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ABSTRACT: The Balitsky-Kovchegov equation describes the high-energy growth of gauge
theory scattering amplitudes as well as nonlinear saturation effects which stop it. We
obtain the three-loop corrections to the equation in planar A/ = 4 super Yang-Mills theory.
Our method exploits a recently established equivalence with the physics of soft wide-angle
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1 Introduction

In high-energy scattering, the aspect of a particle depends on the energy scale at which it is
probed. In hadronic collisions this effect can be seen in the well known energy dependence
of parton distribution functions. The energy dependence can be accessed in a more detailed
way by looking at less inclusive observables, for example ones probing correlations between
very different rapidities, opening a window on the transverse structure of the projectile.



One then encounters another fundamental evolution equation of QCD, the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) equation [1, 2].

In contrast to other evolution equations, which are typically linear, nonlinear effects
can also play a role in rapidity evolution: once scattering at a given impact parameter
has reached opacity, it must saturate. A nonlinear evolution equation which incorporates
such effects within perturbation theory has been derived by Balitsky and Kovchegov [3, 4].
Asymptotically, saturation may occur at distances shorter than the nonperturbative scale
AééD, justifying the use of perturbation theory [5, 6]. For many observables, such as
inclusive jet correlations or deep inelastic scattering, perturbation theory is also justified
by the large momentum transfer in the problem (see for example [7, 8] and references
therein). The need to control higher order corrections, and the need to better understand
the theory at finite coupling, motivate a deeper look into the perturbative series.

The next-to-leading-order evolution equation has been known for some time [9]. It
reproduces, in the appropriate limit, the next-to-leading order BFKL Pomeron trajec-
tory [10, 11]. A notable feature is that the degree of nonlinearity and its complexity
increases with each new order in perturbation theory. This is a rather unfamiliar situation
which makes it unclear how to best formulate the equation at finite coupling. Further-
more, the corrections have turned out to be numerically large. This has been attributed to
collinear effects, suggesting a possibility to resum them at higher orders at both the linear
(BFKL) and nonlinear level [12-14]. In order to shed light on these issue, and to critically
assess the quality of proposed resummations, higher-loop data is clearly highly desirable.

The aim of this paper is to initiate a systematic study of the Balitsky-Kovchegov and
BFKL equations at three loops and beyond. Specifically, as a first step, we will derive its
three-loop (next-to-next-to-leading order) correction in the planar limit of NV = 4 super
Yang-Mills (SYM). This calculation is made possible by recent conceptual and technological
developments in the calculation of scattering amplitudes. Our methods remain however
essentially diagrammatic and we expect them to prove applicable to QCD in a next step.

The SYM model is an ideal stepping stone for several reasons. First, partial cross-
checks are available due to a recent and highly remarkable prediction of the Pomeron
trajectory exploiting integrability in this model [15, 16]. Such tests are valuable both from
the perturbative and integrability perspective. At the nonlinear level, the interactions to
be predicted are related to structure constants [17], soon to be within reach of similar
methods. Together with the AdS/CFT correspondence at strong coupling [18], these hint
at a possible exact description of the Pomeron and its interactions at finite coupling in
this model.

1.1 High-energy scattering, soft gluons, and non-global logarithms

A modern description of high-energy forward scattering is based on the eikonal approxima-
tion: fast projectiles and targets are approximated by null Wilson lines U. More precisely,
by a collection of such Wilson lines, reflecting the transverse structure of the colliding
objects at the given rapidity scale [3]. It is simple to translate this language to that of
classic Regge theory: the reggeized gluon is the state sourced by (the logarithm of) a null
Wilson line [19].



The three-loop calculation in this paper is enabled by a recently established corre-
spondence with the physics of wide-angle soft radiation, sometimes called “non-global log-
arithms.” Consider the QCD decay of a color singlet state like a virtual photon or Z
boson, with energy (). A representative observable, sensitive to soft wide-angle radiation,
is the probability to not find radiation with energy above a cutoff y within an exclusion
region R (see figure 1). If the cutoff y is low, this probability is small and controlled in the
planar approximation ('t Hooft limit N. — oo) by the Banfi-Marchesini-Smye evolution
equation [20]:

d A dﬂo 192 A 1
——Upp = 215 — 2U10U02) = 5 KW U . 1.1
dlog i 12 167?2/ 47 04100402( 12 10 02) 1672 12 (1.1)
This resums large logarithms log % Here o;; = 1_%30”’, and the subscripts denote the

angles of outgoing partons; the dipole U;; = N%Tr[U(Hi)UT(Hj)] is a function of two angles
which can be interpreted (see below) as the trace of a color dipole at angles 6; and 6;.

The basic physics of this equation is that the color flow, and therefore the energy flow,
is affected by radiation of an extra gluon at angle 6y. The observable, through the exclusion
region R, is encoded by the infrared boundary condition that U;; = 0 when either i or j are
in R. Qualitatively, the evolution leads to an increased effective size of the exclusion region,
as radiation near the allowed boundaries become more and more in danger of leaking out.!

This equation is mathematically equivalent to the Balitsky-Kovchegov equation, which
governs the rapidity dependence of perturbative high-energy scattering near the forward
direction. In this context, the trivial fixed point U;j=1 represents a transparent target,
which is unstable: by linearizing in the departure (1 —U), which gives the BFKL equation,
one finds a growing solution known as the BFKL Pomeron. The nonlinear term then
accounts for a class of saturation effects which stop the growth (locally in the transverse
plane) toward the attractive, opaque, fixed-point U;;=0.

The nonlinear term in both equations share a similar physical origin: in both cases
one is interested in the probability that something does not happen, while many possibly
complicated things may happen [21]. Indeed, to describe the probability to not radiate
in a certain region, one must keep track of all allowed radiation, which is what the non-
linear term of eq. (1.1) produces. Similarly, in near-forward scattering, one measures the
probability for a projectile to not be destroyed at a given impact parameter. The two
evolutions share other physical similarities: both are dominated by soft gluons, and both
feature “opaque” and “transparent” regimes.

Given these similarities, it seems natural to expect a relationship between these two
problems. The geometry is however different. To establish a rigorous map turns out
to require a conformal transformation [22, 23], which equates detector measurements at
infinity with the physics of a fast particle crossing a Lorentz-contracted target (also known
as a shockwave). This had been used notably by Hofman and Maldacena and others to
describe detector measurements in conformal field theories [22, 24, 25] and at the same

!The form (1.1) is valid provided that R is smooth enough that no jets are forced to be narrow. This
is assumed here in order to avoid further subtractions of collinear singularities as in the original setup [20],
thereby focusing on soft wide-angle radiation and preserving the most symmetrical form of the equation.



time gain new insight into high-energy scattering. This conformal transformation is just
the stereographic projection of a two-sphere onto the transverse impact parameter plane:

dQ d*z 1 — cos 0;; 9 9 d d
= Sl b — 2 S 1.2
/47r<:) T’ 2 & mlz =2l dlog,u{:) dn (12)

Here m is an arbitrary mass scale and 7 is rapidity. Under this dictionary, the Banfi-
Marchesini-Smye equation (1.1) becomes precisely the Balitsky-Kovchegov equation, as
was noted early on [26].

In this paper we will exploit this correspondence and work exclusively on the non-
global logarithm side, which is technically advantageous due to a body of knowledge on
the infrared and collinear factorization of amplitudes and cross-sections. This correspon-
dence was emphasized and tested explicitly at two-loops in [23], where the full two-loop
BFKL/BK equation (including running coupling effects and non-planar corrections) was
re-derived starting from non-global logarithm problem.

The evolution equation (1.1) at finite coupling is best viewed as a renormalization
group (RG) equation:

d +
dlog

d

2
B(g )dTJg

— K| olU;u]l =0, (1.3)

where the color density matriz, or weighted cross-section o[U], is defined operationally
by weighing each final state parton by a color rotation U(6;) [23] (see also [27]). These
color rotations can be understood as Wilson lines U(6;) accounting for the effect of more
infrared radiation (these Wilson lines connect the decaying state in the matrix element and
its conjugate) [28, 29]. In the planar limit, the color factors reduce to products of color
dipoles and the color density matrix simplifies to a single function U;; of only two angles,
as shown in figure 1, which illustrates the “UU” term in eq. (1.1).

In both egs. (1.1) and (1.3), p is an infrared cutoff below which all radiation is inclusive.
In our practical calculation we will work within dimensional regularization to D =4 — 2¢
(e < 0). Then the cutoff u appears in a renormalization procedure. Following standard
procedure, this is equivalent to integrating the RG equation from the deep infrared:

it = Pep |- [" Qa0 o il (14
where, writing g%(\) = ¢(u)(A/ )72 4+ O(g*) for the running coupling in D dimensions,
one can see that the integral produces 1/e poles. The subtraction then cancels the poles
in the bare amplitude so as to make o"™"[U; u| finite as e—0. That the divergences expo-
nentiate in precisely this way was proved to all orders in ref. [23], exploiting known results
on the factorization of soft partons [30, 31]. The upshot of eq. (1.4) is that we can use
the 1/€ poles in the dimensionally regulated weighted cross-section to read off the non-
global-logarithm /Balitsky-Kovchegov kernel K. Note that this is identical to the standard
procedure to extract (ultraviolet) anomalous dimensions of local operators, by using their
1/e poles. The fact that divergences (either infrared or ultraviolet) are controlled by renor-
malization group equations is of course due to the Wilsonian decoupling between physics
at different scales.



U(62)

Figure 1. Soft wide-angle radiation: radiation is allowed in some region but excluded in another.
To keep track of the allowed radiation we use a color density matrix, defined by applying an angle-
dependent color rotation U(6;) between the matrix element and its conjugate for each final state
particle. In the planar limit this configuration reduces to a product of two color dipoles.

This paper is organized as follows. In section 2 we introduce useful notations for
soft currents and phase space integrals. In section 3 we revisit the two-loop calculation,
improving on previous treatments by introducing a scheme where Lorentz symmetry is
manifest at each step; under the correspondence with the Regge limit, this is equivalent to
maintaining the conformal symmetry of the BK equation. In section 4 we perform the three-
loop calculation, paying special attention to the combinatorics of subdivergences and their
cancellations, culminating in the final result for the nonlinear equation in subsection 4.6.
In section 5 we analyze its linearized limit, compute its eigenvalues, and compare it with
integrability predictions. Finally section 6 contains our concluding remarks. In three
appendices, we record the one-loop double soft current squared (appendix A), we detail
our algorithm to compute finite angular or transverse integrals (appendix B), and record
the three-loop eigenvalue (appendix C).

