), (2.33), eq. (6.4) can be rewritten as

> 1 e—1
1 1
Fihag) =w [t Lol 4 (1= a) = alt - )
1 1
= —rl'(2€) | aij + — /da:
aij | Jo

where the A integral was carried out as previously. In general kinematics one may subse-

1 e—1
2?4 (1— )% + <a¢j+> z(1 —x)] ,
Qs
(6.5)

quently perform the integration over x using the factorization property of the expression in
the square brackets (¢(z, @) in eq. (2.43)) yielding the hypergeometric functions in eq. (A.1)
corresponding to the two poles at

1 Q4
= . 6.6
Tpoles { 1— aij’ g — 1 } ( )

Since we are dealing with an analytic function of a;; we may start with real 0 < a;; <

1, corresponding to space-like kinematics (say (; incoming and j3; outgoing) to ensure
that both poles in (6.6) are outwith the integration domain z € [0, 1], and subsequently
analytically continue to the required kinematic point (for time-like kinematics «;; is located
just above the cut on the negative real axis). Note that this computation, and eq. (6.1)
in particular, is consistent with expanding under the integral about ¢ = 0, and integrating
term by term.
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In performing the collinear reduction of eq. (6.5), one must take the limit o;; — —1,
and include a factor of 1/2 from symmetrisation of the gluon vertices. The relevant limit
of the (1,1) web is then

(1)

1
— lim .F 1171)(aij)

2 ajj——1+ie (

e—1
— —/QF(QE)% lim <aij + 1) /01 dx [xQ + (1 - x)2 + (Olij + 1) :L‘(l — l‘)‘| .

aij——1+ie Qi Qi
(6.7)

This limit may be compared with the direct computation of the self-energy web integral in
eq. (3.4), which yields

1 dx 1 1
=205

2kT(2¢) /

2 [ - DA 08

We have already seen in eq. (6.3) that the two fail to agree at leading order in e. Having
discussed the pole structure of eq. (6.5) we clearly see the origin of the problem: while for
generic kinematics we may expand in € under the integral near ¢ = 0, upon considering
the special point «;; = —1 the two poles in eq. (6.6) coincide leading to a double pole at
T = %, which is not integrable near ¢ = 0; it requires instead € > %, followed by analytical
continuation in €, before an expansion can be performed. It is therefore not surprising that
the result we obtained for general kinematic in (6.1) is incompatible with the special case
of Q5 = —1.

The issue we encountered in eq. (6.3) boils down to an obstruction in performing
analytic continuation of the general kinematic result in «;;, computed as an expansion in
€, to the strict collinear limit where a;; = —1, where the function has a branch point.
Indeed, adhering to the ie prescription, the collinear limit in eq. (6.7) is itself well-defined,
and furthermore, is equal to the self-energy web in eq. (6.7), as we now show. Taking the
limit under the integral in eq. (6.7) for e > % we arrive at

1 . (1)
5 aijl}1;111+’i€ ]:(1’1)

1 dx
(o) = “F(%)/o (22— 1)2 — i8] *

VT (L =
— 241(20) {1(—i5)6_2\/;(1(i 3 ) pae—i b (5 *72‘““)} 09

4

1 1
oo 2551
where at the first step we conveniently account for the prescription using a new small
parameter § > 0, in the second we evaluate the integral exactly as a function of ¢ and in
the final stage consider the limit § — 0%. Of course this limit is taken with € > %, where
the first term vanishes while the hypergeometric function in the second reduces to 1. We
thus observe that the collinear limit of the (1,1) web does indeed reproduce the self-energy
web result of eq. (6.8) as a function of e.
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With this example we have reassured ourselves that the collinear limit of webs can be
consistently taken also when it gives rise to boomerang webs. We have seen that a subtle
situation arises in the collinear limit o;; — —1, in which the two singularities in eq. (6.6)
coincide, potentially prohibiting an expansion about ¢ = 0 prior to integration over x. In
eq. (6.9) we have overcome this by keeping the id prescription prior to integrating over x,
in which case the result of the direct computation (eq. (6.8)) is exactly recovered from the
collinear limit.

Next we turn our attention to the question of how to obtain subtracted web results
for boomerang webs from final results for (subtracted) webs with a larger number of lines
by taking collinear limits. Importantly, in this case the expansion in € for the originally-
computed web has already been done (recall that the subtracted web is defined in eq. (2.20)
by considering the coefficient of e~!), violating the proper order of limits we adhered to
above. We have already seen in eq. (6.3) that the self-energy diagram cannot be recovered
in this way from the (1,1) web. Nevertheless, in the following section we will show that the
limit a;; = —1 can actually be taken to determine boomerang webs in which (as we have
seen) all boomerang gluons necessarily straddle at least one extra emission along the Wilson
line. To this end one must not consider the collinear limit of individual subtracted webs,
but instead identify the combination of subtracted webs forming together the boomerang
web of interest in the collinear limit. Upon considering this combination the limit exists
and is bound to reproduce the result of the direct computation.

6.2 Collinear reduction into boomerang webs

To begin, we would like to explain the qualitative difference there is between the hopeless
attempt to recover the self-energy web from the e-expanded (1,1) web, along the lines of
eq. (6.3), and the well-defined collinear-reduction procedure into boomerang webs where
boomerang gluons necessarily straddle other emissions along the Wilson line. As shown
above, the self-energy web requires setting € > % when the integration is performed, owing
to the double pole in eq. (6.8), which explains why the a;; — —1 limit of the (1,1) web does
not commute with the € expansion. In contrast, as discussed in section 3.3, and demon-
strated in several examples in section 5 (see specifically the discussion following eq. (5.2)
regarding the (1,1,4) web and following eq. (5.38) regarding the (5,1) web) non-self-energy
boomerang webs, where each boomerang gluon straddles other emissions, have the key

property described following eq. (3.25) where the integrand features an extra suppression
1
29
eq. (3.23) well-defined for small positive values of e. In such webs then, an expansion in

factor ~ (z; — %), regularising the double pole at z; = 5, and rendering the integral in
e will be valid (provided of course logarithmic end-point singularities are properly regu-
larised by € > 0). It is therefore expected that such boomerang webs could be reproduced
order-by-order in the e-expansion by considering collinear limits of non-boomerang webs,
by taking the a;; — —1 limit. Specifically, this can be done directly for the subtracted web.

Having cleared the conceptual issue, let us now show how to apply the collinear re-
duction procedure in practice, by considering three-line boomerang webs. For a given
three-line web W, we must find webs connecting four Wilson lines that can produce the
diagrams contained in W upon identifying two of the Wilson lines. Furthermore, as shown
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in ref. [45], in the language of effective connected vertices of ref. [58], the process of merging
the two lines involves symmetrisation of the order of the effective vertices which are now
placed on a single line. This implies that the specific colour components of a given web
which may be recovered upon applying collinear reduction are those where at least one of
the lines features two or more effective vertices.

