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Abstract

We study the structure of soft gluon corrections to multi-leg scattering amplitudes in a
non-Abelian gauge theory by analysing the corresponding product of semi-infinite Wilson lines.
We prove that diagrams exponentiate such that the colour factors in the exponent are fully
connected. This completes the generalisation of the non-Abelian exponentiation theorem, pre-
viously proven in the case of a Wilson loop, to the case of multiple Wilson lines in arbitrary
representations of the colour group. Our proof is based on the replica trick in conjunction with
a new formalism where multiple emissions from a Wilson line are described by effective vertices,
each having a connected colour factor. The exponent consists of connected graphs made out of
these vertices. We show that this readily provides a general colour basis for webs. We further
discuss the kinematic combinations that accompany each connected colour factor, and explicitly
catalogue all three-loop examples, as necessary for a direct computation of the soft anomalous
dimension at this order.
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1 Introduction

Wilson lines in gauge theories have been studied for many years [1-17], and continue to be investi-
gated in both gauge theories [18-26] and gravity [27-30]. In QCD, they are of interest for collider
phenomenology, as they govern the structure of soft gluon contributions in hard scattering pro-
cesses to all orders in perturbation theory. Important applications include Sudakov and transverse-
momentum resummation [15-17,31-52] as well as analysis of the high-energy limit [53-66].

Wilson lines, or path-ordered exponentials, universally emerge upon taking the soft approximation.
To analyse the singularities of a given QCD amplitude involving L hard partons M (p1,p2,...,pr)
one may consider the corresponding correlator of semi-infinite Wilson line rays:

Z:<¢51®¢52®... ®¢5L> (1)



where each ¢g,; is a Wilson line stretching from the interaction point to infinity along the classical
trajectory of parton i (3; is a four-velocity vector in the direction of p;):

¢, = Pexp [igs/o dsﬂf Au(sﬁi)} . (2)

Here A, = Aj/T}" is a gauge field in the representation of the parton ¢, and P denotes path-ordering
of the colour matrices along the line. In a factorization of an amplitude or a cross section, the
correlator Z captures all soft gluon interactions with the hard scattered partons. It is the incoher-
ence between the soft interactions and the hard interaction on the one hand and the collinear ones
(incoming partons or final-state jets) on the other, which ultimately leads to factorization of the
soft subprocess, making the process-independent calculation of soft interactions and the associated
singularities (or logarithms) possible.

The further advantage of using the Wilson line correlators Z stems from the fact that their ultravi-
olet renormalisation contains the structure of infrared singularities in the corresponding scattering
amplitudes [5-104/14-17]. The singularities are encoded in the soft anomalous dimension, defined
through the scale dependence of Z. The soft anomalous dimension captures the full complexity
of the coherent process of non-collinear soft interactions depending on the underlying hard kine-
matics and colour flow. Of particular interest are scattering amplitudes involving four or more
hard coloured partons, where the soft anomalous dimension is a matrix in colour-flow space. These
matrices have been computed at leading and next-to-leading orders and their physical implications
have been studied in detail, starting with the early works of refs. [15-17}/35,/53-56] and more re-
cently in refs. [37,38,63.64,67-93].

Wilson line correlators are significantly simpler than the amplitude, as they do not involve spin
degrees of freedom nor do they depend on the energy scale of the scattered partons. This leads to
symmetries, notably eq. is invariant with respect to velocity rescaling. A detailed analysis of
these properties has led to a recent conjecture for the complete all-order perturbative structure of
infrared singularities in massless QCD amplitudes, where the Wilson lines are lightlike (5% = 0).
This result is known as the dipole formula [75-78], as it implies that all infrared singularities are gen-
erated by an exponent containing colour correlations between at most pairs of partons (dipoles).
The dipole formula is known to yield the exact result up to two loop order, both from general
considerations and from explicit calculations [79,80]. Possible corrections to the soft anomalous
dimension going beyond the dipole formula begin at three loops, and have been investigated in
refs. [63164,74,81,82,94], where stringent constraints have been found, but a three-loop calculation
has not yet been done.

Wilson lines are also useful to study long-distance singularities of amplitudes involving heavy par-
tons, such as top quarks. In this case the velocities are timelike, BZZ > 0. Also here the soft
anomalous dimension has been computed through two loops [37},38,/71H74,87-93]. In contrast to
the massless-parton case, here three-parton correlations involving colour and kinematic degrees of
freedom do appear, and it is expected that similar, multi-parton correlations involving more par-
tons would appear at higher orders.

The long-distance singularity structure of amplitudes for both massless and massive partons is
significantly simpler than finite corrections to these amplitudes, and reveals an interesting inter-



play between colour and kinematics, which may be related to other such relationships discussed
recently [95] (see [96] for a discussion relating to the soft limit). Furthermore, the general structure
of infrared singularities is similar for a variety of non-Abelian gauge theories and has already been
used (e.g. in [97]) in understanding the all order structure of A/ = 4 amplitudes at the planar level.
This provides a strong theoretical motivation, going well beyond the immediate application to col-
lider jet physics, to study these singularities at higher loop orders, and for general N, [94,98-100],
with the long term goal of determining the anomalous dimensions to all loops and for strong cou-

pling.

In hard interaction processes involving two coloured lines, soft gluon interactions are captured by
a vacuum expectation value of a product of two semi-infinite Wilson line operators with opposite
colour charges, Z = (¢g, ¢3,), or equivalently a cusped Wilson loop closing at infinity. In this case
it has been known for many years that the exponent w, defined by Z = exp|w], can itself be given
a Feynman diagram interpretation and thus be computed directlyﬂ [102-104] where only certain
diagrams contribute: so-called webs [104]. In QED, webs are connected subdiagramsﬂ a result first
shown in [49]. In QCD, for a Wilson loop, webs are irreducible subdiagrams, namely those diagrams
whose colour factors cannot be written as a product of the colour factors of separate subdiagrams.
An equivalent topological criterion is that constituent parts of an irreducible diagram cannot be
disconnected by merely cutting through the two Wilson lines [102-104]. This simple criterion is
sufficient to classify all relevant diagrams in the exponent w to all orders. Furthermore, the colour
factor é(D) which accompanies any such diagram D in the exponent — referred to below as the
Exponentiated Colour Factor (ECF) — is not the same as the conventional colour factor C'(D) of
that diagram: it is the mazimally non-Abelian part of this colour factor. This means that the ECF
of any web corresponds to diagrams in which emitted gluons are fully connected by multiple gluon
vertices away from the Wilson lines. This is known as the non-Abelian exponentiation theorem, and
has been applied in Wilson line calculations in various contexts.

The notion of webs has recently been generalised to multi-parton scattering or, equivalently, to
vacuum expectation values of any number of Wilson lines meeting at a point [105|106], eq.
above. Similarly to the two-parton case, the exponent w, defined through Z = exp[w], can be
given a direct diagrammatic interpretation. Due to the non-trivial colour exchange at the hard
interaction vertex, infrared singularities in multi-parton scattering become highly non-trivial, and
exhibit a rich mathematical structure. A major difference to the two parton (Wilson loop) case
is that webs, instead of being single irreducible diagrams, are closed sets of (possibly reducible)
diagrams related by gluon permutations on the Wilson lines. Each set of diagrams constitutes a
single web W, whose contribution to the exponent w has the form

W => F(D)C(D)= Y F(D)RppC(D). (3)
D D,D’

Here {F(D)} and {C(D)} are, respectively, the sets of kinematic and colour parts associated with
all diagrams D € W, diagrams which are related to each other by permuting the order of gluon
attachments to the Wilson lines, while Rpp is a matrix of rational numbers called the web mizing
matriz. Each web has an associated web mixing matrix, and they encode a large amount of physics:

*A pedagogical review of this material can be found in [101].
5By subdiagram we refer to the (soft) gauge field components of the diagram, excluding the Wilson lines themselves.



web mixing matrices dictate how colour and kinematic information is entangled in the exponent
of the soft gluon amplitude. These matrices were further studied in [107,/108], which established
some general properties. One basic property that will be important below, is that web mixing
matrices are idempotent, namely they act as projection operators, selecting particular linear com-
binations of colour factors {C (D)} to appear in the exponent. We will return to characterise these
combinations below. The mixing matrix can also be viewed as acting on the kinematic factors,
generating particular linear combinations of {F (D)} in which certain subdivergences cancel, as
dictated by the renormalisation properties of the vertex at which the Wilson lines meet [108]. It
is also known that the contents of web mixing matrices can be obtained purely from combinatoric
reasoning [107], which has been further investigated in a mathematical context [109], and in a
forthcoming paper [110].

Despite the above progress, much remains unknown about both the physics and combinatorics
of webs. In addition, a number of conjectures and ideas regarding multiparton webs (and their
similarity to the canonical two-parton webs of refs. [102-104]) are unproven. Chief among these is
the question of whether the maximal non-Abelian (or “fully connected”) nature of colour factors
in the exponent of the soft amplitude generalises from the two-parton to the multi-parton case.
One might expect that this property would generalise, and this has been assumed in recent studies
of infrared singularities (e.g. |77, 81}/111], which considers possible corrections to the QCD dipole
formula). However, given that the topological criterion for identifying webs as irreducible diagrams
does not carry over from the Wilson loop case to the general case of several Wilson lines — indeed
in the latter case reducible diagrams do contribute to the exponent — it is not at all obvious if the
“fully connected” nature of colour factors would be realised. This calls for a general proof of this
result, which is the subject of this paper. Furthermore, progress in computing infrared singulari-
ties requires determining the relevant kinematic combinations accompanying each connected colour
factor. We will proceed to identify those in this paper.

The structure of the paper is as follows. In the next section we prove that all colour factors in the
exponent of a correlation function involving any number of Wilson-lines are fully connected. Our
proof relies on a variant of the replica trick argument adopted in refs. [52,106./107]. Before setting
up the proof we use a simple two-loop example to illustrate the idea in section In order to
formulate the proof, in section [2.2] we introduce a new formalism where the interaction of multiple
gluons with a Wilson line is represented by effective vertices. We then show that the exponent
is obtained by summing up connected graphs made of these vertices. The explicit form of the
kinematic and replica-number dependence of these vertices in the first three orders is presented in
section[2.3] In section[2.4]we further show that the vertex-based formalism provides a natural colour
basis for webs. The use of this method in calculations is explained and illustrated in section
Finally, in section 4] we classify all possible examples of webs at three-loop order which connect
three or four Wilson lines, determine the connected colour factors in a common basis, and derive
the combinations of kinematic integrals that accompany each connected colour factor. This may
be used in a calculation of the multiparton soft anomalous dimension at this order. In section [5| we
briefly discuss our results and conclude. In a forthcoming publication we undertake a combinatoric
investigation which provides further insight into webs and their connected colour factors [110].



2 The connected colour factor theorem

In this section we prove the following result:

Theorem 2.1 Radiative corrections to correlators of any number of Wilson lines in arbitrary rep-
resentations of the gauge group exponentiate such that the colour factors appearing in the exponent
all correspond to connected graphs.

This generalises the non-Abelian exponentiation theorem of refs. [102,|103] from the Wilson loop
case to an arbitrary product of Wilson lines. Before presenting the formalism and the proof we
provide a simple example to illustrate the idea.

