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Abstract

This thesis aims to investigate soft gluon evolution at next-to-leading order (NLO), i.e.
adding soft gluon corrections, both real emissions and virtual exchanges to a hard, short-
distance scattering process. In this context “soft” refers to gluons emitted at an energy scale
much smaller than the one of the hard process.

The main part of this work is thus dedicated to analyse the one-loop/one-emission and two-
loop Feynman diagrams involving soft gluons in order to provide the basic ingredients if one
aims to perform soft gluon evolution and to resum non-global logarithms at next-to-leading
logarithmic level as well as beyond the large-N limit of QCD. The analysis of the diagrams
is separated into two parts - the colour structure and the kinematical part.

Treating the amplitude as a vector in colour space, it is decomposed in terms of the colour-
flow basis. The general form of the soft anomalous dimension matrix at one-loop/one-
emission and two-loop order in the colour-flow basis is determined by analysing the colour
structures. As a result of this analysis structures of special importance at two-loop order are
obtained which extend the sum over two-parton correlations, usually referred to as “dipoles”,
to include three-parton correlations as well.

Using the Feynman tree theorem (FTT) to treat the kinematical part allows one to efficiently
rewrite the loop integrals in the form of phase-space integrals. In this way it is possible to
combine the loop integrals with the emission contributions at the integrand level of a cross-
section in order to demonstrate the cancellation of infrared (IR) divergences. In particular,
the FTT is reformulated such that one can use it in the presence of eikonal propagators as

well as at the two-loop level.

Zusammenfassung

Diese Arbeit befasst sich mit der Entwicklung von Streuamplituden durch das Hinzufiigen
von soften Gluon Korrekturen - virtuelle Beitrige (,,Loops“) sowie auch reelle Emissionen -
in néchstfithrender Ordnung in perturbativer Storungstheorie zu einem harten Prozess. Softe
Gluonen sind durch eine Energieskala charakterisiert, die weitaus kleiner als die Skala des
harten Prozesses ist.

Der Hauptteil widmet sich der Analyse der relevanten Ein-Loop/Ein-Emissisons und Zwei-
Loop Feynman-Diagrammen mit soften Gluonen. Die Kenntnis ihrer Form gestattet die
Resummation von nicht-globalen Logarithmen zu néchstfiihrender logarithmischer Ordnung
und ermoglicht es aulerdem, Beitrige zu beriicksichtigen, die mit der Anzahl der Farbladun-
gen unterdriickt sind. Die Analyse der Diagramme besteht aus zwei Teilen - der Farbstruktur
und der kinematischen Abh#ngigkeit.

Behandelt man die Streuamplitude als Vektor im Farbraum, so verlangt es nach Wahl ei-
ner Basis dieses Vektorraums, um konkrete Berechnungen durchzufiihren. In dieser Arbeit
wird die Farbflussbasis gewahlt. Durch die eingehende Betrachtung der Farbstrukturen wird
die Form der soften anomalen Dimension zur Ein-Loop/Ein-Emissions und Zwei-Loop Ord-
nung bestimmt. In Zwei-Loop Ordnung treten Strukturen auf, die nahelegen, die Summe
iiber Zwei-Parton Korrelationen, sogenannte ,,Dipole”, auf eine zu erweitern, die auch Drei-
Parton Korrelationen beriicksichtigt.

Das Feynman Tree Theorem (FTT) wird angewendet, da es in effizienter Weise erlaubt, die
Loop-Integrale in Form von Phasenraum-Integralen darzustellen. Damit lésst sich die Kan-
zellierung der infrarot (IR) Divergenzen zwischen virtuellen und reellen Beitréigen explizit
zeigen. Im Speziellen wird das FTT umformuliert, um die Anwendung bei eikonalen Propa-

gatoren sowie fiir Zwei-Loop Diagramme zu ermdglichen.

ii






1 Overview

For some hard, short-distance scattering process the most important radiative QCD corrections
are given by collinear and soft gluons in a perturbative treatment. The latter are the subject of
this thesis, soft gluon corrections of the hard external lines of QCD amplitudes. In this context
“hard” refers to a high-energy scale, while the energy scale at which “soft” gluons are emitted
is very small compared to the hard scale.

For totally inclusive observables (e.g. total ete™ cross-section) infrared (IR) divergences intro-
duced by the softness of the massless gluon completely cancel between virtual exchange and real
emission soft corrections; a fixed-order calculation leads to sufficiently precise predictions. Ob-
servables for which the real emissions are restricted in some way, i.e. for non-global observables
[1], the IR divergences still cancel (by virtue of the Bloch-Nordsieck theorem/Kinoshita-Lee-
Nauenberg theorem), however, a resummation of the perturbative series is needed, since large
logarithms (between the scale provided by the constraint on the real emission and some hard
scale) appear. This resummation can be achieved by soft gluon evolution equations |2} 3] for-
mulated in colour space.

In this work the main focus lies on the virtual soft gluon corrections at one-loop/one-emission
and two-loop order in perturbation theory. These provide input to construct the evolution
equations at next-to-leading order (NLO) such that resummation of non-global next-to-leading
logarithms (NLL) is made possible, as well as to include contributions subleading in the number
of colours N.

The thesis is structured as follows:

At first some basic concepts like the QCD Lagrangian, important relations concerning colour
algebra, renormalisation and the eikonal approximation for soft four-momenta are briefly re-
viewed.

Following up on this general introduction, a more specific and detailed one concerned with the
methods and techniques relevant to this work is given. These include the colour-space formalism
[4, 5] as the framework in which scattering amplitudes can be treated and the colour-flow basis
[2, |5} 6] which is the basis of choice of the colour vector space in this work. It is elucidated how to
translate colour factors obtained from the conventional QCD Feynman rules to the colour-flow
basis, which allows for an immediate physical interpretation in terms of the flow of the colour
charges in a process. This flow of colour charges can then be intuitively depicted with the help
of colour-line diagrams.

After focussing on the efficient formulation of the colour structure of the amplitudes, their kin-
ematic part is addressed. For the purposes of this work it is beneficial to be able to rewrite the
loop integrals in the form of real-emission phase-space integrals in order to combine the virtual
soft gluon exchange corrections with the real emission diagrams leading to a cancellation of IR
divergences. The rewriting can be most conveniently achieved by applying the Feynman tree
theorem (FTT) [7, [8]. In particular, it is reformulated in order to apply it in the presence of
eikonal propagators.

In the last part of the introductory sections the soft gluon evolution equations |2} 3, 9], which
allow for resummation of non-global logarithms, are introduced. The evolution proceeds in col-

our space at amplitude level which allows to formulate an IR-finite evolution operator since the



cancellation of IR divergences already takes place at the integrand level and an expression for
the soft anomalous dimension matrix is found. Thus, for this part the concepts of the prior
sections can already be put to use.

The fourth section is dedicated to investigate the structure of the soft anomalous dimension
matrix at leading order. The colour structure is analysed in the colour-flow basis in detail,
leading to an expression for the matrix element of the colour-correlator [2} |6]. For the kinematic
part the FTT is applied to the soft virtual exchange diagram, the result is combined with the
corresponding soft emission process, the IR singularities indeed cancel.

The fifth section provides ingredients for a next-to-leading order as well as next-to-leading colour
soft evolution. At first the one-loop/one-emission diagrams which contribute in the soft limit
are analysed, an expression for the building blocks of the soft anomalous dimension concerning
its colour structure in the colour-flow basis is given at this order. The FTT is used to obtain
expressions for the cut-contributions of the loop integrals.

In the same way the colour structure for the two-loop diagrams is analysed as well. Further,
a procedure to apply the FTT at two-loop level is discussed in detail and graphically illus-
trated in the case of the double virtual soft gluon exchange. This procedure is then applied to
the other two-loop diagrams contributing in the eikonal limit, in this way expressions for the
cut-contributions of the diagrams are obtained. By filtering out the radiative cuts in the loop
momenta and combining them with the squared real emission diagrams the cancellations of IR
divergences between them for each of the different colour structures is shown.

The self-energy contributions (“bubble-diagrams”) demand a slightly modified treatment con-
cerning their kinematic part due to the appearance of double propagators. A cutting rule for
such cases is introduced and by using this modified cutting rule the FTT is applied to the loop
integrand and the radiative cancellations of IR divergences are shown for the self-energy dia-
grams as well.

A short summary and an outlook conclude the main part of the thesis. The appendices provide
more detailed calculations on Jacobian determinants and the soft two-loop current [10]. The
conventions which are used in this work concerning the Feynman rules are briefly summarised.
Moreover, the lengthy results for the matrix elements in the colour-flow basis of the one-loop/one-
emission and two-loop colour structures which lead to the results of the colour part of the soft
anomalous dimension are explicitly given. Finally, a list of kinematically forbidden cuts appear-
ing in the course of the FTT cutting procedure is provided.

All the diagrams and illustrations in this work have been prepared using JaxoDraw [11].



2 Preliminaries

2.1 QCD Lagrangian and colour algebra

This introductory section aims to briefly summarise the basic ingredients of the locally gauge-
imwvariant QCD Lagrangian as well as establish the conventions of signs and normalisation con-
cerning the colour algebra, which will be used in later sections. This section is based on the

corresponding chapters in [12, |13].

The central object of QCD is its Lagrangian density given by
1 el :
Lqocp = _ZFI‘fVFuva + Zw; (Z‘lplj _ m(5;> Vi - (2.1)
f=1

The contribution to the Lagrangian of the quark fields 1 is subject to a sum over flavours (with
the total number of flavours ns) and the covariant derivative (DH)? 5 1s, in terms of components,
given by

(DH)'; = 0M6; + ig AP (t")"; (2.2)

with the (anti-)fundamental indices i,j = 1,...,N. It is convenient to explicitly distinguish
fundamental and anti-fundamental indices, since in the following sections of this work a main
focus lies on the flow of the colour charges.

The use of the covariant derivative instead of just the partial derivative ensures that the kinetic
term of the quark fields is not only invariant under global transformations but under local
gauge transformations as well. This can be established by noticing the invariance of the QCD

Lagrangian under local SU(N) gauge transformations for each flavour of the quark field ¢ (x)

—

b(x) = ¢ (x) = exp [0%(2)t"] () = U(0())¢(x) (2.3)

where the generators are in the fundamental representation and the 0%(x) are local functions in
space-time, they parameterise the group.
The kinetic term of the gauge fields A, is written in terms of the non-Abelian field-strength

a

tensor Fy;,, which has the following form

Fi () = 0, A5 («) — 8, Al () — g f ™A () A () - (2.4)

At variance with the Abelian case, self-interactions are introduced due to the presence of the
last term in the equation above. The gluon field A, = {* A, transforms according to the adjoint

representation

— — —

Ay = A, = U(f(2) Au(2)U " (0(a) + ga (U@ v 0@)) - (2.5)

Therefore, the field-strength tensor F,, = F}, t* transforms in the adjoint representation as
well and hence it is not gauge-invariant by itself in the non-Abelian case. But of course the

combination (F e ) appearing in the Lagrangian is gauge-invariant.



Due to the arbitrariness of the gauge field, which is caused by its gauge transformation property,
an additional gauge-fixing term has to be introduced to the Lagrangian. For covariant gauges
it is of the form

£gaugefﬁxing = _216 (auAMa)Q . (26>
Throughout this work the Feynman-t’Hooft gauge is used, i.e. the gauge parameter is assigned
the value £ = 1.
In addition to the gauge-fixing term one needs to include a Faddeev-Popov ghost field Lagrangian
in order to eliminate contributions from unphysical polarisations of the gluons, in covariant gauge

it reads
Eghost = (aﬂﬁa) (ngnb) ’ (27)

where the covariant derivative in the adjoint representation is given by
DY = 0"0gp + g fapc A" (2.8)

The (anti-)ghost fields % and 77* are Grassmann-valued fields, i.e. they are Lorentz-scalars but
they anti-commute.

The set of generators obey the relation
[t“,tb} = jfabete (2.9)

with f®¢ the structure constants. The commutation relation implies that the structure con-

stants can be expressed in terms of the fundamental generators
fobe = —2iTr [t“tbtc — tbhte| (2.10)

In the course of this work this relation will be used repeatedly, it is very convenient when one
alms to rewrite the colour factor either purely in terms of fundamental generators or adjoint
ones (see sections and [3.2).

As a normalisation convention of the fundamental generators it is used here that Tr = 1/2 and
thus

Tr [t“tb} — TRo . (2.11)
Furthermore, for the adjoint representation generators ( gdj)bc = —if%° one has
Tr [tgdjtgdj} = N5 . (2.12)

These normalisation properties can be used to find the following relations

(t) (1), = Cp oy, ,

( gdj)bc(tgdj)Cd =Cy 6™,

(2.13)

with the Casimir invariants Cp = (N? — 1)/2N and C4 = N. The Fierz identity is used



frequently in this work; it reads
a\i (pa\l 1 v 1 l 51

which can be established by using the general form of an arbitrary matrix M of SU(N), i.e.
M = exp[if#?t?] or, written as an expansion, M = §°1 + §%% and determining the coefficients.

Note that there is an implicit sum over two equal adjoint indices.

2.2 Renormalisation

In this introductory section a brief overview of multiplicative renormalisation is given. It is
based on the corresponding chapters in (12, |14)] and lecture notes by Simon Pldtzer of the lecture
“Particle Physics III" [15].

In general the loop integrals encountered when evaluating amplitudes of radiative corrections
are ultraviolet (UV) and/or infrared (IR) divergent. A convenient way to handle such ill-defined
integrals in a first step is to perform dimensional regularisation in order to extract the leading
singularities by changing the number of dimensions to d = 4 — 2¢ and performing an expan-
sion around € = 0. As a consequence, the necessity to introduce a dimensionful parameter,
the t'Hooft parameter u, arises. This ensures that the mass-dimension of the integral (measure)
remains unchanged. For example, if one writes for the loop momentum k = (k°, E7i(6, ¢)) where

72 = 1, one may rewrite the d-dimensional integration measure in the following way

o0 2
u4_d/ddk: :/ dko/dE (%) EEQG(E)/dQ(d_Z) , (2.15)

1
/dQ(d_Q) —/ dcos® (1 — cos® 0)_€/d9(d_3) . (2.16)

1

where

Consult appendix [A] for details on the calculation of the Jacobian determinant in this particular
case. Concerning the angular integration in equation ([2.16|) with its Jacobian factor, it is note-
worthy that for real emission integrands, which are typically of the form (1—cos ) ™! the collinear

divergence will be regularised as well, in addition to the soft divergence of the energy integration.

When specifying a loop integrand and performing the k° integration for the loop integral meas-
ure given in equation , then one will typically find some 1/FE factors pertaining to the
propagators which combine with the factor E? from the Jacobian determinant such that in the
end one is left with a logarithmic energy integration (dE/E) x (u/E)* (see section for a
particular example). This leads to a pattern of divergences of the form (polesine) x (u/Q)*,
where () is a scale involved in the process one aims to describe, for instance the hard scale of
the hard, short-distance process. Thus, one finds the same divergence structure as it can be
obtained by performing Feynman parameter integrals for massless particles.

At this point it shall be remarked that dimensional regularisation preserves gauge invariance
and Lorentz invariance.

After having made the divergences explicit in terms of poles in the parameter ¢ for letting ¢ — 0



one can perform the renormalisation procedure in order to deal with the UV divergences. The
renormalisation proceeds through the redefinition of “bare”, i.e. unrenormalised, quantities of
the Lagrangian in terms of renormalised ones. These quantities can be identified with fields,
masses and couplings, which have to be redefined. As a result the bare Lagrangian Lyape iS

expressed as a sum of the renormalised Lagrangian L, and a counterterm Lagrangian L,
Ebare = ['ren + ['ct . (217)

The renormalisation transformations from bare to renormalised quantities effectively subtract
the divergent parts. For a multiplicative renormalisation a multiplicative factor, a renormalisa-
tion factor Z;, is introduced in the transformation, absorbing the UV divergence. Expanding the
renormalisation factor leads to a removal of the UV divergences order by order in perturbation
theory. There is, however, some freedom of how to define this divergent part. The renormalisa-

tion scheme characterises this freedom. For instance, in the minimal subtraction (MS) scheme,

only the UV-pole in ¢ is removed, while in the MS-scheme the constant In(47) — vg, appearing
due to an expansion of the gamma function, is eliminated as well.

Crucially, a theory is renormalisable if the (finite) number of the parameters, which are used to
absorb the UV divergences, remain the same at each order in perturbation theory.

For any renormalisation scheme one has to introduce a renormalisation scale pp describing
at which momentum scale the renormalisation is to be performed. It is important to remark
that for amplitudes which exhibit both UV and IR divergences or processes involving multiple
scales it is beneficial to explicitly distinguish the arbitrary renormalisation scale pur from the
t’Hooft scale u, the latter will always have cancelled in the final result. As mentioned previously,
the structure of the divergences originating from the loop-integration is (polesine) x (u/ Q)2€.
Performing the renormalisation procedure provides one with the same structure but with an
opposite sign and g as the scale, i.e. (—polesine) x (uu/pr)%. Therefore, expanding in &, one
is left with a logarithm of the form In(u%/Q?) relating the two scales up and @, the pole in e
has cancelled.

For a general quantity X which gets renormalised one can formulate

X () = Zx (1, s €)X (1r) (2.18)

which leads to the conclusion that the renormalised quantity X (ugr) = lim.—o(Zx"' (1, iR, €)

Xbare(; ¢)) is finite. Further, for the renormalisation factor Zx one can establish the expansion

2e 4e
HUR HUR

where g is the renormalised coupling. For the coupling itself it may also prove useful to adopt an

alternative (but equivalent) way of defining the renormalisation transformation. In particular,

with the equations (2.18]) and (2.19)) one can write

bare (

9> (py€) = Zg(py g, €) g(UR) =

2e 4e
K (1) ( > 2 (2)
14 g(ur)ZH + [ - g (pr)Z* + .| g(ug) .
<NR> ( ) g LR ( ) g ( )

(2.20)



2¢e

For convenience one can now absorb the factor of (u/ugr)*® into the coupling. Hence, letting

g — g x (ur/p)* one can reformulate equation (2.20) such that one obtains

2e
g (p,€) = [1 + g(,uR)Z!Sl) + ¢*(pR) ~£§2) + } <'lif°> g(uR) (2.21)

or equivalently,
2e bare

PGP (p,e) = Zo(p, vy €) 1 9(1R) - (2.22)

In this way of writing one may define 12°¢g"*®(u, ¢) as the bare coupling in dimensional regular-

isation with correct mass dimension and, in the same sense, ,LLQRE g(pr) can be recognised as the
renormalised coupling.

For QCD the parameters which get renormalised are the gluon field A%, the quark field v, the
ghost field %, the coupling and, in principle, the masses of the quarks

Ag;bare _ Z§/2Ag 7
wbare — 221/2w ’

na,bare _ Z%/QT]G ’ (223>
gbare _ Zgg ’
mbare =Z.m ’

where the dependence on p and pug are suppressed to avoid clutter. As explicitly written before,
the renormalised parameters depend on the renormalisation scale ur, while the bare parameters
depend on p and their use leads to the divergence in ¢.

In principle one has to take into account the renormalisation of the gauge-fixing parameter & as
well, however, its renormalisation factor coincides with the one for the gluon field, Z3, due to
the transversality of the gluon vacuum polarisation tensor (“bubble-diagram”). Consequently,
the gauge-fixing term of the Lagrangian does not get renormalised.

Using equation one can rewrite the bare QCD Lagrangian as

1 - 1
L% =— EFggFa’aﬁ + (id — g A"t — m)p — %

+ i Y(Zs — 1) — gAY (Z1p — 1) — mp p(Z Zo — 1)
— 7*00an®(Zy — 1) + g [P 00 A (2] — 1)

(8aAa,o¢)2 o ﬁaaaaana + gﬁafabcaaAb,anc

= i (9a A — 0542) (0747 — 9742 (25— 1)

1 1
59 S AP A (0, A = 05A%) (20— 1) = g fU AN AP ALAG(Za - 1)
(2.24)

where one defines the renormalisation constants for the triple gluon vertex Zi, for the quartic

gluon vertex Zy, for the quark-gluon coupling Z;p and for the ghost-gluon coupling Z; in the



counterterm Lagrangian. Making use of the universality of the coupling g one can establish

Zip = 2y 25 73/,

7y = 2,23, (2.25)
Zi =24 Z§/2 Zn,
Zy =773 .

These results lead to the Slavnov-Taylor identities

, 1
a4 (7)) .
which fix the relations between the different Green functions, similar to the Ward identity in
QED and hold to all orders in perturbation theory.

Due to the dependence of the renormalised parameters on the renormalisation scale, one can
formulate renormalisation group equations (RGE) by differentiating with respect to pg. A bare,
truncated n-point Green function GP*™ can be brought into relation with the renormalised one,

GR, in the following way

GPare(ghare P i p s pn) = Zo 2 (1, ur) Gr (9(R), m(UR), LR D1, s Pn) 5 (2.27)

where the field renormalisation factor Z, stands for a product of the gluon, quark and ghost
renormalisation factors. Differentiating with respect to ug leads to the Callan-Symanzik equa-
tion

0 0 o
dg mOm , s HR3 D1, -, Pn) =0 2.2
<MR6MR +ﬂgag T M Ymg ”%) Gr(g(pr), m(pR), WR; P15 s Pn) = 0 (2.28)

where the g-function and the so-called anomalous dimensions for mass and fields are given by

99
ﬁ =MHUR7 >
9 au

wRr Om

790 §Z(p MRWZL,D 9
respectively. Defining
di dg dm
de=FE_ Y _ T (2.30)

i By(9,7-,6)  Mym

with the initial conditions fip(t = 0) = ug, g(t = 0) = g and m(t = 0) = m one can rewrite

equation (2.28)) as

[51“n7%]GR(QOUQ?"“MR%IUﬁphann):()- (2.31)



Solving this differential equation and taking into account the initial conditions one obtains

GRr(g:m, pR;P1, s Pn) = GR(G, 0, [iR; P1, -, Pn) XD [—n/g dff:%(x)} ; (2.32)
g 59(93)

which provides the relation of the truncated Green function at different scales/couplings. This
principle described for amputated Green functions also holds for general operators, in particular
also for observables like cross-sections.
In this way, by solving the renormalisation group equation for the coupling oy, one finds one
of the defining properties of QCD: asymptotic freedom. It also allows one to approximate up-,
down- and strange-quarks (u-, d-, s-quarks) as massless for sufficiently high pr. The RGE for
the quark mass in the MS-scheme can be written as

d ~ra
KR~ m(ugr) = Ymad® (ur)m(ur) (2.33)
MR

and its solution provides one with the fact that m(upr) decreases as the renormalisation scale
increases. According to this reasoning the quark masses for u-, d- and s-quarks can be neglected
in the high-energy limit, since their masses, e.g. in the MS-scheme, are much smaller than Aqcp,
the scale up to which perturbation theory can be safely performed. Thus, the high-energy limit

4

coincides with a “zero-mass” limit for u-, d- and s-quarks.

2.3 Eikonal approximation

Previously, UV divergences have been introduced, in this section IR divergences (soft and collin-
ear singularities) are discussed. In particular, the eikonal approximation, i.e. the approximation

for soft gluons, is reviewed [12].

Consider the emission of a soft gluon of momentum k off a massless quark line ¢, with some

amplitude My of a hard, short-distance process depicted by the “blob”

— =M =g t?ﬁ(mh“m Mo(pi + k) - (2.34)

The soft gluon approximation is now implemented by letting & — Ak, followed by A — 0.
Performing the limit & — Ak gives
k

1 Zﬁ
M g zu(p )’y X [2 & )\kQ] + [2 Tk )\kz] /\/lo(p + ) ( 35)

For the eikonal approximation only terms of the lowest order in A, i.e. of O ( %), are kept. Hence,

one finds u

_ 1 p
K — _ 40 Ay 2 .
Meikonal - gtz u(pZ)A [pz ) ]{7] MO(pz) ) (236)

where the Dirac equation was used such that @(p;)y"p, = 2p;a(p;) and for the amplitude Mo
one can approximate Mg (p; + Ak) = Mo+ O(X). Also note that for a polarisation vector in the
soft limit it holds that €,(k) — €,(k) + Ak, and X — 0. From equation (2.36)) one can observe



that in addition to the soft divergence for A — 0, there is also a collinear divergence, if the angle
f between p; and k tends to zero.
For the eikonal Feynman rule the spin of the fermion (in this case the quark) which emits the
soft gluon is not relevant anymore; in the soft limit one finds the structure of a Feynman rule
for a scalar particle.
To obtain the so-called next-to-eikonal approximation one takes terms of O(A°) into account as
well. Thus, one finds

A 1k

M & = —gtiu(p;) ! + — k? 20y
next—to—eik. % EEBY [pi . k] [2}%‘ . k] [(2pz . k;)2]

Mo(pi + k) | (2.37)

where in this case also the dependence of the amplitude Mg on A has to be taken into consider-
ation. Furthermore, at variance with the eikonal approximation, there is now a dependence on

the spin of the fermion.

In this work only the leading singularity is of interest, hence it is sufficient to use the eikonal ap-
proximation. This is the case since, if the absolute value squared of the amplitude is calculated
leading to an expression for a cross-section, only the term in the amplitude of order A\~ will
contribute a 1/¢ pole or, equivalently, it will give a logarithmically enhanced contribution. For
example, when expressing the measure in the variable of energy dII; o< d%k 6(k?) o dE Ed_z%
(neglecting the angular integration), then one finds a behaviour of the energy integration of
% EIQE for the cross-section (see also section .
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Figure 1: Tree-level Feynman diagrams for the process gg — qq

3 Introduction

3.1 Colour-space formalism

The colour-space formalism provides a toolbox in order to systematically treat amplitudes with
many partons involved, such that the underlying physics remains transparent. In the following
sections the operators which are used to formulate the soft gluon evolution equations “live” in a

colour vector space.