Our first and central example is the (1,1,4) web of figure 7. We will show that its

[3’3}, whose corresponding kinematic function was determined through

colour component ¢
a direct calculation in the previous section (see eq. (5.11)), may be derived!! through the
collinear reduction of non-boomerang four-line MGEWs computed in ref. [44]. The basic
observation is that the colour structure cg?”g} defined in eq. (5.1) may be expressed in two

different ways using connected multiple-gluon-emission effective colour matrices as follows:

e = 1T {T5, G55 3)} (6.10a)
¥ = pmh {Ch(3), C513)} (6.10b)

where the double- and triple-gluon-emission matrices, defined in eqgs. (2.24) and (2.25), are
always placed on Wilson line 3, inside an anticommutator. Therefore, in total four gluons
are emitted from this line, out of which one pair is contracted to form the boomerang
gluon, as relevant to the (1,1,4) web of figure 7.

To determine which four-line webs contribute to the 0[3’3]

component of the (1,1,4)
web upon applying collinear reduction, consider placing one of the two colour matrices
appearing in the anticommutators in eq. (6.10) on a fourth Wilson line instead. It is
straightforward to see that the corresponding four-line web would be of the (1,1,1,3) type
upon using eq. (6.10a) and of the (1,1,2,2) type upon using eq. (6.10b). Furthermore, in each
of these cases there are two distinct choices for the colour operator to be placed on line 4.

[3,3]

(1,1,4) web upon taking the collinear limit 3||4, one needs to sum up the four four-line webs

These considerations imply that in order to obtain the complete c component of the
shown in figures 13 and 14: the former presents the contributions of wi113(14, 24, t34)
and w1131 (013, @93, az4), while the latter depicts the two instances of the (1,1,2,2) web,
3,3]

namely wi122(q24, @34, a13) and wi22(a14, @34, ag), all of which contribute to ¢ when
the lines 3 and 4 are identified.

We will now examine taking the limit in more detail. We first note that the collinear
limit can only be consistently taken after summing up the four contributions above. Indeed,
as we shall see, each of the four separate webs features singularities such as those in eq. (6.1),
owing to the fact that r(a;;) of eq. (2.46) diverges and the basis functions My ,(cv;)
become complex in the limit where the would-be-boomerang gluon «;; — —1. We will
therefore postpone taking the limit co;; — —1 until we have added all four contributions.
Nonetheless, for clarity we consider the four webs in turn.

Let us begin by considering the (1,1,1,3) of figure 15, which is shown in terms of

effective vertices in figure 13 (top left).

"Note that the other colour component of the (1,1,4) web, involving CLS’S], does not have two effective

colour structures on any of the lines, and therefore cannot be obtained through collinear reduction.
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Figure 13. Two different (1,1,1,3)-type webs w1113(14, @24, ai34) (top left) and wy113(13, 23, a34)
(top right), give a contribution to the (1,1,4) web in the limit that lines 3 and 4 are collinear. The
red dashed circle indicates the symmetric contribution will be taken.

According to refs. [44, 45], the integrated subtracted (1,1,1,3) web can be written as

- 1 13
821,?3) (14, @24, 034) = —¢ PTyTST (477) r(oa) r(aze) r(ass)

« {fadefebc G(1,1,1,3) (0514, o4, a34) + facefebd G(1,17173) (Oz2470414, a34)} , (611)

w

where
1
G113 (a1,a2,a3) = 3 Mz 0,0(a1)Mo,,0(az)Mo,0,0(as)

1
+ 3 Ms00(as)Mooo(a1)Moo,0(a2) — Mao(az2)Mooo(ar)Mooo(as)

+ Mo,0,0(a1)Mio0(a2)Mioo(as) + Moo,0(az)Mioo(ar)Mioo(az)

— 2 My,0,0(a2)Mio0(a1)Mipo(as).
(6.12)

We will now take the collinear limit, beginning with the colour factors. We identify line 4
with line 3 and symmetrise:

1 1 1
Ifzzbjscszadefm _>3H4 1f1§§{1§71§i}fadefebc = 5[1{%11”][15,15]{15,15} = 50:[33’3],

1 1 1
jfjfjfjffacefebd —>3H4 7f72b§{7§,1??}facefebd = 5[7{1,111’][721’,120]{13?,75} = §Cg3’3]~

(6.13)
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Figure 14. Two different (1,1,2,2) webs wy122(aa4, aza, a13) (top left) and wi122(@14, i34, o) (top
right), give a contribution to the (1,1,4) web in the limit that lines 3 and 4 are collinear. The red
dashed circle indicates the symmetric contribution regarding the relative position of the two V5
vertices along line 3 is taken.

Identifying lines 3 and 4 in the a-variables and defining o = 33, we find

3
_(3,-1) 1 33 1)
W(1,171’3)(O‘147 24, 34) m 123 (47r r(ous)r(ogs)r(a) (6.14)

X [G(1,1,1,3) (13, a3, @) + G(1,1,1,3) (23, 0613,04)} ,

where it is understood that the limit &« — —1 will be taken once all the contributions are
collected.

As shown in figure 13 (top right), we must also consider the (1,1,3,1) web, where three
gluons are emitted form line 3. We may readily write the result as w(; 1,1 3)(a13, 3, a34) as
it corresponds to the (1,1,1,3) web considered above with lines 3 and 4 swapped. Repeating
the steps above yields

3
_(3,-1) 1 3,3] ( 1 )
w 13, (23,(X34) —> — —=C — r(aq3)riaes)r(a
(1,1,3,1)( ) 3H4 12 3 47 ( ) ( ) ( ) (615)

X [G(1,1,1,3) (13, 23, @) + G(11,1,3) (23, 013, @) }7

which is the same contribution as eq. (6.14).
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(d) (e) (f)

Figure 15. The (1,1,1,3) web.

A RNEZ

(d)

Figure 16. The (1,1,2,2) web.
Next, we must consider the (1,1,2,2) web of figure 16, shown with effective vertices
in figure 14, top-left. The subtracted web is given by a permutation of the (1,2,2,1)
web [44, 45]:

_ 1 1\?3
wg:léfg) (04, 34, ai23) = 6 fadefebchlTQbeTf (47r> (o) r(azs) r(ass)

X G(1,1,2,2) (14, 34, 123) (6.16)

where
G122 (a1,a2,a3)= — %M2,070(a1)M0,0,0(ag)M()’O,O(ay,) (6.17)
_ % M3 0.0(az)Moo,0(a1)Moo,0(az) + Mo oo(az)Mooo(ar)Mooo(as)

— Mo 0,0(a1)Mi0,0(a2)Mipo(as) — Mooo(as)Mioo(ar)Mioo(asz)
+ 2Mo0,0(a2)Mi,0,0(a1)Mipo(as)—4Mo20(a2)Mooo(a1)Moo0(asz).
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Note the second argument in this function, as, corresponds to the a between the two lines
with two gluons attached; this is the gluon which is due to become a boomerang. The
result is symmetric between a; and as. Using eq. (6.13), we find

1

3
) rlan)ram)r(@)Ga e (@i a.0z). (615)

T, L 33
w(1,1,2,2)(@14,0434,a23) ?\4) ECB (

The second (1,1,2,2) web is a different permutation of the (1,2,2,1) web in refs. [44, 45]
which corresponds to wWi122(a13, 34, aaq) (figure 14). Repeating the steps above gives