2 Notations

The calculation of K requires squared matrix elements for emitting soft partons off two
color-correlated parents (“dipole”), the so-called soft currents. The evolution equation,
just like the soft currents, is universal and does not depend on details of the underlying
short-distance process, only on the color charges and angles of the outgoing partons. Final
states are then weighted, in the planar limit, by a product of color dipoles (see figure 1).
For each such product, it is useful to pull out a universal factor which accounts for its
dimensionality and most singular limits. We thus write the contribution from the soft
current with n soft partons to the n-loop cross-section, starting from a parent dipole Ujs
along directions p; and po, as:

S
o = / 2 2U1oUn2 Fii 09, (2.1a)
po $510502
S
052) = / — 24U U Uya Fio0r9) (2.1b)
oy S10500/ S072

S
O_é?)) = / $ 8 UlOUOO’ U0/0// U0/12 F[l 000" 2} y etc. (21C)
p

0,Pg/ sPo!? 510500’ S070" S0’’2



Here loops are counted in powers of g2 = giule _ .o Ui = NicTr[U(Gi)UT(Hj)], and

1672 4 2’ A
phase-space integrals are normalized as fpo = 1672 - ( d PO For the Mandelstam

27T 3— 252p
invariants and their multi-index generalizations, we let:

Sij = 2pi*Pj, Si(jk) = 2pi*(pj + Pi)s Sijk = 2(pi'pj + Pi'Pk + D5 Dk) - (2.2)

All invariants will always be positive (timelike), since we assume a color singlet initial state.
Naturally for our setup, on-shell momenta will be split into an energy ag and angular parts
Bo: py = aoBly where B = (1,7ip) is null. The Lorentz-invariant phase space measure
correspondingly splits into an energy and angular parts:

00 d2 QEQ
= 1% 2dag(2aq) 2 / / / 2.3
/po 1 /0 ao(2ag) " X . 0 )i (2.3)

For angles we write o;; = 1_6(2)8 ij , which runs between 0 and 1. Throughout, we will use

the subscripts 0, 0’, 0” to index radiated gluons.

The various factors of 2 in our definitions have been chosen to simplify limits and
preclude unnecessary (log2)’s in integrated expressions. For example, for one soft gluon,
F[102] is the square of the well-known eikonal soft current. Including the factor T7*T* /N, =
1/2 from the color sum, this evaluates to

2
—>F[102]:1. (24)

2512 1‘ I )

F ==
si0s02 10T 2 P1-Po P2 Do

For two soft partons one needs the square of the double soft current, described for example
in [30]. The result after squaring it and including the fermions and scalars of N' =4 SYM
can be borrowed from formulas of ref. [23] (section 3), also rederived below in subsection 4.1:

812800/ + S105072 — S10S02

[100°2] 251(001)S(00)2
One can easily verify that this factorizes in soft limits:
[po|<|pyr | [Py |<Ipol
Froos ——= FrooFurog =1, Floos ——— FooggFroy =1. (2.6)

Our three-loop computation builds on the one-loop corrections to FJ; g ] and the tree-level
three-parton amplitude F; ggrgr 2], which will be efficiently obtained as described below.

3 Two-loop evolution: fixing a convenient scheme

The next-to-leading order correction to the Balitsky-Kovchegov equation was obtained in
QCD and N =4 SYM in [9, 32]. It was postulated [33] and verified explicitly that the
same kernel governs non-global logarithms [23].

In the latter reference, soft partons were organized in terms of their energies. Because
“energy” is not Lorentz invariant, this scheme did not manifest Lorentz invariance, which
had to be restored manually through a finite renormalization (guaranteed to exist given the



Lorentz invariance of the underlying theory). This is formally similar to the transformation
used to reach to the so-called conformal scheme in the BK literature [32]. Indeed the
mapping (1.2) interchanges the Lorentz and conformal symmetry of the two problems.

Here we improve on this by using explicitly Lorentz-invariant cutoffs. To fully define
the scheme in which our three-loop result will apply, we thus quickly revisit the two-loop
calculation.

3.1 One-loop in Lorentz-invariant form

The idea is to define the evolution so that its exponentiation generates the emission prob-
ability of a soft gluon, in the soft approximation, integrated over a complete phase space
region bounded by a Lorentz-invariant cutoff. For example, at one-loop, we define the
anomalous dimension K1) so that its integral (following the first term in the expansion of
eq. (1.4)) matches the emission amplitude given in egs. (2.1a), (2.4):

HdX\ | o, 5
—/ 7)\ 2KV = | 0(Quoy < 1) 2 (2U10Up2 — 2U12) (3.1)
0 Do 510502

where 0(z < y) is a step function forcing = to be smaller than y, and Q[21 09 = #0202 defines
our cutoff. From this definition one can see that Qg is proportional to the energy of
the radiated gluon. Physically, Q[ 2] is the absolute value of its transverse momentum in
a frame where the parents p; and py are back to back. (This ordering variable has been
used in many other contexts, see for example [34].) It is the only Lorentz invariant scale
that depends on the direction but not the energies of the parent partons.

To find KM from the definition (3.1), we simply identify the integration over the
energy component of pg (called ag in eq. (2.3)) with that over the ordering scale A\. More
precisely, A is proportional, but not equal, to the energy ag, because of the angle dependence
of @ 102

010002

A= QDOQ] = 2@0 12 . (32)

Inserting this change of variable into the right-hand-side of eq. (3.1) using the measure (2.3),
and stripping off [ %)\*26 on both sides, we thus get:

1—e
KO, = / ( a1z > (2U1 — 2U10Usg) - (3.3)
5 \ 10002

This of course reproduces the one-loop Banfi-Marchesini-Smye equation recorded in (1.1),
except for the € in the exponent, which arose because of the angular dependence of the
ordering variable Q[1¢2). This exponent ensures exact Lorentz invariance in any dimension,
not only in the € — 0 limit?, which is critical to ensure Lorentz invariance of the higher-loop
corrections to K [23].

We briefly comment on the inclusion of virtual corrections, which simply add the
(—2U12) term to eq. (3.1). This form is determined by the Kinoshita-Lee-Nauenberg (KLN)

?An angular integral [d* *“QoI(Bo) is Lorentz invariant if I is homogenous of degree —(2 — 2¢) in
Bo. This condition ensures that the rescaling of By under a boost cancels against the Jacobian of the
transformation.



theorem [35, 36], which states that there can be no infrared divergences in a fully inclusive
cross-section. This implies, in particular, that U;; = 1 is a fixed point of the evolution.
At any loop order this can (and will) be used to obtain the coefficient of Ujs from that of
other color structures.

3.2 Lorentz invariant slicing of multi-particle phase spaces

To move on to higher loops, we define, similarly, scales for multiple emissions:

1/2 1/3
Qg __ 510502 Qg _ <810800'80'2> / Qg _ (810800'80/0"80”2) / otc
102] — ~ .. 1002 =\ — ... ) 1000072 =\ — . _ ) :
(102] 1o [ ] 512 [ ] 519
(3.4)

Similar combinations appeared already in the integration measures in egs. (2.1). The
exponents may appear unwieldy, but in practice these definitions will be very convenient
because the scales of complicated processes are equal to appropriate geometric means of
subprocess scales, for example:

Q[2100' 9] = Qo 2Quoz = Quov@uo - (3.5)

As an organizing principle, when writing the higher-loop contributions to the evolution
kernel K, we make sure to completely cover the multi-parton phase space up to a cutoff
in ). Let us consider for illustration a term arising from an /-loop virtual correction to
the emission of two real partons (¢ = 0 being the relevant case for the two-loop kernel to
be detailed shortly). If I* denotes the corresponding soft current, the following expression
integrates it over all the phase space with Q[1 g2 below the cutoff:

/pop / 810880% 0(Qpoor2) < 1) I (po,poy)- (3.6)
w0

Importantly, the integrand will always be homogeneous, due physically to the fact that the
Yang-Mills coupling is dimensionless. More precisely, within dimensional regularization,
the ¢-loop correction to the two-parton emission has an overall dimension determined by the
running coupling g?(\) ~ A~2¢, raised to the power (¢4 2). We thus change variable from
the two energies (ag,aq/) to the overall scale A = Qo 2] and relative energy 7 = ao/ag .
Dimensional reasoning then implies that, after factoring out the running coupling evaluated
at that scale Q1o 2], the integrand becomes homogeneous and depends only on the ratio
7, but not A:

I(po,por) = (9°(Qpoor ) x I'(7Bo, Bu) - (3.7)

With this change of variable the two-particle phase-space then factors as

[N 5 e @12 e dr s
eq. (3.6) = /O 2o /ﬂoﬂy (awaoo/%q) /0 LI By).  (38)

The integral over the scale A precisely matches what appears in the integrated renormal-
ization group equation (see eq. (1.4)), so by simply stripping it off we get the contribution
to the kernel K(“+2) simply generalizing eq. (3.3). Note, importantly, that the equality is



exact to all orders in € and holds not only for the 1/e poles. The only assumption is that
the integrand I is computed in the leading soft approximation where the energy scales
of the parent partons does not enter, e.g. I' is the standard soft current comes from soft
currents, The generalization to more partons is immediate: in our slicing scheme we will
always get integrations that depend only over relative energies 7, with an e-free measure.
(Strictly speaking, the identity (3.8) is only valid when the integrand I vanishes in its
factorization limits 7 — 0,00 so the 7-integral converges, which holds for the subtracted
integrand F*"" to be defined shortly.)

This equivalence between scale integrals and energy integrals can also be applied in
the reverse direction, to subtract the iteration of the lower-loop kernels generated by the
path-ordered exponential (1.4). For example the product of two K(1)’s corresponding to
the successive emission of parton 0 between 1 and 2, followed by parton 0’ between 0 and
2, can be written as

HdA —2e )\d>\, —2¢ S S
“46/ 7)‘ ’ / 7/\/ 2/ T00/ 2]7[102] :/ - N Qo2 < Quoz < H),
0 0 0,80/ po,pl, S00/S072 510502
(3.9)

0

where 7199 = (a12/(o00i02))' ¢ is the angular measure in eq. (3.3).

