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1 Introduction

The high-energy limit of scattering amplitudes has been a fascinating avenue in exploring
the strong interactions already before the discovery of QCD, see e.g. [1-6]. The behaviour
of amplitudes at high energy was described in terms of fundamental objects in Regge theory
associated with specific exchanges in the scattering process, which are characterised by
their singularities in the complex angular momentum plane [3, 5, 6], namely Regge cuts and
Regge poles. With the development of perturbative QCD it became clear that this limit is
also an extraordinary laboratory for investigating the behaviour of gauge interactions to
high perturbative orders, and resumming them.

The discovery of gluon Reggeization in non-abelian gauge theories [7-10], made it
possible to predict the high-energy behaviour of amplitudes to all orders in the coupling in
the BFKL approach [11-14] and provided a direct link between concepts of Regge theory and
QCD. In particular, focusing on 2 — 2 scattering, perturbative corrections are dominated at
high energies by large logarithms of the ratio between the centre-of-mass energy s and the
momentum transfer —t. Each perturbative loop order comes with an additional power of
this logarithm, hence the expansion must be resummed to all orders in the strong coupling.

At the leading logarithmic (LL) approximation this resummation amounts to a simple
exponentiation. This is best understood as a consequence of factorisation of the amplitude



in rapidity. Factorisation translates into evolution equations, such as the above mentioned
BFKL equation [11-14] and its non-linear generalisation, the Balitsky-JIMWLK equa-
tion [15-19], whose solutions resum the dependence on s/(—t). BFKL theory can also be
seen as describing the dynamics of effective degrees of freedom, the Reggeised gluons, or
Reggeons, which propagate in the two-dimensional transverse space. The aforementioned
simplicity of the LL approximation can thus be seen as due to the propagation of a single
Reggeon in the t-channel.

Beyond the LLs, the solutions of rapidity evolution equations develop a rich structure,
which features Regge cuts, in addition to the Regge pole. These Regge cuts can be understood
as due to the exchange of multiple Reggeons. In the Next-to-Leading Logarithmic (NLL)
approximation of the amplitude, the pole and the cut contributions are well understood.
The former determines the real part of the amplitude in terms of a single Reggeon exchange,
similarly to the LLs [20-22]. In turn, the Regge cut is associated with the exchange of
a pair of Reggeons, which enters the imaginary part of the amplitude. This tower of
corrections has been recently computed by solving the BFKL equation iteratively through
13 loops [23-26]. This example makes it clear that the special features of the Regge limit
allow to uncover structures of the perturbative expansion of gauge theories, far beyond the
reach of fixed-order calculations in general kinematics. Furthermore, it holds the promise of
resumming the expansion.

In this work we focus on the tower of Next-to-Next-to-Leading Logarithms (NNLL) in
the real part of the amplitude. Here, contributions of both a single-Reggeon exchange and
a triple-Reggeon exchange become important and their interplay generates both a Regge
pole and a Regge cut. These effects have been studied using different approaches [27-37],
but the all-order expression for the NNLL amplitude is not yet known. While the Balitsky-
JIMWLK equation [15-19] has been shown to apply [23, 35, 36] also in this case, its exact
solution is beyond the reach of present methods. Significant simplification may be gained
by considering the planar limit, where the exchange of any number of Reggeons can be
solved exactly [38-41]. Indeed, it is long known that Regge cuts arise from non-planar
diagrams [1, 3, 4] and therefore their contribution is expected to disappear in the planar
limit, drastically simplifying the amplitude, which can then be expressed as a Regge pole.
We are interested in the structure of the amplitude in general colour, and we follow the
approach of refs. [23-26, 35, 36] developing an iterative, order-by-order solution of the
Balitsky-JIMWLK equations. Our focus here is on the NNLL tower through four loops.

Our motivation is twofold. On the one hand we wish to explore the structure of the
perturbative high-energy amplitude itself, notably the interplay of Regge pole and Regge
cut contributions at NNLL accuracy. On the other hand, we use the high-energy limit as a
tool to investigate the long-distance singularity structure of non-planar 2 — 2 amplitudes
in general kinematics in QCD and in N' = 4 super Yang-Mills (SYM), beyond the accuracy
of state-of-the-art fixed-order calculations, see e.g. [42].

In studying the high-energy limit we elucidate the separation between contributions
to the Regge cut and Regge pole in the real part of the amplitude to all loop orders. We
explain some of the surprising findings of ref. [35] where the “cut” contribution was identified
directly as the component arising for multiple-Reggeon exchange diagrams. Here we show



that planar contributions due to multiple-Reggeon exchange diagrams can be factorised as
a Regge pole along with the single-Reggeon exchange. Moreover, we find that when this is
done, the singular part of the gluon Regge trajectory is directly determined by the cusp
anomalous dimension, in line with the prediction by Korchemskaya and Korchemsky [43, 44].
We explicitly compute the Regge cut component of the amplitude through four loops and
show that it is non-planar.

A central part of this paper constitutes the study of infrared singularities of gauge-
theory amplitudes, using information from the Regge limit, continuing studies along similar
lines at lower orders in refs. [23, 24, 35, 36, 45, 46]. As is well known, infrared singularities
are generated by a universal soft anomalous dimension [47-55], currently known to three
loops [55]. We contrast the results of our explicit computations in the Regge limit through
four loops, with predictions based on the factorisation and exponentiation of infrared
singularities. In this way, we extract information regarding the soft anomalous dimension
at four loops as well as on the infrared-finite parts of the four-loop amplitude in the high-
energy limit. Furthermore, we use these results to constrain a general parametrisation of
the four-loop soft anomalous dimension for multi-leg massless scattering [54], extracting
explicitly the high-energy limit of the relevant kinematic functions. This information opens
the way for bootstrapping these functions in general kinematics, similarly to what was done
at three loops in ref. [56].

The outline of the paper is as follows: in section 2 we introduce the theoretical
background regarding the high-energy limit of 2 — 2 scattering including the treatment
of colour, infrared divergences and the separation between the Regge pole and Regge cut
components of the amplitude. Finally, we also define the so-called reduced amplitude, which
is most directly accessible within our approach. Next, in section 3 we first review the
formalism we use to compute the Regge limit of 2 — 2 amplitudes based on an iterative
solution of the Balitsky-JIMWLK equation [23, 35] and then we characterise the entire
tower of NNLL of the reduced amplitude to all orders. Section 4 describes the techniques
we use to carry out the calculation, in particular to evaluate the colour structure for general
representation of the scattering partons. The complete results are given in section 5, where
we also investigate the separation between the Regge pole and Regge cut contributions
at the NNLL accuracy through four loops. In section 6 we contrast our results with
infrared factorisation, which allows us to extract the NNLL contribution to the four-loop
soft anomalous dimension and the finite part of QCD and N' = 4 SYM amplitudes. In
section 7 we investigate the parametrisation of the soft anomalous dimension [54] and derive
the high-energy limit of the kinematic functions it contains.

2 The Regge limit of 2 — 2 scattering: introduction

2.1 Partonic scattering in the high-energy limit

Let us consider two-parton scattering

i(pla ai, )‘1) + j(pQ) az, )‘2) — j(p37 as, )\3) + i(P4) aq, )‘4)) (21)
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Figure 1. 2 to 2 particle scattering corresponding to eq. (2.1). The two partons ¢ and j can be
quarks or gluons, and the arrows indicate the direction of the momenta. The indices aj are colour
indices, while the labels Ay represent the particle helicities. At leading power in the high-energy
limit the amplitude is helicity conserving, as indicated at tree level in eq. (2.5).

where the partons 4, j can each be quarks or gluons. Labelling the momenta of the particles
as in figure 1, with p1, po incoming, and ps, ps outgoing, the process is described in terms
of the Mandelstam variables

s=(p1 +p2)2>0, t:(pl—p4)2<0, u:(pl—p3)2<0. (2.2)
The high-energy limit is defined by the condition
s> —t, (2.3)

i.e., the centre-of-mass energy s becomes much larger than the momentum transfer —t.

In this regime, the amplitude can be seen as an expansion in the small parameter (—t)/s.
We focus in this paper on the leading power term in this expansion, which is dominated
by a t-channel exchange, and is therefore proportional to [(—t)/s]™!. This leading-power
scattering amplitude is further restricted to be helicity-conserving, namely, the partons ¢
and j retain their helicities through the scattering process.

The amplitude develops large logarithms of the ratio s/(—t) and our general aim
is to determine these log-enhanced terms. The leading logarithmic (LL) contribution is
summed to all orders [10, 12] by dressing the tree-level ¢-channel gluon exchange by the

exponential factor
S ) CA Qg (t7H2)

LL  _
M5 = (

- My, (2.4

where the tree-level amplitude reads
tree 2 2s b b

Mz'j—>z'j = Gs 7 (Tz )a1a4 (Tg )a2a3 5>\1>\45>\2>\37 (2'5)

where the factor 0y, x,0x,1, represents helicity conservation, and where the colour matrices de-

pend on the representations of the projectile (i) and target (j) according to (17)ayas = t%,4,

for quarks, (T?)aa, = —t3,q, for antiquarks, and (1)q,a, = if*"% for gluons. The ex-

ponent ay,(t, %) in eq. (2.4) is the famous gluon Regge trajectory, whose perturbative

expansion reads

as(u?)\"
gt = 3 (UL Y afe, ) (26)

s
n



The one-loop coefficient in dimensional regularisation, with D = 4 — 2¢, is given by

2\ € 2
a (br)=5:15) m=e T(1-2¢) 27)
In the following we will often evaluate amplitudes at the renormalisation scale y? = —t. In

this case we will omit the scale argument: ay(t) = oy(t, —t).

The simple exponentiation property in eq. (2.4), with the characteristic colour charge
C'a, the quadratic Casimir in the adjoint representation, can be understood as due to the
exchange of a single Reggeized gluon (dubbed Reggeon), which admits a trivial evolution
equation in rapidity.! The exchange of a single Reggeon can be related to so-called Regge
poles in the complex angular momentum plane.

As we discuss in section 2.4 below, beyond the LL approximation, the amplitude
develops a more complex analytic structure, which can be associated to the emergence of
Regge cuts in the complex angular momentum plane [1, 3, 4]. These in turn are related to
the exchange of compound states of multiple Reggeons. The Balitsky, Fadin, Kuraev and
Lipatov (BFKL) equation [11-14] describes the evolution of two-Reggeon states. Different
approaches have been developed to go beyond these cases, e.g. in terms of the Bartels,
Kwiecinski and Praszalowicz (BKP) equation [27, 28]. The evolution of states consisting of
any number of Reggeons, as well as mixing between such states, can be described in full
generality in terms of the non-linear Balitsky-JIMWLK equation [23, 35]. In the case of a
two-Reggeon exchange, this equation reduces to the BFKL equation, which has been solved
in a variety of circumstances, see e.g. [23, 24, 26, 57]. Going beyond two-Reggeon exchange,
an exact solution can be found in the planar limit, where the BKP equation becomes
integrable [38-41, 58, 59]. The non-linear Balitsky-JIMWLK equation is much harder to
solve, but restricting it to a given logarithmic accuracy — and thus restricting the number
of Reggeons being exchanged in the ¢ channel — an iterative solution can be obtained even
in the general non-planar, off-forward case [35, 36]. We shall review the essentials of this
approach in section 3.1 and then use it for the calculation in subsequent sections.

In the high-energy limit v ~ —s, the amplitude acquires an additional symmetry under
the exchange s <+ u, which is known as the signature symmetry. It is thus convenient to
split the amplitude into its even and odd components under s <> u:

ME (s.1) = %(M(s,t) £ M(=s —1,)), (2.8)

where M) and M) are referred to, respectively, as the even and odd amplitudes. As
shown in ref. [35], upon using the signature-even combination of logarithms,

L =log (_St> — % = % {log <—s_—tz()) + log (—u_—tz())] , (2.9)

and expanding the amplitudes My according to

E) o= O\ = g g ()
MP =3 (7)) 3 ermE, (210)

The concept of rapidity evolution will be important in what follows, and we shall return to it in
section 3.1. We refer the reader to refs. [23, 35] for a more complete presentation of the formalism.



with M0 = ptree the odd amplitude coefficients MM e purely real, while the

Z] —>’Lj (] *)’L] ) Z] —)l]
(+n,m)
J—1]

and rather different factorisation properties in the high-energy limit, which we shall review

even ones M are purely imaginary. These two components also have independent,

in section 2.4. Naturally, they also feature distinct colour components, as we now discuss.

2.2 Colour structure of 2 — 2 scattering

In order to express the dependence of the scattering amplitude on the colour degrees of
freedom of the external particles, we write it as a vector in colour-flow space:

Z]‘”J - Z C[k] sz—nj’ (211)

[¥]

where the tensors Cij

[¥]

ij—ij
sponding amplitude coefficients. A convenient basis in the high-energy limit is given by the

represent the elements of a colour basis, and M; are the corre-
t-channel exchange orthonormal basis, as defined in ref. [32] and appendix B of ref. [35], to
which we refer for further details.

An orthonormal colour basis in the ¢-channel can be obtained by decomposing the direct
product of the colour representations associated to the incoming and outgoing particles 1
and 4 (the top line in figure 1) into a direct sum, and taking those representations which
have non-zero overlap with the equivalent decomposition obtained for particles 2 and 3
(the bottom line in figure 1). In the cases of gluon-gluon, quark-gluon and quark-quark
scattering one has?

(8®8)ggsgg =1® 8 B8, ® (108 10) ®27 0, (2.12a)
(8 ®8)ygsqg = 1@ 85 @ 8y, (2.12b)
(3®3)ggrqq =1D8. (2.12¢)

This basis is particularly convenient, because it describes the colour flow in the ¢-channel: at
tree-level the two-parton amplitude in the high-energy limit is always given by the exchange
of a gluon in the t-channel, which has the quantum number of an antisymmetric octet,
thus the tree-level amplitude in the ¢-channel orthonormal basis is always given by a single
component, namely

MU = i M (2.13)
As is clear from eq. (2.4), the same is true to all orders for the LL component of the
amplitude. This can also be seen as a manifestation of the fact that a single Reggeon carries
the quantum numbers of a gluon. One has thus

Mijoij(s, D)l = et MEL (s, - (2.14)

Owing to multi-Reggeon exchange, beyond LLs all colour components in the decomposition
in eq. (2.12) contribute. The exchange of an odd number of Reggeons contributes to M),
while an even number of Reggeons contributes to M) [23, 35].

*Notice that the decomposition in (2.12) is valid for SU(N,), although the representation labels refer to
their dimension for N. = 3.



In the cases of gluon-gluon and quark-gluon scattering, Bose symmetry links the
kinematic dependence to that of colour, therefore, M%)ﬁgg and M%ng receive contributions
from t-channel exchange of colour representations which are even and odd under 1 < 4 (or
2 +» 3) interchange for the even (4) and odd (—) components, respectively. Specifically, the
odd amplitude Mg42. 44 consists of t-channel exchange of the antisymmetric octet 8, and the
(10 @ 10) representations, while Mggr)_mg involves the remaining components in eq. (2.12a).
Similarly, Mgqug is governed (exclusively!) by the antisymmetric octet 8, representation,
while Mt(l_j;)_)qg by the singlet and the symmetric octet 85 in eq. (2.12b). Bose symmetry
does not apply to quark-quark scattering, and therefore there is no direct correspondence
between ./\/l((;;)%qq and the colour components Ml[zlq]ﬁqq7 ./\/l,[]%]%qq. For instance, the exchange
of two Reggeons, which contributes to the even amplitude M) starting at NLL, affects
both M[]]él}ﬁ)qq and Mg8q]~}qq.

Our main interest in this paper is in the odd-signature amplitude. In this case, the
relevant orthonormal basis elements for qq, gg and qg scattering are:

¥l = W(tb)‘”al ("), (2.15a)
= ]\1705“4%5“3@, (2.15b)
i = S T (2.150)
CEgOH_O] - \/(NCQ — 4)2(N§ Y |:;(5a1a25a3a4 5%, §%,) — ]\1[Cfa1a4bfa2a3b . (2.15d)
clfel = Nc(]é_l)(tb)a‘lali fazast, (2.15¢)

While the t-channel colour basis is convenient for analysing individual 2 — 2 scattering
processes in the high-energy limit, understanding the process-independent features, such
as the relation between the exponentiation of high-energy logarithms and that of infrared
singularities (see section 2.3), is best done in terms of colour operators. Indeed, following
refs. [23-26, 35, 36, 45, 46, 60, 61], our analysis of 2 — 2 scattering amplitudes in this paper
will be largely based on such operators.

To this end we use the colour-space formalism introduced in refs. [47, 62-64]: a colour
operator T}, corresponds to the colour generator associated with the k-th parton in the
scattering amplitude, which acts as an SU(N,) matrix on the colour indices of that parton.
For instance T§ acting on the tree-level colour structure in eq. (2.5) can be written, with
explicit indices, as

TH(Taras(THazas = (TF)aya; (T7)agas (T )azas- (2.16)

For later use, let us note that generators associated with different particles trivially commute,
T) - T; =T, - Ty, for k # I, while T? = C};, where C}, is the quadratic Casimir operator
of the corresponding colour representation, i.e. C; = Cp = (N2 —1)/(2N,) for quarks
and Cy = Uy = N, for gluons.



In the high-energy limit it proves useful to express such colour factors using the basis
of Casimirs corresponding to colour flow through the three channels [45, 65]:

Ts=T; + Ty =—-T5 — Ty,
T, =T1+T3=-Ty — T4, (2.17)

subject to the colour-conservation identity
(T1+Te+T3+Ty) M=0. (2.18)

The latter identity also implies
4
T+ T+ T2 =) Ci, (2.19)
i=1

which can be used to simplify the colour structure of the amplitude.

As we have seen above when working with explicit colour tensors, the ¢ channel has a
special status in the high-energy limit: in this basis the tree level (and the tower of LLs in
eq. (2.14)) is given by a single component, the antisymmetric octet exchange. Similarly,
when working with channel colour operators, the operator T? has a special status in the
high-energy limit: T? measures the colour charge flowing in the ¢ channel and thus upon
acting on the tree-level amplitude (2.5) it simply yields

T M, = CaMESS (2.20)

ij—ij ij—ij -
To see this we may choose to expand T? using T; + T4 in eq. (2.17), getting
(T aras (T azas = (T1 4 Ta)*(T9)aya, (T asas
= (T Ty + T T+ 2T5T5) (T (T
= QCi(Tg)alaz;(T?)azas - Q(Tf)ala’l (T?)a’laﬁl (Tzc)aﬁla4(Tg)a2a3
= CA(T))a100 (T azas »

(2.21)

where after expanding the square we used the rule in eq. (2.16) for both T and T4. Keeping
in mind that Ty (with £ = 1 through 4) acts inwards towards the t-channel exchange (see
figure 1) we observe that in the second line T§ = T acts on the original tree-level exchange
from the left, while T§ = —T¢ acts on it from the right. The relative minus sign reflects
the fact that parton 4 is outgoing, and thus T is opposite to the direction of T¥. In the
final step we use the colour algebra on the T; generators, noting the cancellation of the
quadratic Casimir Cj;, and thus recovering eq. (2.20).

In contrast to T?, the action of T2 or T2 on the tree-level gives rise to other colour
tensors. Given the symmetry properties of (Bose-symmetric) signature eigenstate amplitudes
M) it is convenient to introduce a colour operator that is odd under s <> u interchange:

T2 = % (T2 -12). (2.22)



We will see in section 4.2 and what follows that a natural basis of operators in the Regge
limit can be constructed using T? and T?_,, along with their commutators (see also previous
work [24-26, 35, 36, 61]). Signature symmetry is readily encoded in such a basis, since
signature odd (even) operators must necessarily feature T2, an odd (even) number of times.
Having set up the colour operator formalism, we are ready to review the correspondence
between the exponentiation of high-energy logarithms and that of infrared singularities.

2.3 Infrared divergences in the Regge limit of 2 — 2 scattering

A salient feature of gauge-theory amplitudes is the presence of long-distance singularities. It
is well known that these singularities factorise and exponentiate, as described for example
in refs. [47-55]. Specifically, considering the ultraviolet-renomormalised massless scattering
amplitude M;;_;; in general kinematics, one has

Mijij (&t; 1, s (10°), 6) = Zij—ij (Syt; 1, as (1), 6) Hij—ij (S,t; 1, s (10°), 6) , (2.23)

where the so-called infrared renormalisation factor Z;;_;; captures all the singularities in e,
while the hard function H;;_,;; on which it acts, is finite for ¢ — 0. The Z;;_,;; factor
exponentiates according to

) 1 [#dN? ,
Zijij (s,t;,u, as (i ),6) = Pexp —5/0 VI‘ij_)ij(s,t;)\,as()\ ) ¢ (2.24)

where TI';;_;; is the soft anomalous dimension, which is a finite function of the d = 4 — 2¢
dimensional coupling

do a2 & ag\"
© = 2eqs— 2> by [ — 2.2
dlog i1 “o T o 2 ( > ) (2.25a)

2\ —€ 2\ —€
0s(¥) = a,() (2) ll—ﬁe (1— (2) )asw?)w(a?)

where by = (11C4 — 4Tgnys)/3 in QCD; in N' =4 SYM the beta function coefficients are
identically zero, so the square brackets in eq. (2.25b) should be replaced by 1. Infrared

: (2.25b)

singularities in the exponent of eq. (2.24) are generated by integrating over the coupling
down to A — 0.

Within the Regge limit, long-distance singularities are particularly conspicuous as the
leading-order gluon Regge trajectory in eq. (2.7) is itself proportional to 1/e. Thus, eq. (2.4)

implies that the LLs, Lm/\/ll(j-[i?j?m) in eq. (2.10), are proportional to 1/€". Naturally, similar
(:i:m,m) Wlth
ij—ij
n > m, and thus studying factorisation and exponentiation in the Regge limit is directly

infrared singularities occur along with subleading high-energy logarithms, L™ M

connected to studying the infrared singularity structure. The intimate interplay between
the two has been observed and used in multiple occasions, e.g. in refs. [23-26, 35, 36, 43—
46, 56, 60, 61]. A primary avenue for investigating it, is based on specialising the analysis
of infrared singularities in terms of the soft anomalous dimension (according to egs. (2.23)



and (2.24)) to the Regge limit, obtaining?

2 A2 A2
+ A(L, o), (2.26)

—t 1 . —t —t
Pij—>ij (as,L, /\2> = f’yK(OzS) [LT? + Zﬂ'Tzfu} + T (as, ) + Fj (Cts, )

where the first terms arise from the dipole formula [47-53]: g is the coefficient of the
quadratic Casimir within the lightlike cusp anomalous dimension (see eq. (2.28) below)
while I'; and I'; capture collinear singularities, which depend on the scattered partons (both
their spin and their colour representation), but are independent of high-energy logarithms
and are proportional to the unit matrix in colour space. In turn,

00 ¢ -1
A(L,a,) = O‘) ANER 2.27
e =3 (7) X , (.27)
represents corrections to the dipole formula, and has a complex structure in colour space.
It arises owing to non-planar multi-parton correlations starting from three loops and to
quartic (and higher) corrections to the cusp anomalous dimension, starting from four loops.

The cusp anomalous dimension may be defined through the renormalisation of cusped
Wilson loops [66] and it corresponds to the coefficient of the leading ultraviolet divergence
of this object in the lightlike limit. This translates [67] into the leading infrared behaviour
of massless amplitudes, where the colour representation of the Wilson line is that of the
parton. It may be expanded in Casimirs according to [51-54, 66-75]

D (0, 08) = (@, 00)Ci+ gl B2 +0(ad), (229
R

i

where g (as) multiplies the quadratic Casimir C; in the representation of parton i, while
gr(as), starting only at four loops, multiplies the quartic Casimir (defined in eq. (7.26)
below). Both vx and gr are independent of the representation R; and are known to four
loops in QCD [68-75]. For convenience we collect the expansions in egs. (B.2) and (B.3).

The anomalous dimensions I'; and I';, associated to the projectile 7 and the target j,
respectively, are the only sources of double poles in € upon integration in eq. (2.24). They
take the form

t

I; (as()\2) _t) = 27i(as(A\?)) + TP (as(A?)) log %,

2 (2.29)

where I'; **P is given in (2.28) and the function 7;(a) is the collinear anomalous dimension [32,
76-78] corresponding to the parton i. It has recently been computed to four loops in
QCD [75]. We provide its expansion through two-loop in egs. (B.4) and (B.5) for quarks
and gluons, respectively.

Having defined the relevant components of the soft anomalous dimension, let us see
what infrared singularities they generate at leading and subleading logarithmic accuracy

3In section 7 we will review the structure of the soft anomalous dimension in general kinematics, and
examine how it simplifies in the high-energy limit, obtaining eq. (2.26). Here we only need some of its salient
features, which we define below.
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in the Regge limit. Upon integrating over eq. (2.26) in eq. (2.24), the terms involving vyx
result in the following two integrals [45, 46]:

1 )2 < /o (u2)\" a2
o) = -5 [ Gt = 3 () o - Lol
n=0
(2.30a)
2 2 2 o 2
Km%wmz—igiﬁmm%QMm<;>:—;2ffﬁh”, (2.30b)

where the ellipsis stand for higher-order terms in the coupling, generated by the expansion
of vk in egs. (B.2), and by the running coupling (2.25b). Of these two integrals, the former,
involving a single pole in €, contributes K (a;)(LT? + inT2_,) to the exponent while the
latter, involving a double pole in € enters only through I'; and I';, multiplying a unit operator
in colour space. At this point the comparison with the Regge-pole factorisation picture is
immediate: of all the terms in the exponent in eq. (2.24) the only one entering at leading
logarithmic accuracy is T7 K1) Lo (—t) /7, originating in the leading-order cusp anomalous
dimension. To identify the colour structure of the gluon Regge trajectory note that T%
in the exponent of Z;;_,;; will be acting on H;jj (s,t;€) in eq. (2.23), which coincides
with M{IS,; at leading order. Using eq. (2.20) one then recovers the Ca colour factor of
eq. (2.4), and one finds

aD(t) = KM +0(), (2.31)

where aside from the singular term, the left-hand side features finite terms along with
e-suppressed terms summarised by eq. (2.7).

We thus see explicitly how the two exponentiation pictures, that of high-energy loga-
rithms and that of infrared singularities are compatible, as they must be. One wonders how
this extrapolates to higher orders. Naively? comparing the infrared-singular terms which
are linear in the high-energy logarithm in the exponent in eq. (2.4) to those of eq. (2.23)
(K () LT2, to three loops) one would require

ag(t) = K + O(e). (2.32)

This rather remarkable connection between the singularities of the Regge trajectory and cusp
singularities of Wilson lines was proposed already in refs. [43, 44], where it was established
analysing quark-quark scattering in terms of Wilson lines, and shown to hold at two loops.
Although eq. (2.32) has been regarded as general (see e.g. [32], where it was used at three
loops) its realisation beyond two loops is complicated by the presence of Regge cuts (see
e.g. [35]) and has not been fully understood. In the present paper we explain how it is
realised at three loops, and conjecturally, beyond this order.

Generally speaking, the comparison between the two exponentiation pictures at sub-
leading logarithmic orders is rather complex. This is both because corrections to the soft
anomalous dimension in eq. (2.26) at three loops and beyond may have a complex colour

4Recall that so far we only discussed the validity of eq. (2.4) to leading logarithmic accuracy.
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structure, and because Regge-pole factorisation is violated by Regge-cut contributions asso-
ciated with multiple Reggeon exchange, which is the topic of section 2.4 below. As already
mentioned, this comparison is highly insightful [23-26, 30-32, 35, 36, 4346, 56, 60, 61],
and provides an important impetus for the current study.

Let us now make some brief comments about NLLs and beyond based on eq. (2.26),
leaving the more detailed analysis to sections 6 and 7, where we will infer information
regarding the soft anomalous dimension at four loops from the calculations in the Regge limit.
While at LL accuracy the soft anomalous dimension is real (thus signature even), starting
from NLL it contains both real and imaginary contributions. Real NLL contributions arise
only from the O(a;) term in T; and T'; and the O(a2L) term in the expansion of K (as)LT?.
Thus, the signature-even part of the NLL anomalous dimension is two-loop exact.® In
turn, signature odd terms in eq. (2.26) have a more complex structure: the leading-order
contribution is the O(a) term in K (a)imT2_,,. Subsequent corrections in this NLL tower
start at four loops (see appendix E). They have been computed to all orders, thus fixing
the coefficients A1) in eq. (2.27) for any £ (see eq. (4.24) in ref. [24]). Our interest
in the present paper is in the real tower of NNLL contributions, Re A¢4=2) in eq. (2.27),
which, as we shall see, also start at four loops. Knowing that these NNLL contributions
to eq. (2.26) are associated (see details in section 7) with multi-leg correlations in the soft
anomalous dimension, rather than with the cusp anomalous dimension, it is clear at the
outset that they must be non-planar to any loop order.% This is an important prediction
we will be able to verify from the Regge perspective in what follows.

2.4 Subleading logarithms, Regge pole and Regge cuts

The LL contribution to the scattering amplitude in eq. (2.4) is generated by a single Reggeon
exchange, which appears as a Regge pole in the complex angular momentum plane. A
Regge pole corresponds to s raised to a power (Caagy(t)), which is strictly independent of s.
Beyond LL accuracy one needs to take into account multiple Reggeon exchanges, which
give rise to Regge cuts [23, 29-37]. In refs. [1, 3, 4] it was shown that Regge cuts arise
from non-planar diagrams. This has profound implications on the structure of subleading
logarithmic corrections to the amplitude.

In the majority of the present work we split the contributions to the 2 — 2 amplitude
into single-Reggeon states (SRS) and multiple-Reggeon states (MRS). We will see later
that the latter contain non-planar as well as planar contributions. We will write this

separation as

M) = (SRS 4 pq(-). MRS (2.33a)
M) — pq(H), MRS (2.33b)

The absence of real A“*~ contributions can also be seen as a manifestation of Regge-pole factorisation
of the odd amplitude — indeed multiple Reggeon exchange cannot yet arise at this logarithmic order. See
section 2.4 below.

SIn the planar limit, the soft anomalous dimension reduces to a sum over two-particle interactions, where
the only kinematic dependence is linear in the (high-energy) logarithm, and thus necessarily beyond NNLL
from four loops.

- 12 —



where the even amplitude, M(H), starts at NLL with the exchange of two Reggeised gluons,
and in the odd amplitude, M), the first term refers to the t-channel exchange of a
single Reggeon state (SRS), while the second involves the ¢-channel propagation of multiple
Reggeon states (MRS). The latter starts at NNLL at two loops, with the exchange of
three Reggeised gluons. Starting from three loops it also involves mixing between three
Reggeons and one Reggeon [35]. To understand precisely what MRS corresponds to, we
refer the reader to figures 2 through 8 below, which we will later on compute using an
iterative solution of the Balitsky-JIMWLK rapidity evolution equations [15-19] following
the methodology of refs. [23, 35] (briefly reviewed in section 3.1). In each of these figures
the propagation in the ¢ channel is mediated at some stage by a compound state of three
Reggeons; this is enough to classify it as a MRS in eq. (2.33a). Conversely, a SRS refers to
the situation where the entire propagation in the ¢ channel from the projectile to the target
is via a single Reggeon.

At LL accuracy M()-5RS is given by eq. (2.4) to all orders in a,. Beyond LL, this
contribution retains the same exponential dependence on s, but higher-order corrections to
the gluon Regge trajectory ay(t) of eq. (2.6) are required, and in addition ¢mpact factors
must be introduced, which can be seen as effective couplings of the Reggeon with the
external scattered particles [20, 22]. Thus, the SRS contribution can always be written as

ML = Caca®L Cy(1) O (1) MEFS,, (2.34)
generalising eq. (2.4). The impact factors C;/;(t), much like the trajectory ag(t), are strictly
independent of the centre-of-mass energy s. Importantly, eq. (2.34) also retains the colour
tensor structure of the tree-level amplitude in eq. (2.5), which is equivalent to stating that
the t-channel exchange remains an antisymmetric octet exchange.

Contributions at fixed logarithmic accuracy are obtained upon expanding the Regge
trajectory and the impact factors in powers of the strong coupling. In particular, the NLL
contribution is given by taking the Regge trajectory at O(a?) in the exponent, and the
impact factors at O(as). Both the Regge trajectory and C;/;(t) are theory-dependent. The
two-loop Regge trajectory in QCD is [79-82]

b 1 [/67 10Tzn 101 (3\ 7Tgrn

(2) _ 0 . - RIS 83 RIS
g’ (Dlacp =~ 155+ & K18 Cz) Ca 5 } +Ca (108 3 ) o+ O(e).
(2.35)

The corresponding expression for ' =4 SYM can be obtained, according to the principle of
“maximum transcendentality” [83-86], by selecting the terms in eq. (2.35) with the highest

transcendental weight, i.e.

Ca

aé(f) (t)|sym = 5 (g: + Cg) +O(e). (2.36)
An amplitude that can be brought to the form of eq. (2.34) is said to admit Regge-

pole factorisation. At NLL, the real part of the amplitude ./\/lgj__)n] admits Regge-pole

factorisation, namely it is fully described by the exchange of a SRS as in eq. (2.34). A well-

known consequence of this is the following simple relation between quark-gluon, gluon-gluon
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and quark-quark scattering [29]:

_ 2 _ -
(Még)—>qg|NLL> _ Még)—>gg|NLL . Mf(ququNLL (2.37)
Mgrgegqg Mzree Mgree )

9—99 q—qq

which automatically follows from the fact that each of the separate processes computed at
NLL admits eq. (2.34), and that the gluon Regge trajectory is independent on the nature
of the scattered partons.

Considering odd partonic amplitudes beyond NLL, the above relation is broken by Regge-
cut contributions that first arise in the signature-odd amplitudes at NNLL at two loops [29].
These contributions, commonly referred to as Regge-pole factorisation breaking terms,
have been interpreted as being due to three-Reggeon exchange — namely contributions
to M()LMRS in eq. (2.33a) — in refs. [33-35], where the three-loop NNLL amplitude was
determined. In this paper we take a further step, by fully characterizing the tower of NNLL
corrections to the odd amplitude, and extending the explicit computations of these to four
loops. We will also show that contributions that do not conform with factorisation according
to eq. (2.34) (thus nor with a relation of the form of eq. (2.37)) arise only from non-planar
diagrams. Indeed, planar contributions do conform with the factorisation of eq. (2.34), even

if they arise from multiple Reggeon exchanges, M (—),MRS

in eq. (2.33a). Our findings are
therefore consistent with the general considerations showing that Regge-pole-factorisation
breaking is associated with non-planar diagrams [1, 3, 4].

We conclude that to describe the high-energy behaviour of a signature-odd amplitude
at NNLL and beyond one must take into account both terms in eq. (2.33). Consequently,
C;/;(t) and agy(t) start to depend on how the separation in eq. (2.33) is precisely defined;
this will be referred to as a scheme choice. As explained following eq. (2.33), to perform
explicit computations we shall use the MRS scheme, where the entire contribution due to
MRS will be explicitly computed using the Balitsky-JIMWLK rapidity evolution equation,
while the remaining SRS contribution, which is strictly driven by the evolution of a single
Reggeon, will be determined by matching

M2y = OO Cy0) O (1) MES3; + ML, (2.38)
to the known fixed-order signature-odd amplitude. With the computed M()MRS 5t hand,
and knowing that the pure SRS contribution admits Regge-pole factorisation, we would
be able to uniquely define and compute the impact factors C;(t) and Cj(t) and trajectory
agy(t) in this scheme, as done in ref. [35].

Given that planar MRS contributions can be factorised according to eq. (2.34), one
may be inclined to consider another scheme for separating the odd amplitude, the Regge-cut
scheme, where

M(-_) :M(—),pole+M(—),cut

1j—ij ij—ij 1j—1j

Caag(t)L A A tree (=), cut (2'39)
= e AMWE (1) (1) MGSe; + My Ly
Here the non-planar part of M(=)>MBS ig represented by M)t while the planar part of

M)LMRS g ahsorbed into the first term, the Regge pole. The latter can be factorised just
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as in eq. (2.34), but given the presence of planar MRS at NNLL (and beyond), one would
obtain different values for the impact factor coefficients starting at two loops, and the gluon
Regge trajectory, starting at three loops, as compared to the MRS scheme in eq. (2.38).