3
_(3,-1) 1 33 (1
W11 99y (013, a4, 124) m 56 (47T> r(c13)r(eo3)r(a)Gi1,2,2) (13, o, az3) . (6.19)

Finally, the (1,1,4) web should be obtained by 1/2 the sum of the four contributions in
egs. (6.14), (6.15), (6.18) and (6.19). The factor of 1/2 is due following step 4 in the rules
at the start of this section, reflecting the fact that the (1,1,4) web has higher symmetry
than the original webs, since the ends of the boomerang gluon now attach to the same
Wilson line. The collinear reduction procedure thus gives

_(3,~1 1. (-1 _(3,-1
wE1»1:4§§3 = 5 131|?A} {wEl,l,l?Z}) (al4a 24, a34) + wELLg?l) (a137 23, a34)

(3,1 _(3,-1
+ wELLQ?g) (c14, 34, a23) + wEl,1,2?2) (a3, 34, 0424)}

1 1 1\?
=5 Jim { — 66:[))3,3] <47r> r(a13)r(ags)r(a)
X {G(LLL?,) (o3, o3, @) + G(1,1,1,3) (@23, 13, ) — G109 (213, @, 0‘23)} }

1 2 13\3
=5 li {—3cé3’3} <47r> r(aw)?“(a23)7“(04)M0,0,0(0413)M000(0423)M0,2,0(Oé)}

3 47’(2
77‘(013)7“(@23)1\/[0,0,0(013)M0,0,0(a23) ;

|
|
WL
)
VN
N
ﬁ\“
N———

(6.20)

where in the second step we inserted the expressions for the kinematic functions Gy 11 3)
and G(1,1,2,9) from egs. (6.12) and (6.17) in terms of basis functions, observing a remarkable
cancellation of all terms except for the one containing M2 o(c), and in the last step we
have taken the limit o — —1, using

lim 7(a) Mo2,0(a) = lim

a——1 as-11— a?

1+ a2 (2
3

“log®(a) + 4¢ ln(a)> = §7T2 . (6.21)
Note that the two terms in the brackets conspire to cancel the singularity, yielding together
a finite, real limit.

In summary we observe here multiple cancellations of potential singularities emanating
from the pole of (), which is realised in the sum of webs in eq. (6.20) both through
the cancellation of a host of terms containing the basis functions My g o(c), Mig0(c) and
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M 0(a) and through the finite limit of the remaining (o) Mo 2,0(«) term. The final result
in eq. (6.20) exactly matches the cg?”?’] contribution to the (1,1,4) web of eq. (5.11) obtained

by a direct computation (see appendix E, with the result given in eq. (E.15) there).

As already discussed above, it is not possible to reproduce the fully antisymmetric
colour factor CE)’B] by collinear reduction. Thus, this contribution to the (1,1,4) web cannot
be checked by this procedure. Furthermore, the (1,2,3) boomerang web — which only has

a c£13’3] term — is also unobtainable.

Next, let us consider the two-line webs of section 5.2. Of the three boomerang-web

examples considered there, the (3,3), (5,1) and (2,4), only the last has a component that

(3,2]

is accessible through collinear reduction, namely its contribution involving the c¢5"™ colour

factor of eq. (5.25), which involves anticommutators. All other contributions of these two-

(3,2]

line webs are proportional to ¢

The 6[23’2] contribution to the (2,4) web was computed directly in eq. (5.68). Using the

and are thus unobtainable through collinear reduction.

notation of eq. (2.23) and the basis functions in appendix B, the result can be expressed as:

3 3
aton) = (7)) 4 raton) == (57) %5 (ermoasten)
(6.22)
where the colour factor is defined in eq. (5.25) and for later convenience we renamed the
Wilson lines as 1 and 3.

Let us now compare this to the collinear reduction of the (1,1,4) web, i.e. starting with
the final result in eq. (6.20) and considering the limit 1||2. Let us first examine the colour

factor cg3,3] defined in eq. (5.1). We find that upon merging the lines 1 and 2, it becomes

1
ng’s] — *beefadeTfTQbT?fc’d} N 7fcbefade§T1{a7b}T§C»d} _ 26[23’2] , (623)

where in the final step we used the definition in eq. (5.25). Upon applying collinear reduc-
tion to the (1,1,4) web of eq. (6.20) we must account for the extra symmetry of the (2,4)
web due to the fact that the two non-boomerang gluons connect the same two Wilson lines
(but distinct lines in the original (1,1,4) web) by including an extra factor 1/2. We thus
obtain,

_(3,—1 1. 3,1
w§274);%(a13) = 5111|I\gwgl71’4g;3(a13,a23)
1. 1\? 4r?
= 2111%{ - Cg&g} <47r> 97’(0413)7“(0423)Mo,o,o(al?,)Mo,o,o(azg)} (6.24)
1\? 4n? 2
= _6[2372} <47r> 9 (7”(0613)M0,0,0(0413)) ,

where in the final step we just used the reduced colour structure from eq. (6.23) and
identified ao3 = a13. In this case, no « variable tends to —1, as no new boomerang gluon
is generated, so the limit is straightforward to take. Evidently eq. (6.24) agrees with the
direct computation in eq. (6.22), thus providing an additional check of the computations.

— 62 —



(a) (b) ()

Figure 17. Upper diagrams: (a) Effective vertex diagram for the (1,1,1,3) web; (b) Contribution to
the (1,1,4) web obtained from collinear reduction of (a); (¢) Contribution to the (2,4) web obtained
from collinear reduction of (b). The red circle denotes symmetrisation of vertices. Lower diagrams:
the same starting with the 1122 web.

To conclude this section it is useful to take another look at the collinear reduction
process we have just completed, in which two consecutive collinear limits have been ap-
plied, first getting the Cgs,:s} component of the (1,1,4) web by taking 3||4, and then getting
the 0[23’2 component of the (2,4) web by further taking 1[|2. This process is summarised
diagrammatically in figure 17 using the effective vertex formalism. The basic feature of
this example of collinear reduction, is what is described by eq. (6.10), namely that the very

same colour structure of three-line webs emerges upon merging different configurations of
3,2]

effective vertices. Of course the same follows for the two-line colour structure ¢;”™, which
can be expressed in two different ways as
3,2 1 b b
e = T {1 653 (6.25)
32 1
i = {rr o {che), a3} (6.25b)

This interesting example therefore illustrates both the over-completeness of the colour basis
of eq. (2.27) when used to express boomerang webs and the non-trivial structure of the
relations between webs spanning a different number of Wilson lines.
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7 Discussion

In this paper, we have taken another step towards the calculation of the multiparton soft
anomalous dimension for massive Wilson lines at three-loop order, continuing the pro-
gramme of work developed in refs. [44, 45, 55, 57, 58]. In our approach, the logarithm
of the soft function is calculated directly in terms of Feynman diagrams known as (multi-
parton) webs. In this work we have focused specifically on what we call boomerang webs,
containing multiple gluon exchanges where at least one gluon has both its endpoints on
the same Wilson line. As in previous work on Multiple Gluon Expchange Webs (MGEWs),
we set up the calculation in configuration space, and introduced a suitable exponential
infrared regulator in order to isolate the ultraviolet divergences associated with the vertex
where the Wilson lines meet. The latter are evaluated using dimensional regularization.
We have classified all boomerang webs through three-loop order, addressed new aspects
of regularization and renormalization that arise in this class of webs and provided explicit
results for their contributions to the soft anomalous dimension.