3.3 Quick rederivation of two-loop evolution

With this technology it is now rather straightforward to re-derive the two-loop evolution
equation. Let us start with the contribution from two real partons. Matching with eq. (1.4),
this requires the squared matrix element for two partons, minus the iteration of one-loop
subprocesses. This later subtraction will neatly remove all subdivergences. There are two
possible one-loop subprocesses: either py or pf, can be radiated first. The relation (3.9)
allows to subtract these directly at the integrand level, by defining a subtracted soft current:

Fﬁu(])Do/ o) = Friooz) — 0(Quo2<Quoz) — (Quov<Quoa)- (3.10)

Multiplying with the product of dipoles UjgUyy Uy in eq. (2.1b) and removing the overall
scale integral using eq. (3.8), we get K as a convergent integral:

1—e
*dr
K@y :/ <O‘12> / T U aUnn U )2 51D B

" Bo.By \ Q10000 Q2 0 7'( 10U00 Uor2)2E(1 (7505, 2 (3.11)

where the omitted terms involve virtual corrections (involving products of fewer than three
U dipoles). The 7 integral converges absolutely in both the 7 — 0 and 7 — oo limits
thanks to the factorization of the soft current F' noted in eq. (2.6).

Note that we have omitted the u upper cutoff in the step functions in F [Slu(')oo, 9 This is
because all the 1/e poles at two loops come from the infrared region where py ~ py < p,
where this cutoff plays no role [23]. The region near the upper cutoff only affects the two-
loop amplitude by a finite amount, thus affecting the evolution starting only from three
loops (in a way which can be systematically accounted for, see eq. (4.21c)). The 7-integral

in (3.11), using the explicit expression (2.5), involves only elementary integrals and gives



a simple angular function

< dr Q12000 Q1200 102
K® foy = / —2Fsub =2log——+ 1+ log .
[10072] o 7 BBy Q002 Q1002 — 0y Qo2 Qg (o2

(3.12)
Finally we turn to the virtual corrections, which can have color factors UjgUps or Uis.

They are strongly constrained by physical principles: Lorentz invariance, the absence of
collinear singularities, and the KLN theorem. A simple way to solve these constraints is
to add (UioUon2 + Uiy Uy2) to the color factor in eq. (3.11), which automatically removes
collinear singularities when 0[|0 (where Uyy — 1) and fulfills KLN. By Lorentz invariance,
the remainder is then determined up to a single multiple of one-loop:

1—¢
(6]
K, :/ﬂ B <04100é0102facy2> K[(fg)o' 2] (UroUo2 + U Upra — 2U10U00’U0’2)+7§?)K(1)U12 :
0,0/
o (3.13)

The coefficient ;. can be fixed by matching a certain limit controlled by the cusp anoma-
lous dimension (see section 5): 7&? = —m2/3 4+ O(e). The full two-loop planar evolution
is then given as (3.13) which agrees completely with the existing result for the Balitsky-

Kovchegov equation [32].

3.4 More on virtual corrections

Although they were not strictly needed to obtain the two-loop result (3.13) (having taken
the two-loop cusp anomalous dimension as a known input), it is instructive to explicitly
compute the virtual corrections. Learning to handle them expediently will prevent them
from becoming the bane of our existence at higher loops.

Morally, the coefficient 'yg) is related to the one-loop correction to the single soft
current, which has been obtained long ago (see [37, 38]):

F(l)bare =i O2 - Q2 —€ 9 92
[102] — 9Re CF( u[102}) 7T6) :( [102]> [_Cl“+7r+0(6)

(0) 2 2 ' 2 2
Fiog € sin(me W € 3

(3.14)

T'(14+e)'(1—¢)?
T(1—2€)(4m) ¢
matter content of the theory. The “bare” superscript indicates that we have performed

Here cr = is a ubiquitous loop factor. This formula does not depend on the
ultraviolet renormalization but have not yet subtracted the infrared divergence, to which
we now turn.

Obviously this result is divergent, whereas we’re trying to compute the finite coefficient
'yg). Of course, what happens as usual is that the physics cannot depend on such a “bare”
quantity but only on renormalized ones. A useful intuition here is that infrared divergences
in bare amplitudes reflect that scattering states are defined in the deep infrared, and one
must always use the renormalization group to evolve the amplitude back to the physical
scale p of interest, as detailed in eq. (4.9) below. This will remove all remaining 1/e poles.
In the present case, the precise renormalization to use, including finite factors, follows from

the other virtual contributions already included in K. First there is the Ujs term in K (1),
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predicted above using the KLN theorem, which can multiply the real part of K (@) jterated
using relation (3.9):

512
S1vSv2

S
- 0(Qpuovo) < Qpuoz) +

S1vSv0 S0vSv2

Qw2 < Quoz) —

0(Qpuovg < Quoz)- (3.15)

Second there are the UU terms in the two-loop ansatz (3.13):

S10 b S02 sub
;Y + ——F . 3.16
2812)81)0 [1v02] 2801)81)2 [10v2] ( )

It is important to note that both these contributions are expressed in terms of the phase
space of two real partons 0 and v, whereas the one-loop virtual correction to the soft
current (3.14) is to be integrated over the phase space of a single parton pg. We thus
have to match these phase spaces somehow. The crucial requirement is that the collinear
singularities match at the integrand level. This requires that, in the limit where 0 and v
are collinear, their total energy matches that in the virtual calculation: ag + a, = ay.
The simplest way to do this, while respecting Lorentz invariance away from the collinear
limit, is to keep the angles the same, po o po, but use Q192 and Q[ 2] to define Lorentz-
covariant energies for the two daughters 0 and v. Thus we match the above two corrections
W. Let us denote as f5Pit(pg, p,)

the sum over the five terms in (3.15)—(3.16), or more generally any homogeneous function

with the virtual one at total momentum pg = pg

of pg, py. After changing variable from pgy to pg the two-parton phase space factorizes as:

1 split parent [ ~ / 1 2 € arent / ~ Q12 -
3 0, Pv) H 0)=[ =3 ( . ) HP 0
/Qmpv|lm|2f (po,:) (Fo) 5o [Pol? \ 71102 (Fo) B, \ Qlu0i2

: dx split
XAuu_xﬂH%fl (B, (L —z)CBy) , (3.17)

with C' = (%) 1/2, HParent (54) is an arbitrary test function, and x and 1 — x represent
the (covariant) energy fractions of the two daughters.

The splitting function fP1i* defined by the sum of (3.15)—(3.16) contains complicated
angle-dependent step functions, which come both from the former equation and from those
in Fs"P explicited in eq. (3.10). Conveniently, up to a part that is antisymmetric in = —
1 — z and therefore cancel upon integration, all the step functions cancel out except those
proportional to O(Q[lw] < Q[log}). Keeping only these surviving terms, and decomposing

the sum into two pieces for later convenience, we thus write fP1it = G 11002} TG 110p2) Where

510 512 510
Giip02r = — — 0 02 < — Frivo — 1),
{1002} <Slv8v0 251v8v2> (Qpuovz < Qpuoz) 2511)81;0( w02 — 1) a1s)
_ 502 512 502
Gliop2y = — <50vsv2 - 281USU2> Qoo < Quoz) — 3500502 (Friovy — 1) -

Stripping off the integral over the radiated gluon momentum pg in eq. (3.17), we then get
the total effective soft current:

(I)ren _ 1~(1)bare €
Fliog = Fhoy +<Q[2102]) s (3.19)
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with ¢ the integral over the splitting function:
1 —€
dx Q10
- 2(G G e
A [513(1 B IL’)] 14-2¢ /ﬁv (avaUZ) ( {1v02} + {1022})101;:10851; a x)c
_ /é 2dx « / < 19 )6 ( a1 n Qo2 2 )
0 [‘r(l - ‘r)]1+26 s \ A1y Q2 Q19 Qy0 QoyQy2 A1y 02

v v 2
+/ ap2 [1 n 1200 ] log Q012 (:; - 712> +0(e). (3.20)
B

, Q0vOiy2 Q010y2 — Q102 Qy1 Q02

s

Note that, although it is defined as a complicated looking integral, 6(!) is just a constant:
this had to be the case since the integral is manifestly Lorentz-invariant and an homoge-
neous function of three null vectors, and all such invariants are constant. Adding it to the
bare matrix element (3.14) according to (3.19) then gives:

2

ren T
F[(ll())2] =i = —5 T 0(e) (3.21)

in perfect agreement with the two-loop cusp anomalous dimension recorded below
eq. (3.13).

4 Three-loop evolution

We now proceed to derive and assemble the ingredients for three-loop infrared divergences.
The chief conceptual issue is to organize the subtraction of subdivergences, of which there
are plenty at three loops. We would like to (and will) obtain the evolution kernel K () as
a sum of absolutely convergent integrals involving physical building blocks (the so-called
remainder function) in which we can set € = 0 directly.

4.1 First ingredient: triple-soft current

The first building block is the square of the tree-level soft current for emission of three
partons. This needs to be summed over all produced parton species: gluons, fermions or
scalars.

The easiest way to obtain it is from the soft limit of the planar four particle integrand,
which is amply documented in the literature. We fix two external legs to be in the matrix
element and two in the conjugate, and sum over all (Cutkoski) unitarity cuts which separate
them. In the relevant limit, where the cut internal propagators become soft, the integrand
from the outer square factors out and the outermost cut propagators act as the parent
dipole Ujs.

As an illustration, consider the two-loop integrand, which in planar A/ = 4 is a sum of
two double-boxes. With the momenta labelled as in figure 2a:

_ [(Pa + P6)*]*(Pa — Par)?
piogps(p1 + po)? (P2 + o) (1 — pa)*(P1 + Po — par)?
Taking p1, p2 and pg to be on-shell with pg soft, this simplifies to

7(2)

+ (one permutation). (4.1)

(pa +pb)2(pa - pa’)2 % 812
(p1 — pa)?(p1 — Par)?  S10502

pigp3 T —
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(a) (b)

Figure 2. Extracting squared soft currents from the four-particle integrand: cuts which give the
squares of single (a) and double (b) emissions by taking the cut internal propagators to be soft.

where the first factor is recognized as just the cut of the one-loop amplitude (a scalar box).
Dividing it out leaves the dipole radiator (2.4), as expected. The other three-particle cut
of the same diagram (where the cut runs south-east) adds the correct factor 2, and the
rotated double-box is subleading in the soft limit.