While the MRS scheme of eq. (2.38) is most natural from the calculation perspective, the
Regge-cut scheme of eq. (2.39) aims to capture the high-energy behaviour of the amplitude
along with its behaviour in the large-N, limit. The Regge-pole term dominates in the
large- N, limit, while, as we will see, the cut term at NNLL accuracy is characterised by a
highly non-trivial colour structure. Furthermore, we will see that it is in this scheme that
the aforementioned remarkable relation (2.32) between the singularities of the gluon Regge
trajectory and the cusp anomalous dimension [43, 44|, namely

ag(t) = K+ 0O("), (2.40)

holds at three loops. Its generalisation at four loops is discussed in section 7.4. We will
return to the Regge-cut scheme in section 5.4 and then discuss in detail the interplay
between the exponentiation of infrared singularities and high-energy logarithms in sections 6
and 7. At this point we return to the MRS scheme and focus on characterising the NNLL
tower of corrections using rapidity evolution.

2.5 The reduced amplitude

As a final step of preparation for the study of the NNLL tower of MRS corrections M(—): MRS
using rapidity evolution equations, we briefly review the concept of a reduced amplitude [24-
26, 35, 36], defined by stripping off of the amplitude the single Reggeon evolution and
parton-dependent singularities associated with the impact factors.

To this end we further factorise the impact factors as

Ciyi(t) = Z;/(t) Dy/5(t), (2.41)

where [45, 46, 51, 52, 87]

Zi(#) = exp {—; /0“2 d;;ri (as(A2), ;)} , (2.42)

with T'; defined in eq. (2.29). Following the convention introduced for the Regge trajectory

in eq. (2.6), we expand the impact factors in powers of o/

Cy(t) = i (O‘S(_t)>nc§"), (2.43)

Zi(t) = i (O‘S_t)>n 7M™, (2.43b)

n=0 T
Di(t) =Y (as W_t)) D™ (2.43¢)
n=0

where C’i(o) = Zi(o) - pO_ 1

7
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To directly access the multiple Reggeon exchange, we introduce a reduced amplitude
M, as follows [35]:
Mijoiy = (Zi25) " em T My 5, (2.44)
where the effect of the exponential is to remove the evolution of a single Reggeon and where
Z; and Z;, defined in (2.42), remove the collinear divergences.

At tree level Mtee - — AMtee . In general, comparing eq. (2.34) with eq. (2.44), the

'Lj—)l‘] Z]—}'Lj
structure of the reduced signature-odd amplitude beyond NLL reads
T MRS
nglnj D;(t)D ( )nge—iw + nglnj ) (2.45)
where MEJ_))Z] represents the contribution due to multiple Reggeon exchanges. In

section 3.1 we are going to review how these terms can be calculated by solving iteratively
the Balitsky-JIMWLK equation, [23, 24, 26]. The resulting amplitude takes the form given
in eq. (2.10), and once the renormalisation scale is set as u? = —t, the amplitude coefficients
depend only on € and on colour operators acting on the tree amplitude.

We point out that the definition in eq. (2.44) applies also to the signature-even amplitude.
The first few coeflicients of the reduced even amplitude at NLL, as calculated in ref. [26], read:

. 1
A0 — {2}1@” Meiree (2.46a)
€
g2 e[ L Ve e g gtree
M =i T 2 [T, T5_, JM™e (2.46D)
3
~(+,3,2) T 1 11(3 2 2 2 tree
ursd —in T2 - SO (T2 TR M (2:46¢)
M(+v4v3>=m”é{ (52 Tt ) (2,13, 12 VT2 — o T8, (T2, (T2, T2 ) e,
Al 8 16 )Tttt TemullTt 164 e
(2.46d)

where we suppressed corrections that vanish at ¢ — 0. Note that the commutators

in eq. (2.46) involve an odd number of T?

2_, operators, consistently with the signature

symmetry (recall that M is signature-odd). It can be shown (see eq. (4.50) in section 4.2.3)
that colour operators involving commutators correspond to non-planar diagrams, i.e., to
subleading contributions in the large- N, limit. This allows one to conclude that, starting
from two-loops, the two-Reggeon MRS contribution to the NLL amplitude is non-planar
and, thus, also consistent with the known diagrammatic origin of Regge cuts [1, 3, 4].

3 From rapidity evolution to the NNLL odd amplitude

The calculation of the odd-signature amplitude at NNLL accuracy is particularly interesting,
because at this logarithmic accuracy one faces for the first time the contribution of a
Regge cut in the real part of the amplitude [23, 29, 30, 32-34]. This phenomenon is
associated with the exchange of three Reggeons, as shown by direct calculations to three
loops [33, 35]. By using the Balitsky-JIMWLK evolution equation which dictates the
evolution of one- and three-Reggeon states, we determine here the general form of the entire
NNLL tower, M(—mn=2),
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3.1 Amplitudes via Balitsky-JIMWLK evolution

As discussed in refs. [23, 35], two-parton scattering in the high-energy limit is conveniently
described within the shockwave formalism: fast particles moving in the (+) lightcone
direction, to which we refer to as the projectile, scatter against fast particles moving in the
(—) lightcone direction, referred to as the target. The fast projectile |¢;) appears as a set of
infinite Wilson lines [43, 44] at transverse position z; = xj 1, crossing the target (¢;| (seen
as a “shockwave”) at z_ = 0: one has

i) ~U(21) @ -+ @ Ul(zn), (3.1)

where ® denote convolution, and a Wilson line at transverse position z reads

+o00
U(z) = Pexp {igST“ derAi(:c*’ 7 =0,2). (3.2)

—00

In perturbation theory the unitary matrices U(z) are close to the identity, therefore they
can be parameterised in terms of a colour-adjoint field W:

U(z) = e'o: T2 (3.3)

which is identified as a source for Reggeised gluons. The projectile and target are thus
expanded in Reggeon fields:

i) = > [Yin) s (3.4)
n=1

where |1; ,) represents a state of n Reggeons. In turn, the latter has an expansion in powers
of the strong coupling;:

in) = [} + 3 )N O (3.5)
k=1

which accounts for the non-trivial dynamics of the projectile. The leading-order projectile
is given in terms of a single Wilson line: in momentum space one has

vi)© = Ui(p), (3.6)

where U;(p) is defined by means of Fourier transformation:

Uip) = [laz)e 7 Uiz) Uie) = [lanl e Ui, (3.7

where U;(z) is given by eq. (3.2) with the generator T identified as T;, and we have further
defined the transverse-space integration measures

d2726p

[dz] = d?2z, and [dp] (3.8)
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Upon expansion at fixed order in the strong coupling, this gives states with a definite
number of Reggeons, which, according to eq. (3.5) read [35]:

i) = igs TS W (p), (3.92)
2

)" = - LT [ (g W @)W (p-). (3.9b)
;3

i) = <L TITTS [l W)W )W -a). (390

where the Reggeon fields W*(p) in momentum space are defined as

Wep) = [lale = wez),  wee) = (e we). (3.10)

The non-trivial dependence on the transverse coordinates is parameterised in terms of
impact factors: at NLO one has for instance

. a a As
[i1)™0 = gy T W (p) D[ (), (3.11a)
~ \NLO __ 93 arpb Qs (1) a b
[$i2) ™ = =TT [ [da] —; (p, 0) W (@)W (p=q), (3.11b)

while at NNLO the single-Reggeon wavefunction is given by

2
i)™ = ig, W) (22) DY), (312)

In these equations, Dz(n) (p) defines the single-Reggeon impact factors at n-th order in
perturbation theory, while wZW (p, q) represent a two-Reggeon impact factor. On a technical
note, let us remark that the wavefunctions |¢);) defined above have the meaning of “collinear
subtracted” wavefunctions, i.e. they describe the effective coupling for the emission of a
given number of Reggeons, in which collinear divergences have been subtracted according to
Vi) = Z; Y1x:), where |x;) represents the full effective projectile-Reggeon(s) coupling with
unsubtracted collinear singularities. For this reason, the single-Reggeon impact factors Din
in egs. (3.11a) and (3.12) coincide with the collinear-subtracted impact factors introduced in
eq. (2.34). We shall determine their values by matching matrix elements involving |@ZJ¢71>NLO
and |¢}i,1>NNLO, defined in egs. (3.11a) and (3.12), to the full amplitude at one and at two
loops, respectively.

The n-Reggeon states |1 ,,) depend on the transverse momenta of the Reggeons, but
not on the centre-of-mass energy. In this formulation the energy dependence enters through
the fact that infinite Wilson lines develop rapidity divergences. These may be regulated by
introducing a cutoff, which can be identified with L of eq. (2.9) [23]. The dependence on L

is encoded in a rapidity evolution equation for the projectile (and the target)

d
L Vi) = H [i), (3.13)

where H is the Balitsky-JIMWLK Hamiltonian [15-19]. A key feature of eq. (3.13) is the
non-linearity of H: evolution of the full projectile |1);) ~ U(z1) ® - -- ® U(zy,) generates an

~ 18 —



increasing number of Wilson lines U(z;), eventually leading to the phenomenon of gluon
saturation. However, in applications to partonic scattering processes as considered in this
paper, it is appropriate to take the limit of dilute projectile and target [23, 35], in which case
the Balitsky-JIMWLK Hamiltonian acts on states with a given number of Reggeon fields .
In this perturbative regime, H is diagonal to leading order in g2; the non-linearity of H
manifests itself at higher orders in the coupling, producing transitions between states with

different number of Reggeon fields: a transition & — k + 2n is of order gg (1+n)

. Also, note
that, as a consequence of the signature symmetry, only transitions of the type k — k£ 2
are allowed; transitions of the type k — k + 1 are forbidden, because they would induce
mixing between the even and odd parts of the amplitude. In short, the r.h.s. of eq. (3.13)

has the form

I ww | _ 0 Hoo 0 ... ww
WWW | | Hibs 0 Hzs ... WWww
g2 0 g ... w
0 g2 0 ... ww
~ | 5% (3.14)
gs 0 g5 ... WWww

where the non-vanishing entries in the second line display the perturbative order at which
each transition Hamiltonian Hj_,; starts to contribute. We will see in section 3.2 that for
the calculation of the odd amplitude at NNLL accuracy, only the £k — k, 1 — 3, and 3 — 1
transitions Hamiltonians are needed. They have been calculated [35]: the diagonal k — k
transitions, with & > 1 are entirely given in terms of the leading-order BFKL equation, while
the 1 — 3, and 3 — 1 transitions are extracted from the leading-order Balitsky-JIMWLK
equation. In momentum space the k — k Hamiltonian reads

Hy s = Ap—i + Bi, (3.15)
where
0
A _ _ 2 2 a 1
ook = = [ 8] Ca 0y (. 12) W ) s (3.16)
Bk = as(p?) /[JQ] [dp1][dpa] H2a(q; 1, p2) W (p1+q)W¥ (p2—q)
1) 1)
. (FTFY)ab , 3.17
( ) SWa(py) SW(p2) (3.17)
with (F*)® =4 £ and the kernel Has(q;p1,p2) reads
4 po)2 1) N2
Haa(q;p1,p2) = 1 tp2)”  (p ) (p2—a) (3.18)

piv3 pig? q°p3
Notice that the form of Hog implies that Bj_,j is scale-invariant in exactly two transverse
dimensions. Indeed, this is a consequence of the fact that the evolution of multiple Reggeon
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states up to NNLL accuracy is completely determined by the LO Balitsky-JIMWLK
Hamiltonian, which is itself invariant under conformal transformations [23]. This simple
consideration allows us to anticipate that also the other terms in eq. (3.14), such as Hj_3
and Hs_,1, are scale invariant. While we can rely on this property for the calculation of
the odd amplitude at NNLL accuracy, let us remark that the same will not be true for the
even amplitude at NNLL accuracy, which requires the Balitsky-JIMWLK Hamiltonian at
NLO, [88-93], for which scale-invariance is broken.
In momentum space the 1 — 3 Hamiltonian reads

Hioy = a2() | [dpn] dpa]dp] To(F PP

1)
- WP (p1) W (p2) W (ps) His(p1, p2, p3) SWe(p)’ (3.19)
where p3 = p — p1 — p2 and the kernel is
2m (p1+p2)? (pa+ps)?
His(p1,p2.p3) = = Se(1? /dq
( )= 5560 fldd) @*(p1+p2—q)*  ¢*(patps — q)?
+p2+p3)? 2
B 2(pl p2+ps3) B P : (3.20)
¢*(p1+p2tp3—q)*  ¢*(p2—q)

5 () () - (o) ~ (Gm)|
3¢ |\ (p1+p2tps)? P} (p1+p2)? (p2tp3)?) |’

where S (u?) = (“72) “. The 3 — 1 transition can be obtained by symmetry, by requiring

4re” VE
that the two matrix elements

(WWW|H) W)= (WWW|(H[W)),

are equal, yielding [35]

Hyn = a2(2) / [dp1][dpa][dps) Te[FFY FCF4) W(py +patps)

(p1+p2+ps3)? 5 5 5
x (=1)2AP2TP8) (1, pa, . (321
=1) pip3p} 13(p1, P2, P3) SWa(p1) 6WP(pa) 6We(ps3) (3:21)

To summarise, a scattering amplitude in the high-energy limit is given as an expectation
value between states with fixed number of Reggeon fields W evolved to equal rapidity, by
means of eq. (3.13): X

Z(ZZZZSJ)MWM = (Wjle™ i) . (3.22)

Note that this equation takes into account the fact that collinear divergences are removed

from the projectile and the target, as discussed following eq. (3.12). Considering the reduced

amplitude introduced in eq. (2.44), rapidity evolution is governed by a suitably-modified

reduced Hamiltonian. Starting from eq. (2.44) and using the amplitude definition in eq. (3.22)
we define ) A

oM = e TE O (e~ ) = (e |us) (3.23)
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The explicit form of H is found by noticing that the Hamiltonian H in eq. (3.23) is given
by a matrix operator in the space labelled by the Reggeon number, as defined in eq. (3.14).
In this space, the subtraction term T? oy must be interpreted as a diagonal matrix, such
that one has

ﬁk—ﬂc—i—?n = Hk—>k:+2n + 5nOT§O‘g (t) (324)

After evolution has been performed, one is left with an inner product between states
with a fixed number of Reggeon fields at equal rapidity. Such matrix elements must be
evaluated in full QCD, as discussed in section 2.3 of ref. [35]. Following refs. [23, 35] we
define the Reggeon propagator as

6a1a’1
G = (Wi |Wy) =i = 5@ (py — ), (3.25)
1

with no O(g?) corrections, along with a vanishing overlap between states with different
numbers of Reggeon at equal rapidity, namely, e.g.,

(WiWoWs|Wy) = (Wy|[W1WoW3) = 0. (3.26)

While other definitions of the inner product are possible, including higher-order corrections
in egs. (3.25) and (3.26) would also result in a modification of the impact factors. Given
that the latter are determined by matching matrix elements involving egs. (3.11a) and (3.12)
to the full amplitude, the final result would not be altered by such alternative definitions.

Having fixed the inner product at equal rapidity, multi-Reggeon correlators are simply
obtained by Wick contractions:

(WiWo|[Wy War) = G11/Gayr + GrarGayr + O(g2),
<W1W2W3|W1/W2/W3/> = G11/G22/G33/ —+ (5 permutations) + O(gg),
etc. (3.27)

We now have all the definitions necessary to derive an all-order expression for the odd
amplitude at NNLL accuracy, to be discussed in the next section.

3.2 The odd reduced amplitude at n loops

We are now ready to derive the general form of the all-order NNLL reduced amplitude by
expanding eq. (3.23). First of all, we notice that, as discussed after eq. (3.13), the even
and odd amplitudes are orthogonal under the action of H , as a consequence of signature
symmetry. Therefore eq. (3.23) splits as

7 o~ R 7 ~ ~(_ A Y, A _
o Mgy =5 o (MG + M) = @i e MR o)+ (e T o)
(3.28)

where the notation |w§+)), |¢§_)> indicates a restriction to states with an even or odd
number of Reggeons W, respectively, see eq. (3.9). In this paper we focus on the odd
contribution to the amplitude at NNLL, i.e. we consider directly the second term in (3.28),
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which involves only states with an odd number of Reggeons. It is useful to expand this term
explicitly for the first few orders. At leading order in the strong coupling one obviously has

i ree
?SM’E‘]%EJ = <¢]7 ’¢Z 1> ) (329)

where the superscript LO indicates that the target and projectile are taken at leading order,
as defined in eq. (3.9). Next, the expansion at first and second order gives

fMglij‘”p L (| By 1803.)" + (g )N, (3.30a)

7Mz(]—)3]loops = ? <¢j,1| (H151)? [031)"C — L (1| Hion [i,1)N©
+ (4yl00i,3) " + (W lei) NN (3.30b)

where the superscripts NLO and NNLO indicate that one needs to take expectation

values at NLO and NNLO, respectively, using the expressions for the target and projectile
wavefunction provided in egs. (3.11a) and (3.12). Here, for illustrative purposes, we have
listed all terms that follows from the formal expansion of the second term in eq. (3.28),
taking into account eq. (3.26), but without any specific assumption about H. However, we
recall that the 1 — 1 transition is given, according to eqgs. (3.15) and (3.16), by the Regge
trajectory Hi1 = —Ca ay(t). Inspecting eq. (3.24) we see that Hi = (T? — Ca) ag(t)
and then we deduce

(W1 Hi1O0 i n) = (0] OH11 [ti1) = 0, (3.31)

where O is a general operator mediating between single and n-Reggeon states. We use
the fact that any transition between these states is proportional (in colour space) to the
tree-level (which we explain in section 4.2.2) and that we can commute T?7 through the
bracket and apply eq. (2.20). Thus, eq. (3.30) simplifies to

) 1-loo
7M7,]—>1] i _< jal‘wi,1>NLO7 (332&)
7M§j—)j‘]loops = (313300 + (W51 |vhi1) NO. (3.32b)

Taking now into account eq. (3.26) as well as eq. (3.31), expansion at third order gives

. . . LO
*M;EZJIOOPS = —L{<¢j,3| H3 i3 | 3) + (053] His Y1) + (1] H3o Wz‘,sﬂ
+ (0y.al00ia)NO + (5[0 1) NHO), (3.33)

Here we are interested to determine the NNLL contribution to Ml(jl”

These terms are of order a”L"~2, thus their contribution starts at two loops. Inspecting
eq. (3.32) and (3.33) we see that the NNLL terms read

to all orders.

*M;f{? (V310300 + (Wj1]9i1) O, (3.34a)

A A A LO
S NG = [ sl Flsas [0n5) + (3] Fs lbin) + (s Biso i) | (3.34D)
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where we used the notation for the amplitude coefficients introduced in eq. (2.10). In general,
at n-loop, the NNLL contribution to the odd amplitude is proportional to L™2, which is
obtained from n — 2 repeated actions of the Hamiltonian H in eq. (3.23). The diagonal
transitions Hy_, in eq. (3.15) are O(as) while next-to-diagonal transitions Hy_xto, with
n = 11n eq. (3.19) are O(a?). Noting that |1;,) is O(g7~ 1) we immediately find four
different types of contributions of the form O(a?L"~?2)

(3| HE 5li3) (W1 Hy—1 HEZ3 HiSslin) (3.35)
(W51 Hs—1 HE K[ 3) (3| HE 5 Hyslwin) -

These constitute the NNLL tower. The two transitions in the second line of eq. (3.35) are
related by target-projectile symmetry.

In order to express the contributions due to eq. (3.35) in a compact form, we find useful
to make the power-counting in the strong coupling manifest, by introducing normalised
Reggeon states |i,) and a normalised reduced Hamiltonian H, defined as

(7'11048)@71)/2 |Zn> = |wi,n>7

o, 17 ) . ) (3.36)
(FTF> 7" Hiskvon = Hiskton = Hikron + 0n0Tiog(t),

where we introduce rescalings by the constant rp defined in eq. (2.7) and we recall the
relation between H and H according to eq. (3.24). In terms of these quantities the all-order
contribution to the odd amplitude at NNLL accuracy reads

; o0 ¢ 042
v o (=),NNLL _ 9 (_L) Os ey .
%Mijﬁij =7 L:o 0 - T (J3|H3_3lis)
o _Lé o 42 o N o ‘
30 CR (Y™ [ )+ Gl Bl
=1
LO
o~ (L)' (a 2 e i n . as\? .
+Z( g,) (;TF> (j1| Hy 1 HE=2 H1-3i1) +<7:> (j1]ig) N0,
=

(3.37)

One can check that this expression gives egs. (3.34a) and (3.34b), at two- and three-loops. It
is interesting to notice that the whole NNLL tower is described in terms of the leading-order
formalism, with the sole exception of the two-loop contribution ( j1|z'1>NNLO. The latter has
been extracted from two-loop amplitudes in ref. [35], and does not enter the calculation of
reduced amplitudes to higher orders. All remaining NNLL terms are found by expanding the
projectile and the target in states with either one or three Reggeons, according to eqs. (3.4)
and (3.9), and applying the Hamiltonians Hs_,3, Hs_,; and Hi_,3, given in eq. (3.36) and
with Hy_,;19, of section 3.1. Finally, one is left with the inner product of Reggeon fields
at leading order, which is evaluated as in eq. (3.25). Apart from (j1|i) " C, eq. (3.37) is
therefore universal, in that it applies in any gauge theory, fully governed by the leading
order Balitsky-JIMWLK evolution of infinite Wilson lines in eq. (3.13).
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Eq. (3.37) has characteristic analytic properties, that are interesting to highlight at
this point. First of all, notice that the rescaling adopted in eq. (3.36) is particularly
useful, because it manifests the fact that (with the exception of the two-loop single-
Reggeon contribution) the NNLL amplitude is proportional to a factor of 72 to all orders
in perturbation theory. Furthermore, owing to the form of the Hamiltonian presented
in section 3.1, the amplitude has maximal, uniform transcendental weight, when the
dimensional regularisation parameter € is counted as having transcendental weight —1. This
will become apparent in sections 4.3 and 5, where explicit results for the loop integrals and
matrix elements involved in the calculation of eq. (3.37) at fixed order will be presented.

4 Computation of the NNLL transition amplitudes

In this section we expand eq. (3.37) up to four loops and compute the transition amplitudes
explicitly. Each contribution to the transition amplitudes has a transparent diagrammatic
interpretation, presented in sections 4.1.1 through 4.1.3 for two, three and four loops,
respectively. Subsequently, we will discuss the calculation of the colour structure and of the
integrals associated to each diagram, respectively in section 4.2 and in section 4.3.

4.1 Diagrammatic interpretation of the transition amplitudes
4.1.1 Two loops

The two-loop transition amplitude is given in eq. (3.30b). Here we focus on the 3 — 3
transition, which is obtained by contracting the Reggeons emitted by target and projectile,
without any action of the Hamiltonian operator

. Ak dkadks]s
(Wyales) = igf ) 527) [ agEgnl (a.1)

where an MS scale factor Se(u?) = )6 is introduced for each loop. The coupling

(75
e dme E
constant g, is evaluated in the MS scheme at the renormalisation scale 12 and in this section,
whenever not specified, both g5 and a; are assumed to be defined at p?. In eq. (4.1) we

define the integration measure

d*2k

ok [dkydkdks]s = [dk:][dks)[dks] (2m)2 8D (p — k1 — ko = k3). (4.2)

[dk] =

The colour factor of eq. (4.1) is

1
Cg(),? _ 6 (T{a,b,c}+)i (T{a,b,C}Jr)j’ (43)
where we define the shorthand notation Tj* ... T{" = (T*»%). and
1
(Tloombe) = (TP T Ty = — 3 T LT, (4.4)

" oeSy,

The integrand appearing in eq. (4.1) is constructed with three free Reggeon propagators,
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Figure 2. A two-loop diagram representing the leading contribution to the amplitude due to triple
Reggeon exchange. Note that the diagram drawn is just one of the six distinct orderings in eq. (4.3).

with a fixed total transverse momentum p. Therefore, the transition amplitude in eq. (4.1)
is represented diagrammatically in figure 2 by exchanges of three Reggeons. These need to
be taken in all possible orderings. Finally, in the notation of eq. (3.37) we have

(¥j,3lti3) (4.5)

o 1
(jslis) = o2

which fixes the leading-order (¢ = 0) contribution to this tower of logarithms.

4.1.2 Three loops

According to eq. (3.37), three-loop NNLL transitions either involve the evolution of three-
Reggeon states (j3| and |i3), by means of a single application of the Hamiltonian Hz_,3, or
transitions between single- and triple-Reggeon states, governed by Hi_,3 and Hs_,1. Let us
begin by considering the former contributions, for which we get

Gl Hssslis) = —5 (ol Haoalthos) + g (1 1) (3 T2 i) (4.6)
s'T

where the normalisation factor follows from the rescaling in eq. (3.36) and Hs3_,3 is defined
according to eqs. (3.15), (3.16) and (3.17), where (¢, u?) is written in eq. (2.6). The last
term in eq. (4.6) is immediately proportional to the two-loop result

ag(t, 1°) (1 8| TF [1hi3) = ag(t, u?) T7 (1 slhis), (4.7)

where (1, 3|1 3) is given in eq. (4.1). This relation stems from the fact that T? may be
interpreted as acting on either the projectile or the target, rather than on simultaneously
on both. The first term in eq. (4.6) involves evolution of the three-Reggeon state

, dk1dkadk
(sl Hislies) = 310 5202) Cx 0 [ 1Tigbalnla o 12, )
1™v2™v3
4.
dky dkodks]s (48)

+iag gl S3(u?) CY) /[d’q} [ Hos(q; k1 — g, k2 +q)

kR3S

where the two terms correspond respectively to the two components, egs. (3.16) and (3.17),
in the Hs .3 Hamiltonian, and the new three-loop colour factor arising in the latter, Cg?, is

(T{xvyvcﬂ) . (4.9)

]

C:(;;) _ (Fa:Fy)ab (T{a,b,c}+) ;
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Figure 3. Diagrammatic representation of the first term (a) and of the second term (b) in eq. (4.8).

A diagrammatic representation of both the colour structure and the momentum flow of the
loop integrals of each of the two contributions in eq. (4.8) is shown respectively in figures 3a
and 3b. The former differs from the two-loop transition amplitude of figure 2 only by the
insertion of the Regge trajectory ag(k%, ©?) in the integrand. In turn, figure 3b depicts the
action of a gluon exchange between the two Reggeons, where the emission and absorption
of the gluon manifests in eq. (4.9) as an adjoint generator, F* and FY, respectively.

As mentioned in the beginning of this section, at this loop order, there are also
contributions involving transitions between one and three Reggeon states, given by the
second line of eq. (3.37). These read
m
3

[<¢j,1

(B3 lis) + (sl Hiosslin) = Hy o [i) + (sl Hisalwin)] - (4.10)

3
agTp

By using the expressions of the Hamiltonian Hs_,; of eq. (3.21), we find that the transition

amplitude (¢ 1|Hs—1|1i3) is

. dk1dkodk
(i1 |Hs1 | 3) = —iaZ gt S3 (M2) Cg) W Hys (k1, ko, k3), (4.11)
1k R3
where
C(3) — Ty | Fe b pepd T{a,b,C}Jr AT 419
=T | J (wlesek) (1), (4.12)

The diagrammatic representation of eq. (4.11) is given in figure 4a. We obtain the sym-
metric contribution (v;3|H1-3[1;1) by replacing i <+ j in eq. (4.12), which corresponds
diagrammatically to applying target-projectile symmetry on figure 4a, giving figure 4b.
Therefore, summing (v1|Hz—1[i3) and (13| Hi-3[¢i 1) we finally obtain

(Yja|Hs—1|viz) + (V53| Hiss|win) =

. dk, dksdk (4.13)
—ial g; S (1) (C%) + C:(sgi)) / W Hg (k1 ks, k3)
1v2™3
with
CfY) = T [Pt Fep] (T{“vbvcﬂ)j (1) . (4.14)
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Figure 4. Diagrammatic representation of eq. (4.11). Note that the colour factor in eq. (4.12)
involves a trace of four generators in the adjoint representation, symmetrically summed over six
different orderings.

4.1.3 Four loops

As shown in the square bracket of eq. (3.37), the NNLL reduced amplitude at four loops
includes (i) 3 — 3 transitions, which connect three-Reggeon states in the target |¢;3) and
in the projectile (¢} 3| involving two insertions of the Hamiltonian Hs_,3; (ii) 3 — 1 and
1 — 3 transitions, connecting [1; 3) with (¢;1] and [¢; 1) with (1; 3|, respectively; and (iii)
1 — 1 transitions from [¢; 1) to (11|, which are mediated by three-Reggeon states. Below,
we discuss the interpretation of each of these in turn in terms of diagrams, integrals and
colour factors.

The 3 — 3 transition at four loops is generated by iterating the Hamiltonian Hs_ s
twice. Applying the rescaling of eq. (3.36) and the subtraction defined in eq. (3.23) one has

7.(.2

(js|H3 5liz) =——
(asrl“)

[ (3l HE 3l0s3) + gt 12) (W3] (TF Haog + HaoaT7) i)

+ag(t, 1) (¥l (T?)Q [0i3)] - (4.15)

The first term of eq. (4.15) is the most complicated contribution: by writing the Hamiltonian
Hj_,3 according to eq. (3.15) we find

(58 H3 3lti3) = (1,31 B3y3lt3) + (V53| Bss A3+ Az 3 Ba sl s) + (58|43 3 lbis),
(4.16)
where we distinguish between terms involving interactions between Reggeons, generated by
Bs_,3 of eq. (3.17), from insertions of the one-loop Regge trajectory ay on a single Reggeon,
generated by As_,3 of eq. (3.16). Diagrammatically, as we have already seen at three loops,
the action of Bs_,3 is represented by the addition of a rung in the triple-Reggeon ladders,
as in figure 3b, while A3_,3 corresponds to an insertion of the trajectory a, on one of the
Reggeons, as in figure 3a. Eq. (4.16) represents two such insertions in any combination.
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Figure 5. Diagrammatic representation of a) the double ladder in eq. (4.18a) and b) the mixed
ladder in eq. (4.18b).

The first term in eq. (4.16) reads

(1,31 B3_,3ti3) = (0,31 B3, 3|vi3)pr + (13| B3_s|vis)r, (4.17)

and includes two distinct contributions

. dk1dkodk
(0313 s, = 2 o8 5Hr) o, [ [ g2l

X Hyo(qii k1 — q1 — g2, ko +q1 +q2),  (4.18a)

Hoo(qo; k1 — q2, k2 + q2)

) [dk1dkodks)s
<¢j,3|B§H3’1/Ji,3>ML =4i a? QS S?(/f) CuL / [J‘Jﬂ%]W

X Hao(qu; k1 — g1, k2 + q1 — ¢2), (4.18Db)

Hs(q2; ko — q2, k3 + ¢2)

which correspond respectively to the two possible ways of adding a second rung to the
ladder, depicted in figure 5a and figure 5b.

The colour structures Cpi, and Cyy,, associated to the double ladder diagram in
figure ba and to the mized ladder diagram in figure 5b respectively, are

(4.19a)

i J

(T{wa,yz,x1}+> )

J

Cpy, = (FZ‘lel)ab (F®2 Fu2)®in (T{a,b,c}+) (T{xz,y276}+> ’

Cuir, = (F7 F)® (Fr2 preyine (Tlobek) (4.19D)

7
The remaining terms in eq. (4.16) are

[dky dkadlis)s
kik3k3

x {H22(Q; ki —q,k2+q) [0‘9 (k%’/ﬁ) tag (k%’“2> Ty (k%,;ﬁ) } }’

(13| B3—s3A33 + As—3Bs3|thi3) = —2i gSavs S3(u?) CAC:%) [dq]

(4.20a)

. 2 Jkldkgdkig FY 2
<¢j73‘A§a3Wi,3> =3i QS 562(,“2) Cicég) / [kaQkQ] [ (Oég (k:%? ,UQ))
1raR3 (4.20b)

+ 20y (/@%, u2> Qy (/@%, u2> }
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Figure 6. Diagrammatic representation of the first (a) and second (b) terms of eq. (4.24).

We compute (1; 3| H3 5]t 3) by adding eqs. (4.18a), (4.18b), (4.20a) and (4.20b). In order
to calculate the reduced amplitude (1; 3| HZ_,5|¢; 3), according to eq. (4.15), we add

ag(t, 1) (W3] (Tf H3 3+ H3—>3T?) Vi) = 209(t, %) TF (3| Hyslthiz),  (4.21a)

o2 (t,1%) (yal (T2) Tna) = 02(t.02%) (T2) (yaliia), (4.21D)

where (1; 3| H3_,3|1;3) and (1;3|1;3) are given in eq. (4.1) and in eq. (4.8), respectively.
In eqs. (4.21a) and (4.21b) we notice that T? commutes with the application of H3 3 and
with the contraction of target and projectile, as in eq. (4.7).

The 3 —+ 1 and 1 — 3 transitions at four loops read

2
n . 7r
(J1|H3 1 H33)i3) = py (Vj1|H31 (H33 — Hin) |t 3), (4.22a)
s'T
2
B . m
(3| H3—3H13li1) = s (Vj3| (H3—3 — Hi1) Hi3|i1). (4.22b)
s'T

We decompose each transition amplitude into three contributions

(VjalHz—1 (Hs—g — Hi1) [vi3) = (Y51 Hz—1 Bsalviz) + (V511 Hz 1 As—3]vi3)
+ ag(t, p?) (51| Ha1 TF 15 3),
(4.23a)
(V3| (H33 — Hi1) Hiss|win) = (V3| B33 Hi3|vi1) + (V53| Az Hi3[v4.1)

+ oy (t, 1) (1,3 T7 Hios3[thin)-
(4.23b)

The amplitudes in egs. (4.23a) and (4.23b) are related by target-projectile symmetry. Below
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we discuss the former equation. The first term in eq. (4.23a) gives

C(4)’A /[d ] [dkldkgdk3]5

(¥j1|Hz—1Bs,3015,3) = — 2iad g3 St (1) Cly His (ks, k1, k2)

KRR
x Hoo (q; k1 — q, ks +
22[55{ dlk di ]3 ’ (4.24)
—ia? gt S22 O [1ag) g2 Hig (ko k)
172R3
X H22 (qakl _Q7k3+Q)7
where the colour factors C%)’A and C%)’B are
Cly = (FmFY) Tx [FPFY (FPF! 4 POF?)| (Tiebel) (Td)j : (4.25a)
C%),B _ (F:pr)ac (TI‘ [FmFbeFd] + Tr {F:deFyFb}> (T{a,b,C}Jr)i (Td>j ] (425b)

Diagrammatically, the two terms on the right-hand side of eq. (4.24) are represented in

figures 6a and 6b, respectively. These diagrams are obtained by dressing the three-loop

transition amplitude (v;1|H3—1|1i3), depicted in figure 4a, with one additional rung.
The second term in eq. (4.23a) is

(3) / [dkldkgdkg] Hys (kl ke k3)

(tj1|Hi3 As—slti3) = iasgd S (1) CaChy 121212
17273

X [20[9 (k‘%,;ﬂ) + ay (]C%?lﬁ)} ;
(4.26)

where we used the symmetry of His (k1, ke, k3) of eq. (3.20) under k; <> k3. Note that
eq. (4.26) features the same colour factor C%) as the three-loop diagram, multiplied by C4.
The last term in eq. (4.23a) is proportional to the three-loop transition amplitude

oy (t, 1) (11| TF Hyo1 |t 3) = ag(t, p?) TF (01| Hi-li3), (4.27)

where (¢ 1|Hs-1(|153) = M(jﬂf[gﬁl\i@ is obtained from eq. (4.11).

™

Target-projectile symmetry implies that the amplitudes in eq. (4.23b), namely the

terms (1) 3|BssHi3[vi1), (;3|AssHis)wi1) and (3| T2H,3/1;1), are obtained

from eqs. (4.24), (4.26) and (4.27), respectively, by replacing colour factors C%) — Cgi),

defined in eq. (4.14), and C%)A — Cgﬁ)’A, C%)’B — C%)’B, with

Ci = (PeFv)* Te [FrpY (PP 4 PO (T{avb’cﬂ)j (Td)i, (4.28a)

CP = (P (T [ RV FT) + T [Fr v et (T{“’b’c}+)] (Td)i. (4.28b)

The 1 — 1 transition mediated by three Reggeon states arises for the first time
at four loops where it takes the form

2
s s 7r
(J1|Hz1Hi3li1) = — [Wj,l\H?,—»l Hy3lin)p + (1| Hz 1 H1—>3’wi,1>X}a (4.29)

4
Qg T
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T? Ts.
(a) (b)

Figure 7. Diagrammatic representation of a) (¢, 1|Hs—1 Hi3/t;1)p in eq. (4.30a) and b)
<¢j’1|H3*>1 H1~>3|wi,l>X in eq. (430b)

where we have distinguished two contributions characterised by different colour structures
and integrals. These are defined as

C(4)’D / [dk:ldkigdkig]g

2
(1h;1|Hz—1 Hio3|i1)p = iatg? SE(u?) Cyy)s 222 [H13 (k1,k27k3)] , (4.30a)
1kaks

. X
(i1 Ha1 Hios|ti1) x = iaisg? SEH(u?) Ciirs

dk dksdk (4.30b)
/W [HIS (k1, ko, k3) Hys (k37k1ak2)]u
1v2™3
with colour factors
CiVy = Tr [FFFIFe| Tr [FPFeFIFe + FPFepIp] (T“)i(Tb)j, (4.31a)
Ci = Tr [FPFeF P! 4 FPFFeF! 4 FPFIPF° 4 FPPOFCF’]
(4.31b)

a e d e a b
x Tr [F*PeFiFe] (T )(T)]
C:(;i)l’?l)) and C:(ﬁ)fg( correspond to the diagrams in figures 7a and 7b, respectively.