Beyond the significance of the results as components of the three-loop massive soft
anomalous dimension, our study highlights several interesting aspects of webs and multi-
loop computations. First, we find that self-energy diagrams, including arbitrary clusters of
such, completely decouple from other boomerang webs. Boomerang webs which span two
or more Wilson lines, include a priori both self-energy subdiagrams and diagrams where
the boomerang gluons straddle one or more emission vertices connecting to other Wilson
lines. However, we have proven in full generality (section 4) that only the latter type
contribute. That is, all web diagrams containing self-energy subdiagrams have a vanishing
exponentiated colour factor. This clearly simplifies the computation of such webs, since
only a subset of the diagrams need to be computed. Furthermore, the boomerang gluons
in these diagrams do not require any infrared regulator: their regularization is guaranteed
by that associated with the non-boomerang gluons which they straddle. This is shown in
section 3.3 and illustrated in a variety of examples in section 5.

Our proof for the complete decoupling of self-energy diagrams from multi-line
boomerang webs utilises the replica trick and relies on the combinatorial properties of
the web mixing matrix, as well as the colour algebra (namely that self-energy-type subdi-
agrams are diagonal in colour space). These general observations suggest that there may
be further interesting insights to be gained about the structure of web mixing matrices,
and also about what happens when one combines their combinatorial properties with the
known colour algebra of a non-Abelian gauge theory. Recently, the calculation of these
matrices was systematically extended to the four-loop order [65, 66], so there is clear scope
for further progress in this area.

A significant part of our study here has been dedicated to the properties of the kine-
matic functions arising in boomerang webs. Our findings are consistent with the conjec-
ture [44, 45] that MGEWSs spanning several Wilson lines are expressible as sums of products

of harmonic polylogarithms of individual cusp angles «;;, multiplied by a unique rational
1+o
-

in section 2.4, the appearance of these functions can be most easily understood in con-

function r(a;j) = ] - for every gluon exchange between the lines ¢ and j. As reviewed

figuration space, where a suitable choice of variables leads to factorization of the gluon
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propagator, and the integral can be recast in a dlog form. This was first noted in the
context of the angle-dependent cusp anomalous dimension [73], and then conjectured to
apply to any MGEW [44, 45]. The fact that the dependence on several kinematic variables
does not lead to new types of singularities is a highly non-trivial feature, which is special
to MGEWs. Moreover, as reviewed here in section 2.5, MGEWSs were conjectured to be ex-
pressible in terms of a restricted class of harmonic polylogarithms, defined (see eq. (2.51))
through a single integral over a product of three types of logarithms [45]. In this paper
we extended the class of webs for which this conjecture was tested. We found that while
the main properties still hold, namely boomerang webs are still expressible!? as sums of
products of the same basis of functions, one salient feature is lost, namely boomerang webs
are no more functions of uniform, maximal transcendental weight. Instead, they always
display a weight-drop of at least one unit for every boomerang gluon (with no rational
factor) and furthermore, often feature mixed weight, as summarised in table 2.

The mechanism leading to the weight-drop and the mixed weight is analysed in some
detail in section 3.3. This may be of broader interest, well beyond the context of webs,
because a general understanding of transcendental weight in perturbative computations
is lacking. In particular, while it has been observed that certain quantities in N' = 4
Super-Yang-Mills (SYM) feature uniform, maximal weight, and moreover are equal to the
maximal weight terms on the corresponding quantities in QCD, these properties are not
general, and the underlying mathematical reasons for these relations and for the complex
mixed-weight structure in QCD, remain elusive. Nevertheless, from the perspective of
comparing results in different gauge theories it is not surprising to see that non-boomerang
MGEWSs have uniform maximal weight, while boomerang webs feature a weight-drop and
mixed weight. Indeed, only the latter contribute to the renormalization of the coupling,
thus affecting the QCD result, while not the N/ =4 SYM one.

Our finding that, despite the mixed weight, boomerang webs can still be expressed in
terms of the same basis of functions provides further evidence that the conjecture above
holds for all MGEWSs. This is interesting because it is already known that going beyond
MGEWs, the basis of transcendental functions must be extended (and likewise the set
of rational functions they accompany) as seen explicitly in the calculation of the angle-
dependent cusp anomalous dimension in QCD at three loops [8, 9], and in QED [10] at
four loops.

In section 6, we have generalised and applied the collinear reduction procedure devel-
oped in ref. [45], motivated by the effective vertex formalism of ref. [58]. First we have
seen that collinear limits generating boomerang gluons involve taking the limit o;; — —1,
which may be rather subtle in dimensional regularization. For the self-energy web, the
direct computation requires € > %, and it therefore cannot be recovered from the expanded
(1,1) web. We have then seen that in boomerang webs, in which boomerang gluons straddle
other emissions along the Wilson line, order-by-order treatment in € is in fact possible, as
all singularities are regularised by small positive values of €. This guarantees the validity
in principle of the collinear reduction process.

12We emphasise that the applicability of the basis of functions of [45] to boomerang webs is not a priori
obvious. Indeed, there are instances, such as the (2,4) web, where the form of the integral is rather different
to eq. (2.51), and yet the final result can be recast in terms of such functions.
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Next we examined the non-trivial example of the (1,1,4) web, demonstrating that it can
be recovered from results for non-boomerang four-line webs. Specifically, we have shown
that upon considering the complete set of four-line webs (specifically, the (1,1,1,3), (1,1,3,1)
webs and two instances of the (1,1,2,2) web) whose collinear limit contribute to the (1,1,4)
web, the limit exists, and through a rather intricate set of cancellations, reproduces the
result of the direct calculation. This provides a strong check of our results.

The fact that different four-line webs, with different compositions of effective colour
vertices contribute together is an interesting feature, which is a reflection of the fact that
the basis in eq. (2.27) becomes over-complete when contracting pairs of adjoint indices
of different effective colour vertices on the same line, as needed when forming boomerang
webs. While we showed that collinear reduction may be used to compute (or check) certain
components of boomerang webs, we stress that this procedure does not constrain those
contributions to lower-line webs involving a fully antisymmetric colour factor, such as e.g.

04[13’3] 32 i eq. (5.25), and thus cannot be generally used as a replacement

in eq. (5.1) or ¢
of direct computations.