When it comes to determining amplitudes with many partons involved the difficulty of this
task, i.e. the number of Feynman diagrams which need to be considered, increases as a factorial
of the number of external parton lines. Therefore, different techniques are beneficial in order to
facilitate the calculation of such multi-parton amplitudes and to make the physics more trans-
parent.

Such a simplification is the colour-space formalism, where the amplitude is split up into its
SU(N) colour structure with the corresponding indices of the gauge group and a partial amp-
litude, which depends on the four-momenta of the partons involved. Stripping off the colour
structure will leave behind a partial amplitude which can be built from “QED-type” Feynman

rules.

As an illustration consider the process gg — ¢q at tree-level. In order to establish a more
concise notation, the amplitude is treated as a component in the colour vector space. The three
different channels which contribute to this process are depicted in Figure (1, For this tree-level

process, the amplitude can be written as

M2 () = My (L) (E1892) + Mo () (E2™)'

_ ZMU(---)C;;GWZ 7 (3.1)
o

where the ellipsis in the arguments of the amplitudes indicate their momentum dependence. The

sum over ¢ introduced in the last line of equation can be understood as a sum over the

different orderings of the generators which are absorbed into the colour factor C' which carries

the colour indices.

Generalising this example to a process with a number of n, quarks and anti-quarks, as well as

11



a number of n, gluons, one can write

Milmiﬁq a1,..ang(m) _ ZMU() Cil:.ing ai...ang

i1 ing T i1..ing
=Y Mg(...) (c1--Conginy o) (3.2)
g

= <Cl'-'02nq+ng|M2nq+ng(---)> .

In equation the colour factor is written as a projection of the colour basis o onto the
abstract basis of the colour space, the latter being a collection of the gauge indices (labelled
by c1, ..., Cang4n,) of the external particles which are involved in the process. In this particular
case there is a total number of 2n, 4+ n, indices. The colour basis o then projects out a certain
ordering of these indices (cf. equation ) In the last step of equation the following

relation/definition for the amplitude vector in colour space is used [6]
IMN) =) Mnolo) . (3.3)

The object |Mpy) is a vector in a N-parton colour space. To represent the colour structures
in colour space it is efficient to use colour charge operators, T§ for a parton line labelled by 7,

which are defined by their action onto colour space in the following way [5]
<Cl...CZ'...Cn‘ Tg|d1dldn> = 521(Ta)czdl(scclz R (34)

where the (T%)“ denotes the generator of a quark (7%)“ = (t*) , an antiquark (7%), =

d-L dz dz dl
(t9)%, = —(t*)%, or a gluon (7)), =if*", depending on which type of parton i the operator
acts on.

The inner products of the colour charges give the usual Casimir invariants
T;-T;=Cg, (3.5)

where Cr = Cy, Cr depending on whether the parton line is a gluon or a quark/an anti-quark.
The inner product of two different parton lines with labels ¢ and j is given by T?T? =T;-Tj.

The important property of colour conservation can be written as [5]

n
D T M(pr,.spa)) =0, (3.6)
i=1

which is, however, not an operator identity. It is only satisfied if the colour charges act onto

a gauge-invariant amplitude-vector. Formulated differently, the conservation property follows

from the fact that the amplitude is invariant under gauge transformations, i.e. acting a gauge

transformation on the amplitude-vector for each external line gives (internally, the gauge trans-

formations compensate each other)

e 20T | M) = | M) (3.7)
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In order to be able to explicitly write down a matrix representation of the colour charges one
has to specify a basis of the colour space. In general, there are three prominent basis choices for
the colour space, namely the trace basis, the adjoint basis and the colour-flow basis, the latter
will be used in this work and it will be introduced in detail in section [3.21

For the trace basis one rewrites the colour structure purely in terms of fundamental represent-
ation generators, for the adjoint basis, as the name suggests, in terms of structure constants,
which can be especially useful for processes which involve gluons only. As an example consider
an n-gluon amplitude; for the trace basis the colour factor can be written in the following way
(using relation of section in order to rewrite the structure constants as a trace of

fundamental generators) [4]

M (n-gluons) = Z Trt* ...t M,(1,...,n) , (3.8)
o(2,...,n)

with a sum over the (n — 1)! different permutations of the indices.

For the n-gluon process in the adjoint basis, the colour factor takes the form [4]

M (n-gluons) = Z (F@2ps . Foh)% My(1,...,n)
(2, (n—1))

- Z (_ifa2aldl)(_ifa3d1&2) te (_ifan_lan_zan)MU(la M ,1’1) .

o(2,...,(n—1))

(3.9)

3.2 Colour-flow basis

The colour-flow basis is a spanning set of the colour vector space, which provides a straight-
forward physical interpretation in terms of the flow of colour in a QCD-process as well as the
possibility to give a unified description for quarks, anti-quarks and gluons. Due to these reasons
and the fact that it is based on permutations of colour labels of the partons the colour-flow basis

1s especially well suited for numerical amplitude evolution.

In the colour-flow basis the colour structure is written in terms of colour-flow Kronecker deltas
which symbolise the flow of colour in a QCD Feynman diagram. This immediate physical inter-
pretation, as well as the possibility of a unifying description for the different types of partons
make the usage of the colour-flow basis very advantageous, in particular for numerical soft gluon

evolution.

To start with, there are two approaches for translating the colour factor to the colour-flow
basis. One may want to start at the level of the QCD Lagrangian; rewriting the gluon field as

a N x N matrix. Instead of writing the A,, and the generators separately, one combines them
to obtain (A4, q(t*)" i) = %(.Au)i ;- With this convention, the Lagrangian (not considering the
gauge-fixing and ghost part of the QCD Lagrangian) takes the following form [4]

1 . . _. . . ;
L=~ (Fu) j(FY 4 (6;-@@ - %wmm - m5;> i (3.10)

13



where the field-strength tensor is now given by [4]

— a4+ LA A, — ()AL @

(‘FMV)ij = au(Au)i \/5

J
Due to this form it is sensible to absorb the factor of 1/4/2 into the coupling. The Feynman
rules which follow from the Lagrangian in equation do not explicitly contain any funda-
mental generators or structure constants anymore; they are listed for completeness in appendix
[Cl Note however, that using the Lagrangian method to derive the colour-flow Feynman rules
proceeds by introducing a colour-flow gluon field which has N? degrees of freedom (one has
to add an additional generator). In order to restrict U(N) to SU(N) the implementation of a

U(1) gluon field is required, it acts as a subtraction term of the extra degrees of freedom [16, |17].

As an alternative to the “Lagrangian-approach” one can chose to rewrite the colour structures
directly, this is the approach taken throughout this work. The rewriting proceeds by primarily

using the following three identities

Tr[t*’] = TR 6%,

1 1

BoD® = Bod* Dy = —— (B1%)';—— (D), (3.12)

)
)

a\i a 7 1 )
(@) e = Tie 08} — et

where the last line in equation is the Fierz identity (compare equation ) with N
being the number of colours. Its second term conveniently takes care of implementing the
tracelessness condition. Hence, as opposed to the Lagrangian-approach, the SU(N) condition is
immediately taken into account by the Fierz identity. The objects B, and D, represent general
objects with an adjoint index a, for instance polarisation vectors or fundamental generators.
How these relations are used in order to rewrite the colour structure in the colour-flow basis is
exemplified in the following.

Consider the emission of a soft gluon from a hard parton line. Starting with a quark line with
label ¢ the colour structure corresponding to the emission of a soft gluon can be translated to
the colour-flow basis in the following way (the equal sign is meant purely in terms of colour

structure of the diagram)

s /a2a\ e, N Qe 1 *\ Bz a\%c; a\%cp,
(@), ==, = (e, | )5

(3.13)

*\ Bz Qe; ¢Qep 1 Cey gQep
= \i(e")%n (55%5‘22 - 59 ¥ 52;) :
where a/ denote the fundamental /anti-fundamental indices of the partons. Additionally, there
are colour labels ¢; /c; /cn and an anti-colour label ¢,. In this work the colour label with the
prime is always used to indicate that this label belongs to a parton from the hard, short-

distance process, prior to any soft gluon emission/exchange. The polarisation tensor is written
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Figure 2: Colour-line diagrams for the emission of a soft gluon from a hard quark line i,
colour labels are explicitly written.

Figure 3: Colour-line diagrams for the emission of a soft gluon from a hard anti-quark line
i.

as a combination with a generator, i.e. \/ITg(a*)ﬂ an = EZ(t“)ﬂ ar . The factor of \; in equation
which has been chosen to replace the factor /T will be explained shortly.

In Figure [2| the two expressions of colour-flow Kronecker deltas in equation are depicted
in terms of colour-line/colour-flow diagrams.

The two parts in this result come from the usage of the Fierz identity, which implements the
fact that the SU(N) gluon propagator has been decomposed into a U(N) and a U(1) part. The
latter symbolises a gluon which is colour-connected to itself, this contribution gets subtracted
from the U(NNV) gluon colour-flow. The dashed line of the second diagram in Figure [2[is used to
represent this U(1) part, it is suppressed in the number of colours.

When considering a soft gluon emission off an anti-quark one finds that

ol
k2

1 oz ,
b Ot = N6 Ogen ) ; (3.14)

where, in the colour-line notation, this result can be depicted by the flow of colour in the way

one can see in Figure |3} Finally, for a hard gluon line ¢ radiating a soft gluon one finds

a. bz,

1 Oy
i = —elepifebe——(t°) /;;

VTr

_ e
BC'L Qe Qe

5671 aE§ cn Y E; cn
— (6*) Qep, (8*) ac, <)\15661 (52;; 566n — )\Z(SBETL 5;;1 5602) )

(3.15)

where the 5;? and 5;:}' Kronecker deltas can be dropped, as they simply describe the “spectator”
colour lines, iz.e. therei occurs no change in the colour label, which can be seen from the colour-
line diagrams in Figure [4l Note that in this case there is a gluon propagator, for this reason one
writes an additional generator () in equation , which has been extracted from the vertex
of the hard process, such that one can ensure that all of the adjoint indices in the expression
are contracted.

It turns out that for the triple gluon vertex one finds a simplified colour structure, since all of
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Figure 4: Colour-line diagrams for the emission of a soft gluon from a hard gluon line 3.

the 1/N-terms cancel, as they should.
These considerations lead to a unifying description of the colour charge operator of line i [2]

_ _ 1 _
Ti = )\itc- — itE,- — ()\z — )\i)s . (316)

1

The variables \; and \; encode the information on the type of the hard parton i. When comparing
with the results in equations , and it becomes clear, that \; = \/Tk in the
case that ¢ is a quark or a gluon line and zero otherwise and \; = /T for an anti-quark or a
gluon line 3.

The operators t.,, tz and s are specified by their action on the colour basis |¢) in the following

way [2]
A — 1 ... z. .oon >: 1 ? n n—i—.1>7
o(l) ... o(i) ... o(n) o(1) n+1 on) o(i)
tilo) =t,-105) (3.17)
R T U non+l
slo)=sl ) . o) >_ o(1) o(n) n+1 >

1 ... n
o(l) ... o(n) > ’ (3.18)

with o(a) being the permutation of the colour label a. Thus, when writing |o) the whole basis
vector is referred to, while the o(a) denotes a permutation of colour labels which characterise the
basis vector. The variable n stands for the number of the colour lines of quarks and gluons and it
has to be equal to the number of anti-quark plus the gluon colour lines, i.e. n = ng+ny = ng+ny.
The number of colour lines n also gives the dimensionality of the basis vector. Due to the num-
ber of permutations of the colour labels one has n! different basis states.

Note that the colour labels 1,...,n are equivalent to the ¢, ¢ and ¢ labels which were used
before. The colour labels are simply numbers, they enumerate the partons involved in a process.
One counts colour and anti-colour labels separately, for instance, for a colour line ¢ of a quark
one can set ¢; = 1 and ¢; = 0. In addition, if there is a gluon involved in the process one can
identify ¢y = 2 and ¢, = 1.

From equation one can also nicely see that emitting a parton brings us from a lower to a

higher dimension in colour space since after the emission one has (n + 1) colour labels.
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Figure 5: On the left hand side: Example for a basis with n = 2 colour lines and its two
basis states. On the right hand side: Scalar products of the different basis states
in the form of colour-line diagrams. This figure has been adapted from [6] and
2].

To obtain the colour-flow Kronecker deltas, one can act with the abstract basis onto the colour-

flow basis vector such that

1 ... n
= ()

where the /[ are again the fundamental/anti-fundamental indices.

1 n

K ERTEL 3.19
o(l) ... J(n)> Bo(1) Bo(n) ( )

The colour-flow basis is not orthogonal, for this reason the scalar product between two different
basis vectors, say ¢ and 7, does not give a d,, but the components which build up the scalar
product matrix are |2, 6]

SO_T _ <O"T> — 524:(1) o 52:1(71)55(17(1) o 552(71) — Nn—#transpositons — N#(colour—loops) ] (320)

Here, the exponent of N, “number of transpositions”, refers to the minimum number of trans-
positions between the two basis permutations of the vectors |o) and |7).

After the last equal sign in equation , the exponent of the number of colours gives the
result for a diagrammatic evaluation of the components of the scalar product matrix of two
different basis vectors. Such a diagrammatic approach proceeds as follows. Take the example of
the basis states depicted in Figure [5], there one has n = 2 colour lines and thus two basis states

for which the following short-hand notation is used

1 2
12: ’2]_:
r>‘12> 21)

Further, on the right hand side of Figure [5| the scalar products of the basis states are diagram-

12
- > . (3.21)

matically represented, which clarifies the expression “colour-loops” in equation (3.20). Every
closed colour line contributes a colour-loop, such that, according to equation , the scalar
products evaluate to (12|12) = N2, (21]12) = N, (12|21) = N and (21|21) = N2. Since, as
already mentioned, the colour-flow basis is not orthogonal one can introduce dual basis vectors

such that one can write down a completeness relation in the “usual” form [2]

Y IVl =) lo](ol=1, (3.22)
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and further [2]
(o|7] = [rlo) = bor - (3.23)

In this sense one can also write basis-independent objects/operators in the following way [2]

A=) Aorr) (ol =) [7|Alo]I7) (o] . (3.24)

o, T

and a trace of an operator in colour space can be written as [2]

Tr[A] =) [r|Al7) =Y [r|Alo] (o]r) = Tr[AS] = Y " AreSor . (3.25)
T o,T o,T
In particular, when expressing the amplitude as a vector in the colour vector space (see equation

(3.3), the amplitude squared gives with the considerations above

IMP? = (MIM) = Tr [|M) (M[] = D Mo M (o]r) = T[MS] . (3.26)

o, T

A notationally alternative way to define a completeness relation for the non-orthogonal colour-
flow basis vectors would be to make use of the definition of the scalar product matrix in the
form of the first part of equation (3.24)) and to reformulate this relation to obtain

S8 (el =1, (3.27)

as well as

Z Sorlr) . (3.28)

A general operator A acting on a basis vector can then be cast into the form

Alo) = Zsp Y (AAfo) =D SIS A lp) = Ao |7) (3.29)

PA,T

In this way of writing one does not introduce the dual basis vectors described above.

It is noteworthy that, since the colour-flow basis is not orthogonal/orthonormal, it is not a
basis but rather a spanning-set. It is overcomplete for every finite number of colours N, only
for the limit N — oo it would be strictly speaking a proper basis. In the latter case, in a
physical picture, one would have an infinite number of colour charges and thus all partons can

be distinguished.
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Figure 6: Contour used for the derivation of the Sokhotski-Plemelj identity.

3.3 Feynman’s tree theorem

The Feynman tree theorem (FTT) allows one to rewrite loop integrals in the form of phase-space
type integrals, such that the process of combining virtual loop graphs with real emission diagrams

in order to cancel infrared divergences at the integrand level can be efficiently performed.
To start with, an important ingredient needed to formulate the Feynman tree theorem is
the Sokhotski-Plemelj identity (see e.g. [13])

1
x £10

_p (;) +imd(e) | (3.30)

where P denotes the principal value prescription. One way to prove this relation proceeds
through integration in the complex plane with a test function f(x) which has the property
f(z) = 0 for x — +oo such that the integrand is well-defined when integrating over the real

axis. For the contour v depicted in Figure [6] one finds

/def(;):;i_r%[/_:dx@+/;odx@]+;%/%dxﬂ;), (3.31)

where the first two integrals give the principal value prescription and ¢ describes the infinites-
imal semi-circle contour around the pole, where one parameterises () = ¢ for 0 < ¢ < 7

such that ‘
T 2ele .
im [ dr 2T i [ a0 peei®) = —in f(0) . (3.32)

~ ~ Z(p
E—0 e X e—=0 Jo ce

Since one can deform the integration contour into a slightly imaginary direction ie and make
an expansion of the test-function f(x 4 ic) &~ f(x), one can conclude that the integral over the
contour in equation equals to the desired integral of [ da f(z)/(x + ic). Thus, when
combining the result of equation with and removing the test-function one finds the
Sokhotski-Plemelj identity.

Note that if one of the integral boundaries lies at a pole of the propagator, the Sokhotski-Plemelj
identity has to be slightly adjusted. For instance, for an integral of the form f_ll dz 1/[1 —x4i0]
one finds an additional factor of 1/2 since the contour around the pole has to be integrated
within the boundaries [0, 7/2]

1 1 v

Subtracting the Sokhotski-Plemelj identity in equation (3.30|) of different signs from each
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other and replacing # by k2 in order to match the notation for the propagator of a loop mo-

mentum k, leads to
1

1
k2 —i0 k2440
If one wants to pay special attention to the i0-prescription, one can reformulate equation ((3.34]).

+ 27 6(k?) . (3.34)

Assuming that the “0” of the prescription is dimensionless, one can introduce another factor of
k? in order to have matching dimensions of energy for the propagator. In particular, one can

write

1 1

. 2
0T k2 R+ R 2mi 0 (k%) (3.35)

where T* is a timelike vector, which one can choose without restriction of generality to be equal
o (T") = (v/2,0). Thus, this implies that 7 - k = v/2k%. In fact, the first expression on the
right hand side of equation (3.35|) corresponds to the usual Feynman propagator, since one can

observe that

1 1 1

K2+40(T k)2 (k9)2 — k2 4 2i0(k0)?2 [ko — R+ iOkO} [k;o + |k| + i0K0
(3.36)

1 1 1
2|k [kO—\EHiOkO kO + |E| + i0kO

holds and thus the poles are located at k° = |k| —i0 and k° = —|k| + i0 in the complex plane of
kY for the first and second part of the last line, respectively.
An implication of equation (3.35)) is

1 1
k2 —0|T - k|(T - k) k2 +40(T - k)

5+ 2mi 6(k*)0(T - k) (3.37)

where the first expression on the left hand side can be identified with the advanced propagator,

having its poles in the upper half-plane of k°. Hence,

1
k)= .
Galk) = S0 R R (3.38)
is the advanced propagator, while
1
G(k) (3.39)

T R2440(T k)2

is the Feynman propagator and equation (3.37)) shows how they relate to each other, i.e. in
particular one finds |7, §]
Ga(k) = G(k) +2mi 6(k*)O(T - k) . (3.40)

The reformulation of the i0-prescription is used in this work whenever special attention has to
be paid to the imaginary part. However, in order to avoid clutter, the momentum factors in
the ¢0-prescription will be neglected otherwise. Still, one can easily reinstate them if needed by
considering the definitions in the equations above.

In Figure [7] a general depiction of the location of the poles of an advanced, a Feynman and an

eikonal propagator is provided. Mind however, that the single pole of the eikonal propagator
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can be located in either of the four quadrants, depending on whether the propagator is of the
form [p; - k+140] =1 or [—p; -k +1i0]~! and whether the cosine of the angle between the momentum
k and P; is positive or negative.

Consider a process at one-loop with a number of n massless, external lines, which have momenta
labelled by p1,...,pn. The momenta of the (massless) internal propagators are given by k,, =
k+ 3%, i with k being the loop momentum. If the integrand only consists of advanced
propagators, the loop integral will evaluate to zero, since all of the poles lie on the same half-

plane, i.e. [7, 8]

" ak &
L(A)(ph..-,pn) = — /”rd/2 H Ga(k (3.41)

where for the normalisation of the integral measure the following convention is adopted

k. (4m)@D2 gl gl 512
(2m)d —! (4m)2  imd/2  jmd/2 (342)

At this point attention has to be drawn to the fact that the statement of equation is only
true, if, when performing the contour integration, the contribution of the arc of the half-circle in
the complex plane vanishes for the limit of its radius R — oco. In general, for an amplitude one
will have a numerator structure which possibly depends on a loop momentum k, call it f(k),
and a propagator, a different polynomial in k, h(k). Now, by parameterising the contribution of
the arc and taking the limit R — oo, one finds that in order for this contribution to vanish it is
necessary that the relation deg(h(k)) > deg(f(k))+2 is satisfied. Hence, this has to be carefully
considered for eikonal propagators, or in particular, when using an axial-type gauge, such as
light-cone gauge. For the Feynman diagrams considered throughout this work the relation is
satisfied, the FTT can be applied.

Assuming that equation is satisfied and using equation allows one to reformulate
the integral to obtain [7] 8]

N [ A% 5
LY (p1, ey pn) = —Z/mm [G(km) + 27i 5(’f)] (3.43)
m=1 '

= L(n)(plv 7pn) + Lgri)cut(pla apn) + o+ Lr(ln—)cut(pla 7pn) 3

where L) (p1, ..., pn) describes the loop integral with Feynman propagators only and the “cut”-

contributions (setting the cut momentum on-shell) correspond to |7, §]

L 1(rn)cut

d
= —z/ ddl/z [(2m)r(5(k‘1) O(ky)G(kpy1)...G(ky) + unequal permutations| .  (3.44)
im

Here, the convenient short-hand notation 8(k) = 8(k2)0(T - k) has been used.
Since Lgl)(pl, ..., pn) = 0 it follows that |7, §|

L (1, ooy pa) = — [L&"_’wt(pl, D) + e F L (D1, )] (3.45)

The Feynman tree theorem thus instructs one to determine all the different possible cut-

contributions (single and multiple cuts) in order to rewrite the loop integral in the form of
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Figure 7: General pole structure of (a) an advanced, (b )a Feynman and (c) an eikonal
propagator in the k%-plane of the momentum.

a phase-space integral.

In this work the focus lies on processes with soft gluons, accordingly the aim is to apply the
FTT not only to the “full” Feynman propagators but in particular to eikonal propagators as
well. In the eikonal limit one encounters the case that the pole of certain eikonal propagators
lies already in the upper half-plane of the zeroth component of the loop momentum and thus
such propagators are not cut in the procedure of the FTT.

In order to illustrate this, consider the one-loop diagram with a soft gluon exchange, where the
momenta of the hard lines ¢ and j are both outgoing. In the eikonal limit the amplitude of this

process is described by

L — igz(—T..T-)/ i 1 4(pi - pj)
C) w2 (k2 4 2i0(k0)2][2p; - k + 2i0(p)?][~2p; - k + 2i0(p9)?]

—_— j
pi—k

(3.46)
where the amplitude of the hard, short distance process is not explicitly written, it is understood
to be included in the “blob” of the diagram. Focusing on the loop integral and following the
procedure of the FTT, one can first write the loop integral with advanced propagators only (cf.
equation (3.41))

0 gs/ddk(; (k) ! ; (3.47)
) T gk — 200007 [~2p; - k + 200(50)%] |

One observes that the eikonal propagator of line j already has its pole in the upper half-plane.
In some sense, for this momentum convention, the eikonal propagator can be identified with the
advanced propagator. Hence, if one rewrites the advanced propagators using equation
in the next step, this procedure does not have to be applied to the eikonal propagator with

momentum (—p; - k). Therefore one obtains

. [ d% 1 ‘ 1
0= 2 / & ({kum o +(27r2)5(k2)9(k0)> BT

(3.48)
+ (2mi)o(2p; - k:)> .

([2pi -k + 2i0(py)?]

Multiplying out, one can express the desired integral as the sum over three cut-contributions
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(two single cuts and one double cut), the propagator with momentum (—p; - k) is left untouched,

0 A%k 1

: / ind72 (k2 + 2i0(k°)2)[2p; - & + 200(50)?][~2p; - & + 20(50)7]
4l (2m1)5(k2)O(KO)

__MQa/ {

ind/? | [2p; - k + 2i0(p9)2][~2p; - k + 2i0(p))?]
(2ri)8(2p; - k) (2m0)25(k2)0(K0)d(2p; - k)
T T 2000k 2] [ 2p; -k + 20002 | [~2p; - k + 200007

(3.49)

It is noteworthy that if a different momentum flow is adopted, i.e. one momentum of the hard
lines is outgoing while the other one is incoming, all different cuts have to be taken into account
since there is no propagator with momentum (—p; ; - k) (see section .

In sections and the one-loop soft gluon exchange diagram is further evaluated in terms of
its kinematical contribution as well as its colour factor. The application of the FTT at two-loop

order is described in section [£.3]

3.4 Soft gluon evolution equations

The soft gluon evolution algorithm aims to provide an iterative solution to the soft gluon RGE
in order to achieve soft gluon resummation for general observables. In particular, it is also valid

for the resummation of leading logarithms in non-global observables.

Soft gluon evolution is concerned with “dressing” a hard, short-distance process with a num-
ber of soft gluons in the form of real emissions and virtual exchanges. The standard way of
determining the soft anomalous dimension is to specify the observable of interest, perform the
loop-integration (using e.g. rapidity regulators) as well as the phase-space integrals of the real
emission. The result is then expanded, a part of the poles in € will cancel, the ones that remain
have to be removed by renormalisation.