All the transition amplitudes contributing to the NNLL reduced amplitude through
four loops are written in terms of a handful of colour structures and of integrals involving
Hss, Hyi3 and oy as kernels. In sections 4.2 and 4.3 we will describe the techniques we used
to compute colour structures and integrals, respectively.

4.2 Colour structure

The definitions of the colour factors in section 4.1 are independent of the representations of
external particles, therefore they equally apply to quark-quark scattering, to gluon-gluon
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scattering and to quark-gluon scattering. Each colour structure can be easily evaluated
by specialising the generators T; and T to the representation of the projectile and the
target, respectively, and by picking a colour basis for each process, such as the ¢-channel
bases given in ref. [32]. However, an explicit basis would obscure the universal features
of the amplitudes, such as the structure of their infrared divergences and the universality
of the Regge limit. Therefore, we need specialised techniques to compute colour factors
for general representations of the external particles. In sections 4.2.1 and 4.2.2, we will
briefly review the fundamental technique introduced in ref. [35] and compute the colour
structures of the two-loop and three-loop reduced amplitudes. We will see, however, that
one must generalise this method in order to compute the four-loop colour factors introduced
in section 4.1.3. To this end, in section 4.2.3 we derive and apply new identities that allow
us to provide explicit expressions for all colour factors through four loops without specifying
the representation of the scattering particles. Eventually, every colour structure will be

written in terms of operators T? and T?_,, along with quartic Casimir invariants, acting

s—u?

on the colour structure of the tree-level amplitude, TFT5.

4.2.1 Colour structure at two loops

At two loops, the reduced amplitude is characterised by the colour structure C%) defined
in eq. (4.3). In that expression, the contractions of colour generators may be evaluated
in a straightforward way, for any representation of the projectile and the target. Indeed,
contractions of outermost generators on the top and on the bottom line may be written in
terms of the colour channel operators T? and T2_,, defined in egs. (2.17) and (2.22). As
described in ref. [35], we have

(TeTpT. ) (TYTETE L) = (TRTE LT (TETE L TY)

- %[Tg_u - r"f} (Th ) (e, -
(Te Tl ) (TPTE T = (TP 1) (TYTE T )
Lo T7 7 (b b p—— (4.32b)
zi{Ts,u#—?] (Thmp. ) (T ).
By applying these identities to eq. (4.3) we get
c® i [(Tguf - ?2%‘] TITY. (4.33)

Here, we isolated a universal operator, written in terms of T7 and T2_,,, which acts upon
the tree-level amplitude, T7T?.

4.2.2 Colour structures at three loops

Let us apply the method described in section 4.2.1 to compute the colour structure ng),

defined in eq. (4.9). We write the structure constants (F*EF¥)* in terms of commutators of

colour generators, using the Lie algebra relation

T¢ (F7)® = |12, Tb) = TI*, (4.34)
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Figure 8. Diagrammatic representation of a generic transition amplitude connecting one- and
three-Reggeon states.

There is a unique way of applying eq. (4.34) to eq. (4.9) such that each generator T;, in the
representation of the target, is contracted with a generator T, in the representation of the
projectile, preserving manifest symmetry under exchange of target and projectile, and it
leads to

(4.35)

(2

CY = (linalbeds) ]

(Tibslach) |

Target-projectile symmetry is immediately verified by exchanging representations of the
generators i <> j. By applying eqs. (4.32a) and (4.32b) to eq. (4.35) we get

Cfy = (3Ca - T3) €. (4.36)

The remaining colour structures at three loops are C%) and Cg?i), defined in egs. (4.12)
and (4.14), respectively. As noticed in eq. (4.13), the reduced amplitude features their
sum, C%) + Cg). This colour factor was computed in ref. [35] by applying the identities in
egs. (4.32a), (4.32b) and (4.34), getting

2 2
@ o®_ ST (2 VLG 32 (12 2] | qare
ClB + 031 - { 4 [(Tsu) + 12 + 4Tsfu [Tsfuth} Tz’ Tj . (437)

However, the result above can be simplified further. Both in C%) and in C:(,j), colour

flows through a single generator, either on the target or on the projectile side. This single
generator acts’ as a projection operator [94] on the adjoint representation in the ¢-channel,
independently of the representations of the target and of the projectile. This in turn implies
that, to all orders in perturbation theory, the colour structure of transition amplitudes
connecting one- and three-Reggeon states, depicted in figure 8, is proportional to the
tree-level amplitude. This observation implies

c®=m { o b e Fd} (T{a,b,ch)i (Td)j =) TeTY, (4.38a)
c® = Tr { [ b e Fd] (T{“’b’c}+)j (Td)z- =cPTe T¢, (4.38D)

"We thank Simon Caron-Huot for raising this point.
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where Cg) and C’éi)) are scalar functions of the Casimir invariants of the projectile and the

(3)

target, respectively. In order to determine Clg , we consider the case where the target is in
the same representation as the projectile. Upon setting T;l = Tg on the left-hand side of

eq. (4.38a) and T% = T{ on the right-hand side, we contract all indices, getting
Tr [P FPFe R Teg, [TL* 1) = CfF) Tep, [T5 T, (4.39)

where the subscript R; specifies the representation of the colour generators inside the trace.
After computing the traces we find

dag, 1
c® = 24K 4.40
13 NR.; C’L ( )
Here d og, is the quartic Casimir operator

1

dar, =3 > T (P (@ po® pel@) pod] my [ Temh Ty (4.41)

" o€eSy

and explicitly for a SU(N,) gauge group, dag, is
Ny 24 ’ Np 48 ’ ’

where No = N2 — 1 and Np = N, are, respectively, the dimensions of the fundamental and
of the adjoint representations of SU(N,). Following the same steps leading to eq. (4.40),
we determine

dar; 1
o5 = = 4.43
31 NRJ' C] ( )
Hence, the colour structure in eq. (4.37) becomes
dap, 1 dar; 1
c® LB _ i L i — | e 4.44
13 + 0G5 Nz, C; + N, C; iLj ( )

The result above implies the following non-trivial identity involving colour operators T?

and T2,
T% 2 2 CEX 2 2 2 armpa __ arma
{4[(Ts—u) gy | T [T T T = (R Np, G ) i
(4.45)

for any representation R; and R; of the projectile and the target. This three-loop quartic

Casimir colour identity will be useful also at four loops. We stress that the basic argument
leading to egs. (4.38) holds to all orders in perturbation theory: every transition amplitude
involving a single Reggeon exchange, either from the target or from the projectile, has the
same colour structure as the tree-level amplitude up to a multiplicative factor depending
on Casimir operators. We therefore expect to be able to derive identities analogous to
eq. (4.45) at every perturbative order by applying the above argument. In particular, at
four loops we shall derive one more relation of this kind, given in eq. (4.48) below.
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Figure 9. An example of an entangled colour configuration. This specific one is the first term of d;
in eq. (C.10a).

4.2.3 Colour structure at four loops

Colour factors appearing in 3 — 3 transitions. We encounter two new colour
structures in the transition amplitude ( j3|ﬁ§ _,3|i3). These are Cpy, and Cyyr,, defined in
egs. (4.19a) and (4.19b) and depicted in figure 5a and 5b, respectively. As discussed above
eq. (4.35), all the structure constants may be written as commutators of the gauge-group
generators by means of the Lie algebra, so eqs. (4.19a) and (4.19b) may be expressed as

CpL = (T{a,b,nc,dLem)

Cur, = (T{a,[b7c17[d,e1}+>

(Tlwelbel )

lelddbal},
( )

(4.46a)

1

J

1

; (4.46D)

a

¢, in the representation of the projectile, with one

where we contract each generator T
generator T associated to the target and we preserve manifest target-projectile symmetry.
As we will clarify below, both features are crucial to evaluate Cpr, and Cyyy, in general
representations. To this end, we repeatedly apply identities (4.32a) and (4.32b) to egs. (4.46a)
and (4.46b), in order to write contractions of the outermost generators on each line in
terms of T? and T?2_,. However, these identities are applicable only to some of the terms.
While for two- and three-loop colour factors one could identify at every stage a gluon whose
both ends are external, thus fitting the pattern of either (4.32a) or (4.32b), starting from
four loops this is no more the case. Specifically, both Cpi, and Cyy, involve entangled
configurations, where all gluons whose emission point is external on line ¢, have its absorption
point internal (that is, appearing in between other generators) on line j, and vice versa. In
this case, the reduction into a sequence of T? and T?_,, operators faces an obstruction. An
example of such an entangled configuration is shown in figure 9.

In total we identified 8 sets, dj ...dg, of entangled colour structures, characterised by
target-projectile symmetry, that enter in Cpr, and Cyy,. We present these contributions in
appendix C, where we also prove a set of identities that express d; ... dg in terms of operators
T7, T2_, and of the quartic Casimir invariant das. The derivation of these identities,
given in egs. (C.13a)—(C.13e), relies on target-projectile symmetry and a representation of
the colour structures as multiple pairwise interactions where each generator on the target
line is contracted with one on the projectile line, similar to Cpy, and Cyyy, in eqgs. (4.46a)

and (4.46b). After applying egs. (C.13a)—(C.13e), as well as eqgs. (4.32a) and (4.32b), to
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egs. (4.46a) and (4.46b) we obtain

1 4 2
oo~ (et Sa )+ T enz e G (Fmacat oz 3t

36 \ Na 48 - 48
o 1 (4.47a)
b (3r2 mpnt wine wind e ) e
1 (dan C%\, 7C% 1104 (1 1
CML:{72<]VA_6A +F§(Tg_U)2+ 48 (4T§_UT%T§_U—3T?(T§_U)2>
1 (7 1
+96( TPTS. T%Ti_u—3T§_u<T?>2T§_u—6(T?)2<T§_u>2)}T?T?- (4.47b)

For later use, we derive alternative expressions for Cpy, and Cyy,, which make it easy
to identify terms that are leading in the large- N, limit. To this end we need a new four-loop
colour identity

{3[T§ w | T2, [T?,Tiu]H + (T2 - 3C4)

T2, (Tzuﬂ } T¢T? = 0, (4.48)

which will be derived in the second part of the present section, following similar steps to
those leading to eq. (4.45). By applying the three- and four-loop identities in eqs. (4.45)
and (4.48) to egs. (4.47a) and (4.47b), we obtain

1 dAA dAR dAR 9 9 -
CpL=1 —o= —6C4 . C T2 T2|T2T
PL { 36[NA (NRC+NRC A 16[ s—u? t} t+s—u
(4.492)
2
1 |daa dagr, . dar; 7 al 3 ) R
Cve=97 | N, : L) —5-C4| =55 | Tsow [Tso, TF] | T
ML {72 +6C4 <NR¢Ci+NRjCj 240 32[ s— u?[ s—u’ t]] t
(4.49b)
1 a a
55 [Toou T TETE +16T2 J[T2 U,T?]Tf}TiTj.

In eqgs. (4.49a) and (4.49b), we collected in square brackets the leading contributions in
the large- N, limit of Cpr, and Cyy,, respectively. These terms are proportional to the
unit matrix in colour space. Subleading contributions at large V. have non-trivial colour

structure, characterised by the action of commutators, such as [T?,T2_,] on the tree-level

S—u
colour structure. Indeed, the occurrence of such commutators is automatically associated

to non-planar colour diagrams. To see this, consider the action of the commutator [T?, T?]

— 36 —



on a general colour structure

1 4 1 4

T3, T7] = [T§, T} T5T}
1 P 41 & 4
T -

Here the grey blob represents a general colour tensor with four indices. In the final

=

line of eq. (4.50), we used the commutation relation of the Lie algebra. Having done that,
three of the four external lines are connected together giving rise to a non-planar diagram.
Similarly, one shows that [T?2,T?| is non-planar, hence [TZ_,, T?] is subleading in the
large- N, limit. Thus, by organising the colour structure in terms of commutators, we can
immediately distinguish between purely non-planar terms and those that have a planar
contribution. For instance, we observe that all signature-even amplitudes in eqs. (2.46)
at two-loops and beyond are expressible in terms of (nested) commutators and are hence
subleading at large N.. It also becomes clear now that the only terms that contribute in

the large-N, limit in egs. (4.49a) and (4.49b) are those in the square brackets.

Colour factors appearing in 3 — 1 and 1 — 3 transitions. We now proceed to
compute the structures C%)’A and C:(ﬁ)’A, defined in egs. (4.25a) and (4.28a), respectively.
Following the observation at the end of section 4.2.2, these colour tensors are proportional
to T{T}. The proportionality factors may be found by repeating the steps that lead from
egs. (4.38a) to (4.40). For instance, in the case of C%)’A we have
Clg " = (P F) T [F7FY (FF 4 FUE) | (Tl ) (1) = oo,
(4.51)

where CS)’A, which is a scalar function of the Casimir invariants of the representation R;

of the projectile, can be determined by choosing T;l = T¢ and T¢ = T{ in eq. (4.51) and
contracting all indices. This yields

i = g Tom [0 (P e [Fop (PR PO (as2)
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(4),A

Similar expressions for the target-projectile symmetric colour factor Cs3;”" are simply
obtained from of egs. (4.51) and (4.52), by replacing the representation of the projectile
R; with the one of the target, R;. After computing traces with the codes color [95] and
ColorMath [96], we find

(4) dARz TaTa 4
d
(4)7A _ a a
i =Ca g & T (4.53b)

By target-projectile symmetry, both C%)’A and C:(ﬁ)’A

multiply the same integrals, defined
in the first line of in eqs. (4.24). Therefore, the transition amplitude involves the colour

factor

d AR, dAR
ctyciht=cy TIT, 4.54
31 NR C + NR C 1] ( )

which simply corresponds to the three-loop colour structure in eq. (4.44) multiplied by Cjy.
We compute C%)’B, associated to the diagram in figure 6b, and its symmetric partner
under exchange of target and projectile, Cz(ﬁ)’B, by applying the same procedure. These

colour tensors are defined in eqs. (4.25b) and (4.28b). Furthermore, they admit
4),B 4),B 4),B 4),B
ciy?=cfree, )P =P e (4.55)
We determine the scalar coefficients C’%)’B and C?E%)’B by following the steps described in

egs. (4.52) and (4.53a), getting

1

C{g) ]\[Ric Tr [Tz{a,b,C}+ad} (FmFy)ac (TI‘ [FbuFde} +Tr {FdeFyFb]) —0,

(4.56a)

CiB _ N}; o it red] (prpvyee (Te [Fr R RV R T [FPFIRVRY) ) =0,

(4.56b)

where we used the code color [95] to compute the traces in egs. (4.56a) and (4.56b).
This holds for general representations in any semi-simple gauge group. The vanishing of
C%)’B and C:(;i)’B simplifies the calculation of the 3 — 1 transition at four loops, defined
in eq. (4.24), and its symmetric contribution under target-projectile exchange, the 1 — 3
transition.

Using the calculation of C%)’B and Cgi) P above, we now derive the identity quoted in
eq. (4.48) above, which was applied to simplify the four-loop colour structures in eqs. (4.49a)
and (4.49b). To this end we compute C%)’B and Cz(ﬁ)’B again, starting with egs. (4.25b)
and (4.28b) and applying the identities in appendix C, along with eqs. (4.32a) and (4.32b),
obtaining

T2, (Tg_uﬂ } TYTY.

(4.57)

c{PP + P = {3[1“3 w | T2, [T?,TE_U}H + (T} - 3C2)
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By comparing the sum of egs. (4.56a) and (4.56b) to eq. (4.57), we obtain eq. (4.48). As
a cross-check we re-compute eq. (4.54) by applying eqgs. (4.32a) and (4.32b), as well as
identities in appendix C, to the definitions of C%)’A and C:(,j)’A, respectively in eq. (4.25a)
and (4.28a) and we get

32 (72

4 S—u?

2 2
(4),A | ~(4),A _ Ty |2 V2, Ca

T?]} T{T

- ol e mnrE ]|+ (22 -sca) [ (12.)°) | e,
(4.58)

Here, the second line vanishes by eq. (4.48), while the first line, reproduces the expected
result in eq. (4.54) upon using eq. (4.45).
Finally, we compute the colour structures C:(‘ﬁ)f?? and Cgﬂ’g( , which were defined in

egs. (4.31a) and (4.31b), respectively. By a similar argument to that leading to eq. (4.38)

we have
4),D 4),D
C§>1)13 = C§1)13 T; TF, (4.5%)
4),X 4),X
C:(31)13 = 0:51)13 T; TF, (4.59b)
where the scalar functions C?Ei‘)l’?? and C?Eﬁéx are
1
Cins = - T [FFF'F| Tr [F*FF'F* 4 F*F°F'F°
A
daa Ci
= (2244 =4 4.60
( Na 6 ) (4.60a)
1
Citty = - Tr [FFCFUF| T [F*FFOF! 4 FUFO PP+ FOFUFOF + FFUFF|
A
daa Ci
= (424 4 4.60b
( Ni 6 ) (4.60b)

where we computed the traces using the code of ref. [95]. It is easy to check using eq. (4.42)
that C?E%)léx is subleading in the large- N, limit, while C’?EAI‘)K,)X has a leading O(N2) component.
This can be expected based on the non-planar and planar nature of figures 7b and 7a,
respectively.

In conclusion, we expressed all the colour structures that contribute to the reduced
amplitudes through four loops in terms of colour channel operators T7 and T2_,,. In addition,
they contain quartic Casimir invariants associated with the colour representations of the
scattered particles, dagr, and dag;, starting at three loops, and purely adjoint ones, daa,
starting at four loops. These arise in both the 3 — 3 transitions of egs. (4.49a) and (4.49b)
and the 1 — 3 — 1 transition of eqgs. (4.60a) and (4.60b). Note that the d44 terms are
driven entirely by gluon loops, thus, they are entirely independent of the representations of
the scattered particles and on the matter content of the theory.
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4.3 Integrals

The transition amplitudes defined in section 4.1 involve a restricted set of integrals in
d = 2 — 2e dimensional Euclidean space, transverse to the lightcone of the colliding particles.
The associated integrands are constructed in term of massless propagators of the three
exchanged Reggeons, with momenta ki, ko and k3 = p — k1 — ks, and integration kernels
Hys, Hiz and oy. It is convenient to use the notation of ref. [35],

2
4mS.(p?) / /
rr
where N indicates a general integrand depnding on p; and po. All integrals appearing in
transition amplitudes through four loops may be expressed in terms of the following set

d2—2e d2—2e 2

D2 b
(2m)272¢ p2pd(p — p1 — p2)?

b1
(27-‘-)2—26

I[N] N, (4.61)

Ji=1

_1]
Le2]’

Jo

I

1
62

()]

Jy =1

i €\ 2 i €\ 2 - € €
1 ((p L((p L () (P
J == I 5 5 9 J — I -y - y J = I — — Ju— ,
e ((ﬁ) ) ] e ((pfz e \2) A
r 1 2 € € r 1 2 € 2 € r 1 2 € 2 €
€7 \P1 D12 L€ \P1 D323 €7 \ P12 D13

where p;; = p; + pj. We emphasise that despite describing 2 — 2 amplitudes, the integrals
above have a single kinematic scale, namely the squared transferred momentum of the process
p? = —t, because the dependence on s is completely determined by Balitsky-JIMWLK
evolution.

With exception of Jyg, all the integrals may be computed by repeatedly applying the
one-loop propagator formula [97, 98]

/ sl = Des () (4.63)
(k)" (0= h)*)"  (4m)"
where as above, [dk] = (gi;%, and the function B, g is defined by
B :F(l—e—a)F(l—e—,B)I’(oz—l-ﬁ—l—i-e) (4.64)
7 T(a)T(B)T(2 — 26 — a — B) ' '
Using the notation above, the integrals J; ... Jg evaluate to
4B1 41 3 18(C3
T G4+ (4.650)
4B q ¢ 2 44
Jy = ﬁl’jl =5~ é — 66¢4 4 O (¢) (4.65b)
4B 9¢ 8 128
Tyt 2 353 —64Cs+ O (e) (4.65¢)
4B25 le+1 5 230C3
Ji=Js =~ 121 1* s g~ H5G+0(e) (4.65d)
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p— ki1 — k2

P- 2
k‘1+k‘2

777777777777

through eq. (4 68). Arrows on the scalar propagators are added to keep track of the momentum
flow. The factors Dg and Dg represent numerator insertions.

481 3e41 5  T5(3  225(4

g = Brsen _ 5 TG 226G, 4.65
> 643171 2¢t € 2 +0O(e) ( °)
481 e+1Bet1,2e41 5  65¢3 195C4
— ) i e — 4. f
Jo 643%71 4et € 2 +0(e) (4.65f)
4B13er1Bey1n 15 135¢3  405(4
.~ 4By, 1 _ 15 135G o 4.65
7 643%’1 8¢t 2¢ 4 +0() ( g)

Note the absence of poles of order e 3 and €2, the latter being associated with the absence
of (o. This will reflect in the final results of the amplitudes.

In order to compute the remaining integral Jg, we define an integral family generated
by the following inverse scalar propagators

Dy = k2 Dy = k2 Ds=(p—ki—k)?> Di=gq

D5 = (k1 + ks — qn)? Dg = g5 D7 =(p—ki—q)? Ds = (k1 + k2)*
=(p—kp)? D= (k1 +q)*  Du=(k+q) Dy = (k2 + q2)*

D13 = (q1 + @) Dy = (p—q)? (4.66)

Denoting integrals in this topology as

de [ d%%; %o d%q1 dgo p?
7(d) = (p2eE / 12 22 4.
- (p c ) (/2 D' ...DY" (4.67)

we consider Tl( 1)1 11,1,1,-1,-1,0,0,0,0,0+ associated to the diagram in figure 10, which is related

yhatytady

to the integral Jy by

e E (2—2¢)
Jg = (B ) T1,1,1,1,1,1,1,—1,—1,0,0,0,0,07 (4-68)
€D1,17T

where 7 is defined in eq. (2.7) and B ; in eq. (4.64).

We use the code LiteRed [99] to apply raising dimensional recurrence relations [100]

and express the integral T1(21 12?1 11,-1,-1,0,0,0,0,0 i1 terms of 2-point integrals in 4 — 2e

e 11,11,
dimensions, T( )

Ty a5 6.7 msme.0,0,0,00  Lhe latter are computed with the program
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Forcer [101] and expanded® in e, giving

2-92¢ 28  56(y 3352(3  1508(4 6704 73432
T1(,1,1,1),1,1,1,71,71,0,0,0,0,0 = 3432 9 3 + e( 9 (o3 — B C5>
230264
2 2 3
¢ ( G 945846> +0 () (4.69)
and
T 214(5 4094 , 8210 9 3
e 107¢4 — 1166 (5 € + <3C3 - 3C6) e+0 (e ) . (4.70)

We checked the result in eq. (4.70) by verifying up to O(e®) that it yields uniform-weight
zeta numbers,” by comparing it with ref. [23], which provides Jg to O(e), and by comparing
with the numerical result, obtained up to O(e) with pySecDec [102].

The integrals Jj ... Jg are all pure transcendental numbers of uniform weight 4, when ¢
is assigned weight —1. We note that the factor rp in the denominator of eq. (4.61) removes
all the occurrences of (s from egs. (4.65a)-(4.65g) and (4.70). Furthermore, all occurrences
of even zeta values may be removed by re-defining the odd zeta numbers, as in refs. [103-106].
This can be immediately verified by absorbing (4 and (g in eqgs. (4.65a)—(4.65g) and (4.70)
using the definition

~ _ 3 5 3 5 ~ _ 5 3
G=Gt5e—3E6+0(0), G=G+oe+0() (4.71)
The appropriate definitions of hatted representation of the zeta values is derived in refs. [105,

106] including higher orders'? in e.

5 The NNLL amplitude through four loops: results

(=),NNLL
ij—ij
The relevant expressions for the transition amplitudes are defined in section 4.1. Here we

We now provide results for the reduced amplitude M , eq. (3.37), through four loops.
evaluate them in terms of the colour factors computed in section 4.2 and of the basis of
integrals introduced in section 4.3. At each perturbative order, we discuss the planar limit
of the reduced amplitude, by separating the dominant terms at large N..

In section 5.4 we construct the complete amplitudes, according to eq. (2.44), and we
disentangle the contributions of the Regge pole from those associated to the Regge cut,
as specified in eq. (2.39). We provide explicit results for quark-quark, quark-gluon and
gluon-gluon scattering amplitudes. Finally, using this Regge-cut scheme, we extract two-loop
quark and gluon impact factors, C’q(2) and C’éQ), in QCD, as well as the three-loop Regge
trajectory in N/ =4 SYM.

8Note that the topology defined in eq. (4.66) is absent in Forcer. Instead, the topology tlstar24 is
defined in terms of D1, D2, D3, Ds and Dy, where the latter two denominators are allowed to assume
non-integer powers. The conversion of integrals T”Sjjn22€y)n31n4,ns,77«67”7»’"«8,71910,0,010,
immediately obtained by integrating the one-loop sub-integrals over g1 and g2.

In contrast to the integrals J ... Jg, which all yield only single zeta values, Jo features multiple zeta

o in Forcer notation is

values, such as (s 3.
10The systematic construction of hatted single zeta values has been developed for all orders in € in
ref. [106].
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5.1 Two loops

The transitions that contribute to two-loop reduced amplitudes can be read off the expansion
of the general formula eq. (3.37) to O (a?)

T~ (=20 . .

S MG = (i)™ 7 (i), (5.1)
Here the first term describes the contribution of single-Reggeon exchange to the two-loop
reduced amplitude. It may be obtained by substituting the NNLO impact factors introduced
in eq. (2.43a) into the first term in eq. (2.45) and expanding it to two loops. This fixes the
first term in eq. (5.1) to be

(alin)MEO = [DI 4 DI + DIV DIV | (i), (5.2)
where the impact-factor coefficients DEI) and DZ@) were defined in eq. (3.11a) and (3.12),
respectively. These coefficients have been determined in QCD in ref. [35], by matching the

expression above with explicit results of two-loop helicity amplitudes [107-109]. They are
quoted here in appendix A. Of course, this term is proportional to the tree-level amplitude,

; 2
. i~ g
(j1li1) = %ngiij =1 75 T7 T, (5.3)
a purely t-channel octet exchange.

The 3 — 3 transition, (j3|i3) entering eq. (5.1), provides the first contribution of
three-Reggeon states to scattering amplitudes. Substituting eq. (4.1) into

. (¥53|9i3)
13) = — 5~ 5.4
(sslis) (aurr)? (5.4)
and evaluating the integral, we obtain
;2
C . 1
(Jalis) = —% & J,CY) (5.5)

2
— 5 (5-sctr0(e)) [(Tz_uf - f;] (rlin),

where we expressed the colour factor C%) as in eq. (4.33) and we set the scale of the
coupling p? = —t for simplicity. The value of 63 is given in eq. (4.71). In this section, we
will consistently suppress the occurrence of logarithms of ’i—i by making this scale choice.

Because of the action of (T2_,)?, the colour structure of eq. (5.5) is strikingly different
to single-Reggeon exchange (ji|i1), breaking Regge-pole factorisation [30-32, 45, 46]. Impor-
tantly, the leading term in the large- N, expansion of (T2_,)?(j1|i1) is always proportional to
(71]71), and furthermore, the proportionality constant does not depend on the representation
of the scattered particles. This can be understood by rewriting eq. (4.45) as

N, (T2_)? dar,  dar; N3
ToT? — i J_ _ ¢ | e 5.6
4 i NRiC’i—'—NRjCj 48 ) 1T (56)
1 2
ST T T T g T (1) e,
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Here, the second line is manifestly non-planar, being written in terms of commutators (see
eq. (4.50)). In order to determine the large- N, limit of the first line, we notice that the

invariant N;Ré- takes a simple form, when the representation R; is either the fundamental

or the adjoint. From eq. (4.42) we find

1 p
dan. Nf 1 if R =F
NpC; o TNV
fut 3 ifR=A
_ N
= 55 + Nen(R). (5.7)

After plugging the expression above into eq. (5.6) and multiplying by i% we get

2
(T3_.)*(lin) = % +4r(Ri) + 4/€(Rj)] (1) (5.8)
- TLT T Gl - o T (T3] i,

In the large- V. limit, the first term dominates. It features the colour factor of the tree-level
amplitude (j1]i1), corresponding to the exchange of a colour octet, multiplied by the factor
N2 /4, irrespective of whether the projectile and the target are quarks or gluons. Subleading
terms in NN, are separated into two parts. In the first line, terms proportional to the function
k(R) are still characterised by colour octet structure. By changing the representation, either
fundamental or adjoint, of the scattered partons, these terms are easily constructed as the
symmetric sum of one contribution associated to the projectile and one to the target. The
terms in the second line of eq. (5.8) have non-trivial colour structure and, to the best of our
knowledge, their expressions for definite representations of the external particles do not
obey simple relations.

Finally, plugging egs. (5.2) and (5.5) into eq. (5.1) we recover the result of two-loop
amplitudes [35]:

ME20 = 1 p® 4+ p® 4 DMV DW 1 722 53 () ((Ti_u)2 - 11203)] Miree, (5.9

where we define!!

62

1 3 9
S (e) 511 g2 T 166 T g€ G+ 0(e). (5.10)

We recall that the entire dependence on the type of the scattered partons is encoded in the
impact factors D; and D;, while the three-Reggeon contribution in operator form is entirely
process-independent.? Likewise the former depends on the specific gauge theory considered,

'We slightly depart from the notation of ref. [35], where the expansion of the reduced amplitude involved
R®(e) = 2 S@ (). Similarly, at three loops we will introduce the quantities 81(43)(6), S§’>(e) and Sg’)(e)7
which are related to corresponding expressions in [35], R§3)(e) =7 553)(6) with i = A, B, C.

12Note the distinction we make between process-independence of the operator itself, versus the process
dependence of its projection on the various components in an explicit colour basis, which we discuss in
section 5.4 and appendix D below (where we choose the ¢-channel basis).
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while the latter is entirely independent of the matter content and is thus universal. As
commented already in section 3.2 these features (scattering-process independence in operator
form and matter-contents independence) apply to the entire tower of MRS contributions to
the reduced odd amplitude at NNLL to all loops. In appendix D, we compute explicitly the
reduced amplitude in eq. (5.9), by picking orthonormal colour bases in the t-channel for
quark-quark, gluon-gluon and quark-gluon scattering processes. We obtain the colour octet
and colour singlet contributions to the quark-quark amplitude, respectively in eqs. (D.1a)
and (D.4a), (antisymmetric) octet and decuplet in gluon-gluon scattering, respectively
in egs. (D.1b) and (D.5a), and an (antisymmetric) octet in quark-gluon scattering, in
eq. (D.1c).
In the planar limit, eq. (5.9) becomes

2

f N2 .
./\/l( 2,0) = [DE” + DJ(Q) + Dl(l)D](l) + 7T27“% ?5(2) (6) Mtreea (5'11)

planar

(1)

7

where we apply the identity in eq. (5.8) and we retain only the terms leading in N, in D,
D and D, D&

5.2 Three loops

The expansion of eq. (3.37) to three loops gives

T~ (=31 I . I . N F .

g Mi i) = = (sl Hosslis) + (Gl Haon lis) + GalHiosalin)) | (5.12)
Here, the first term is associated to 3 — 3 transitions, while the two terms in brackets
represent 3 — 1 and 1 — 3 transitions. Each contribution is described in turn below.

The 3 — 3 transition is defined in eq. (4.6) in terms of the integrals in eqs. (4.7)
and (4.8). These are evaluated at u? = —t in terms of the basis of integrals J; ... Jg of
section 4.3, getting

ig? e

(ol Hyaslis) = <2 2 l(,]g —2J,)CY) +3J,c4CQ — T2 CP)|. (5.13)

Here, the first two terms correspond to eq. (4.8). The last term, with the colour structure
T? C%) , arises from eq. (4.7). Using the expressions for the colour factors C:(g? and C:(;é)

given in eqgs. (4.33) and (4.36), respectively, we get

- Sy 3) dAR,L- dARj .y
(3| H3-3liz) = —24.557(€) (NRiCi + NRjCj> (J1li1)

+ [SP(OTL, [T2,, TF) + 85 () [T2,, THTL, + & ()C3] (nlin),
(5.14)
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where

€ 1 37C
SV = 15 (1= Jy) = —48 s+ 5 T0(e). (5.15)
€ s
Sg)(e)E—E(JQ—Jg) 24 — +—3+o( 2, (5.15b)
(B € _ 1
Se'(€) = 988 (J1+J2—2J3) = ~ 132 < 35C3 + 0 ( )) (5.15¢)

where we expanded each of the combinations of integrals in ¢ and where 63 is given in
eq. (4.71). In order to obtain the form in eq. (5.14) we applied the three-loop colour identity
of eq. (4.45), separating the contribution proportional to the tree-level amplitude (j1]i1) with
the proportionality factor involving the quartic Casimir of the scattered particles, from the
T7|T:

remaining colour structures generated by the operators T2_,[T2_,, T?] and [T2_,,

and a pure C3 term.

The 1 — 3 and 3 — 1 transitions are defined in eq. (4.13). By replacing the colour
factor with the expression in eq. (4.44) and performing the integrals, we get

CE s CE L € dar, daR, -
H H = — — 2 J J
(sl Hi-sslis) + (il Haonlis) = 15 (J1+ J2 = 2J3) <NRici + NR].C]) (gla),

) (5.16)
= 2459 (¢) < dan, | Gar, > (J1lin)

Ng,Ci  Ng,Cj

where Sg’)(e) is given in eq. (5.15c). We notice that the result is just the negative of the

quartic-Casimir-dependent part of the 3 — 3 transition amplitude in eq. (5.14), so these
terms will cancel exactly in the reduced amplitude.

The three-loop reduced amplitude, eq. (5.12), is computed by summing egs. (5.14)
and (5.16). As noted above, quartic Casimir invariants cancel between the two transition
amplitudes and we obtain

M3 = —7727"1?1 {SS’) (e) {T2

s—u’

2] + 55 (0) [T, T T2, + 58 (O8] Muee,
(5.17)
where 5(3)( ) SJ(B)( ) and Sg’)(e) are defined in egs. (5.15a), (5.15b) and (5.15¢), respectively.
In appendix D, eq. (5.17) is expanded in the dimensional regulator ¢ and evaluated in
t-channel bases. Results are presented for the octet and for the singlet in quark-quark
scattering, respectively in egs. (D.2a) and (D.4b), for the antisymmetric octet and the
decuplet in gluon-gluon scattering, respectively in egs. (D.2b) and (D.5b), and for the
antisymmetric octet in quark-gluon scattering, eq. (D.2c).
In the planar limit the last term in eq. (5.17) dominates, while the commutators are
subleading, and eq. (5.17) then becomes

M3 —72% S (€)% Miree (5.18)

planar

which is simply proportional to the tree-level amplitude (ji|i1), times a factor that is
independent of the scattered partons, similarly to the planar contribution to the two-loop
amplitude, eq. (5.11).
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5.3 Four loops

By expanding eq. (3.37) to four loops, we find the reduced amplitude

; 2,.4

Los(—42) T e . . ~ . . = :

%ng;ij) == - [(]3|H§—>3|Zs> + ((]1|H3a1H3e3|Z3> + <]3|H3%3H1H3’Z1>>
+ <j1|ﬁ3—>1ﬁ1—>3!i1>]>

where the terms above describe respectively 3 — 3, the sum of 3 — 1 and 1 — 3 and finally

(5.19)

1 — 1 transitions, mediated by an intermediate three-Reggeon state. Each term is evaluated
in turn using the results of sections 4.1, 4.2 and 4.3, as discussed below.