In this paper, we have completed the calculation of a class of contributions to the
soft anomalous dimension, while also proving a general result on the decoupling of self-
energy diagrams and deepening our understanding of the analytic structure of webs and
their collinear limits. Work towards calculating the remaining contributions to the full and
gauge-invariant result is ongoing. These involve gluon self-interactions off the Wilson lines,

necessitating a range of different and more complex techniques.
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A Results for lower-order webs

Here, we collect some useful results for one- and two-loop webs, obtained in refs. [44, 45]
using the approach described in section 2. First, there is the single gluon exchange web
connecting lines ¢ and j at one-loop order. This web has a colour factor M2 =Ty . T, and
a kinematic factor

1
FO @iz w2 /m?,0) = wT(26) [ dape(a,ae)
0

1
= k[(2¢) T(OZIQ) (2F1 (172671“’ j_m )_ 2 (1’26’ e 1+Oé12>>

1+aqo
= kT(2€) 2r(a12) In(az) + O(€Y)

2
2
= — 1855 ~r(a12) In(ana) + O(€), (A1)
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(a) (b)

Figure 18. The (1,1,2) web.

where in the first line we used p.(z, «) of eq. (2.43), in the second we performed the integral
keeping the exact € dependence in terms of Gauss hypergeometric functions, and expressed
the rational function using r(a) of eq. (2.46) and in the third and fourth lines we expanded
in € keeping only the singular term. Higher-order terms, O(e*) for k > 0, will be needed
for the renormalization of higher-order webs. These follow simply from expansion of the
propagator function p. under the integral in the first line of (A.1) according to eq. (2.44),
or alternatively from the e expansion of the hypergeometric functions in the second line
of eq. (A.1).

Next, consider the two-loop three-line (1,1,2) web of figure 18. This web contributes
through a single connected colour factor proportional to the structure constant fe¢. Con-
sidering a (1,1,2) web with two attachments on line 3 and single attachments on each of the
lines 1 and 2, the colour factor is ¢/23 = %z f“bchTQbT?f and the corresponding kinematic
factor (for the non-subtracted web) is (see ref. [44])

1 1
]—"((127)172)(a13,a23) = /-;2I‘(4e)2—6/0 dydz pe(y, aos)pe(z, a13)

2e 2€
{ (Z> o F <4€, 2¢; 1 + 2e; z) - (y> o F <4e, 2¢; 1 + 2e; y) }
Y Y z Z

= 2H2F(46) /01 dydzpe(%aw)pe(y,a%) |:1I1 (;) T {4Li2 <_;)
2
+ In? <Z) + 7;} + 0(62)}

Finally, let us consider the two-loop two-line web consisting of two gluons exchanged

(A.2)

between lines 1 and 2. This web has two diagrams, but only one of them, with the gluons
crossed (see figure 19), has a non-vanishing exponentiated colour factor 22l = % T - Ts.
The corresponding kinematic factor was computed long ago [7]. In our notations it is
reported in eq. (4.7) in [45] and it reads:

1—zy

T y2>0(y > z), (A.3)

1
FE = /<;2F(4e)/0 dy dzpo(y70612)p0(z70‘12)1n(

— 67 —



Figure 19. The (2,2) web: the crossed-gluon diagram denoted by X in the text is the only diagram
in the (2,2) web with a non-zero exponentiated colour factor.

at O(e!) and

1 1—
-7:)((270) = “2r(4€)/ dydz po(y, a12)po(z, a12) [1H2<1 Z) — In? (Z) — 4Li2< - ;)
0 —

+ 4Lig ( - 1 — Z) + ln(i : ;z)ln(q(y, a12)q(z, alg))] O(y > z). (A.4)

and O(€Y).

B Basis functions and their symbols

In this appendix, we present explicit forms for the basis functions of eq. (2.51), together
with their symbols, as taken from ref. [45]. We only include the functions up to weight 4,
as higher-weights do not appear in the webs computed here at O(1/¢). We refer the reader
to ref. [45] for a more complete list.

For the functions themselves, we have

o Weight one.

Mooo(a) = 2log(a). (B.1)
« Weight two.
Migo(a) = 2Lis(a?) + 4log(a) log (1 — a?) — 2log*(a) — 2. (B.2)
« Weight three.
Maoa(a) = 5 log(a), (B.3)
Moi1(a) = 2Lis(a2) — 2log(a) [LiQ(oP) + 10g23(a) + @] _9g,, (B.4)
Moso(a) = 2 logh(a) + 4G, log(a) B.5)

3

— 68 —



Mago(a) =— 4 [Lig(oﬁ) +2Lig (1 - a?) ] ~8log (1 - a?) log*(a)

8
+ 3 log*(e) + 8¢ log(a) +4 3.
o Weight four.

Msg0(c) =12 [Lm(a?) —4Lis (1-a?) ] — 24 85 5(a?)
— 24 log (1 - a2> Liz(a?) — 24 log? (1 - a2) log?(a)
+ 16 log (1 — a2) log?(ar) — 4 log*(a)
— 24 (5 log(a) log [(1:.;2)21
+ 24 (3 log [oz (1 —on)} — 6,
Mo 0(a) =4Lig(a?) — 4 log(a) Liz(a?) + 2 log?(a) Lig(a?)
4 2
+ 3 log®(a) log (1 — a2) ~ 3 log*(a)
+ (2 [8 log(a) log (1 - az) + 4 Lig(a?®) — 6 logQ(a)}
+ 4¢3 log(a) — 14 (4,
M go(a) =4Lig(a?) — 8 log(a) Liz(a?) + 8 log?() Lig(a?)
+ ? log®(a) log (1 — a2) - g logh(a) —4 ¢y,
My 1(a) = — 4Lig(a?) + 4 Ss2(a?) + 2 log {a (1 - az)ﬂ Liz(a?)
+ 4 log(e) Liz (1 - o?)
- g log?(c) log (1 - a2) {log(a) — 3 log (1 = az) }
— 8¢ log(a)log(1l — a?) — 23 log [a (1 — a2)2] + 3,

2
My2i(a) = 2 10g2(a) + 3 log4(a) ,

One can easily check that

1
Mo21(a) = §M070,0(04)M0,2,0(a)

(B.6)

(B.8)

(B.10)

(B.11)

(B.12)

(B.13)

which is one example of the relations in eq. (2.52). The symbol of each function may be

found in table 3.
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My n(c)
w | Name symbol
1| Mooo 2 (®a)
2 | Moo —4da®n
Mo, 0,2 lba®a®a
5 Mo11 —4da®n®a
Mo 2,0 da®a®a
M 0.0 l6a®@n®n
M2 —32aRaRa®mn
M1 | -1l6a@a®a®a+8ana®@n+8ann® «
A M 20 —BaRaRa®dn—8a®@NRa® «a
Ms3,0,0 —BaRnNN
Moy 21 ba®@a®a® o
Mo o,3 BaRaRa® a

Table 3. Symbols of the all linearly independent functions of the MGEW basis of eq. (2.51) up to
weight 4.

Figure 20. Diagram used for the calculation of the vertex counterterm, where 3 is the 4-velocity
of the Wilson line, and p the Lorentz index of the emitted gluon.