However, in this case a different approach is taken. The aim is to cancel infrared divergences
at the integrand level. Therefore the anomalous dimension is determined at the integrand level
which gives a more detailed control over a whole class of observables, since one does not have
to impose restrictions concerning angles or rapidity within the real emission. There is a virtual
evolution for a whole class of observables where one only has to specify how the observable
factorises and to provide information on the ordering parameter (e.g. energy or transverse mo-

mentum).

In the end, when explicitly choosing an observable one will obtain the same result for the soft
anomalous dimension with this procedure as one will find by using the standard approach. Still,
with the method presented in the following it is also possible to look at the difference between
a representative, ideal observable and a real, experimentally accessible one and to integrate this

difference numerically.
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A general cross-section can be written in the following way [2]

7 =3 [ T pa)utpa) dil(pn) (3.50)

n>0

where the dIl(p,) denotes the phase-space integration measure concerning the n soft gluon
momenta p, = {qi, ..., ¢n }; there are also a number of m hard momenta, which are not explicitly
written. The cross-section is formulated for the observable u(p;,,) which is a function of the soft
momenta qi, ..., g,. This measurement function is considered here to be trivial in colour space
and in the described case the evolution proceeds only with soft gluons (a more general treatment
including collinear emissions can be found in [3]). Hence, the phase-space factorisation is given
by

d?q,, 5
(27‘r)d_1

In the following, a derivation of the soft gluon evolution algorithm is presented [9].

dII(pn) = (¢n) AIL(pn—1) - (3.51)

The operator U,, of the n-parton colour space can be regarded as a density operator in the
sense that U,, = |M,,) (M,,| holds. The quantity U, (p,) is the bare, unrenormalised operator

in colour space for which the following recursion relation holds

Un(pn) = qPare Vn(pn)Un(pn) + Un(pn)vib(pn) - Dn(pn)Un—l(pn—l)DL(pn)} . (3'52>

This suggests a diagrammatic interpretation. The operator V,(p,) implements a virtual soft
gluon exchange; the first two terms in equation thus refer to the amplitude dressed with
a virtual exchange and a tree-level conjugated amplitude and the other way around. The third
term in equation represents the real emission contribution. The operator D, (p,) is the

soft emission operator, for the soft momentum ¢, it is defined as

D%(Qn) = Z T;

7

25
) 3.53
Di - dn ( )

where the sum is over hard momentum lines. It holds that U_; = 0, such that for Uy only the
tree-level diagram/the hard process remains. The diagrammatic recursion relation in equation
(3.52)) gives the leading contributions to the observable and lies at the basis of the soft evolution

procedure.

The cross-section in equation is formulated in a general way, therefore it allows to also in-
clude a class of observables which are “non-global”. Whilst global observables resolve radiation
across the entirety of phase space, non-global observables have regions which put no constraint
(for example regarding its energy) on radiation.

Accordingly, the measurement function for a non-global observable can be split up into an “in”-
region, where the energies of the emitted gluons are restricted to lie below the soft scale s
(the resolution scale), and an “out”-region where there is no such constraint on the radiated
gluons (see Figure 8] for an exemplary illustration of the described regions). For a non-global
observable defined in this way the cancellation of IR divergences is still ensured. However,

while for a global observable resummation of large logarithms has to be performed for energies
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Figure 8: Schematic depiction of an example for a non-global observable, in the “in”-region
the energies of the radiated gluons are restricted to lie below the soft scale pus,
while there is no such restriction on the energy in the “out”-region.

FE, < us, for the non-global case, there is also an unobserved part with energy E, > us in the
out-region. Such an out-region can occur due to an experimental setup with parts not covered
by the detector. Splitting up the measurement function into the in-region (O(g, € Qi,)) and

the out-region (O(g, € Qout)) and considering only one soft emission of momentum g, results in

uw(pn) = u(Pn—1) [O(gn € Qin)0(1s — £(qn))

(3.54)
+®(Qn € Qout)e(,us - H(qn)) + G(Qn S Qout)H(H(Qn) - ,Us)] s

where the k(gy,) is a general notation that allows one to formulate the measurement function
with respect to different ordering variables. For instance, in a simple case, the k(q,) can refer to
the energy of the emitted gluon or to its transverse momentum. The contribution in the first line
in equation can be combined with the first one in the second line to give the global part,
the observable is fully inclusive in the chosen variable, for example for emissions with energies
FE, < ps. However, there is an additional non-global part, namely the second contribution in
the second line.

It is now desirable to find an IR-finite expression for the U, operator. To achieve this, first

focus on the measurement function, which can be rewritten as

u(pn) = u(pn) — 0(ps = £(qn))u(pn—1) + (s — £(gn))u(pn-1)

(3.55)
= O(qn € Qout)0(k(qn) — p1s)u(Pn-1) + 0(ps — K(qn))u(pn-1) -

In the first line the global contribution of a soft emission with its characteristic variable lying
below the soft scale us has been added and subtracted. Plugging in the expression of equation
for u(p,) one observes that the contributions which remain are the emission in the out-
region above the soft scale and a global part with the characteristic emission variable below the
soft scale. The latter can be combined with the virtual exchanges in order to achieve cancellation
of IR divergences in the following way.

Consider the part of the cross-section for a soft emission of momentum ¢, 41 with its character-

ising variable smaller than the soft scale

Tt D41 UnD} 1 | 01 = lan41))u(pn) dl(pasa)

1 i (1 0(an+1) 4

= §T1" [(Dn-i—an—H - ZC7(1 )) Un} H(MS - K(Qn—f—l)) (27T)d_1 d qn+1 dH(pn) (3.56)
1 T . ~(1 S(QnJrl) d

+ 5T [Un (DnHDnH +icd >)} 015 = wlans) ity Va1 ATI(pn)
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where the cyclicity of the trace was used and the imaginary part has been introduced (added
and subtracted) for later convenience. The only constraint on C%l) is its hermiticity. Combining
this contribution with the virtual exchanges leads to an operator €2, which is free of infrared

divergences,

@ =V, + O - / o0 1) DL Do — (1)) (3.57)

In this way, the operator Cg) can be used to subtract the infrared divergences of the imaginary

part of V,, at one-loop order. With the operator €2, one can therefore rewrite the recursion of
equation (3.52)) in an IR-finite form

U, = abare [QnUn L U,QL — DU, 1D 0(k(gn) — 115)O(gn € Qout)} . (3.58)

Note that the emission contribution now only involves the soft emission in the out-region with
k(qn) > s, since the global part of the emission with us > x(g,) has already been combined
with the virtual exchange.

Still, a UV divergence remains for the operator €2,. The renormalisation procedure for U,
absorbs the momentum modes above a scale ur into the renormalisation factor Z,,, which can
be regarded as an operator in colour space. The coupling gets renormalised at a scale ugr in the
way described in section equation . Defining the renormalised quantity by U™ = A,,,

this leads one to

U, (1) = Zn(pt iy 107) A (s 107 2 (10, R, 10F)

(3.59)
- as(ﬂR) DnAn—l(,uva NF)DL 9(/‘3((]71) - ,U/F) G(Qn S Qout) y

where one can observe that for only one emission in an expansion one has to take into account
the renormalised coupling as(pr), the renormalisation factors sandwiching the A,_; operator
are simply unity. The emission and the virtual contribution are now cut off above the scale up.
Furthermore, one can expand the first line in equation to first order in the renormalised
coupling to find

Un(lu’) = An + as(MR) Z7(11)An + O‘S(UR) An(zgl))T
- as(ﬂR) DnAn—lDL Q(H(Qn) - ,uF)@(Qn S Qout) + O<ag) (360)
= as(NR) [QnAn + Anﬂil - DnAn—lDILe(H(Qn) - :U's)@(C.In € Qout)} + O(ag) .

This allows one to determine Z,, by identifying the divergent part in €2,, and therefore one gets

a UV-finite contribution at the order considered so far, i.e. at O(as)

0= An— i) (20~ Z0) An — o) An (02— 20’

+ as(pr) DnAy_1DY 0(ur — £(gn)) 0(k(gn) — 115)O(gn € Qout) + O(a?) .

(3.61)
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One can now formulate an evolution equation in up

0A,,
HFT =as(pur)TnAyn + O‘S(MR)AnFiL
ur (3.62)

— as(pR) DnAn—lD:rz prd(pr — k(qn)) O(r — 1ts) ©(gn € Qout) + O(O‘g) )
where, at this order, the soft anomalous dimension matrix I';, is defined as

T, =—pup aing) . (3.63)

Therefore, by requiring that the expression (Qn — Zg)) has to be finite, one determines the

1) (1)

form of Z;,’ as well as the one of C,,”.

One can write down the soft evolution of the cross-section for the radiation of n soft gluons in
terms of the renormalised density operators A,, which satisfy the iterative equation , in
the following way [2]

o0 = Tr [Vo(ps, QH(Q) V15, Q)] = Tr{Ao(us)]
doy = Tr |V (s, B1)D§ Vo(Er, QH(Q)V(Er, QDL Vi (1ne, B1)| dIly

dUQ =Tr _\72 (,us, EQ)D§V1 (EQ, El)D?VO(El, Q)H(Q)

Vi(E1, QD! Vi(Ez, E1)DS, Vi (1, EQ)} AT dIT = Tr[As ()] dILdII,

where this pattern can be continued to n emissions. In equation (3.64]) the energy is chosen
as the ordering variable. The operator Vn(a, b), the Sudakov operator, is now the solution of
global part of the evolution equation (3.62)), it sums the virtual exchanges to all orders between

two scales a,b. It has the form [2]

Vo(a,b) =P {exp [— /a bd}frn(k)” , (3.65)

where P denotes the path-ordering with respect to the chosen scale variable, in this case the

energy.

In Figure [0 a graphic representation of the evolution is given. It shows the soft gluon evol-
ution of the cross-section from the hard scale Q down to an emission energy F; which is larger
than the soft scale pus. The insertion of the Sudakov operator sums the virtual exchanges to all
orders between the two scales ) and F;. At the scale £1 an emission occurs, implemented via
the emission operator D;. The same procedure can be repeated until the next emission scale
is reached, as long as it is larger than the soft scale. In this way the evolution down to ug is

performed, at this point the evolution stops.

The necessary ingredients for this algorithm are the knowledge of the Sudakov operators at a

given loop-order. The first step towards their determination is to find an expression for the soft
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Figure 9: Illustration of the iterative solution of the non-global evolution equation. The
right hand side depicts the evolution of the amplitude, whilst the left hand side
the complex conjugated amplitude.

anomalous dimension at a given loop-order, which subsequently has to be exponentiated.

In order to determine the soft anomalous dimension matrix in the colour-flow basis at a given
loop-order the kinematic part has to be evaluated for both virtual and emission contributions
and the colour structure needs to be expressed as a matrix element of the colour-correlators in
the colour-flow basis.

An example for a non-global observable is the di-jet veto. In this case all of the collinear contri-
butions will cancel and therefore, due to the presence of soft divergences only, single logarithms

remain.
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4 Leading order soft evolution

In this section the soft anomalous dimension at one-loop order is reviewed. In the first part the
focus lies on the colour structure and on finding an expression for the one-loop soft anomalous
dimension as a matriz element in the colour-flow basis. In the second part the Feynman tree
theorem is applied to the one-loop integral and the cut contributions are written in the form
of a phase-space integral. The radiative cut contribution is then compared to the real emission
diagram at the level of a cross-section. In the last part of this section the effect of the momentum

flow of the hard lines on the imaginary part is discussed.

4.1 Soft anomalous dimension at leading order basis-independently

The soft anomalous dimension matrix at one-loop, in a basis-independent form, can be expressed

as [6]
r _ 1 (1)
= 52(—1. Ty I (4.1)
i#]
where IV are the one-loop coeflicients, i.e. the one-loop integral, which is already renormalised

ij
and the infrared divergences have been subtracted by taking into account the squared single

emission contribution. When analysing the loop integral in section the quantity which
is calculated will be denoted by V) (compare equation ), since the loop integral still
contains an infrared and an artificial (due to the eikonal approximation) ultraviolet divergence
at this point (and it is therefore not equal to Ii(jl) in equation ) At variance with the
virtual exchange operator in equation the superscript denoting leading order is added here
explicitly. At the end of section one can observe the cancellation of the infrared divergence
when taking into account the squared single soft emission diagram. The UV divergence has to
be taken care of by the renormalisation program as described in the previous section.

The Feynman diagram corresponding to the virtual correction V() is simply given by the one-
loop soft gluon exchange. Note that in the soft limit in Feynman gauge and at leading order in
«; the self-energy diagram involving a single line does not contribute for on-shell external lines.
Since the colour structure of the soft anomalous dimension in the colour-flow basis is discussed

separately from the loop integral, the symbol 'Y is used.

4.2 The soft anomalous dimension in the colour-flow basis

In equation the soft anomalous dimension is considered in a basis-independent way, here
the task is to express it as a matrix element in the colour-flow basis. In general, for the expansion
in the t'Hooft coupling (asN) of the soft anomalous dimension in the colour-flow basis, one can
write

[7|0|o) = (s N) [7|TW o) + (s N)? [T P o) + ... . (4.2)

In this section the focus lies on the leading order coefficient. In the following, the result for
the matrix element of the colour-correlator T; - T; will be determined in the colour-flow basis,

afterwards the kinematic dependence will be considered.
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Figure 10: On the left hand side the tree-level amplitude is depicted, on the right hand side
the one-loop amplitude. The ¢ describes the basis permutation pertaining to
the hard process, the 7 corresponds to basis permutation after the exchange of
the gluon. Accordingly, the two permutations match for the tree-level process.

It holds that [r]|o) = d, for two basis tensors |7) and |o); this matches the matrix element
of the tree-level diagram (see Figure . For the one-loop gluon exchange between two lines ¢
and j the object of interest is [7|(T; - T;)|o). One needs to consider this quantity for all the

different combinations of parton lines and combine these expressions into a single one.

For two hard quark lines 7 and j one finds a colour structure of

Qe Qe Qc; Qe : 1 O, Qc
()5, )%, =T [5509 Ly 5665]

et i 1 < T i
= )\1)\3 [ >< — N | ] s
¢ : ¢! | ;

j J J

(4.3)

where in the first line the Fierz identity is used. In the second line the colour-line diagrams which
correspond to the colour-flow Kronecker deltas are depicted and the factor of Tg is rewritten as
AiA; according to the conventions described previously.

When instead considering a quark line ¢ and an anti-quark line j, one obtains

_(ta)occ,- (ta)aEg' - _T 50‘% 5a63' _ iéaci 50(69
B " Bey — TR T Ty T N By B
c [ cl [ 44
_ ' 1" > O ( )
g G G—e—»_ <« 3

The other combinations of partons work analogously; for gluon lines, one rewrites the structure
constants as a trace of fundamental generators, for which the Fierz identity can be used again.
Now, if a gluon is exchanged one can ask how the basis permutation 7 will change with respect
to o, the basis permutation determined by the hard process. This means that, for the matrix
element of interest, one has [7|(T; - T;)|o) = [r|6) = d;5, where (T; - T;)|o) = |5). The
task is to reformulate the 6 permutation (which is equal to the 7-permutation) in terms of the
“original” one, o, and to relate it to 7. In order to see this change of permutations one rewrites
the Kronecker deltas of the permutations such that the change (if there is any) between the

permutations 7 and o is immediately evident. This rewriting can be done in the following way:

For two quark lines ¢ and j the basis permutation ¢ connects the colour indices of the quarks

to any other two anti-colour indices (labelled by €, and ¢,,) which pertain to the hard process
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and are thus part of the permutation o,

E:Ci/l g K
'
c.t
o k = <
’

Y

A
H
¢y C;

i J

cs Aol Qe Bc’. cs Bc’. cs Qo
‘53; 556;) <5ﬁf Jor 0t 5%2 ) =0, 657 (4.5)
k i 7 Cj Cm Ck

Y
Y

— 5T(a,b)0'5(a,b)(ci,6j) .

The colour-flow Kronecker deltas obtained in the first line of equation are an expression for
the quantity (c|6), which now has to be compared to (c|o) which equals to the first expression
in brackets in the upper equation. One can observe that, in order to make the two permuta-
tions ¢ and 7 match, one has to swap the colour indices ¢; and ¢; in the 7-permutation. The
action of swapping the colour indices and then comparing to 7 is described by the expression of
07ty 0(ab)(cic;) - the two elements (a,b) have to be swapped such that the permutations 7 and

o match and in this case the elements (a,b) are given by (c;, ¢;).

For the case of a quark line ¢ and an anti-quark line j it is necessary to distinguish two dif-
ferent cases for the basis permutation o. In addition to the case described above where the
colour indices are connected to any other anti-colour indices of the permutation o, one now has
to explicitly consider a colour-connection between the lines i and j, i.e. between the colour/anti-

colour indices of ¢} and E;-. These two possibilities lead to

E:ci’ —— > ¢
ct o o\ (5 0 B oo\ _ o, o,
ic,’ni Y A = <(5ﬂc;C 56@3 > <5acz_ (Sﬁc; 5acg 5/36]) = 556;6 5,35] (46)
i =0
= 00 y0 O(ab) (e 1(5))

where in this case the elements ¢; and 0~1(¢;) = ¢, have to be swapped such that the permuta-
tions 7 and o match.
However, for the second possibility of the basis permutation ¢ no swap is necessary, instead one

obtains

C

I
Y
Y

i

: L . BZ’. et /BC/_ s
o Y A = (55> <5§E~%5a; %Z 5%:1_) = Nog~ (4.7)

¢

O
A
A

— N(SJT(SciJ—l(Ej) .

In the case of a colour-connection between the lines i and j one finds that the permutations o
and 7 match (d,,), the dci0-1(g;) specifies the colour-connection of the basis. Further, there is a

factor of N, due to the “colour-loop”.
In the same way the cases of two anti-quark lines ¢, 7 and of an anti-quark line ¢ and a quark line

j can be treated. When considering gluon lines there are no additional contributions specific to

gluon lines at one-loop level, i.e. they can be built from the combined quark/anti-quark cases
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Figure 11: Illustration of two colour-line diagrams for gluon lines ¢ and j. At one-loop
level all of the colour-line diagrams for hard gluon lines can be built from those
of the different combinations of hard quark and anti-quark lines.
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(see Figure [11]).

Analysing all of the different combinations of hard lines and the corresponding colour flow
due to the gluon exchange leads to the following result for the matrix element of the colour-
correlator T; - T; [2]

_ _ 1 _ _
[7|(T; - T) |o) = —Nbrg |:)\i)\j53i0'1(5j) + )\Z‘)\jdcjg—l(gi) + m()\z —Xi)(A\j — )\j)]

+ D b (AASaenes) + AMida @01 6) (4.8)
()

=i i(a by (cio1(e) ~ Xz‘Aj5(a,b>(cj,rf*1<éi>>) '

In a matrix representation the contributions of the first line of equation determine the
diagonal elements, the terms with the “swaps” are off-diagonal elements. It is worth noticing
that at one-loop the swap-terms are only single swaps of (anti-)colour indices. At higher order
this will not be the case anymore.

With the result in equation (4.8)) one can deduce the structure of the one-loop soft anomalous

dimension matrix element in the colour-flow basis to be [2, 6]

1 1
(@)D} = () | (T4 0 ) b+ 380 (4.9)

As an expansion parameter asN, the t” Hooft coupling, has been used. This allows for efficiently
performing the large-N limit of QCD. The structure F((,l) denotes the leading colour-diagonal
elements, for the colour part of the soft anomalous dimension this corresponds to the first two
terms in equation . The p(l) coefficient stands for colour-diagonal elements suppressed in the
number of colours, it is given by the third term of equation . The off-diagonal elements Z((TIT)
pertain to the colour-swap terms concerning the colour part of the soft anomalous dimension.
With equation one can immediately determine the leading (in the large N-limit) colour-
diagonal part and the off-diagonal elements of the soft anomalous dimension matrix.

It turns out, however, that it might be desirable to consider an expansion in the whole colour-
diagonal part, instead of taking into account only the F((,l) coefficients in the large-N limit. On
the one hand the reason for this is provided by the fact that the structure p(!) can give large

contributions due to the sum over pairs of colour-partners, so-called dipoles, which has to be
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performed. This can effectively compensate the 1/N suppression. On the other hand, when one

takes into account collinear contributions, the quark splitting function has a colour factor of

Cr = N;]g L performing the large-N limit would now lead to a replacement of Cr by %. This

is, however, not done in the collinear sector.

4.3 Kinematic part of the loop-diagram

Concerning the kinematic part it is convenient to rewrite the loop integral as a phase-space type
integral using the Feynman tree theorem such that it is possible to combine it with the single
emission diagram in order to be able to explicitly observe the cancellation of IR divergences.

Using Feynman rules, one obtains for the one-loop diagram in Feynman gauge

b= (T T.)/ d’k 1 (ig®) 4(pi - py)
© ) w2 (2p; -k + 2i0(p0)2][—2p; - k + 2i0(p%)2][k2 + 2i0(k0)?]
— J

= (-T; - T;) 0,
(4.10)

where the external momenta are assumed to be both outgoing. In the case that there are addi-
tional hard lines, a sum has to be introduced, such that soft gluon exchanges are are taken into
account between all the possible hard lines, the sum then runs from ¢,j = 1,...,n with ¢ #£ j
where n is the total number of hard lines.
In the following calculation it is convenient to use a Sudakov decomposition for the loop mo-
mentum,

k= apj + Bpff + K . (4.11)

The forward and backward components can be chosen to be

_ IPi"Dpj ~(d—2)
bi = TJ (LOJ_ al) )
pi= P52 (1012, 1)

where p; - p; > 0. With this choice, the transverse part is then uniquely determined as k; =

p1 (0, ﬁ(Ld_Q), 0) with 77 = 1. In terms of these variables the measure translates to

2e
p*d% = dpipi10(pL) (pi - pj) (p’i) dadBdQd=? (4.12)

see appendix [A] for the details on the Jacobian determinant in this case.

The Feynman tree theorem now instructs one to evaluate the cut diagrams - in the presence of
eikonal propagators one finds a radiative cut, an absorptive cut in the eikonal momentum (p; - k)
and the combined double cut (cf. equation (3.49))). Schematically, the required cuts if both hard
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momenta are taken to be outgoing, correspond to

O -|03-0T-0E)

The radiative cut, which leads to the real part of the one-loop integral, can be expressed as

6 s (20 o s i Dj
Qz’j,rad.cut =t T (27‘(’)2 /d k(?ﬁ@)d(k‘) [ ] ]C—i—i()][—]‘ k—i—iO]
25
= ? 27r / / dﬁ/ dp1p16(p1) ( ) /dQ(ds) (4.14)
6(208(pi - p;j) — p1)0(a + B)
B+ i0][—a —l— i0] ’

where, due to the choice of variables, the factor (p; - p;) is positive and thus can be dropped
in front of the i0-prescription. When evaluating the a-integration with the delta function, one
finds an additional restriction for the «, § variables, namely 6(a ). Together with the §(a + f3)

restriction from the cut, this leads to a («)0(5). As a result, one obtains

dpi ()" -
oW _ % / / il dQ@=3) 4.15
ij,rad.cut - 27T 65 ) DL DL ’ ( )
with a logarithmic divergence in 3, the integration in 8 can be rewritten in terms of the angle 6
2
Q) _as(2m)* / ' dcos / TdpL (p\T / dQ(@-3) (4.16)
ij;rad.cut m 2r J_1 (1 —cosf)(1+cosh) Sy p1L \pL ’

(1)

ij,rad.cut

this, the soft anomalous dimension is formally divergent, however, the divergences are of collin-

such that the collinear divergences still contained in 2 become apparent. Because of

ear origin only. One can choose an observable for which the collinear divergences cancel.

As an alternative choice of variables one can express the radiative cut of the one-loop integ-

ral in terms of rapidity 7 [1§]

2m)% [ dpy [ p\*
q® _ s / i /d A(d=3) ,P1) 4.17
ij,rad.cut T o o pL \pL Wig o ( )

where

2 Com-
IS S T VR (4.18)

N 2 (pi - k)(pj - )
The variables of transverse momentum and (pseudo-)rapidity are preferably used to describe
processes of hadron-hadron collisions or lepton-hadron collisions [19]. Consult appendix [A] for
the Jacobian determinant in order to translate to rapidity and to find the variable definitions.
Yet another possible choice of variables is energy instead of transverse momentum. In e'-e

collisions energy and solid angle are oftentimes the variables of choice. In terms of energy-
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ordering the radiative cut of the one-loop integral reads [2]

om)2e [l (1 —cos?6)—¢ CdE N2 -
ij,rad.cut r 2r ) cos (1 —cos@)(1+cosh) Jg E <E>

s o 9e [CAE [pu\2e /dQ(d2) ni - n;
= 2 7 \B 4.19
7r( ) /0 E (E) ir (n-m)(n-ng) (4.19)

s g [CAE % /dfﬂdz) (E)
B 77(27r) /0 E(E) o i

PiPj M
2 7‘7]
the angular integration the following notation is introduced

where it is used that pﬁ ;=

n. . and k* = En* for on-shell loop momentum. Further, for

1
/dQ(d_Q) :/ dcosf (1 — cos? 9)_5/d(2(d_3) . (4.20)

1

The absorptive part of the one-loop diagram gives a purely imaginary contribution. The diagram
with the cut of the eikonal propagator of momentum (p;-k) evaluates to (using again the Sudakov

decomposition for the loop momentum)

Qs 271_)5”26 ) Di - i
o —_a(/MkQ 5(pi - k J
ij, absorp.cut t T (271')2 ( 772) (p ) [k2 + iO][—pj k4 ZO]

A (271-)6 /oo d /OO d 0( ) ( H )25 dQ(d*?)) 1
= — (0% _— s
x oon ) 0%, PP T 22 + i0][—a + i0]

where the integration in the variable § has already been performed using the delta function. In

(4.21)

order to evaluate the integration in o one can make use of the Sokhotski-Plemelj identity in the

it [t ]
:_2“_/_00(10‘; [[a—ll—iO] - [a—liO]] =i

Equivalently, one obtains this result by noticing that the principal value of this integral vanishes,

following way

(4.22)

the imaginary part remains. Therefore, one finds for the absorptive cut

0o 2e (d—3)
(1) _ Qs oy [TdpL (0 o2 :
Qij, absorp.cut = - (2m) /0 o <p¢> / 5 (im) . (4.23)
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The last contribution which needs to be evaluated for the one-loop diagram is the double-cut

diagram. However, it turns out that it vanishes, since

(1) o (2m)PR [ o asis ok i Dj
ij,double—cut — Zﬂ_ (27‘(‘)2 /d k(27”) (5(}?@ k)(s(k) [_ ] k—]i-ZO]
o o [ [ ()" [
5(5) (2a8(pi - pj) — p2)0(a + B) (4.24)
[— a—l—zO]

L e [ L, \E () (d—3)

S [ Lo () pavw

=0.