2.1 Connected colour factors — a simple example

Let us begin by considering a simple example of a multiparton web in order to introduce the notion
of a connected colour factor. We consider the web shown on the left-hand side of figure [I and
consisting of two separate gluon emissions between the Wilson lines. This is the simplest non-trivial
example of a multiparton web. In characterising webs, we adopt the notatiorﬁ introduced in [106],
where (n1,ng,...ny) denotes a web with n; gluon emissions on Wilson line i. Using this notation
the web of figure (1] will be denoted W(y 5 1. Following eq. , the contribution of this web to the

X -

Figure 1: 2-loop web connecting 3 Wilson lines and its exponentiated colour factor.

exponent of the scattering amplitude is
12,1

W) = F(D)RY3 C(D),

)

where D, D’ run over the diagrams in the set, and Rg%’,l is the appropriate web-mixing matrix.

In this particular case, this takes the form [106):
A4)

F(
Wi = FB)

5Note that this notation does not fully specify the web due to the possibility of interactions off the Wilson lines.
A more refined notation will be introduced where necessary.



We see that in this case only a single combination of kinematic factors, the difference between the
two integrals F(A) — F(B), contributes to the exponent of the soft amplitude. Furthermore, it
does so with the colour factor )

C(4) = 5(C(a) - c(B)), (5)

which is the exponentiated colour factor (ECF) associated with diagram A, adopting the notation
of [106]. We may go further than this by writing down the colour factors explicitly:

C(A)=T{T5Ty,  C(B)=T{Ty"T} (6)
where we used the shorthand notation:
TPt = TITYTETY (7)

and T is a generator in the representation associated with Wilson line ¢ [112] corresponding to
the emission of a gluon of adjoint index a. Note that we have ordered the colour matrices (on
line 2) inwards towards the hard interaction, consistent with the path-ordering implied by the di-
rections of the Wilson lines in figure We emphasize that in eq. @ ordering is relevant only
among colour matrices corresponding to a given line; as indicated in eq. we always consider
an external product between the different lines, which may each belong to a different representation.

Using the colour algebra on Wilson line 2
[T;,TQ”] — ifobery, 8)

we may rewrite the ECF obtained above as

1 1
C(4) = 517 |18, 13| T = Sif Ty TS T, (9)

We thus see that the only colour factor entering the exponent in this case, corresponds (up to an
overall normalisation constant) with the non-Abelian diagram on the right-hand side of figure
In contrast with diagrams A and B, which upon removing the Wilson lines remain non-connected,
the ECF corresponds to a fully connected diagram: the number of gluon emissions on the Wil-
son lines is reduced, such that the gluons are joined by three-gluon vertices off the Wilson lines.
This illustrates theorem In the next subsection we will prove that it holds in general, for any
number of Wilson lines and to any order in perturbation theory, thus generalizing the non-Abelian
exponentiation theorem [102,|103] to the multiparton case.

A brief historical comment is due here, which will also clarify the terminology we use. ECFs were
first characterized as “mazimally non-Abelian” by Gatheral |102]. This is precise when considering
a single Wilson loop, and so long as only quadratic Casimirs are relevantﬂ this holds through three
loops, but becomes ambiguous beyond this order. Frenkel and Taylor [103] characterized the nature
of ECFs for a Wilson loop more generally as the “connected part” of the ordinary colour factor,
and provided an algorithm to determine it by unwinding all crossings among exchanged gluons

"In this case the colour factor in the exponent for a Wilson loop in representation R, takes the form C’RC’ff Lok,

where Cg is the quadratic Casimir in representation R and C4 corresponds to the Adjoint representation.



using the colour algebra. This algorithm, however, does not apply to the case of multiple Wilson
lines where, for example, reducible diagrams (where the gluons may not cross each other at all)
do contribute to the exponent |105,106]. We nevertheless observe here that the special nature of
ECFs is preserved: they all correspond to fully connected graphs. A general algorithm to determine
the ECFﬂ using web mixing matrices was established in refs. |[106(107]. The formalism we develop
below provides an alternative method to compute them, which in particular allows us to prove that
they are all fully connected.

Some additional comments are in order regarding the two-loop example above, and its generalisation
to higher orders. We saw that there was only one connected colour factor in this case. This can be
understood as follows. Web mixing matrices are idempotentﬂ and thus have eigenvalues 0 and 1,
with some potential multiplicity. One may introduce a diagonalizing matrix ¥ whose rows are the
left-eigenvectors of R, and rewrite eq. as

W=F'RC
= (F'Y Y)YYRY ' (YO)
= (FTY ™) diag(A1, Ao, ..., \) (YO), (10)

where {)\;} are the eigenvalues of R and d is its dimension. Without loss of generality, we choose
the first r eigenvectors in Y (where r is the rank of R) to be the ones corresponding to eigenvalue 1,
and the other d — r eigenvectors to correspond to the zero eigenvalue. We further know, based
on the zero sum-row property of R proven in [107], that there is at least one eigenvalue zero, so
d — 7 > 1. One then obtains

W = Z (F'y ", YOy, (11)
H=1

with r < d, where all contributions associated with zero eigenvalues of R have been manifestly pro-
jected out. The intepretation of eq. is as follows. Each left eigenvector of R of unit eigenvalue
is associated with an effective colour factor, found by contracting the relevant row of Y (indexed H)
with the vector of colour factors C. A given web W has r such colour factors which are mutually
independent. Each effective colour factor is associated with a given combination of kinematic fac-
tors, found by contracting the vector of kinematic factors F with the corresponding column of Y 1.

In the two-loop example considered above, there is only one left eigenvector of the web mixing
matrix with unit eigenvalue. This can be seen from the fact that the two rows of the mixing ma-
trix in eq. are not independent of each other (which follows from the general property that all
mixing matrices have at least one eigenvalue zero). There is thus a single effective colour factor,
associated with a single combination of kinematic factors. We have seen that this colour factor is
fully connected, and we will see that the generalisation of this to higher orders is the following:
left-eigenvectors of web mixing matrices, of unit eigenvalue, give exponentiated colour factors which
are fully connected. The combination of kinematic factors which accompanies each colour factor
can be found by explicitly constructing the matrix Y of left-eigenvectors of R, and applying this

as in eq. (|11)).

8See also Ref. |105] where an alternative approach to diagrammatic exponentiation was presented.
9This property was first observed in [106], and then proven in [107].



We emphasize that, for a given web, the basis of r fully connected colour factors is not unique. The
reason for this is that colour factors may be interrelated by Jacobi identities, and we will see exam-
ples of this in section [4. To proceed one should therefore construct a suitable basis of independent
connected colour factors at any given order. One of the advantages of the new effective vertex for-
malism we develop in this paper is that it provides a natural basis for these connected colour factors.

Having introduced the concept of connected colour factors, and related these to web mixing matri-
ces, our next aim is to prove in general that colour factors which occur in the exponent are indeed
all fully connected. This is the subject of the next subsection.

2.2 Proof of the theorem

In the previous section, we showed that the two-loop web of figure [1| gave rise to an exponentiated
colour factor that is fully connected. We then saw quite generally that a given web contributes
a number 7 of ECFs, where r is the rank of the corresponding web mixing matrix. We stated in
theorem that each such ECF is also a fully connected colour factor, and the aim of this section
is to prove this result. We will employ the replica trick of statistical physics, which has also been
used in the present context in Refs. [52,|106}/107]. Let us first introduce the necessary formalism
and recall the basic reasoning.

The Wilson line correlator of eq. can be written as a functional integral over the gauge field as
follows:

L
ZlJ] = /DAHeiS[A;J HPexp [igs/da:l” Aﬂ(xl)] , (12)
=1

where S stands for the usual gauge theory action including sources:
S[A,] = /ddx (ﬁYM + Ja“(x)AZ(:c)> . (13)

The line integral in each exponential factor is defined as in eq. , and P denotes path-ordering of
the colour matrices along the line. In eq. these are straight, semi-infinite lines extending along
the classical trajectories of the scattered partons in the corresponding amplitude; similarly, their
colour representations are inherited from the respective partons. These details, however, play no
role in establishing the connected nature of the ECF below, and thus we shall keep the notation
general. Note that A, is a matrix-valued non-Abelian Yang-Mills field. Each path-ordered expo-
nential [ corresponds to a given representation where A, = AjT)* but we will not need to specify
these, and keep the discussion general throughout the paper.

As usual, when expanded perturbatively in the coupling the functional integral, eq. , generates
all possible radiative corrections, which can be described in terms of Feynman diagrams. Rather
than considering this expansion, we instead directly construct the diagrammatic description of the
exponent w defined via

Z =expw] . (14)

To this end, consider first a theory which has N identical, non-interacting copies (replicas) of the



gauge field A,. The generating function for such a replicated theory is given by

ap(i) ] — 1 2 N) ixN, SsAP
Zuep, [{10}] :/mymy...mguzu 437
L

X HPeXp [igs/dxf‘ Af})(:rl)} ... Pexp [igs/dmf AELN)(:L‘Z)] ,  (15)

=1

where we have also replicated the Wilson lines, such that each line [ sources all replicas. The
corresponding path-ordered exponentials are ordered such that the leftmost one corresponds to the
field of replica AM), the next to A®), and so on, ending with the last replica AXN) on the right. It
should be emphasised that the matter content of the theory is also replicated keeping the replicas
independent, and so are the sources J%() for each gauge field replica (7). Upon identifying the
sources J%() = Jot for all replicas one obtains an obvious yet very useful relation between the
replicated theory and the original one

Zrep [J) = (ZIIDY (16)

where we have explicitly made use of the fact that the replicas are non-interacting. By a simple
mathematical identity, one has

ZN =14 Nlog Z + O(N?), (17)

from which it follows that the original generating functional satisfies

7 = exp|w] = exp [Z W] , (18)
W

where the sum is over all diagrams W which are O(N?!) in the replicated theory.

Reference |106] proceeded by noting that the product of Wilson line operators on each external
line in eq. is such that the replica number is increasing on each line, so that the generating
functional for the replicated theory may be rewritten as

L N
ap(i ixN, sAl : j
Zrep. [{J ! )H = /DALI)DAE?) . .DAELN)e 2i=1 S HRP exp |igs E /dmf Aff)(xl) . (19)
=1 j=1

Here R is a replica-ordering operator, which overrides the path-ordering for gluon emissions whose
replica numbers are different, so that the latter are increasing along the Wilson line, preserving the
order in eq. . Using eqs. and , the Feynman diagram structure of the exponent w can
then be obtained upon taking the O(N') coefficient of the diagrams generated by eq. . In this
calculation, the presence of the R operator means that the colour factors in the replicated theory
differ from those in the original theory, and it is this that ultimately leads to the structure of ECF's
in terms of web-mixing matrices of refs. [106-108].

It is convenient for our present purposes to implement the R and P operators within the exponent
itself. To this end, we note that it is possible to represent a single path-ordered exponential as a

10



conventional exponential, whose exponent contains an infinite series of terms [113]

Pexp (igs / N dsA(s)) — exp { i (igs)KFK} . (20)

0 K=1

Here we have parametrised the path along the Wilson line using a parameter s, such that z# = z#(s),
and defined
A(s) =l Ay(x) = :'U“AZ(m)T“, (21)

where @ = dz*/ds. The expansion coefficients {Fx} that appear in eq. (20)), up to third order,
are given by

F = / dsA(s) (22a)
o / / 520(s5 — 51) [A(52), A(51)] (22b)

/ / / ds3 O (s5 — 55) O(s9 — s1) -

% ([[A(s3), As2)], A(s1)] = [[A(s2), A(s1)], A(ss)] ),
where O(s) is the Heaviside function and the square brackets represent commutators,
[A(s2), A(s1)] = A(s2) A(s1) — A(s1)A(s2).