C Gluon emission vertex counterterm

In this appendix, we calculate the counterterm for the vertex coupling a gluon to a Wilson
line. Consider the diagram of figure 20, which shows a gluon being emitted from a Wilson
line at distance parameter u, dressed by a boomerang gluon whose endpoints have distances
s and t. To identify the singularity associated with the boomerang gluon we must integrate
over s and t, keeping u fixed. Applying the Feynman rules of egs. (2.28), (2.30), but
removing the exponential regulator for the boomerang gluon as discussed in section 3.2,
we obtain

oo . .
igs p€ TPTETE BH /0 due™ MV IEIE T (), (C.1)
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where

I(u) = N g2 3 /Ou ds/oo dt [—(w—sﬂ)?r_l
— N2 ( 52/033/ dt (t — 5)%2

:—N92 26( 52)6 2e (CZ)

2¢ (1 —2¢)’
where in the last line we performed the integrals over s and t assuming 0 < € < % We
conclude that upon neglecting terms of O(e”) and above, eq. (C.1) assumes the form of a
usual emission vertex from a Wilson line, multiplied by the factor

Sfj (ch - C)+0(60), (C.3)

where we manipulated the colour factor in eq. (C.1) as in eq. (3.6). Equation (C.3) rep-
resents the singularity associated with shrinking the boomerang gluon surrounding the
emission vertex to a point. To remove this local singularity, we must introduce a pure
counterterm that is the negative of this result, i.e.

2
Zy =1+ 2\ <CRl - ;N> +..., 70 = 4 I (C.4)

where the subscript v stands for the gluon-emission vertex.

D Calculation of web mixing matrices

In this appendix we review the replica-trick based algorithm developed in ref. [55] for
calculating the web mixing matrix of eq. (2.15) for a given web. This algorithm is also
heavily used in section 4 to prove that self-energy graphs do not contribute in the overall
expression for a boomerang web.

Given a web W, we may separate its soft gluon part (i.e. the part of the diagrams
remaining after the Wilson lines are removed) into a set of n. connected pieces. We
now consider a theory in which there are N non-interacting copies of the gluon fields,'3
which may connect with the same Wilson lines. Then one may associate a replica index
i € [1, N] with each connected subdiagram, such that these are completely independent.
The exponentiated colour factor of eq. (4.1) for a given diagram D is then obtained as
follows:

1. One considers a particular hierarchy h of the n. replica number assignments for all
connected pieces of D.

2. For each h, one reorders the gluon attachments on each Wilson line, so that replica
indices are increasing (they may be equal, but not ever decrease) along the direction
of the appropriate 4-velocity ;. This reordering leads to a new diagram, whose colour
factor is labelled by R[D|h] in ref. [55].

130One must also replicate any additional matter that can couple to the gluons off the Wilson lines,
although this is irrelevant for this paper.
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h | Rlalh] | R[blR] |  My(h) | O(N) part of My(h)
i=j| Cla) | C(b) N 1
i<j| Cla) | Cla) | AN(N-1) ~1
i>j| C(b) | Cb) | IN(N-1) -1

Table 4. Replica analysis of the (1,1,2) web of figure 18.

3. The contribution to the colour factor in the replicated theory from each ordering is
defined to be
My (h)R[D|h],

where My (h) is the multiplicity of the hierarchy h (we will see an example in what
follows).

4. Finally, one must sum over all possible hierarchies, and take the O(N) part of the
total colour factor thus obtained:

C(D) = [Z MN(h)R[D|h]] . (D.1)
h O(N)

As an illustration of this procedure, let us consider the (1,1,2) web of figure 18. This has
two connected pieces (each a single gluon exchange), so that n. = 2. Assigning replica
indices ¢ and j to them, there are three possible hierarchies h, which are listed in table 4
along with their multiplicities My (h). Now consider diagram (a). If the replica indices are
equal, then reordering of the gluons according to their replica indices has no effect, so that
the same diagram is obtained. For the hierarchy ¢ < j, the gluons are already correctly
ordered according to replica index, so that again the same diagram is obtained. Finally, for
the hierarchy i > j, the gluons get reordered, producing diagram (b). Adding the colour
factors for each hierarchy weighted according to multiplicity, one obtains

Cla) = Ca) ~ 3 (Cla) + O)) = 5 (Cla) ~ Cb)). (D.2)

Repeating this analysis for diagram (b), one obtains the web mixing matrix (from eq. (4.1))

1 1 -1
R = . D.

Further examples of this technique can be found throughout section 4.

E Calculation of the (1,1,4) web

Here we present the calculation of the (1,1,4) web integrals in section 5.1.1. Considering
the 12 diagrams in figure 7, only the first six, denoted (a) through (f), enter eq. (5.4),
while the remaining six involve self-energy subdiagrams. Our goal here is to compute the
kinematic functions Fp for diagrams D = a through f. Specifically, we wish to express
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Figure 21. Diagram (a) of the (1,1,4) web of figure 7. The parameters indicating the position of
each gluon emission and absorption along the lines are indicated by s; and ¢; for i =1 to 3.

these functions as in eq. (5.2) so our first task will be to determine the integration kernels
¢p for these diagrams. We will illustrate the method using diagram (a) shown in figure 21
and then present the final results for the others.

As explained in the main text, the exponential regulator of eq. (2.30) is used on all
but the boomerang gluon attachments, leading to the following integral for diagram (a):

Falas,aoz)=gS % N3(By - B3) (B2 - 53)53%/0 dsidsadssdtidtadts

(—(s18s—t181)* +ie) (—(s2B3—taB2)* + ie) " (—(s3Bs — tafs)*+ie) "
e_im(lersz)\/@_imtlm_imtz\/@e(% > 51)0(s1 > 52)0(s2 > t3)
(E.1)
where N is defined in eq. (2.29) and for brevity we do not indicate the dependence of F,
on ji?/m? and € as arguments. Let us begin by noting (see figure 21) that all s; variables

run along line 3 while the ¢; variables each runs along the respective line i, and thus we
rescale the variables according to s;4/ ﬁ% — i = o0; and t; Bf — 1€ = T1; to get:

fa(a137a23) :gSﬁGEN?’%/ doidoodosdridradrs (9((73 > 01)(9(0'1 > 02)(9(0'2 > Tg)
0

(—a% — 7'12 + v1301711 + ia)ﬁfl(—ag — 722 + Yo309T2 + i€

(=03 — 72 4 20373 + iE)Efleﬂm(UﬁmJﬁﬁﬁ) .

)671

(E.2)
Now we perform a change of variables, A\; = ; 4+ 7;, for i = 1 through 3 along with
o1 09 o3
z = s y = s g .
o1+ T1 o9+ T 03+ T3
Next we perform the integral over the boomerang parameter A3 to obtain
3ime 00 1
Fala1z, a03) = — 92/166/\/3%62 / d>\1d>\2/ dadydz AN
€ Jo 0
(22 — 1)) ' Pely, 723) Pe(2,m13) e~ (E.3)
Y 2e A 2e
l(ly 2 ) = (“) ] O(A1z > Xay)B(Aazy > Aiz(1 — x)).
- x
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We can now combine the remaining length parameters of the exponentially regulated
gluons,

A1

A=A+ A =
! 2 v A1+ Ao

and perform the integral over A to obtain

3e
I'(6e) [1 1
Falaz, ags) = — g (:};) N3(86)/0 dwdydz/1 dx
3

[((11—_11;)3!)26 B (T)ZG] w2l (1 — w)2 (22 — 1))

Pe(y,723)Pe(2, 113)0 (w > y) 0 (y TS v )

1—w z z1—x 1—w

(E.4)

1 1
= 0(06) [ dydz [ do (20=1) pelys ez, 13000l 2.