In the p, variable the integral above only shows an IR singularity and no divergence of UV

origin, since one can cut off the upper boundary due to ¢ (pi) Hence, ¢ < 0 holds for (uu/p, )%

Finally, combining the cut-contributions one finds

2e (d—3)
ol — —O‘S(zw)%/me(m) <“> /dQ {/dn W) — m} . (4.25)
T pL D1 2T J

Reformulating in terms of energy-ordering and taking into account the colour structure one

obtains

VW = — (=T, Tj)%@ )% = 7 V) (g)2€

dQ(d—2) ni - n; d0@d=3)
<< A (im) b
dr (n;-n)(nj-n) 2

which is of the same form as the result of the soft anomalous dimension at one-loop level given in

(4.26)

[2]. Mind however, that as opposed to the result in [2] the integration boundaries of the energy
integral still range from zero to infinity in this case. For this reason the result in equation (4.26)

is labeled by V() rather than TV,
(n)

ij
collinear divergences for n-n; — 0 or n-n; — 0. These have to be subtracted, for instance with

The eikonal factor w;.’, i.e. the first term of equation (4.26)) in the second line still contains

a prescription [20]
(n) 1 1

(4.27)

9 nmemg neng’
which leaves behind an integrable singularity. The subtractions can then be combined with
collinear /hard-collinear contributions, since one can use colour conservation to rewrite them in
a colour-diagonal form. Alternatively, one can also use a different subtraction which has the
form [20]

G ™ g (4.28)
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with a subtraction term s;; defined as [20]

1 =T - T
sij = L Bl R Ny (4.29)

This type of subtraction will leave behind a finite result concerning the collinear singularities.
The imaginary part of the result in equation is commonly referred to as Coulomb or
Glauber contribution. It should be stressed that although at this order it does not have an
influence on the result when squaring the amplitude, the Coulomb contribution does alter the
result if at least four hard lines are involved in a process where one does not only consider the
large-N limit and it is connected to the occurrence of super-leading logarithms for non-global
observables [21].

Furthermore, the result in equation only exhibits an imaginary part if the momentum
flow of both hard momenta is chosen to be outgoing (or equivalently incoming), i.e. if it defines
a physical final state. In section [£.4] the case of one incoming and one outgoing hard momentum
is considered and the vanishing of the imaginary part can be correctly observed when using the
FTT.

In order to obtain the virtual exchange at leading order at a cross-sectional level one takes

the interference between the one-loop amplitude and the Born process in the sense that

QL -0 [o=(Q1] 0) o

J J
where the O(a,) indicates that one is only interested in the leading order contribution, i.e. the

Q00000

interference diagram, at this point. Hence one gets twice the real part of equation (4.26|) for the
absolute value squared of the amplitude. Note that if one introduces an unordered colour sum
of the hard lines for the one-loop amplitude one has to take into account an additional factor of

1/2 in order to compensate for the double counting of the diagram under the exchange of the
hard lines (cf. equation (4.1))).

The amplitude of the single soft emission diagram with n external lines leads to an expres-

sion for the tree-level soft current [5]
n Pf
k) =S T, 431
W= (4.31)

The conservation of the soft current follows from the property of colour conservation in equation

(3-6)), since [5]
kudt (k) =Y Ty, (4.32)
=1
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and hence, together with the tree-level amplitude M(py,...p,) of external momenta py, ..., p,
one finds [5]

n
kud" (k) IM(p1,..pn)) = > T [M(p1,...pn)) =0 . (4.33)

=1
It turns out that the square of the single emission diagram gives exactly minus the radiative cut
contribution of the one-loop diagram (except for the integration boundaries), which makes the
cancellation of the infrared divergences explicit. In a diagrammatic language the absolute value

squared of the single emission diagrams can be schematically illustrated as

- C70-0 [0
w(S20).

where the first and the second diagram do not give a contribution in the soft limit in Feynman

(4.34)

gauge due to the on-shellness of the external lines, whereas the third one gives

2y, O:_Q_ oy o2 [P Pi " Dj
() e T Tk /o A [pi - kl[—pj - K]

o B dE /pN2e [dQE2D nng
= 2002 (=T, - T, bt el i1 .
7'['( ™) (=T J)/O E (E> / dr (n;-n)(nj-n)

(4.35)

The phase-space integral is given by dII; = (2::;%6 (k2)0(k") and the upper integration bound-
ary is taken to be the soft scale us. Consequently, the radiative part of the virtual diagram
squared is exactly minus the real emission diagram; the infrared divergences cancel.

Note again that if an unordered colour sum is introduced one has to include a factor of 1/2 for

the single emission contribution as well.
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4.4 Different momentum flow

If one takes the external momentum p; to be outgoing and p; incoming, the one-loop integral

now reads

Ptk
—

k . oy [ A% 1 (ig*) 4(pi - pj)
@ZA = (-TTy) / w2 [2p; - k + 2i0(p0)2][2p; - k + 21‘0(;;?)2] (k2 + 2i0(k0)2] ° (4.36)

— J
Ptk

which leads to the conclusion that when using the FTT in this case, due to the sign structure

of the propagators, all lines have to be cut. Diagrammatically, this gives
- i ] i i
i :: § | i 8
J J j J T
i / I i
" O T Q L]
| j | j
It turns out that the single eikonal cut of momentum (p; - k) gives the same result as already

determined in equation (4.23)) and due to the symmetry in ¢ and j the cut of momentum

(pj - k) does so as well. In accordance with the previous consideration of the double cuts in

(4.37)

one eikonal line and the soft gluon, these diagrams vanish, hence all that remains is to evaluate

the contribution of the eikonal double cut. As expected, it introduces a contribution of the form

s (2m)%ep* d 2 Di - Dj
Qij, double—eikonal = —t——2—5— [ d% (2mi)*0(p; - k)o(pj - k) g
Jrdouble—eikonal = ~0= 5 53 / (@mi)*olps - k)o(ps - F) g

L d 2 a3
— % (2m)> / LLopy) (“) / S (i),
7T pL pL m

which exactly cancels the result of both of the single eikonal cuts leaving only the real part, i.e.

(4.38)

the radiative cut, as it must.

For the case of two outgoing or equivalently two incoming hard partons discussed in the previous
section one can use colour conservation to rewrite the imaginary part as , (T, - T;)(im) oc
>, T2(im), which equals to a Casimir invariant. When evolving the amplitude, the imagin-
ary part then simply leads to a phase which subsequently cancels, since one finds a structure
A M e~ where A is some evolution coefficient. However, if the amplitude with an in-
coming and outgoing hard parton would lead to an imaginary part, the above argument does
not hold due to the non-trivial colour structure which remains since one cannot exploit col-
our conservation. In this case one would instead have a structure of the form " M e=X " for
the evolution, where X stands for the non-trivial colour structure. This type of mechanism

generating a non-vanishing imaginary part lies at the basis of QCD coherence breaking, see [22].
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5 Ingredients for a next-to-leading order /next-to-leading colour

evolution

5.1 Soft anomalous dimension at next-to-leading order

In the previous section the results for the soft anomalous dimension matriz at one-loop order
have been presented. In the following, the analysis done at one-loop will be extended by deriving
ingredients which are necessary for a next-to-leading order soft gluon evolution. In particular,
one needs to investigate the structure of the matrix elements of the soft anomalous dimension in
the colour-flow basis at next-to-leading order/next-to-leading colour. This involves analysing the
colour structures which appear for the Feynman diagrams at one-loop/one-emission and two-loop

level, if they contribute in the soft limit.

As already mentioned in the previous section, the integrals described here correspond to the
virtual correction V(1) which still contains infrared and ultraviolet divergences. In order to
find an expression for I'"D) (cf. equation ) from V(1) the singularities have to be subtrac-
ted/treated with the renormalisation procedure and at one-loop/one-emission level the tree-level
eikonal current has to be subtracted in order to avoid overcounting. When focussing only on

the colour structure the symbol I'™) is used.

5.1.1 One-loop/one-emission order

In this section the colour structures of the one-loop/one-emission diagrams are analysed in the
soft limit. In order to find the amplitude squared, the one-loop/one-emission diagrams have to
be brought together with the single emission contribution.

The one-loop/one-emission Feynman diagrams which involve only one external line are depicted
in Figure However, in the soft limit and in Feynman gauge, only diagrams [12|(a) and (e)
contribute. The diagrams [12{b) and (c) vanish in the soft limit for an on-shell external line,
since the numerator involves a p?. Furthermore, diagram d) can also be neglected in the soft

limit as

WA g / a’k pien(a)

— i3 -
D = TN | s o)k + 0]l g - 00] (5.1)

and letting d — 4 one observes that the amplitude is of O(A?). The one-emission diagram
however, with which this amplitude is interfered with when calculating the amplitude squared,
is of O(X). As a result, for A — 0, the diagram of Figure [12(d) can be neglected. For the
one-loop/one-emission diagrams to contribute in the soft limit they thus have to give a leading
singular contribution in A, i.e. they have to be of O(3).

Taking the emission momentum ¢ to be outgoing, one finds for the amplitude of diagram (a) in

40



Figure [12] in the soft limit

o M e / A%k piapisl(q — k)*g" — (2 + k)P g + (2k + q)" g7 (@)
o

- ach
M@ = 9 ST 35 17 | im0 )P + O o o)

— 3%:1\0 )‘ 25/ ddk 1
g i P a2 N2 0]k + @)% + i0][—pi - k + 0]

2 *
K2+ i0][(k + @)% + 0] (p; - q) } (pi-€7(q))

71 0D

i,vertex—corr. ?

(5.2)

(1,1)

1, vertex—corr.

with the loop integrand 2 . For the colour structure it has been used that ¢ fabchTa
= ifabe 5 LT, TY] = CA T¢. Hence, for this diagram one does not find a new (i.e. not yet treated)

colour structure.

Note that the Feynman diagram with the self-energy “bubble” in Figure (e) does contrib-
ute in the soft limit as well. Due to the fact that the amplitude of the bubble-diagram contains
a propagator raised to second power, a modified treatment is needed when applying the Feyn-
man tree theorem. Therefore, the bubble-diagram at one-loop/one-emission and two-loop level
will be analysed separately, their treatment can be found in section

The one-loop/one-emission Feynman diagrams involving two or three hard lines 4, j and [ are

depicted in Figure [I3] The corresponding amplitudes in Feynman gauge are

B . A dk (Pi - ps)(pi - £"(q))
Mg(a) = —ig” T (T; - T i35 M /md/2[ (k+q)+zo][k2j+zo][ ik +i0](pi-q)  (5.3)

a 1,1
= T7(T; - Tj)Qz('j ) d

for the diagram with a soft gluon emission after the virtual exchange, and for the emission prior

to the exchange one obtains

y Aok (pi - ps) (pi - £*(9))
m) = ~ig” (Ti - Tj) T3 35 2/7rd/2[ (k+q)+20][k:2—:10][ ik + i0][p; - k + i0]

= (T; - T)Te Y
(5.4)

The amplitude of the one-loop/one-emission diagram of Figure (c) can be written as

d+1 d
c) = igs(ifabc) Tb >\)\6 H2€/ Z’id]/{;
pj - (2q+k)(pi-e*(q) +pi- (k — @) (s - £°(q)) — 2(pi - pj) (k- £*(q)) (5.5)
[pi - (k+ q) +i0][(k + q)? + i0][k? 4 i0][—p; - k + i0]
= (i fape) TSTE QU
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In this case it is convenient to perform a Passarino-Veltman reduction, this leads one to

Mg(e) = 2ig% (i fane) TLT 1% ()

ot [k :
Pt P | a2 T2 5 i0][(k + q) + i0)[ps - (k + q) + i0][—p; - k + 0]

Pi-q u/ a’k 1 (5.6)
p; a9 ) w2 K2+ 0)[(k + @) + 0] [—p; - k + i0]

P p§‘+p§‘ /ddk 1
2 \pi-q pji-q im /2 (k2 +i0][p; - (k + q) +i0][=p; - k +40] [

Finally, the amplitude of the diagram with three hard lines i, j and [ gives

A a%k (pi - pj)(p1-€*(q))
Mega) = —ig* (Ti - T;)Tj 35 / ind/2 p; -k +i0][—p; - k+i0][k2 +i0(pi-q)  (5.7)

1,1
= (T; - T,) Ty 05V

Thus, in a basis-independent way, one can write the soft correction at one-loop/one-emission

level as

vt = %7 [T?(Ti T QU + (T - Ty)Te QY + % FoeTiTS Q§;71>]

7 (5.8)
(1,1) (1,1) (1,1)
+ Z Ta Ti- T Qz]l + ZT Ta |:Qz self—en. +Qz ,vertex— corr} ’
i

where the coefficients Q') stand for the loop integrands of the different diagrams, they are
defined in the previous equations. Note that unordered colour sums have been introduced in
equation , they are only taken over distinct hard parton lines, i.e. it holds that ¢ # j and
i # j # 1. As a result of performing an unordered colour sum one needs to introduce factors of
1/2 for some of the diagrams in order to avoid overcounting.

The colour structure for the self-energy diagrams and the vertex-correction have been writ-
ten as a Tpr T?. The Casimir invariant C'4 of the one-loop/one-emission gluon-bubble and the
vertex-correction is understood to be absorbed into the kinematical factors of the diagrams.
Equivalently, the factor of the number of flavours n; which is present for the fermion-bubble
can be absorbed into the kinematical part. Furthermore, since the colour structure of the gluon-
bubble and the vertex-correction is C—QAT?, one can use that the normalisation is T = 1/2 and
in this way one can write a global colour factor for the gluon-/fermion-bubble diagrams and the

vertex-correction.

Now, one can find expressions for the colour structures of the one-loop/one-emission diagrams
involving two or three hard lines in the colour-flow basis. This proceeds in analogy to the one-
loop case. The detailed results for the individual matrix elements in the colour-flow basis can
be found in appendix [E]

With these results one obtains the following building blocks for the soft anomalous dimension
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Figure 12: One-loop/one-emission diagrams involving a single hard line.
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(c)
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(a

Figure 13: One-loop/one-emission diagrams involving two and three hard lines.

matrix elements in the colour-flow basis

(@ NPV Vo) = (@2 |zt + or ) dor
L. 1. R 1 (5.9)
+E0 + 5 (25};1) + EM) + <3 (2;@” + zggvl))] ,

where all of the X-terms originate from colour-line diagrams for which swaps of (anti-)colour
indices have to be performed and the p-structures from those without swaps. In appendix
table [2| contains the information on which Feynman diagrams contribute to which coefficients of
equation .

The action of emission operator T corresponds to going from a lower to a higher dimension
in colour space, as the emission of a soft gluon introduces another pair of (anti-)colour labels.
Therefore, the soft anomalous dimension matrix element for the one-loop/one-emission amp-
litudes does not contain a d,7, but a d,7\,, which should indicate that the permutations o and
T are equal after merging and removing the pair of the colour labels of the emitted gluon.
As opposed to the one-loop case there are not only single swaps in the colour labels but also

/(1,1)

double-swap structures X7’ which introduce swaps of the colour labels of the form (a,b)(b, ¢).

Furthermore one finds contributions with two single swaps of different colour labels of the form
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(a,b)(c,d), these are encoded in the coefficient shD),

As an illustration of the form of the contributions to 2{,9

7]‘)

consider the following colour-line
diagram originating from the Feynman diagram in Figure (c) for a hard quark line ¢ and

anti-quark line j

! >
E:Ci > C;
! {
Cry C,
<

Y

Y

’

6 1]
-
Cia <

J

=4 Cm(s € 5;;; — 507((1,1))(576)\na(a,b)(cn,ci)é(b,c)(ci,a—l(Ej)) . (5.10)

\Gl 3

The first swap of the colour labels is performed such that the labels of the emitted gluon, ¢,
and ¢,, are being merged. This requires one to swap the colour labels ¢, and ¢;. After this swap
however, the permutations ¢ and 7 are still not equal, a second swap has to be carried out,
namely between ¢; and ¢}, = 71(¢;). These two consecutive swaps ensure that, after removing
the colour labels of the emitted gluon, the permutations o and 7 match.

The X557 (11 is built from terms for which two independent swaps have to be made. A contribution

to this structure comes for example from the diagram with three hard lines (see Figure (d))

'
{:C; H > > C;
'
EI/(:
'

LI o =10 C,’"%fr%fl” o Oora e \nd@h) o1 @) en) ed) (o1 @)

7 ' _ J

(5.11)

where in this case the first swap again merges the labels ¢, and ¢,, a second swap, now of labels
which are not involved in the first swap, is required to make the permutations o and 7 match.
The structure 2((717’1) describes terms with single swaps and a colour-connection in o, which also
does not occur in this combination at one-loop order. The diagram in Figure (a) provides an
example for this structure for a quark line 7 and an anti-quark line j, where one swap is necessary
to merge the labels of the emitted gluon and the colour-connection of the basis permutation o
leads to a factor of N

acl

= N5a°"5 —) Ném(ayb)\mciafl(Ej)é(a,b)(ci,cn) . (5.12)

)
A
A
)

All contributions including a single swap and a factor of 1/N without colour-connected external
lines make up the igl;l)-coefﬁcient and all those terms for which the emitted gluon is additionally
colour-connected to itself are assigned to the coefficient Y.+ in equation 1' Take diagram (b)

from Figure as an example for both of these structures. The following colour-flow diagram
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s (1,1)

contributes to ;7

TN T

H Qe acl ]-
ff:fmi n Cn | Néﬁ” 6664”5& N(SUT(a,b)\n(;(a,b)(Can) s (513)
ox > L » ¢
while

1
—§Qen§0 5%

N Bz, B—l ,B’ N5Cn7*1(En)507(a,b)\n5(a,b)(ci,cj)7 (5‘14)

gives a contribution to E(l U At this point it should be remarked that both of these structures
cannot occur for a hard gluon line i, this information is encoded by a factor of (A; — );) when
writing down the whole matrix element of the colour structure in the colour-flow basis (cf.
Appendix .

The contribution p,,, which are terms with a colour-connection between the external lines and

without swaps, can be exemplified by a colour-flow diagram relating to the diagram (c) from
Figure [I3]

[
Y

> i
A —=<—7C,

’ i ~———0, - 52;:5 :Z - 50’7\%5ch_1(En)écio'_l(fj) . (515)

7 < -«

The p,-coefficient denotes terms with a 1/N? suppression in the number of colours, thus the only
source of contribution can be diagrams with two U(1)-gluons involved. For instance, consider
the diagram (d) in Figure In this case the colour-line diagram is drawn without the “colour-
flow arrows” and labels in order to indicate that one finds this contribution for all combinations

of quark and anti-quark lines (however not for gluons)

1
— W(SUT\TL(;C”T—I(EH) . (5.16)

Turning to the kinematical factors, one can use the Feynman tree theorem to rewrite the loop-
integration in k£ analogously to the one-loop case. The integrals of the distinct diagrams are kept
separate, due to the fact that already the colour structures are treated separately. Additionally,

the subtraction of the tree-level current is not taken into account at this point.

The distinct one-loop integrals of the one-loop/one-emission diagrams of the equations ([5.2)-

(5.7) are listed (neglecting any constant prefactors at this point) below in order to provide an
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overview of the relevant integrals

o o [ A% 1
W w / i 12 +i0][(k + q)2 + 0] [p; - (k + q) + i0][—p; - k + i0]

L g [ A%k 1
(i) p? / imd/2 [k2 +40][(k + q)2 + i0][—p; - k + i0]
N O 1
(i) - p* / imd/? [k2 4i0][(k + ¢)% + i0]
) (5.17)
' o [ d%%k 1
(iv) / imd/2 [k2 +40][p; - (k + q) + i0][p; - k + i0][—p; - k + i0]
. [ d% 1
(v) » / ind/2 [k2 4 i0][p; - (k + q) + i0][—p; - k + 0]
‘ . [ d% 1
SO / imd/2 [k + i0][p; - k +i0][—p; - k +i0]

For each of these one-loop integrals of equation (5.17)(i)-(v) the FTT is applied (the integral
(vi) is the one-loop case which has been analysed in the previous section), and shifts in the loop
momentum are performed to simplify the delta functions. Further, multiple cut-contributions
where the delta functions/Heaviside functions are not compatible have already been set to zero.
In appendix [F] a list of such cut-contributions evaluating to zero can be found. Attention has to
be paid once again to cutting eikonal propagators, these have to be cut only if the pole is not
already in the upper half-plane. The integral (iii) is scaleless, when applying the FTT to it and
using the Sokhotski-Plemelj identity one finds that it vanishes exactly for p? > 0 and on-shell
external lines.

Working through the FTT procedure for the integrals (i), (ii),(iv) and (v) results in the following:

N o [ A% (2mi)o (k)
) =’ / imd/2 { [(k )2 + i0][pi - (k + q) + 0] [—p; -k + 0]
(2mi)o(k)
[(k — )2 +40][pi - k + i0][p; - (¢ — k) + 0]
(2m1)0(pi - k)
[(k — q)* + i0][k? + i0][p; - (¢ — k) + 0]

(271)23(k)S (K + q) (270)25 (k)3 (p; - k) }

_l’_

_l’_

[pi - (k+q) +i0][=pj - k +i0] * [(k —q)* +i0][p; - (¢ — k) + i0]

(5.18)
o o [ &% (2mi)d (k) (2mi)d(k)
@)=+ | o\ TP s Ol F T T Wl B
(2mi)o(k)o(k + q)
[—pi-k+i0] } , (5.19)
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Figure 14: Two-loop Feynman diagrams involving two external lines, whose amplitudes do
not contribute in the soft limit.
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Figure 15: Two-loop diagrams for two and three hard, external lines, which contribute in
the soft limit.

o [ A% (2mi)o (k)
(iv) = =4 / md/z{[pi-(k+q>+i0][pi-k+ion—pj-k+i0]

N (27i)d(pi - k) L 2mi)*5(k)S(p; - k)
(k2 +40][p; - (k + q) +0][=p;j - k+i0] ~ [p; - (k + q) +0][—p; - K]
(2mi)d(p; - k)
=07+ 0l (h—a) +0]lp; (a—F) 0] } ’ (5:20)

L[ % (270)8 (k) (2m2)d(pi - k)
W= [ {[pz“(k+q)+i0][—1?j'k+i0] i [<k—q>2+z‘onpj-<q—k>+i01} |

(5.21)

5.1.2 Two-loop order

The same procedure which has been carried out at one-loop/one-emission level in the previous
section can also be performed at two-loop level. In this case, however, there are no contributions
in the soft limit in Feynman gauge from Feynman diagrams which involve only a single hard,
external line. Additionally, the diagrams in Figure [14] vanish in the soft limit in Feynman gauge.
The two-loop diagrams which lead to a non-vanishing contribution in the soft limit are depicted
in Figure The amplitudes corresponding to these diagrams are given in Feynman gauge in

the following.
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The amplitude for the soft gluon double exchange in Figure [L5[a) can be written as

o =—g"(Ti Tj)(Ti - Tj) S5

)\2d ddq ddk
X imd/2 jpd/2
(pi - p;) (i - Pj) (5.22)
[pi - (k +q) +140][=p; - (k + q) + i0][k* 4 i0][¢* + i0][p; - ¢ + i0][—p; - ¢ + 0]
= (T - Ty)(T; - Tﬁﬂff-) ,

while the crossed double gluon exchange in Figure (b) leads to
A\2d d%q a%k
_ 4 bpb
M) = — g TiT T T~ / in /2 ind]2

(pi - pj)(pi - ;) (5.23)
[pi - (k + q) + i0][—p; - (k + q) +i0][k? + 0][¢* + 0] [p; - ¢ + i0][—p; - k + i0]

= TeT'TETe O

For the double exchange between three hard lines, illustrated in Figure (c) one obtains

A\2d d%q a%k
A, dq dF
Mpge) = — 9" (Ti- T)(Ti - Tj) 5 8 M /mdm ind/2

(pi - pj)(Pi - 1) (5.24)
[pi - (¢ — k) + i0][k? + 0] [¢% + 0] [p; - ¢ + i0][—p; - ¢ + 0] [p; - k + 40]

= (T; - T1)(T; - T)) QL) .