Higher-order coefficients are progressively more complicated, but always have the general form of
a fully nested commutator involving A(s;) functions evaluated at different points s;, together with
integrals over the dummy variables {s;} with accompanying Heaviside function

Each Wilson line in the replicated theory, eq. (15]), carries a product of path-ordered exponentials
- one for each replica, and each having the form of eq. if we are to express the path-ordered
exponential in terms of a conventional exponential. The advantage of doing so is that one may
then combine the Wilson line exponentials corresponding to the different replicas using multiple
applications of the Baker-Campbell-Hausdorff (BCH) formula:

o0
e*le®? . "N :exp{ZEn}, (23)
n=1

where the {E),}, up to third order, are given by
E = Z Z; (24a)

By =— Z (@i, 2] (24Db)
s = % [lwi, 23] 2] + é S (s 2] k] — (g, @l @) (24c)

i#] i<j<k

10The derivation of eq. proceeds by discretising the Wilson line operator into a product of exponentials, and
then combining these using the Baker-Campbell-Hausdorff (BCH) formula, before taking the continuum limit. It is
the use of the BCH formula that results in fully nested commutator structures at each order - see ref. [113].

11



where i, j and k are replica indices. Again, each higher-order term involves a series of fully nested
commutators. To combine the N Wilson-line operators on each Wilson line, one uses eq. with

zi=Y (igs)KFY,
K=1

where the superscript of F' I(? on the right-hand side indicates that the expansion coefficient of the
path-ordered exponent involves the gauge field with replica index i. Putting things together, one
finds that the product of Wilson-line operators associated with a given external line has the form

P exp <igs /S:fd5A1(5)> P exp <igs /S:fdsA2(5)> ... Pexp <igs /S:deAN(8)> (25)

=exp {iSeff (A1, Az... ,AN)}

where A;(s) corresponds to the gauge field of replica number i. This defines an effective action
describing the coupling of the gauge fields (of all replicas) to the Wilson line. This action has the
following perturbative expansion

o0

15 (A1, Ay ..., Ay) = (igs) G (26)
K=1

where the expressions for {Gx} are straightforward to compute. The first three orders are given
by

G = / N a5 Ails) (27a)

S0

Go = % / s, / e ©(sr — 51) Y [Ai(sa). As(s)] + % / s / Tt Y [4i(s), 4,(0] (270)

0 i 1<j
1 sf Sf Sf
Gr= L / dsy / dss / ds3 O(s3 — 52) O(s2 — 1)
S0 S0 S0

D7 ([AiCsa), AiCs)] Au(s0)] = [AiCs2), Ai(s)] Au(s3)] )

+ 3 /f ds /f ds» /f dt ©(sp — s1) ) (~1)V<I [[Ai(s2), Ai(51)] 4; (1) (27¢)

i#j
+ % S:f ds /S:f dt /S:f du; [[Ai(s), A;(t)], Aj(w)] + é/S:f ds /S:f dt /S:f du x
7]
x>0 ([14:Gs), A5 (0], Anlw)] = [145(8), Ax(w)], Ai(s)] ).

Importantly, because of the origin of these expressions in the BCH formula via egs. and
the general form of G at any order can be simply expressed by relabelling integration variables,
to give:

K
Gi = Yii ing © Yin p1eingany O+ © Yige oy 11oinc (H/d51> fivig.ix({8i}) (28)
i1
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where the K fields are grouped into b sets such that ny +no + ...+ ny = K. Each of the Y-terms
corresponds to a fully nested commutator of the form

Yiyigig..in = Aiy(51) 0 Aiy(52) 0 Ajg(s3) 0 ... 0 Aj, (sn) (29)
where in both egs. and we used the notation
Ay (s1) 0 Aiy(s2) 0 Aig(s3) 0 ... 0 Aip (si) = [[ - - [Aiy (51), Aiy(s2)] 5 Aig (83)] 5 - -, Aige (sK)] - (30)

To understand the resulting colour structure, which will be important below, note that we can
factor out the fields A;(s) = A%(s)T in (30)), leaving behind a fully nested sequence of generators
which can be recursively defined as

TUo...oT% =[T"o...0oT%1 TY™] (31)
with the innermost term being simply a commutator:
TY o T = [T",T%].

Eq. clearly corresponds to a fully connected non-Abelian tree graph: by repeated use of the
colour algebra [T, T%] = if*°T* it reduces to a product of K — 1 structure constants describing the
sequence of branchings, multiplying a single generator T corresponding to a single attachment to
the Wilson line. The double-nesting structure of equations and will be further discussed
below.

We have seen that each term G i in eq. consists of nested commutators of gauge fields associated
with different positions along the Wilson line, where the latter are integrated over. Each such
structure is accompanied by a function of both replica indices and position parameters. The
generating functional for the replicated theory has the final form

Zrep. H Jaw)}] - / DA, DAy... DAy exp liismgﬁ]

i=1

L
[exp [isleff (Ay,. .., AN)} ,(32)
=1

where 15¢T denotes an effective action (eq. (26]) associated with Wilson line !.

Having determined the generating functional in the replicated theory we can again use eqgs. (16)
and to directly determine the exponent in the original theory by forming Feynman diagrams in
the replicated theory and taking their O(N!) parts. To this end we may now determine the effective
vertices Vi associated with the emission of K gluons from a given line [. One may then proceed as
usual, replacing the fields in S (A1, Ay ..., An) of eq. by functional derivatives with respect
to sources J%s (™) (s), which may then be taken out of the functional integral. Equivalently one
may obtain the effective vertices via

5 (15¢f
Vi (a,m,s) = <5z4(“l(1’)
Hsm
‘/2;1,5 Mt ((CL, m, 5); (b, n, t)) = 5Aa ((3) l(S/zb (t) (33)
Hs T pem
vyttt ((a,my s); (bymy t); (e, p,u)) = 6Aa . (s) 5511; | (1) O45p(w)’
#Sm ,U«tn Hup

13



denoting the gauge field by Af, ,, (s) where m is the replica index, a an adjoint colour index and
s the position along the line such that gHs = i#s(s) is the velocity tangent to the Wilson lindﬂ
at position s. The effective vertices Vi are versions of the G with additional symmetry from
the structure of the derivatives. Comparing eq. with eq. , it is clear what the role of
these additional vertices is: for gluon emissions which have the same replica number, they subtract
contributions from exponentiated lower-order vertices in order to implement path ordering, and for
gluon emissions with different replica numbers they implement replica ordering.

The general structure of the resulting effective vertices is the following sum

0 oy oo (1
Vie " ({(asmay 50)}) = (g% Y Cs < /dszﬂ“si> v ({(ma, i)}) (34)
j=1 i=1

V[((l) Hsq - Ms g

where the subscript K on indicates the type of vertex (i.e. the number of emitted

gluons) while the superscript () indicates the relevant Wilson line. The vertex VI((l) Horlx describes
the emission of K gluons with the following attributes: adjoint colour indices a;, replica indices m;,
Lorentz indices p, and positions s; along the Wilson line. In order to identify the various indices
associated with a given gluon, we keep the position labels as arguments on the left-hand side of
eq. despite the fact that these are integrated over. The function v ;({m;},{si}) collects
the kinematic and replica-number dependence. By construction the latter involves restrictions of
the replica number assignment (as can be seen already in eq. ) that can be written in terms
of Kronecker delta and Heaviside functions. The colour factors in turn, take the form of nested
commutators as dictated by the field commutators in eqgs. and , namely

C}Qj = B o Bttt o g aK (35)
with
BlOél Qz...0n _ T:lal o Tvlaz 0...0 rIvlan , (36)

where we again used the notation of eq. for nested commutators. We define a; = ar(j), where

m(j) is a particular permutation j of the colour matrices 7," on Wilson-line ! (identifying the

D) s e

relevant colour representation). Explicit expressions for the effective vertices Vl(l) fe V2( and

Vg(l) sttt il be given in section see eqs. , and , respectively.

At this point we wish to draw some general conclusions concerning the effective-vertex based com-
putation of the generating functional of eq. , with the goal of proving theorem We observe
that the configuration-space structure of the effective vertices is non-local, consisting of all terms
occurring in the function vg ;. These functions become increasingly complicated at higher orders
simply because there are many combinations of replica numbers which must be taken into account,
each with a non-trivial number of permutations that must be subtracted to ensure path ordering.
However the colour structure of the effective Feynman rules is very simple: as summarized by
equations and these are nested commutators, which by repeated use of the colour algebra,
correspond to fully connected graphs such that one gluon is emitted from the Wilson line and then

"Usually one considers straight Wilson lines, however the current analysis applies also to the case of general
contours.
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[[T2T°], T° [[[T3T°], T° T°]

[[T2[T% TCILIT% T [[T3T°LITe T

Figure 2: Examples of the tree colour structures associated with nested commutators: each cor-
responds to a connected colour factor. Here (a) illustrates the structures obtained from a single
hierarchy of nested commutators as in eq. and (b) illustrates additional structures occurring
in owing to the double hierarchy of nested commutators.

splits into K gluons via a tree graph involving K — 1 three-gluon vertices. A few examples with up
to five gluon emissions are shown in figure 2 We emphasize that the double hierarchy structure
of nested commutators summarized by eqgs. and spans the space of all tree diagrams
describing 1 — K gluon scattering, leading to (K — 1)! independent connected colour structures
after using the Jacobi identity']

Having established the structure of the effective vertices, let us now turn to diagrams formed from
these vertices in the replicated theory of eq. . We will see that the colour-connected nature of
the former feeds directly into the latter. A general diagram in the replicated theory will consist
of a given set of effective vertices on each Wilson line describing gluon emissions from that line,
together with a way of joining up the emitted gluons. Both the colour and the configuration-space
structure of the diagram is then fully determined by the internal structure of the vertices and the

'2The number of independent colour factors of the Vi vertex can be deduced from the known result of ref. [114]
which considered the equivalent problem of K + 1 gluon scattering by counting products of generators in the adjoint
representation. The same conclusion can also be reached in the context of web-mixing matrices by considering the case
of a web with K 4+ 1 Wilson lines and K single gluon exchanges, with one Wilson line having K gluon attachments,
each of which connects to one of the other Wilson lines, Wi 1,1,... k). The problem of counting the independent
colour factors maps to the problem of computing the rank (or trace) of the relevant mixing matrix, which was shown
to be r = (K — 1)! in ref. [109]. A generalization of this will be discussed in a forthcoming paper |110].
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(a) (b)

Figure 3: Examples of diagrams formed out of the effective Feynman rules appearing in eq. .
For the multiple-emission effective vertices we indicated the type of vertex by Vi . The colour part
of each such vertex is internally fully connected. We also encircled all vertices on a given Wilson
line by an ellipse and a + sign, to recall that one should symmetrise over all orderings of these,
reflecting the ordinary (i.e. non-ordered) exponential in eq. (32).