The 3 — 3 transition involves three contributions, given on the right-hand side of
eq. (4.15). The first term yields
2

s
(V)3
Offslr 73

ig? J.
HSHShsz) LZ [(2J7_25_J6_J8) Cpr—(3Js—2J7—Js+Jg) Cyr, (5.20)

Js 3
(J4+2J6—J7—> Cx Cég) (J4+2J6) sz C%)} )

where the factors multiplying Cpy, and Cyp, in the first line arise from the integrals in
egs. (4.18a) and (4.18b), respectively; the contribution proportional to C%), in the second
line, is obtained by integrating eq. (4.20a) and the last term in eq. (5.20) corresponds to

eq. (4.20b). The remaining terms in eq. (4.15), defined in egs. (4.21a) and (4.21b), yield

? ig? 3.
o [2%(15) T (53 Hsﬁslwi,:g)] - Y [(J —25) PO + 52 Ca ng}} (5.21a)
s
2 2
@ 2 g5 1 (22 ()
alr 14;0‘ ( ) (T ) (thj3li3) = —TS 1 (Tt) Css. (5.21b)

The 3 — 3 transition amplitude is obtained by combining egs. (5.20), (5.21a) and (5.21b).
The relevant colour factors are given in egs. (4.33), (4.36), (4.49a) and (4.49b). Furthermore,
we make use of the three- and four-loop identities in eq. (4.45) and (4.48) to simplify the
colour structures and to isolate the leading contributions in the planar limit. We find

(js|H3_,3lis) =

(3J4 S Js— Js—2J7 — Jg)

72N
1728 (3J1 +6.J— 123+ 5J5+ J — 1007 +7J)
—f[Tg w (T2, T | T3 (404 = 8J6 +2J7 3o

+ o T2 [(Tg_u) ,T?} (AT + 23+ 24+ J5 +2J5— 4J;

[Tg u,T%]T?Tzfu <3J4+J5—J6—2J7—J9)
+3—2T2 W[ T2 T TR (i 425 = A5+ 8]y — A5 + 4T — 2Jo )

Ca ( dar; dar,

21 \Vac Nchj> (J1 +2J2—4J3+J4+2J5—4J7+2J9)] (g1li1).

(5.22)
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Using section 4.3 we substitute the results for the integrals Jj ... Jy, expanded in powers of
€, into eq. (5.22), getting

Cg

(3| H3,5lis) = [ Cc Y+ 0(e )1 {g1lir), (5.23)

where we have defined the following operators in colour space

_ 1 dAA d AR, dAR; c4
C(47 4) _ _3C i J ~MAL & T2 T2 T2T2
432 NRiC’i+NR,Cj U 192[ s T T T
7 5
+%[T§ o [T T ot | (12,)° 1| - ot T, T,
(5.24a)
_ 101 {daa 312 dAR, dAR, 211C4 101
C(47 1) —aa 70 i J A T2 T2 T2T2
216 | Ny 101 NRZ.O—FNR.C]- STy 96[ s—u Ti] Te Ty
49 47 2 49
e T rh ] w - et ((12,)" g - ot 12, ]

(5.24D)

The terms in square brackets in eqgs. (5.24a) and (5.24b) are leading in the planar limit,
while all other terms, involving commutators of T2_,, and T?, are suppressed for large N..

The 3 — 1 and 1 — 3 transitions, defined in eq. (4.22a), are computed by summing
eqs. (4.24), (4.26) and (4.27), together with their symmetric contributions under exchange
of the target and the projectile. The latter are obtained from the former by modifying
the colour factors, as explained below eq. (4.27). Therefore, summing each expression
in eqs. (4.24), (4.26) and (4.27), with its target-projectile symmetric partner, we obtain,
respectively, the following compact results:

2
T
Py [<¢j,3|B3H3H1~>3|¢}’£,1> + <¢j,1|H3~>lBS~>3|¢Z’,3>]
Qs Tp oA oA (5.25a)
2 e ¢
gt %[QJQ—J3+J5+J6_4J7+J9:|7
-2
Y [(j11 H3—51 Azs3|thi3) + (53| As—3 Hi3[1i1)]
QgTp (5 25b)
ig? Ca (0(3) + Cz(n)) |
=% - (32 + Ju + 2J5 — 4J7 — 25,
7T20‘g(t) 2
i Tt (sl Haolis) + (88 Hioslvi)]
s'T (5 250)
3 3 )
_ g2 T (O + Cy) [+ T2 — 23]
T 24 PR el
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Next, summing egs. (5.25a), (5.25b) and (5.25¢), and using the expressions in eqgs. (4.44)
and (4.54) for the colour factors, we find

(j1|H3—1 Hs3lis) + (js| Hs—sHi—3li1) =
Ca [ dan, , dar,
24 \Ng,Ci '~ Np,C;

_ Ca [ dag, N dAR; 1 208(3
144 NRi Cz NRJ- Cj €

> (J1+2J2 —4Js + Jy + 2J5 — 4J7 + 2Jy)

+0 (6)) (j1li1) (5.26)

where in the second line we expanded the integrals in e using the results in section 4.3.
We notice that the first line of eq. (5.26) is just the negative of the terms proportional
to quartic Casimirs dag, and dag; in the 3 — 3 transition, eq. (5.22). Therefore, in the
four-loop reduced amplitude, eq. (5.19), these contributions will cancel exactly to all orders
in €, as in the case of the three-loop transition amplitudes, eq. (5.14) and (5.16).

The 1 — 1 transition, mediated by three-Reggeon states, defined in eq. (4.29),
involves two contributions, given in eqs. (4.30a) and (4.30b). After performing the relevant
integrals of the kernel His, we obtain

7T2 C(4)D

g (i [ Hao Hisalti) p = =0 S8 (11420, 405+ J142 (J5=2J7+ Jo)] (5.27a)
S F

7T2 Zg C(4)X

oA —— (V1| Hs1 Hi3| i) x = — ts 13411113 [J1+2Jo—4J3+J5+Jg—2 (Jr+Jg) +3.J]

S F

(5.27b)

By substituting the colour factors Cz(ﬁ)fz? and C:(31)173 given in eqgs. (4.60a) and (4.60b),
respectively, we get

L d
(1 Hss1 Hioslin) = [ Aff“‘ (3J1 + 6Jy — 12J5 — 3J4 4 4J5 4 2J5 — 8J7 + 8Jy)
(5.28)
c4 .
+ 3(3.]4 + Js — Jg — 2J7 — Jo) | (71]i1)-

We expand the integrals Ji ... Jy, finding

1| Hs 1 Hy3li 1 [d Cci) , 55 (d 101C4
(1|Hs—1H1-3li1) = [— (AA A) 4 (3 ( AA A

i), (5.2
13264 \ N, 108 \ N, 1320 )]wm (5.29)

The 1 — 1 transition amplitude mediated by three-Reggeon states in eq. (5.29) has the same
colour structure of the tree-level amplitude, (ji|i1). Furthermore, the result is independent
on the representation of the colliding particles and it depends only on the degrees of freedom
of the exchanged Reggeized gluons, through the Casimir invariants C'4 and d44.
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The four-loop reduced amplitude is given by the sum in eq. (5.19) of the 3 — 3,1 — 3
and 3 — 1, and 1 — 3 — 1 transition amplitudes. Using the corresponding expressions in
egs. (5.22), (5.26) and (5.29), respectively, we get

2.4 4
(a2 ™o)1 daa _ Ca 2T — A4Jx — 2 —9
M 5 { 21 \ N, 24 (J1 + 2J5 J3 Ji+ J5+ Jg J7 + 3Jy)

1

-5 (T2, (T2, T3)| T7 (44 — 3J5 + 2J7 — 3Jo )
|- 2 \2 me2

5T (T2.,)" 73| (T = s + 205 + 205+ J5 + 2J6 — A7) (5.30)
1

- 372 [Tg—uv T%]T?Tg—u (3‘]4 + ']5 - JG - 2J7 - JQ)

1
+ 5Ti,u [T2_,, T?]T? (J1 +2Jy — 4J3 + 3Jy — 4Jg + 4J7 — 2J9)} (j1]i1).

Here we notice some important aspects of the reduced amplitude. As anticipated, all terms
arising from 3 — 1 and 1 — 3 transitions, eq. (5.26), which are proportional to the quartic
Casimir invariants dag, and dag;, cancel in the sum with the 3 — 3 amplitude, eq. (5.22)
exactly, to all orders in €. This cancellation has already been observed in the three-loop
reduced amplitude, in eq. (5.16). Based on this observation, we conjecture that transition
amplitudes connecting three-Reggeon states with a single Reggeon cancel in the reduced
amplitude MELNNLL 4 q]) perturbative orders. More precisely, we expect a cancellation
in eq. (3.37) between the quartic Casimir contributions associated with the projectile and
the target inside (j3|H} ,5li3) and the entire contribution due to (ji|Hz_1 H} ,5li3) and
<j3’géﬁ3ﬁ1_>3‘2‘1>, for all [.

The first line in eq. (5.30) is proportional to the colour factor ‘%f — 62%“, which emerges
from the sum of egs. (5.22) and (5.29). These are indeed the only contributions that involve
daa and C’j‘z‘. Interestingly, this combination is non-planar, as it can be easily checked by
using the expression of d44 in SU(N.), given in eq. (4.42)

daa Ci

24 _ZA _o. N4
Ny 24 0-Ne+

ng. (5.31)
All remaining terms in eq. (5.30) are manifestly non-planar, because they are written in terms
of commutators of T2_,, and T?. This guarantees that the four-loop reduced amplitude is
non-planar as a whole. Notably, all planar contributions in the 3 — 3 transition, which are
proportional to the colour factors {dar,, dar;} and {daa4, C’j}, are cancelled exactly by the
1 — 3 and 3 — 1 transitions, and by the 1 — 3 — 1 transition, respectively, to all orders in
€. This mechanism is in place starting at four loops, where all transitions amplitudes are
available. At two and at three loops, there remain planar terms in the reduced amplitudes,
which are associated to the 3 — 3 transitions in eq. (5.5) and (5.14), respectively.
We expand the result in eq. (5.30) using the J; integrals in section 4.3 and obtain
72 g

. ! 1 Y
M(=42) — 5 [641{(4) + <6C3 + ZC4> KW + 0(6)] Miree; (5.32)
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where we replaced (5 using eq. (4.71) to explicitly display the resulting O(e”) contribution.
This result is exact in as far as divergent and finite contributions to M42) are concerned.
Higher orders in the € expansion, which we suppressed here, can be readily obtained from
eq. (5.30) using the integrals in section 4.3. The colour structures in eq. (5.32) are defined by

1 7 2
KO = - [12 (12, T3] T3+ LT3 {(Tg_u) ,Tg} .
5.33a
1 5
49 47 2
KO = 212w - er? | (12,) 7
5.33b)
101 49 1 (dys C* (
e [T LTI, = T2 (T2, T 4 (NA G

The colour tensors in egs. (5.33a) and (5.33b) have a transparent interpretation in the large-
N, limit. However, different choices of colour bases can also be considered. For instance,
ref. [61] proposes a basis of nested commutators, which allows one to uncover all-orders
relations between the Regge limits of N’ =4 SYM and N = 8 supergravity amplitudes, and
verifies that such basis is suitable to write the three-loop N = 4 amplitude of ref. [60]. We
checked that also the four-loop amplitude in eq. (5.32) can be expressed in the basis of
ref. [61], by computing explicitly egs. (5.33a) and (5.33b) in the adjoint representation.

Explicit results of the four-loop reduced amplitude, eq. (5.32), expanded in € and
evaluated in t-channel colour basis are presented in appendix D. Specifically, the octet and
the singlet components of the quark-quark reduced amplitudes are presented, respectively,
in egs. (D.3a) and (D.4c). The antisymmetric octet and the decuplet of the gluon-gluon
amplitude are given in egs. (D.3b) and (D.5c), respectively. The antisymmetric octet
component of the quark-gluon amplitude is reported in eq. (D.3c).

5.4 Disentangling the pole and cut contributions

We have been computing amplitudes in the MRS scheme of eq. (2.38), where we have
separated the contributions from transitions mediated purely by single-Reggeon states from
those involving multiple-Reggeon states, which we explicitly computed to four loops. In this
section we will show that by redefining the two-loop impact factors CZ-(Z) and the three-loop
Regge trajectory ozg?’), we can absorb the entire set of planar corrections at two and three
loops arising in the multi-Reggeon exchanges of egs. (5.9) and (5.17) respectively, into a
Regge-pole factorising term, thus rendering the remaining term, which is associated with
the Regge cut, non-planar. This implements the Regge-cut scheme of eq. (2.39).

The fact that this transformation can be done is important and non-trivial. It requires
in particular that the planar MRS corrections would themselves be process-independent. In
fact, we already know that this is the case, see egs. (5.11) and (5.18) above. To expose the
different contributions explicitly, we will compute the full NNLL odd amplitude at two loops,
three loops and four loops for qq, gg and qg scattering. We begin with the decomposition
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in eq. (2.38), which we expand in the coupling and the high-energy logarithm as follows:

ey ree ), MRS
Mz(j—MJ - eCA oL CZ( ) ( )M}L:j‘)lj + sz—n]
= ag n m,n) [8q . m e(m,n tree,[84 (534)
N I e e

where we define the functions pz(j ™ and i (m:) for the SRS and MRS parts respectively,
and where the tree amplitude with the octet colour tensor c[ al stripped off, ijref”[f“], is

defined in eq. (2.13). Note that fij ™ is a linear combination of colour tensors (depending

on the representations of the scattered partons i and j) while from pz(;n’n)
the colour tensor structure, so as to emphasise the fact that the Regge pole contributes

[8a]

we have extracted

only to the ¢;; component and does not involve other colour components. The impact

factors Cj/;(t ) are assumed to be evaluated at the renormalisation scale p? = —t. We
utilise the orthornormal ¢-channel basis of refs. [32, 35], given in eq. (2.15) for the relevant
colour tensors.

The function pl(;n’n)

quark and gluon impact factors and gluon Regge trajectory in QCD are given in appendix A,

can be found from expanding the exponential in eq. (5.34) where the

while fi(]m’") can be found from the reduced amplitudes given in sections 5.1 through 5.3.
Using egs. (2.44), (2.45) and (5.34) we have

[e%s) m m—2
—),MRS . Qg n p(m,n) tr ,[8a
Mz(j—)nlj = (27)2 E : (WTF> E :L f( zge—iz’[j |

m=2 n=0 (535)
= Zi(1)Z;(0)e Ok (M55 — Dit) Dy (M)

where we indicated that the expansion starts at two loops and that the highest logarithms
are NNLL, with n = m — 2. The combination in parentheses in the second line is the

(), MRS

ij—1]
four loops in the MRS scheme. Subsequently, we will use these values to compute the

of eq. (2.45). We now evaluate p;; and f;; at NNLL accuracy at two, three and

corresponding coefficients in the cut scheme of eq. (2.39):

MG, = eCata®L Gy(t) Oy (t) MU, + MU
> Qs n m,n a . m F(mn ree,[8q (536)
= >0 () 1 [l R e
m,n=0

where f‘ij is related to f;; by simply removing the planar 8, component (there is no change
of the remaining components). Of course, the sum of terms in the square brackets in
eq. (5.36) must exactly match that in eq. (5.34), that is, the relation between the NNLL
coefficients in the MRS and cut schemes is consistent with

(im)2 o)™ (F 72 = ) = = (55 = p e (57)

v v v )

In the following we shall see that the freedom to make such shifts exists only for two and
three loops (m = 2, 3) corresponding respectively to fixing the impact factor CN’Z@) and the
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three-loop Regge trajectory dg . At four loop and beyond there are no parameters that
could be tuned at NNLL, and given that (on general grounds [1, 3, 4]) Regge cuts must
be associated with non-planar diagrams, one should expect f (mm=2) ¢ be non-planar at

four loops and beyond, and of course then f mm=2) _ = fij (mm=2) for all m > 4. We shall see

explicitly that this expectation is realised at four loop: result of the calculation of f;; 42 i
strictly non-planar.

One might also contemplate alternative schemes in which the difference in eq. (5.37)
involves non-planar contributions beyond the planar ones. In what follows we shall see
that at two loops there is indeed some freedom to do that, and absorb further non-planar
corrections from the MRS component into the impact factors of the Regge pole. This directly
reproduces the scheme for the Regge cut proposed by Fadin and Lipatov in ref. [34]. At thlEe)e

which is expected to be computable as a correlator of cusped (lightlike) Wilson lines.!? The

loops, in turn, there is no such freedom, since non-planar terms would be unnatural in ¢y

non-abelian exponentiation theorem [111, 112] then implies a simple, maximally non-Abelian
colour structure from any gluonic diagrams, with (N.as)™ for m = 2, 3, respectively.

5.4.1 Two loops

(2,0) .
ij
q. (5.34) using the expansion of the impact factors deﬁned in eq. (2.43a),

At two loops we find the NNLL functions pm’ ) and f as follows: p;;>" is obtained from

pi? =0 + P v oMol (5.38)

v

In turn, fi(jQ’O) is obtained from egs. (5.35) and (5.9):
(im)2(rr) 2 £ 7O M = 20 — (D) 4 D+ DIV DY) aires
= w256 (T30 - 503 ) MiSy . (539)

(n)

where S()(¢) is given in eq. (5.10). The impact-factor coefficients C;™ in eq. (5.38) are

theory-dependent and can be found in QCD from the expressions for Dl( " and Z (n) given
in appendix A. Here, fi(f’o) is driven solely by the three-Reggeon exchange in eq. (5.5).
Evaluating this function in the ¢-channel basis for different partonic processes, we have

N2 3 / 1 2
2,0) _ 2 8 1

N? N2 —4 X
fég,o) e (€) [(6 + 6) cgi]a] + 3\/76[915]0+10}] 7 (5.40b)

2,0 2 N¢ 8
q(g, ) = -5 (¢) (60 + 1) C([Iga] ’ (5.40c)

13 At two loops both the singular and finite parts of ag(t) (known from refs. [29, 79-82]) have been observed
(see equation (1.6) of ref. [77]) to be related to the simple wedge configuration of two semi-infinite lightlike
Wilson lines meeting at a cusp, which was computed to this order in refs. [77, 110]. Note that the finite
part differs by a term proportional to bom?, which is yet to be understood. Three-loop computations of this
Wilson-line correlator are still lacking.
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8a] .

Now, it is evident that the leading-colour coefficient of ¢;;* is the same for the different

processes:
2 2
(2,0) _ _Nege B _Ne (L 3. 9. o 37\ 8]
fij planar 6 S (ge) " = 6 \3a2 4(36 8C4€ +O(€’) ) ei;™ (5.41)
which is in agreement with the universal result of AM(—:20) 1 in eq. (5.11), as it must
planar

be. We then shift to the Regge-cut basis according to

. = . N?
(im)2(rr)? fi7 " = (im)?(rr)? [fi&“) +-28@ (@cgﬂ

_ (iW)Q(TF)2fig'2’O) n (pEf’O’ _ 151(]2’0)) cga] 7

(5.42)

where in the first line we defined ﬂ(f’o) by subtracting the planar part of fi(jQ’O) using eq. (5.41)

and in the second we required a corresponding shift of pg’o)

the latter we now recall eq. (5.38) and similarly expand the pole term in eq. (5.36) to two

using eq. (5.37). To implement

loops getting

oV =cP Py Mo, (5.43)

ij

_)> vanishes at NLL, the pole term is uniquely defined at that order

Note that since M§
and we have Cz(/l]) = C’Z.( /;. The required shift of the impact factor coefficient is

2
1
Cyj) = Cif) + N2(re)* %552
' ' 62 5.44
_Cl/] NC(TF) Eg (82—<36—C4€ +O( ))

where we retain the target-projectile symmetry by shifting C’i(Q) and Cj(?) equally.
Our two-loop amplitude is then written in the Regge-cut scheme from eq. (5.36) as

MR = [0 el + (im)2 () 2T O] Mo
- e st (a2t - ) g o4
where we can then write
MEJ_%JO) = 72(rp)283) (e) <(T§—u)2 _ ?) M, (5.46)

which can be easily verified to be non—planar by the identity in eq. (5.8). By evaluating the
contribution to the octet of ./\/lw_w )»cut
the adjoint representations, we find agreement with the Regge-pole factorisation breaking

for the scattering particles in the fundamental or

term R0 , which was defined in refs. [30, 32] based on considerations about the infrared
singularities of the amplitudes rather than direct calculation.
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Another proposed separation is that of Fadin and Lipatov in ref. [34], which we will
name the FL scheme. It can be achieved by not only absorbing the leading-colour component
of fi(f’o) into the Regge-pole term, but also the x(R;) terms from the decomposition of
(T2_,)? in eq. (5.8). The impact factors are shifted from the MRS scheme by

2

o ® = ¢ + (rp)? (% + 4/€(R¢)> $@(e) (5.47)

and C'JFL’@) can be found by replacing C’Z@) — C’j@) and k(R;) — k(R;) above. Then the
Regge-cut term in the FL scheme can be found to be
— -cu 02
M( ,2,0), FL-cut — 7r2(rr)25(2) (e) <(T§—u)2 _ A _ (I{',(Rl) + K(Rﬂ)) Mg;e_emj . (5.48)

1]—1] 4

The colour structure of eq. (5.48) for the different processes aligns completely with the
C’g coefficients of ref. [34]. This can be checked using eq. (5.40) and the definition of the
x(R;) in eq. (5.7). Upon using eq. (5.8) to substitute for (T2_,)? in eq. (5.48) we see that
the Regge-cut term in the FL scheme at two loops may be written directly in terms of
commutators of T? and T2_,.

5.4.2 Three loops

At three loops, the SRS terms obtained from the expansion of eq. (5.34) read:
py) = Ne [af) (1) + @ () (Y + V) + ol @) (e ey + P + CP)], (5.49)

while the MRS contribution is obtained from eq. (5.35) and using the expression from the
first line of eq. (5.39) we have

(im)(re)* £ VMG = MO oD T (i) £ M (550)

% ij—1j g % 1J—1]

where M (=31 ig given by eq. (5.17). Taking the planar part of the above equation and
using eq. (5.18) we obtain (upon dropping an overall factor of (im)?):

RIS e =R SE @ONZ T oD (ON(re AT
1
=t [ 50 - 155 e 6551

1 G G ] (84
_ .33 63 G4 2y| [8a
=rpN; [10863 + 54+ 366+(9(6 ) i

where in the second line we used eq. (5.41) and in the third we substituted the explicit

expansions of S (¢) and Sg’) (¢) from egs. (5.9) and (5.15¢), respectively.
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As a check, let us evaluate f ) for the different partonic processes,

1 G C 1 11¢ 11@)
(3.1 _| N3 83, 64 N[ — 3
Jaq [ (1083+54+36)+ ( 2876 T 6 ¢

+1< 5 31g331g46>+0(62)] .

N, \ 24¢€3 12 8 “aq
NZ -4 1 G G
() oele o

£55: { §<1oée3+§4+§6)+Nc<33+C3+c >+O(E2)] clBel

N2 -4 7 65 65
N( _ 65G  65G4

C
+ 2 24¢€3 12 8

1 G 1 6l 61C
0 = (e + 51+ 6e) (s a1 + ')+l a0

€+ (9(62)) c[gi]0+1_0], (5.52b)

It is then clear that the leading-colour component of c[ ol
the general result of eq. (5.51). Now, as before, we change to the Regge-cut scheme by
expanding the pole term in eq. (5.36) to three loops

is the same, consistently with

2 = 00 + o0 (0 ) 4o (0 ¢ )] 5

Note that again, since the pole term at NLL is uniquely defined, we have 04(2)( t) = aéQ) (t).
The fij is found by subtracting the planar piece of eq. (5.51)

f(3 A f (3,1) f(s 1)

ij

(5.54)

planar '

Using eq. (5.37) we then have

(im)2r f3Y

31) _ s(B1)Y [8]
— (P =) (5.55)
= =N, [a(t) = & () + (1) (¢ = P + ¢ = ) | ey,

J Z]

planar

3.1

B1 and p;; 0 in egs. (5.49) and (5.53), respectively.

Substituting the value of the dlfference of the impact factors in eq. (5.44) we can see that

where we used the expressions for p;;

the ensuing term directly cancels the S (e) term of f 3.1) 1 in eq. (5.51). Thus, upon
planar
rearranging for 04( ) (t), we find
- 3
D (t) = () — (rr) N2w25E (o). (5.56)

We can evaluate 0753) (t) explicitly in N' =4 SYM, as a§3) (t) in the MRS scheme was
extracted in ref. [35] upon comparison to the three-loop four-gluon amplitude of ref. [60].
There it is found that

G 1 49G1

a® ()|syy = N2 (— LBl 107

5
14463 192 ¢ ' 144 4 +O(€)>‘ (5.57)
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Then, using eq. (5.56) and the value for S((?)(e) in eq. (5.15¢), we conclude that

§5 +O(e )) (5.58)

&§3)(t)|SYM = ( G4 — + *C2C3 + ==
As expected from the discussion around eq. (2.40), this new definition of the Regge trajectory
in the Regge-cut scheme has the same singularity structure as K, the integral of the
three-loop coefficient of the lightlike cusp anomalous dimension. This can be verified
when one substitutes the maximal transcendental part of ’yg) = 14—1§4 from eq. (B.2) into
K®) of eq. (A.2a), remembering that the beta function coefficients vanishes in N = 4
SYM. It is in complete agreement with the result from the planar theory [113-115], in line
with the expectation that it is an eikonal quantity, featuring only maximally non-Abelian
colour structures.

Let us also express the three-loop amplitude in the Regge-cut scheme as

M5 = [pS Ve + )2 o) 0 | M (5.59)

1]—1) 1] 1] 1) 1]—1]

where, upon comparison to eq. (5.36), we have after substituting fi(;”l) from eq. (5.54) and
using the MU 20 et o eq. (5.46)

’L]A)Z]

M<-’34”“t=<m>2r%[s§§’><e> T2 T2+ S (T2, TT, | M,

1]—1]

+aDTI M e (5.60)

’L]—}’L]

,1), cut

We verify that the contribution of M3 to the colour octet matches the factorisation

Uﬂz]
breaking term in the infrared singularities of the three-loop amplitudes, defined as the

function R(?’)’ B i refs. (30, 32].

In the FL scheme, the three-loop Regge trajectory is still found according to the
definition in eq. (5.56). Therefore, the expression for the FL cut will be eq. (5.60) with the
replacement of MEJ_’?Z’;)) M by ./\/lgj _w) Flecut of eq. (5.48) and it agrees with the results of
refs. [33, 34].

5.4.3 Four loops
At four loops the expansions of egs. (5.34) and (5.35) in the MRS scheme give

1 2
pi}? =N a0af) ) + 5 (a2 (1) + Pl @) (¢ + )

1 2
43 (a@)’ (Ve + o +c?) | Goy

and
(im)2(re) D Mo Bel = 42 oD T2 (3D
1 2 2 ree
2 (o) (1) o ROMEES. (5.62)

2 g ) 1=
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As discussed following eq. (5.32) the MRS result for M(=42) is non-planar. Therefore, the

only planar corrections to fi(]%:,?) in eq. (5.62) come from the other terms, which, as discussed

previously, are universal. Evaluating fl-(f’z) for the different processes we find

F.2) :[Nél ( 7 43¢3 n 43(4) _ N2 ( 39 27(4)
a9 3456¢2 | 1728¢ | 1152 128¢1 ~ 32¢ 64
7 C3 3C4 :| 8] N2 —4 ( 1 2{3 > 1
_ 28 hHd /N2 12¢ - 53 (1]
togad "2~ 2 T 9@ TV 256 \el e 3t 0O )y
(5.63a)
7 43¢ 43C, 17 217G 217<4>
(4,2) _ 4 3 2 o .
99 {NC (345664 T8 T 1152) NG (19264 96¢ 64
1 101G 303 } .
_ _ 10) [8a]
16X 8e 16 O]
N2 —4 15 305¢;  915(4 1 101G 303 -
Ne =4ty (Lo S0 9loca 1 1016 50564 [10+10]
T [ c (864 Ac 8 ) * 9 ¢ 5 TOE]eg
(5.63b)
7 43¢z 43 ) (5C3 15(4) ]
(4,2) —_ N4 N2 Y50 [8(1]' .
Jag [ c (345664 + orase T imme ) PV g T 32 ) 7909 |cag (5.63c)

In the Regge-cut scheme we have instead

~ _ 1
Y =Nl ) (1) + 5 () +

1 1
D) () + )
SV ) (e 4 6+ ¢?) ] . (5.64)

1
9\%g
for the pole term in the amplitude of eq. (5.36). Thus, the resulting shift is

] ij g J

1 2 ~ ~
p(4,2) _ ]5({1,2) = N2 [0(1)(15) (0[;3) (t) — 6423)(t)> + 5 (aél)(t)) (Ci(Q) _ Ci(2) i Cj@) _ 0(2))]

1
= Nf(T’F)LLWQZ

S (e) — 2}465(”(6)] , (5.65)

where we have substituted egs. (5.56) and (5.44). Then, using eq. (5.37) we have

(i) () £ = )2 re) 15D + (0 — 8 el (5.66)

N2 0A | p(42) a4 7 43¢3 430Gy > [sa]]
= (im)*(rr) {f Ne <3456e4 T RETE RGO

Comparing eq. (5.66) with the explicit results of the different processes in eq. (5.63) it is
clear that fi(;l’Z) is non-planar in the octet, as expected. This cut contribution in eq. (5.66),
after some algebra using eq. (5.65) and the two and three-loop cut amplitudes in eqs. (5.46)
and (5.60) respectively, can be written as

- cu (= - cu 1 . o
M( 4,2), cut — A ’4’2)+a§1)(t)TfM( ,3,1), t—i(a(l)(t))z(Tf)QM( ,2,0), cut. (5.67)

ij—ij ij—ij =g
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We have shifted all planar contributions arising from the three-Reggeon exchange and
its mixing with a single Reggeon into the redefined two-loop impact factors @(2) and the
(3)

three-loop Regge trajectory ayg "~ (t), rendering the cut contribution non-planar. This will
remain true to all loop orders,

n—4
—,n,n—2),cu 1 M S (—n—m,n—m—
M2kt = poor (Oéél)(t)Tt2> M mmmnzm=2) (5.68)
m=0 """
1 1 2\"3 , (=,3,1),cut n—3 1 2\"72 4 ((—,2,0), cut

With the expectation that the reduced amplitude at four loops and beyond will be non-planar
(which, at least at four loops, is realised through cancellation of the planar contributions in
the pure 3 — 3 transitions with the entire contribution due to the 1 — 3 and 3 — 1 mixing),
eq. (5.68) shows that the NNLL cut contribution to the amplitude in the cut scheme will

also be non-planar. We stress that the freedom we used to define this scheme at two and
(=,n,n—2), cut
ij—ij

the general expectation [1, 3, 4] that the cut is non-planar, the reduced amplitude at four

three loops is no more there at four loops and beyond, so for M to comply with

loops and beyond must indeed be non-planar.

6 Intersection of Regge and infrared factorisation

In addition to the high-energy limit of scattering amplitudes, where Regge factorisation
and exponentiation are observed, there is a complementary picture of factorisation and
exponentiation which is valid in general kinematics, namely infrared factorisation in fixed-
angle scattering. The latter is governed by the soft anomalous dimension. In this section
we will explore the intersection of these two, namely the soft anomalous dimension in the
asymptotic high-energy limit. We will use the four-loop NNLL reduced amplitude computed
in eq. (5.32) to study infrared divergences at the same logarithmic accuracy.

6.1 Infrared factorisation in the high-energy limit

It is well known that long-distance singularities factorise from generic massless n-particle
scattering amplitudes M,, (which we assume to have been ultraviolet-renormalised) in the
following way [47-50, 116, 117]

Mo ({sig}m as(p?),€) = Z ({5}, s (0), €) - Ha ({5}, mas(®)se) . (6.1)

where s;; are the kinematic invariants and e is the dimensional regulator. Eq. (6.1) is the
n-particle generalisation of eq. (2.23). The divergences of the amplitude M,, as ¢ — 0
are captured in an infrared-renormalisation factor we denote by Z,, leaving a finite, so-
called hard function H. The soft anomalous dimension I',, is defined by the evolution
equation [47-56, 118, 119]

MCZLZn ({Sz‘j},uyas(ﬁ)ve) =-Z, ({Sz‘j},uyas(ﬁ)’f) Lo ({sij}, 1 (1)) (6.2)
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whose solution is the exponential

2 542
Z, ({Sz‘j}a%%(ﬁ)&) = PGXP{;/OM Ci\/\QFn({Sij}v)\,Oés()\Q))}' (6.3)

Here P stands for “path” ordering of the colour matrices appearing in the expansion of the
exponential in correspondence with the scale A, such that harder instances of I';, appear
closer to the hard function H. The anomalous dimension is expanded in terms of the
d = 4 — 2¢ dimensional coupling (2.25b), such that integration over this coupling in the
exponent of eq. (6.3) generates the infrared poles in € as A — 0. The soft anomalous
dimension is known through three loops [55, 56] and we present an ansatz for it at four
loops in section 7.1 following ref. [54], which we then constrain using the high-energy limit.

In the high-energy limit of 2 — 2 scattering, the soft anomalous dimension takes the
form of eq. (2.26) which we repeat here for clarity [35, 45, 46]

—t 1 . —1 —t
Fij—n'j (045()\2)71; ) = f’yK<OcS) {LT% + ZﬁTg_u} + T (as, ) + Fj <045, )

T2 2 A2 A2
00 o ¢ -1
+> <> STrmAatm),
=3 T/ m=o

where T'; is the anomalous dimension generating collinear singularities, defined in eq. (2.29),
vk is the component of the cusp anomalous dimension (2.29) proportional to the quadratic
Casimir, L the signature-even large logarithm of eq. (2.9), @ corresponds to the projectile and
j to the target. The first line of eq. (6.4) is the so-called dipole formula in the high-energy
limit. Through two loops there are only dipole correlations, as there are no tripole terms in
massless scattering [49-51, 53]. All terms that do not conform to this structure are collected
in A, which starts at three loops (see appendix E).

Instead of using the full amplitude computed in the Regge limit to compare to the
factorisation formula in eq. (6.1), we will work here directly with the reduced amplitude in
eq. (2.44). Using the latter along with eq. (6.1) we can write

A~

M — €_T?ag(t)LZi_1Zj_IZH

6.5
e~ Tiag(t)L 7 ey (6.5)

where Z; is determined by I'; according to eq. (2.42) and we defined a modified infrared-
renormalisation factor Z, which generates no collinear singularities. This will itself have a
modified soft anomalous dimension

- —t —t —t
I'(L,as) =Ty (as,L, )\2> -T; (0457 )\2) - Ty (a57 )\2)
1 00 o ¢ -1 .
= () [LT? + z’ng,u] +> (W> 3o rratm (6.6)
=3 m=0

such that the corresponding infrared-renormalisation factor we defined in eq. (6.5) is
obtained, similarly to eq. (6.3), by

12 dN2
y/ (L,Ozs(pLQ),6> = Pexp {—;/0 Cl)\)\z1"(L,a§()\2))}. (6.7)
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Just as the amplitude can be separated by signature, so can I. Since I appears as the
coefficient of the % poles multiplying the tree-level amplitude in eq. (2.5), which itself is
odd, T'® corresponds to MF). We have T' = I't) + T') with

B 1 o] s ¢ -1
PO (La) = yucla) LTE+ 3 (2] X Lratim, (6.52)
=3 m=0

_ ¢ (-1
(L, a,) = ;’y )imT2_, + Z <O‘> SormAEm (6.8b)
m=0

where we note that T'") is even under s <> u whereas I'(™) is odd.
Upon inverting eq. (6.5) we have

H =7 LeTioa ML Ay, (6.9)

By demanding H to be finite, we can use our knowledge of M to determine Z. Specifically,
we can find the single-pole behaviour of Z, corresponding to the soft anomalous dimension
coefficients A™) in eq. (6.6). Furthermore, the expansion provides a highly non-trivial
consistency check on the higher-order poles of the high-energy amplitude through four loops.

6.2 Expanding the factorisation formula in the high-energy limit

We now proceed to expand eq. (6.9) to four loops and NNLL accuracy. The expansion of 7
is not only complicated by it being a matrix exponential but also the path ordering present
in eq. (6.7) dictates the order of different instances of T' evaluated at different scales. Tt
is clear that the latter difficulty only starts being relevant at four loops, where there is a
term from the interference of the one-loop 7&(1) and the three-loop A®) in the expansion
of the exponential with T' of eq. (6.6) as the exponent. The term contributing to the odd

amplitude at NNLL is proportional to

/u d\? /A cééj; {vg (as(€2)) {TgA(—ir,&l)(as()\Q))+i7TT§_uA(—73,2)(a5()\2))}
0

+ [AFOD (0, (@)TF + ir A3 (0 (@) T P02 ] (610

By explicit calculation of A®) [35, 55] we have
A(_7372) — A(+7371) — 07 (6.11)

see appendix E. As such (6.10) vanishes, so path-ordering does not in fact complicate
the expansion relevant for our NNLL analysis of the odd amplitude. We mention though
that path-ordering does need to be taken into account if we were to examine the NNLL
even amplitude or the N3LL odd amplitude, since the non-zero A(—31 and A(+:3.0)
will contribute.