Here we have defined the kernel ¢, as:

1 /1 [/ 2\ 2% 1—z \ %
. . - _ d il I 2e—1 1— 2e—1
¢ (m,y,z,e) 6/0 w _<’LUZ) <(1_w)y> ]w ( w)
w Y (TR w
gl —>=10 (=
(1—w>z> (zl—az>1—w>

1 1 [ —2e 1— — %
_ E/0 dw (3;’) Wi (1 — )2 - ( 33) W2 (1 — )t

2 Y
WY y_ =z w
9(1—w>z)9(zl—w>l—w>'

(E.5)

Upon changing the integration variable to u = 1=, the integral becomes:
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We can then perform this integral over u and expand in € to find:

o(T,y, 25 €)

< ;13 2F1 (66,46;1 +4€;7g v > — o (66,46;1+46;y)
1-— z1l—=x z
2e x 2¢ y y
< > [ ) oF (66, 2¢;1 + 2¢; —) —9F] (66,26; 14 2¢; —)]
1—x z1l—x z
T . Y . ry
= — 12Lig ( —= ) — 12Lig | ———
In (1 37> ‘ 13( z) 13( (1—:c)z>
—|—121n< a )Li (—y) —|—21n2( a )111(2(1_3;)) + O(e?)
1—x) 2\ 2 1—z Y2 '

We now follow the same method to obtain results for the remaining diagrams (b) to (f) of
the (1,1,4) web. The respective kernels read:

1
72

(E.7)

Py, y, 25 €)

1— 2e 1—
( ) [QFl b€, 2¢; 1 +26;—y> — ( x) o <66 2¢;1 + 2¢; Y )]
z x z x
2¢
1 de 1
L (N R (vetei146-2) - (12) o (Gede1 + 46 -0
12\ (1—z)z z l—z z T
=2 (—2) — e{12Li (z) ~12Li <m )
(=) 6{ Uy Sy
+12In <"”> Li <—Z> +2mn% (——)In <y(1 _ "”)) +O(%);
-z ? Y 1—2z 22 ’

(E.8)

¢c(xv Y, %3 6) =

2¢e
1 2 1—ax\% 1—
- — (y> [2 o F (66, 2¢:1 4 2¢; —y) - ( 37) o F) (66 %:1 4 2¢; — 2 x)
4e xz z T zZ X

1_ 2e 1
+< x) o (66 4e; 1 + 4e; Y ) — ol (66,46;1 +46§_y>
T z z
x

X

1 1 (1-—
:%1n<1_$)+§ln<1fm) ( :c3:2 )

_5{12L13 (-“;;’)y)—lzmg (—Z) :1))1 (1”333)

(E.9)
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$a(x,y,2€) =

2¢
1 2 1— de 1
SR e S N D (66, 2e;1+26;—y) —9 (QC) o F (66 %1 + 2¢; —yx>
4e? \ z(1—x) z x z x
1— 4e
+( x) o (66 4e;1 + 4e; —= ) (66 4e; 1 + 4e; _y)]
x z

:%1n<1f:p)+2ln(1f$ {12L13 Z:c)@/)

Cqoraa (LYY 28T ) _ z 2 (T2 2.
12L13< z) 3111 (1—3:) 2111(1_3:)111 <y2>}+0(6 );

(E.10)

Ge(,y,27€) =

2e
1 2 1— 4e 1—
== |2.m (66, 2; 1+ 2¢; —z> —9 (m) Py (66,26; 14262 x)
4e? \ y(1—x) Yy x y

1—a\* 1—
+< x) L (66,46;1+4e;—z x) — R <66,4e;1+4e;—2>]
x Yy Yy

() () e (05 ()
|

(E.11)

bp(x,y,z€) =

2e
1 2 1— 2e 1—
- (2 298, (667 2¢; 1+ 2¢; —Z> -2 < x> oF <6e,26; 1+ 2¢; _z :E)
4e2 \ zy y x y

1_ 2e 1
=+ < .%') o Fy (66 46 1 —|—4€ —E ) — ol <66, 46;1 +46;_Z>
x Yy Y

261 (%) T %ln (1 f x) In (<1$—3;:2)z4) _ 6{12Lj3 <_(1;yx)z) — 12Li, <—Z>
— éln‘q’ <1fx) —In <1fw> In (ig) In (z%fgm)) }+O(62)-

It is important to note that the overall degree of divergence in € of ¢, and ¢ is lower
than that of the remaining diagrams: this is related to the fact that the latter diagrams
are composed of two subdiagrams that may be shrunk to the origin separately, while the
former can only be shrunk upon taking all gluons to the origin simultaneously. One can

(E.12)

also see that each of the ¢p functions vanish at x = % This is an example of the general
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behaviour of the z; integral for a boomergang gluon which straddle one or more other gluon
emissions, as discussed around eq. (3.25).
[3,3]

According to eq. (5.4), the contribution to the colour factor ¢; ™ requires the combi-

nation

¢3:%[¢a+¢b]a

such that expanding the results of eqs. (E.7) and (E.8) gives the coefficient of e~! to be

1
]:((i’lji));g(al?),az?,) = <8w2> . dxIn? ( ) 22 — 1]_2/0 dydz po(y, c23)po(z, o13).
(E.13)
Using the result
1 2
2 x —2 _ T
/éda:ln <1_x)[2$—1] - (E.14)
one obtains
(3.-1) s
f(1’71’4);3(0613, a23) 18 / ddep(](y, 0623)]70(2 0513) (E15)

Next, we consider the kinematic contribution to the colour factor CL 3 for which
eq. (5.3) dictates we need the combination

_

¢4(a;,y,z;e) = 5[_¢a+¢b+¢c+¢d_¢e_¢f]

() o

where we have expanded in € in the second line and defined

Blz,y,2) = ln( )( ln2<1 )—91n(1fx>1n<§i>—21n2 (Z)—M)
i (125) (o (2) ()
o (52) (4529

This can be simplified further using relations between dilogarithms, but we leave it in this

form to keep the antisymmetry between y and z manifest. ¢4 enters the unrenormalized

3,3

kinematic factor accompanying c, ] through the integral

.7-'((3)1’4);4((113,0523) = k3T (6¢) / d:c/ dydz[(2z — 1)1 1 pe(y, ao3)pe (2, 013) da(, y, 23 €).

(E.18)
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One can check that lim_ 1 B(x,y,z) = 0 and hence the singularity at = = L is integrable
2

2
for € > 0 and we find
3
.7:((1’)174);4<Oé13, 0423)

1
SF(GE)/ dydzpe(y, o3)pe(z, a13)

[ LR ( ) — 6Lis (—Z) + 6Lis (—Z) - %m (;) (24 In(y=)) + 0(6)}

) / dydz po(y, ae3)po(z, cu3) (E.19)

[832 i (2) +5 (st (=) - st (=)
+31n (Z) (2 +In(y2) + In (q(y, ass)q(z, a1s)) + 31n <7¢;)>>] +O().

We note that the antisymmetry between y and z remains manifest in this expression.

F Steps in the calculation of the (2,4) web

The calculation of the (2,4) web is presented in section 5.2.3. Here we collect some in-
termediate results, first considering the expansion of the Appell F; function appearing in
eq. (5.58) (appendix F.1) and then evaluating the polylogarithmic integrals in eq. (5.66)
(appendix F.2).