way they are joined up. Examples are shown in figure

We are now in a position to complete the proof that all ECFs are connected. Consider a general
diagram D, built up from these effective vertices. We wish to analyse the ECF of this diagram and
to this end we will consider its colour factor in the replicated theory, C'y(D), where the generating
functional equals ZV (after identifying sources). Assume, without loss of generality, that D =
U?Lng) consists of m subdiagrams Sg) where Sg) (for any ¢ = 1..m) is a connected subdiagra
consisting of a fully joined up collection of effective vertices (for example in figure |3 (a) consists

of a single subdiagram (m = 1) while (b) consists of two subdiagrams (m = 2)). Given that the
colour part of each effective vertex is fully connected, any subdiagram Sg) has a fully connected
colour factor. Recall now that each vertex Vi in this subdiagram involves a sum over K replica
indices, and depends on these only though Kronecker delta or Heaviside functions. Propagators
and gluon interactions off the Wilson lines (which connect these effective vertices in Sg)) only
involve Kronecker delta functions, since different replicas are non-interacting. Consequently, upon
summing over all possible assignments of the replica numbers, each connected subdiagram Sg
acquires polynomial dependence on the total number of replicas IV, starting with a linear term:

o (sg>) o N 4., (37)

where the dots stand for higher powers in N (examples of this may be seen in sections and .
Consider now the colour factor of the full diagram D = Ug’;ISg). Because the assignments of replica

13Note that ‘connected’ refers to the effective vertices: in configuration space Sg> need not be connected, due to
the non-local nature of the effective vertices themselves.
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numbers in each of the subdiagrams Sg) are mutually independent, it follows that

Cn(D) ocﬁC(Sg") x N™ 4 ... (38)
=1

Namely, the lowest order term in the polynomial is O(N"). Referring to figure |3| for example, (a)
and (b) have colour factors whose expansion in powers of N start at O(N) and O(N?) respectively.
We thus see that the only diagrams which are O(N) have only single connected pieces, such that
they have fully connected colour factors. By the replica trick argument, we arrive at the final result,
which we set out to prove: all exponentiated colour factors are fully connected.

Some further comments are in order. Firstly, it is hopefully now clear why we removed explicit
path and replica ordering in eq. : in this representation for the replicated generating functional,
different replica numbers become completely decoupled from each other, with replica ordering im-
plemented by higher order effective vertices. It is this fact that allows us to state that the colour
factor for a graph with m connected pieces (in the effective vertex language) is O(N™). This de-
coupling is not manifest in the expression of eq. — there different replica numbers interact due
to the R operator, such that in graphs with more than one connected piece, these pieces mix with
each other. It should be stressed that the meaning of “connected subdiagram” is not the same in
the languages defined by eq. and eq. respectively. In the latter case, we mean subdiagrams
that may contain effective vertices, which act (in part) to implement the replica ordering which is
generated by R in the former approach.

2.3 Effective vertices

In this section we give the explicit expressions for Vl(l)“ ° Vz(l) Hstt and V:,)(l) HsttBu and provide
simple examples to clarify their use. We postpone more elaborate examples to section

Figure 4: An effective-vertex connected graph representing the 1-2-1 web of fig.
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Using egs. and suppressing the (1) labels for brevity we find the following first two vertices:

VI (a,m,s) = igSTa/dsB“S, (39a)

V3t ((a,m, s); (b, n, t))

- —;ggfabcTc/dsﬁus atps |(O(s > 1) = Ot > 8) ) + (Om < ) — O <m)) |, (39b)

where we have chosen to write the commutator 7% o T? directly as ife*“T¢. The ©-functions over
the positions pick out individual (or subsets) of diagrams in the web. After contraction with the
rest of the diagram, there is a final sum over the replica numbers m and n and the O(N) coefficient
is extracted to give the final result. V4 is unchanged from the conventional approach.

The simplest web which includes the new Va-vertex is the 1-2-1 web discussed in section [2.1] and
shown in fig. [Il In terms of the effective vertices there is only one connected graph we can form,
the one shown in figure [4, which also shows the labels we will use below.

The replica sum for the first term in eq. (39b)) is ZN Omn = N. Comparing to fig. the

m,n=1

condition ©(s > t) corresponds to diagram A and O(t > s) corresponds to diagram B. The first
term in eq. (39b|) therefore gives

LFVTITSTY N (F(A) - F(B)), (10)

where the F(X) terms indicate the kinematic factors of diagram X and we use the convention that
these contain a factor of (igs)¢, where ¢ is the number of gluon attachments to Wilson lines (here,
¢ =4). The second term gives zero when performing the replica sum and we immediately have the

results of egs. f@.

We now turn to the effective vertex for the emission of three gluons from a single Wilson line, which
is the first case where there is more than one independent colour structure. If these gluons have
adjoint indices a, b and ¢ respectively, then the three-fold nested commutators give terms with the
following colour factors:
03’1 —T% Tb oT¢ = _fabdfdceTe’
03’2 —T%6TC o Tb _ _facdfdbeTe’ (41)
Tb 0TCo T = _fbcdfdaeTe
These are related by the Jacobi Identity and hence are not independent. We therefore choose to
express the third in terms of the first two. While this choice is necessary for a linearly- independent

colour basis, it does remove the explicit three-fold symmetry of the vertex (clearly this symmetry
still exists in the sum of terms). The resulting V3 is:

Vs (@, m, s); (b, t); (e, p,u)) = ig2 / dsps dipHt dupH

(42)
% (fabdfdceTeU&l((m’ S), (’I’L, t), (p7 u)) + faCdfdbeTevg,Q((m, 3)7 (n7 t), (p, u))) s
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where v31 and vz carry the replica number and position attributes of the three gluons and thus
ultimately correspond to linear combinations of kinematic factors of diagrams. They are given by

v31((m, s), (n,t), (p,u)) = {éémnp (2@(3 >t>u)—0(u>s>t)—0(t>s>u)
+2®(u>t>s)—@(t>u>s)—@(s>u>t)>
+ =B (~1)OP< (@(s >1) -0t > s))

_|_

N R N

5np(—1)@<m<n>5mn(@(u >1) -0t > u)) (43a)
n % <5np Y S 25mp)

1
+6(2@(m<n<p)+2@(p<n<m)—@(p<m<n)

—@(n<m<p)—@(n<p<m)—@(m<p<n))}

v3.2((m, s), (n,t), (p,u)) = {éémnp (2@(5 >Su>t)—0t>s>u)—0(u>s>t)

+2@(t>u>s)—@(s>t>u)—@(u>t>s)>

+ iamp(_n@(w),snp (6(s > u) ~ O > 5))

+ ianp(—n@(m@)zmp (@(t >u) — O(u > t)) (43b)

+ 11—2 (% N - 25mn)

+é(2@(m<p<n)+2@(n<p<m)—@(n<m<p)
—@(m<n<p)—@(p<m<n)—@(p<n<m)>}.

Here there is no sum over repeated indices. We also introduced the notation §,, which equals one
for any n # p and zero for n = p.

The simplest example including this vertex is the 1-1-1-3 web shown in figure Again there is
only one possible connected graph using the effective vertices, the one shown in figure [ In this
example, only the first two lines in each of the two expressions v ; and v3 2, the ones proportional
t0 Oymnp, yield non-zero contributions when the replica sum is performed. In these expressions each
Heaviside function can be readily identified as one of the diagrams in fig. [6], and one arrives at the
following contribution to the exponent:

Woans = —g /™ PUTITITET (- F(A) +2F(B) - F(C) — F(D) - F(B) + 2F(F))

- é Jece preTPTYTS T (2F(A) = F(B) = F(C) + 2F(D) = F(E) = F(F)).

(44)
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Figure 5: The (1,1,1,3) web, together with a representation for the corresponding connected colour
factors. Note that in each of the web diagrams s, t and u indicate respectively the positions along
line 4 of the attachments of the gluons connecting to lines 1, 2 and 3.

Here an important comment is due concerning the choice of colour basis. Recall that in writing
V3 we already made a choice to use the two colour factors C3; and C32 of eq. , eliminating
the third via the Jacobi identity. This dictates the structure of the 1-1-1-3 web result in eq. .
Equally well we could have chosen any pair, and different choices will be presented in Table
below, where a global colour basis for all three-loop diagrams is used, and in appendix[A.1.2] where
the basis elements are obtained as eigenvectors of the web mixing matrix. All these choices are
equivalent and can be shown to be equal upon using the Jacobi identity.

In section (3| we will elaborate on the process of calculating webs with these new vertices in more
complicated examples. Before that let us discuss in more general terms the colour factors of con-
nected diagrams made out of these vertices and relate it to the language of the mixing matrices of
refs. [106},/107].

2.4 The vertex basis for web colour factors

We have seen in the previous subsection that contributions to the exponent are made of connected
graphs which constitute a certain number n; of effective vertices VI((? on each Wilson line ! (here ¢
enumerates the vertices occurring in a given connected graph on this Wilson line, while K; iden-
tifies the vertex type; note that we suppress Lorentz indices for brevity). A given vertex has
(K; — 1)! colour structures (after the use of the Jacobi identity), for example V3 in eq. has
two. Below we shall use the index j; to enumerate a particular colour structure. While these are a
priori all independent — which is realised for example in the case of the 1-1-1-3 web in eq. -

we will see examples where contraction with the rest of the graph renders them mutually dependent.
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Figure 6: An effective-vertex connected graph representing the 1-1-1-3 web of fig. [fl Note that s,
t and u have the same meaning as in fig. o, only here these variables are internal to the V3 vertex.

Because the generating functional, eq. , involves an ordinary exponential rather than an ordered
one, the generated diagrams involve a fully symmetric sum. Thus the contribution of the Wilson
lines to a given connected graph with n; effective vertices on each Wilson line [ takes the form
(again suppressing Lorentz indices):

[T{vividl--vidl }, (45)
=1
where .
{Vlvz...vn}+ == > VeV Vi, (46)
’ ﬂ'ESn

It follows that the colour structure for this graph is a sum of terms of the form:

L

(0 _ 0 A0 0

M =TI{ck, CKM.Q...CKWnl}+ (47)
=1

where j enumerates the possible sets ((K1,71), (K2, j2), ... (Kn,,jn,)) on each of the Wilson lines.
Different connected graphs made out of the different combinations of effective vertices are neces-
sarily independent, thus providing a natural way to construct a basis. Furthermore this basis is
complete: it must span the colour space since the exponent as a whole is constructed out of such
connected graphs.

One can construct such basis elements considering any given web. In the language of the web
.. . (L) . . o e o (L)
mixing matrices ¢; corresponds to a particular eigenvector with eigenvalue 1. Identifying c;’ as
> 1 YjkCr, where C' = [C1, ..., Cy] is the vector of colour factors of the diagrams in the web, as in

eq. (10]), we see that the basis element corresponds to a row in the diagonalizing matrix Y. Upon
using equations and to substitute a relevant term in C’ﬁ? j for a nested commutator we can
immediately identify the linear combination of diagrams corresponding to CE.L), and thus read off
the entries of the relevant row in Y (examples are provided in the appendix, see e.g. section [A.2.6]).
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By construction each set of ordered generations on each line can appear an integer number of times,
and it thus follows that the relevant row in Y contains only integer numbers. These can be positive
or negative (or zero) due to the commutator structure. In certain classes of webs these entries are
in the set {0,+1, —1} making the vertex basis remarkably simple.

For a given web there would usually be r independent basis elements where r is the rank of the
mixing matrix (the exception is webs that include gluons that are emitted and absorbed by the
same Wilson line, where there is some redundancy, as shown in the examples of sections and
. An interesting example is provided by the 2-2-2 web of Section where all four colour
factors that are needed to span the colour space of graphs connecting three legs at three loops arise
from the four different connected graphs formed as combinations of Vi and V5. In general one may
use the vertices to construct the complete basis for all webs at a given order, as is done for example
in Section [4] at three-loop order.