To proceed we recall the definition of K in eq. (2.30a) and define the integral of A,
both of which appear in the exponent in eq. (6.7),

1 N2 1?2 d)\2
a0, Qal) =3 [ A0,

K (as(1%)) = 5
(6.12)

4
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Explicit results for yx (as) are provided in eq. (B.2). Expressions for A(a;) at three loops
are summarised in appendix E and corresponding ones at four loops will be determined in
the present section.

We may now expand the exponentials in eq. (6.5) using the Zassenhaus formula [120],

as follows:
Z = exp [K(LT} +irT2,) + Qa] (6.13a)
= exp [K (LT} +inT2 )| e?2 4 .. (6.13b)

L [fg (2. [, Y] + X, X, Yﬂ)]

X exp [—Z([[[X, Y1, X1, X] + 3[[[X, Y], X], Y] + 3[[[X, y],y],y])} Qa4 .

(6.13¢)

where for simplicity we defined X = LT? and Y = i7T2_,. The ellipses in eqgs. (6.13b)
and (6.13c) denote terms that do not contribute to our required accuracy. The inverse of
eq. (6.13c) can then be easily found to be

27! =(1-Qa) (Hﬁ(mx, Y], X], X]+3[[X, Y],X],Y]+3[[[X,Y]7Y],Y])>
3 2 2 2
S (1—@2(2[1@ XYL, [XXH)) (1+§[X,Y1+§ (i[)m) ) oY KX,

(6.14)

again, up to corrections irrelevant for NNLL accuracy through four loops. Then, following
ref. [35], we define a cusp-subtracted Regge trajectory

by = oy(t) — K (as(—t)) . (6.15)

This definition is inspired by eq. (2.32), where we have seen that dgl) and 075;2) are finite. It

is important to keep in mind though, that 07(93) (in the MRS scheme,'* in which we work
here) is divergent. Using the definition of &4 in eq. (6.15) the hard function in eq. (6.9)

admits
H=(1-Qa) (1 + 2 (1%, Y1, X1, X4 3{10X, Y1, X1, Y] + 3([[X, Y],Y],Y]))
x (1 - I;(z[y, (X, Y]] + [X, X, Yﬂ)) (1 + If[x, Y]+ ];4[)@ Y]2> e KY 00X Ny

(6.16)

We will now expand the left and right hand side of eq. (6.16) in terms of a/m and L. As
Y is logarithmically suppressed compared to X, we notice that Qa, which is a pure pole in

We have seen in section 5.4.2, that in the MRS scheme o?ég) is divergent, while in the Regge-cut scheme
&23) = dE,B) — K@ s finite (see (A.10)).

— 62 —



€, cannot receive contributions at LL accuracy. Furthermore, the leading-logarithmic hard
function H(™™ comes from only the first term in the expansion of the last exponential in

eq. (6.16). It is given solely by the one-loop &gl)

H(f»nm’) — 1

nl

(dgl)T?)n Mtree> (617)

and H (™) = 0. Without knowing the result for &él), eq. (6.17) immediately implies that
it must be finite. Indeed, using the explicit quantities, namely 7}1) of eq. (B.2) in (6.12)
along with eq. (2.7), we have

KW = 2; o =aM() — k0 =""_ 1 _ o, (6.18)
€

which we have seen from eq. (2.31).

6.3 Extracting information from lower-loop orders

If we were to proceed directly to the four-loop NNLL hard function, %2 in the expansion
of eq. (6.16) using the results of section 5 for M, we would find that it depends on ay
and D;. A priori these quantities are theory-dependent and are found after matching to the
full scattering amplitude calculation. However, using lower-loop results we will see that the
divergent terms of these quantities are universal (to the required logarithmic accuracy) and
do not depend on the underlying theory. The derivation of the formulae presented in this
section, up to three loops, follows closely section 4 of ref. [35].

6.3.1 One loop

At one loop the expansion of eq. (6.16) at NLL accuracy gives for the hard function
HEO = MO i KOT2 Miree. (6.19)

Taking the real and imaginary parts of eq. (6.19) we gain access to the odd and even
parts of the amplitude, respectively,

H(_’l’o) = M(_71’0) = (Dz(l) + D](1)> Mtree (6203)
HEL0) = ML) i KOT2 Mo —ir (;F _ K(l)) T2, Mireo (6.20b)
€

where we have used the results for M50 and M(—10) in egs. (2.46a) and the one-
loop (2.45), respectively. We can then deduce that the one-loop impact factors need to be
finite. After matching to the one-loop amplitude, they are given by [35]

. 67 5
DV = -N, (72 &) + g+ O, (6.21a)
13 7 1 1 5
(1) — b il _ = _ 2
D, Ne (72 + 8C2> + N (1 8C2> T O(e). (6.21Db)

Higher-order terms in € can be found in appendix A.
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6.3.2 Two loops

The expansion of eq. (6.16) at two loops gives the following expressions for the hard function
at NLL and NNLL,

H(Q,l) — M(Zl) + dél)T?M(l’O) + @52)T?Mtree

1 .
+irK® <2K<1> T2, 12 ] - agUTg_uT?) Miree, (6.22a)

2

HEO = MO0 — (KT ) Muree — i (KDT2, Mieo + KOTZ M)

(6.22b)

We now take the odd part of eq. (6.22a) and using the result for the reduced amplitudes
ML) i eq. (2.45) and that M2 =0 we have

HE2D = (6@ + 6D (D + DY) T2 Myvee. (6.23)

As dgl) and Dgl) are finite in eq. (6.23) then we know that d§2) needs to be finite. For the
real part of eq. (6.22b) we have

2
_ ™

H20) = {D?) + D2+ DODY T (5004

) (6.24)

+ 72 ((Tr)25(2)(6) + 5(K<1>)2 + K<1>agl>> (Tgu)2] Miree,

where we have used the result of M(—20) in eq. (5.9). Using eq. (6.24) and the explicit
expressions for S (e) in eq. (5.10), and K1) and &él) in eq. (6.18), we find the universal
divergent terms of the two-loop impact factors,
12 2 ¢(2) 2 0
)PSO A + O()

(6.25)

+ O(eY).

D® + p¥ = —p DY 4

2 2
A16e2
It may seem surprising that the collinear-subtracted impact factors contain further

divergences. We point out that the coefficients in eq. (6.25) depend on the choice of MRS
scheme. In the Regge-cut scheme, we define impact factors C’i(t), which include universal
terms that arise from three-Reggeon exchanges according to eq. (5.44). The associated
collinear-subtracted impact factors are given by

Ciy(t) = Ziy(t) Dy (2). (6.26)
With this scheme choice, we collect contributions factorising in a Regge pole form eq. (2.39),
MR = Zi(t) Di(t) Z;(t) Dy (t) eCa%o DT piies, (6.27)

It is customary to rearrange the expression above into the crossing-symmetric sum of
exponential factors [121]

_).pole - - —5 — 0 “ads®) —u — 40 “ads®) ree
MG = 2i(6) Di(t) Z3(6) D (1) [( ) () T M

ij—ij —t —t
(6.28)
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where D;/;(t) = 1+ O(as), are finite through two loops when ¢ — 0 [32]. We compare
egs. (6.27) and (6.28), finding

mCad = s\ 2 w2 rk
Di/j(t) = Di/j(t) \/cos (CAQ‘[](t)) = D;;(t) [1 - (S) 64:]\72 + 0|, (6.29)

s

where we used the one-loop Regge trajectory, eq. (2.7) and set the renormalisation scale
p? = —t.
Given that Di/j(t) is finite through two loops, eq. (6.29) implies that, by defining

Ei/j(t) =143 50 DEZ) (@) , we must have

@ _ ™ NZ

(1) _ 0 - 0
D;”’ =0O(e), D, 612 + O(e"), (6.30)

where the divergence in 17)1(/23 is fully fixed by the Regge trajectory according to eq. (6.29).

Eq. (6.30) is consistent with our results in the MRS scheme for the collinear-subtracted
impact factors at one and two loops, Df/lj) and Dl(/zj) in egs. (6.21) and (6.25), respectively.

Indeed, by using CN’i(l) = C’i(l) and eq. (5.44), we find
~ as(—t)\ N?
Ci(t) = Ci(t) + (;)) it SP(e) 5 +0(a). (6.31)

Upon dividing by Z; on both sides and expanding in the strong coupling, we obtain the
coefficients of the collinear-subtracted impact factors in the cut scheme

DY = p{M = 0(), (6.32)
N2 2 A2

~ (2) _ (2) (2) _ _71' Nc 0

D, DY + n?rE S (e ) 12 e + O(€”), (6.33)

where we used the expansion of S (e) in eq. (5.10). Eq. (6.33) agrees with eq. (6.29), thus
explaining the origin of the divergence in eq. (6.25).
6.3.3 Three loops

At three loops we first see the appearance of the correction to the dipole formula, A.
Expanding eq. (6.16) to three loops we will only require the real part of the NNLL
amplitude:

(=30 — (=30 Q(+3 D Moo + & Q2 (10 1 g2 (20 4 @53)'1‘?/\}1%6

2772 (1) (M2 2 m2 2 2 \2 A1) 2 22 A
g {K (Ts—u[Tt ’ Ts—u] + [Tt’ (Ts—u) ]) - 3ag (Ts—u) Tt } Mree

1
+irK®M { (KQ()[Tf, T |- dg)Tzqu) ML) TguMHv?»l)}

{6 + a0 + DY) 4 a0 + P + DY)

~ C4n? <r{:s§’>+ alVr s >) (+31)}Mtree+0() (6.34)
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where in the final expression we have dropped finite terms and used the results of the
odd amplitudes M(—20) in eq. (5.9), ME3D in eq. (5.17), and the even NLL amplitudes
MEL0) and M2 in egs. (2.46a) and (2.46b). The two terms proportional to C% in
the last line of the final expression originate in M3 and dél)T%M(_’ZO), respectively.
Using the explicit result that A(H31) =0 from refs. [35, 55], and the fact that the singular
terms in the curly brackets in eq. (6.34) must vanish, we find

al¥ +aP(D

M, HO )p@ L p@ L pMply _
(D;” + DY) +a{)(D;Y + DY + DV DY) =
317r2 <TFS(3) i

. ™ (1 15¢ (6.35)
a;250 >) +O() = A ( - 462) +O(").

Next, using the values of @gl) in eq. (6.18), DZ(»Q) in eq. (6.25), and that DZ(»I) and d(gQ) are
finite we find for the universal divergent part of dég):

af) = Cin?rp sy + 0 (&) = -3 (14613 - f{%i) +0 (). (6.36)

The universal divergence of eq. (6.36) is in line with ag in N =4 SYM extracted in ref. [35]
and quoted in eq. (5.57). Here we use the MRS scheme in the calculation of the reduced
amplitudes, as in ref. [35]. In section 5.4.2 we saw that in the Regge-cut scheme such a
divergence is not present, as a(?’) K®) is finite (compare eq. (5.56) with eq. (6.36)).

6.4 The four-loop soft anomalous dimension and hard function

We are now ready to compute the NNLL hard function at four loops in terms of the reduced
amplitudes of the previous section. This will facilitate extracting the soft anomalous
dimension at this accuracy. The real part of the expansion of eq. (6.16) gives

4 T24n

2(—42) _ Z

n=2
2 1 2 2 2
{ Tt ) Ts—u] +
2

" . 2 1/, ~(1) A
+Re[ ( 2)]+Z(aél)K(l)) (Tz,u)Q(Tf)z—5((a§2))2+20‘§1)0‘§3))(Tt2)2

g ) 4 G (o?él)TfM(”l’O) +M(*’271>)

4

§ [T?7 [Tt27 Tg—u]]Tg—u + [[[T?, T?—u]? T%]v Tz—u])

A (K0) (o[ T TS 4 3T T2 T T2) | e

K@

+a 2

{(K(l (T2, T2 |- 2&_5]1)T§_UT§)M(+’2’1) —2T2 M+
1 2
S
(6.37)

where we have used QA 32 — 0 and Q(+’3’1) = 0 following eq. (E.2). Using the results of

KW and aé ) in eq. (6.18), A(Q) = 0(eY), 6453) in eq. (6.36), the odd amplitudes M(—21) = 0,
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M20) in eq. (5.9), M3 in eq. (5.17), the even amplitudes in eq. (2.46) and the newly
computed M(—42) in eq. (5.32), we find, up to finite terms
3 T2

4[8’11?

2 4
(42 _) T G (daa Ca }Tz T2 (T2
H {486 <NA 24 +4 t[ t?( s—u)}

Tf]T%Tz_u)

4,2) ~
-QY O(e 0)}Mtree. (6.38)
Using the fact that H(—%2) is finite, this equation directly amounts to determining Q (+4.2),
To determine A(T%2) using eq. (6.12) it is sufficient to use the leading-order expression for
the running coupling in eq. (2.25b), which yields AF42) — ge Q(AJFA’Q) + ..., so we obtain'®

daa  C} 1 5
AL — {8 T4 TR (12, )+ TR, T (6.39)
= (2@3 0174’2)

where in the second line we defined the colour structure Cg’4’2). We note that the latter
is entirely non-planar, as it is subleading in the large-N. limit compared to IV, f . This can
easily be seen as, according to the argument of eq. (4.50), commutators are inherently
subleading and that the term proportional to the identity behaves in the large- N, limit as
eq. (5.31).

The finite term of the hard function in eq. (6.37) can be found to be

02 2 ~
H(-12) = {2/4 (a2) f<4<20 R 0<e>} Miree, (6.40)

where we encounter again the very same colour structure C(+’4’2) defined in eq. (6.39)
and d§2,0) is the O(e’) term of the finite 075(]2). Since the term proportional to C(+42)
is universal, eq. (6.40) conveniently displays the theory dependence of H(—%2) | which is
restricted to the two-loop @E,Q . One can also interpret eq. (6.40) as dressing Reggeons with
two infrared-renormalised Regge trajectory insertions associated with the Regge pole, plus
non-planar corrections stemming from the multi-Reggeon cuts.

We can find 07!(;2’0) for QCD, which is calculated using the explicit two-loop Regge
trajectory in eq. (2.35) and the two-loop K of eq. (2.30a) with the values for vx in

eq. (B.2). It is just the finite parts of agz) (1),

101 ¢ 7
420 — o, (= — 3) _ ) 6.41
% (108 §) ar "M (6.41)
Inserting this into eq. (6.40) we have
(—+4,2) — 02 T2 2 49 C3T (7(3 . 707 > 6.42
Hacp { AR Tysg T CATRY (516 T 2916 (6:42)

¢ 101¢s 10201
ch
T (128 864 = 23328

+ ) fc 10\ +o<e>}Mtree.

5This result was first reported in ref. [36].
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The N/ =4 SYM result is
,HéY4 2) - { 128C3 + C CQC (d.2) + 0(6)} Mtrem (643)

which is precisely the maximal weight terms of the QCD result in eq. (6.42), using the
well-known relations between quantities in these theories [83—-86]. In the planar limit only
the first term survives and matches the well-known BDS ansatz [122].

6.5 The soft anomalous dimension in the Regge limit — summary

The soft anomalous dimension in the high-energy limit is given in eq. (6.4). In this section,
we review the corrections to the dipole formula that start at three loops

0o a ¢ (-1 ( )
A — s m) rm )
Z(ﬂ) >oAatmpm, (6.44)
(=3 m=0

where ¢ is the loop order and L the signature-even logarithm of eq. (2.9).

Non-vanishing corrections to the dipole formula at three-loop order in the high-energy
limit of 2 — 2 scattering, begin at NNLL with a purely signature-odd contribution [35, 55],
namely

AB) = 0L +ir [T?, (T2, Tg,u]} %@L +O(LY), (6.45)

where O(L") terms are summarised in appendix E.

At NLL, there is a tower of signature-odd contributions to the soft anomalous dimension
(i.e. signature-even amplitude) emanating from two-Reggeon-exchange ladder diagrams,
which have been determined to high orders [24, 26] (the singularities at NLL are in fact
known to all loops [24]). These contributions start at four loops with [23]

A = i [0 (12,12 | TF = iSOl (6.46)

Note that both eqs. (6.45) and (6.46) contain a single power of imT?
the odd signature.

2_u» consistently with

The even signature part of the soft anomalous dimension at NLL is two-loop exact [10,

12, 24], that is, the terms A1) vanish at three loops and above. In particular, at
four loops,

AFA3) =0, (6.47)

At NNLL, the odd contribution A(—%2) is not yet known. The even contribution is given
by eq. (6.39). Using the results of eqgs. (6.46), (6.47), (6.39) we can write eq. (6.4) displaying
all the explicitly-known contributions

(4) B G [m2 (2 m2 2 | 72 A (=42
FZ]%Z]<L) - Wrﬂ {Ttv [TtuTs—u]}Tt + L A( )
daa C% 1 3
m%( G T T ) (64
+O(L),
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where A(=42) and corrections at O(L) and O(L°) are still to be determined. The fact
that the NNLL corrections in A are all non-planar is to be expected: only diagrams that
correlate up to two partons survive in the anomalous dimension in the planar limit.

It is important to point out that all the corrections displayed explicitly in eq. (6.48) are
universal, namely they are independent on the matter content of the theory considered.'®
Specifically, these corrections are generated by purely gluonic diagrams, and therefore do not
involve the matter content. Furthermore, in operator form they are completely independent
of the representation of the scattered particles (of course, as we have seen in section 5.4,
such dependence would show up once acted on the tree-level amplitude and projected onto
a colour basis).

7 Infrared singularities in 2 — 2 scattering in the high-energy limit

In the previous section we have obtained the soft anomalous dimension in the high-energy
limit s > ¢, for 2 — 2 parton scattering. In particular, starting from the formula of eq. (6.4),
we have determined the non-dipole contributions at three and four loops, as summarised
in section 6.5. This result proves useful to constrain the structure of the soft anomalous
dimension in general kinematics, too. The latter was determined by direct computation
to three loops in ref. [55]. Later, it was shown that it can also be determined by means of
a bootstrap approach [56]: indeed, the functional form of the three-loop soft anomalous
dimension in general kinematics was recovered in ref. [56] using the colour structure, the
analytic properties of the relevant class of integrals, factorisation and symmetry constraints,
along with constraints from various kinematic limits. In this perspective, the structure of
the soft anomalous dimension in the high-energy limit determined in section 6.5 provides
useful information for a future bootstrap approach at four loops.

The purpose of this section is to perform a preliminary analysis, determining the
implications of the high-energy result for a parametrisation of the soft anomalous dimension
recently constructed through four loops in ref. [54]. After a short introduction of the colour
and kinematic variables in the general n massless parton case, we focus on 2 — 2 scattering.
Specialising further to the high-energy limit, we identify the functions contributing through
NNLL accuracy at four-loop order in eq. (7.37). Subsequently, in section 7.2 the colour
structures are expressed in terms of a so-called Regge-limit basis of colour operators which

we construct using commutators of T? and T2_,,, based on the definitions introduced at

sS—u’
the end of section 2.1 and the identities derived in section 4.2. Furthermore, the (unknown)
kinematic functions are specialised to the high-energy limit and are expressed in terms of
the signature-even logarithm L in section 7.2.4. At this point, in section 7.3 we are able to
constrain the form of these kinematic functions by comparing the parametrisation of the
four-loop soft anomalous dimension with the expressions we computed through NNLLs, as
summarised in section 6.5. Finally, in section 7.4 we discuss the four-loop soft anomalous

dimension in the high-energy limit beyond NNLLs. We generalise the relation in eq. (2.40)

1611 contrast, A(™*? and N°LL corrections, are expected to involve non-universal corrections, as can
be inferred from the high-energy limit perspective. Theory dependence would enter for example through
running-coupling effects, subleading corrections to the Balitsky-JIMWLK Hamiltonian and impact factors.
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between the singularities of the gluon Regge trajectory and the cusp anomalous dimension to
four loops, taking into account quartic Casimir contributions, and discuss the implications
of this generalisation on the structure of the soft anomalous dimension.

7.1 Introduction to the soft anomalous dimension

Given a scattering amplitude M involving n coloured partons and any number of other
(colourless) particles, the soft anomalous dimension I',, defined in eq. (6.2) [47-56, 118, 119]
depends on the kinematic invariants formed between the partons,

(—sij) = 2|pi - pjle”"™4, (7.1)

where p; represents the momentum of parton 4, and o;; = 1 if both partons ¢ and j are in
the initial or final state, otherwise o;; = 0. In addition, it depends on the colour generators
{T;}_, associated to the external partons, which have been defined after eq. (2.5). Iy, is
defined subject to colour conservation

> TM=> TH=0, (7.2)
1=1 =1

where H is the hard function of eq. (2.23).

The form of the soft anomalous dimension is strongly constrained. Setting aside
collinear singularities (which are captured by the collinear anomalous dimension ~;, and
depend on individual scattered partons, namely their spins and colour representations, but
involves no kinematic nor colour-flow dependence) all remaining contributions to the soft
anomalous dimension follow from the ultraviolet divergence of the corresponding Wilson-line
correlator. Specifically, to describe the singularities of an amplitude of n massless partons,
one defines a correlator of a product of n semi-infinite lightlike Wilson lines emanating
from a single hard-interaction vertex, following the classical trajectories of the n partons.
The ultraviolet divergences of this correlator, associated with the vertex where they meet,
map to the soft divergences of the amplitude [66, 67, 123, 124]. This observation can be
used to compute the anomalous dimension in a process-independent way [55, 125], rather
than extracting it from partonic amplitudes. It also allows one to understand the salient
all-order properties [51-56, 118] of the soft anomalous dimension, notably,

1. its colour structure is highly constrained by the non-Abelian exponentiation theo-

rem [111, 112, 126, 127]: it consists of fully connected diagrams;'”

2. it admits Bose symmetry under permutations of any of the Wilson lines, independently
of whether these represent quarks or gluons;

3. its kinematic dependence is largely constrained by the invariance under scaling of
individual Wilson-line velocities.

"Here connected refers to the gluon web representing the colour structure, which must be fully con-
nected after the Wilson lines have been removed. See refs. [127-133] for further details on diagrammatic
exponentiation in the context of correlators of multiple Wilson lines.
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While the first property dictates the colour structure of the soft anomalous dimension, the
third strongly constrains its kinematic dependence. Finally, owing to the second property,
colour and kinematics are directly correlated.

The third property, namely rescaling invariance, is violated only through the so-
called collinear anomaly, namely overlapping soft and collinear divergences, which are
responsible for an explicit dependence of Ty, ({ski}, A, @s(A?)) on the scale A, beyond its
indirect dependence on the scale through the running coupling. Stated differently, the
factorisation property of soft and collinear singularities, combined with the aforementioned
rescaling property of Wilson-line velocities, translates into the following set of all-order
constraints [51-54] on the soft anomalous dimension 'y, ({spi}, A, as(A?)):

drn 7A7 S A2 cus
> B Aok 2 0] penn g 42, (73)
i ( Z])
for all 4, where
_yy
lij = log )\2] . (7.4)

Here I';"*P(as) is the cusp anomalous dimension in the representation of parton i, which
can be expanded in Casimirs as in eq. (2.28):

IEP(a,(02) = (@, 020 + X grlad W) EE + 0. (15)
R 0
The collinear anomaly constraints are key to understanding the structure of higher-order
corrections to the soft anomalous dimension.

To understand the implications of eq. (7.3) note first that it is a matrix equation: while
the left-hand-side is a non-trivial colour matrix, the right-hand side is proportional to
the unit matrix in colour space. Upon solving the differential equations in eq. (7.3) one
obtains an inhomogeneous solution, which is strictly linear in the logarithms /;; and in
the cusp anomalous dimension I';"P () plus a homogeneous solution. The latter contains
non-trivial structures in colour space and must be invariant under rescaling of any of the
Wilson-line velocities, and is therefore a function of the so-called conformally invariant
cross-ratios (CICRs)

_ (=si5)(=sm1) (76)

whose logarithm
Bijel = log pijr = log -—

satisfies

> g, 78)
’U;é’ll, uv

for any u € {4, j,k,l}. The logarithm of CICRs has the symmetry properties:

Bijkt = Bjik = —Bikji = —Bijki = Brlij- (7.9)
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Returning to the inhomogeneous component, a particular solution for n > 3 is given
by [134]:

Sij reus cus cus
v ({5 e) =3 ZZ%(@- o) TP - o 3T )
1=1 j#i k#%]
(7.10)

implying that the general solution of (7.3) takes the form

o Gssd e =10 ({35 ac) 4000 (Buh ) (7.11)

where the second term depends on the kinematics only through a function of the CICRs. It
is clear at the outset, that while I/, satisfies eq. (7.3) — and is therefore useful to understand
some of its features — it cannot on its own be considered a candidate for I';,, not even
at leading order. One way to see this is to note that any function arising from Feynman
diagram calculation of the above-mentioned Wilson-line correlator has the property that
dependence on a kinematic variable associated with a given Wilson line must only appear in
terms that feature colour generators of that line. The simplest term that complies with the
latter property is a dipole interaction, T; - T; l;;, which is the coefficient of the single-pole
divergence arising from a single gluon exchange between lines 7 and j. Indeed, it is well
known that the complete result through two loops for the soft anomalous dimension in
massless scattering with general kinematics takes the form of a sum over colour dipoles:

. 1
L™ (i} A ) = () 3 T T le% as); (7.12)
(.9

where the sum goes over all pairs (i, j) that are formed between the n scattered partons.
Upon substituting T3P of eq. (7.12) into the left-hand side of eq. (7.3) and using colour
conservation, one obtains the quadratic Casimir component of I';""P(a), as required. As
already mentioned, while I',, receives non-dipole corrections from three loops [55], the
anomalous dimensions entering eq. (7.12) are known to four loops in QCD [68-72, 74, 75]:
7 is the collinear anomalous dimension [32, 76-78] corresponding to the parton i, while
VK (o) is the coefficient of the quadratic Casimir in the cusp anomalous dimension of
eq. (7.5).

In view of our goal of understanding the structure of the soft anomalous dimension to
higher orders, there are several immediate questions raised by the discussion above. One
is how to reconcile the sum-over-dipoles formula (7.12) with the solution of egs. (7.11)
and (7.10). A related one, noting that the quartic Casimir is absent in eq. (7.12), is how
higher Casimir corrections enter there. The latter was addressed at four loops in ref. [54]; we
connect the two questions in appendix F, where we discuss the form of the CICR-dependent
function 6T, which is linear in the logarithms for both the quadratic Casimir and quartic
Casimir components.

A separate aspect, which is salient to the simplicity of eq. (7.12) is the absence of
“tripole” type contributions connecting three Wilson lines at two loops. Such corrections do
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appear for non-lightlike lines, but are forbidden by the constraint of (7.3) (conformal cross
ratios cannot be formed out of three Wilson-line velocities). A very interesting argument'®
has been given by Vladimirov in ref. [135] stating that only terms consisting of an even
number of generators can appear in the soft anomalous dimension at any order, thus

excluding for example terms with five generators at four loops and beyond.

At three loops, an explicit computation has been performed [55] fixing the form of the
soft anomalous dimension at this order. As was expected, three loop corrections to the
dipole formula (7.12) depend exclusively on CICRs. The structure of the result is of direct
relevance to the functions we shall encounter at four loops, and therefore we shall review it
below in the context of the general form the anomalous dimension takes at four loops.

Taking into account the complete set of connected colour structures complying with the
non-Abelian exponentiation theorem [111, 112, 127], Becher and Neubert wrote down [54]

19— Wwith unknown kinematic functions — which satisfied the

a general parametrisation
aforementioned collinear anomaly constraints of eq. (7.3) along with Bose symmetry. The

contributions appearing through four loops can be classified as follows:

Ty ({35} A @s(3)) = T ({5351, A, @) + Toarar (@) + T arar, ({Bign}s )
+ T qar—23n ({sij 1, A, o) + T qar—ar, ({Bijrr }» as) (7.13)
+ Tpsr—ar ({Bijrt }s as) + Tnst—sn ({Bijri ), as) + O(al),

where the subscript for each term includes, in addition to the number of partons n, the
following attributes of each (connected) colour factor: Q for a quartic Casimir related
contribution; a number followed by T to indicate the number generators, and a number
followed by L to indicate the number of distinct lines that interact.

The first term in eq. (7.13) is the sum-over-dipoles formula, which is the complete
result for T';, to two loops, while all others start contributing at three (the second and third
terms) and four loops (all others). Notice that this formula includes terms with explicit
dependence on the scale (the first and the fourth) as well as terms that depend exclusively
on CICRs (all others). The former can be identified with those that constitute a particular
solution satisfying eq. (7.3) (through four loops) and are strictly linear in /;;, while the
latter involve higher transcendental functions of the CICRs. The last two terms, consisting
of five generators, are excluded based on the argument of ref. [135]. We retain them here to
see, independently of the latter argument, what constraints emerge from the Regge-limit
analysis. Let us now introduce explicitly each term of eq. (7.13) in turn, where we adopt
much of the notation from ref. [54].

The second and third terms in (7.13) start at three loops, where they were explicitly
computed [55]. These terms involve the colour and kinematic degrees of freedom of subsets

8The argument is based on the colour decomposition of a different Wilson-line correlator associated
with multi-parton scattering, which was shown to be related to the soft anomalous dimension via a

conformal mapping.
9Previous work along these lines has been done e.g. in refs. [51, 56, 87, 118, 136].
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of three or four partons, they are non-planar and depend exclusively on CICRs. They read:
Ty ar—sn (o) = fles) Y Tiijes (7.14)
(4,5,k)
Cpar—aL ({Bijris o) = D Tt F(Bijiks Bikiz s (7.15)
(i7j7k7l)

where the summation is over tuples (with no restriction on the relative order of indices).
The colour structure involves four generators:

Tiji = fo0 free{T¢, TO, TF, T} . (7.16)

Notice that the curly brackets represent symmetrisation, defined as

7

1 a a. a.
a a an _ (1) 7(2) w(n)
(T, T% .. }+_B§W:Ti T T (7.17)

where the sum is over all permutations of the indices. The symmetrisation only acts on
generators attached to the same line, as those attached to distinct lines commute. For
example,

1
Tige = f*% {08, TV} T = 2 foe fee (T4} + TUTY) TS,

The functions f (o) and F(Bijik, Bikij; ovs) have a perturbative expansion
3 4
fla = (%) 19+ (%) Tk + 0 (718)
R

and

Qs

K (3) as\* (4) 5
F(Biji, Bijs os) = <7T> F Y (Bijiks Birtz) + <W> > Fr’ Bijies Birij) + O() , (7.19)
R

where f are transcendental constants while F() are transcendental functions of the
CICRs defined in eq. (7.6). At four loops, these two functions involve a sum over the gauge
group representations R, which we write explicitly in eqgs. (7.18) and (7.19). This is a
general feature of the colour structures appearing in the anomalous dimension: there is an
implicit sum over the representations, once they are considered at a loop order higher than
when they first appear. This is a manifestation of the fact that any structure first appears
owing to a purely gluonic diagram, and, as such, it has a universal nature, being entirely
independent of the matter contents of the theory.

The functions f(as) and F(Byjik, Bikij; ovs) have been calculated at three loops [55].
Expressing the CICRs in terms of variables z;;x; and Z;ju:

Pijkl = ZijklZijkls pikj = (1 — zijr) (1 — Zijrr) (7.20)

the function F(ay) reads

FO(Bijins Biniy) = 3% (F(l — Zijik) — F(Zijlk)>v (7.21)
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where in turn F(z) is a function of single-valued harmonic polylogarithms [137-140]:

F(z) = Lio0101 (Z) + 2(o [5001 (Z) + »6100(2)} , (7.22)

while
f& = i(Cs + 22C3) - (7.23)

The other terms in eq. (7.13) start at four loops. The quartic term involving four
generators with attachments to two and three legs can be expressed as [54]

1
Pnqar—2an ({sij}h A as) = =5 > grlas) | > (D +2D5 )i+ Y Diwlis|» (7.24)
R (4,5) (4,5,k)

where the colour operator is defined as
1
D= Y Tn (ro@ oo @) TeTh Ty T (7.25)
T o€eSy

Similarly to the dipole term, I';, QaT—2 31, is part of the inhomogeneous solution of eq. (7.3):
upon substituting eq. (7.24) into the left-hand side of eq. (7.3) and using colour conservation,
one obtains the quartic Casimir component of FEUSp(as), where

drr, 1
Dl = S = = 3 Teg [17@ 17O 7o) TeTiTETY, (7.26)
NRi 4! 0ES,

and where gr(as) is the function multiplying CjVR—:_i in eq. (7.5). As discussed in section 2.3,
the function gr(as) begins at four loops and is known at this order [72-74]. The result is
quoted in eq. (B.3). We provide a more detailed discussion concerning the relation between
T (as) and TP (ay) in appendix F.

The remaining terms in (7.13) are part of the solution to the homogeneous equation
associated to eq. (7.3), therefore, the functions appearing in these terms depend exclusively
on CICRs. The term Q4T — 4L involves the quartic Casimir operator as well, and reads?’

Ly qar—an ({Bijri b o) =D > ngl Gr(Bijiks Bikij: as). (7.27)

R (27.]7k7l)

Finally, there are then two terms involving five colour generators: they are given by

Cpsrar ({Bigritr as) = > Tijrts Hi(Bijiks Bikijs vs), (7.28a)
(i7j7k7l)

LysrosL ({Bijritras) = Y Tijim Ha(Bijkts Bijmks Bikemys Bjimis Bjimis s),  (7.28b)
(4,7,k,l,m)

200wing to the complete permutation symmetry of the colour factor ’Dg‘-kl with respect to i, j, k and [,
the kinematic function Gr admits a similar symmetry. Consequently, Gr may be factored out of the sum
over the permutations of a given subset of indices.
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where the colour structure is defined as
Tijtm = if*Y f29 f19{T¢, T4, TF, T, TS, ). (7.29)

The functions Gr(as), Hi(as) and Ha(as) start at four loops, and have not yet been
computed. Similarly, the four-loop contributions to the functions f(as) and F(as) are
to date unknown. In all these cases, the structure of these functions can be constrained
by analysing amplitudes in specific kinematic limits, where additional information can
be obtained. The collinear limit offers one such instance [54, 56, 87, 118], and we briefly
summarise below what constraints it provides based on ref. [54], before returning to the
Regge limit.

It is well known that when two particles in either the initial or final state become
collinear, the amplitude M, factorises into a splitting amplitude Sp and the parent
amplitude M,,_; [141-145], with

lim Mn ({pla ve 7pn}7 )\7 Oés) = Sp ({p17p2}a )\7 Oés) Mn—l ({pl + p2,p3, - - pn}7 >\7 as) .

p1llp2
(7.30)
The splitting amplitude has an anomalous dimension defined as

d
dlog)\sp ({p17p2}7 )\; OZS) = FSp ({p17p2}, )\, as) Sp ({pl’p2}7 A7 as) (731)

which, just like the function Sp itself, is independent of the momenta and colour generators
of the particles that are not collinear. Performing infrared factorisation of each of the
ingredients in eq. (7.30), one obtains [87, 118]

FSP ({pl,pQ},)\,Oés) = lim Fn ({ph s 7pn}a)‘7as) - I‘nfl ({pl +p2,p?n O vpn}a )\,Oés) .

p1l|p2
(7.32)
This provides the non-trivial constraint on I',, itself: the splitting amplitude anomalous
dimension on the left-hand side only depends on the two particles that become collinear,
hence so must the right-hand side of eq. (7.32). This translates into concrete constraints for
the functions in eq. (7.13). The functions f(as) and F(as) are related by the condition [54,
56, 87, 118]

lim  F(f12i5,0;05) = flas)

)
B12ij——00 2

(7.33)

which, in particular, provide a constraint for the coefficients f ;{4) and F g). Similarly, the

functions Gr(as) and gr(as) are related by [54]

. gr(as)
BIQilj_ILH_OOQR(ﬁlzz‘j, 0; ) = — 128 B12i- (7.34)
Furthermore, one has [54]
lim 7'[1(5121‘3', O; Ozs) =0. (7.35)

B12ij—+—00
Last, we have constraints from the high-energy limit, which is of course the topic of this
section. Given our explicit calculation of 2 — 2 parton scattering in this limit, we are able
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to determine the four-loop contribution to the functions appearing in eq. (7.13) in this limit.
In order to proceed we need first to specialise eq. (7.13) to the case of two-parton scattering,
and then take the high-energy limit. In this kinematic configuration no constraints can
be obtained for ’HgA‘), which involves at least five partons. However, we are able to obtain

(4)

constraints for F®) and g};‘), as well as H; .