Moving on, the three-loop integrand is the sum of ladders and tennis court scalar
integrals (with simple, specific numerators, see [39]). Four cuts, shown in figure 2b, together
with their top-down flips, contribute in the soft limit. They yield, respectively, the four
terms (from left to right and top to down):

F[1 002 = 5 S12500/ + 510 4 S0'2 4=

5100050002 251000 25(001)2 2
512500" + 510502 — 510502
251(00)5(00)2 '

— 14+

(4.2)

This is in perfect agreement with the direct calculation recorded in eq. (2.5).

Having thus validated the method, it is a simple exercise to extract the square of the
triple-soft current from the known 4-loop integrand. We found the 7-loop package [40]
(recently extended to 8 loops [41]) particularly useful for this. To most usefully record the
result, we note that its soft limits are easily predicted. There are five independent soft
limits, where (by factorization) it must reduce to double-soft currents:

0 soft 0’ soft 0" soft
Frooore) — Flioore),  Frooorey — Flioore),  Friooor2) — Flioor g (4.3)

0~0’ both soft 0’~0" both soft ’
Frooore) ———— Flroor 07 Frooor2) = Flooorg) -

There are also various double scaling limits, where F' reduces to 1. With a simple ansatz
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each limit can be accounted for by a single term, hence leaving a finite remainder:

812800/ + S108072 — S10/S02 . S10”S00’ + S10S0/0” — S107S00”
F[100/0//2} = 1+(1+P) "’
251(007)S(007077)2 281(00)S0070”
812800 + S1080772 — S10” 502
281(00/0//)8(00/0//)2

+ Fleiona) - (4.4)

Here P the parity operation {1,0} <> {2,0”}. The result we obtain from the four-point
integrand matches precisely this form, with the remainder vanishing in all soft limits. For
future convenience we write it here as a sum of individually regular pieces:

F[Sia(g%’o" o) = (1+ P)(e1+e2) + €3+ ey, (4.5)
- 1
481(00/0//)3(0/0//)2800/0//
» 5007 (25107502 + S10/ (S0r2 — S0172)) — Soor (2810750172 + s107(S072 — S0r2))
+5007 (25108072 — S1(0/0) 02 — $1250(0/07)) ’

€1

_ s10(81280007 + 51078072 — S10/80772)
481(00/)81(00/0//)8(0/0//)2

o5 = S100802  S10rS02 + S107802 + 810//80'27
251(00")5(0/07)2 251(00'07) S (00/0"")2
s12(812500' 8007 + S108072800007) | S12(S00r + S0r0” — S00”)
B 481(00')31(00/0”)8(00'0")28(0'0")2 481(00/0")3(00/0”)2
512500/ 5125070”

B 451(00/)5(00/0//)2 B 481(00/0//)5(001)2 '

As a cross-check, we have reproduced numerically the squared soft current (4.4)—(4.5) by
a direct Feynman diagram calculation, summing up the gluon, fermion and scalar con-
tributions, and also using the computer package [42]. For convenience, this formula, and
others in this paper, is included in computer-readable format in the ancillary text file
formulas.txt, attached to the arXiv submission of this paper.

4.2 Second ingredient: double-soft current and the remainder function

To obtain the one-loop correction to the double soft current in the simplest way, we take
the limit of two soft partons in the known one-loop six-point amplitude. These soft partons
can be of any species (gluons, fermions and scalars). Consider for example the case when
the two soft gluons have the same helicity. In this case we use the one-loop correction to
the MHV amplitude (four positive and two negative helicity gluons), divided by the tree
amplitude [43]:

1 M6(1)MHV

MHV

-2 2 — — 2
—— :(1—|—02+C4)|:2+log<(s23)2856)>+Li2<1_81235345>+7r
cr M6 € € o

512845
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>
——

Figure 3. One-loop virtual correction to double soft current contributing to the cross-section at
three loops.

where the operation C'is a cyclic rotation by one. The one-loop soft current is obtained by
taking the limit where partons 2 and 3 become the soft partons 0 and 0’, and subtracting
the one-loop correction to the parent four-point amplitude. In this limit, the two color-
adjacent partons 1 and 4 define the parent dipole, and the other two decouple, thus giving
us the soft current

(1) 2
1 Shotor 2 2 Qo —s10)(=s0r S
Lo 2 2y~ (Colren) ) ()
cr 5[10+0'+ 3] € € 2 v S12 2
4Ly (—510) + Liy (— 202 ) + Liy (1 - 81(00’)8‘00')2> +0@). (47)
S10 5072 512500/

It is important to note that since all invariants are positive (timelike), the Feynman pre-
scription adds an imaginary part to all logarithms: log(—s;;) = log|s;;| — .

For soft gluons of opposite helicity, as well as for soft fermions and scalars, one needs
the NMHYV (super)amplitude [44, 45]. It may be amusing to note that the two fermions
soft current is the same in QCD and N' = 4 SYM, since the contributing diagrams are the
same. Thus some effective supersymmetry can also be used at one loop in QCD as well.

The component formulas are somewhat involved, and in the N/ = 4 theory further
simplifications occur when summing over particle species in the interference with the tree
amplitude. For this reason, here we record only the final result of the helicity sum, e.g. the
one-loop correction to the squared soft current, in appendix in eq. (A.1):

—1
(€O I 4512 W1 ahrathz o117 [ <(0) 11 nht (ke
F[100,21_<510800l80,2> h§1h2([8 0™ 0™ 2] [SOn0M 0" 2] +ec).  (48)

We used the package in [46] to cross-check our expressions.

Importantly, as was the case at two loops (and for the MHV example above), this
one-loop correction is infrared divergent, while we expect the physics to depend only on
renormalized, finite quantities. The standard, MS way to renormalize is to remove the
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integral of the infrared anomalous dimension:

(Dren,MS _ Hd\ (1)bare
F[1 00/ 2] = Pexp [/0 TWR(}\) F[1 00" 2] (4.9)
2
where at one-loop yr = g‘g\frév °log Isl‘ossl(;olig%\ for the soft current squared. This is the

conventional definition of so-called hard matrix elements in the SCET literature. Although
a good starting point, this is however not very convenient for us, because we would like to
subtract something which has a simple representation as a phase space integral.

The governing physical principle is that the subtraction should match all singularities of
the triple-real emission at the integrand level, in all (single-) soft and collinear limits. This
ensures that when we add it back later all divergences will cancel cleanly pre-integration.
Furthermore we would like a simple analytic form for the integrated subtraction. This
can be achieved by defining Lorentz-invariant functions of three angles, like we did in
section 3.4, since these automatically integrate to constants.

Let us thus consider the general problem of renormalizing an amplitude F[; 23, with
(n — 2) soft partons. We want to renormalize it by adding, say at one-loop, a phase space
integral with one additional real parton v:

(1)ren (1)bare) __ v (0)
/ (Fu 2.m) — 11 2...n}> :/ Cho o m- (4.10)
p2;..;Pn—1 P2;--sPn—1:Pv

There are two constraints. In the limit where v is soft, the integrand should reduce to

minus the square of the soft current, Gy;, ;) = —Sii;jw, emitted from all possible regions,

minus that from the parent dipole. In collinear limits there is a similar factorization, but
with the important distinction that the parent amplitude must be evaluated with the total
momentum (here j =2,....n—landi=j—1, k=j+1):

n—1
v (0) P soft 0)
o mfho.m — (—G{m} +> G{z‘vm}) Flia

i=1 (4.11)
v (0) pollp; 1 (0)
F[l 2...n]F[1 2...1] - ?F[ijv k] X F[l.‘.(pj—i-pv)...n] :

vj
Note that the labels ¢ and k decouple in the collinear limit. The fact that the argument of
the amplitude is shifted to (p;+ps,) is the main complication since it precludes a simple mul-
tiplicative solution. To solve it, recycling the ingredients in the two-loop subtraction (3.18),
we define a three-index operator I'; ;3 which rescales p; in whatever it multiplies:

v _ Qlivk]
L gon = (Grvny + Gujury) Fi Gomp P =1 (1 + Q[um) L (412)

Then, it is easy to see that all constraints are simultaneously solved by:

n—1

1
Fﬁ 2..n] = 5 Z (Fq[)lz'i-&-l] + Fﬁ'—lin]) : (4.13)

=2
Indeed, the three-index Fﬁj . only has collinear singularities in one region p,||p;, where
the spectator labels 7 and k decouple, so the collinear limits work out. In the soft limit it
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approaches Gy, ;3 + Gjoky — G{ivky, and using telescopic cancellations one can also see
that the first of (4.11) is fulfilled.

Using the change of variable (3.17) and the integral (3.20), the renormalization defined
at one-loop by eq. (4.10) can be rewritten in a more suggestive form:

ren bare

Fig. ) = Flig.n) ¥ V[lzn]V[23n]'"V[n—2n_1n]] X [V[123]V[134}-~V[1n_1n}], (4.14)

where
1
Vi = €29 @uin) (4.15)

represents the real-emission correction to the soft current squared between legs 7 and k.
We recall that §() ~ E% (3.20) starts with a double pole, and g?(\) ~ (\/u)~2¢g%(p) is the
D-dimensional running coupling. Physically, the renormalized amplitude is thus obtained
by including amplitudes for a sequence of splittings, each with the coupling evaluated at
its natural scale. (Either of the sequences in the square brackets would work, but we chose
to include both and multiply the exponent by % for symmetry reasons.)