In this section we have proved that all the colour factors that appear in the exponent are fully
connected. This required the introduction of a new formalism where multiple gluon emission from
a given Wilson line is represented by effective vertices. In the next section we proceed to illustrate
the use of this new formalism in calculations. In the following section and in the appendix we
explicitly give results for all the webs that connect three and four Wilson lines at three-loop order.

3 The effective vertices in practice

In this section we illustrate the use of the effective vertices derived in the previous section as a tool
to compute webs, namely to determine the connected colour factors with the corresponding linear
combination of integrals. It should be emphasised at the outset that an algorithm to compute webs
is already available via the mixing matrix approach of refs. [106,107]. The effective vertex approach
provides an alternative procedure leading to the same, or equivalent, final answer. The main ad-
vantage of the vertex approach is that the basis of connected colour factors is fixed in advancﬁ
As explained in the previous section and demonstrated further in section [4] and the appendix, this
allows one to find the projection of all webs contributing at a given order on a given global colour
basis.

In order to compute the (connected) colour factors and the corresponding kinematic factors which
multiply them for a given web, there is a simple prescription:

1. Construct diagrams with attachments Vi, Va, ... on each Wilson line in all possible ways
provided that the gluons would form one connected piece if the Wilson lines are removed}

2. The colour factor for a Wilson line with more than one vertex attachment is the symmetric
sum of all colour factors of those vertices, as in eq. . This will be illustrated in the
following figures with a blue ring and a “+” label.

14This may be contrasted with the mixing matrices approach, where the colour basis is fixed only in the process of
diagonalising the matrix.

15Diagrams where this is not the case can only contribute at O(NQ) or higher in replica number as described in
the previous section.
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3. Divide by the symmetry factor for the diagram as for Feynman rules in any field theory.
4. Perform the sums over replica number, keeping only the O(NN) terms.

5. Identify the integrals over the positions of the gluon attachments along the Wilson lines with
the corresponding diagrams in the original web to find the linear combinations of kinematic
factors, F. We absorb a factor of (igs)‘g% into these factors, where t is the number of three-
gluon vertices and ¢ is the number of attachments to Wilson lines. For diagrams with single-
gluon exchanges only, £ is twice the number of loops.

We begin with the simple example W(39). This web consists of two diagrams, the ladder and the
cross as shown in fig. m(a). This example is well known as it is relevant also in the context of a
single Wilson loop studied in the 1980s [102,/103|. Based on these results we know that only the
cross diagram will contribute to the exponent. Let us then see how this result is reproduced in the
present approach.

(b)

Figure 7: (a) The two diagrams in W(3 9y and (b) the three effective-vertex diagrams that contribute.

We begin with step (1) above and construct out of the effective vertices all possible diagrams which
are connected. The three of these are shown in fig. (b) and involve only V; and V3 of egs. and
. Using the symmetric prescription for the diagrams which have two single-gluon attachments
(Vis), the colour factor for the second diagram is

1
ifeTE < {5, T (48)
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which is immediately zero. The same is trivially true for the third diagram and we conclude that
the result for this web comes purely from the first diagram, the one with a V5 vertex on each line,

W Z V(l)ﬂsl Ntl a m,Sl), (b,n,tl)) ‘/2(2) Hso Ntz((a7m732)7 (b,n,tg)) (49)
m,n=1

(2,2)

X G ey y (5151, 5202, 1181, t282)

where we recall that the effective vertices Vo contain integrals over the distance parameters and we
define the combination of gluon propagators

Gi’f)ﬂtl iy 12y (510158282, 8181, t22) = Dy, i, (5161 — 5202) Dy, (0151 — £252)

which forms part of the integrand. The % in eq. is a symmetry factor corresponding to the
interchange of the two gluons connecting the two vertices (step (3) above). Note that we already
identified here the replica numbers between the two vertices, m; = mgo = m and nq = ne = n, since
only identical replicas interact by gluon exchange. We have also identified the colour indices. We
denoted the expression in eq. by W(g2)(IN ) to recall the fact that the right-hand side there
depends on the number of replicas IN: it is the result for this diagram in the replicated theory of
eq. (32); to obtain the contribution to the exponent in the original theory, W, ), one needs to
extract the coefficient of N of this expression.

Upon using eq. (39b]) and substituting the expressions for V5 into eq. we obtain:

1 lgS aoc C al S s
Wia2)(N) = 2( ) FeTy Ty Z / ds1 Byt dt B [ dsyBy dtay"
m,n=1
X G/(fsttl iy 12, (51815 5282, 1181, 12 52) (50)

X ((@(51 > 11) — O(t1 > 1)) S + (O(m < n) — O(n < m)))
X ((@(32 > ty) — Ots > 2)) Smn + (O(m < n) — O(n < m))).

We now perform the sum over the replica numbers m and n (step (4)) using

N
Z Som = N | > O(m<n)= %N(N ) (51)
and find

4
Wiaay(N) = =52 p 75 1 [[dsagl™ dngl [ dsas sl

x Gﬁif)ml iy 1y (5161, 52082, 8181, 12 52) (52)
X [N(@(sl >t) - O(t > 31)) (9(32 > ty) — Oty > 52)) +N(N—1)

We keep only the O(N!) terms and translate the integrals into kinematic factors of the web diagrams
of fig. [[a) (step (5)). For the second term, in order to keep track of double-counting, we write

/dsldtldSthQ 1= /dsldtldSthQ (@(81 > tl) + @(tl > 81)) (@(82 > tz) + @(tg > 82)) s
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and we finally get the contribution of this web to the exponent

Wiaa) =~ S5 P13 | (FL) = F(B) — F(B) + F(A)) = 2(F(A) + F() -
= STy M F(B) = SeryTs F(B).

which is the expected result.

Further care is required with the ordering of gluons on a given line when the vertices are used in
combination with a three-gluon vertex. This can be illustrated by the 1-2-2 web, W?’lg&2 . The
mixing-matrix results for this web are discussed in detail in Appendix The web consists of
the two diagrams shown in fig. (a). In the vertex approach, there are also two possible diagrams
which are depicted in fig. (b) The right-hand diagram is immediately zero due to the symmetric

Figure 8: (a) The two diagrams in the W2

(1,2,2
I/V(Slg2 2 in the vertex-approach. The right-hand diagram is zero.

) web. (b) The two diagrams which contribute to

colour factor on line 3 and the anti-symmetric three-gluon vertex.

Thus, also here the complete answer for the web can be obtained from a single effective diagram,
the one with a V5 vertex on both line 2 and line 3, shown on the left-hand side in fig. [8] We find

1/, 1) ps 2) ps
Wiy (N =5 (i968™0) 7 Guplipg Vi1 (aym,50) V3217272 (a,m, 52), (b, 1))
m,n,p,q (54)

3) ps
X V2( ) bag bt ((evpa 53)7 (f7 q, t3)) G,l(j,lsfﬁs)é?;g2 Hsg Htg (51/817 82627 t2B27 33/837 t353)
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where the integrand of the position integrals contains the function

Gli, 1oy ity tisg pits (51515 8282, 12 B2, 8383, t383) = /ddl‘ Y7 (b2 — x, t3PBs — w, 5383 — @)

X Dy, sy (8181 — 82B2) Dy, v(t2f2 — @) Dy, p(8383 — @) Dy, o (t383 — )

which collects the propagators and the kinematic part of the three-gluon vertex, I'V??. The first
factor of a half in is the symmetry factor and the extra §-functions in the first line arise from
the three-gluon vertex which can only connect three gluons with the same replica number. Upon

inserting the expressions for V; and V3 of egs. (39al) and (39b)) we get

(55)

1 : igg ? a aocrpc e : e
W(Sffz,g)(N) = 5 (igs) (—2> T feTs feTY (198fb f) > by
m7n’p7q

X /d81ﬂfsl ds235° dta 3y ds3 " dtsfy"? Gli, oy Bty tiss ity (5151, 5282, 1282, 8383, 1353)
x ((@(sz > ty) — Oty > 52))0mm + O(m > n) — O(n > m))

% (051 > tz) = Ot > 51))0p + O(p > 4) ~ O > ).
(56)

We note that while the Heaviside functions allow both orders of s3 and t3, diagrams with sg > t3
contribute with a relative minus sign compared to those with s3 < t3 because, in order to have a
planar diagram like the orignal two, one changes the order of the colour indices from f’/ to fbfe
in the three-gluon vertex.

When one performs the sum over replica numbers, the only non-zero terms come from the terms
proportional to d,,, and dy, in the last two lines of eq. . For these terms, the sum is just NV
and we find:

3 i abc re efrparc
Wiy (N) = = f e feI TS N (F(B) - (- F(B)) = F(4) + (-F(4))) . (57)
Finally, extracting the coefficient of N! we get the contribution of this web to the exponent:
i ac arjic
Wilya) = g Ne FUTITSTS (F(B) — F(A)). (58)
This agrees with the result from the web-mixing matrices, egs. and .

One can immediately see in both of these examples the advantage of quickly returning a single
connected colour factor with its corresponding kinematic factor. Our final example in this section
is the 1-2-3 web, W(; 53). This is treated in the web-mixing matrix approach in Appendix E}
Here there are three possible connected diagrams which can be constructed from the effective
vertices, as shown in fig. [0] We find for the first diagram:

1 u S
W(?,Q,?)) (N) = 5 Z Vl(l)u ! (Ca b, ul) V2(2)'“ 2t (((I, m, 52)7 (b7 n, t2))

m,n,p

X ‘/E’,(B) o Hts Fus ((a, m, 53)7 (ba n, t3)7 (Ca b, U3))

X Gl iy piey pis feg sy (U151, 5282, 122, $383, 33, usfs)
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Figure 9: The three diagrams which contribute to W(; o3y in the effective vertex approach.

where

Gl(}u’?’ng Htg Hsz Mtz Hug (UI’BI’ SQB?? t2627 8353, t3/837 u3/83) =
Dy, puy (w181 — u3B3) Dy, iy, (8282 = 8383) Dy, (t2B2 — t353) -
Upon inserting the expressions for V5 and V3 of egs. (39b]) and we get
L. ig: .
Wikaan () = 300075 x (~19°) 978 1275 3

m7n7p

X / duy B dso By dtaBh™ ds3 B3 dtz " dusfBy™®
X ((@(52 > t3) — O(ty > 52)) Sn + O(m < 1) — O(n < m))

X (fabfffcev3,1((s37 m)a (t3a 7'L), (U3,p)) + faCfffbev3,2<(S3> m)? (t37 n)> (U3,p))>
X G&fﬁé ity Ha Jity g (UL, $282, 122, 5303, 33, usfs) -
(60)

Let us now consider the colour factors. A priori, the v3; and v32 terms would contribute to two
different colour factors. However, in this diagram they are both contracted with f%¢ from the Vs
which means that the second is % times the first. We may rewrite the equation above then as

i S u s s u
Wi o.9)(N) = (i) Nef*eTyTdTs / dui By dsa By dta > ds3 By dt3fy"® duzfBy™®

m7n7p

X ((O(sg > ta) — O(ta > 52)) I + O(Mm < n) — O(n < m)) (61)