7.2 The soft anomalous dimension in the high-energy limit

We now take the general form of the soft anomalous dimension as written in eq. (7.13), and
specialise it to the case of 2 — 2 particle scattering in the high-energy limit. In short, the
procedure is as follows.

o Ineq. (7.13) we drop the contributions which only appear for more than four external
partons, i.e., we do not consider Hs.

o We express the colour operators of eq. (7.13) in what we call a Regge-limit basis,
121 their

commutators and quartic Casimir operators, as discussed in section 4.2. Notice

set of colour operators made out of T7, T2

i.e., in terms of a minima S

that, in particular, this will naturally split the terms in eq. (7.13) into even and odd
signature contributions.

o We specialise the kinematic functions appearing in eq. (7.13) to the high-energy
limit. First, owing to Bose symmetry, each kinematic function will acquire a definite
signature symmetry, matching the symmetry of the corresponding colour operator it
multiplies. Furthermore, each function will be implicitly understood as an expansion
in the high-energy logarithm L defined in eq. (2.9).

We expand the soft anomalous dimension in powers of the strong coupling, according to

¢

T, (s} Aas) = 3 <O7‘T> TO ({55}, M) (7.36)

¢

where { is the loop order. In what follows we are interested to obtain constraints on the
coefficient functions appearing in F514) by using the results for the NLL, O(a?L?), and the
NNLL, O(a?L?), in the anomalous dimension, summarised in section 6.5. The four-loop
order coefficients 'YE?,)Rv gg), gx) are associated exclusively with linear and kinematically-
independent contributions, O(L') and O(L’), and we will not consider them in this section.
Their high-energy limit is considered instead in appendix G, and we will return to analyse
the resulting O(L') terms in section 7.4. This leaves the terms proportional to F, Gr and

H1, i.e. we consider

T ({55}, A) = Ty (B} + Toir_ar, (Bujw}) + TSt ap, (B }) + O(L), (7.37)

where for individual terms we drop the subscript indicating the number of partons, since
we focus exclusively on the n = 4 case below. The remaining subscripts are the defining
characteristics of the colour operator as in eq. (7.13).

21By using the matrix expression of T? and T?2_,,, obtained by specialising to projectile and target states

either in the fundamental or in the adjoint representation [35], we verified that there are no linear relations
among the colour structures appearing in the reduced amplitude of eq. (5.30).
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7.2.1 Four-generator four-line term (47 — 4L)
We start by considering the first term in eq. (7.37), i.e.

Toro . ({Biju}, o) = Z fadefbceT?T?Tsz F (Bijiks Bikijs us)- (7.38)
(4:.3,k,1)
An expression for this term that is specialised to two-parton scattering in the high-energy
limit has been discussed already in refs. [35, 56], however, we provide here a short derivation
for pedagogical purposes, in order to introduce useful notation for the elaboration of the
other terms in eq. (7.37).

The colour structure in eq. (7.38) is antisymmetric under the exchange of i <+ [ or j <> k.
Due to Bose symmetry, the function F(as) must be antisymmetric under the exchange
of the same indices. Under this exchange one has F (B, Bikij; os) = —F (Bikijs Bijiks s)-
Using this property, we write eq. (7.38) for the case of two-parton scattering as

Cyr—an({Bijui}> ovs) =8TTETSTY | f° fU° F(Bisoa, Brazs; ovs)
+ o f29 F (Brasa, Brasa; ovs) (7.39)

+ fO% [ F(Br2a3, Brsaz; as)} :

As we have seen, in the high-energy limit, signature symmetry plays a major role. In
eq. (7.39) it can be implemented by considering symmetric and antisymmetric combinations
under the exchange 2 <+ 3. This leads us to introduce the following two functions:

FO{Bijur}, as) = ;{}_(513247 B1423; as) + F(Bi234, B1432; as)}7
FO{Bijur}, as) = ;{5’:(51234751432; as) — F(B1324, Fr423: Oés)} + F(B1243, P1342; ),
(7.40)
such that eq. (7.39) becomes
Lyr—ar({Bijui}, ) ZST?TQTETZ{ (f abe pede 4 f““"fbde) FHBij}s )
(7.41)

+ fode foee 7O ({ B} Oés)] .

Due to Bose symmetry, the symmetry of F&) must be mirrored into the colour structure.
This becomes evident when expressing the colour operators in eq. (7.41) in our Regge-limit
basis. Using the colour algebra identity of eq. (4.34), i.e. f%¢T¢ = —i[T? T?], we have
for instance

fabe pedepabPeTd = — [Tl -T2, [Ts- Ty, Ty - Ts]]

- —g[r2.
_ % ([x2.103.12_ )] +2[12, (T2, 7)) (7.42)
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where we used the definitions in eqs. (2.17) and (2.19), and any Casimirs arising vanish
in the commutators. With similar steps, the two other colour operators in eq. (7.41) are

written as
1
foee TS = o (|10 T T+ 2T, (10, T ) (7.43a)
1
Jee ey TETS T = — T3, 17, 12_]. (7.43b)

Inserting the expressions in egs. (7.42) and (7.43) into eq. (7.41) we get

| 4L({/6zgkl} as) = Q-F ({ﬁzykl} as)[ s5— u’[Tg u’Tg]}

(7.44)
— FO By} o) | T2, [T3, T2,

It is easy to see that the symmetry properties of F(+) are nicely mirrored into the colour
structure: the first nested commutator is signature-even, containing two Tg_u operators,
while the second is odd, having a single Tg_u

At three loops, using the properties of the variables z;jj; introduced in (7.20):

Zijlk

Ziikl = —— =1 — zjjp; = ———, 7.45
“ Zikjl T e — 1 (7.45)
one can write the functions F&) as

FE3) ({Biym}) = —Fi(z1231), .

({szkl}) (F2(Z1234) F3(21234))7
where the functions Fi, F» and F3 have been introduced in ref. [56], and read

Fi(z)=F(1—-1/2)—F(1/2)+ F(1 - z) — F(2),
Fy(z)=F(1/2)—F(1—-1/2)+ F(1/(1—2)) — F(2/(z — 1)), (7.47)
F5(z2)=F(2) - F(1—2)+ F(2/(—1)) = F(1/(1 — 2)) = —Fi(2) — F»(z2).

Here we consider the four-loop contribution to eq. (7.44). Taking into account the
perturbative expansion introduced in eq. (7.19) one has

7 a ({Bijma}) —2(2 Fr {ﬂwn)[ 2 (T2, T

(Z {m})) T2, (13, 12_ ]|,

where we recall that the sum over representations starts at this order due to an additional

(7.48)

internal loop, which gives rise to either a factor of C4, or n;Tr, depending on the particles
propagating in the loop.?? The first term in eq. (7.48) is signature even, and the second

22Here we have only considered QCD particle types: adjoint gluons and fundamental quarks. The factor
will change depending on the gauge theory considered.
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signature odd. It is worthwhile recalling that, upon expansion, the soft anomalous dimension
in eq. (7.48) will be multiplied by the odd tree-level amplitude in eq. (2.5): hence, odd
signature in the amplitude corresponds to even signature in the soft anomalous dimension.
Taking this into account, we can already make a few observations. At NLL accuracy there
are only gluonic contributions in the even amplitude, as calculated in ref. [24]. Therefore,
only ]:,(4_’4)|NLL will be non-zero in eq. (7.48), while .7:}(7_’4)|NLL = 0. Similarly, the NNLL
contribution to the odd amplitude, first presented in ref. [36] and discussed in detail in
section 5 above, is also given in terms of gluonic contributions only. Following the reasoning
above, we expect that .7-"51+’4)|NNLL may be non-zero and F1(:+’4)\NNLL = 0. No predictions
for F (_’4)|NNLL can be made at this stage, however, given that the even amplitude is still
unknown at this logarithmic accuracy.

7.2.2 Quartic Casimir four-generator four-line term (Q4T — 4L)

The quartic Casimir term only appears starting at four loops. Restricting to the case of
2 — 2 scattering and writing explicitly the colour structure, eq. (7.27) becomes

Par—an({Bi2sa}, ) = > Gr(Br2a3, Bizaz; ats)
R

7.49
x 3 T (17T D) TITTSTY, (7.49)
oESy

where again there is a sum over the representations R propagating in the loop. Here we
extracted the function Ggr out of the sum over permutations of the legs (i, j, k, ) using its
symmetry: the colour structure is symmetric under the exchange of any pair of indices due
to the symmetrised trace. Having done that, we performed the sum over permutations
(4,4, k,1) on the colour structure. Because Gr(Bijik, Bikij; @s) is a completely symmetric
function under permutations, Qﬁz—) =0, and we can identify gg) = Gg.

In order to conveniently express eq. (7.49), we first introduce some new colour notation
for terms involving a symmetrised trace over four generators attached to four numbered
partonic generators. The colour structures can be expressed using the colour-flow channels
defined in eq. (2.17), with

Dl = % > Teg (17T OO D) TOTL T, (7.50)

T o€eSy

where p € {s,t,u}, for example

1
DL, = 51 3 Top (17170117 TOTITCT
T o€Sy (751)
= D1y + 4Dl + 6Dfigp + 4D1hys + Do

A general formula is

Dgapp = Dk + 4D + 6Dy + 4Dy, + Diy, (7.52)
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where
DL, (kD) e{(1,2),(34)}
Dippp = | Dot (k1) € {(1,3).(2.4)} (7.53)
D (kD) € {(1,4),(2,3)}).
The expression in eq. (7.52) is symmetric under k <> [. For each of the channels, corre-
sponding to the respective Mandelstam invariants p € {s,t,u}, the indices (k,l) can be

assigned to be either of the two combinations shown in eq. (7.53).
Using colour conservation, we can write the colour structure of eq. (7.49) as

3 Trg (T"(“)T”(b)T”(C)T"(d)> TITLTSTI Mree
oESy

D D DR drr; . ARR,
iss + fuuu + titt 4 ( - . ) :|Mtreea (754)
[ ( ) - Ng, ' Ng,

where the quartic Casimirs correspond to the projectile i (partons 1 and 4) and the target j
(partons 2 and 3). The whole expression is signature-even as expected. This expression
is useful as it holds for any representation. We will see in eqs. (7.83) and (7.84) and in
appendix G that the colour structures multiplying the quartic component of the cusp
anomalous dimension gr can be expressed in a similar way.

Adjoint representation. In the following we restrict our attention to the four-loop
coeflicient gg’@ in the adjoint representation, R = A. The reason we focus specifically on
this representation was already explained at the end of the previous section considering

F 1(; A that is: the result for the signature-odd amplitude at NNLL accuracy, presented

in section 5, only receives a contribution from purely gluonic diagrams. Thus, only G ()
contributes to the sum over R in eq. (7.49) at NNLL accuracy. It is then possible to use

the identity [54]

> T (Fr@pe® pr@ped) — 12 [Te(FF POFY) 4 Te(PIPOF FY) |
0€Ss (7.55)
+4C (fabefcde o fadefbce) ,

to write
4
F((QinélL,A({Bijkl}) = Q" + QW) G5 (Brasa, Buasa), (7.56)
where we have defined
Q" = 12 T TETST] [Tr(FFPFOF?) + Te(PUFeFPF®)| (7.57a)
le),A =40, T%TZQ)T?&TZ (fabefcde - fadefbce> ’ (757b)
and (F?®)® = fo The second term, i.e. Q2 , can readily be written in a Regge-limit

basis by using the identities in eqs. (7.42) and (7.43b). We get

Qi = S (afz. x2.12 ] +2[T

(T2, T7])) - (7.58)
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Concerning QYL)’A, repeated use of the commutator relation eq. (4.34) allows us to write
it as

Qi = 12{ [, w4 o I o) ws )+ w [, (2, w) s [, [ g .
(7.59)
Notice that we apply the commutator relation such as to obtain an expression with manifest
target-projectile symmetry (where, as usual, partons 1 and 4 represent the projectile while
partons 2 and 3 the target). At this point we recall that the colour operator in the soft
anomalous dimension acts on the tree-level amplitude, to give the part of the four-loop
amplitude from which the single-pole singularities are extracted. Therefore, it is sufficient

to obtain a representation for the colour operator Qg4)’A

when acting on the tree-level
colour structure T; - T;, as defined in eq. (2.5). The commutators in eq. (7.59) can then
be expressed as attachments to the projectile (i) or target (j), as in section 4.2.3, so

eq. (7.59) becomes

J

i

It is now in a suitable form to apply the identities in section 4.2 and appendix C, converting
the operator to the Regge-limit basis:

DA, my dAA_Cix _3CA 2 2 M2
G T»—{z (sz 24) =TT T
(7.61)
1 3
— STH(T2 )% T + S [T

2 Ss—u’

T?]T?Tiu} (T, T

Inserting egs. (7.58) and (7.61) into eq. (7.56) we have

daa c4 1
Fgé)lT—zlL,A({ﬂijkl})Mtree = G\ (Brass, Braze) 2 [ 22 — 24 ) - ZT2((T2_ )2, T2
Ny 24 2
3 Cy
+ §[T§7u7 T?]T?Tiu + 7 [Tz—ua [Tgfw T?” } Mtree-
(7.62)
Notice that after a cancellation of the signature-odd commutator term between Qg4)’A and

Q§4)’A, the resulting colour operator in eq. (7.62) is manifestly signature-even, as anticipated
at the beginning of the section. Importantly, we observe that the quartic four-generator
four-leg term I‘SA)‘T7 4L.A Is entirely non-planar, given that the commutators in eq. (7.62) and
the combination daa/Na — C% /24 are separately non-planar (see eq. (5.31)). I‘&T—4L,A
now is expressed in the Regge-limit basis, and eq. (7.62) will be used in section 7.3, along
with the other terms, to derive constraints based on the explicit NNLL results of section 5.

Finally, we can also equate eq. (7.54) to eq. (7.62) in the adjoint representation to
express the previously-unknown signature-even combination of quartic s and u channel
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operators acting on the tree amplitude, in terms of nested commutators:

dAr;, | dAR, c4 1
(Dfsss + Dfuuu)'/\/ltree = (2 ( NRZ- + NR].J - ﬂ B ZTt [(Tg—u)Qa Tt2]

3 Ca
e T G T Mo
(7.63)
while the quartic ¢-channel operator acting on the tree amplitude simply gives
daa
Dﬁ,ttMtree = N Miree- (764)
A

These results will be useful in appendix G, where we analyse the colour structures multiplying
the quartic component of the cusp anomalous dimension gg.

7.2.3 Five-generator four-line term (57 — 4L)
The third term in eq. (7.37) reads

Dor_ar ({Bijui}> ) = D Tijrts Ha(Bijiks Bty ts)
(i7~j7k7l)

. (7.65)
= Y ift et (T T TOTETY Ha (Bijiks Bikigs vs)-
(iaj’k’l)
The colour structure is antisymmetric under j <+ k so T i = —7T ikjii and therefore H; is

antisymmetric under a swap of its arguments, due to Bose symmetry. We want to write an
expression with manifest symmetry under s <+ u, which can be achieved by exploiting the
symmetries under swaps of 2 <+ 3 or 1 <+ 4 of T ji; and Hy. Similarly to F(Bijik, Bikij, s)s
let us introduce symmetric and antisymmetric combinations under 2 <> 3 of H;:

Hng)({lBijkl}v O‘S) = %{/Hl(,813247 B1423; Oés) + 7‘[1([31234, 51432; as)}, (7.66&)
H (B}, o) = %{Hl(ﬁ1324761423§ as) — Hi1(B1234, B1432; as)}7 (7.66b)
7 {Biga}s o) = Ha(Bross, Braaz: o). (7.66¢)

As shown in appendix G, with these definitions we can write eq. (7.65) as
4 4)
T0_ i ({Bigi}) Miree = l i ({Bljkl})< {Tg (T3, T + CATE (T2, 7]

({ﬁzykl}) {Tm [Tt’ [T?, T?—U]H

hu\»—k

- ST AT +

A ) - {Tz o 1212033+ [ 12, 2] ) | Mt
(7.67)

with all colour operators expressed in terms of nested commutators. Thus, as expected, all
three terms in eq. (7.37), given in eqgs. (7.48), (7.62) and (7.67), are strictly non-planar.
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7.2.4 The Regge limit of the soft anomalous dimension

We have now specialised eq. (7.37) to the case of two-parton scattering, and expressed
the colour operators involved in these terms in a Regge-limit basis in egs. (7.48), (7.62)
and (7.67). In order to compare the resulting expression for the soft anomalous dimension
with the high-energy limit calculation summarised in section 6.5 we formally consider each
of the kinematic functions as an expansion in the high-energy logarithm L, for instance:

FOhm) =F0 + 7O 7O D BV (7.68)
with unknown coefficients fﬁ(’ﬁ’") for £ =4 and n = 3,2,1,0, which we expect on general

grounds to be transcendental numbers of weight 26 — 1 —n =7 — n or lower.
Separating the four-loop soft anomalous dimension I'® into components with definite
signature symmetry, we have at four loops
(4) i (+14) (_74)
FRegge - FRegge + FRegge ) (769)

where we added the subscript Regge, to indicate that the Regge limit has been taken.
Explicitly, using the results in eqs. (7.48), (7.62) and (7.67) we obtain

Tege (D) Miree = {2&*%) T2, (T2, T

(+.4) %_% _} 212 \2 M2

3 C
P T A 1) (T0)
(+.4) 1 2 2 2 2 2 2
+H (L) < - §CA [Tsfu7 [Tsfuﬂ Tt]} + CATS*U[T.S*’U,’ Tt]
1
~ STH(TL,)? T%])}Mtree +O(L),

for the signature-even part, while the odd component reads

T{icage (L) Miree = { - (Z fé’“(L)) 17, (17, 72_)|
R

1212 x| L [ e )

| =

+H)( -
+ iﬁi"“(m [Tf, [T?, [T?, Tiu]H }Mtree + O(L). (7.71)

Functions that do not contribute through NNLL, i.e., only generate O(L) and O(LP)
contributions, are not shown in egs. (7.70) and (7.71). We discuss these in section 7.4 and

appendix G.
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7.3 Constraints on the kinematic functions in the soft anomalous dimension

We are now ready to compare the general parametrisation of the four-loop soft anomalous
dimension to the explicit results of our calculation in the high-energy limit. Before consid-
ering the four-loop case, where the kinematic functions are unknown, it is useful to conduct
a similar exercise at three loops, where the functions are known [55] and their high-energy
limit has been previously obtained [35, 56].

Using eqgs. (7.44) and (G.41) we have

MG (DM = {2 000 4 000N 12, 12, 77]

c3 dAR, d AR,
(3) 2 2 2 A AR; j
+ f ([TS u’ [Ts uthﬂ + 9 NRCZ GNRC]) }Mtree
(7.72a)

Q J
Al (L) Moo = —(FCAIL2 4 FOSVL 4 FOSOY T [T, T2 [ Miree  (7.72D)

Matching these expressions to A in appendix E we obtain the following expansion coefficients:

FOSD Z0 FESD Z0, FUY = L (466~ G)
im ® i (7.73)
f(_1372) — O f(_73)1) — iigg f(_)gvo) — — <4
9y 4 ) 4 )
consistently with refs. [35, 55, 56, 60]. A similar procedure will be followed below at four
loops where there are more functions contributing, all of which are yet unknown. To this
end we consider the expressions in egs. (7.70) and (7.71) in the Regge-limit basis, which we
comapre with the explicit results we obtained through NNLL accuracy in eq. (6.48).

Constraints at four loops NLL for signature-odd functions. We start by consid-
ering the signature-odd contribution to the soft anomalous dimension at NLL accuracy. We
expand the functions in eq. (7.71) as in eq. (7.68), and match it to eq. (7.71) order by order
in the high-energy logarithm L. At O(L?), equating eq. (7.71) to eq. (6.46), we have

C T

e vi it v VA v | o
1 -
2{ S | i [TH u,T?]HH§ o (7.74)
L1 (- -
AN T%,TE_U}H (2R 4 ).

Firstly, H§7’4’3) is the only term involving a colour operator o (T2_,)3, which does not
appear on the left-hand side, so we conclude that Hg_’4’3) = 0. Next, 7-2(1_’4’3) multiplies
a fully nested commutator, which also cannot be matched to the colour operators on the
left-hand side, so it must vanish as well. In order to match the single term that remains,
we recall that at four loops the soft anomalous dimension acts directly on the tree-level
amplitude, so we can use T? Mee = CaMiree. This is consistent with the expectation that
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]-"5(’4’3) should contain a factor of C'4, while F 1(5’4’3) does not contribute at NLL accuracy
(see the discussion following eq. (7.48)). We deduce

]-‘1(4_’4’3) imCa gi fgp_’4’3) =0 (7.75a)

H(4) — g H{ — 0. (7.75b)

We note that the even amplitude at four loops for NNLL (and beyond) is still unknown.
As a consequence, T'(=4™) = Im[T'(+™)]  with m = {0,1,2} remain unconstrained.

Constraints at four loops NLL for signature-even functions. Consider now kine-
matic functions multiplying signature-even colour structures, which must be real and
symmetric under s <> u.

We express eq. (7.70) at L3 order and equate it to the relevant L? coefficient in eq. (6.47),
which vanishes identically, getting

0 & [r2 w2 ] A+ G (0 )

d 101
+ (zAA LI ST T?]T%Ti_u) gty (170)

1 4,
(TR T - TR

s—u)

(+,4,3)

The only function that multiplies quartic Casimir terms is G, so it must be zero. In

the last line 7—[54_ 49)
well. While ]-"1(:’4’3) appears in combination with other functions, those vanish hence so

does F, (+43) At I3 order we thus obtain the following constraints:

multiplies linearly independent colour structures so it must vanish as

Firas) _ g FiA3) — g (7.77a)
g,(4+’4’3) —0 Gt (H4.3) _ (7.77b)
H:(L+,473) — O‘ (7.77C)

These results are of course in line with the fact that the signature-even NLL anomalous
dimension is two-loop exact.

Constraints at four loops NNLL for signature-even functions. At L? order, upon
equating the relevant terms of eq. (7.70) to eq. (6.39) we have

s—u’

[Tg T ]]{2]_-51+42) <g(+42 7_[§+,4,2)) }

1
QGO L 200G+ (12 2 Ts]Tz—6T§[<Tz_u>2m§1)%§+’4ﬂ>

(7.78)
We immediately see the same colour term C’(Jr 2) , defined in eq. (6.39), on the left-hand

side and multiplying g A 42) 6on the right-hand 81de. This fixes Q1(4+’4’2) and implies that the
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combination of the other terms must be zero. ’H§+’4’2) multiplies colour operators that are

linearly independent of the others, and must vanish. Finally the combination of functions
in the second line of eq. (7.78) multiplying the fully-nested commutator must vanish, and

since 7—[§+’4’2) = 0, it implies a simple relation between ]:1(4+’4’2) and Q1(4+’4’2). The constraints
at L? order for even-signature functions are then
F = A% FP =0 (7.792)
Gra) — szCa gLrid _ g (7.79b)
{2 — . (7.79¢)

The expressions for AT4™) = Re[A®™)] m = {0,1} are currently not known, so our
firm constraints for the even signature part of the soft anomalous dimension at four loops
end at NNLL accuracy. The m = 1 term, however, has a rather special status due to its
connection with the cusp anomalous dimension, which we discuss in the next section before
summarising the complete set of constraints.

7.4 The soft anomalous dimension at four loops

In this section, we present expressions parametrising the four-loop soft anomalous dimension
in the high-energy limit through all powers of the high-energy logarithm L. Although this
goes beyond the logarithmic accuracy of any explicit calculation of the amplitude, we also
discuss here the generalisation of the relation in eq. (2.40) between the cusp anomalous
dimension and the singularities of the gluon Regge trajectory to four loops. We show that
this generalisation is natural despite the presence of quartic Casimir contributions and it
leads to an extra set of constraints on the soft anomalous dimension.

The soft anomalous dimension at four loops. To begin, it is useful to define an

operator representation of the cusp anomalous dimension

cusp —
r=r=

N~

i () To+ > gr(as)D), + 0(al), (7.80)
R

associated with a channel p € {s,¢,u}, where we suppress corrections containing sextic and
higher Casimir operators. The quartic operator foppp is defined in eq. (7.52).
When the t-channel operators act on the tree amplitude, they reproduce it, multiplied

by the respective adjoint Casimir, namely

dra

T%Mtree = CAMtreea DgttMtree = TAMtreea (781)
which yields
I‘gusthree - Fi;usthree 5 (782)

where TP on the right-hand side is simply the cusp anomalous dimension defined by

an adjoint Wilson line. In contrast, when DZ_ and DE  act on the tree amplitude

S8S8Ss uuuu
they generate mixing into other colour states, similarly to their quadratic counterparts T2
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and T2. In particular, their adjoint signature-even combination is given in eq. (7.63) and
signature-odd combination is given in eq. (G.35).

With these definitions and properties in place we are ready to present the general
form of the soft anomalous dimension for 2 — 2 scattering in the high-energy limit. The
signature-even part reads

1] —1] 2 J J
c3 dAR, dAR.
- 4.5 ( T2 . [T? T+ -2 -6 "1 —6-—2 )
(%: / [ [ tﬂ 2 Ng,C;  Ng,Cj
+23 |Gy (1) - o' 1) (i, + DI, + DR, o (B8 O
- R 6 tttt S$S8SS uuuY NRZ' NRj

+2 (Z fé“’(L)) T2, (T2, )] + H{" (L) (CATzu[Tiu, 7]
R

—t cus —t cus cus
T (L, v) Miree = {L TP flog o5 (T9P W 4 1500 429 4 25"

1
Ca [Tz—uv [Tz—w T%ﬂ - gT?[(Tg—u)2, T?]) }Mtreea

(7.83)
while the signature-odd part is

- iﬂ- cus cus -
T (D) Miree = {2[& P4 _ 1o P*‘”] - (Z Fy 4>(L)> 2,112, T2_ ]
R

_ 1 1
PO (=g [T s g e ))]) s
~(— 1
RO 5 [ 12, (0272 M

These two expressions generalise eqs. (7.70) and (7.71), respectively, to include O(L') and
O(LY) terms. The derivation of these contributions is presented in appendices F and G.

In both the signature-even expression of eq. (7.83) and the odd one in eq. (7.84) we
have restored the full p-channel (p € {s,t,u}) cusp anomalous dimension I';"*P of eq. (7.80),
consisting of both the quadratic and quartic components. Specifically, the function g,
which was originally used to express the dipole term in eq. (7.13), only appears now as part
of the full cusp anomalous dimension I';"*P, along with its quartic counterpart gr. The way
the full I')"P gets restored is explained in appendix F.

Note that, in line with the general expectation, all the contributions that survive in the
planar limit — the terms in the first line of eq. (7.83) and the first term in the first line of
eq. (7.84) — involve just one or two partons, while all those involving three or four partons
are non-planar. For most terms the behaviour in the large- N, limit is already manifest
in the above equations owing to the (nested) commutator structure, which is inherently
non-planar, or the behaviour of the quartic Casimir contributions given in eq. (5.7). There
are a couple of terms for which a closer examination is required: the first of these is the
third line in eq. (7.83), where in the adjoint representation one may use eq. (7.62) to obtain
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a manifestly non-planar expression (while the fundamental representation contribution is
automatically subleading in the large- N, limit). The second is the first term in the first
line of eq. (7.84), which contains planar as well as non-planar contributions, as one may
verify using eq. (F.15b) to express the linear terms.

For pure Yang-Mills, or SYM, where only the adjoint representation is relevant, one
may substitute eq. (7.62) and (F.15b) into the above equations to obtain more explicit
expressions the soft anomalous dimension in the high-energy limit, separated by signature,
including all powers of L. The signature-even part is

(+,4) _ cusp, (4) —1 [ cusp,(4) cusp, (4) (4) (4)
rmﬁﬂamﬂmwm%_{Ln P +bgp(n B D >+27 +2v;
c3 dAR;

", , , ) cl _ AR; )
+f <[Ts—u7 [Ts—th]} + 2 Ng,C; GNR]'CJ

(4) 4
(4) _9a dA;A_% —}TQ T2 )2 72
P T+ P 2, 1))

1
+ 275 (L) | T2, T2, T7)| + 1O (L) ( — 50| T2, (T2, 17

1
+ CATg—u[Tg—ua T?] - ETE [Tg—ua T%]Ti—u> }Mtreea

(7.85)
and the signature-odd part is
-4 IT _cusp, (4 -4
Fz(jﬁi)j, (S)YM(L)Mtree = {C«AFA >l )Tg—u - ,(4 )(L) {T%, [T?’ T?—u]]

. @ [ dag, dAR, 2daa Ch\ me
2 - _ YA
T A, (CiNRi + CjNRj CyNy4 16 sTu
. (4)
iTg

X

o) (- M 12 e )]+ L )

LN T }M

A~ =

(7.86)
These expressions make manifest the fact that the planar contributions are all captured by
the I'®**P and collinear anomalous dimension terms.

The singularities of the Regge trajectory and the cusp anomalous dimension.
We have seen that the connection [43, 44] between the infrared singularities of the gluon
Regge trajectory and the integral of the cusp anomalous dimension (2.40), namely

ag(t) = K +0O("), (7.87)
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iO‘S(/ﬂ)
2 T

..., (7.88)

s

2\ 1 an™ 2 700 as(p?) " (n) _
(os(u?) =~ [ Sgmclas(0?) = 3 (=0 ) KW =

extends to three loops, despite the presence of a Regge cut contribution at this order,
i.e. O(a3L'). For clarity we recall that this is contingent on defining the trajectory g in the
Regge-cut scheme, which we defined by absorbing all planar contributions generated at two
and three loops into the Regge-pole term. Specifically, the trajectory &, was related to the
one in the MRS scheme by eq. (5.56), and the resulting cut-scheme subtracted trajectory is
finite (see eq. (A.10)):

ag(t) = ay(t) — K = O(%). (7.89)

From the perspective of the soft anomalous dimension this entails a remarkably simple
structure through three loops, namely its even-signature part takes the form

—t 1 —t —t
I‘E;r_)w (as,L, /\2> = §7K(as)LTt2 + T <Oz5, /\2> +1T; (as, )\2)

3 (7.90)
+ AF30) (‘:T) +0(ad),
where, crucially, we used the fact that?? A(+31) =0 [35, 55]. We thus see that the only
term in the (signature-even) soft anomalous dimension which is linear in the high-energy
logarithms L is the one proportional to the cusp anomalous dimension. Consequently, the
exponentiation of the singularities via eq. (6.3) directly determines the singularities of the
exponent of (s/(—t)), which is precisely the singular part of the gluon Regge trajectory.
This naturally generalises to four loops, where quartic Casimir contributions become
relevant, as displayed in the definition of the cusp anomalous dimension eq. (7.5). In order
to write an equation such as eq. (7.87) valid through four loops (and beyond), let us define

1o dA? s

Kaplas(n?) = 5 [ ST (@, 0) (7.91)
2Jo A

Generalising eq. (7.87), we have

Cady(t) = Keusp + O(€%) (7.92)

through four loops, now including the quartic Casimir contributions. The Regge-pole
exponential in eq. (2.39) can then be expressed as exp(KcuspL).

Linear terms in the soft anomalous dimension at four loops. Let us now analyse
the implications of this relation from the perspective of the soft anomalous dimension. We
do that by directly comparing the two exponentiation pictures, that of the singularities via
eq. (6.3) on the one hand and that of the high-energy logarithms as a Regge pole, on the
other. The exponents in the two pictures take the form:

1 [ da2 —t N
-5 [T, (as,L,/\2> s Cad(t)L. (7.93)

ZNote that its signature-odd counterpart, A3 g non-vanishing, see appendix E for details.
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For the two to agree for the terms that are simultaneously O(1/¢) and O(L'), one requires,
just as in eq. (7.90) at three loops, that the linear term in L within i

ij—1j
cusp cusp

given precisely by LI, where I', " is defined in eq. (7.80). Upon acting on the tree

would be

amplitude, the t-channel operators produce Casimirs in the adjoint representation according
to eq. (7.81), and one recovers the cusp anomalous dimension in the adjoint representation
as in eq. (7.82). In this way the singularities of the gluon Regge trajectory satisfy eq. (7.92).
We thus conclude that the natural generalisation of the relation of eq. (7.92) between
the gluon Regge trajectory and the cusp anomalous dimension amounts to the requirement
that the terms linear in L within the signature-even part of the soft anomalous dimension
would simply be LT'{"P. This conjecture can also be formulated as
ij—ij >

d () 9y —1
diLI‘ijaij <as(# ), LLQ)

L M = TR (s () M (7.94)
which of course holds through three loops using eq. (7.90) and (7.80), where only the
quadratic Casimir term T? is present in T'{"*P. In contrast, at four loops also the D,
becomes relevant.

With this in mind, let us examine the general structure of the signature-even soft
anomalous dimension at four loops in eq. (7.83). The expected LI‘;HSP’M) term is indeed
there. So, for our conjecture to hold, all other terms which depend on L must not contain
any further linear contribution. Differentiating eq. (7.83) and suppressing higher logarithms

one finds:
(+,4)

dFinij,Regge Miree = I\CUSP7(4)+2 ZFH‘AJ) [TZ [T2 TZ]}
dL o ree t - R s—u? s—u) —t

4)
41) _9r R R R drr, | dRR, )
+ 2 E D, +D +D -2 +
(gR 6 ) < tttt 5888 uuuy ( N . N ; )

1
F RO (= Sea[T2 12, TH] 4+ CaTE TR, T

- éTﬂ(Tg—u)2v Tf]) }Mtree ’
(7.95)

which satisfies the conjectured relation in eq. (7.94) subject to the following constraints

(4)
Fit=o, gt =yt o, (7.96)

The coefficients g%) are known in QCD [68-75]; see eq. (B.3). We stress that the constraints

in eq. (7.96), which concern the uncharted territory of N3LLs, have a very different status
as compared to those of egs. (7.75), (7.77) and (7.79): while the latter are based on explicit
calculations in the high-energy limit, the former relies on a conjectured generalisation of
the relation between the gluon Regge trajectory and the cusp anomalous dimension. One
may note the intriguing similarity between the constraint on g](;*) in eq. (7.96) and the
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Signature even Signature odd
L3 L? L' (conj.) L3 L? L

FY o —Catas | 0 FOY linlag |2 ?

FY o 0 0 FaY o ? ?

i lo 5C2Gs g

g |0 0 55

H 1o 0 0 1Y o ? ?
1 o ? ?

Table 1. Constraints on the high-energy limit of the kinematic functions entering the soft anomalous
dimension at four loops, separated by signature. Note that G only has a signature-even component,
and ”H§4) is purely gluonic. All constraints at order L? and L? in this table are based on explicit
computations in the high-energy limit, while those for order L' are based on the conjectured
generalisation of the relation between cusp singularities and the Regge pole to four loops. The
coefficients gg) are known in QCD [68-75] and are quoted in eq. (B.3).

collinear constraint [54] on the same function in eq. (7.34). We stress that these are different

)

logarithmic contribution — see eq. (7.79a) — in the collinear limit eq. (7.34) forbids any

kinematic limits. Whereas in the high-energy limit the function Q(A4 does have a double

non-linear dependence on the relevant logarithm.

Summary: Regge-limit constraints on 1"1(14). We derived the soft anomalous dimen-
sion in the high-energy limit and used it to constrain the kinematic functions parametrising
this quantity in general kinematics as proposed in ref. [54]. The computed four-loop result,
taking into account NLLs of both even and odd signature, along with the newly-computed
NNLL of even signature, appears in eq. (6.48). In turn, upon taking the general-kinematics
parametrisation and specialising it to 2 — 2 kinematics in the Regge limit, we obtained
egs. (7.70) and (7.71). Having chosen a common basis of colour operators for both the
computed result and the parametrised one, the values of the expansion coefficients of the
unknown kinematic functions in powers of L can be directly deduced, and are summarised
in eqs. (7.75), (7.77) and (7.79).

In addition, analysing the connection between the gluon Regge trajectory and the cusp
anomalous dimension originally proposed in refs. [43, 44|, we conjectured that the linear
term in the soft anomalous dimension in the Regge limit is given precisely by T';"*PL such
that eq. (7.94) holds. This directly implies an additional set of constraints on the N3LL
signature-even contributions to the soft anomalous dimension according to eq. (7.96).

The full set of constraints on the four-loop kinematic functions is summarised in table 1.
Here, the left half of the table summarises the constraints on signature-even (real) functions,
while the right half the signature-odd (imaginary) ones. While the function Gr multiplying
the quartic four-line term is by construction signature-even, the two other kinematic
functions Fr and H; have both even and odd components and their decomposition is
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given in egs. (7.40) and (7.66), respectively. We note that our current knowledge of the
signature-even contributions is far greater than that of the odd. In the table we represented
unknown expansion coefficients by question marks.