The renormalized amplitude F™" is finite for any number of points. At one-loop F(1ren
is obtained from the bare result (A.1) by the simple substitution given in eq. (A.2). It turns
out that F™" is closely related to another canonical finite function in AV = 4 SYM: the
Bern-Dixon-Smirnov remainder function [47]. This is defined by dividing the amplitude by
an ansatz AEEQS (essentially an exponential of the one-loop MHV amplitude), which makes
it finite and dual-conformal invariant and trivializes its collinear limits. The ansatz has four
parameters: three are essentially the constant, order ¢ and €? terms in the function called
f(e) in [47], which multiplies the one-loop amplitude in the exponent, while the fourth
adds a common multiplicative factor to all n-point amplitudes and cancels out for the soft
current. Thus three parameters affect the soft current; comparing with eq. (4.15) it is easy
to see that these three parameters are in one-to-one correspondence with the double-pole,
single-pole and constant term in (), and that the infrared divergent parts match. The €”
term in our ¢ is slightly different because for five-partons our scheme automatically yields
the cusp anomalous dimension Fjjgg) = 7k (see section 5 for the higher-loop explanation)
whereas by definition the BDS remainder is unity for five-points. Thus, with a somewhat
schematic notation, we can express our renormalized soft current directly in terms of the
BDS remainder to all loop orders:

Fiey = ()" 72 X [Rpyal? x €70, (4.16)

where Ry49 = Anio /AE’EQS is the BDS remainder (e.g. the amplitude A, 2 divided by the
BDS ansatz AEEQS) and f, an explicitly known (and finite) function equal to the real part
of the difference between the exponent in eq. (4.14) and the squared one-loop MHV soft
current (given for n = 4 in (4.7)), which was exponentiated by BDS. As we will prove
shortly, only the € — 0 limit of the finite F™", and thus also BDS remainder, is needed to
get the evolution kernel K.

Finally, it is interesting to look at eq. (4.16) in the other direction, going from the soft
current to the remainder. We can count the number of variables on which the soft current
F™" depends for m soft partons. Each on-shell parton gives 3m degrees of freedom while
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invariance under two Lorentz generators and one independent rescaling of the [3; remove 3,
giving 3(m — 1) invariants. Due to dual conformal symmetry, the k-point BDS remainder
Ar/ABDS in eq. (4.16) depends on 3(k —5) invariants, which is equal since k=m +4. These
two numbers agree! That is, dual conformal symmetry implies that the soft limit is not
lossy, and we conclude that, through eq. (4.16), the € — 0 limit of BDS remainder in planar
N =4 SYM uniquely determines the renormalized soft current, and vice-versa.

4.3 Nested subtractions for virtual contribution

Given the renormalized amplitude, it is natural to integrate it over relative energies to
obtain a contribution to K, with suitable subtractions as was done in section 3.3:

00
dr ren,sub

2F,

1 (760)8y 2] - (4.17)

K009 = 94(Q[100/2])/0

T

Frensub it would be tempting to use again eq. (3.10), but one

For the subtracted integrand
needs to be more careful and pay due attention to the renormalization scales of the various
objects. Indeed, as is clear from the renormalization group equation (1.4), all couplings in
the subtractions get evaluated at their private scales Q;;4), which are distinct from the
common overall scale Q[ gy 2 that we assign to K [rlego, 5 In addition, the finite parts of
the renormalization (4.14) do not match. The correct loop-level definition, which accounts
for all these effects, is rather
Fren,sub — [ren
[100” 2] (100" 2]
—0(Quo01<Qpuo 2)kp oo 2 Fito (62 (Quoo) it o(9° (Quora))

_H(Q[OO’ 2]<Q[102]) Koo 2);[102] Fﬁ)e(r)lf 2] (QQ(Q[OO’ 2])) F[ﬁe(r)lz] (QQ(QHOZ}))? (4.18)

where all the couplings are to be evaluated in terms of the common one of the overall

process: g*(\) — QQ(Q[l 00/ 2)) (Q[lz\o, 2
constants stripped from the two-parton amplitude and for mismatching subtractions of

—2e
) . The prefactors, which account for the coupling

infrared divergences, are
2 2
K = g (Q[moq)g (Q[IOIQ})e%‘S(l)(QQ(Q[100’])+92(Q[10'2])—92(Q[00’2])—92(Q[102]))
100102 = 1
g (Q[100/2])

_ 692,41) 4 O(e), /4;(1) = log 510502 log $12500/ . (4‘19)
5107502 5107502

For the other subprocess we get the same but with —x(). Specializing to what we need at

three loops, extracting the coefficient of g2(Q[1 00'2]) in Frensub and using that F[(llgr;]n

—72/3 from subsection 3.4, this becomes

(1)ren,sub _ ~(1)ren —272
Flioos = Fliora — 0(Qoo2<Qnoz) < 3 +'{(1)>

—27'['2 (1)
- 9(@[100/}<Q[1 o 2}) 3 F . (4.20)
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The critical conceptual point here is that we won’t need the O(e) terms in this expression.
This is because the combination in eq. (4.18), in which all objects are defined to all orders
in €, is precisely the one which vanishes to all order in ¢ near the endpoints 7 — 0 and
T — oo (this follows from the factorization properties of the bare amplitudes FP#). This
precludes any €/e effect. The extension to higher loops is clear: one just includes more
terms in the expansion of §. Also we expect only minor changes in the presence of a
nontrivial 3-function as in full QCD, where g?()\) will now be a series in gZ(Q[l 00’ 2]).

4.4 Nested subtractions for triple real contribution

We now turn to the fully real contribution to K(®), which is given by the IR divergent
part of triple-real emission, minus the subdivergences associated with iterations of K @
and K. The basic idea is to write the subtractions as phase space integrals with step
functions, exploiting (3.9) and its higher-multiplicity generalizations. In this way all energy
sub-divergences (with fixed angles, as appropriate since the angles are fixed by the color
rotations U) will cancel under the integration sign. To write the result concisely, we
recursively define subtracted integrands F®'P, generalizing eq. (3.10). Introducing the
abbreviations

[(X][Y] = F ubFfﬁb Q(Q[x <Q[y]) [(X][Y][Z] = Fy; H?nyu]beub Q(Q[x]<Q2 <Q[Z])
these are defined as:

Fi'vy = Fliog = 1, (4.21a)
F[slugo, o) = Flioog — [1007[10°2] — [00"2][102], (4.21b)
Fibbvora) = Fliooor2) — [100][10°072) — [0070”][100” 2] — [0/ 0 2)[1 00" 2]
—[100/0"][10"2] - [00"0" 2][102]
—[100/][10"0")[10”2] — [0/ 0" 2][00"2][102] — [00"0"][100"][10" 2]
—[00"0")[00"2][102] — [100'][0/0" 2][10"2] — [0" 0" 2][100][102]. (4.21c)

The structure is straightforward: there is one subtraction for each possible subprocess
(consistent with the planar structure), and the unsubtracted F’s are given in eq. (2.5)
and (4.4). Intuitively, the F5®P’s are a device to compute the logarithm of F: the preceding
equations can be generated (and generalized to all orders) by formally solving the equation
Pel I = [ F, order by order in the number of emitted partons.

As shown in section 3, what is relevant for the evolution is the integral over relative

energies:

(3) — dT dT sub
K009 :/0 — 7 A (80) (7 By B 2 (4.22)

Thanks to the pattern of subtractions, and to the factorization of soft currents (see egs. (2.6)
and (4.3)), F[Slué)o’()" 2] vanishes in all soft limits and its energy integral at fixed angles is
absolutely convergent at all orders in e. One might worry that the step functions make
it tricky to integrate in practice, but in fact they always multiply trivial measures like
dr /7. Furthermore, the explicit expression (4.4) naturally splits into several individually
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convergent pieces. For example, the piece F*¢ doesn’t contain any step function and
converges by itself. The pieces from the “1” in Fjjgg), Flioor2 and Fjjgoorg contain
multiple step functions, but all share the trivial measure dr/7d7r’/7’ and so immediately
integrate to logarithms. Finally, the five nontrivial subtractions in (4.4) naturally combine
with the remaining terms in (4.21c), to produce five individually convergent integrals.

So our problem is reduced to computing finite energy integrals; these produce func-
tions of transcendental weight 2. A good, systematic way to compute such integrals is
the differential equation method described B.? The most difficult integrals are contained
within F%%f. One of them, in particular, coming from the first line below eq. (4.5), cannot
be written simply in terms of the angular distances «;;, but requires associated spinors

(87 = 2eA%);

©drdr’
fi= [ T e (n0, B, o) (423)
0

(e T <0 2> [2 1] . (AN D) . Qo Q2
=2R 1 Lig(1-——— ) -Lig (1 - ———
‘ { [ " 00200 [01] — a2 (007 [071] | [\ arprao 2\ aoorans

. [1 0] [0/ 0//] . <1 O> <0/ O//> 10000 (6 //2<0 0/> [0’1]
iz <‘ 10"]0 0'1) i <‘ 1070 o'>> 108 o % a0 o~>uo"1]] }

Here we have used a commonly used notation for the Lorentz-invariant spinor products:

(ij) = eaﬁAf)\Jﬁ- and [ij] = eaﬁS\fS\f with € antisymmetric. (Under the stereographic

projection (1.2), these map respectively to: (ij) = (2 — 2;) and [ij] = (% — %;).) The

other integrals are more elementary and produce at most dilogarithms of cross-ratios of a/’s.
To give the final result we define the five cross-ratios:

_ G120qp U = Q12000 _ (n1200” - Q10002 Vo = Q1o Qo2

Ul pu— pu— 77 = - 1 = - p—
Q1002

) M ) .
Q107 02 Q107 02 10/ 02 1002

Then the triple-real integral gives

1 1 1Y) ]
@) u3 2Ly <1 - ) — 2Ly (1 - > — 2Liy (1 - )
K[l 00107 2] 1 — v1v2 (%1 )

1 — v
1 + log vy log v + log(vlvg)(log(ulug) — %log u3)

. 1 |
+(u1u2—u1v2—uw1+v1+vz—u1—UQ+U3) [ng <1—UU ) — (o
102 i

+3logui logus — 3 log®us + (1 + P)(f + f1), (4.24)

where f; is the special function in eq. (4.23), P exchanges labels (1,0) and (2,0”) and acts

3For energy integrations the method is considerably simpler than for the transverse integrals illustrated
in appendix, because partial fractions and integration-by-parts in one variable are more elementary and the
final contributions are given from boundary terms instead of contact terms.
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on cross-ratios as (uj,v1)<>(ug,v2), and:

1 1
f= <1 - ) |:2Li2 <1 — ) + log vy <10gu2 — logul)
1—v U1 U2 2
. 1 . 1
—|—(1 + vy — U2) {ng (1 — ) — Liy (1 — > H
(%) V1V2

3
+ <1 - “1> [log e <10g 22 Zhog 7“) — 2Ly <1 - Um)] . (4.25)
U3 — V31U us (%) 2 us us