X <v3,1((83,’m), (t3,n), (u3, p)) + %123,2((5377”)7 (t3,m), (U3,p>)>

123
X Ggul u22 ity o ity g (W11, S22, 122, 5303, 303, usfs) .

It turns out that when following the usual steps of summing over replica numbers and identifying
diagrams from the kinematic integrals, the vz o contribution gives zero here. Extracting the O(N1)
coefficient, the contribution for this diagram to the exponent is

i cae C e
Wiag) = i Nef dererdTs x (=F(B) + F(C)). (62)
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We now turn to the second diagram in fig. @ The colour factor for line 2 is now {7, 7%}, which
is symmetric in a and b. Therefore when it contracts with the first term in the V3, which contains
f%F we get zero. The v3 o contribution for this diagram is:

1 . . 1 .
W o5(N) = 3 % (igs)TT x (193)2§{T2aaT2b} x igd feof frveTy Z

m7n7p

X /dulﬁful dsafBy" dtafy? dszfy™ diz By duzBy™® v32((s3,m), (t3,n), (uz, p)) (63)
X ((@(32 > t5) — Ota > 2)) Gn + O(m < 1) — O(n < m))

(1,2,3)

X G iy i it iy (U181, S22, 1202, $303, t3P3, usfs) -

Computing the replica number and kinematic factors as before then yields
1 ac, eryic a (&
Wh o) = =15 £ P TH{TE TV (2F(4) = F(B) = F(C) = F(D) + 2F(E) = F(F)). (64)
Finally we come to the third diagram in fig. [0] Again we construct this piece by piece as

. 2 .2
. lgs abcrpc : lg 1 € e a
Wg,2,3)(N) :(lgs)Tfl X <—2> / b Ty x (igs) <—28) §fbd {T3,T3'} E

m?nip

X /dulﬂful dSQﬂgSQ dtgﬂgQ ngﬁgs?’ dt3,8§t3 dU3,Bgu3

65
X ((@(32 > tg) — O(t2 > 32)> Imn +O(Mm <n) —O(n < m)) (©)
x ((@(tg > ug) — O(ug > t3)) 6p + O(n < p) — Op < n))

12,3
X Gflul “12 ity tag Jity g (W11, S22, 122, $303, 1303, usfs) .

Performing the replica sums and manipulating the kinematic factors yields the final result
1 aoc € C & a
WG o) = —25 /T TH{TE, T5 }<4]-"(A) + F(B) + F(C) + F(D) — 2F(E) + ]-"(F)). (66)

We conclude that using the effective vertices has then given the final result for the contribution of
this web to the exponent as a sum of three independent colour factors. In this case, each diagram
in fig. [0 has yielded a contribution to exactly one colour factor. The result can then be read off

as the sum of eqgs. (62)), (64 and , and as expected, it agrees with the mixing matrices based
computation in section upon conversion to the same colour basis.

We have illustrated the use of the effective vertices in a few examples. In the next section, we

apply this method to classify all possible colour factors which arise at three loops and determine
the relevant combination of integrals contributing to each one.

4 Webs at three-loop order

In the previous sections we provided a proof that all exponentiated colour factors are fully con-
nected and developed an effective-vertex formalism to compute webs. For applications, such as
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the calculation of the soft anomalous dimension, it is useful to classify all the connected colour
factors which appear. Here we undertake this task at three loops. In discussing the various webs
that occur, it is useful to divide them into distinct classes, depending on how many Wilson lines
are linked by gluon exchanges. In what follows, we will not include those diagrams that already
consist of a fully connected graph (such as the one involving a four gluon vertex) — these appear
as single diagrams in the exponent, whose ECF is the same as their conventional colour factor.
Furthermore, we do not include those webs which connect only two eikonal lines, as these have
already been intensively studied, beginning with the work of refs. [102-104].

Different webs are expected to contribute to the same colour factors, and furthermore, they are
likely to give rise to similar integrals. It is therefore much more efficient to compute the anomalous
dimension after having determined the relevant combinations in a given global colour basis. The
combinations, which we list below, may be calculated from the web mixing matrices or by the
effective Feynman rules of the previous sections (we used both methods in most cases, as a check).
The explicit web mixing matrices for all these webs are given in appendix [A] As emphasised in
section [2.4] an important advantage of the vertex formalism is that it allows one to pick a colour
basis right from the start. This will be illustrated at three-loop order in what follows.

4.1 Webs connecting four lines

We begin with webs which connect four Wilson lines, using again the (ni,ns,...ny) notation dis-
cussed in section [2.1} There are only two web topologies in this category involving three individual
gluon exchanges, W(; 1 2.9y and W(q 1 ; 3), and one containing a three-gluon vertex, W(; ;1 2). In each
case similar webs where the gluons connect different Wilson lines can be obtained by relabelling
colour and kinematic indices (for example W(; ; 59y can be related to W(; 2.5 1y). In the table below
we include only distinct topologies.

The three web topologies mentioned above contribute only two independent colour factors. We
choose to take the following colour factors as our basis:

AN = — pode pbeepabeTd — TOTYTY, TS)(T4, TS

(4

(67)
¢y = ST TYTST = (T8, THTTS (T3, 7).

where we use the notation of eq. where the superscript indicates the number of Wilson lines

being connected. There is a third colour factor in this set, c§4) = — face fbdeaTbTeTd: however, it
can be written in terms of the two above using the Jacobi Identity, c§4) = 054) + céA‘), and hence

it is not independent. All of these could be mapped to a tree level soft gluon scattering topology,
with end points on the Wilson lines. This is a consequence of the fact that four Wilson lines is the
maximum number that can be connected by soft gluons at three loop order. For gluons connecting
less than four Wilson lines, we will see both tree and loop level soft gluon topologies occuring in
the connected colour factor graphs.

Full results for the mixing matrices and manipulation of colour factors for each of the webs below
appear in appendix[A] The results are summarised in the table below. The kinematic coefficients are
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given here in terms of linear combinations diagrams in that particular web. The labels correspond
to the diagrams in the relevant appendix section.

Web Topology | Appendix | Colour Factor Kinematic Coefficient
W22 A1.1 654) %(—QA —2B+C+ D)
Wa1,13) A.1.2 054) t(2A-B-C+2D—-E-F)

iV LHA+B-2C+D—-2E+F)
Wi12) A.1.3 Y L(—A+B)

Table 1: The three distinct topologies for three-loop webs connecting four Eikonal lines, and their
decomposition in terms of the colour factors 654) and céA‘). The letters in the kinematic coefficients
refer to the kinematic parts of the labelled diagrams in the relevant appendix. The Fs have been

suppressed here for brevity.

4.2 Webs connecting three lines

We may now repeat the same exercise for webs which connect three lines. There are more of
these, with greater complexity as the number of Eikonal lines is no longer maximal. We must now
include webs which involve a three-gluon vertex for example. The independent colour factors may
be written in terms of four independent ones in many ways. We choose to use those suggested by
the effective vertices of section as follows:

o) = —peee e TS T = {18, Ty (T, T (T T
o) = —pere TP T = (17, T, TS T ]

68
oY) = — pebe podeoqbiod — (mo T T, TE{TYS, TS} (68)

1 1
o) = el PITRTYTS = CiNe STV T = (1, TH(T, T3] (75 75,

We classify the contribution from each web to a given colour factor in table 2 using the same
conventions as the previous sub-section.

In order to compute the anomalous dimension at this order, it is necessary to compute all possible
permutations of the legs of these webs. This process will generate different colour factors for a given
web to those which appear in the table. For example, W(SiEl 1) will give contributions to 053) and

3)

¢y when the leg with four attachments is labelled leg 1 or 2. However, the tables in this section
give all the necessary ingredients, up to this relabelling.

The combined results of tables [1| and [2| therefore contain all the ingredients of the soft-gluon expo-
nent at three-loop order in terms of a basis of six independent colour factors and their coefficients as
linear combinations of kinematic factors of diagrams. This compact organisation of the calculation
provides an example of the connected-colour-factor theorem as well as a first application of the
effective-vertex formalism.
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Web Topology | Appendix | Colour Factor Kinematic Coefficient

W23 1A.2.1] e 1L(2A-B-C—-D+2E-F)
e ~LUA+B+C+D—2E+F)
o ~L(B-0)

Wilss) A2 i) —3(A-B)

WEE ) A2.3 Y —L(A-B)

Wi 5 A.2.4 S 1A
i) ~L(B-0)

WEE A2.5 Y 12A-B+2C-D-E-F-G+2H

+2I-J—-K-1L)

o (B+C—-G—-J+K+1L)

W22 M 053) L(-24-2B+C—-2D+E—2F+G+H)
) L(-24—-2B-2C+ D+ E+F —2G+ H)
Y L(2A+2B—C—-D+2E—~F —G+2H)
0513) 1(-A+B)

Wils ) A.2.7 S —L(A-B+C-D)
&Y _l(—A+B+C-D)
0513) 2(A+B)

Table 2: The seven distinct topologies for three-loop webs connecting three Eikonal lines, and their
decomposition in terms of the colour factors 01(3). The letters in the kinematic coefficients refer to
the kinematic parts of the labelled diagrams in the relevant appendix. The Fs have been suppressed

for brevity.

5 Conclusions

The central result of this paper is that all exponentiated colour factors which occur in the de-
scription of soft-gluon corrections to multi-parton scattering correspond to fully-connected graphs.
While the original non-Abelian exponentiation theorem refers to a Wilson loop [102}/103], which is
directly relevant to the form factor, our proof now extends to the case of any number of Wilson
lines, in arbitrary representations of the colour group. In the multi-parton case webs become closed
sets of diagrams [105,/106] which may individually be reducible — that is, involving gluon exchanges
that are neither connected nor crossed — and hence this constraint on their exponentiated colour
factors is highly non-trivial.

This important result was proved using the replica trick, which was already used in refs. [52,/106]
to derive exponentiation properties. The latter reference made use of a replica-ordering operator,
which in turn gave rise to web-mixing matrices. Here we proceeded by re-writing the operations of
replica-ordering and path-ordering through repeated use of the BCH formula as nested commutator
terms in the exponent itself. This leads to new effective vertices Vi for the emission of K gluons
from a Wilson line, eq. . These vertices embody the combinatorial complexity of replica and
path ordering along the line through their non-local configuration-space and replica-index struc-
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ture. Their colour factors, defined as nested commutators, are fully connected. The exponent as a
whole is then computed by forming fully connected graphs out of these vertices.

The effective-vertex based calculation, which has been demonstrated here in sections [2.3] and [3] is
complementary to the mixing-matrix method of refs. [106-109]. Connected graphs made out of the
effective vertices provide a convenient representation-independent colour basis for webs. Given that
individual webs are not separately gauge invariant, fixing a basis is essential in order to combine
webs with related colour factors so as to form “gauge-invariant webs”. The availability of a basis
becomes particularly important at the multi-loop level, where there is a priori much freedom in
choosing a basis owing to Jacobi identities. The construction of gauge-invariant webs opens up the
possibility of using innovative gauges to simplify the calculation of higher-loop soft-gluon effects
(see e.g. [23]).

Our finding that webs have connected colour factors adds a significant constraint on the structure
of web mixing matrices. When put together with other properties of these matrices [106{109], such
as idempotence, this leads to further insights on the combinatorial structure of webs. One may
go further than this and derive explicit solutions for web mixing matrices for any number of soft
gluons in certain cases, or provide general formulae for the rank, corresponding to the number of
independent colour factors. A first study in this direction will be presented in ref. [110].