As a final note we emphasise that the above constraints are fully consistent with the
result by Vladimirov [135], that only colour operators consisting of an even number of
generators can appear in the soft anomalous dimension. This implies that the functions
multiplying the five generator term #; and Hso in the soft anomalous dimension in eq. (7.13)
vanish identically. This is in line with the last row in table 1, as well as the collinear-limit
constraints on these functions in ref. [54].

8 Conclusion

In this work we take a step forward in the understanding of 2 — 2 gauge-theory amplitudes
in the high-energy limit, by studying the tower of NNLL in the signature-odd (real)
amplitude and computing these explicitly through four loops. This tower of corrections
is particularly interesting for the analysis of the Regge limit, because amplitudes at this
logarithmic accuracy develop a rich structure, featuring both a Regge pole and a Regge
cut. Furthermore, taking the high-energy limit gives us access to properties of four-loop
amplitudes, which are beyond the reach of perturbative calculations with state-of-the-art
techniques. Chief among these is the long-distance singularity structure in fixed-angle
scattering, for which the high-energy limit is highly constraining.

In order to compute amplitudes in the Regge limit, we employ the method described in
refs. [23, 35]. In essence this approach allows us to compute transition amplitudes between
the projectile and the target at widely separated rapidities, each described by a state
consisting of a given numbers of Reggeons. The Balitsky-JIMWLK Hamiltonian is then
used to evolve the Reggeon states to the same rapidity. At NNLL accuracy this involves,
beyond the single Reggeon state, also triple-Reggeon states and mixing amongst these. The
sum of all transition amplitudes defines a reduced amplitude, which is related to the full
amplitude by simple multiplicative factors, eq. (2.44).

We classify the transition amplitudes entering the NNLL of the reduced amplitude to all
loop orders, in eq. (3.37). These fall into two distinct categories, one being a purely Single
Reggeon State (SRS) transition and the other including four transitions involving Multiple
Reggeon States (MRS). The former features a single Reggeon in both the projectile and the
target, undergoing trivial rapidity evolution as a single Reggeon across the entire rapidity
interval. The latter include all transitions in which a triple-Reggeon state is generated at
any stage during the evolution, be it at the projectile or the target ends, or during the course
of rapidity evolution. Specifically, the aforementioned four are: 3 — 3 transitions, 1 — 3 or
3 — 1 and 1 — 1 which are mediated by a triple-Reggeon state in the evolution. We show
that at NNLL accuracy MRS transition amplitudes can be computed to any perturbative
order by iterating the leading-order Balitsky-JIMWLK Hamiltonian. Thus, the MRS are
universal quantities in any gauge theory, which do not depend on the matter content.

We computed the reduced amplitudes through four loops, given in egs. (5.9), (5.17)
and (5.32), providing a detailed derivation of results presented in ref. [36]. In particular, we
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developed a new method to calculate the colour factor of the amplitude, when the target
and the projectile belong to general representations of the gauge group. This allowed us
to derive new colour identities and obtain expressions of the reduced amplitudes in an
operator form, which is suitable to investigate universal features of both the infrared and of
the high-energy factorisation. We found that only the 3 — 3 transitions feature non-trivial
colour structure, where different colour components mix during evolution. All the other
MRS transitions are proportional to the colour octet exchange to all perturbative orders.
We observed that 3 — 1 and 1 — 3 transitions at three and at four loops, in egs. (5.16)
and (5.26) respectively, cancel exactly against corresponding terms (which involve quartic
Casimirs associated with the representations of the projectile and the target) in the 3 — 3
exchanges of egs. (5.14) and (5.22). We conjecture that such a mechanism is in place to
all perturbative orders and that it completely removes all contributions to the amplitude
from 3 — 1 and 1 — 3 transitions. As a result, only the 1 — 1 transition generates
mixing between states with one and three Reggeons, as we check explicitly at four loops.
There, a further cancellation takes place: the 1 — 1 contribution in eq. (5.28) cancels the
planar terms of 3 — 3 transitions in eq. (5.22), to all orders in e. This renders the reduced
amplitude at four loops, eq. (5.30), manifestly non-planar.

The complete cancellation of the contributions emerging from mixing between single
and triple Reggeon states, against corresponding terms associated with quartic Casimirs
in the 3 — 3 evolution, is highly suggestive of a general pattern, extending to all orders
in this tower of logarithms. As we have seen, it leads to a partial cancellation of planar
contributions in the reduced amplitude at three loops, and a complete cancellation of such
at four loops. Our expectation is that the reduced amplitude will be non-planar at any
order beyond four loops. The only planar contributions in the reduced amplitude then occur
at two and three loops, before the full set of single-triple Reggeon transitions opens up.

The non-planar nature of the total contribution to the reduced amplitude from multiple
Reggeon states at four loops (and likely beyond) points to a simple relation between these
quantities and Regge cuts, which are known to arise only from non-planar diagrams [1, 3, 4].
However, the separation between single-Reggeon state (SRS) and multiple-Reggeon state
(MRS) contributions to the amplitude as defined in our calculation, is not in one-to-one
correspondence with the separation between the Regge pole and the Regge cut contributions.
This is already clear at two and at three loops, where MRS do contain planar contributions.
Hence, the MRS give rise to both pole and cut contributions, while the SRS contributes
exclusively to the Regge-pole exchange.

In order to elucidate the separation between Regge cut and pole, we rely again on the
structure of the reduced amplitudes in the planar limit. We find that MRS contributions
that are leading in N, appear only in the colour octet component and are independent
of the process, both at two loops, eq. (5.11), and at three loops, eq. (5.18). Following
this analysis of colour factors, we show that both the SRS contribution and the planar
terms of the MRS contribution may be described by Regge-pole factorisation, while all
remaining non-planar MRS terms define a cut contribution, as done in eq. (5.36). We
name this separation of the amplitude the Regge-cut scheme. It departs from the one
adopted in ref. [35], dubbed MRS scheme, where the SRS contribution alone is factorised
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as a Regge pole. The change of scheme modifies the definition of the impact factors and
of the Regge trajectory, which determine the Regge pole contribution, by the planar part
of the MRS contribution. Notably, the two-loop impact factors and the three-loop Regge
trajectory completely characterise the Regge-pole contribution to the NNLL to all orders.
At four loops and beyond there is no parameter which could allow one to shuffle planar
MRS contributions to the Regge pole. Therefore, starting at four loops the MRS transition
amplitudes must contribute exclusively to the cut and must be entirely non-planar. This is
indeed what we find in our four-loop calculation, egs. (5.30) and (5.32).

In section 5.4 we construct the complete amplitudes and then we distinguish pole and

cut contributions to the amplitude according to the Regge-cut scheme (5.36). At two loops,
(—,2,0),cut
ij—ij

form, which is valid to all orders in € for every colour component in any process. This
coincides with the MRS contribution of eq. (5.9), with its planar limit, eq. (5.11), subtracted.

We find that, in the octet component, ngf;?)’CUt
breaking term jog),o,[s]j defined in refs. [30, 32] on the basis of infrared factorisation. We

determine the corresponding quark and gluon impact factors in this scheme, eq. (5.44), by

we provide in eq. (5.46) the definition of the Regge cut coefficient M in an operator

agrees with the Regge-pole factorisation

giving their relation with the results in the MRS scheme [35]. Remarkably, it is possible to
(_7270)7 t
ij—ij “
in N, as done in eq. (5.47). This follows from the structure of the non-planar terms in the

move into the impact factors further terms that appear in M and are subleading

reduced amplitude at two loops, given in eq. (5.8). By following this redefinition, we obtain
a new cut, Mg;j{?)’FL'CUt, defined in eq. (5.48), which agrees with the two-loop Regge cut
Acik C’g computed by Fadin and Lipatov [33, 34].

At three loops, the Regge cut Mw__i]l ):eut takes the form of eq. (5.60). It includes
(77270)701113 (773’1)
ij—ij ij—ij

eq. (5.17), with its planar part subtracted. The latter is assigned to the Regge pole and

a term proportional to M plus the reduced amplitude at three loops M
thus it enters the Regge trajectory at three loops. Eq. (5.56) provides the relation between
the three-loop trajectory in the Regge-cut scheme and in the MRS scheme of ref. [35]. In
that work, the three-loop trajectory was determined in the MRS scheme for A/ = 4 SYM.
There, it was also pointed out that the MRS scheme breaks a well-known relation [43, 44]
between the infrared singularities of the gluon Regge trajectory and K (ay) of eq. (2.30a), the
integral over the lightlike cusp anomalous dimension. This relation holds for the two-loop
Regge trajectory, but it is violated at three loops in the MRS scheme. In contrast, we find
that the three-loop Regge trajectory in the Regge-cut scheme, dgg), features precisely the
singularities predicted by the cusp anomalous dimension, as shown in eq. (5.58).

We compute also the finite contribution to dég) in /=4 SYM in full colour. Notably,
we find that the latter agrees with the known result in the planar theory [113, 114], without
any non-planar correction. In other words, the trajectory features a maximally non-Abelian
colour factor, which is in line with the expected eikonal origin for this quantity [43, 44, 77].

Our three-loop analysis suggests that the Regge-cut scheme captures the analytic

structure of high-energy amplitudes. As a confirmation, we find that, in this scheme, the
(3),1,[8]
ij—ij

breaking singularities in the octet component. However, different choices are also possible. In

Regge cut agrees with the function R of refs. [30, 32], which contains the factorisation-
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particular, as mentioned above, using eq. (5.8) we identify a specific set of non-planar terms
in the reduced two-loop amplitude that are consistent with Regge-pole factorisation. Absorb-
ing these into the Regge-pole term at two loops (eq. (5.48)) modifies the contribution of the

Regge cut at three loops of eq. (5.60), only by replacing M 20, cut

ij—ij
the cut in the new scheme, MEJ»__’iY?)’FL'C“t. We verify that the three-loop cut defined in this
way coincides with the cut contribution, —AeikCg (Cr + C3), in refs. [33, 34]. Notably, the

three-loop Regge trajectory is not affected by colour subleading terms and, even with the FL

with the expression of

definition of the cut, it maintains its relation with the lightlike cusp anomalous dimension,
as well as its maximally non-Abelian colour factor. Therefore, our new analysis of the colour
factors in the reduced amplitudes, allows us to find the precise relation between the compu-
tational scheme introduced in refs. [23, 35] and the study of factorisation breaking and of the
Regge cut, performed respectively in refs. [30-32] and [33, 34], finding complete agreement.

Our expression for the Regge cut at four loops is given in eq. (5.67), in terms of the
reduced amplitude at four loops and the cut contributions at two and three loops. Since
the former, eq. (5.32), is non-planar by direct computation, and the latter two terms are

defined in the Regge-cut scheme to be non-planar by construction, we find the four-loop
(_7472)7CUt
ij—>ij

show in eq. (5.68) that by the same mechanism, in this scheme the non-planar nature of

cut contribution to the amplitude M is non-planar as a whole. Furthermore, we
the reduced amplitude ensures that the cut remains non-planar to all loop orders.

In sections 6 and 7 we proceed with the investigation of infrared factorisation at four
loops, employing our explicit NNLL calculation as an input. The comparison between
the exponentiation of infrared singularities and that of high-energy logarithms is useful
in several ways. First, it is a highly non-trivial check of the results. Second, it provides
a rich source of constraints on the yet-unknown soft anomalous dimension at four loops
(see below). Third, it allows us to extract the hard function containing finite terms in
the amplitude through four loops, both in QCD and in N' = 4 super Yang-Mills (SYM),
finding an intriguing relation between the hard function and the finite parts of the gluon
Regge trajectory, eq. (6.40). The planar terms in the hard function in SYM agree with the
predicted large-N, limit [113, 122].

We study the soft anomalous dimension through four loops. In the high-energy limit,
we separate the contributions of the dipole formula [51-53, 87], from a general remainder A
that starts at three loops, expanding both in powers of the signature-even logarithm L,
defined in eq. (2.9). While dipole contributions are at most linear in L, the remainder
contains higher powers of the logarithm, for instance its imaginary part contains terms L3
at four loops [23, 24]. Notably, the real part of the remainder at three loops A3) does
not depend on L [55]. In particular, since it lacks linear terms in L, it does not contribute
to the tower of NNLLs in the soft anomalous dimension to that order [35]. Here we
compute the real part of the remainder to four loops, A(*4) through NNLL, i.e. O(aiL?),
finding the first non-vanishing contribution to the NNLL tower, eq. (6.39). This quantity
is manifestly non-planar: it is written in terms of commutators of the channel operators

24
limit. This is a strong check on our calculation, because in the planar limit only diagrams

4
and the combination of Casimir invariants %\‘?—: — %4 which is subleading in the large- N,

connecting up to two legs can contribute to the soft anomalous dimension.
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We characterise our result for the soft anomalous dimension in eq. (6.39) further, by
comparing it with the general parametrisation for the four-loop soft anomalous dimension
in general kinematics [54], which consists of all connected [127] colour structures that may
arise at this order, each multiplying a yet-unknown kinematic function. We compute the
high-energy limit of this parametrisation of the soft anomalous dimension through NNLLs,
both in the real part, eq. (7.70), and in the imaginary part, eq. (7.71). Focusing on the terms
in the real part of the anomalous dimension, we find only three contributions. Two of them
involve colour quadrupole correlations, featuring four generators, one on each of the four
lines. Of these one colour structure is of the same form that appears at three loops [55, 56]

multiplied by the kinematic function .7-"1(4+’4), while the second involves a quartic Casimir
type structure (a symmetric trace of four adjoint generators) multiplied by QI(4+’4). In the

Regge-limit both are expressed in terms of nested commutators of channel colour operators,

4
where the second also features the combination %44 — %. The final potential contribution to

Ny
. : . . A :
the soft anomalous dimension, featuring the unknown function H§+ ), generates correlations

among four lines using five colour generators. Matching the general parametrisation with
our result of the anomalous dimension provides non-zero constraints on the high-energy

limit of the functions ]-"1(4+’4), in eq. (7.79a), and gﬁj"”, in eq. (7.79b). Interestingly, the

function 7—[§+’4) must vanish to this logarithmic accuracy. This is consistent with the result
of ref. [135], which shows that the correlation of an odd number of colour operators is
always prohibited in the soft anomalous dimension. We determine all constraints on the
parametrisation in ref. [54] that can be derived from the available information on the Regge
limit and we summarise our findings in table 1.

We expect that the interplay between high-energy and infrared factorisation will pro-
vide further insight into gauge-theory dynamics. This conclusion is already suggested by
arguments about the gluon Regge trajectory. We have pointed out that this quantity —
both its singular and its finite parts — is expected to be associated to the anomalous
dimension of Wilson-line geometries [43, 44, 77]. Here we verified, up to three loops, the
correspondence between the infrared singularities of the Regge trajectory and the terms
proportional to the quadratic Casimir in the lightlike cusp anomalous dimension. We
conjecture that this relation generalises to four loops and beyond as in eq. (7.92), where
we identify the singularities of the Regge trajectory with the integral of the complete
cusp anomalous dimension, eq. (7.5), including quartic Casimir (and higher) contributions.
This has profound implications on the structure of the soft anomalous dimension, beyond
the accuracy of our calculation. Specifically, at four loops, the N3LL contribution to
the soft anomalous dimension must be related to the four-loop Regge trajectory. More
generally, if our conjecture holds, linear terms in L in the real part of the soft anomalous
dimension in the Regge limit must be simply proportional to complete cusp anomalous
dimension in the adjoint representation, or equivalently we expect eq. (7.94) should hold
to all orders. At four loops this provides three new constraints on the soft anomalous
dimension, given in eq. (7.96). The vanishing of ’H§+’4) is of course consistent with the
finding of ref. [135]. The results are included in table 1, which provides important input
to the bootstrap program to determine the soft anomalous dimension in general kine-
matics, which has already been successful at the three-loop level [56]. Our work paves
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the way for bootstrapping this quantity to four loops, where direct calculations are not
yet feasible.
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A Coefficients of the Regge pole amplitude

In this appendix we collect the coefficients describing the Regge pole part of the two-parton
scattering amplitude, namely, the Regge trajectory and impact factors. As discussed
in section 2.1, this component of the amplitude is scheme-dependent, starting at NNLL
accuracy. Below we begin by compoiling the coefficients in the MRS scheme of eq. (2.38)
and then proceed to discuss the cut scheme of eq. (2.39).

Following the definition in eq. (6.15), we split the Regge trajectory into a component
proportional to the integral of the cusp anomalous dimension, K (as) defined in eq. (2.30a),
and a remainder, Gy :

ag(t) = K (as(=t)) + dg(t). (A.1)
Expanding the term in this equation according to eq. (2.6), in QCD one has

KO — Tk
4e”’
(2) (1)
@ _ 0k bk (A.2a)
8e 32¢2
KO _ % by D+ oA A
126 48¢2 192¢3

(4)

where the coefficients v,/ are given in (B.2). The remainder, cusp-subtracted trajectory
Gy(t) is known up to two loops in QCD. Its coefficients read [10, 12, 79-82]

1 1 7
A1) _ 2 3
Oég ) ;(TI‘ —1) _ZCQ € — 643 e+ O(e), (A.3a)
. 101 (3 ™
(2 _ f A 31
g Ca (108 8) 54 Ofe). (A.3b)

The cusp-subtracted trajectory at three loops has been calculated in N' = 4 SYM, [35],
extracting it from the two-parton scattering amplitude obtained in ref. [60]. It reads

G2 5¢4 1 s
Ve +@’+MC2<3+ 1 —i—(’)(e)). (A.4)

d§3)|SYM — 031 (_
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The description of the Regge-pole component of the amplitude is completed by the
information provided by the quark and gluon impact factors. Following the definition in
q. (2.41), we split the impact factors into a term Z;/;(t), defined as the integral of the

anomalous dimension T'; /;, see eq. (2.42), and a collinear-subtracted remainder D; /;(t):

Ciyi(t) = Z;/;(t) Dyy;(t). (A.5)

In terms of the coefficients in eqs. (B.4) and (B.5), and setting u? = —t, the perturbative

i/3>

expansion of Z;(t) (see eq. (2.43a)) reads

7O =1,

1

(1)
1) _ w1l %
Zi = CK42 €’

Ci 32¢ e3 4 16 i 216

_i_i%'( : ( n _ bo) 7
2 2\ T %

The one- and two-loop coefficients of the quark and gluon collinear-subtracted impact

factors have been calculated in the MRS scheme of eq. (2.38) in [35]. For instance, at one
loop one has

Dél):—Nc@;—Cz)-F?ij”fJFe{N( 101+48<2+12C3) (277_531)]

- (A.7a)
& N (<30 S 1o+ 1560) +1y (5 - 3 3560) | +O(E),

Dy =N (%Jrg@)JrN% (1_é<2> _;anJrf[Nc (;72 24Jr C3)

+N%(2—%C2—%CS)+W< +<2)]+e {N(E; TG 36<3+64<4) (A.7b)

b (18 - T~ By (4 Dot ) | +0(@).

At two loops:

26675
D =— C N2y N3<—+<2+18C3—)

32¢2 10368 ' 288
) (A.8a)
2063 25 ny 5) 25
JrNcnf(g%(s [PZCRED >+NC(_384+ ) 35027 O
@ _ G a2, a2 f 22537 28787
Dy = —gpale N (41472 64<2 + 144C3 256 266 ) 10368 + 32 3

205 1 (255

~ o 128 Gt NZ (512 *6 i C3 256 C4> (A.8D)
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The whole impact factors C; can be found inserting the results from egs. (A.6)—(A.8b)
into eq. (A.5), and expanding order by order in the strong coupling. At one loop we get

G ea( D) () a0
+CF(3C2+7C‘°’—)+”f(§Z—277)]+62[CA(123—85§—7§§3—31<§)
+Cr (G +7C3+47§4—8)+nf(5<2+7§3—41”+O( ), (A.9a)

Cf == G- frca(e-5) + Freloa (e + 52 - )

T_ ¢ 2 67C | T7¢s |, 41¢ 607
+nf(27 24”Jre [CA<144 T T 162)

41 5C2 7Cs
+nf(81_72_36)]+0( ) (A.95)

In the Regge-cut scheme, the one-loop and two-loop Regge trajectories are identical to
the MRS scheme, since multiple-Reggeon exchanges do not contribute to the odd amplitude
at LL and NLL. Thus, with &, = a, — K, and using eq. (5.56) for the three-loop case,

we have
1

&él) _ @él) 26( r—1), (A.10a)

. X 101 G\ 7™

i =a) =0a 55~ ) 51 +O0) (A.100)
il = N2 (G + L+ 0(0)). (A.10)

Similarly, the impact factors at one loop in the Regge-cut scheme are identical to the
MRS scheme: C’i(l) = C’Z-(l) for both quarks and gluons. However, due to eq. (5.44), at two
loops we have, in the cut scheme

2 2
~(2) _ C% 11CACF 3CF_Can (41_9)_3CA<2 Crny
Cq s 65 32 8 16 CF 8 32 T

1 19G | 11 1513 5 (221 4G
p CACF( YRR 576)+CF(64 3)

~CaCr (T3 + 48”+

(73C2 43¢s  19¢4 %)

32 48 32 3456

—CaCr (115771(3<2 _%_%@+4304t263) +CF (1112581 +L@_%_%)

+Cpny (ot o2+ ) = Cuny (2 +22 4+ 00+ 202 4 0(),  (A11a)
o= s (50 1) v (- ) - MR+ 5]

2 en (35— -5 rouny (- 3) + S+ 5

+CA (o =557 =5 T omos) Cans (15 56— 1)

+Cpng (po =) 403 (= £2) +0(e). (A.11Db)
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B Anomalous dimensions

In this appendix we collect the coefficients of the various anomalous dimensions considered
in the main text. All anomalous dimensions are expanded in powers of the strong coupling
according to

Yo = i <%>HV§>@- (B.1)

= T

First of all we have the cusp anomalous dimension, defined in eq. (2.28), which involves
quadratic and quartic Casimir terms, recently calculated up to four loops in QCD [68—
75, 146, 147]. In QCD, the quadratic Casimir component, vx(as), has the following
expansion coefficients through three loops®* [66, 67, 149]:

7 =2,
7 = (?; - C2) Ca— %)TRnfa
) = (;2 (490 - 10372 Co + 883 + 264(4) + % (—2? + 64§3>

where the fundamental trace is Tg = Tr(t%®) = 5. The second term, gr(c,), multiplying
the quartic Casimir, starts at four loops, and depends on the gauge-group representation R.
Its coefficients for R = A (adjoint) and R = F' (fundamental) in QCD read

3¢2 55 31
g(4):C3 C3+ G G2 CG’

A 6 2 12 2 8

B.3
@ _ (g_@_5C5) >3
Ip = \827 3 T )

The contribution in ' = 4 SYM, for vk (a) and ga(as), is obtained, according to principle
of maximum trascendentality, by retaining only the terms with highest trascendental weight
at each order.

Next, we have the collinear anomalous dimension ~; corresponding to the parton i [32, 76—
78], which is part of the anomalous dimension I'; and I'; defined in eq. (2.29). The collinear
anomalous dimension ; has been recently calculated up to four loops [74, 75]. We provide
here its coefficients up to two loops, as needed in the main text, for quarks and gluons. One

24Three-loop contributions to lightlike cusp anomalous dimension were first determined in [148, 149], by
using the connection between this quantity and the large-z limit of non-singlet splitting functions [123]. The
complete calculation of the non-singlet three-loop splitting functions has been recently confirmed in ref. [150].
Independent calculations of the three-loop cusp anomalous dimension were also obtained by computing form
factors [76, 151] and cusped Wilson loop [152, 153] to this loop order. More recently, such calculations have
been completed at four loops [68-75, 146, 147].
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has [76, 151]

3
1
C2 3
(2) — ZF (2 4 19¢, — 24 >
Vq 16 < 2+ CQ (3
CACr [ 961 CrTrnys (130
~ = 11 2 R (== 4y B.4
+ 16 ( 1 (o + 6g3>+ 16 27+ Cz), (B.4)
for quarks, and
b
1 0
’Yg(,)——za
C? 692 11 CaTrny (256 4 CrTrn
@ _Ca(_ 9 ARf( _) rlRrnyf B
g 16< o7 T3t C3>+ 16 27~ 32 1L (B.5)
for gluons.

C Computing colour factors for arbitrary representations

In this appendix we review computational techniques to evaluate the colour factors of the
transition amplitudes. Universality of the Regge limit implies that the colour structure of
every amplitude is given by the same colour operators, regardless whether the scattering
process involves quarks or gluons in the initial and final state. In order to determine
such operators, we need to develop techniques to evaluate colour tensors for general
representations of the external particles. Indeed, while it is straightforward to compute
directly colour Feynman rules by specialising the representations of the scattering particles,
such explicit results would completely obscure universality of the Regge limit. Instead,
we would like to express our results in terms of Casimir operators of the colour channel
operators defined in eq. (2.22)

T2 -T2
2 )

which manifest the signature properties under s <> u crossing. These operators emerge

naturally in diagrams that feature connections among the outermost Reggeon indices,
for example

= (T7 - T3) My,
(C.2)

lnmmmmmmmmmmnl

1 T?
! (rrg_u - ;) M.

where, in the second line, we applied colour conservation according to eq. (2.18). The
result above is independent on the four-point matrix element My, thus providing a graph-
ical derivation of the relation in eq. (4.32a). We apply a similar procedure whenever a
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Figure 11. Diagrammatic representation of the irreducible configurations: (a) d4 in eq. (C.3) and

(b) dp in eq. (C.4).
LYAR 4
LA x

(a) (b)

<

XS

7

Figure 12. Both the double cross diagram (a) and the saltire diagram (b) are immediately written
in terms of colour dipole operators by commuting the pair of Reggeon emission vertices at the end
of either the top or of the bottom line.

Reggeon is emitted from an initial-state parton and absorbed by a final-state one, accord-
ing to eq. (4.32b). Therefore, colour structures up to two loops are written for general
representations by

(1) Using the Lie algebra, eq. (4.34), to write three-point vertices (F%)p. in terms of
Reggeons connecting the target and the projectile.

(71) Applying repeatedly eqs. (4.32a) and (4.32b) to obtain the colour-channel operators
of eq. (C.1), acting on the tree-level amplitude.

The second step may not applicable for diagrams where all Reggeons have one or more
internal attachment, namely they are all either emitted or absorbed between two other
Reggon vertices. We refer to these irreducible configurations as entangled colour structures.

Indeed, entangled colour structures may occur starting at three loops. At three loops,

we find two such colour tensors?®

corresponding to the graphs in figure 11a and 11b.
While these diagrams drop out the three-loop amplitude, such entangled configurations
do not cancel in general and we will encounter them in the four-loop calculation. Hence, we

need to extend the techniques summarised above.

Permutation diagrams

We begin by introducing a compact notation for colour factors involving k& Reggeon at-
tachments on both target and projectile. These configuration are naturally associated to

25 At three loops there are two additional irreducible configurations, depicted in figure 12a and 12b. These,
however, can be recast into the form of eq. (C.2) using commutation relations.
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Figure 13. Diagrammatic representation of the terms on the right hand side of eq. (C.5).

permutations of k indices. Choosing the top line as target state i, the diagram in figure 11a
is written as

dA — (Ta1Ta2Ta3Ta4>‘<Ta3Ta1Ta4Ta2> = <CL1 az ag a4> ) (03)
%

J asz aj a4 ag

Similarly, the diagram in figure 11b is

(2

dB _ (TalTazTasTa4) (TazTa4Ta1Ta3> = (al az ag a4> ] (04)

J az a4 ay ag

We do not have an expression of d4 and dp separately which is valid for general representa-
tions. However, we are interested only in the combination d4 + dg, which manifests the
symmetry under the interchanged of the projectile and the target. For this combination we
have the following identity:

dA—i-dB:(al a2 asg a4>+<a1 ag as a4>7 (05)

a4 a1 az a2 ai a4 Gz ag

which we will prove below. The two terms on right-hand side of eq. (C.5), depicted in
figures 13a and 13b, feature outmost Reggeon interactions represented by the indices a;
and ay4, respectively. Therefore, these terms are easily written in terms of colour channel
operators by applying egs. (4.32a) and (4.32b), as described in step (ii) above. The resulting
two-loop graphs are again reducible, and one obtains:

_Gi

4

dnay = f(x2)' - () 2,0 Gtz

2
TH} TS, (C6)
Eq. (C.6) is a general expression of d4 +dp for arbitrary representations of external particles.
This is the only relation needed to compute three-loop colour structures. The identity (C.5)
was crucial to obtain the result. This identity is conveniently derived by starting from an
auxiliary three-loop configuration

7

d®) = (T TeT) (TTTUTSTIT) | (C.7)

J

The colour factor above is not associated to a permutation of indices, because it features a
boomerang, namely the contraction of a pair of indices on the same line (in this case the
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projectile). Using the Lie algebra relations, there are two ways of moving the z on line i:
either by commuting x with a; or x with az. We find respectively

~ . CA a1mas ma a1 masma
+ ifaga:k (Ta1 TaQTag)i (Tme TkTa2> y

J
7(3 . CA a a a a a a

+ Z'fl‘alk: (Tal Ta2 Tad)l (TkTa5 TSCTa2> .
J

The two expressions are of course identical, so their difference must vanish

0 — i(TalTGQTa3)~ |:fa31‘k: (TxTalTk:Taz) _ falack (TITa3TkTa2) :| (C 9)
i ; i .
Finally, writing the structure constants in terms of commutators on line 7, we obtain
eq. (C.5), concluding the proof.

Four-loop colour factors

All the colour structures appearing at four loops are written in terms of contractions of five
pairs of generators, by applying repeatedly the Lie algebra. We identify eight independent
colour factors that cannot be reduced in terms of T2_, and T? by following steps (i) and
(7i) above. We choose to collect them into the following terms:

a1 az as a4 as a1 az as a4 as
dy = + , (C.10a)
a2 as az ai a4 a4 aj az as az

a1 a2 a3 a4 as a1 a2 a3 a4 as

0 = ( ) n ( ) , (.10
ag a4 a1 as as az aj] as ag a4
a1 a2 az a4 a a1 a2 az a4 a

d3 _ ( 1 42 a3 a4 5) + ( 1 42 a3 a4 5) ’ (C.lOC)
az a4 a5 a1 ag aq a1 a5 G2 a3
al az asz a4 a al ag az a4 a

d4=< 1 42 43 a4 5>+< 1 a2 a3 a4 5>’ (C.lOd)
a2 a5 a1 a4 as asz ajl as a4 a9
al ag az a4 a al az asz a4 a

d5 _ ( 1 @2 43 G4 5> + < 1 d2 U3 d4 5) ’ (C.lOe)
as a2 as a1 a4 a4 a2 a1 as ag
al ag asz a4 a al ag ag a4 a

d6 _ ( 1 a2 43 d4 5) + ( 1 d2 U3 d4 5) ’ (C.lOf)
asz a4 a1 as ag asz as a1 ag a4
a1 az ag a4 a

Cl7 _ ( 1 a2 43 d4 5) 7 (C.lOg)
asz as a1 a4 ag
ail az asg a4 a

d8:< PR 5), (C.10h)

a4 G2 as a1 as

where each term d; . . . dg is manifestly symmetric under target-projectile exchange ¢ <> j. In
addition, d; is symmetric under signature symmetry, because the two terms in eq. (C.10a) are
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related to each other by reversing the order of indices on one of the lines. In order to express
these colour factors in terms of channel operators, we consider again the configurations
generated by operating with the Lie algebra on the corresponding boomerang diagrams. In
particular, we consider the following four-loop diagrams

J(L4) _ (T‘“T“QT“?’T“‘*) (TwTag(l)T%(z)TrET%(s)T%<4)) 7
7 J

3(4) _ - . o -
dp’ = (T“lT@T“ST‘”)i (Ta 1) T% @ T*T% ) T <4>T’”)j, (C.11)

Jg}) — (Ta1Ta2Ta3Ta4) (Taau)TxT%(z)T%(s)TIBT%(4)) ,
%

J

which generalise the three-loop boomerang of eq. (C.7) by including one more pair of indices,
and the target-projectile symmetric configurations obtained from eq. (C.11). Starting
from these boomerang configurations, we operate as in egs. (C.8) and (C.9) and we get
six independent linear relations for dy...ds. We derive one more constraint from the
colour factor

dp) = Tr [PTF PP Fe| Tx [FYFFPF°| T TY = (dAA + Cﬁ‘) T? T2, (C.12)
Ny 12

which can be written as a combination of d; . .. dg by using the Lie algebra to replace traces of
generators in the adjoint representation with commutators of T; or T;. The seven identities
obtained in this way determine the signature-odd contributions to d; ...ds. In turn, this is
sufficient in order to express the real part of the amplitude, thus allowing us to perform
the calculations of section 4.2. However, we need one more equation in order to determine
also contributions of even signature. In particular, such terms were needed to compute the
Regge limit of the soft anomalous dimension, discussed in section 7. The last constraint
was determined by writing a general ansatz for ds in terms of products of Casimir operators
T2_, and T? acting on the tree-level amplitude T T7. The unknown coefficients were
fitted by comparing the ansatz with explicit results obtained by specialising the generators
T; and T; in eq. (C.10c) either in the adjoint or in the fundamental representation. We
report here the final expressions of the colour factors in egs. (C.10a)—(C.10h), which all

apply for any representation of the external particles. The results are:
1 rd 5.4\ 32 (m2 \2,C 2 mp2m2 T2 (2 )2
dy = {12 (T2 +5Ch) —55C4 (T2,) +5 [5 L I v G

i) ma e - () () frer )

o= { (S 4 o)~ G (m2) e S [ome mome, - Twe (w2 )]
()t () e b () (2] .

t 13
N %Tz_u _ %T%Ti_u +54 [(T?_U)S +2 (T,?)2 Tg—u:|

| ) (r2)" - () e, - (Tg)?’Tg_u] }Tg ™
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dy = d = {; (r2) - f[rem) i g (1) (12)]

G e, -G (rn) - (n) (€139
- (T (1) ) }T? T

dy=ds = {é [(T§U)4 L vl v (T§)2 (Tgu)Q]
e L v I [(Ti_u)?’—i T?)zTﬁ_u} (C.13d)

(
(e e o)1) b

e (4 G Bot) 5 (x)  rem n (r)'
+ r16 [(Tﬁ_u)‘* B %Ti_u (T?) 2 T2  + %T?Tg_quTg_u _ é (Tf) 2 (Ti_u) 2}

cs C? C 3 3 2
P - G (1) 3 (1) T

5 “Tg—w 7| (T2 e (Tﬁ—u)z TIT? (T?)3 Ti_u] } TIT?.  (C.13¢)

D The reduced amplitude in an explicit colour basis

It is interesting to evaluate the NNLL reduced amplitude for different external partons. We
will compute the reduced NNLL odd amplitude at two loops, three loops and four loops for
qq, gg and qg scattering. We utilise the orthornormal t-channel basis of ref. [32], and use
the same notation as in appendix B of ref. [35] with the relevant colour tensors given in
eq. (2.15).

Projecting the two-loop NNLL amplitude in eq. (5.9) in the octet channel for ¢q, gg
and qg scattering we find

ViSs ; NZ 3 ree
M EOB = 12D@) + DD — (im)2rE 5@ (e) (6" -1+ chﬂ Mireel¥l - (D.1a)

Mree; Bl (D.1b)

99—499 >

2
M20 Bl = 12D + DI DM — (ir)?rE 53 () (J\éc + 6>

[ 2
M(=:2,0),8q] — D¢(12) + D® + pOp) _ (m)%%g(?)(e) (Nc 4+ 1)] M::Iree,[éia} (D.1c)

q9—49 g q g 6 g—q9 °

where we have normalised by the tree-amplitude octet projection defined in eq. (2.13) and
S®) () is given in eq. (5.10).
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The three-loop reduced amplitude of eq. (5.17) in the ¢-channel octet representation is

~(— . 18\ N, 1 . o
Mg ™ = (im)r} (Nf +18 — N2> o (—63 + 7065 + 0(62)> Mzl (D 2a)
IS ) Ne 1 s ree
Mggi’g}g),[ﬁ%a} — (ZW)QT% (NCZ 4 36) 6 <_63 + 705 + 0(62)> Mzgﬁ,[;gah (D.2b)
VIS ) Ne 1 ; ree
Mg LBl = (imrd (N2 +36) o8 (—63 + 7085+ 0(8)) Mirees], (D.2¢)

where (3 is defined in eq. (4.71).
At four loops we have from eq. (5.32)

. 1 (N2 1 (s (13N2 49
—4,2),[8] _ (:..\2,.4 c 3 c tree,[8
MEADE = (i) L4 (384 -~ 384> - ( -t 96> +0(e)1 M8l (D.3a)

) .
MAD el — (i) ll (NC o ) - (101N -+ 101) + 0<e>] Migs)s (D-3b)

99—99 i 67 E p 37 c ) 99—99 >

- 1 101¢
M((Jgﬁiq),[Sa] — (ZW)QT%NE ( . 0 C3 + O(E)) Mtree,[Sa}. (D3C)

192¢4 96¢ 999

As noted below eq. (5.32), M(—42) jg non-planar, which is confirmed by the subleading- N,
nature of egs. (D.3a)—(D.3c).