F.1 Expansion of the Appell F; function entering the (2,4) web

Here, we explain how to expand the Appell F; function appearing in eq. (5.58), as a series in
the dimensional regularisation parameter e. Starting with the well-known one-dimensional
integral representation

I'(c) Lo (1 —w)e!
i o _ 7/ F.1
1(a,b,byc)$7y) F(G,)F(C—a) 0 du(l—ul‘)b(]‘_uy)b/’ ( )
one has
F(l n 26) 1 u2€—1
Fi (2 —2¢,1 + 2¢; = . F.2
1(2€, 6, —2¢, 1 + 2¢;2,y) T(QE)F(l)/O du(l—ux)ﬁe(l—uw‘% "

Application of the Feynman parameter trick

1 a—1¢1 _ \8—1
1 T(at+B) / gt (1—1) (F.3)
A2BF T(a)T(P) (At + B(1 —t))>t+8
gives
Fy(2¢,6¢, —2¢,1 + 2¢;2,y) = / dtt—=~ - / du

u?e” 1[1 - u(ty + (1 - t)az)]_4€.
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The w integral produces a hypergeometric function, which can be expanded in € using
HypExp, such that one obtains

1 F(1+2€ 2e-1( Be—1
F1(2¢,6¢,—2¢,1 4+ 2¢; 2,y) = % T@T / dtt~ —t)
I'(1 +25 21 Be—17 -
e =17,
er(% / dt t~ — 1) i2(Q) +
(F.5)
where
Q=ty+ (1—1t)z. (F.6)

The integral in the first term in eq. (F.5) yields a complete beta function. For the second
term, the ¢ integral produces a pole in € for ¢ — 0,1, in which cases the argument of the
dilogarithm reduces to y and x respectively. One then obtains

F1(2¢,6¢, —2¢,1 4 2¢,2,9) = 1 — €2 (4L12(y) - 12Lig($)) + O(é%). (F.7)

F.2 Evaluation of the (2,4) web polylogarithmic integrals

Our task in this appendix is to explicitly evaluate the y and z integrals in eq. (5.66) with
the kernel of 95334);1(3/7 z,a12) given in eq. (5.67). As these integrals do not directly lend
themselves to the form of eq. (2.51), we will first evaluate them in terms of Goncharov
polylogarithms, and then show that the result can be expressed in terms of the basis
functions.

As a first step, one may straightforwardly integrate those terms in the kernel g((g’ll);l
that depend only upon y or z individually (where the transformation z - 1—2, y — 1 —y
is useful in the latter case). One then obtains

4
F((;)Ll);l(am) = 3{7“2(&12) [8M0,1,1(0412) —2Mi11(02) — 2M0,2,1(0412)} + I(alz)}, (F.8)

where we have denoted the remaining integrals I(«) = I1(«) + Ia2(«) + I3(a) with

L(a)=2 /1 dy dz po(y, @)po(z, a)Lia (;}:‘Z)H(y > 2)

I( / dy dz po(y, @)po(z, a)ln(1 i 2>ln<q(3’2a))0(y > 2)

() = - [ dydzpoty otz (1 (L5 o > 0. @)

)

To calculate I;, we may first rewrite the dilogarithm function as a Goncharov polyloga-

rithm [80]:
i (2120) o (2120), w10
Ny1—2)  O"Ny1-2 ’
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The right-hand side has a non-trivial function of y and z in the final argument, and one
may replace this with a sum of simpler Goncharov polylogarithms involving only y or z [81]:

Lio(21=2) == Gi1) (Go(2) — Ga(2)) + Golw) (o) = Gi(2) = Goo)

— Go,0(2) + Go,1(2) + Goz(y) + G10(y) + Gio(2)
—G11(2) = Gi2(y) + 2¢ — im(G1(y) + Go(z) — Go(y) — Gi(2)).

(F.11)

Having rewritten the dilogarithm according to eq. (F.11), we may use partial fractioning
to rewrite the propagator functions in eq. (F.9) to be linear in the integration variable, as
in eq. (2.45). Each term in the integral can now be carried out using standard methods,
and one finds

4 2 2
L(a) = 27’2(04) - % —2Go(a)(3 — 7T2<3G07_1(04) + 3G071(Oé)> +8Go,—1,—1,0()
—8Go,—1,0,0(c) +8Go,—1,1,0() — 8Go,0,—1,0() — 8Go,0,1,0(x) (F.12)

+8Go,1,—-1,0() — 8Go,1,0,0(cx) + 8Go,1,1,o(0é)] -

For the other integrals in eq. (F.9), one may apply similar techniques to obtain

(5 (L) = (Gofe) — G1(9) (Guj1-01(5) + Gt ) — 2Galw)) (P13

and similarly for y <+ z. We then find
B(a) + Ba) =r*(@)| = Gi-+ 86o(G-a(a) + Gr(a)

+ 8(2 (G—l,o(a) +2Go,—1(a) — Gopo(a) + 2Go,1 (o) + Gl,o(oé))

— 16G_1707_1’0(OJ) + 16G_1707070(04) — 16G_1707170<Oz) — 32G0’_17_170(Od)
+32Go,-1,0,0(0) — 32Go,—1,1,0() + 48Go,0,—1,0() — 32Go,0,0,0(x)

+ 48G0,0,170(Oé) — 32(}0,17_1,0(04) + 32G0717070(Oé) —32Gp.11 o(a)

IRkt ]

— 16G1,07_170(a) + 16G170,070(OJ) — 16G17071,0(Oz):| ,

(F.14)
so that the total contribution from all integrals in eq. (F.9) is
I(a) =r(a)[ = 6¢1 +4G5(2G-1(a) + 2G1(a) — Go(a))
+8G2(G-1,0(@) + Go-1(a) = Goo(@) + Go,a(@) + Gio(a))
—16G_1,0,—1,0() + 16G_1,0,0,0(c) — 16G_1,0.1,0(cx) — 16Go —1,—1,0(c) (F.15)

+16Go,—1,0,0(0) — 16Go,—1,1,0() + 32Go,0,—1,0(a) — 32Go,0,0,0(x)
+ 32G07071,0(a) — 16G0’17_170(04) + 16G071,070(a) — 16G071,1’0(a)

— 16G170’7170(Oé) + 16(}1,07070(04) — 16G170’170(Oé)} .
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To express this result in terms of basis functions, we may take its symbol, obtaining

S(I(Oz)

. ):—16a®n®a®n—16a®n®n®a, (F.16)
r?(a)

where 7 has been defined in eq. (2.48). Comparing this with the symbols of the basis
functions in table 3, we construct the ansatz

I(a) = 7’2(04) {A M{ioyo(a) + B MO,O,O(Q)MO,O,Q(Q) +C M07070(04)M07270<Oc> -2 M17171(04)} .

(F.17)

Fitting the coefficients using the expressions for the basis functions given in appendix B
we find 1 1

A=—-——, B=0, C=-—-. F.18

24’ ’ 2 ( )

The final result in eq. (5.69) follows upon substituting the coefficients eq. (F.18) into
eq. (F.17) and using the latter in eq. (F.8) along with the relations in egs. (B.13) and (B.12).

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