A pressing open problem is the calculation of the multi-parton soft anomalous dimension at three
loops, where diagrams that connect four Wilson lines can first be formed. We have demonstrated the
connected-colour-factor result in this context by classifying all of the colour factors arising at three
loops, and computing the linear combinations of kinematic factors which accompany each colour
factor. The basis in this case contains two independent colour factors for webs connecting four
Wilson lines, and four independent colour factors for webs connecting three lines. The calculation
of the corresponding kinematic integrals is ongoing.
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A Web mixing-matrix analysis for three-loop webs

In this section we collect the web mixing-matrices and matrices of left eigenvectors for the three-loop
webs considered in section 4l As in that section, we classify them according to how many Wilson
lines they connect. We use the notation of section[2.1} and give for each web: the rank r, the mixing
matrix R, the diagram definitions A, B, C'..., the matrix of left eigenvectors Y and its inverse.
We then explicitly compute the colour factors (Y'C); and the corresponding linear combinations of
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kinematic factors, f; = (FTY ~!);, in each case. We will use the shorthand notation

T:iabcd.“ — ﬂaﬂbﬂcﬂd o
throughout. In addition, we will label each individual web diagram D according to a notation first
introduced in ref. [106], as

1 2 2 L L
D= [[s{V, 88", s, 15289, 5@, 7,880, (69)

3o 9mg cOng

Each of the square brackets corresponds to a different Wilson line (with L in total). Each of
the entries within a given bracket [sgl),sg), . s,(f}] corresponding to leg [, is associated with an
individual gluon attachment, where the order of the list indicates the order of gluon attachments
to this leg: the list is ordered from the outside inwards toward the vertex (cusp). The variables
sgl) themselves are assigned values from 1 to n. (the number of connected pieces in D) associating

each of the gluons with a particular connected piece.

A.1 Webs connecting four lines

We begin by considering webs which connect four Wilson lines. These results are summarised in

Section E.11

A..l.]_ W(1717272)

Figure 10: The (1,1,2,2) web, together with the single connected colour factor one obtains.

ra1,2,2) =1
2 2 -2 -2 F AT [ 2000310, 02,3])
R S22 =2 =2 By (2 [ 8103, 2]] (70)
2276 1 101 1 | o || 123l 23]
-1 -1 11| D || 2L, 03,2])
(-1 -1 1 1] -1/3 1/3  1/3 —1/3]
12 0 01 P S VE B VE RS VE B V7
Ytz = 12 0 10| a2 = 16 —1/6 5/6 1/6 )
-1 1 0 0 16 56 —1/6 1/6
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For the single ECF we get:
(YO = T{T3 (= T4 — 5T + T Ty + T3eTe)
= 1y (TS — T T (72)
= T{TTYTE e

This colour factor corresponds to the diagram on the right hand side in figure[I0} The corresponding
kinematic factors for the (1,1,2,2) web are

fi= ¢~ 27 (4) - 27(B) + F(©) + F(D)). (73)

A.-]_-2 W(1717173)

Figure 11: The six diagrams in the 1-1-1-3 web with the labels used below. The right-hand side
shows the two resulting colour factors.

T(1,1,1,3) = 2
2 1 -1 2 -1 -1 A 111, [2].[3], 2,3,1]]
12 -1 1 -1 2 B (111, (2], 3, 3,2, 1]]
R _1 -1 -1 2 -1 2 -1 C _ [[1],[2],[3],[3,1,2]] (74)
G Z6 1 9 1 1 2 -1 1|7 D || )02, 8).]1,3.2)]
1 -1 2 -1 2 1 E [[1], (2], (3], 2,1, 3]]
12 -1 -1 -1 2 | F [, 2,3])
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11 0 -1 01
10 1 110
10 0 1 00

T =10 g g 01| (75)
1 1.0 0 10
1 110 00

[ -1/6 —1/6 —1/3 1/6 1/6 1/6
1/3 -1/6 1/6 —1/3 1/6 1/6
| -6 1316 16 -1/3 2/3
Yars = ~1/6 —-1/6 2/3 1/6 1/6 1/6 | (76)
-1/6 1/3 1/6 1/6 2/3 —1/3

1/3 -1/6 1/6 2/3 1/6 1/6

This leads to the following colour factors:

(YO = TPTRTs (= T4 4 T3P — T4 4 Tgh* ) = fhee pte o gy

(77)
(YO)s = TPT3Tg (T 4 T3 — T 4 1) = o Py Ty T
and kinematic factors:
fi = ¢ (— F(4) +2F(B) ~ F(C) ~ F(D) ~ F(E) + 2F(F))
0 (78)
fo= 6( — F(A) — F(B) + 2F(C) — F(D) + 2F(E) — ]-"(F)) .

Note that the choice of connected colour factors is not unique. Consider, for example, redrawing
the right-hand side of figure [L1{as shown in figure [12a), where the Wilson lines are separated from
each other. We see that the two connected colour factors of figure [L1| correspond to tree-level soft
gluon scattering topologies spanning the Wilson lines, and that the two connected colour factors
correspond to the ¢- and u-channel topologies for the reaction 12 — 34. However, the colour factor
of the diagram in figure [I[2|(b) is related to those of diagram [12a) by a Jacobi identity. One may
thus use Jacobi identities to eliminate connected colour factors in favour of alternative ones. In
the web-mixing language, this corresponds to the fact that the superposition of eigenvectors of unit
eigenvalue produces an eigenvector with unit eigenvalue. Indeed, the Jacobi identity between the
three diagrams of figure [12] amounts to the following relation between left eigenvectors of Ry 1 1 3):

-1 -1 0
1 0 1
0 1 -1
R T E (79)
0 1 -1
1 0 1
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0000

(a) (b)

Figure 12: (a) Connected colour factors arising from the (1,1,1,3) web of figure (b) alternative
connected colour factor, related to those of (a) by a Jacobi identity.

3
A13 WY,

Figure 13: The (1,1,1,2) web, with corresponding connected colour factor.

This is characterised in web-mixing matrix language as follows:

r1,1,1,2) =1
R 13 3 A AL ] 2] 2, 1] (80)
) [ O R 2 B TR RN
-1 1 —-1/2 1/2
Y(M’M)_[ 1 1]’ Y(I’ll’l’z)_[ 1/2 1/2]' sy

The rank of this web-mixing matrix is 1 and the single connected colour factor is

(YC)y = —TPTST( = Tj + Tg") fiet = pobe prop g Ty (82)
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This is depicted on the right-hand side of figure [I3] The corresponding kinematic factor is

fi=5(~FA) + F(B)). (83)

A.2 'Webs connecting three lines

We now turn to webs that connect three Wilson lines. These results are summarised in section

A.2.1 W(1’273)

This web was considered as an example of the use of effective vertices in section [3] The web-mixing

Figure 14: The diagrams in the 1-2-3 web with the resulting connected colour factors which appear
in the exponent.

matrix analysis gives

T(1,.2,3) = 3

6 -3 -3 1 -2 1 A (1], [2,3], (3,1, 2]

0 3 -3 —2 —2 4 B [11], [2. 3], [3,2, 1]
R 10 =3 3 4 -2 -2 | 1], [2, 3], [1, 3, 2]] (84)
297610 0 0 1 -2 1|’ D | | ([[23].[2,3.1)

0O 0 0 -2 4 =2 ) [[1],[2,3],[2, 1, 3]]

000 0 1 -2 1 CF ]| ()23 (1,2,3] |
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(

|
—
—_ =N

Y —
(172,3) 0 1

1/6 —1/3
2/3  —1/3
~1/3 —1/3
1/6 —1/3
~1/3  2/3
1/6 —1/3

123)

0 —1/2
0 —1/2

~1/2
~1/2
1/2
0
0
0

_ o O

1

~1/2
~1/2

1/3
1/3
1/3
1/3
1/3
1/3

1 0
-1 1
0 0
0 1
1 0
0 0
~1/6
1/3
~2/3
5/6
1/3
~1/6

_ o O O O =

~1/6
—2/3
1/3
~1/6
1/3
5/6

For this web, we will manipulate the particular choice of basis for the combinations of colour factors.
For brevity, we will write the i-th row of Yy 5 3) as y; such that:

y1 = (_2> 2’0’ _17 07 1)a

Y2 = (_17 17 07 _]-a 17 0)7

ys = (=2,1,1,0,0,0).

We observe that these have entries outside the canonical set +1,—1,0. However, using a simple
rotation in this subspace we obtain three independent eigenvectors with +1, —1,0 as follows:

Uy =Yy1—Y2 = (_17 170707 _L 1)7

U2 = Y2 = <_17 1707_17 170)7

uz = y1—y2—y3 = (1,0, 1,0,

We shall now see that these ECFs have a simple interpretation as connected diagrams. Using a

matrix notation Us;; = u) and (U0), =c¢

7

¢l = (UC)l — TlaTch ( . 3cab + T30ba . :‘?ac + Tézbc) — fabdfcdeTlaTé)che

cy = (UC)Q — lezTZbc < . 3cab + Tscba . 3bca + Té)ac) — fbcefadefoTgcd (87)

c3 = (UC)g _ Tlaszc (Tgcab o T?()zcb o Té)ac + Tgbc) _ facdfbceTlaTzeTglb )

These are presented graphically on the right hand side of figure
The corresponding combinations of kinematic factors are:

3

W3 = Z (FY ™1, (YC); = filer + c2) + faca + fs(er — e3) = er(f1 + f3) + ca(f1 + f2) — c3fs.

=1

The kinematic factors are:

=
b=
fs =

1

6
1

6
1

6

(F(4) +4F(B) - 2F(C) + F(D) - 2F(E) + F(F))

(- 27(4) - 2F(B) — 2F(C) — 2F(D) + 4F(E) — 2F(F)) (88)

(-3;@@_3fun+3f«n)
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SO

Figure 15: A (1,2,2) web with three-gluon vertex, with corresponding connected colour factor.

This web is classified by

T,22) =1

11 “1/2 1)2
Y, = , Yol = .
(1.2.2) [ 1 1] (1,2.2) [ 1/2 1/2]

The Feynman rule is i for three gluons a, b and ¢ going clockwise and so we find
(V) = —if T — T4t + T ) T3 = porer peTs T
_ % faberd pdberpe (TS[“’C] n Tg{“’c}) _ % fabe pacy pdbeqdrers
= —i% flerdreT?

The kinematic factor is:

fi=5 (- F)+ 7).

(90)

(92)

(93)

Note that we have chosen to write the colour factor as being that of a Y graph connecting the
three Wilson lines, and an overall normalisation which contains the quadratic Casimir invariant
Ca = N.. We could also have chosen to identify the colour factor as that of the graph shown
in figure (a), in which two gluons are emitted from one of the lines. This is equivalent to the
colour factor of the graph shown in figure [16|(b), where one may use antisymmetry of the structure
constants to replace the two gluon emissions on the third line with a self-energy bubble. This
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(a) (b)

Figure 16: (a) The connected colour factor associated with the (1,2,2) web of figure (b) an
equivalent colour factor.

is the origin of the quadratic Casimir which appears in eq. , and tells us that the connected
colour factor graph which appears here corresponds to a one-loop soft gluon scattering topology
spanning the three Wilson lines, in contrast to the purely tree-level topologies that appeared when
four Wilson lines were connected. This example also tells us that whether or not we consider the
connected colour graphs to be tree-level or one-loop is partly a matter of choice, as can be seen by

comparing figs. [16{(a) and (b).