The diagram of the type of a vertex-correction in Figure (d) gives

CA )\2d+1 ddq ddk‘
4
§="9 7(T T N 'us/iﬂd/?iwd/?
(pi - pj)(pi -k —pi-q)
[pi - (k + q) +i0][—p; - (k + q) + i0][k? 4 i0][¢% + i0][(k + ¢)% + i0][p; - k + 40]
Cy 2\2d+1 ddq ddk
_ 4
— gt G )Yt [ ) o5

2
{ i e+ @) 0)[=p; - (k + @) + 01 + 0]k + 0k + ) + 0]

1
_[— ; (k:+q)—H’O][k:?+i0][q2+i0][(k:+q)2—H’O}[pi-k:—H'O]}
= TRr(T; - T;) Q)

1j,vertex—corr.
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and finally, suspending the analysis of the bubble-diagram until section for the irreducible

diagram with the triple-gluon vertex between three hard partons one gets

A2d+1 ddq ddk
_ 4. armpbre 4
M) =9 far T 5T N9 8/ ind/2 ind/2
pi- 2k +q)(pj -p1) + o (g — k)i - pj) —pj - (2 + k) (pi - p1)
[p1 - (k + q) + i0][k? + 0] [¢* + i0][(k + q)* + i0)[—p; - ¢ + i0][—p; - k + i0]
AL radg ddk (5.26)
9 imd/2 jrd/2
2[(pj - p) (i - k) — (pi - pj)(p - k) — (pi - p1)(pj - @)]

o1 - (k4 q) 4+ i0][k2 + i0][¢? + 0][(k + ¢)% + i0][—p; - ¢ + i0][—p; - k + 0]

'LfabcTaTch Q( )

il

= g*ifape T¢TUTY

where, in order to find the result after the second equal sign, the property of colour conservation

is used.

With these results one thus finds the following for the soft two-loop correction written in a

basis-independent way

Ve =03 [ mymem) o + i af |

i#]
2 abcrpa c
+ > [(Ti'Tj)(Ti'Tl)Qz(]z)Jr = [T ijl)] (5.27)
i#j1
2
+ZTR T T ) |: QSj)self en. +Q£j)vertex corr:| :
i#£]

Note that the same convention concerning the colour structure of the self-energy and the vertex-
correction introduced for the one-loop/one-emission soft correction holds here. Furthermore,
the unordered colour sums again imply that one needs to introduce factors of 1/2 for some of
the diagrams. The colour sums are taken over distinct hard lines, the cases ¢ = j and i = j =1
are excluded.

Using the commutation relations for the colour charge operators one can rewrite equation (|5.27))

to obtain
1 2 ~ (2
v — 3 > (T3 T))(T; - Ty) [ng) + Qz(j)]
i#]
+ > [(Tz"Tj )(T; - Ty) Q) + fabcTaTchQEﬂ)] (5.28)
i#il
To (T, - T, Q(z) ) ,Q(z)
+Z R( ? J> ij, self —en. + 1j, vertex—corr. + 2 :
i#]

Taking care of the UV divergences contained in the loop integrals by performing renormalisation
and subtracting the IR divergences by combining the virtual contributions with the emission,

one finds the corresponding expression for the soft anomalous dimension at two-loop level and
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when translating to the colour-flow basis one obtains

1

N2

(@ NP0 ~(au NP | () + i

(0o +7) + 1 <2)) Sor
. A 1 ) (5.29)
by (B2 +20) + g2 + 5 (52 + 220

As in the one-loop case, there are two main parts, the diagonal structure for which the per-
mutations ¢ and 7 are equal and the off-diagonal elements, which contain the “swap”-terms.
Most interestingly, at two-loop order there are, compared to one-loop order, additional diagonal
terms p and p,. These structures are of special importance since the sum over two-parton cor-
relations, so-called “dipoles”, has to be extended to include three-parton correlations as well.
As an example of a three-parton correlation, which is part of the p,-contribution, consider the

following colour-flow diagram corresponding to diagram (f) in Figure

.
.

o > ]
!
c ~

Ec ” y C = AiA N0 1(5,) - (5.30)

T J
H

Due to the sum over dipoles and three-parton correlations, the p-terms can compensate the
1/N suppression. Therefore it might be desirable to make an expansion in the whole diagonal
part of the soft anomalous dimension in order to account for the enhanced p-terms, instead of
considering the large-N limit only.

Examples for each of the coefficients appearing in equation are given in the following.
Consider diagram (a) of Figure [L5| for an illustration of the diagonal F((,-2) contributions. For a

colour-connection in the basis o between the external lines one finds a colour flow with a N2

enhancement,
c E—)— > >
o Y A Y A N N250T60i071(5j) ) (5.31)
z]—<— < <«

If the basis permutation in the upper diagram is chosen such that the external lines ¢ and j are
not connected in colour, one instead finds a contribution to E((,QT), i.e. a single-swap term with a
factor of N but without a colour-connection of the external lines.

The diagonal p building block contains colour flows which are the same before and after the
two-loop gluon exchanges. For instance, such a behaviour can be observed for the crossed gluon

exchange in Figure [15(b), one finds a colour flow of

e
E:Ci' > L »—C;
'
Cpt

o — Ogr . (5.32)

(2
C,
m;
Ci

T J

ol
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The last of the diagonal structures in equation 1) p? | contains all of the colour flows with
double U(1)-gluon exchanges. For instance, the double exchange diagram with three external

lines leads one to

C |
g |
C — N %5{77 , (5.33)
Ci

where this colour-line diagram can be drawn for all of the different combinations of quark and
anti-quark lines.

The i]t(,%)—coeﬁ"lcient describes colour flows with single swaps in the (anti-)colour labels and a
colour-connection between the external lines. Such terms appear for all Feynman diagrams in
Figure for instance for diagram [I5(f) one finds

- N(SB—] 55:; — N§, 507(a,b) 5(0,17)(03‘,01) : (5.34)

CjO'fl(Ei)

In contrast to the “swap”-structure just described, the E( )—coefﬁcient incorporates colour flows
with single swaps but with a 1/N suppression in the number of colours. This suppression comes

from terms with a single U(1)-gluon contribution such as
ST

1 o g0, 1
_’_I_’_><_’_ e 0 = 200 Oab)cicy) - (5.35)

As already encountered in the one-loop/one-emission case, there are “double-swap” structures

at two-loop order as well, where a colour index is swapped twice, for instance the double gluon

exchange between three external lines gives a colour flow of

gt <
chh

'l
'

C/{E Cm cf $0c;
i =g, 5& Op’ = 0ora 1y0) 0@ b) (cino1(2)) O(b.c) (01 (7)).0~1 (@)

C’"E 3
o c;

it j

(5.36)

and thus it contributes to the coefficient EC}E) . Finally, one again finds for external gluon lines
colour flows for which two consecutive swaps of different (anti-)colour labels have to be performed

1(2)

in order to get matching permutations ¢ and 7. A contribution to the structure X7’ can be
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Figure 16: Example of diagrams with hard ghost lines. Their amplitudes give subleading
contributions in the soft limit.

found from diagram (a) of Figure |15 for two gluon lines i and j

v
Ky

[3)

%,%{"%J Oset = BoruieaSab)(erno=1(e)) V) cpo1 (1) -

ol
|

<
<

1 74171 1

a8

(5.37)

The explicit results for all of the relevant two-loop matrix elements of the colour structures in
the colour-flow basis can be found in appendix

Notice that the only relevant contribution which includes ghosts comes from the bubble-diagram
(see Figure [15{f)). The diagrams with hard ghost lines (see Figure are subleading in the
soft limit. For instance, diagram (b) of Figure [16| has a loop integrand Ib) of the form

I [(2pi +q — k)" g™ + (k —pi — @)"g"™ + (2k — 2q — pi)" g""]
eb) = md/2 md/2 [(pi + ¢ + k)2 +40][(q — k)2 + i0]
. kuqv'(q - pj)pgi(pi)‘g;(pj)
[£2 £ i0][(p; + ¢) + i0][(p; — )% + i0][¢% + i0] '

(5.38)

and when taking ¢ — Aq as well as k — Ak and consecutively A — 0 one finds that the amplitude
is of order A, thus it gives a subleading contribution.
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Figure 17: Double soft gluon emission diagrams with gluon momenta & and q.

5.2 Double emission diagrams and the two-gluon current

With the aim of cancelling the infrared divergences of the radiative cuts of the squared two-loop
amplitudes one has to combine them with the double emission diagrams. The latter are reviewed

in this section and the soft current for double emission is derived.

In order to find an expression for the double soft gluon current one has to combine the fol-

lowing amplitudes, their corresponding Feynman diagrams are depicted in Figure

H, v
2rmemb pipj
M = 9T 0y )

)

Mo v
Mrgw) = 67TTs (pi-q)(pi - (¢ +Fk)) (5-39)

M v
2memb p; p;
c = T’LTZ ;
Mo = 9T T - (a1 R)
2kVpl + pi - (q — k)g" — 2qMpY
2(k-q)(pi- (g +k)) ’

Q) = g° (=i f*)T¢

where, for Mr7q) the unphysical terms have been neglected, since k- e*(k) =0and g-e*(¢q) = 0.

Combining the amplitudes with the different orderings in the soft emission from line i, i.e.

M7y and M) one finds

;P [TfT? TyTy }

M) +(c) =

pi-(qg+k) Lpi-k  piq
L pipy ( b, b Lo b PPy ( 1 1 )
— S (TYT 4 T ) (i) = .
2(pi-q)(pi- k) 2( ) pi-(q+k)\pi-qa pi-k
(5.40)

Of course, by swapping the indices 7 and j one can include the emissions from line j. Using
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equations ([5.39) and (5.40) one finds the soft two-gluon current |10]

T (0, k) = S{3(0), TER)}

. of  PYg"—DiRY pi(g—k) iy g
HfabC;Tl{(k-q)(pi-(quk)) 2(pi - (¢ +F)) (pi-Q)(pi-k)Jrk'q]}’

(5.41)

where the anti-commutator of the soft gluon current Ji (cf. equation ) contains the first
term in the second line in equation , as well as a). The sum over [ includes all of the
external lines of the amplitude. Hence, for the diagrams depicted in Figure it involves two of
them and thus stands for (Zl:i,j ...), but one may as well generalise to a number of n external
lines, such that (3", ...).

In Feynman gauge the square of the two-loop current leads to [10]

(I (ks ) (=g ) (=g™) TR (ks q) = % {3%(9), (k) } + Ca Y (T - T)Sij(q, k), (5.42)

1,]
where the function S;; is defined as [10]
o (pi - pj)? (i) k) + (pi - k) (p; - q)
Silhoa) = 2(pi - a)(pi - k) (pj - @) (pj - ) [ pi- (k+q)pj-(k+q) ]

(1—¢) i -9)pj-k)+ i k)pj-q)
(k-q)?  pi-(k+q)p;j-(k+q)

(5.43)
_ piD; [ 2 N 2

2(k-q) L(pi-9)(pj - k) (pi-k)(pj-q)
N 1 (4+ ((pz--q)(pj-k)+(pi-k)(pj'q))2)] _

pi- (k+q)pj-(k+q) (pi - @)(pi - k)(pj - @) (pj - k)

For the detailed calculation of the two-loop current squared consult appendix
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5.3 Handling the kinematic part: The Feynman tree theorem at two-loop
level

In this section the Feynman tree theorem for diagrams of two-loop order is described and applied
to the relevant two-loop integrals described in section[5.1.2. In this way a set of cut-contributions
for the two-loop integrals is obtained which can be attributed to the different two-loop Feynman

diagrams.

When applying the FTT at two-loop level one can choose one of the loop momenta, say k,
and work through the cutting procedure in the usual manner as described for the one-loop case
in section As a next step one has to shift the loop momenta such that the cuts are all
expressed in terms of the cut momentum k only. After this shift it is possible to further apply
the FTT to the other loop momentum ¢. Each of the cut-diagrams in k are then subject to
further (i.e. single and multiple) cuts in q. However, if after the first application of the FTT
a shift in the loop momentum can not achieve that only one loop-momentum is constrained or
equivalently, that the cuts are only expressed in terms of one loop-momentum, then the cutting
procedure has to be terminated. In such a case one has to be careful with signs: Using the FTT
introduces a global negative sign, therefore diagrams which are in fact cut only in one momentum
and cannot be shifted further receive only one negative sign, while the other contributions, for

which the FTT is used for both loop momenta, have an overall positive sign.

In order to illustrate this workflow, the FTT cutting procedure is diagrammatically illustrated
in Figure [18| for the example of the virtual double exchange of soft gluons with momenta k& and
q. On the top of the figure the Feynman diagram is drawn with the momenta of the propagators
in the soft approximation explicitly written. As a first step the momentum k is cut according
to the one-loop FTT procedure. This introduces three contributions, two single cuts and one
double cut. The second step is the shift of the loop momentum in order to express the delta
function only in terms of k. One observes that for the double cut such a shift is not possible.
For this diagram the cutting procedure ends at this point, the two delta functions can be used
to solve the k¥ and the ¢° integration.

For the second single cut contribution a shift is performed, & — (k — ¢), which ensures that the
delta function pertaining to the cut in k£ is only dependent on k. The first single cut does not
require any shifts. The third step consists of cutting the first two diagrams in ¢. In this way
one obtains double, triple and quartic cuts. Now, it has to be checked if the cuts are actually
kinematically possible. In this case two of the cut-diagrams vanish due to being overconstrained
by the delta functions/Heaviside functions of the cuts. Furthermore, when using light-cone co-
ordinates for both k and ¢ it turns out that three additional cut-diagrams vanish due to same
reason as encountered in the one-loop case for the double-cut contribution (cf. equation )
The cut-integrals which correspond to such cases are not written in the results which are listed
below. In appendix [F| a list of the kinematically impossible/vanishing cuts of each of the two-

loop diagrams is given.

The two-loop integrals pertaining to the diagrams with two hard lines (cf. Figure[I5{a), (b)
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Figure 18: Example of the cutting procedure according to the Feynman tree theorem at two-loop level.
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and (d)) are the following

| L 1
iwd/2 ixd/2 [p; - (k + q) + i0][—p; - (k + q) + 0][k? + i0][¢* + i0][p; - ¢ + i0][—p; - q + i0]
(i) ' / d &' !
imd/2 iwd/2 [p; - (k + q) +0][—pj - (k + q) + i0][k2 + i0][¢? + i0][p; - ¢ + i0][—p; - k + i0]
e 8 :
imd/2 i7d/2 [p; - k +i0][—p; - k + i0][k? + i0][q% + i0][(q — k)% + i0]
(i)t / alk adq 1 ‘
imd/2 iwd/2 [p; - k +i0][—p; - (k + q) + i0][k% + i0][¢® + i0][(k + ¢)? + i0]

(5.44)
Applying the FTT to the two-loop integrals (i)-(iv) of equation (/5.44)) and neglecting cuts which

are kinematically impossible, one finds

(k)
0l[pi - ¢ + i0][—p; - ¢ + i0]

. . [ dlk alq (27)26(q)d
() =4* /mdﬂ ind/? { i - (k+q)+i0][—p; - (k+q) +i
N (27i)20(k)d(pi - q)
pi - (k+ q) +140][=p; - (k + q) +i0][¢? + i0][=p; - ¢ + i0]
(2mi)25(pi - k)6 (p; - q)
[=pj - k +1i0][g* + i0][(k — q)* + i0][—p; - q + 0]
N (270)*0(@)0(pi - k)
[pi - ¢ +10][—p; - k + i0][(k — q)? + i0][~p; - ¢ + 0]
(27i)20(k)d(pi - q)
pi - (¢ — k) +i0][=p; - ¢ +i0][(q¢ — k)2 + i0][—p; - (¢ — k) + 0]
(27i)30(q)6(k — q)6(pi - k)
[pi - q 4 i0][=p; - k 4 i0][—p; - ¢ + i0]

(2m8)35 (k — q)(p; - k) (p; - q) }

+

(5.45)

[¢% + i0][—p; - k 4+ i0][—p; - ¢ + 0]
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oy de d%%  dq (QWZ)QS(k)S(q)
= / iwd/2 imd/2 | [pi - (k 4 q) +10][p; - ¢ +0][=p; - (k + q) +i0][—p; - k + i0]
N (27)%6 (k)5 (pi - q)
[pi - (k + q) +i0][g* + i0][-p; - (k + q) +i0][—p; - k + i0]
(2mi)2 6(p; - k)8 (pi - q)
[(k — q)* +i0][¢? + 0] [p; - (¢ — k) +40][—p; - k + i0]
N (279)%5(q)d (p; - k)
[pi - q +i0][(k — q)* +10][p; - (q — k) + 0][—p; - k + 0]
N (278)2 6(p; - k)S(pj - q)
[pi - (k+ q) + i0][(k + q)? + i0][¢? + 10][—p; - k + 30]
(27i)%6 (k)5 (pi - q)
[pi - (¢ — k) +i0][(q — k)% + i0][—p; - ¢ + i0][—p; - k + i0]
(273)3 0(p; - k)6 (pi - )(p; - (q — k))
[(k = q)% +i0][q? + i0][—p; - k + 0]
(2mi)® 5(q)d(pi - k)d(p; - (g — k)
[pi - q +i0][(k — q)* + i0][—p; - k + i0]
(2mi)®5(k — q)6(pi - k)3(p; - q)
[¢* +i0][p; - (¢ — k) +i0][—p; - k + i0]
(27i)30(k — q)d(p; - (q — k))6(pi - k)
[p; - q +i0][q% + i0][—p; - k + i0]
(27i)36(q)0(k — q)8(pi - k)
[pi - ¢ +i0][p; - (¢ — k) + i0][—p; - k + i0]
| 23k — 9)8(pi - k)i - )5(p; - (g~ k) }
[¢? +40][—p; - k + 0] ’

_|_

(5.46)

_l’_

/2 iwd/2 | [pi - k +140][(q — k)% 4 i0][=p; - k + 0]
(27i)%0(q)6(pi - k)
[(q — k)2 + i0][k2 + i0][—p; - k + 40]
(28)%5(q)6 (k)
[pi - k +40][(k + )% + i0][—p; - k + 0]
(271)20(q)(p; - k)
[(k + q)2 4 i0][k? 4 i0][—p; - k + 0]
B (2mi)26(k)d(q)
[pi - (¢ — k) +10][(g — k)? +i0][=p; - (¢ — k) + 0]
(2)36(q)0(k)d(q — k)
[pi - k +i0][—p; - k + i0]
(270)%0(q)0(q — k)o(pi - k) | (2mi)35(q)d(k)d(k + q)
[k2 4 i0][—p; - k + 0] [pi - k +i0][—p; - k + i0]

(2m0)35(q)d(k + q)3(pi - k) }

d d 7i)26(k)d
(i) = / 'k d% { (2mi)*5 (k)5 (q)

+

(5.47)

(k% +i0][—p; - k + i0]
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N 4e d%  d% (2#@)25(16)5@)
(iv) = / w2 72 | [p; - k + i0][(k + )2 + i0][—p; - (k + q) + i0]
N (27)26(q)3(p; - k)
[k* +40][(k + ) + i0][—p; - (k + q) + i0]
N (2mi)6(k)d(q)
[pi - k +1i0][(q — k)* + i0][—p; - ¢ + i0]
(270)%6(q)S(p: - k)
[k +i0][(q — k)? + i0][—p; - q + 0]
B (2i)26(q)0 (k)
[pi - (k — q) +10][(k — q)? + i0][—p; - k + 0]
(2)36(k)6(q)d(k + q)
[pi - k+i0][—pj - (k + q) + 0]
(2mi)35(q)d(k + q)d(pi - k) (2mi)*3(q)d(k)d(q — k)
(k% +i0][—p; - (k +¢q) +i0]  [pi-k+i0][—p; - ¢ + 0]
| (2mi)*8(g — k)3(@)d(p - k) }
(k2 + i0][—p; - q + i0] '

(5.48)

Writing down the cuts of the loop integrals in this way allows one to quickly identify the real radi-
ative cut-contributions which can be compared to the contributions of the squared real emission
diagrams. Furthermore, the eikonal cuts which lead to imaginary Coulomb-gluon contributions
can be identified.

In section the cancellation of IR divergences between the real emission diagrams and the

radiative cuts with matching colour structures is shown.

For the remaining two-loop diagrams (cf. Figure[L5|c) and (f)) with three hard parton lines one
has to analyse the following loop integrals

(V):M%/ alk alq 1

ind/2 i7d/2 [p; - (k + q) + i0][p; - ¢ + i0][k2 + i0][¢% + i0][—p; - k + i0][—p; - ¢ + i0]
imd/2 jwd/2 [—p; - q + i0][k? + i0][q% + i0][(k + q)2 + i0][—p; - k + i0][p; - (k + q) + 0]
imd/2 i7d/2 [—p; - g + 0][k2 + 0] [¢ + 0] [(k + q)% + i0][—p; - k + i0][p; - (k + q) + i0]

(Viii):wle/ 'k % pi-4
ind/2 igd/2 [—p; - q 4 i0][k? + i0][¢% 4 i0][(k + ¢)% + i0][—p; - k + i0][p; - (k + q) + 0]

(5.49)

where number (v) corresponds to the loop integrand of the double soft gluon exchange in Fig-
ure (c) and the others to the irreducible triple gluon vertex diagram of Figure (f) It is
noteworthy that the denominator structure for integrals (vi)-(viii) is identical, however, the nu-
merators, which depend on a loop momentum, differ. Hence, when applying the FTT to the
propagator structure, which includes shifts of the loop momenta, one has to ensure to shift the

loop momentum of the numerator as well.
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Applying the FTT at two-loop level leads to

(2mi)*5 (k) (q)

(v) = ute d’k '
H 3d/2 jrd/2
_|_

+

+

+[q2 +40][(k — ¢)? +i0][p; - (¢ — k) + i0][—p; - ¢ + i0]

[pi - (k + q) +i0][p; - ¢ + i0][—p; - k + i0)[—p; - g + 0]
(2)26 (k)5 (pi - q)

[pi - (k + q) +i0][g* + i0][—p; - k + i0][=p; - ¢ + i0]
(278)25(q)6 (pi - k)

[pi - g+ i0][(k — q)* +i0][p; - (g — k) + i0)[—pu - ¢ + i0]
(271)26 (p; - k)o(p; - q)

pi - (k + q) + 0] [(k + q)2 + i0][p; - ¢ + 0] [=p; - (k + q) + i0]
(270)26(pi - k)0 (p; - q)

(5.50)

(2m4)*6(k)é(pi - q)

[pi - (¢ — k) +i0][(q — k)2 +i0)[—p; - k +i0][p; - (k — q) + i0]
(2mi)25(k — q)S(pi - k)3(p; - q)

[¢* +i0][p; - (¢ — k) +i0][—p; - ¢ +40]
(2m)36(k — q)3(pi - k)3(p; - (q — k))

[pi - ¢ +i0][q* + i0][—p - q + 0]
(271)35(q)8(pi - k)3(p; - (q — k))

[pi - ¢ +10][(k — q) +i0][—p; - q + i0]
(2mi)38(p; - k)3 (p; - q)3(p; - (¢ — k)

[¢? +i0)[(k — @) +40][—p; - g + 70]
(270)%5(q)d(k — q)6(pi - k)

[pi - ¢ +10][p; - (¢ — k) + i0)[—p; - g + 0]

| (2mi)*3(k — 9)0(pi - 9)3(pi - K)O(p; - (g — ) }

[q% + i0][—p; - ¢ + 0]
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(vi)

M4€ /

d%  d%

’i7rd/2 i7Td/2

[—pi - ¢ + 0] [k? + i0][(k — q)? + i0][p; - (q — k) + 40]
(2i)2(p; - k)d(K)d(q)
[—pi - ¢+ i0][(k — q)2 + i0][p; - (¢ — k) + i0][p; - k + i0]

s (2m)* (i - B)3(@)3(1)
~pi-q+ 0]k + a7 + 0] —p; - k + 0]lp - (6 + ) + 0]

{_ (2mi)(pi - k) (q)0(p1 - k)
k—q)?