4.5 Nested subtractions for renormalization counter-terms

The final ingredient is the “add” part from the “add and subtract” game that led to
the renormalized amplitude (4.18). These also have three angular integrations but one
fewer color dipole U. In addition there are similar pieces inherited from lower loops, for
example from the term with just Uy Uys in the two-loop evolution. It is useful to devise
a notation for such terms, like G(;¢y 2}, wherein the underlined index represents the angle
from which a Wilson line is omitted and the curly bracket highlights the presence of a virtual
parton. This is why we’ve split the virtual correction into two terms (G{l w02} G 10w 2}) in
eq. (3.18), because these two end up with different color structures and so get exponentiated
at different scales: Q1 ,02] # Q1002

Similarly, to exponentiate the three-loop kernel (as would be needed for a putative
four-loop calculation), we would need to specify where v fits within the color structures of
Fq[’l 00 2] which determines the relevant scale (). Thus although not strictly necessary here,
it is useful to account for that information because it helps show the internal logic. Thus
we organize the “add” terms into three color structures:

K[(l?)()]O’O/’2]m(_2UIOUOO/UO’O“UO“2)
Bo-bor-Bor | +K Y000 21 ampaneragr; (— 2010000 Uor2)
+ Kﬁ)gg‘g o) ez — (=2U10Uoo Uy) |

Here we only show the terms in K3 with three angular integrations, two has been dealt
with in subsection 4.3 and one will be dealt with shortly. The underlined index shows the
variable whose Wilson line and radiator factor are omitted. The angular functions are the
integrals over relative energies of corresponding G®'P’s,

K(S)add /OO ﬁ dr’ sub

{10007 2} = — G (80 (8B 2y > ©EC (4.27)

The G*"P’s contain two ingredients. First, there is the difference between the renormalized
Frensub in eq. (4.18) and the corresponding bare expression:

Gfl 00'2] = Fﬁ 00/ 2]F[Slu(§)0’ 9] T (Fﬁoo'] + Ffl 0’ 2])9(Q[100']<Q[1 0'2])

) . (4.28)
+ Tloor o) + Tho)0(Qpo2<Qoz)-
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Second, there is the subtraction of everything inherited from virtual corrections at lower
loops: from the Ujo term at one-loop (3.3), and from the (UjgUpz + UyoUpr2) part of two-
loop (3.13). To allow their subsequent exponentiation, the result is to decomposed into 3
color structures:

G?‘ibyoo/ oy + G?i%yol oy + G?{li]%o'g o1 = Gl o o) — lower subtractions. (4.29)

A simple systematic color decomposition for the subtractions can be done as follows. When-
ever, in a subprocess, both indices adjacent to v are the same as in the considered GS"°, we
weight this contribution by 1; when only one index is shared, we weight by %, and when
none is shared, we weight by 0. For example, consider the following term coming from the
real part of K times the virtual part of K®):

F[SluéDO/]G?iZO/ 210(Q10071<Qp o 2))- (4.30)
We place half of this term into G?{Iibyoof 2} and half into Gs{li%yo, 2) because v occurs between

1 and 0. Using these rules to generate the subtractions recursively, using the same notation
as in eq. (4.21c) (writing {ab... c} = G?Z%m 4 and inserting a step function between each
bracket, either curly or square), then gives

sub 512
= - — 4. ]_
Glivyy = Gy S1o5m (4.31a)
Gihos = Dwox[102] - ({100} - H{102})[102], (4.31b)
Giiyg = Tpoun[102] - ({002} - 3{102})1102], (4.31c)

G2y = Diraoor2y (1002 + (Tiuoy + 30410002y ) [100[10°2] 4 T 140200 2][102)
—2[100{100"2} — {1v00'}[10'2] — [00' 2]{1v0 2}
—({120} - %{1@}) ([100"2] + [100[102] + [00' 2)[102]) (4.31d)

~[100](${120'} = ${1v2})[10'2) — [00'2] ({120} - §{1v2})[102],
G?i%yofz} = T{10002}[100"2]

+(Trou0y + 3T (ru0r2y ) [100110°2) + (Dgouoray + 3T 1002y ) [002)[102]

—2[100{100"2} — {1000'}[10'2] — 1[00"2]{10v2} — {0 w0 2}[102]

—{0w0'}([100 2] + [100/][10"2] 4 [00' 2][102))

—[10013{100'}[10"2] — [00" 2]2{0v2}[102], (4.31e)
G?g%o'w} = PG?ébyo'o 1} (4.31f)

where P is the parity (10)<+(0'2). This looks messy, but the upshot is that the inter-
nal logic is straightforward and the terms can be automatically generated to any desired
order. (Formally, the terms can be generated by series-expanding the schematic formula
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Pel (FP+G™P) _ [(F + G)el Klvia 4) This generalizes the subtractions used at two loops:
the energy integral of ?ulbyo 2) matches the Uy Uyo term in eq. (3.13). Although we haven’t
defined the individual I o/ 9 (only their sum F7[J1 00’ 2]) we expect that a definition exists
which will make the energy integrals converge absolutely for each of the color structure
G?it;ow 2} @S this is certainly the case for the sum which is all we need here at three loops.

(3add ¢ancel exactly those of

Furthermore, by construction, the collinear singularities of K
K®) | to all orders in €, so it is apparent that O(e) corrections to any kernel are not needed.

Thus we only need to compute the finite integral (4.26) with ¢ = 0. The integrated
result turns out to be somewhat inelegant, so we decided to replace it by a simpler counter-
term with the same collinear singularity. From inspection of the triple-real result (4.24),
we find divergences as 0]|0" or 0[|0”, and also in the double scaling limit 0/|0’||0”, but not
when one or two partons become collinear to 1 or 2. A simple counter-term which removes

the divergence as 0/]|0” is:

2
3et. Q12000 ajpag2 3 Q12000 Q120002011
K[(l 2)%/0// 2} == |:<1 + 10 + — 10 log Og .
Q1002 — QL (o2 a2 2T o2 Q0 Qo Oy
(4.32)

To construct an integral that is also absolutely convergent in double collinear limits, we
can easily play with the color structures, exploiting that U;; — 1 when i||j. Arranging
for each color factor to separately fulfill the KLN theorem (vanishing when U;; = 1), the
full three-loop evolution is then written as (4.34c) below, where the difference compared
to subsection 4.3 is simply:

3) (3)ren Qo2 (3)c.t. (3)add (3)add (3)add
K09~ Koo o —/ [(1 +P)7a0,vav2Kuoow] + Koo 2y T KT ow 2y +K{100,U2}]

with P the symmetry (10)«»(20"). This is again an absolutely convergent integral which
can be done at € = 0, using the methods of appendix B. We find a surprisingly compact
result:

/ / / 11 /
(Y g (202000 ] (0211 ()
Q1002 — Q102 Q107 (2 Q07 (2 6 Q07 (2
(4.33)
Its simplicity (compared with egs. (4.31)) suggests that an even simpler organization of the

subtractions could exist. Adding this result to the energy integral of the one-loop remainder
function (4.20), (A.1), (A.2), computing using the same method explained above, we thus
obtain the part of the evolution with two angular integrals.

4.6 Final result: the three-loop BK equation in planar N =4 SYM

In summary, we have computed the three-loop correction to the Balitsky-Kovchegov ra-
pidity evolution equation (or equivalently Banfi-Marchesini-Smye equation for non-global
logarithms) in planar N' = 4 SYM, in terms of absolutely convergent integrals over squared

4The fully virtual correction el Kluis to the parent dipole Uiz appears on the right-hand side since the
soft currents F' are defined to act on the bare amplitude; this is also the reason why {1v2} appears with
opposite sign wherever it does.
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amplitudes (or BDS remainder). The subtraction of subdivergences has been organized
around the physical principle of factorization (see egs. (4.18), (4.21), (4.31)), in such a way
that all cancellations are manifest at the integrand level and valid to all orders in e. This
allowed us to set € = 0 directly in all integrals and be completely certain that we did not
miss any €/e effect.

We have used the squared amplitude for triple-real emission and also the one-loop
correction to double-real emission (related to the one-loop six-point remainder function).
In addition K receives contribution from single-real emission at two-loops, and fully vir-
tual corrections. However, it is not necessary to explicitly compute them. As mentioned
already, fully virtual corrections follow simply from the KLN theorem. And by Lorentz
symmetry (kept manifest at all stages of our calculation) the single-real emissions can
only produce a constant 7}?) time one-loop. As argued (and tested) in the next sec-
tion, provided that the Ujs color structure appears nowhere else in our expression, what
multiplies one-loop must be the cusp anomalous dimension (known to all loops [48]):

2 2 2 2
—1 _ g9ymNe w2 gymNe 1174 [ gy Ne
YK = jleusp = g ( 3 1.2 T 15 1672 t+..

Thus our final result for the three-loop BK equation, recalling the lower loop results, is:

KOU, = / N2 (9715 — 2U10U), (4.34a)
Bo X¥10C02
2 ™ Q12 2)
K@U,y = ——KWUy, -I-/ —————— K[/ 9 (UroUo2 + U Uyz — 2U10Ugy Ugr2)
3 Bo,By Q10000 Q0/2
(4.34b)
117
K@U, = —— KU, + / LK[(%O/ 9] (Ur0Uo2 4 Uro Uyz — 2U10Uoy Upr2)
45 Bo,Byr Y1000 C0/2

Q12 (3)
i //3 By By 1000 X/ o2 [K[l 000" 2] (2U10l UO/Q N QUIOUOOI UOIO” UO”Q)
0,007,897

-1+ P) <K[(f’g%}t(')u 3] (2019 Uyo — 2U10U00'U0'2))]’ (4.34c)

where P is the parity (10)<+(20”), ai;; = |2; — z;|* are transverse distances and fﬁo = dirﬂ.

(Equivalently, for the non-global-logarithmic problem, the stereographic projection (1.2)
. _ 1—cos0;; o d2QO

gives ojj = —5—< and fﬁo = [450).

2

The two-loop transverse function K [(1 ())0, 9]

was given in eq. (3.12), and the triple-real
. 3 3)c.t. . .
function K[(lg)o/o”z [(1())00,0,,2] are in eqgs. (4.24) and (4.32). Finally,
defining cross-ratios u and v and associated complex numbers z, Z,
120000/ 100/
e =2 = (1)1 - 5) = 02
Q10/ 02 Q10 @02

l and counter-term K

u (4.35)

the effective single-virtual kernel (the sum of eqs. (4.17) and (4.33)) is given as

@ (v v L2, _ u_
K[100'2}_<1 . U)logv[logulogu 3logv 4(2}4—2(14-1) u)(g“glogv 2(3>

P 1 1 5
(2 w1 4l (1 - =)+ 2Lin (11— 2 ) log 2] = 2logPu
1—w v v U 6

+4(Lig(x) + Li3(z) — 2¢3) — 2(Liz() + Liz(Z) + 2¢2) logu. (4.36)
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For convenience, these formulas are reproduced in computer-readable format in the ancil-
lary text file formulas.txt, attached to the arXiv submission of this paper.