Figure 17: A 1-2-3 web which contains a gluon emitted and absorbed by the same Wilson line.
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r(17273) = 2

R(123) = 5

-3

o o o O
o O O O w

(1,2,3) —

We therefore find here:

-1 2 =2
2 -1 1
2 2 =2
2 2 =2
-1 -1 1
-1 -1 1
[ 1

~1

1

)/117273): 1

—2

| 2

1/6 —1/3
—-1/3 1/6

—-1/3 —1/3

-1/3 -1/3
1/6 1/6

| 1/6  1/6

~1/6
1/3
1/3
1/3

~1/6
5/6

o = O O O

MO Qo

= o O O

1/3
~1/6
1/3
1/3
5/6
~1/6

oS O = OO = O

o O O = O =

1/6

~1/3

2/3

~1/3

1/6
1/6

—1/3 ]
1/6
-1/3
2/3
1/6
1/6

N,
(YO = T (T T5 — TP T5 — TP T5 + TP T5 ) = i T Ty Ty

N,
(YC)y = Tf (= T"T5™ + T35 — TET + TPTY™ ) = " f ™ TPTETY = —(Y ).

(94)

(96)

(97)

This is a rare example where the rank of the matrix actually overcounts the number of independent
colour factors. We only encounter this in webs where a gluon is emitted and absorbed by the same
line. The kinematic factors are:

fo= -

1

6
1

6
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<(F(4) - 27(B) - 2F(C) - 2F(D) + F(B) + F(F))

(= 27(4) + F(B) - 2F(C) - 2F(D) + F(E) + F(F)),

(98)



so the total contribution of this web is
Wiha = (YO + (YC)afa = (YC)l(fl - f2) (99)

where

fi= b= 5 (Fa) - F(m).

Figure 18: A (1,1,3) web with a three-gluon vertex where two of its gluons attach to the same line.
The resulting connected colour factors are shown on the right.

r(1,1,3) = 2
6 -3 -3 A [(1], 2], 12,1,2]]
1 (100)
R(1,1,3) = 6 0 3 -3 ) B = [[1]7 [2]7 [17 27 2“
-1 0 1 [ —1/2 —1/2 1/2
Youg=| -1 10|, Yig=]|-1/2 1/2 1/2|. (101)
0 1 1 | 1/2 —1/2 1/2
The two connected colour factors are found to be
(YC)l — —ibedTlaTgb < _ glac + Téica) — fbcdfcaeTlaTQbTéie
(102)
(YC)Q _ _ibedTlaTQb < . TSdac + Tézdc) — bedfadeTfTQbT;C
with kinematic coefficients
1
fi=5(=F) - F(B) + F(C) o)
103
1
fo=3(-F+7B) - F(O)).
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Figure 19: The diagrams for the 1-1-4 web and the resulting connected colour factor. Note that
these are exactly the same two as in figure

S
A25 Wi,

This is the only web we encounter with four gluon attachments on a single line. The twelve diagrams
are shown with their labels in fig. We find:

T(1,1,4) = 6
6 0 -3 -3 -3 -3 -1 -1 2 2 2 2
o6 -3 -3 -3 -3 2 2 -1 -1 2 2
oo 3 o0 -3 0 -1 2 -1 -1 -1 2
oo o 3 o0 -3 2 -1 -1 -1 -1 2
o0 -3 o 3 0 -1 -1 2 -1 2 -1

R :% oo o060 -3 0 3 -1 -1 -1 2 2 -1 (104)
oo o o o o 2 -1 -1 2 -1 -1
oo o0 o o o0 -1 2 2 -1 -1 -1
oo o0 o o o0 -1 2 2 -1 -1 -1
oo o o o o 2 -1 -1 2 -1 -1
oo o o o o0 -1 -1 -1 -1 2 2

oo 60 o o0 0 -1 -1 -1 -1 2 2 |
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(105)

iR i A L S i

v v v S S o S o v v —
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and finally

1/3
~1/6
“1/6
~1/6
~1/6

1/3
1/3
~1/6
“1/6
1/3
“1/6
| —1/6

Naming the diagrams as labelled on the left-hand-side of fig. we get the following ECF's:
(YC)l —A-—D_-FE+J= TlaT2b (Té:abc . Tgcbca . Tscacb 4+ T§Cba> — fdefadeTlaszTsce
(YC)s = B=C =D+ K = TPT} (T5" — T4 — T 4 T4 ) = —(vO);

(YC 3= A—E—_—F+ L= TlaTQb (Tgcabc . ?():acb . ?()zcbc + TéZCCb) — fbcdfaceTlaTé)Tged

1/3
1/3
“1/6
~1/6
1/3
1/3
~1/6
~1/6
“1/6
~1/6
1/3
1/3

1/3
1/3
1/3
1/3

~1/6

~1/6
~1/6
~1/6
~1/6
~1/6
1/3
1/3

~1/6
1/3
1/3
~1/6
~1/6
~1/6
~1/6
1/3
1/3
~1/6
~1/6
“1/6

1/3
~1/6
“1/6
~1/6
1/3
~1/6
~1/6
1/3
1/3
~1/6
“1/6
~1/6

~1/6
1/3
~1/6
1/3
~1/6
~1/6
1/3
~1/6
~1/6
1/3
~1/6
~1/6

1/6
~1/3
~1/3
1/6
1/6
1/6
1/6
2/3
~1/3
1/6
1/6
1/6

1/6
~1/3
1/6
~1/3
1/6
1/6
2/3
1/6
1/6
~1/3
1/6
1/6

~1/3
1/6
1/6
1/6

~1/3
1/6
1/6

~1/3
2/3
1/6
1/6
1/6

(YC W=B-D—-E+H-= T{zTQb (T?)cbac _ 3cbca _ ?facb + Tgcab) — (YC):),

~1/3

1/6
1/6
1/6
1/6

~1/3
~1/3

1/6
1/6
2/3
1/6
1/6

~1/3
~1/3
1/6
1/6
~1/3
~1/3
1/6
1/6
1/6
1/6
2/3
~1/3

~1/3
~1/3
~1/3
~1/3
1/6
1/6
1/6
1/6
1/6
1/6
~1/3

2/3
(107)

)
)

(YO)s=A—C—F+1=TT, (Tgcabc _ beac _ pache | Témcc) — fode pbdepapbyec _ (y ),
)

(YC 6= B-C—-F+G= TlaT2b (Tgcbac _ Té)cac _ T;Cbc + T?z’zbcc) — debedanTQb T?)ec _ —(YC)g

(108)

Again we see an example of the rank over-counting the number of independent colour factors where
the diagram involves a gluon absorbed and emitted from the same Wilson line. The kinematic
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factors are (for brevity we omit here the notation F):

1
f1:f(ZAfB—C—D—E+2F+2G7Hfl+2J7K7L)

6
f2:é(2A+QB—C—D+2E+2F—G—H—I—J+2K+2L)
f3:é(2A+2B+2C+2D—E—F—G—H—I—J+2K+2L) "
f4:é(—A+zB+2C—D—E—F—G+2H+2I—J—K—L) o)
f5:é(QA—B—C’—D+2E—F—G+2H+2[—J—K—L)
f6:é(—A+QB—C+2D—E—F+2G—H—I+2J—K—L).

Overall we get for this web

Wity = YO+ (Y O)afo+ (YC)sfs + (YCOlafa + (YC)sfs + (Y C)sfo
= (Yc)l(fl—f2+f5) +(YC)3<f3+f4—f6) (10)
where we find:
fl—f2+f5:%(2A—4B—c—D-E—F+2G+2H+2J+2J—4K—4L) .
f3+f4—f6:é(2A+ZB+50—D—E—F—4G+2H+2]—4J+2K+2L).
A2.6 Whao

Figure 20: A (2,2,2) web, with corresponding connected colour factors.
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r(272’2) = 4

— — — o o/ = — —

[P Ot AN Y

— — o = o e o

S S S L s S E s

— o o e o o o

e e e e e e

(113)

-1

-1

-1 -1

—1

-1 -1 -1 1

1

o -
A_12__2__2
= —
2A_T2___27
— — —
24_2_2_7
- L B |
2A_.‘__z__z
— — o
42_2_2_7
<t o T o B | —
[ O N N
o O O O o o o o
o O O o o o o o
L
— | O
Il
)
27
a

}/7(2,2,2)

—~~
<f
—
i
N~—
T 1
L w0 o » o o 8
e e T s S N ]
_211211_
636B6366
— T~ T~ T T T T
_21_1211
B3B66636
— T~ = T~ T~ T~ T T
_2_11121
AN
-~ N
- T~ O O o o o o
_1
(o N | (o I aN|
— —
© oD Do Do
[T o o I D B e —)
[ [
o © O Nl
— o= =~~~ =~
[ = = =]
Nl e) el el
= = & = 3 = 2 =
o=~ o~~~ ~
[ N N
L 1
I
R
— A
&

Denoting the diagrams by A through H as in fig. we obtain the four linear combinations of
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colour factors corresponding to the basis of eq. (68]):

(YC)=-A-B+C—-D+E-F+G+H
= {10 THTY 1315 1) = o

(YC)y=-A-B-C+D+E+F-G+H
= (17, Ty, T3 Y15 T = )

(115)
YC)3s=A+B-C-D+FE-F-G+H
= [0, Ty TR, 1) = o)
YC)y=-A+B+C+D-FE—-F—-G+H
= (¢, Ty, 1T 1) = o
Thus the total contribution of this web is
Wiao2) = (YCO)1fi+(YC)afo+ (YCO)sfs+ (YO)afa, (116)

where the kinematic factors are (for brevity we omit here the notation F, so here A through F
correspond to the kinematic factors):

f1:1—12<—2A—QB+C’—2D+E—2F+G—I—H>
f2:i(—QA—zB—20+D+E+F—2G+H)

12 (117)
f3:—<2A+2B—C—D+2E—F—G+2H>

12
f4=%(—A+B>.

39/
A2.7 Wi,

Figure 21: A 1-2-2 web with a three-gluon vertex connecting three different lines and its corre-
sponding connected colour factors.
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T(1,2.2) =3

6 0 -3 —3 A (111, 2,1], [1, 2]]

" 106 -3 -3 B || (11202, 1]
2276100 3 -3 || 2., 2]
(00 -3 3 | LD LA R 1 (2,10 )

[ -1 0 0 1] [ —1/2 —1/2 0 1/2 ]
|-t oo IR R VRS VR W VP
Y(1,2,2)— 110 0 ) Y(1,2,2)_ _1/2 1/2 0 1/2
0 0 1 1| | 1/2 -1/2 0 1/2 |

We therefore find the colour factors to be
(YC)l — _iTlafabc( _ T2dc ?sz + TQdc glb) — fabCfdbeTlaTQdcTSe

(YC)Q — _iTlafabc( o T2dc ?l))d + TQCdTé)d) — fabCfcdeTlaTéaT?l’)d

(YO)3 = —iT@ fabc( — Tgerdd ngTgb) — fobe pdveqparpdere | yabe pederparerqds

The kinematic factors are:

fi=5(~ F(4) - F(B) - F(C) + F(D))
f2 = 5(~ F(4) ~ F(B) + F(C) - F(D))
f3=F(B).
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