(2mi)%(p; - k)6(q)d(k)
[pi - (k — q) +10][(q — k)2 +i0][=p; - k +40][p; - ¢ + i0]
(2mi)*(pi - 0)0(q)8(ps - k)
[k +40][(k + q)* + i0][—p; - (k + q) +i0][p; - g + 0]
(2mi)* (pi - k)o(k)d(pr - q)
pi - (k — q) +1i0][¢* +i0][(q — k)% + 40][=p; - k + i0]
N (2mi) (pi - )0(pi - K)o (p1 - q)
[¢? +i0][k2 + 0][(k + q) 4 i0][-p; - (k + ) + i0]
(2mi)* (pi - k)6(q)0(k)d(k + q)
[=pi - q +0l[—p; - k +i0][p; - (k + q) + 0]
(2mi) (pi - k)0 (q)d(k)d(pr - (k + q))
[—pi - ¢ + 0)[(k + q)? + i0][—p; - k + 0]
(2mi)3 (pi - k)0(q)0(k)o(q — k)
lpi - (k — q) +i0][—p; - k +i0][p; - ¢ + 0]
(2mi)* (pi - k)o(K)d(q)d(pi - (k — q))
[(q — k)2 +i0][~p; - k +i0][ps - ¢ + i0]
(2mi)* (p; - k)6(q)0(q — k)d(p; - (k — q))
[k? 4 i0)[=p; - k + 0] [ps - q + i0]
N (2mi)? (pi - k)o(q — k)(pi - )6 (pi - (k — q))
[q? 4 i0][k? 4 i0][—p; - k + i0]
(2m1)* (pi - k)S(K)S(pi - q)8(pi - (k — q))
[(q — k)% +i0][¢? + i0][—p; - k + i0]
(2mi)3 (pi - k)5 (k)d(q — k)3 (py - @)
[pi - (k — q) +i0][g* + i0][—p; - k + i0]

+

+

_.I_

(5.51)
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(vii) = it / d’k  d%q (2mi)*(p1 - 9)6(q)0(p1 - k)
ind/2 ird/2 | [—p; - g + i0][k2 + i0][(k — )% +i0][p; - (¢ — k) + i0]
N (2mi)%(p - 9)6(k)d(q)
[=pi - q +0][(k — q)*> +i0][p; - (¢ — k) +i0][p; - k + 0]
N (27i)2(py - k)0(q)d(k)
[=pi - ¢ +i0][(k + q)* + i0)[—p; - k + i0][p; - (k + q) + i0]
(2m1)2(p; - k)5(q)d ( )
[pi - (k — q) +i0][(q — k)2 4 i0][—p; - k +40][p; - ¢ + 70]
(2mi)* (pi - k)5( )d(pi - k)
(k2 +i0][(k + q)? + i0][—p; - (k + q) + i0][p; - ¢ + 0]
(2mi)*(pr - k:)5(k)5(pz -q)
[pi - (k — q) +10][¢* +i0][(q¢ — k)? + i0][—p; - k + i0]
N (2mi)*(p1 - k)O(pi - k)6 (p1 - q)
[¢% + i0][k? + i0][(k + q)* + i0][—p; - (k + q) + i0]
(2mi)* (py - k)8(q)d(k)o(k + q)
[=pi - q +0][—p; - k +i0][p; - (k + q) + 0]
(2mi)* (p1 - k)0 (q)d (k) (pr - (k + q))
[—pi - ¢ + 10][(k + q)% + i0][—p; - k + 0]
(2mi)*(p1 - k)0 (q)d(k)d(q — k)
[pi - (k — q) +i0][=p; - k + 0] [p - ¢ + 0]
(2mi)° (py - k)3 (K)d(q)d(pi - (k — q))
[(q = k)? +i0][=p; - k +i0][p; - q + i0]
(2mi)*(p1 - k)0(q)d(q — k)6 (p; - (k — q))
(k2 4 i0][—p; - k + i0][p; - ¢ + 70
N (2mi)* (py - k)3(q — k)S(p1 - ¢)8(pi - (k — q))
[q? 4 i0][k? 4 i0][—p; - k + 0]
(2mi) (py - k)S(K)S(pi - ¢)8(pi - (k — q))
[(q — k)2 +140][g? + i0][—p; - k + 0]
(2mi)3 (p1 - k)6 (k)d(q — k)3 (pi - )
[pi - (k — q) +10][g* + i0][—p; - k + i0]

+

_'_

_|_

(5.52)
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(vili) = pide / 'k d%q | (2mi)2(p; - 0)5(a)5(p1 - })
=u i d/2 jrd/2 [—pi - g + i0][k2 + i0][(k — ¢)2 +i0][p; - (q — k) + 0]

(2m1)°(p; - 4)5 (k)b (q)
[=pi - ¢ +i0)[(k — q)* +i0][p; - (¢ — k) + 0] [pr - k + 0]

(271)2(p; - q)0(q)d (k)

T Epiq T i0][(k + @)% +i0][—p; - k + i0][pr - (k + q) + i0]
. (i) (9 D334
- (h—q) + i0][(g — F)2 + i0][—p; -k + 0][p - q + 70]

B (2mi)*(p; - kﬁ)5(q)5(pi k)
(k2 +i0][(k + q)% + i0][—p; - (k + q) +0][p; - ¢ + 0]
N (271)2(p; - @)0(k)3(p1 - q)
[pi - (k — q) +1i0][¢> +i0][(¢ — k)? + i0][—p; - k + i0]
B (2mi)*(p; - k)o(pi - K)o (p - q)
[¢? + i0][k% + 0] [(k + ¢)? + i0][—p; - (k + q) + 0]
(271)%(p; - ©)5(9)0 (k)5 (k + q)
[=pi - q +i0)[—p; - k +i0][p; - (k + q) + 0]
(2mi)*(p; - 9)6(q)d(k)S(p1 - (k + q))
[—pi - ¢ + 10][(k + q)% + i0][—p; - k + 0]
(271)%(p; - 9)5(9)0(k)d(q — k)
[pi - (k — q) +i0][—p; - k +0][p; - ¢ + 0]
(2mi)3(p; - 9)0(k)3(q)d(pi - (k — q))
[(q — k)2 +40][—p; - k +0][p; - ¢ + i0]

+(27T2) (pj - )9(q)d(q — k)3 (p; - (k — q))
[k2 4 40][—p; - k + i0][py - q + i0]
L2’ (p; - 9)3(q — k)3(pi - )8 (pi - (k — q))

[q? 4 i0][k? 4 i0][—p; - k + 0]
(2mi)3(p; - @)0(k)5(pr - )3 (ps - (k — q))
[(q — k)? +i0][¢? + 0] [—p; - k + 0]

(27i)’(p; - )0(K)(a — })d(p1 - 0) } |

(5.53)

[pi - (k — q) + i0][g® + i0][—p; - k + i0]

One can rewrite the individual cuts by choosing a parametrisation of the loop momentum just
like in the one-loop case. For three hard lines one can choose a frame in which two of them are
pointing back-to-back, the third momentum points in a different direction. For instance, for the

irreducible diagram one can take p; and p; as the forward /backward directions respectively, i.e.

pi= /B (10077

p= B (10077 1)

(5.54)

and thus, in terms of a Sudakov decomposition the loop momenta can be written as k* =
apl! + Bp! —I—k“ and ¢ = ap! +ﬁpl + ¢/ with kzi = k, (0, (ld,f), 0) and 74 = 1, while for

the hard momentum p; one can use the general notation p; = (1 n(i 2 gin 0;,cos Hj) =
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( 0 =(d=2) (d)

p; Py 5P ) For example, consider one of the contributions in equation (5.53|), choosing

the coordinates in this way, one can evaluate the integrals with the delta functions to find

45/ d'k dq (2mi)%(p; - )9(k)S(pi - 9)(pi - (k — q))
7 i (g~ W+ 0]l + 0] p; k110

. _(27TZ < >2€ 00 <,U> 2e Q(d—?;) Q(d—3) 1
o (om )2d/ dﬁ/ Ak ki /o da qL /d F /d 7 [—¢% +i0]

krqr [(ps-pB —qu (70,7517 . (5.55)
2(pi - ) [_ —k + 2k, qL ( S_ )n(d 2)) —i—iO}
1

BIIZ a5 K1+ (pj - p)B — ’ﬂ( 2 Q)n(f’;?)) _io} |

In this way one can work through all of the cut-contributions in order to express them as integrals
of the transverse momenta, alternatively one could also choose a different ordering variable, for

instance energy.

5.4 Radiative cancellations

In this section the two-loop amplitudes squared are sorted with respect to their colour structure
and the double radiative cuts of the virtual diagrams are brought together with the double real
emission processes. In this way one can find out which diagrams have to be combined in order

to observe the cancellation of IR divergences.
At first, consider the colour structure TfT?TS’»T?. The Abelian diagrams with two hard lines
involved in the process of exchanging or emitting soft gluons are rewritten in terms of this colour

structure by using the commutator relation (see equation (2.9)). Graphically, the cancellations

for this type of colour structure can be depicted in the following way

s e (145 0) e (0] 0
sane (5% 0) e T F = 0

ry2Re () "% | v, ()] + 2me )W‘ i 9
{

/ /
/

e (5 70) 3 (0 0]

7/

(5.56)

where the short black lines indicate which propagators are cut due to the application of the
Feynman tree theorem. The cancellation is of course meant as an IR-divergence cancellation,

i.e. the virtual lower and upper integration boundaries are taken to be 0 and us in accordance
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with the real-emission phase-space integration. The contributions of the virtual integral from
[tts, o0] remain and thus there is still an UV divergence which has to be renormalised. The
diagrams are drawn with photon lines in order to indicate that the colour structure has been
taken out.

The sum over the hard parton lines ¢, j ensures that also diagrams with soft gluon emission from
the opposite line with respect to the one which is depicted in the upper equation are included.
In the sum it holds that ¢ # j, since in the case that the real soft gluons are emitted from
the same hard line in the amplitude and the conjugated amplitude the diagram does not give a
contribution for massless hard lines in Feynman gauge.

The factors in front of the diagrams in equation are written in this way as they arise due
to different reasons:

The virtual exchange diagrams in the first line get a factor of 1/2 in order to avoid overcounting,
since, if in the colour sum ¢ and j are swapped, the diagrams do not change. Of course also the
conjugated process has to be taken into account, the tree-level amplitude and the conjugated
double exchange, this is encoded in taking the real part twice. For the one-loop/one-emission
diagrams the colour sum takes into account the soft emission from the line j and writing two
times the real part again takes care of the conjugated diagrams. In the case of the real emission
diagrams one has to take into account a factor of 1/2 due to the final state symmetry as there
are two identical gluons in the final state. One has to include an additional factor of 1/2 for the
first diagram in the last line of equation , since the conjugated diagram is already part of
the colour sum. For the last diagram one has to multiply with an additional factor of 1/2 as
well, although for a different reason: In this case one truly squares the amplitude, it is not an

interference with a different diagram.

Rewriting the “pictorial cancellation” of equation (5.56]) in terms of integrands one gets

Ms
> TTITITS (0 )i / dIy, dIl,
0

i#]
1 1
[[pi (k+@)l[=pj - (k+ g)llpi - dl[-p; - 4] - [pi - (k + @)l[=pj - (k+)][pi - gl[—pj - K]
2 2
+ + (5.57)
[pi - (k+ @)lpi - dll—pj - Kllpj -al ~ [pi - (k + @)lpi - k][—p; - k][p; - g
1 1
o R+ Qb dlp - (k+ lips K (e (b + lpi - allps - allpy - (5 + @)
1 1 1 1

=0.

i Kl ey s K 20 Blpi oy - dl—p; - A

Notice that the phase-space integration measure dII; has been written, since all of the virtual
loop integrals have been reformulated as phase-space integrals by using the FTT. Furthermore,
in equation the i0-prescription has been omitted, since one is only interested in the real
part in this case.

When bringing the colour structure into the form T?T?T?T‘; for all the diagrams in equation
one also has to consider the subclass of diagrams for which the commutator of the colour-

charge operators has to be applied. These diagrams thus have contributions proportional to the
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colour structure C—QA(TZ- -T;), it turns out that the following cancellation occurs

S [ (07| 0) o (072w 0
+2Re ( T, J %Q +2Re Q%Jwﬂ =0.

N

(5.58)

For the non-Abelian diagrams with two external lines one finds a colour structure of €4 5 (T;-T;)

as well. The cancellation of the IR divergences proceeds in the following way:

;(’;A(Ti.qjj) 2Re Q@ J O
s [ ()7 J o, )] 20 g ?W[ !
%me O%Jﬁ O —I—%KLRe Oﬁjwﬂw@

(5.59)

where the cuts of the two-loop and one-loop/one-emission diagrams stand for the three/two
different radiative double cuts which one obtains when applying the FTT. The unordered colour
sum with i # j ensures that also diagrams with swapped lines are taken into account. Further-
more, for the double emission processes, the prefactor is chosen such that the diagrams with
exchanged momenta, i.e. k < ¢, in the conjugated amplitude are included.

The structure of the IR cancellation of equation is the following: The second diagram in
the second line completely cancels with the first emission diagram in the third line. The whole
contribution of the first diagram in the second line cancels with some of the terms in the virtual
diagram in the first line and the remaining terms of the latter cancel with the second emis-
sion diagram in the third line. This pattern of cancellation can be observed when the squared

amplitudes are explicitly written at the integrand level for each of the diagrams,

% LT 4E He v.or | [(2(] - k)ugl/f - (k + Q)Vg;n}
22 5 (T; - Ty) /0 dIly, qupfpsz pi - (q — k) [12k - q][p: - q] [pj ~d]

:07

i#]
B [k + @) ugvr + (kK —2q)09,r] B (29 + k)vgur — (2k + q)u9u-]
[pi - qllpi - K][2k - ql[p; - 4] [pi - (k+@)][p; - (k + @)][2k - q][pi - q]
[(2(] - k),ugllr - (k + Q) g ] [(k + Q),ugyr + (k - QQ)ugm—] (5.60)
[pi - (q — k)][2K - q][p: - dl[p; - 4] [pi - ql[pi - k][2k - q][p; - 4]
n [(k = Qugor — 2k + Qugur] | [—(2¢ + k) ugor + (2K + ¢)ugur]
[pi - (k+ @)][2k - qllpi - qllpj - k]~ [pj - (k + @)][2k - ql[pi - q][pi - K]
[(k — @)ugvr — (2k + @)vgpur] [(k +2q)vgur — (2k + @) u90r]
~q

pi - (k+ @)l[2k - qllpi - qllp; - k]~ [pi - (k +q)]lp; - (K + q)][2k - q]lpi - gl
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where the terms of the triple gluon vertices which equal to zero due to the on-shellness of the
external lines are already neglected. In the first and second line of equation the three
radiative double cuts of the virtual diagram are given, in the third and fourth line the radiative
cuts of the one-loop/one-emission diagrams are written and in the last line there are the contri-

butions pertaining to the emission diagrams.

Similarly, if there are three hard parton lines involved in the process of exchanging and emit-
ting soft gluons one can decompose the colour structures of the diagrams into T?T?T?T? and
i fabCT?TZ]’-Tf (colour charge operators pertaining to different hard lines commute). In Figure
the diagrams with colour structure T?T?T?T? are depicted. Due to the propagator structure
of the diagrams it is convenient to specify the colour sum for three lines in the form [z, j][4, ],
i.e. one can sum over the pairs i, and 4,/ (notice that one of the lines necessarily carries two
vertices) and then sum over 4, such that all the possible (unordered) combinations of external
lines are included. Here it is assumed that ¢ # j # [ holds. In particular, this formulation of
the colour sum is convenient in this case, since the propagators can be nicely combined for the
diagrams in Figure for instance one can rewrite the propagator structure of diagram (b)

as

1 1 1

[pi - Kllp; - Klpi - allo-a] (i (+ @)llp; - Kllpi - dllpe - d] T (k + @)llpi - Kllp; - k]lpi -(g]G’D

and this is exactly the propagator structure of diagram (a). The same applies to the one-
loop/one-emission diagrams in the second line of Figure where equation ([5.61]) can be used
for [19(e) to match the propagator structure of diagrams [L9(c) and [19(d), and analogously for

the double emission contributions.

As an illustration of the colour sum of pairs for three hard lines, consider Figure which
shows the counting for the one-loop/one-emission case when the sum over pairs is performed
and thus numbers are assigned to the different lines. In this example only diagrams which have
two vertices on line 1 are drawn and introducing the sum over ¢ = 1, ..., 3 takes care of the other
possibilities. The last two diagrams of Figure [20| have the two vertices on line 1 in the amplitude
and conjugated amplitude respectively. Therefore one can aim to rewrite the counting of pairs in
terms of the other diagrams, which always have the two vertices of line 1 in the amplitude. Due
to the propagator structure (using equation ) the last two diagrams can be conveniently
rewritten in terms of pairs [1, 2][1, 3] +[1, 3][1,2]. The double emission and the virtual diagrams
of Figure can be treated analogously. As a result one can combine the different diagrams

such that only the following types of diagrams have to be distinguished

k q § '4/\41‘, *
Z Z TT{TST} |4Re O J ‘\1 + 8Re ( > ?iJ o, O
i [i,5)[8,0] (5.62)

/'\Vl/l/bkv\/lﬁf My, /,\‘ .
+4Re K} Jk% V. =0,
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Figure 19: Diagrams with colour structure T?T?T?T?.

=0 G0

/
[1,2]11,3] [1.3][1.2]

) D =70

J g\ J ‘ V),
[1,3T[1,2] [1,2’][1,3]
r'd 'd
(\ ‘ ol (> (\ o | />
J e \ JE \
[1,2][3,1] = [15][1’3] +[1,3]1,2] [1,3][2,1] = [12][1’3] +[1,3][1,2]

Figure 20: One-loop/one-emission diagrams with colour structure T?TfT?T;’. Below each
diagram the counting of pairs is written, due to the propagator structure it is
possible to rewrite the colour sum of the last two diagrams in terms of pairs of
structure [¢, j][¢, {].

where combining the virtual contributions in the first line of Figure [19|leads to a factor of four
for the first diagram in equation , similarly combining the one-loop/one-emission diagrams
gives a factor of eight. Finally the combination of the emission diagrams gives rise to a factor
four (where the symmetry factor 1/2 for the final state gluons has already been taken into ac-
count). As a result, the virtual diagram adds with the real emission, together cancelling the
one-loop/one-emission contribution.

Furthermore, for the non-Abelian diagrams with the colour structure 4 fabchTg’-Tlc the cancel-

lation takes place between the following three diagrams

5t e (38— e (B0

)

(5.63)
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where the cuts for the diagrams in the first line stand again for the three/two different radiative
cuts which occur according to the rules of the FTT cutting procedure. Here the sum is performed
by exchanging the lines with i # j # [, since for the diagrams considered here one does not
have a line carrying two vertices. This introduces a factor of 1/2 for the diagrams. The one-
loop/one-emission diagram combines with the emission diagram and together they cancel the

contributions of the virtual diagram:

Hs
> ifar TETYTY it /O dIly, dIL, pf p2py

{_ [(2q — k)pGov + (2k — @) gpw — (k + @)ugop]
i#i#l

[pi - q][—2k - q|[—p; - Kl[p1 - (k — q)]

_ [(q + k)pgcw (q - 2k)ogpu (k 2‘])1/9011] [(k + 2‘])/)901/ + (k - Q)ngy (Zk + Q)l/ga'p]
[pi - ql[—2k - q][p; - (k — @)][—pu - K] [pi - (k + @)][2k - q][—p; - Kl[—pi - 4]
[(2q = k) pgor — (k + Q)ogpr + (2k — @)1 9op) n [(k + ) pgor + (k — 2Q)crgup (¢ — )l/gop]
[pi - (¢ — k)][=2K - ql[p; - k][—p1 - q] [pi - k|[=2k - q][pj - (¢ — K)][=pi - d]
[(2k + Q)ugop + (q - )ngu - (2q + k)Pgou]:| -0
pi - (k+ q@)][2k - ql[—p; - k][—pi - d] ’
(5.64)

where the first three terms represent the three radiative double cuts of the virtual diagram,
the fourth and the fifth term pertain to the one-loop/one-emission diagram and the last part
corresponds to the emission diagram. One observes that the second contribution of the second
line cancels with the term in the fourth line. The first term in the second line cancels against
the one in the first line after performing the swaps of the hard parton lines (i <> [, j < 1) as
well as renaming the momenta k < ¢. It is noteworthy that swapping two hard lines, say i <> [,
introduces a negative sign due to the antisymmetry of the colour structure under this action.

Finally, the two contributions in the third line cancel when relabelling k < q.

The IR-divergence cancellation can also be demonstrated for four hard partons involved, their
momenta are labelled by p;, p;, p; and pp,. The diagrams exhibit a colour structure of T?T?T%’Tfn,
the colour sum can be performed over two pairs of the (distinct) external lines ([, j][l, m] with
i # j # 1 # m) such that one finds

11 N 11 1 e kg, )
bmb |
| E TYTTYT), | 52Re ( | ( S TiorLld [ m——— N
[3,5](L,m] =
lore | [ 1 o+ Lor & =0
4 (] qé_ | 2 (S )—Wu s ! - 9

(5.65)

where the prefactors have the following origins:

The first diagram receives a factor of 1/4 in order to avoid overcounting when exchanging the
order of the pairs. The diagram produces the real part only once, since the conjugated diagram
is already included in the colour sum over pairs. The same is true for the second diagram,

however, in addition one has to introduce a factor of two in order to include the diagrams with
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the loop momenta exchanged, as well as the symmetry factor 1/2 for the final state gluons.
For the diagrams in the second line one only needs to include factors to avoid overcounting,
in particular for the virtual diagram this gives a factor of 1/4 for both gluon exchanges and
consequently a factor of 1/2 for the one-loop/one-emission diagram.

When writing down the integrand structures one observes that the first three diagrams add up
and cancel the contribution from the fourth diagram in equation ,

Ms
> TETYTTS, (pi - ) (01 'pm)u4£/ dITy, dId,
0

[i.41L.m]
[1 1 L1 1 (5.66)
4 [pi - Kl[=pj - Kl[=pi - dllpm - 4]~ 4 [pi - Kl[pm - allpj - K][p1 - 4]

1 1 1
+5[pi'k][—pj K[=p - dllpm-a]  [pi Kllpj - Kllpc a)[pm - q]

|
o
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5.5 Self-energy contributions

The double propagators appearing in the self-energy diagrams (“bubble-diagrams”) demand a
modified formulation of the cutting procedure when applying the Feynman tree theorem. In this
section a cutting rule for double propagators is presented which can be obtained by taking the
deriwative of the relation between the Feynman- and the advanced propagator with respect to a
component of the loop momentum. It is then reformulated as the derivative of the squared loop
momentum. Furthermore, the IR cancellations which take place for the radiative cuts of the

self-energy diagrams are summarised.

To start with, the amplitude of the combined gluon- and ghost-loop self-energy (see Figure

is given by

— AC4(T: - T ;) e d%q d%k
Mee)+) = 9" Ca(Ti- T | —a5 -5
DPiuDjv v
4 —2dYk*Ek
P a F0=p; g+ 0]k + 0][(q — F)? + ][ + 0P {( )

d ) 3 )
+(32>q“q”+<d2>q“kz”+<d2)q”kz“+g‘“’ (2(1214:2+k‘q>}7

(5.67)

and when neglecting terms which vanish due to colour conservation one can rewrite the amplitude
as
atq a'k
— g2 N AW
a)+(b) =g Ca(Ti - Tj)p E/ ind/2 jrd/2
{ (4 —2d)(pi - k)(p; - k)
[pi - ¢ +40][—p; - ¢ + 0] [k? + i0][(q — k)? + i0][g* + 0]
_ 2(pi - pj)
pi-a + 0]—p; ~a+ 0]k + i0][(q — F)2 + 0]lg® + 0
_ (pi - pj) }
[pi - ¢ + i0][—p; - ¢ + i0][k% + i0][¢% +i0]2 |

(5.68)

The loop integral in the second line does not have any double propagators anymore, it is identical
to the integral (iii) of equation ([5.44)).
The amplitude of the fermion self-energy diagram, neglecting terms which vanish due to colour
conservation, gives
dtq d%
c) = 494 Tr nf(Tz‘ : Tj)/fla / MT/QQW
{ 2(pi - k) (p; - )
[pi - ¢ +0][=p; - q + i0][k? + i0][(k — )* + i0][q* + i0]?
1 (pi - pj)
2 [pi - q +10][~p; - g +0][k2 + 0] [(k — q)* + i0][¢? + 0]

B (pi - pj) }
[pi - q +i0][—pj - ¢ +i0][k2 +40][¢% +40]2 |

(5.69)
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(a) (c)

Figure 21: Gluon, ghost and fermion self-energy Feynman diagrams.

The fermion self-energy is needed when the full NLO correction is considered. In the evolution
process the corrections as well as the renormalisation constants are being evolved, however the
hard matrix element itself is not. Hence, the UV-counterterm is not written for the Born process
since it does not start in a specific power of g but only for the whole, combined NLO correction.
This counterterm is of the form Sy/eyy and thus the fermion bubble-diagram makes up exactly

the part of the beta-function which is proportional to n;.

5.5.1 The Feynman tree theorem for double propagators

In order to find an expression for a cutting rule for double propagators one can start with the
identity which is introduced in equation (3.35)

1 1
¢ —i0(T - q)?  ¢*+i0(T - q)

o0 2
5 +2mid(q) , (5.70)

where one can take the derivative with respect to a component of the loop momentum ¢* which

then leads one to

G — 0T (T-q)  qu+i0T(T-q)

0
[2—i0(T- Q)2 [¢+i0(T q)22 —W@&q?) ; (5.71)

again with the timelike vector (T") = (v/2,0). By contracting with some spacelike vector S,
which is chosen to satisfy S -T = 0, one can get rid of the dependence on the vector T' in the

numerator
1 1 Sr 0
= —m

[2 —i0(T - q)2]2 [ +i0(T - q)2 S - q0gr

5(¢%) . (5.72)

Using the relation % f(®) = 2qua%2 f(¢?) one can reformulate the upper equation in terms of

q2

1 1
— = —2mi ' (¢*) | 5.73
0T g @i gpp o) o7
with the short-hand notation & (¢?) = 6%25(‘12)'
Taking into account the Heaviside function in the formulation of the derivative cutting rule

amounts to a small modification to equation ([5.73)), namely

1 1 -
0T QT P @@ g - @ ). (5.74)

Hence, if one has to cut the double propagator in a diagram where all the other propagators
and possible numerator structures are encoded in the function f(g, ¢?), one can proceed to use

integration by parts to “shift” the derivative from the delta function to the loop integrand

72



f(q,4?). This means that one has to calculate the derivative of f(q,¢?) and it turns out to be
convenient to parameterise the loop momentum with respect to which the derivative is evaluated

in terms of a Sudakov decomposition expressed in the ¢? variable, for instance in the form

2, 2
9 ju
¢" = api + s———pi +qn', 5.75
7 2a(pi - pj) ) (575)
where in this case pé‘ defines the forward and pf the backward direction. It holds that ni =—1.