We note that eq. (4.36) is a single-valued combination of polylogarithms. That is, it
does not have any branch cut for physical angles (where x and Z are complex conjugate
of each other: T = xz*, as is easily verified). This has to be the case since the kernel
represents a physical probability for radiation and there can’t be multiple answers for a
given set of angles. Concretely, although this is not manifest, one can verify that the series
expansion of the last line around z = T = 1 contains only single-valued logarithms of the

type log(1 — z)(1 — &), but log(1 — x) never appears separately from log(1 — ).

5 Linearized evolution and BFKL Pomeron trajectory

In many applications to the high-energy limit, especially those involving dilute targets
and projectiles, the Wilson lines remain close to unity and the physics is governed by a
linearized version of egs. (4.34). Then we set

Uij =1—U;; (5.1)

and treat U;; as a small quantity. Generically, in the ‘t Hooft large N, limit, U;; ~ 1 /N2
when scattering objects made of a fixed number of partons, or for example a four-point
correlator of single-trace operators. The resulting linear equation is referred to as the
BFKL equation and its eigenvalue j = 1 — K is the Pomeron Regge trajectory. With
this application in mind, in this section we will use the language of transverse plane and
conformal symmetry, instead of the stereographically equivalent language of angles and
Lorentz symmetry.

Linearizing the color structures in the three loop result (4.34c) produces many terms,
but these turn out to organize simply into the combination which appears already at
two loops:

UrwoUo2 + Uy U2 — 2U10Upo U2 +— Uiy + Uoa — Urg — Ugra — 2U o - (5.2)

This is due to an exact symmetry: the large N, theory is invariant under the local gauge
transformations U;; — U;je® =%, representing independent U(1) gauge transformations in
the past and future. (Beyond the planar limit, only the global SU(N;)past X SU(N¢)future
survives as a symmetry of the Balitsky-JIMWLK equation.) The combination (5.2) is the
only one invariant under the linear transformation U;; — U;; + a; — «;, which does not
contain U2 and is invariant under the parity (10)«+(20"). That parity is automatic for
any conformally-invariant function of four transverse points 1,0, 0,2, and so not really an
assumption.
The first four terms on the right of eq. (5.2) naively integrate to zero,

a12 K100/ 2] naivel a12 Urg a2 K100 2
d2ZOd2ZOI(U10 - Ulol)# = Y d22’07 d220/ # — (1(—)2)
a10000" 0’2 a10002 oo’ p’2

=0, (5.3)
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because by conformal symmetry the zy integral can only produce a constant and thus
cannot be antisymmetric in 1 and 2. In the first equality we have used the just-mentioned
parity symmetry to trade (0<+0) for (1+2). A subtlety however is that in this rewriting
the middle integral fails to be absolutely convergent in the double scaling limit zg, 2oy — 29,
even though the left-hand side is. Due to this, the conformal symmetry argument breaks
down for zp = 2z, enabling a contact term §2(zg — 22) to appear. (See appendix E of ref. [32]
for explicit examples.)

Taking into account the possibility of such contact terms by adding a constant C(%),
the linearization at L-loops takes the general form

2. 12
(L) _ (L) (1) (L) d*zod* 2y (—2)a12Uoor . (L)lin
KUy = <’YK K'Y +20 )Ulz +/ . Koo 2 (5.4)
where at two loops K [(12 ())gle] =K [(12 30’ 9] and at three loops
2
B)in __ .-(3) d“zy Q2 (3) Bt
K[100'2] = K[100/2] +2/ T QreCing (K[loﬂ’v2] K[lOO’vQ])' (5.5)

This integral, like others in this paper, is absolutely convergent. The factor of two accounts
for the contribution with 0 and 0” interchanged, which produces the same result due to
the parity symmetry. We computed this integral using the differential equation method ex-
plained in appendix B. The resulting function of the cross-ratios z, z (defined in eq. (4.35))
has 5 letters in its symbol: z,%,1 —x,1 —Z,1 — v, where v = (1 — z)(1 — Z). At transcen-
dental weight 3 there exists rather few such functions that are real and single-valued in
the physical region Z = z*, in the sense explained below (4.36). We have found only three
nontrivial ones O1 2 3. Since there is limited information content in these functions them-
selves, we record them in appendix in eq. (B.10) and here record the concise coordinate
space expression for the BFKL kernel (v = 2z, v = (1 — z)(1 — 2)):

(100’ 2]

KB 9 <1 - 1“) [601 + 305 + 6Li3(1 — v) — 2Liz(1 — v~ ') — log(u*v)Liz(1 — v)
—v
—I—% log® v — log ulog? v — % log? ulog v + 3¢ log v + 24C3]

+(14+v—u) [-301 — 302+ 6Liz(1—v~") — 2Liz(1—v) — log(u®v™")Lis(1—v ")
—% log® v + %log ulog® v + 8¢y logu — 9¢ log v — 30(3]

—3(z — )03 — 3 log® u + 80 . (5.6)

Now the linear equation (5.4) can be diagonalized explicitly because its eigenfunctions
are determined by conformal symmetry [49]. The eigenvalue depends on two quantum
numbers: a scaling dimension v and an (integer) angular momentum m. It can be extracted

by looking at the translation invariant wavefunctions®

Uij = Z/[(ZZ — Zj) = ‘ZZ - Zj‘l—i_iy[(zi — Z])/(ZZ — Zj)]m/Q' (5.7)

®In conventional Regge theory, trajectories j(t) are functions of the transverse momentum squared. In
a conformal theory there is a continuum of such trajectories for each value of t, but this continuum is
generated by a symmetry and with fixed p and v the spectrum becomes discrete, see for example [18].
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(3)lin

Figure 4. The linear kernel K in coordinate space in the physical region z = x*.

A special eigenfunction is U(z; — zj) = z; — z;, corresponding to m = 1 and v = 0, which
is a generator of the aforementioned U(1) gauge symmetry at large N.. The eigenvalue of
K = 1—j must thus vanish in this case, which leads to an exact prediction for the intercept
of the Odderon trajectory at large N, [19, 50]:

j(m=1,v=0) = 1. (5.8)

Since this property was manifest in the original starting point, i.e. eq. (5.2) before eq. (5.3)

L)

was used, in practice we will use this property to fix the constant Cf Translation-

invariance of the trial wavefunctions enables one transverse integral to be done explicitly.
This simplifies the evolution (5.4) to:
d%y
ly[?

where, labelling four points as {z1, 20, 20/, 22} = {1,2,2 — y,0}, the translation-invariant

42z o (D
L _ [12(2—y)0]
HW) (y) _/w|1—z|2|y—z|2' (5.10)

KOU(@) = (4P KD +200) Ua) HO (y)U(ay), (5.9)

kernel is

Plugging in the wavefunction (5.7), we see that the Pomeron trajectory is the Mellin
transform of H)(y).

The parity symmetry of K@ makes |y|H ) (y) invariant under the inversion y —
1/y. The eigenvalue can thus be written as the sum of two terms, analytic in the lower- and
upper-half v-planes respectively, representing the contributions from |y| < 1 and |y| > 1.
Following a common notation in the literature, we thus write the Regge trajectory j =
1—- K as:

o) 2 L
. o gYMNc (L (L)
jm,v) =1+ L§:1 ( = ) (Fm’y + Fm7_,/> (5.11)
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where, for L > 1,

R = PR 00+ [ 1 et a0, 61)
’ ’ ly|<1 |y’2

In summary, the Pomeron trajectory j(m,v), defined conceptually as the eigenvalue of

the evolution (5.4) on the eigenfunctions (5.7), is obtained at three loops by computing

the Mellin transform (5.12) of the translation invariant projection (5.10) of the coordinate

space kernel (5.6).

5.1 Result for the eigenvalue

To efficiently integrate (5.10) we used the differential equation method, wherein derivatives
are iteratively computed and simplified using integration-by-parts identities. This method
has a long and successful history in the context of dimensionally regulated Feynman in-
tegrals [51, 52]. We used a variant that exploits simplifications occuring for absolutely
convergent integrals, based on ideas in refs. [53, 54]. Our procedure is illustrated in ap-
pendix B in a few examples. The result is an expression for H®)(y) in terms of iterated
integrals starting from the origin y = 0.

In principle these iterated integrals could be rewritten in terms of polylogarithms, but
we found this neither illuminating nor useful in practice. Rather, to extract the eigenvalue,
we found it more efficient to perform the angular integration directly at the level of the
iterated integral, using again the differential equation method to obtain the result as a
iterated integral in the radial variable x = |y/2. The radial functions then turned out
to be conventional harmonic polylogarithms. At one- and two-loop this procedure gives
expressions that are very uniform for all transverse angular momentum m (m > 0):

1 _ .
dxr 1+|m|+iv 1 1+m+w
FO — 4 — — =4 1) — _— 5.13
Woet), S o - (2. (5.13)
— 2 d:[: 1+mtiv | Hgg (l—f—x_m)HQ + (1—(—$)_m)H71 0
2 — 7}7(1) 12 e ; ,
m,v 3 my T (3+38 ; l‘ 2 1 + 1

reg.

Here the ‘reg.’ notation is an instruction to subtract all the negative powers of z (and
powers of log(z) they multiply) from the series expansion of the bracket around xz = 0.
The harmonic polylogarithms (with omitted argument ) are defined recursively as [55, 56]°

logk z
k'

T de! logt Y (x/x!
Heion..ar®) = | B @) (@) Ho..o(e) = (5.14)
0

¥z (i—1)!