There are other non-zero components to the odd NNLL reduced amplitudes. The
singlet of qq scattering

Vi ) 1 ree
MG = —(im)r2 (N2 = 4) /N2 = 125 5@ (M, (D.4a)
IS ) 1 1 s ree
MG = (im)?rd (N2 = 4) (/N2 - SN (63 +26 + (9(8)) Ml (D 4b)
MEADN — ny2ed (N2 4) /N2 1 1 1 253 o e8] D4
aiig = (7) TF( c ) ¢ 956 \ €4 _?—'_ (€) 99—qq> (D.4c)
and the decuplet of gg scattering
~ (= - . VN2 —4 o
M;gﬁfg),hoﬂo] _ _(W)QT%TS(Q) (E)M;g_;[gsga]’ (D.5a)
e T . NZ—4N, (1 . )
Mggvj}g:[lo—&-lo] — _(W)QT%\/\me <63 + 38(3 + (9(52)> Mg;ﬁ;?;h (D.5hb)
(= 4,2),[10410] _ (2 12 s VNZ—4] 5 5 12
g gor _ rp EALS (12
91(3

99—99

(N2 + 1212) + O(e)]Mtree’[Sa]. (D.5¢)

T 192¢ \U ¢ 91

The other components have definite even signature and so do not contribute to the odd am-
plitudes.
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E The soft anomalous dimension in the high-energy limit

This appendix provides the known values of the corrections A to the soft anomalous
dimension dipole formula in the high energy limit. A start at three loops. The soft
anomalous dimension in the high-energy limit is introduced in eq. (2.26), and at three-loop
order it is

2
(3) _ Loy, e (3) ) (1 (3;m) rm
T (L )\2> = S [T +in T2, |+ 1 (/\2>+Fj (A2>+Z ABM L™ (E.1)

m=0

with AG™) being corrections to the dipole formula at three loops. The even signature part
of the soft anomalous dimension at NLL is two-loop exact [10, 12, 24], that is, the terms
AHED yanish at three loops and above. The corrections at three loops were calculated
explicitly in ref. [55], after which projections onto definite signatures and a decomposition
in a basis of colour operators suitable for the Regge limit were found in ref. [35]. They read

AE32) [A(?”Z)} -0 (E.2a)
A(+73’2) = Re [A(372):| =0 (E2b)
A3 [thy (T2, T?_u]} igg) (E.2¢)
AE3D _Re [A(i’ul)} -0 (E.2d)
A0 = jr T2, [T3, T2 ]} (o (E.2¢)

1 @) 5
(+,3,0) _ - |m2 2 T2 - N 9 2m2 abe pcde
A - 4 |:Ts u? [Ts u? t]:| (4C2C3 4.5) 2 { 8CATt +f f

[T (T T (T T8 ) T T T TS )]

(E.2f)
where f03) = %(CQC:J, + (5). The generators in eq. (E.2f) are defined as
1 1
T¢ ,=—=(T?-T¢ T, , = —=(T:+T;). E.3
7 ( ) =75 ( ) (E.3)

These results are completely general: they require no direct action on the tree amplitude.
An alternative expression for the colour factor multiplying f®) in eq. (E.2f) is derived in
appendix G, and given by eq. (G.41). The latter is only valid upon acting directly upon
the octet in colour space, T7T.

In section 6.5 we summarise the state-of-the-art knowledge of the soft anomalous
dimension at four-loop order in the high-energy limit. It may be written as

4 —t 1 @ . 4 t m) m.
LR (L, >\2> = S [T +in Tl [+ <)\2>+F( ) <A2>+ZA4 ™. (E4)

At NLL, there is a tower of signature-odd contributions to the soft anomalous dimension
(i.e. signature-even amplitude) emanating from two-Reggeon-exchange ladder diagrams,
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which start at four loops [23] and they have been determined to all orders [24, 26]. In the
present paper we computed the signature-even component of the four-loop soft anomalous

dimension through NNLL, complementing information from lower logarithmic accuracy in
refs. [23, 24, 36]. The results are:

AF43) _ Re [A(4’3)] -0 (E.5a)
_ G
A3 = _'Lﬂ-ﬂ [T?¢ [Tr,?a Tg—u]] T? (E.5b)
daa  C4 1 3
At o (B0 O dmre pm S, ). @)

Note that eqs. (E.2¢), (E.2e) and (E.5b) contain a single power of i7T2_,,, consistent with

Ss—u?
the odd signature of the soft anomalous dimension. The odd contribution A(—%2) is not
yet known, and neither are the subleading logarithms A1 and A(*0),

F The cusp and the soft anomalous dimensions

In this appendix we study the relation between the soft anomalous dimension for n-parton
scattering in general kinematics, Ty, and the lightlike cusp anomalous dimension I'; °P.
This relation is governed by the collinear anomaly constraint of eq. (7.3) and concerns

only terms that are linear in the logarithm [;; = log 7;53' . All other terms in I',, depend

on the kinematics only via conformally-invariant cross ratios (CICRs) and will not be
discussed here.

We have seen two particular solutions to the inhomogeneous equations (7.3). The
first, given by eq. (7.10), has a trivial colour structure, while the second, given by the
terms that depend on the scale in eq. (7.13), namely T'3® and T, qar—231, has a non-
trivial colour structure, and it can be shown to satisfy eq. (7.3) using colour conservation.
We will verify that the difference between these two particular solutions is a function of
conformally-invariant cross ratios (CICRs). Specialising to four-parton scattering and using
colour conservation, the latter will be expressed in terms of colour operators that involve
generators of just two of the four partons, a representation that is convenient for deriving
the Regge limit of eqs. (7.83) and (7.84), which is the final goal of this appendix.

Relating particular solutions of the collinear anomaly constraints. The soft
anomalous dimension must satisfy the collinear anomaly constraint [51-53, 87] of eq. (7.3),
namely the inhomogeneous differential equations

> drn“;g;v)* %) _ (o), (F.1)

for all 4, where the derivatives on the left-hand side are taken with respect to the logarithms
S’L]

lij = log —z* in eq. (7.4), while the right-hand side is the lightlike cusp anomalous dimen-

sion [66, 154] for particle i. The latter has a simple dependence on the representation of
the Wilson line. In particular, it is proportional to the quadratic Casimir through three
loops, a property known as Casimir scaling, and it acquires additional dependence on
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the representation through a quartic Casimir starting at four loops [68-71], as stated in
eq. (2.28), namely

Nr

i

cus ]- d i
I§P(0s) = 57k (@s)Ci 4 Y grlon) T + 0(ad), (F.2)
R

where C; is the quadratic Casimir and i\?’}fﬁ the quartic Casimir from eq. (7.26). Explicit

expressions for ‘%‘;‘, ‘j\f,‘—ﬁ are given in eq. (4.42). In appendix B, g is given up to three
loops in eq. (B.2) and gr and g4 are provided at four-loop order in eq. (B.3).

In section 7.1 we encountered two different particular solutions to the inhomogeneous
equations (F.1): the first [134], in eq. (7.10), true for n > 3, is expressed directly in terms

of TS"P ()

’ Sij o 1 non cus cus 1 n e
r({he) = s a2 (n 0 #1500 ~ gy S p(as>> ,
(F.3)

and thus naturally incorporates all higher Casimirs. The second was presented in ref. [54],
starting with the sum-over-dipoles formula and including quartic operators coupled to two
or three partons, so as to satisfy (F.1) subject to colour conservation. It reads:

T (s} A, as) = (ngp({Sij}a Aog) =Y %(%)) + Ty ar—23n({8i5 }, A, )

1
=— —yi(as) > Ty Tl (F.4)
4 (i.4) '

_ %Z gr(os) [Z (DL, + 2D+ > Dy zij] ,
R (4.5) (i,5,k)
where
D, = % > Teg [ro@ 7O 1o | TOTETE TS, (F.5)
" o€S,
When all the partonic indices {3, j, k,l} are the same, it is a quartic Casimir written in
eq. (7.26).
At this point we have two particular solutions to eq. (F.1), as can be checked by
substitution and using colour conservation. Crucially, both these solutions are strictly linear
in the logarithm /;; and we can directly compare them and define their difference as

ST (B ) = T ({5}, ) ~ T4 ({54 f ) (F.6)

which is linear in the logarithms, and at the same time only depends on combinations that
are rescaling invariant, satisfying the homogeneous version of eq. (F.1). At n = 3 we have
ST = 0, while for four or more partons 6T'™ is nonzero with its form given below. Note
that in this section we consider only linear terms and ignore homogeneous solutions that
could have more complicated dependence on the velocities.
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Computing the difference between eq. (F.4) and eq. (F.3) and using colour conservation
we obtain:

lin. B Bijrr | v () gr(as) 1 R

or,” ({5ijkl}7a5) == Z n—2|4(n— 1)TZT]+Z 2 (n— 1)D222] +Dz]kk
(4,3,k,1) R

(F.7)

for n > 4. The first term in the square brackets is related to the quadratic Casimir. The

second, which is related to the quartic Casimir, will be denoted by 5I‘hn

Four-parton scattering. Specialising to four-parton scattering, n = 4, in eq. (F.7), we
find that further simplification is possible owing to colour conservation. The following three
ways of expressing the quartic part of eq. (F.7) are all equivalent, each using a combination
of just two of the three types of colour operators {DZ . DI, Z*kk}:

11370 T aitgo

1
- %9R<a8) Z /Bijkl (ﬁ i Dzykk)

(4,5,k,1)ES4
. —{- Qs Bij LDE, +iD]
({Bz]kl} Ozs) %gR( )(i,j,k,zl)654 gkl ( ]] jkk) (F8)
- ZgR Oés Z 52 ikl l 111 1Dg
I (a) (ghDess (3 it ”)

Of these three we favour using the third, where each term depends on colour generators of
just two of the four legs. With this, we can then express eq. (F.4) for four partons as

rlin ({i\g} ) =T, ({i\g} ,as) + 6T ({Bijur}s s)

I Z Z le (Fcubp as + Fcubp - Z Fcusp )

i=1j#i k#w

YK (&
- > Bzykl[ (4S>T T, +ZgR s <3D§U+4Dﬁﬂ>]
(4,5,k,1) €54

(F.9)

The first line is proportional to the unit matrix in colour space while the second line involves
non-trivial colour operators. In appendix G, each part of this expression will be translated
to a Regge-limit colour basis and the Regge limit is then taken.

Linear contributions to the soft anomalous dimension in the Regge limit. Let
us now summarise the expressions for the cusp-related contributions in the soft anomalous
dimension in the Regge limit using eq. (F.9) with results from appendix G.

Using the result from eq. (G.8), the first line of eq. (F.9) in the Regge limit is

—t cus cus
I (L, 2 a5> <3L + log )\2> (Fi Plas) + T p(as)) : (F.10)

The subscript @ corresponds to the projectile (partons 1 and 4), while j corresponds to the
target (partons 2 and 3). The whole expression is even under the exchange of s <> w.
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Next we consider the second line of eq. (F.9) in the Regge limit. Using results from
egs. (G.11) and (G.14), and then separating the expression into signature-even and odd
parts, we obtain:

3 uuuY

ST (L, a5) = L{Wéo‘) (377 —2Ci - 205) + 3 gr(0s) (2Dl - DL, - D} )}
R

+ % {’YK(QS)Tzu + E :gR(Oés) (Dssss Dfuuu) } ’
R
(F.11)

where T?2_, = $(T? — T2) and where we use the notation in eq. (7.50) for the quartic
operators associated with the three channels. The first line in eq. (F.11) is real and
signature-even, while the second line is imaginary and signature-odd.

To proceed it is useful to define a cusp anomalous dimension operator associated with
each channel in the following way:

1
TP (as) = 3K + ZgR as)D pppp + O(as), (F.12)
where p € {s,t,u}. We can then write eq. (F.11) as

ST (L, o) = L<r§usp(as) - ’YKé ¢+ o)

( 8888 + Dfuuu + Dtttt))

i
4+ = 5 (Fcusp(as) _ Iw;usp(as))‘

(F.13)

Combining eqs. (F.10) and (F.13) we observe that the quadratic Casimir terms multiplying
the high-energy logarithm L cancel. Separating the contributions by signature Ti™ =
I‘hn +) 4 I‘h][1 =) , we find

lin. —t cus —t cus cus
r, +) (L, 2 ,as> = LT} () + log Yl (Pi Plas) +T75 p(@s)) (F.14a)
gr(as) R R R drr, _ dRR;
L E —D., — D - D + 2
+ ~ 3 < tttt 5888 UUUY NRi + Z\IR]_
FZn. (=) (as) _ Z;T (I\cubp(as) quSp(as))- (F.14b)

We thus see that quadratic Casimir coefficient v (cs) does not anymore appear in isolation,
but only as part of the complete channel-related cusp anomalous dimension operator of
eq. (F.12). Note that the quartic coefficient gr(as) does feature on its own. The two
expressions in eq. (F.14) constitute part of the final expressions for the Regge-limit I'y in
egs. (7.83) and (7.84), where additional contributions involving the quartic Casimir arise,
which naturally combine with the second line in eq. (F.14a).

Upon considering T'i™ to be acting on the tree amplitude, and specialising to the adjoint
representation R = A, we may use results from egs. (G.8), (G.11), (G.19) and (G.36), to
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obtain explicit expressions in terms of quartic Casimirs and commutators:

~ —t —t
" (L, SVE as> Miree = {LF?‘S’P +log 15 (5P 4 T5™P) (F.15a)
galos) daa C4 1
-2l (p (% ) e e
3 C
e e Q) i

T () Migee = (F.15b)

' 2 dAR, dAR, d 3
Z;T{ 7FCHSP(OzS) + 4,9,4(043) ( AR; + AR; AA C’A>
gA(as)

— T2
Cy CiNr, CjNg, 2CaN4 16 )| °7"
8

(3 {T?, [Tga [Tt2> Tg—u]” + {T%, [T?7 Tz—u]] T152 - 3T? [T?, Tz—u]T?> }Mtree-

In these expressions we used the complete cusp anomalous dimension, rather than
the coefficient of the quadratic component, i (). Recalling eq. (4.42), we see that the
remaining terms proportional to the quartic component g4(ca;) are manifestly subleading
in the large-N, limit. Thus, in the planar limit, the leading contributions come exclusively
from the I'“*P terms and the collinear anomalous dimensions.

G Converting colour structures to the Regge-limit basis

In this section, we study contributions to the soft anomalous dimension up to four loops
in eq. (7.13) at O(L") and O(L), which have not been discussed in section 7.2. We will
translate the respective colour structures to the Regge-limit basis and then take the Regge
limit. We will also elaborate on how the I'st_41, colour structures in a Regge-limit basis
were derived.

First let us revisit eq. (7.13), following the analysis we conducted in appendix F of the

terms that are linear in the logarithms /;; = log _:2” . These linear terms can be expressed in

terms of the particular solution to eq. (7.3) presented in eq. (7.10), plus linear homogeneous
terms provided in eq. (F.7). We can thus write eq. (7.13) as

I, ({Sij}a A Oés()\Q)) =T ({51}, N as) + 005" ({ Bijur}> as) + Taar—ar ()

4

+ ) mlos) + Taar—ar ({Bijui}, as) + Ta,qur—ar ({Bijre}s )
m=1

+ Ty 57—ar ({Bij}, as) - (G.1)

The first term I'y ({si;}, A, as) is the only one with scale dependence and it is by itself a
particular solution to the inhomogeneous equations (7.3). It is a unit matrix in colour space
(hence it is not written in boldface notation). It contributes at O(L) and (L°) with a simple
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expression in the Regge limit derived below in eq. (G.8). The second term 6T ({ By}, cvs)
consists of non-trivial colour operators; it depends linearly on the logarithm of CICRs, and
hence contributes at O(L) and O(L"). It comprises two contributions: one is written in
terms of colour dipoles, while the other involves quartic Casimir operators. The former
was evaluated in the Regge limit in ref. [45] and it is re-derived here in eq. (G.11), while
the latter is given in the Regge limit in eq. (G.14). The third term on the first line of
eq. (G.1), T'ya7—31 (o), is independent of the kinematics, and hence only contributes
TS, and
T¢ was given in ref. [35]. Here we derive an alternative expression in the Regge-limit

at O(LY). An expression for its colour structures in terms of operators T?_,,,
basis, eq. (G.41), involving quartic Casimirs related to the representations of the scattered
particles. The collinear anomalous dimension 7, remains unchanged in the Regge limit
and it only contributes at O(L"). The remaining two terms on the second line of eq. (G.1)
were discussed in detail in section 7.2 and will not be considered further here. Finally, the
term on the last line of eq. (G.1) was briefly discussed in section 7.2 with further details
given in the final part of this appendix.

I, in the Regge limit

This linear expression is a particular inhomogeneous solution to eq. (7.3) and is given in
eq. (F.3). The cusp anomalous dimension is discussed in the previous appendix and its
form is in eq. (7.5). For four partons, the particular inhomogenous solution is

4
T, ({ il } ) _ Z Z L (rcusp 4TS (a,) % T r;“sp(as)) (G2
i=1 j#i ki,
Performing the sum and using the fact that for 2 — 2 scattering the logarithms are expressed
in terms of Mandelstam variables
sefiﬂ'
A2

(G.3)

—t
loz = l14 = log 2

—U
l34 = li2 = log log = li3 = log Sk

then eq. (G.2) becomes

—ifr

Fil ({§} ' A aS) = (10g \2 + log 22 —f- log — 2 > (FCUSP( ) 4 FCUSP( )
+ TSP () + TSP (a )), (G.A)

where {s} = {s,t,u}. The subscript of i corresponds to partons 1 and 4 of the projectile,
while j corresponds to partons 2 and 3 of the target. Using target-projectile notation, we
therefore make the following identification

cusp __ mCusp __ pcusp cusp __ Cusp __ cusp
DHSP = PP = I and THeP = TP = TSP, (G.5)

so eq. (G.4) becomes

W =

_’Lﬂ— t cus cus
Uy ({s}, M as) = <log \2 + 10g 22 + log )\2) (Fi P(as) + 11j p(aS)) . (G.6)
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Eq. (G.6) is even under the exchange of s +» u. Upon taking the Regge limit of
s~ —u > —t,

the logarithms are expressed in terms of the signature-even logarithm L of eq. (2.9) up to
power-suppressed terms, getting

—u s —t am
logﬁzlogﬁzL—i—logﬁ—i—?. (G.7)
In the Regge limit, eq. (G.6) is therefore expressed as
—t
r <L, =3 as> <3L +log V) (5P (a,) + TS () (G.8)

This expression is signature-even and real. It is a unit matrix in colour space and contains
the complete cusp anomalous dimensions for partons ¢ and j.

OT™ in the Regge limit

We now translate the colour structures multiplying CICRs in §T'™ from eq. (F.9)
OTY™ ({Bijm}s as) = 0T %1 _or, ({Bijwe} cvs) + 0T4% ({Byjwa b cvs)
1

1
= - Z /Bijl ( )T T +ZgR Qs (3'1)52]4- Dﬁ]j)]?

(4,7,k,1)ES4

(G.9)

into the Regge-limit basis containing T7 and T2_,, operators. The logarithm of the CICRs,
Bijki, is defined in eq. (7.7). The first term in eq. (G.9) is related to the dipole term and
the second to the quartic Casimir terms. We will analyse each of these terms in turn.

The dipole component in the Regge limit. The first term in eq. (G.9) is

in. _ YK \Os
5I‘£L,2T—2L ({Bz’jkl}; Ozs) = — 2(4 ) Z Bijk:l T; - Tj. (G.l())
(4,5,k,1)ES4

We expand the sum and we write ;55 in terms of logarithms of the Mandelstam invariants,
using eqgs. (7.4), (7.7) and (G.3). The Regge limit is taken using eq. (G.7). Then we
express the dipole operators, T; - T}, in terms of the channel operators defined in eq. (2.17),
obtaining

ST _or, (L, as) = Wéo‘) [L(?)T% —2C; = 2C;) + 3in T2 u} (G.11)

where j corresponds to partons 2 and 3 and ¢ corresponds to partons 1 and 4 in the
target-projectile notation. The first bracket is signature even and real. The term with T2,
is signature odd and imaginary.
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The quartic component (SI‘i“Q' in the Regge limit. We now turn to the second term
on the last line of eq. (G.9) given by

1
5r4,Q({5ijkl}aas) - ZQR(OCS) Z /Bmkl ( Dz}z%m + Dﬁ]j) (G.12)
R

(4,7,k,1)ES4

where the general expression Dz};kl is given in eq. (7.25). The function gr(as) is the quartic
component of the cusp anomalous dimension of eq. (2.28); its value at four-loop order is
given in eq. (B.3).

After expanding the sum in eq. (G.12), then using eq. (7 52), the colour structures
DE,, and DE . introduced in eq. (7.50).
The logarithms are expressed in terms of {s,¢,u} with eq. (G.3), and then separating into

are expressed in terms of the operators D

58887 uuuY

signature-even and odd parts, we have

STo({s} A, as) ZQR [( im + log — AQ log;t) (3Df,.. — 3DL,)
(G.13)

. S —U —t
+ <—z7r + log 2 + log SV 2log /\2> ( 2'D§sss 2D1]fuuu + 4Dtttt) ]

The first line is signature odd under s <> u in both the colour and kinematics, and the last
line is even in both. Taking the Regge limit and using eq. (G.7), the expression becomes

5FQ L O‘s ZQR as { |: D?sss Dfuuu—i_ngtt (Dfsss Dlu%uuu) } (G14)

The first bracket, which contributes at N3LL at four loops, is real and signature even, while
the second is odd and imaginary. We can split them into even and odd terms with

0Tq (L, o) = 6T (L, ) + 6T (a) (G.15)
where
5F L Oés Z gR aS |: Dgsss Dﬁuuu + 2Dtttt] (G16)
and )
— 1T
5F£Q ) (as) = 9 %gR(O‘S) (Dssss Dfuuu) ) (G.17)

which we will now consider in turn in the adjoint representation.

The even quartic component in the adjoint representation in the Regge limit.
Let us consider eq. (G.16) in the adjoint representation:
(+) _ L A A
5FQ7A (as) = gA(O[S)g — Disss — Diun + 2Dtttt (G18)

which we wish to express in terms of the Regge-limit basis comprised of commutators of
T? and T2, and quartic Casimirs. The results for the quartic channel operators acting
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on the tree amplitude in egs. (7.63) and (7.64) from section 7.2.2 may be substituted into
eq. (G.18) to give

(+) L daa dar, dARr; (dAA 4 )
Ty (L ree = 4y _ (s _Ta 1
0T A (L, ag) Mige 3gA(Ozs){3 N, (NRi Nr, N, 24 (G.19)
1 3 Ca
T2 - e e, - e, 1) b,

where we note that the last term in the first line is subleading in the large- IV, limit using
eq. (4.42), while the second line is readily non-planar, being written in terms of commutators
of T? and T2_,,. 51"8& is combined the other terms that are linear in L in eq. (F.15b).
The adjoint quartic contributions in eq. (G.19) are separated there, because the first term
in the curly brackets, 3dAA forms part of T'y™" once combined with the contribution from
YK, meanwhile the second forms part of the non-planar terms.

The odd quartic component in the adjoint representation in the Regge limit.
Next we consider eq. (G.17) in the adjoint representation:

_ LT
STGA () = 5ga(00s) (Dihss = Dituuar)- (G-20)
In order to express it in terms of nested commutators, we first use eq. (7.52) to write

(Dﬁsss uuuu)Mtree = {Dnn + 4D1112 + 6D1122 + 4D1222 + D2222

(Dllll +4D{13 + 6Dii33 + 4Dis33 + D§4333) }Mtree~

(G.21)
There are three types of terms to consider. First, identifying
d AR; dARr
Diiy = Ti» Diyay = D3333 = NR]-J ) (G.22)

we observe that these projectile and target Casimir terms cancel out in eq. (G.21). Next we
consider operators with one attachment to one line and three attachments to the opposite
line, as shown in figure 4b, for example

Dilyp = di™ (Ta’b’c)i T?, (G.23)

with the fully symmetrised trace defined as

dobed = Z Trp (Ta< )o(b )To—<c)To—(d)) (G.24)

' gESy

(3)

We notice the colour factor Cy3, defined in eq. (4.12), corresponds to a particular case of
eq. (G.23), in which the representation R is the adjoint. Therefore, we compute eq. (G.23)
by following the steps in eqs. (4.38a) and (4.40), getting

dRR,
abcd a,b,c d _ s AP RR; T
d% (T )Z T¢ = AT; - T, NmCn T;- T, (G.25)
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where the constant A is computed by taking the trace of the first equation. This yields

1 T2\ dgrg,
DR = (T2 -t i 2

We conclude that the terms with three attachments to one line and a single attachment to
the other line in eq. (G.21) take the form

1 (Tiu - Tg) TRE i (1) € {(21), 3, 4))

2 2 | Ng,C;
1 (o T?\ dgg, :
5 <Ts—u 2) NR]'Cj if (ka l) € {(17 2)7 (4’ 3)}
DE, = Ll T2\ dun (G.27)
_ —t | by
5 (Ts_u + 5 ) Nr. i if (k,1) €{(3,1),(2,4)}

1 T2 dRR,
—=|T? ZE) g 1 4,2

The third type of terms in eq. (G.21) involves two attachments to both the target and

projectile, for example

'1)114122 (Tf T;‘) = dflqbcd (Ta,b,x)i (TC,d,x)j

— {; (Tr [FanFchJerFchFaD _ % (fadefbce _fabefcde) }

> (Ta,b,r> i (Tc,d,m) ;

= (DR +DiE) (TrTS).

(G.28)

The colour structure relation from eq. (7.55) gives the second line above. The terms are
then separated with superscripts Tr for the trace terms and ff for terms with two structure
constants. The first term is

Dﬁlégr) (Tf T;C) _ % (TI' [FanFCFd + FchFbFa}) (Ta,b,:(;)Z (Tc,d,z)j

[a,fb.clld [b,[a.d] (G25)
— a,|0,c||,a,r 5[ Ay ,Cy T
o (T )z (T )j ‘
Upon using the identities of section 6.4 and appendix C, it yields
A Tr 1 1
’D5122 ) (T;E T;:) = {_6404 - 5 ({T%a [Tt27 [T%, T?—’LLH:| - T%[T?, Tz—u]T?)
(G.30)
1 1
T ) (1),
Focusing on the term involving two structure constants now, we find
Aff Ca
D1122 (Tzc T;c) — _? (fadefbce _ fabefcde) (Ta,b,a:)i (Tc,d,x)j
_CA [d.e],b,z le,b],d,x Ci 2 T% T
== (T ) (T )j e T (TyT7),  (G31)
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where the second term is reduced to a dipole using

Carpg (G.32)

[T = =5

and then eq. (4.32a) is employed. The commutator relation eq. (4.34) is used to express
the first term as commutators, then upon using egs. (4.32a) and (4.32b), it becomes

1 1 1
(witeine) (i) — 2 { (a2 )Pmbe S0t TPTE - TR (1)

. . . (G.33)

PRI TR (TR (1)) (17T,

Substituting into eq. (G.31), it then reads
AfE T e Cj%lci2 CArpe 22 031220,%22

D1122 (Tz Tj) = 67 - 372Ts—u+478Ts—uTt Ts—u_ Q(Ts—u) +T8Tt Ts—u

Ca (G.34)

- %(T§)2T§u} (TyT3).

The contributions to ’D‘14133 can be found by simply applying crossing T?_, — —T2_, to
the D4,y terms. Substituting the expressions from eqs. (G.27), (G.30) and (G.34) into
eq. (G.21), we have

dAR, dAR; 1
(D = D) Miree = {4T§_u (NR G TNy ) T g(—20aT,
i )

e gmd]) - 2 ([nnm ) - w2 ) }M

(G.35)

The imaginary contribution multiplying the g4 is

=) s 2 daR, dARJ' 1( 32
r s ree — o s) 4T s\ 72 To-
) Q,A(Q)Mt QQA(a ){ s u(NRZCz—i_NRJCj)—*—S CA s

-3 {va [Tt2> [Tw,?’ Tg—u]” - [T§7 [T$7 Tg—u]] T152 + 3T? [T?, Tg—u]T?> } Mtreea
(G.36)

with j being the target and ¢ the projectile.

The four-generator three-line term (4T—3L) in the Regge-limit basis
The third term in eq. (G.1) is given by eq. (7.14) and reads

Thar—sn({si} A as) = flas) Y Tage = —flas) > f LT, T} TITY,
(4,5,k) (4,5,k)
(G.37)
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with individual colour structures being symmetric under j <+ k£ and the sum being symmetric
under the interchange of any two of the three partons. For these to contribute at four-loop
order they must be multiplied by either C4 or n;TF so there is some dependence on the
matter content of the theory.

Considering 2 — 2 scattering, we expand the sum over four distinct partonic legs and
eq. (G.37) becomes

Turogr () = —f(a) 2 f{ (T9T] + TYTS) (T4T + THTS + T4TY)
+ (T$T§ + T4TS) (T TS + T) TG + T4TY)
+ (T§T§ + T4TS) (T TS + TH TS + THTY) (G.38)
+ (T§T{ + TITS) (TS + THTS + THTS) |
where we drop the number of legs (4) in the subscript. By repeatedly using the commutation
relation in eq. (4.34), it is possible to write eq. (G.37) in terms of the product of three

generators associated to the projectile and three generators associated to the target.
As an example of following these rules, the first line of eq. (G.38) is

fote fede (T + T{TY ) (THTS + THTS + T4TS) (G.39)
= — (T[S, TS)[T5, TS| TS + T4TY[[T5, T9], T3 T
+ T4 [T5, T4], T | T + [T, T§]T4[T5, T3 T§
+ T{T} [[T5, T3], T3] T§ + T{T¢|[T§, T4], T5| T5).

Similar expressions can be found for the remaining three lines of eq. (G.38). Using these
rules we write eq. (G.37) as

Cyrsn(os) = —f(Oés)< > T[T, T§][TS, T T} + [T5, T T¢[T§, T T,
(i,5,k)€iy
+ ) T?T?[[T}?’T?LT?} W+ [[Tj - Ty, T; - Ty], T - Tj])
(G.40)

where

ir=1{(1,2,3),(2,1,4),(3,1,4), (4,2,3)},
Jr=1(2,1,3),(3,1,2),(1,2,4),(4,1,2),(1,3,4),(4,1,3),(2,3,4),(3,2,4) }.

Then when T'y 47_31,(cs) acts on the tree-level amplitude we can rewrite the expression as
chains of attachments on the target and projectile. We then use the identities of eqs. (4.32)
and (4.45), to express eq. (G.37) as

c3 dar,

daRg,
Tyr_sp,(0rs) Misee = f(as)([Ti-uJT?—wT?ﬂ % NG MG
i~ 3 J

)Mtreea
(G.41)
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where, as usual, j is the target and i the projectile. We see that I'yp_sp(as) is given by
even colour structures and that it is non-planar owing to the property of commutators and
eq. (5.7).

The five-generator four-line term (5T—4L) in the Regge-limit basis
The last term in eq. (G.1) is given by eq. (7.65) which we quote again here

Doroar ({Bijmt ) = > Tijrii Ha(Bijins Binijs vs)
(i7j7k7l)

= > ifeds poch peoh {08 T} TOTETY Ha(Bijins Bimgs vs)-
(ihj?k?l)

(G.42)

We specialise to 2 — 2 scattering and our aim is to eq. (G.42) in terms of expressions with

definite symmetry under s <+ u. After introducing the functions ’Hgﬂ, ’Hgf) and 7—257) in

eq. (7.66), we expand the sum in eq. (G.42) and then use the properties of ;1 in eq. (7.9)
and the antisymmetry of 7 ;;x; and H1, to obtain

TS (B }) = 2H§+’4)({5i3‘k1}){7—13421 + T 24312 + T 31243 + T 42134
+ (T 12431 + T 21342 + T 34213 + T43124)}
+ 27'[(1_’4)({@%1}){7’13421 + T o312 + T 31243 + T 42134 (G.43)
— (T 12431 + T 21342 + T 34213 + T 43124) }

+ 27:15_’4)({@%1}){7’12341 + T 21432 + T 34123 + T43214}-

The colour coefficient of ’HEH is even under the exchange of s <+ u, while the coefficients of
both ’Hgf), 7—~l§7) are odd. We decompose the T, into two terms as

C
Tijrs = if*% foh fORTITETOTLTY — TA fode freeT i T T (G.44)

By repeatedly expressing the structure constants in eq. (G.44) as commutators according
to eq. (4.34), it is possible to write an expression with three structure constants and five
generators, in terms of four generators on the projectile line ¢ (corresponding to partons 1
and 4), and four generators on the target line j (corresponding to partons 2 and 3) acting
on the tree-level amplitude. For the four indices (i, 7, k, ), there are two independent cases
to consider. First, we fix ¢ and k£ on one line and then require j and [ to attach to the
opposite line with the following expression:

if% PR fON DY TETY LT = [T, TY]Tf | T5, [T5, T9) | T T (G.45)

The second case when rewriting the first term in eq. (G.44) is to fix ¢ and [ on the same
line and 5 and k on the opposite line. This time we apply the Jacobi identity

facefbde — fabefcde + fadefbce7 (G46)
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in such a way to avoid operators with dotted colour generators attached with both ends
on the same line which do not allow for a straightforward translation to the Regge-limit
basis. This ensures that there are four generators attached to the upper and lower lines
with the form

40 0 FNTETET T T = TS, T[T, (15, T4 T
+ T¢[T}, T T} | T}, [T, T T7. (G.47)
Using the above relations we can write eq. (G.43) as a sum over the lists
L ={(1,3,4,2),(2,4,3,1),(3,1,2,4),(4,2,1,3)}
lo=4(1,2,3,4),(2,1,4,3),(3,4,1,2),(4,3,2,1)}

to give

C 4 fode foee e TS TS TS (G.48)

L5 ({Bij}) Miree = 2{7%5_’4)({&;'/@1})

> (i mayrs s, g, [ o, v )|
(4,9,k,1)€l1

+ Hg+,4) ({/Bz]kl}) [ —C4 (facefbde + fabefcde) T%TngTZl

d d d d
U DI (6% St PN vl e R R st v R il v |
(ivjykyl)ell

+HTY {Biju}) [ — Cy fe freert TS TS TS

+ > (morms (g (g g e - mont T g, o T T ) | }M
(isj k1) El2

The terms without commutators can be written in the Regge-limit basis using eqs. (7.42)—
(7.43b). The commutators can be expanded and divided into two types of terms. Firstly,
those that are just products of four dipoles can immediately be translated into the Regge limit
basis with eq. (2.17). The second type is those that appear in the entangled combinations
of di,...ds in appendix C. They are then written in a similar way to eq. (7.60) to use
the identities in section 6.3.2 and appendix C. Putting everything together we can write
eq. (G.43) as

Ca

3C
HY ({Bijw)) (4AT§—u[T§—u’ T} - =~ {Tﬁ_u, (T3 T?]]

T ({Bir ) Miree = :

1 ~(_
- JTHT T%]Ti_u) + ATV (B [ T2, [T, [T7, T2, ]|

1
4
FH ) (- [T20 (T2 (T2, T2 + 12 22,22, Tzuu})] Misee

(G.49)
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Finally, using eq. (4.48) we can eliminate one of the even-signature commutator terms in
eq. (G.49) by substituting

2

2
THTD TS Mo = (577 |(T2,)7 12| - T2 (12 T T Mo, (Go50)

3

where the two commutators on the right-hand side have already been used in eq. (5.30) to

express the four-loop reduced amplitude and are part of our basis. This gives

Ca
2

T30 ({Bisi ) Miree = [HW({@W})( = [T [T T 4+ CaTL [T, T

- GTA(TE AT + A (B [T [T (T2 12,

1

e

+ Hg_’[l)({/ﬁijkl}) ( - é [Tz—uv [Tg—u’ [Tg—u’ T?]H + é {T%, [T?’ [T?v Tg—u]ﬂ)] Miree,

(G.51)

which is eq. (7.67).
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