Applying the FTT with this modification for double propagators to the loop integrals in the
first and third line of equation ([5.68]) or equivalently to equation (5.69)), i.e. to the integrals

(1) _ 45/ ddq ddk (pi ) k)(pj ) k)
imd/2 i7d/2 [p; - q 4 i0][—p; - ¢ + i0][k? + i0][(¢ — k)2 + i0][¢% + :0]?
d, — ad (5.76)
(i) =n [ . L ——
ind/2 i7d/2 [p; - ¢ 4 i0][—p; - ¢ + i0][k? + i0][¢? + i0]2 ’

leads to the following cut-contributions
Lo [ dlq A%, A (2m1)26(q)d (k)
0 =" [ o e e ) {_ o (i a) + 00—p; - (b + @) + W1+ )2 + 07
2(270)25 (k)6 (pi - q)
[~=pj - ¢ +i0][(q — k)* + 40][¢? + i0]2
2(2mi)?(—0'(¢*)0(g")) o (k)

P q +i0)[—p; -q + i0)[(q — k)% + i0) (5.77)
2(2mi)35(k)é(q — k)8 (pi - q)
[—p; - q + i0][¢2 + 0]
2(2mi)*(—0'(¢*)0(¢°)) 3(k)3(pi - q)
[=pj - ¢ +i0][(g — k)? + 0]
+2(2wi)3(—5’(q2)9(q°)) d(k)é(q — k)
[pi - ¢ +i0][—pj - ¢ + 0]
| 202mi)! (=8'(8*)8(¢") b(k)d(g ~ k) (pi - q) }
[—p; - q + 0] ’
and
g [ A% A%k | (2mi)25(k)0(pi-q) | (2mi)2(—8"(¢2)0(q°)) O (k)
(i) = / imd/2 jrd/2 { [—pj - g +i0][¢> + 4012 [p; - q+i0][—p; - ¢ + 0] (578)

CLOMGRICHIICS) 3(k)d(pi - q)
[—p; - ¢ + 0] ’

Due to the structure of cuts which appear in the equations and one can also observe
why the parametrisation of the loop momentum in equation is a convenient choice. In
particular, for the terms with the triple cuts & (¢2)d(k)d(p; - ¢) the parametrisation allows one to
express the §(p; - ¢) without an explicit ¢* dependence. Hence, when using integration by parts
to shift the derivative with respect to ¢ from the delta function to the other terms, it will not

act on the delta function of eikonal momentum (p; - ¢) but only on propagators dependent on
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q>

Furthermore, for triple cuts of the form & (¢2)d(k)d(q— k) the integration of the loop momentum
k has to be performed first using the delta functions 6(k)d(q — k). Afterwards, integration by
parts can be conducted such that the derivative with respect to ¢? will once again act only on

the loop integrand and not on delta functions.

5.5.2 Radiative cancellations for the self-energy diagrams

In order to demonstrate the IR cancellation of radiative cuts concerning the self-energy diagrams

one has to consider the following diagrams

seummy [ ( (1[5 O) e (06 | 0
e (D) e (07 2 0) |0
(

5.79)

Again, the Feynman diagrams are drawn with photon-lines in order to indicate that the colour
structure has been taken out and written as a global factor and the sum is once again understood
to exclude the case i = j, i.e. it holds that i # j.

Notice that the radiative double cuts of the virtual diagrams receive a factor of (—1) from the
FTT procedure (cf. equation .

For the virtual diagrams one has to multiply by a factor of 1/2 in order to avoid overcounting.
Additionally, when determining the squared amplitude of the gluon bubble-diagram, the sym-
metry factor of 1/2 has to be taken into account. Furthermore, for the emission type diagram
one needs to include the symmetry factor of the gluons as well as an additional factor of 1/2,
since the conjugated diagram matches the one which is already part of the colour sum. For the
amplitudes of the fermionic ghost-loops a factor of (—1) has to be included.

At the integrand level, equation leads one to

s 6
3wt [t e
{ . [(Qk +9)7°9* + (¢ — k)" — (2q + k)ﬁga"} [(Qk +q)og8s — (20 + k) pgos + (q — k)(ig,é’a}
+ 2k +9)79™ + (g = k)97 = 20+ £)°9°7 | |2k + 0)ogss — (24 + k) ags0 + (4~ K)ago
4 2k%gs — 2kaq5} —0.
(5.80)
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6 Conclusion and outlook

To summarise the main goal of this thesis was to determine some of the central ingredients to
soft gluon evolution [2, |6}, |9] at next-to-leading logarithmic order. These central ingredients
are the colour structure and the kinematic part of the two-loop soft anomalous dimension. We
aimed to determine both in an approach of algorithmic structure such that it is accessible to a nu-

merical evolution and can thus be extended to higher orders and beyond the soft approximation.

In order to describe the colour structure within the framework of the colour-space formalism
we chose the colour-flow basis |4} |6]. The formulation in terms of permutations of (anti-)colour
labels is very well suited for a numerical approach. Furthermore, the colour-flow basis allowed us
to efficiently determine subleading contributions in the number of colours and thus provide the
possibility to go beyond the usual large-N limit. In particular, we found that this is desirable
at two-loop level, since, in addition to the sum over two-parton correlations, a sum over three-
parton correlations is introduced, leading to enhanced coefficients which would not be accounted
for in the large-N limit.

Turning to the kinematical structure, the Feynman tree theorem [7, 8] allows one to take
an algorithmic approach by systematically expressing the loop integrands in terms of cut-
contributions. In this way the loop integrals are rewritten as phase-space type integrals. We
reformulated the Feynman tree theorem to be able to apply it to eikonal propagators, propag-
ators raised to second power and to the two-loop level integrals. Furthermore, it is convenient
to express the loop integrals in terms of their cut-contributions since one can readily choose a
parametrisation of the loop momenta (e.g. energy-ordering or perform a Sudakov decomposi-
tion) and analyse the imaginary parts in different orderings.

In order to uncover the cancellation of IR divergences we combined the real emission cross-
sections with the double radiative cuts of the two-loop diagrams.

In the treatment of the amplitudes we have used a covariant gauge. This is possible here, since
we have only considered soft gluons and the soft gluon current is gauge independent [10] for
double emission. If collinear gluons are to be included in the framework, one has to switch to
a physical gauge. When working for example in an axial gauge, the (linear) gauge propagators
have to be assigned an i0-prescription, the so-called “Mandelstam-Leibbrandt” prescription (see
[23]), which means that such types of propagators have to be cut in the course of the FTT cut-
ting procedure. Furthermore, for “double gauge propagators” a cutting rule can be introduced,
similar to the one presented in section [5.5.1]

In this way we have determined building blocks which hopefully give further insight to amp-
litude evolution at next-to-leading logarithmic order as well as to colour evolution beyond the
large-N limit. Since we aimed for an algorithmic formulation of the procedures, the results are

also relevant to branching algorithms.
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A Jacobian determinants

In this appendix several Jacobian determinants for different coordinate choices are listed.
To obtain a logarithmic integration over the energy of the soft gluon, which leads to an energy
ordering for multiple soft gluons, one may use the following parametrisation for the soft gluon

momentum k

k= (k:o,Eﬁ(f*Q) sin@,Ecos@) , (A.1)
where ﬁ(fﬂ) = ﬁfﬂ)(gp(d_?’)) depends on the (d — 3) angular variables. In order to rewrite the

measure d%k = dk9%d?—1k one has to determine the Jacobian determinant Jg

ok? Ok? ok? 2d—3\T
J OF Ocosf Op(d—3) cos 0 E (0( )2 ) (A 2)
= 7(d—2 7(d—2 7(d—2 == ~(d—2 . .
O R 79D sing —pall et gL
OF Ocos 0 Ap(d=3) 1 1 sin 0 9p(d=3)

The determinant of this [(d — 1) x (d — 1)]-dimensional matrix can now be expanded, such that

one finds
_(d—2) _(d—2)
_ _pd-2 2 i d—4 o d—2 _(d—2) o _ _pd—2 2 | (d—2) Of)
JE E (cos 0sin®"" 0 4 sin 9) ity EEC= E“sin” 0 iy pEc=o}
(A.3)

where it is used that the relation |aZ bY| = ab? !|Z Y| holds for the determinant of a d-
dimensional matrix, i.e. in this case for a (d — 1)-dimensional matrix one has to adjust the
power of b to d — 2.

As a result the measure in terms of the parametrisation in equation yields

2 —e
p2d% = dk° dE E*0(E) (%) " (1 - cos?0) " dcosfdQ@3) | (A.4)
where
d=3) _ | o(d—2) 97 ?| d-3
40=3) = |a=) | 472 (A.5)
Note that 5
o= — T A6
/ (1 —¢) (A.6)

If instead one would like to focus on transverse momentum ordering one can express the loop

momentum in terms of a Sudakov decomposition/light-cone coordinates, i.e.
kM = apj + B + K, (A7)

where p; - p; > 0 and the transverse components have to satisfy k£, - p; =k - p; = 0.

Therefore one can choose a frame in which

| Pi " Pj R(d—2
bi = %(1,05_ )a]-> )
pi =P (10070, 1)
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(d—2)

and for the transverse components k; = p, (0,7, ~7,0). As a result the Jacobian determinant
reads
9k ol OkY Ok Pi'Pj Di'Pj 0 ((‘)‘(d—S))T
o B op 890(‘1;3) 2 2
k4 ok? k4 ok D 'y S0
Jpo=| Ga o om  apr o gew | =P B0 (@)T
8E<d*2) 6];;(51*2) 8E(d*2) 6];;(51*2) . . d—9 aﬂ(d—2)
Ja o8 o aq,(ldfs) 0@=2 gl ﬁi ) pL%
(A.8)
Expanding the determinant one finds
_(d—2)
_ i3 |(d-2) Ony
Jp. = —(pi-pj) P77 |7} dpd=3) | 7 (A.9)
which leads to o
7 _
p2e Aok = dpip16(pL) (pi-py) <m> dadBdnd=3) (A.10)

for the integration measure expressed in terms of light-cone coordinates. In high-energy colli-
sions of hadrons one has to deal with particles boosted along a preferred axis, the beam axis.
Light-cone coordinates are very convenient for such cases since they have simple transformation
properties when a boost is applied and one can also identify which components of momentum
dominate [19].

In order to translate back to energy-ordering one can make use of

pL = FEsinf |
1
a=— (K+ Ecost) , A1l
Vereol ) —
52#(1€0—E0080) ,

\/2pi - pj

and hence, the Jacobian determinant for reformulating in terms of energy-ordering can be written

as

op1  Op1  Opy 0 sin 0 -F g‘frfg

OkO OF  Ocosf > 1
1 cos 0 B

_ da da da _ _
Jp,=E) = 90 OE Tcosd | — | V2pipi  \/2pip; V2pipj | T snd piop; (A.12)
0B 9B 9B 1 __cosf ___FE
OkV OE  Ocosf \/2pi.pj \/2pi.pj \/QPi.pj

Making use of the Jacobian in equation (A.12)) one correctly obtains the result given in equation

D).
Another convenient variable change which is used in section is (Ef_2), kD) — (py,m, gp(d*3)),
where 7 is rapidity. The variables are related by

7(d—2 —(d—2 _
RO = prat ™2 () A13)
k% =p, sinhyp .
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The Jacobian determinant for this translation reads

az;lpL 81%77 Sff,iiiii ﬁ(L )(Qp(d—i%)) g(d—2) me
= —p{ ?coshn | 7?72 (pld=3) % (A.14)
As a result one obtains for the integral measure
2
;ﬁ%ﬂk:<m%hmpi<;i> dn coshn dQ@=3) . (A.15)

In collisions of highly energetic hadrons the variable of (pseudo-)rapidity instead of polar angle
is commonly used. When applying a boost with respect to the beam axis, the variable of
rapidity conveniently transforms just as a translation [19]. In hadron collisions the production

of hadrons in the final state is in approximation not changed by such boosts along the beam axis.

One can rewrite the zeroth component of the four-momentum in an exponential form, namely
(o, B) = p1 (e",e7 ) [19]. Therefore, one finds together with equation (A.11))

2k0 2k0

N RN

If one now considers the process of a quark/anti-quark pair (momenta p;/p;) radiating a soft

a+ 3 =2p) coshn = (A.16)

gluon (momentum k), one can make use of the typical energy fraction variables x, = 2%%@ for
= pt 4+ p! + k# [24]. The energy fraction is equal to the energy of the parton a divided b

p; T D; gy q gy P y

the centre of mass energy of the process. In this case it holds that z; + x; + x;, = 2. With the

energy fraction of the gluon zj one can reformulate equation (A.16)) to get

2p | coshn = zp./5i5 , (A.17)

and thus, since the energy fraction lies in the interval [0, 1], one is lead to [24]

In (m> > In(2coshn) ~ |n| . (A.18)

pbL

This corresponds to a triangle-shaped region in a phase space expressed in the variables of
rapidity n and k = %ln (%), where A is some cut-off scale. This region of phase space defines

the so-called Lund-plane.
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B QCD-Feynman rules

In this appendix the QCD Feynman rules are listed, in particular in order to establish the

convention of momentum flow of the triple gluon vertex which is used throughout this work.

£, —i (9"~ (1-O")
1.0 DOTOOTT b = T 5
H,a
Kl
w =0k = g g+ (g PG 4 (1 k) g
T,C /l' b

— 77;92 [feac]eebd (g,uz/g’rp o g,upgm-) + feadfebc (g;ngp . g,u,Tgup)

+feabfecd <g;n'gpu _ gupgm')

H.a
% = igy"(t")';
J i

i(p+m) 5i

:pz—m2+i0 J

Y

k ey — i ab
k2 +i0

H,a
§ :gfabcku
b- - »--<-»- -cC

k

Note that in this work the mass of the fermion propagator has been neglected, all hard partons
are considered to be massless in the high energy scatterings (which is a valid approximation for

up-, down- and strange-quarks).
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C Colour-flow Feynman rules

In this part of the appendix the colour-flow Feynman rules are motivated and listed. As an
alternative to the method presented in section one may immediately use Feynman rules
where the part which concerns the colour structure is already expressed in terms of colour-flow
Kronecker deltas.

In order to reformulate the part concerning the colour structure of the usual QCD Feynman
rules one aims to convert adjoint indices into fundamental ones. This can be performed by using
the replacement rule

A% (A)l] — \/;TRAa...(ta)ij , (Cl)

where the ellipsis in the exponent of the general object A stand for possible other adjoint
indices in addition to a. Further, the Fierz identity and the trace identity of equation (3.12)) are
convenient for rewriting.

For the quark-gluon vertex, only focusing on the colour structure, one finds when using equation

)
_ (@)t 1 a\t (pa\m __ TR im_iim
g = () e = (S - o) e

J i
where the term proportional to 1/N can be dropped for the coupling, due to the fact the whole
term in the round brackets is a projector, i.e. PJZZ‘ = 6;5;” - %5;(521 [4]. However, if there are
external gluons one needs to multiply by the projector such that the colour sum evaluates to
N? —1 instead of N2, which would otherwise be the case. The factor of T in equation (C.2) is
written in this way, since it may be convenient to absorb the factor of 1/4/Tg into the coupling.

For the gluon propagator one finds

n j 1 - 1 - 1 .
J b ac scb a\i b\n m m

= §% = §9§5° = | —— - — YA YA —, ) ) C.3

€0000000% (ﬁTR( )j><ﬁTR()m>(nl NZ"> (C.3)

where the factors with the generators are to be taken out of the Feynman rule for the gluon

propagator, since they are already part of the quark-gluon vertex by using the replacement rule

in equation (C.1)).

For the triple gluon vertex one can rewrite

icJ

abc 1 1 abc (ja\t m (pC\T T i LT em i M ST
= fU o S FUEEY W) = e (T = 807E) - (CA)
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The colour-flow Feynman rules are listed in the following [4]

% x 01,07

o (61,6500 — 6.67"67,)

nYj%s

n r

L m

oc (81,67 676% + 61,61 5U5 + 67828507

n%j%s % n%s YvYj

—SLEUSIST — GUSL AL — S GLSLST)

sYj Yv n“vYs"j nvYj

As an illustration one may evaluate the gluon emission from the different types of parton
lines once again with this procedure and compare the results to equations (3.13)-(3.15)). For the

gluon emission off a quark line one finds

' _ _ 1 o
i = /TR 6" 0f, Py =\Tr <5“:; dgr — ﬁag% 5;;:) , (C.5)

!
7

where the projection operator has to be applied due to the presence of the external gluon. A

gluon emission off an anti-quark line leads to

g/ Qgr 1 Qaz!
i =—/Tg 0 On'" p;g;z =—\/Tg <5ﬂci(5g§: — Ndﬁff 5;‘;:) . (C.6)

Finally, for a gluon emission off a gluon line one does not have to multiply by the projection
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operator, since all of the 1/N-terms have to cancel. Hence, one obtains

(50 L sact 0 (sa,, soe SPet o sac,, S0
o <5ﬁc; %~ N8 55%) <5“c; 080, 08, — 00, Ope] Ope,

.7
Qcyy e aE; Qe; Qe aE{L
~ V/Tr (%; G5 O, — 03105 55%) .

These results match the expressions found in equations (3.13)-(i3.15)).
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D Two-loop current in Feynman gauge

In this appendix the calculation of squaring the two-loop current in Feynman-t’Hooft gauge is
given in detail and the result of [10] can be reproduced. For convenience the two-loop current
is written here once again (cf. equation (5.41))) [10]

T 0. k) = ST (0), T2R))

. o PRt —PiR pi-(g—F) pivy g (D.1)
+Z‘f“”c;Tl{<k‘q><p@--<q+k>> 2pi - (g + ) <p@--q><p@--k>+k-q”'

Squaring this expression in Feynman gauge amounts to evaluating (J71(q, N (=g (—g™)

J?\** (g, k), which consists of four contributions. The first one is
1 a a a TaQ
Z {J,ul(q)aJTQ(k)} {J# l(q)a‘] 2(k)} =
1 1 a a a Ta a a T a a
5{']2((1)) JQ(k)} + 1 (Jp,l (Q) [JT2 (k)’ J# 1(Q)] J 2('I€) + J7'2 (k) [Jpl (Q)> J 2(k)] Jra (Q))

5 (0 0) [3200), 31 (@)] + 352(k) [3%(0), 37 (1) (D-2)

SO e ot o 1
= 5{7(@).J (k)}+4CA%:(Tl TJ)(pi-q)(pi-k)(pj'Q)(Pj'k) ’

where the second term of the result above can be found by carefully evaluating the colour algebra
of the commutators of the one-loop currents in the first and second line of equation (D.2]). Since
it holds that

I e .
DPirD; Oa if 175«]

(22 (k) 3 ()] = D | T8 T | s = . (D-3)
;[ 7 (i k)pj ) | 3, ifereTg Bl else

the terms with the commutators in the second line of equation (D.2)) can be written as

(I3 (a) (352 (), 3 (q)] 37 (k) + 372 (k) [I7 (), 372 (k)] 34 (q))

1 . a a a a (p’i 'pj)(pi 'pl)
— Zfalagc T ZTZCT'I _ TIT;?T 2 .
12 ( oty T Tt ) (pi - k) (pi - @) (pj - @) (1 - k)

=

(D.4)

i7j7l

By performing a case analysis one finds that for i = j #1,i =1 +# j and i = j = [ the result
vanishes due to the fact that the hard momenta are on-shell. Furthermore for i # j # [ the
colour charge operators commute and one gets a vanishing result as well. Only in the case

j =1 # i one obtains a non-vanishing contribution which can be cast into the form

(I3 (q) (352 (), 34 (q)] I7 > () + 372 (k) [I7 (), 7“2 (k)] 3" (q))

F

1 o (pi - pj)?
2L AT ) G By 0y )
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Similarly, one can proceed for the contribution of the third line in equation (D.2)) which leads

one to
(I3 () [I2(R), 3 (q)] + T2 (k) [I2(0), 372 (k)])

! T (i pi)”
=3 2 O ) G e

> =

(D.6)

In this way one finds the result in equation (D.2)).
When multiplying the term of the second line of equation (D.1]) with its adjoint counterpart and

contracting the indices one finds

LT (pi pj)°pi-(q—k)pj-(qg—k)
Ca Z(Tl T;) {4pi (k+q)pj - k+a)(pi-0)(pi - k)(p; - k) (p; - q)

| dpi (g—K)ps-(a=k) (i Q@i k)+ (i k)ps - k)

A(k-q)*pi - (k+a)p; - (k+a)  2(k-q)*pi- (k+q)p; - (k+q)

Pi - Pj _pick picqg pi-q pj-k
+2(k‘q)pi-(k+q)pj‘(k+q)<4 piq pi-k pj-k pj‘q>}’

(D.7)

which can be rewritten as

(1 —e)((pi - k)(j-q) + (pi - q)(pj - k))
CA%:(TZ"T]'){_ (k-q)Qpi-(liJrQ)pj'(/HqJ)

(pi - pj)? L (pi-q)(ps- k) + (pi - k) (p; ~q)]

2(pi - @) (pi - k) (pj - @) (pj - k) 2 pi- (k+q)p;j- (k+q)
Pi - Dy 6 B Pj-q

+2(k'Q) [pz (k+q)pj-(k+q) pi-(k+q)pj-(k+q(p;-Fk)

_ pj-k‘ _ 1 _ 1 :|}
pi-(k+q)pi-(k+q)(pj-q) pi-k+qpi-q) pj-(k+q)pi-k)])
(D.8)

Finally, the last two terms of the product of currents (i.e. the product of the anti-commutator
with the adjoint contribution of the second line of equation (D.1]) and vice versa) contributes a

factor of

1. i}
§zfa1azc Z (pi- T Lur (T;h T>T§ + T;@T?l TS — TfT;fl T} — TfT?zT;u) ,  (D.9)

il
where I',,; refers to the second line of equation (D.1]) without the colour structure. Distinguishing

the different cases for labels of the hard lines 4, j and [ one obtains the following result for equation

_ Pi - DPj 1 1
C’A%: 2(k - q) [(pi “)(p; - k) + (p:i - ) (p; q)] ; (D.10)
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since non-vanishing contributions only occur for the cases (7 # ,i = j) and (j # 1,1 =1).

Combining equations (D.2)), and (D.10) leads one to

(30202 (g, K347 (g, k) = S{P(0), PR+ Ca (T Tp)Sy . (D)
i,J

where the factor S;; has the following form

G — (pi - pj)? [ B (pi-q)(pj-k)+(pi-k)(pj'qq
T 2pi k)i q)(py - k) (pj - q) pi- (k+q)pj- (k+q)
A=) k) pi-9) +pi-a)pi-k)  pi-p { 2 N 2 (D.12)
(k-q)?pi- (k+q)pj- (k+q) 2(k-q) [pi-a)(pj-k)  (pi-K)pj-q9)
_ 1 <4+ ((pi'Q)(pj'k)+(pi'k)(pj'Q))2>]
pi-(k+q)pj- (k+q) (pi - @)(pi - k)(pj - @) (pj - k) ’

which coincides with the expression in equation ([5.43)) and thus one can reproduce the result in
[10].
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E Colour structures in the colour-flow basis

In this appendix the detailed results for the matrix elements in the colour-flow basis of the colour
structures from the one-loop/one-emission Feynman diagrams depicted in Figure [13| are given.
To find these results, the colour structures of the diagrams have been analysed in analogy to the
one-loop case described in section

E.1 One-loop/one-emission order

Writing the colour structure of diagram (a) in Figure [13|as a matrix element in the colour-flow

basis leads to

Aj — /\j)5cml(cn>]

., o
+ D Gorap\n [N (Az’ AjOejo1(@)0(@b)(esen) = A AjOeio1 ()0 (@b (ciren)
(ab)

+
>
|
by
e

AN Oei0-1(2,)(ab) (o1 @)ren) — Aimﬂw—l(a->5<a,b><ci,cn>)

+ %%7—1@)(& = X (MAB ety T MMt 0 20
XA (@b (eiey) ~ Xixﬁm,b)(a—l@)p-l(a)))

- %(/\i = ) = A) (Nib(ab)eren) — Aib(ap) (o1 () en)) }

+ Z Z 50T(a,b)(b,c)\n

(a,b) (b,c)
2 32
[Az‘ Aj0(a ) (enses) Obe)(cives)  ATATO(@b) (en,e)O(b,0) (e 1 (22)
25 N2
—ATAIO(@0) (ensei) Obie) (i1 (7)) — i W(a,b)(cmrl<Ej>>5<b,c>(ofl@,a*(a))}

2D oo\ AN [ Sab) o @)en) (Xjfs(c,d)(ci,a—l@)) - W(c,d)(cz-,cj))
(a,b) (c,d)
H0(a,b)(cien) (W(c,d)(a*l@),o*l@)) - Ajé(c,@(cj,rl@)))] )
(E.1)

where this result, as in the one-loop case, includes all of the different combinations of types of
partons for the external lines encoded in the factors of A; ;. Compared to the one-loop result,
there are several new structures appearing. First of all, there are not only single swaps of the
colour labels, but also double swaps of the form (a, b)(b, ¢) have to be performed such that the
colour labels of the emitted gluon are merged and the permutations o and 7 match. Further, one
finds terms which involve two swaps of different colour labels, which are, however, only present
for a hard gluon line ¢. This is another difference to the one-loop case, at one-loop/one-emission
level one finds terms which exclusively contribute for external gluon lines.

For the colour structure of diagram (b) where the emission of the soft gluon takes place after
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the virtual exchange one finds a different matrix element

1 - _
[T‘(Tz . T])Tz ‘0’> = N250’T\n66n7*1(5n) |:]\72 (AiAiAj(scjafl(Ei) - )‘i)‘i)‘j(sciofl(éj)>

1 _ _

+ﬁ(>\ = X)) - AJ):|

+ D O\ [NA A (Wcza 1) 0(@b) (o (@) en) — Aj0ejo1( >5<ab><cz,cn))
(a,b)
1 _ _ _

+ o Oenr1(en) (A = Ai) (AjAid(a by e.01 (7)) + AN (ab) (0 @)ey)

_Ai)\jé(a7b)(ci’cj) 5\ 5\ 5(a b)(o- 1(C1) o~ 1(Cj)))
1 _ _ _ _ _
= 3 i = A5 = A0 p)(esen) + N)‘i()‘i =)A= )‘j)é(a,b)(a—l(ci),cn):|

+ Z Z 007 a )by \1

(a,b) (b,c)
[A?A 10a.8)(enes) S0 g0 F A ATO(@8) (a0 (@) () (01 @1)cy)
AN (@)oo ()00 (0 () .e0) ~ NAT(@)(enr (@) Oic) (o (00 2,)
AN 001 (2)0(a,8) (enc) O(bre) (esnc) T AiAi)\jdciU*1(Ej)5(a,b)(cn,ci)5(b,c)(01,0*1(Ei))]

+ Z Oomtay ety \nAiMi [A (5<a,b><o—*1(a>,cn>5<c,d>(ci,afl<ej))
(a) (c.d

_5(a,b)(ci,cn)5(c,d)(ﬂ_1(Ei),U_l(Ej)))

—Aj (5<a,b><o*(zi),cn>5(c,d)<ci7cj> + 5(a,b>(ci,cn>5<c,d>(afl(a-)w))} '
(E.2)

The diagram with the the triple gluon vertex in Figure [13|c) gives a much shorter result than
the previous two colour structures, since in this case there are no U(1)-gluon contributions and

therefore also no 1/N suppressed terms occur

[T’TgTiTj |O‘> =+Tgr {607'\7150“7—*1(6“) |:—)\15\j50i071(5].) + j\i)\j(sc.a-fl(éi)]

N Sorui\n [Wﬁcmfl(ej>5<a,b)<ci,cn> Aidjle;o- 1(@)6@,@(%,%)}
(a:b)

+ Z Z 50T<a b)(b,c) \

(a,b) (b,c)

[AW (5(a,b>(cn,c¢>5<b,c><ci,a—l(@)) - 5<a7b><cn,a—1<6j>>5<b7c)<a—1(ej>,ci>) (E.3)
+Aid; (5<a,b>(cn,crl<Ei>>5<b,c>(ofl<a>,cj> - 5(a,b>(cn,c]-)5(b,c)<cj,g—1(@)))

+Ai; (5<a,b>(cn,cj>5<b,c>(cj,cn - 5(a,b><cn,Ci>5<b,c><c¢,cj)>

337 (B eno1 )00 0 210 20

—5<a,b><cn,a*(zi)>5<b,c>(crfl(a>,ofl@-)))}} ,
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where Ty = ifq,. and there is an overall factor of /Ty, since for the gluon vertex one does not
encode this factor with the A; ; variables. For the diagram with three hard lines (see Figure
13|(d)) one finds

1 _ _ _
[71(Ti - Tj)Tylo) =N?65nnbepr-1(2) []\74()\2' = A)(Aj = A) (N = A)

1 /- _ B _
+m (Ai)\j()\l - )\l)(scja—l(gi) + XN (N — /\l)5ci01(cj)>]

3 barain [ Noaanios@nen (Mhidbeoie) + AAN001(:))

(a,b)
—Né(a,b)(cl,cn) (AinAlécia_l(Ej) + j\iAj)\léch'_l(Ei))
1 - - -
37 = 2 = X)) (Mid(apyo=1 @).en) — Mdab(eren))
1 - - _
oy Oenr1(en) (A = A1) ()‘i)‘j(s(a,b)(ci,a—l(éj)) + AiXj0(a,0) (0= (@),c5)

—AiXjO(ab)(eie;) — mﬂ(a,b)(o—l(m,a—l(@)))}

+ Z Z 007y (cdy\n

(a,b) (c,d)
[—Wﬂ(a,b)(ofl@xcn) (Aﬂ(c,d)(ci,cj) - Xﬂ(ad)(ci,a*l(@)))
ANty ) (Ao @) — MOledyio @01 6)
FANO@,b) (eren) (W(c,d)(ci,cj) - W(c,d)(cha—l(@)))

~AiNi(a)(er.en) (Aj5(c,d><rl(a>,«:j> - xjf5<c,d><rl(a-),afl(@-))ﬂ )
(E.4)

where in this case there are, apart from the p-terms, only single swaps or two swaps of different
colour-labels. Note that for all of the one-loop/one-emission colour structures the “open” adjoint
index has been contracted with a polarisation vector, i.e. for instance for equation one
defines (T; - T;)T; = (T; - T;)T} - ¢ .
In Table (1| the one-loop/one-emission diagrams, which contribute in the soft limit are listed.
The diagrams are stripped off their colour factors, for this reason they are drawn with photon
instead of gluon lines. The kinematical factors are obtained by evaluating the Feynman rules
for these QED-type diagrams. Note that the colour structure for the bubble and self-energy
diagram in Table |1}is written as TrT{ according to the convention introduced in equation .
Furthermore, Table [2| gives an overview to be able to identify which diagrams contribute to
which coefficient of the soft anomalous dimension matrix element in the colour-flow basis (cf.

equation (5.9))).

E.2 Two-loop order

In this part of the appendix the detailed results of the matrix elements of the colour-correlators
of the two-loop diagrams which contribute in the soft limit are given.
The virtual double exchange diagram (see Figure[L5(a)) has a colour structure of (T;-T;)(T;-T;),
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Coefficient Diagram _ Colour factor
QD O™ | mmey
;
LY 0% |onm
i @ jo—
i (E T (T; - T)
0 T, nm
J
z(,lx;;r)tex—corr. ( ) Zi TRT?
j

Table 1: Amplitudes of the one-loop/one-emission diagrams contributing in the soft limit.
In each case the diagram is split into its respective colour structure and into the
kinematical part which is abbreviated by the Q(1:1_coefficients. The latter are
obtained by using QED-type Feynman rules.

Structure

g

N
NENENENENENEN 7

R
<.

\X&\\&&E

Por
pr
S
S0
D
ALY

SNENENENENENEN

EH(LI)

Table 2: Overview of which one-loop/one-emission diagrams contribute to which structure
of the soft anomalous dimension matrix in the colour-flow basis.
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as a matrix element in the colour-flow basis one finds the following expression
[7|(Ti - Tj)(T; - T))|o) = N?657

0

[/\225\?(561.01(%.) + 5\12)\?5%.071(5 ) T 2)\¢5\i/\j5\j(5¢i071(Ej)écjafl(@)

+ %(/\i =)y = X)) (/_\Mﬂscjafl(a) + /\z‘j\j‘Scm*l(Ej))
+ % (APAZ+A20%) + %(Ai —X)*(A - Aj)ﬂ

+N (Zb) Gortany | NNty err1(2) + NN (00120 )
+%(>\i =2 = A) (Aij\ﬁ(a,b)(ci,a—l(zj)) + AiXi0(a,b) (01 e).c5)
AN b eues) — MA@ ) )

—AiNi (/\]25(a,b)(ci,cj)5cjgfl(a) + 5\55(a,b)(q,a*1(ai))5c,-a71(aj)>

2325 (A8 penepdeioiiey) + N 5<a,b><cj,a—1<aj>>5cja—l<a>)
FAANN (B (o1 @0 Feio 1) + Va1 ey Pesom1@0)

- Z Z 5"T<a,b>(b,c>

(a,b) (b,c)
[Az‘m? (5<a7b)<cmfl<a>)5<b7c)(a*1(a>7cj> + 5(a,b>(ci,cj>5<b,c><cj,afl(a—)))
XA (5<a,b)(ci,o—l<Ej>>5<b,c><o—l<aj),cm + 5(a,b>(ci,cj>5(b,c><cj,a-1(@)))
FANXE (S0 )01 50 b) o 0 )
+5(a,b><ci,a—1(6j>>5<b,c)<a—1(ma—l(a)))
A AN (5<a,b>(afl(a)rl<zj>>5<b,c><ofl<zj>7cj>
+5<a7b><a*1(a),cj->5(b7c)<cj«rl@-)))]

+2 Z Z 5UT<a,b)<c,d> )‘ij‘i/\j 5‘]’
(a,b) (c,d)

[5<a,b><ci,a-1(Ej>>5<c,d><o—1<a>,cj> +0@b)(cies)Ved) (o1 (@)1 (2))
(E.5)
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The “crossed” double gluon exchange in Figure (b) leads to a different result

[T’TlTZT]T]‘O'> N 507- |:2)\ )\ )\ )\ 5@ o= (c )50]0 1(01)

) _ _ _ _
+ W(A M) = A AiNbeo1(2) + AiAiOes o1 (2)
1 _
272 242 2 2
+W(/\)\ ST R = PYEPOLOVEDY)
+ D doriu [NA Af(abeses) + NAATO @by (o1 @)1 e)
(a.b)
F2N XA (500 1) 0(@b) (0~ (@) c5) +5cja*1(a>5<a7b><cz-,afl(ej>>)
2 - _
08 = R0 = 85) (Al enr16) + Aididate, o)
A0 (ab)(eres) ~ AiAjO(ab) (o (@)t @)))}

o Z Z 507(a,b)(b,c>

(a,b) (b,c)
[A? Aii (6(a,b)(ci,cj)5@,0)(0].,04(@))) + 5(a,b)<ci,afl(a))fs(b,c)(ofl(a),cj))
”?Aiﬁi(%,b)(q,o*l( 0)0(b.0)(0 (€)1 (2) T O(ab)(ei0~1 () O(be) (01 ()0~ 1<cz>>>
AN (5<a,b><a—1(a),cj>5<b,c>(cj70—1@)) + 6(a,b>(a—1(@),g—1<aj))5(b,c)(g—1(aj),cj))
AN (5(a,b)<c,.,g—1(aj>)5(b,c)(g—1(zj>,cj) + 5(a,b><ci,cj>5<b,c>(cj-wl(@-))ﬂ

2D ) Gor e MiAiA A |:6(a,b)(ci,a—1(Ej))(s(c,d)(cj-,o_l(fi))
(a,b) (c,d)
+5(a7b><ci,cj>5<c,d><o—l<a),a-1@~>>} :
(E.6)

The structures in equation and have many terms in common, there are, however, also
some differences. As an example for the latter, consider the diagonal structure of 1/N 2(/\12)6 +
5\?5\?) for the double gluon exchange, while one finds that this term appears for a different parton
content in the case of the crossed exchange, namely 1/N 2()\125\? + /_\12)\3) Furthermore, there is a
difference in parton content for certain off-diagonal single-swap terms; for the double exchange

there is a contribution of the form

E:c,-’ —>— > —>»—C;

% | 272

[: 11! = NiATNOor, 1) 0(a,b)(civo 1 (@) - (E.7)
T — -« <«

o
'

for a hard quark and anti-quark line. The corresponding part from the crossed exchange origin-

ates from two hard quark lines ¢ and j

L
G} Ci

)

.

24,2
= A AjN&UT(a,b)é(a,b)(cz‘ﬁj) : (E.8)
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From this it also follows that for the double exchange in equation one gets a term with a
colour-connection in the basis ¢ for ¢ and j, while there is no such term for the crossed exchange.
It turns out that there are some contributions for the double exchange concerning hard gluon
lines, which do not appear for the crossed exchange. For instance, for the double exchange in

equation (E.5)) one finds for a hard gluon line j and a quark line ¢ a contribution of

G > > i
A >< = = ANA N Oor, 4 (ab) (crnes) Oeio1 () - (E.9)

J
“i

However, for the crossed exchange diagram the structure which corresponds to the contribution

in equation (E.9), namely,

——C ¢
oA EZ’( . - _/\i)‘jj\jN(SUT(a,b)5(a,b)(ci,cj-)5cia*1(aj) ; (E.10)
G g

is cancelled by the following structure

oA Yl::f;f: >< ) — )\Z')\j)\jN(so-na’b)6((175,)(61_70]_)(5%0,—1(6],) . (Ell)

T J
- —

ci g

The same argument applies to the cases with a hard gluon line j and an anti-quark line ¢, as

well as to a gluon line ¢ and (anti-)quark line j.
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For Figure [15(c) one obtains in the colour-flow basis

[7|(Ti - Ty)(Ty - Ti)|o) = N?6,r [ — ik (Ajj\ﬁcm—l(a)% o-1(;) + AMeio-1(e;) 0co- 1(cz))

1 _
+ < Ah( = A) (Ajacmfl@) b, I(CZ)>

1

+ W(A — /\)()\ - ) (/\ij‘l(;ciafl(ﬁl) + ;\i)\ldclgfl(a))

N2 <)\2/\ )\l5c o—1(¢) — 5‘225‘1')‘1561071(@'0

1
R

i 0 = R = 3) (- 3

+ Z 50% b){ —Xi) [()\l - N) (Ai;\jfs(a,b)(ciﬁ_l(zj))

(a,b)
FAN O ap) (o1 (@)re;) — AiAiO(ab) (o1 (@) 01 () — NiAjO(a, b)(cwcﬂ))
5 = A7) (Midiba)(evo1@)) =~ Aidid(apene) T Aidid(a )o@
*5\15\15((1,1))(0—1(a),a‘l(fz)))]

N [=XA0ei01) (Aid(atyenes) = Aidapyiens1e))
+5\§)\16W—1(@.) (Ajé(a,b)(c]',cl) - j\j‘s(a,b)(a‘l(@),q))
NN st (2 S b (enscr) X?Aﬂzécﬂrl(a)(s(a,b)(ofl(a),cj)}
+ N\ [)\l(gclo-fl(gi) <>\j5(a,b)(c¢,0j) - ;\jé(a,b)(czwtf’l(éj)))
+)\j60j(,—1(<) (/\15(a b)(cire) j‘lé(a,b)(cm‘l(éz)))
~Aj0eio-1(z;) (MO(ab) (01 @)er) — MO(ap) (o @)1 (@)))

~Nbeo1(e) (Ajfs(a,b)(a—l(a),cj) - Xjé(a,b)(g—l@,(,-1@)))} }

) ,
+ D2 Foran [Ai A0(a ) (ei.cr) (W(b,c)(cz,cj) - W(b,c)(cz,o—l(aj)))
(a) (b:)

. _
— AN (ab) (ex0 1 (1) (W(b,c)(o—l(a),cj) - Aﬂs(b,c)(a—l(zn,a—l@»)
AN O(a )0 ().cy) (Al5<b,c>(cj,cl> - M(b,c)(cj,a*l(a)))

— X80y o101 (@) (Al%c)(a 1@ ~ MO(bo (o1 e))0- 1(01))”

+ Z Z 00T (a,b)(crty Ni Ai

(a,b) (e,d)

[Al‘s(avb)(%cz) (W(c,d)(o-l(m,c» - Xj5(c,d><o-l(a),a-1@))
+Ai0(@b)(ere) (M(ed) o1 @)er) = MO @0 (@)
(e tenr @) (Aidied o1 @en = Mdiedyo @01 e))

“2i8(apeno-1e) MO(edo-1@a) = Meao-1@)o- 1))
(E.12)
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while the colour structure for swapping the order of the two exchanges leads to (a diagram which

is contained in the colour sum)

[T’(Tl : Tl)(Tl ) Tj)’0> = N250T [ - )‘15‘2 (Ajj‘lé‘cm*I(El)é-cjcrfl(ﬁi) + j‘j)‘lécmfl(Ej)(SClU*l(Ei))

1 _ _ _ _
+ W(M — X)) (N—N) (Ai)\jfsciafl(zj) + /\i>\j5c]'cr*1(6i)>
1 /oo -
_ W ()\Z )\j)\léclo_l@) + )‘z' )\j)\l(scjg—l(gl))
1 o
+ 32NN = A) Meo1(@) = Moo (@)

+ %(/\i = )2y = )N - Al)]

+ D Ooria {N Aii [Wcja*l(a) (Md(ab)(ercr) = MO(ab) e @)
(ab)

+Aibei0-1(2)) ()‘jé(a,b)(cz',cj') - 5‘]‘5(@717)(61'70‘1(5;‘)))

M) (Manior @)~ Mdanio @re1e)
N8tz NB(a o)) — MOy (o o1 () |
N [~ Aes01(2y) (M) — Ml cnort )

A A0 0-1(2,) (/\15(a,b)(cj,cl) - 5\15(a,b)(cj,afl(a))>

~ XX A0 101 () (ab) (01 (@) ser) — Azz)\jj\lécjo'_l(Ei)é(awb)(ci»cj)]
+%(Ai = 2) [N = X)) (NiNid(a ) (eo.o- 1)) — AiMO(apy(esnen
FXNG(0,0) (01 (@1),e1) — MM (a,b) (01 (@0),01 (7))

+(N =) (AiW(a,b)(ci,rl(zj)) + XiXj0(a )01 ().es)
“AiXO(a b eney) — MO o @ @) )|

) _
+ Z z 5UT(a,b)(b,c) {)‘i )‘jé(a,b)(cwj) <)‘l5(bvc)(0jvcz) - )‘55(570)(%0_1(@)))
(a,b) (b,c)

AN, (@) (W(bvc)(cz,cj) - W(b,c)(cl,ofl@)))
e _
— AL A (0,) (0 ()0 (@) (Ajé(b,c)<a—1@,cj) - W(b,c)(wl<a>,a*1@-)>)
. -
—A A0 (@b (i1 (2)) (Alfs(b,c)(o-l(ej),cz) - Al5<b,c)(a-1@»rl(a))) }

T Z Z 5UT(a,b)(g,d) )\ij\z‘

(a,b) (c,d)
Mitaneney Adieao @ = Moeae1@roi@n)
~Ad(@b)(ero(2) MOy ee) = Moo @0 (@)
FA0(a.b) e er) (W(c,d)(a—l(a),cj) - Xjé(c,dxa—l(@),0—1@))

=N0(a,b)(ci,0 (@) (Aﬁ(c,d)(rl(a),cj) - W(c,d)(crfl<a->,o*1<z]-)>)} :
(E.13)
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One can readily get from equation to by swapping the [ and j labels of the hard
lines. There are some structures which are symmetric under this swap, thus these remain the
same for both cases. However, there are also parts which do not show this symmetry under the
exchange, these then do not coincide.

Finally, the colour structure of Figure [15(f) in terms of a matrix element in the colour-flow basis

can be written as

1 _ _ _
[F| Ty T TiTy|o) = \/TrRN?6, [Ng ((Al ) <>\i)\j5cm—1(6j) = AjAide; - 1(cz))
+(0 = X)) (AiMiBeo-1(@) = Aidideio-1 ()
+(Ai — ) (5\1/\j5cj-a71(a) - XjAlécm*(E;-))) ]

+ > boruny NVTr
(a,b)

[)\Z-j\j)\ﬁ(a b)(ci,cr) <5cla*1(}) - 501'0’1(53'))
FAAAS @ b)) (g2 — P (e
FAN N (ab) (errc)) (5%0 1@) ~ Ocjo 1(cl>>
FANA (6 Yeno—1@))Oeio—1(2;) — O(ad)(ciro- 1(%))5@0—1(@,))
DYV (5ab (0-1(@:),¢;)Oc;0-1(e) — 5(a,b)(0j’0*1(Ez))écj"*l(@'))

(

FXNAL(O(ab) (01 .) 001 (@) — 5(a,b)(071(a),cl)5c,afl(aj))}

+ Z Z 6UT(a,b)<b»C) \/JTR

(a,b) (b,c)

(E.14)

[AMﬁ(a,b)(cm) ()‘Z‘S(buC)(Cj»Cz) - M(b,c)(cj,a—l(a)))

—Ai\i0(a,b) (ci,c1) <)\j5(b,c)(c,,cj) - /_\j5(b,c)(cl,afl(zj))>
“AXidapyenoe) (MOboei e — Mopaeiepe i)
+XiNO(a,b) (0 @0).c0) (Ajé(b,qu,cj) - j‘jé(b,c)(czﬁ’l(ﬁj)))
“AAi(a o1 @) (MOberc) = Nseyep o (@)
AN o1 (eo@) (Moot @e) = Moo o)
AN )0 @) (M0e0 @) = A0 01 5)

FAA(ab) (01 (@).0 1 (7)) (Al5(b7c)<o-1@> )~ MO0 (01 (50 l(cn)ﬂ :

In Table [3] one finds an overview of the two-loop diagrams and their respective colour factors
as well as their corresponding kinematical parts. For an overview to determine which two-loop
diagrams contribute to which structure of the soft anomalous dimension matrix in the colour-flow
basis consider Table [l
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Coefficient Colour factor

(T; - T;)(T; - Ty)

TngTng

~|=.
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00 R —
!
2
gj,)self—en. TR(TZ ’ T])
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2
gj,)vertex—corr. TR(TZ : T])

EEviEE,

~.

Table 3: Amplitudes of the two-loop diagrams contributing in the soft limit. In each case
the diagram is split into its respective colour structure and into the kinematical
part which is abbreviated by the Q()-coefficients. The latter are obtained by
using QED-type Feynman rules.
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Table 4: Overview of which two-loop diagrams contribute to which coefficients of the soft
anomalous dimension matrix in the colour-flow basis.
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F List of kinematically forbidden cuts for one-loop/one-emission

and two-loop order

When applying the Feynman tree theorem to the diagrams of one-loop/one-emission and two-
loop order several cuts occur which do not give a contribution due to kinematic constraints
which cannot be satisfied simultaneously or due to the form of the integral in the transverse
momentum variable (cf. equation ) In this appendix such cuts are identified and listed

for each of the two-loop diagrams.

In dimensional regularisation the following integral vanishes

/0 Tag (”)255(&)1 =0, (F.1)

qL

if the integrand I either does not depend on the transverse momentum ¢, or if it is a regu-
lar function for ¢; — 0. Due to the presence of the § (qi) one can cut off the upper integral
boundary at an arbitrary value, such that there is no UV divergence anymore. Consequently,
the € parameter is smaller than zero since one only has to deal with the infrared behaviour of
the integrand and as a result the integral vanishes. This property can be used to neglect several

cuts which occur when applying the Feynman tree theorem to the loop integrals.
In the following, the vanishing cuts are listed for each of the diagrams:

Two-loop double exchange diagram (equation (5.45]))

d?kdlq 5(k)d(q)d(pi - (k+ q))3(p; - )

d?k d?q 6(k)d(q)d(p; - (k + q))

d?k d?q 5(k)5(pi - (k + q))d(pi - q)

d%k d?q (k)0 (q)d(pi - q)

A% d?q 6(q)é(pi - q)0(p; - k)

Ak dq 5(q)d(pi - 9)3(p; - k)3 (k — q)

The first as well as the third cut evaluate to zero since, using the parametrisation g* =
apl’ + Bk* + n'/qy, one finds a both a §(8) and a 6(1 + ). All of the other cuts vanish
since they lead to a contribution of the form of equation (F.1]). This can be observed by decom-
posing the loop momenta in terms of light-cone coordinates, i.e. k* = ap}’ + Bp/ + n’i ok and
q" = apl' + BP; + n’i’qu_. For instance, for the fifth cut in the list, one gets 6(8)8(3)0(2a3(p; -
p;j) — ¢ )0(& + B) and the remaining integrand is of the form ([—a 4 i0][—& 4 i0])'. This gives
a vanishing contribution according to equation for an integrand independent of ¢, . Sim-

ilarly the other cuts can be shown to vanish.

97



Two-loop crossed double exchange diagram (equation ([5.46))):

A%k d?q 5(k)S(pi - @)d (i - (k + q))

o d?kd?q 5(q)0(k)d(pi - (k + q))

o dkd%q 5(q)d(k)o(pi - (k +q))d(pi - q)

o dkd?q 5(k)d(q)d(p; - q)

o A%k d?q 6(q)5(pi - k)3(pi - q)

o d%d?q 6(q)0(k — q)d(p; - k)o(p; - q)

o dkdiq 6(q)d(p; - k)d(pi - q)d(p; - (¢ — k)

o d?kd?q 5(q)o(k — q)d(pi - k)S(p; - (¢ — k)

o A% d’q 0(q)d(k — q)3(pi - k)d(pi - )5 (p; - (q — k)

The cuts of the first and the third point evaluate to zero due to kinematic constraints, as already
described for the double exchange diagram.
All of the other cuts can be brought into a form of the integral in equation (F.1)) and thus vanish

as well. For instance, in light-cone coordinates, one finds for the eighth cut a contribution of
8(2aB(pi-pj) — q1)0(a+ B)d(a— a)d(2a(pi - pj) — kT — 2(af(pi-pj) +aB(pi-pj) + kg (ng k-

ni q)))0(a+ 5 — & — B)d(B). Due to the restriction (g ) from the measure, the first delta

function implies 6(&)0(5), while there is also a §(—f3) when setting 8 = 0 and o = & according
to the other delta functions. Thus, one has to demand that 6(g%) holds, which leads to the

conclusion that the cut vanishes.

Two-loop vertex-correction diagram (equations (5.47)) and (5.48)):

After the reduction of the two-loop vertex diagram two integrals remain. Their analysis (cf.
equation ([5.47)) and (5.48))) leads one to the following cuts which give a vanishing contribution:

o dkdlq 5(q)d(k)d(q — k)d(p; - k)
o dkdlq 5(q)d(k)d(p; - k)
o dkdlq 5(q)5(k)o(k + q)d(p; - k)

These three cuts all give an integral of the form of equation (F.1)).

Two-loop double exchange diagram with three hard lines (equation ([5.50))):

o d?kd?q 5(k)S(p; - (k+q))d (i - q)
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o d%diq 5(k)o(q)d(pi - (k + q))

o d%d?q 5(k)d(q)d(pi - (k +q))3(p; - q)

o dkd?q 5(k)o(q)d(p; - q)

o dkdlq 6(q)5(pi - q)5(pi - k)

o ddlq 6(k — q)5(q)d(pi - k)S(pi - q)

o dkdlq o(k — q)5(q)S(pi - k)o(p; - (¢ — k)

o d?kd?q 6(q)d(pi - )6 (pi - k)S(ps - (q — k)

o d%kd%q 5(k — q)d(q)d(pi - k)d(pi - )8(p; - (¢ — k)

Two-loop triple gluon diagram with three hard lines (equations ([5.51))-(5.53)):

o d?kd?q 6(q)0(k)o(k + q)6(pi - (k + q))

o d%kd%q 5(q)d(k)d(q — k)d(pi - (k —q))

o A% ddq &(k)o(q — k)S(pi- (k—q)d(pi - q)
o dkd?q &(q)d(k)3(pr - q)

o A%k d’q 3(q)d(p; - (k —q))d(pi - q)

o d?kd’q 5(q)d(q — k)3 (pi - (k —q))é(p1 - q)
o d%diq 6(q)6(k)d(pi - (k—q))5(pi - q)

o dkdlq 5(q)d(k)3(q — k)d(p1 - q)

o dkdlq 6(q)5(k)o(q — k)S(pi - @)é(pi - (k — q))
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