The concise expression (5.13) for the two-loop eigenvalue is apparently new, but we have
verified that it agrees, for all values of |m/|, with the known result in N' = 4 SYM [10, 11, 57].
Equations (5.13) takes the form of a Mellin transform over harmonic polylogarithms,

which is well-known to give harmonic sums (see appendix C), which in the case of eq. (5.13)
1—|m|+iv
2

would have argument 1+|Tg|+2” and . However, it is important to note the “reg”

6Using classical functions: Ha(x) = Lia(z), H_1,0(x) = Liz(—2) + log(z)log(l + =) and Hoo(z) =
Log?(2).
2
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subscript in that equation, which implies that a number of powers of x terms, which grows
with |m|, have to be subtracted. It would be interesting to see if the result can be usefully
written as some kind of “regulated” harmonic sum.

b

At three-loops, although the “reg.” mnotation seems to help, we did not succeed in
finding a compact formula accounting for the full m dependence, and so here we restrict

our attention to individual values of m, for example

1174
45

Féi): x u[ 0,000 . fo 7 (5.15)

(1)
F 1 + + 32

£ = —2H,—2H 30~ AH 15+ Hyo+4Hs1 +2H 5 19~ H_300+2H 1,29 — 2H 120
—8H_191 — 2H20,0 + Co(H_o+ H_10 — 2H> — 2Ho o) + 3(3(3Hy — H_1) — 10(.

The Mellin integral in eq. (5.15) gives a practical and efficient way to compute the
eigenvalue numerically for any desired value of v. The result of the integral can also be
formally expressed in terms of harmonic sums (see eq. (C.3)), although evaluating these
sums for complex v then requires an analytic continuation. In appendix C we also provide
harmonic sums expressions for m = 1.

Interestingly, the same constant C®) = 16((a(3 + 5¢5), fixed here analytically from
the condition (5.8), also appears in the large-spin limit of twist-two anomalous dimensions
(A —2—7j — 8yx(log(j) + vr) — C), and in the large-v limit of the color-adjoint BFKL
kernel [58].

A Mathematica notebook trajectories_3loop.nb attached to the arXiv submission
article allows to evaluate the eigenvalues for any m and v. (The command j3Eval[m,nu]
evaluates numerically to high accuracy the 3-loop correction to j(m,nu), by numerically
integrating the series-expansion around 0 and 1 of the radial functions; the command
F3integrandHPL [m] produces symbolic expressions for the radial function and transverse
spin m in terms of harmonic polylogarithms.)

For even m = 2,4,6..., something new happens: the integrand requires a generaliza-

tion of harmonic polylogarithms involving iterations of [ % log i:\/@ This is related to
the square-root containing entries of the symbol of H (y) recorded at the end of appendix B.
While still straightforward to evaluate the Mellin transform numerically, the result cannot
be written in terms of conventional harmonic sums and it is an interesting open problem
to characterize this new class of sums.

Finally, we have compared our result for m = 0 with the recent works [15, 16], which
exploited, respectively, integrability of the theory and high-loop data in the collinear limit.
After converting to our basis, we found perfect agreement with both references (showing
in particular that they agree with each other). The coordinate space kernel (5.6), its
corresponding eigenvalue for m > 0, and the nonlinear terms in eq. (4.34c), are new
predictions.

5.2 Collinear singularities and resummation

The eigenvalue is plotted for m = 0 and m = 1 in figures 5-7. It is apparent that, especially
near the peak for m = 0, the perturbative series suffers from slow convergence. This was
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Figure 5. The BFKL eigenvalue for m = 0 along the real v axis at various orders for A = g2,N, =
6. Convergence near the maximum is visibly slower than away from it. The “resummation of
leading-order” is defined below eq. (5.16).

observed already at two loops and explained in terms of nearby singularities in the complex
plane at iv = £1 [12].

In short, these singularities are related to the collinear limit of BFKL, where the scaling
dimension A = 2+ir = 3 of the exchanged state coincides with that of twist-two operators:
A =2+ j+~(j) with j close to 1, e.g. the operators entering the DGLAP equation. As is
common for two-level quantum systems, this crossing of two energy levels [18] gets resolved
as depicted in figure 6:

+A—3i\/(A—3)2+32g2

|~ 1
J 2

A=2+iv. (5.16)

At small ¢ = g?gﬂﬂ]}, one branch choice gives the near-horizontal BFKL trajectory while
the other gives the 45° twist-two (DGLAP) trajectory. (The square root formula follows
easily by solving A(j) = j +2 + ]8%21 for the j, within the overlapping regime of validity
of BFKL and DGLAP ¢? < |j — 1] < 1 where the anomalous dimension 7(j) can be
approximated by its leading pole.) It was shown that, expanding the square root to order
g*, reduces by half the magnitude of the two-loop corrections to the intercept j(0,0) (if one
also includes the complex conjugate singularity at iv = —1) [12]. The “LO resummation”
curve in figure 5, called “scheme 2” in ref. [12], thus shows the LO trajectory plus eq. (5.16)
minus its O(g?) expansion. (It would be useful to develop a NLO resummation and we
leave it as an open problem for the future.)

The formula (5.16), expanded to three loops, turns out to not predict very well the
three-loop correction to the intercept j(0,0) ~ 1 + 11.09¢? — 84.08¢* — 2543.05¢% + O(g®).
In fact it gets even the sign wrong. By looking at the singular terms in F' close to the pole
we can try to understand why:

w1 8g%  64g* (1024 _ 512¢;  5T6(3 464

e e A N SR I CR

8
7 5 5 > + regular + O(g°), (5.17)
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Figure 6. Level repulsion between the Pomeron and DGLAP trajectories for m = 0 as a function
of scaling dimension, illustrating the v = +i singularities. (LO expressions plotted with A = g2, N,
=1.)
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Figure 7. The BFKL eigenvalue for m = 1 along the real v axis at various orders for A = g2, N,
= 6.

where § = 1 — jv. Comparing with eq. (5.16), we find that the leading pole 1024¢5/5° is
exactly as predicted (as it had to). Setting 0 = 1, the subleading poles however also give a
numerically large contribution to the intercept 2F, so truncating to the leading pole does
not give a good approximation to the intercept. However, summing up all the singular
terms in eq. (5.17), one finds that about 80% of the three-loop correction to the intercept
is reproduced. A heuristic explanation is that the contributions from the next singularities,
at iv = £3, are suppressed by their distance.

Interestingly, all polar terms at L-loops can be obtained from the L-loop DGLAP
equation. (See for example [59, 60].) From the higher-loop DGLAP equation one can get
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nonsingular terms in the expansion (5.17), see for example eq. (21) of [16]. We have verified
that our result (5.15)—(C.3) agrees with all these constraints.”

We conclude that the physical picture of [12], that large corrections to the intercept
originate from the iv = +1 collinear singularities, is consistent with the three-loop trajec-
tory we obtained, although the full polar part, predicted by DGLAP (as opposed to just
the leading pole), must be retained. In general it would be very interesting to find a way
to make full use of the DGLAP information at a given loop order

Finally, we comment on the Mellin transform of the level-crossing formula (5.16) back
to coordinate space. The transform produces a Bessel function:

=y Ji(1gv210g )
— 2"/ (iv — 1)2 4 329 = 32¢ : 5.18
[ el g = gt (5.15)

The right-hand side has appeared in coordinate space and momentum space resumma-

—00

tions [13, 14], so it is nice to see how it arises form the familiar two-level crossing for-
mula (5.16).

6 Discussion and conclusion

In this paper we have computed, for the first time, the evolution equation which resums
large rapidity logarithms in forward scattering to three loops in a gauge theory. Our main
results are the full nonlinear equation (4.34) in planar supersymmetric Yang-Mills theory,
its linearization (5.6), characterizing the BFKL Pomeron in impact parameter space, as
well as its eigenvalue, the Pomeron Regge trajectory, described in appendix C. This result
is a first step toward the analogous QCD result, and by itself can already be used to assess
the convergence of perturbation theory and its proposed resummations, and shed light on
nonlinear saturation effects at finite coupling.

This computation was made possible thanks to a recently established correspondence
with the resummation of large so-called non-global logarithms, which occur when soft radia-
tion is excluded from a fixed angular region. This correspondence is helpful because it makes
available a body of knowledge on the factorization of infrared and collinear divergences,
and at a conceptual level it defines in a clear way the evolution equation to all loop orders.
This allowed us to derive a systematic subtraction method for nested subdivergences, em-
bodied in eq. (4.21), such that all energy integrals at fixed angle become convergent. We
then dealt with collinear subdivergences and real-virtual cancellations in a second step, by
multiplying and dividing by the corrections to the single soft current as in eq. (4.14).

Therefore, although we set up our calculation in dimensional regularization and some
divergent intermediate objects appeared, we find that in the end the evolution equation de-
pends only on the ¢ — 0 limit of physical scheme-independent quantities like the the Bern-
Dixon-Smirnov remainder (4.16)! This opens a new possibility to relate an object with the
topology of the cylinder, the BFKL Pomeron, to the integrable system appearing in planar
scattering amplitudes [61]; graphically speaking, this cuts the cylinder into two half-pipes.

"Compared to eq. (21) of [16] (version 1), we have w + —w, to match with the generally accepted
convention w = j — 1 that we are following.
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As a highly nontrivial test, of both our calculation and of the integrability approach,
we have compared our extracted Pomeron trajectory (5.15) with the recent predictions for
m = 0 in [15, 16], and found perfect agreement! We have also found perfect agreement, in
the collinear limit, with the prediction from anomalous dimensions of twist-two operators.
The trajectory for other transverse angular momenta m, and nonlinear interactions, are new
predictions which it would be very interesting to check within the integrability approach.

It is important to clarify the 1/N, counting in which our result is valid. The projectile
is assumed to be made of a finite ~ N? number of Wilson lines, but whose expectation val-
ues across the target can be finite, N%Tr[Ul UQT ] ~ 1. This asymmetric setup, motivated for
example in proton-nucleus collisions, is the same as that for which the Balitsky-Kovchegov
equation is strictly derived. In the context of AdS/CFT this counting would apply to e.g.
a light probe of a black hole. This is also a well-defined setup and in fact it would be
interesting to work out the nonlinear terms in the Balitsky-Kovchegov equation at strong
coupling A, including perhaps 1/ VA stringy effects. The linear terms, which govern corre-
lators of light operators with large but not-to-large energies (before the onset of saturation,
such that 1 —U ~ 5071 /N2 < 1) have already been identified with graviton exchange [18].

There are several directions in which this work could be extended. One is to go beyond
the planar limit at weak coupling, where the two-loop corrections have recently become
available [23, 62, 63]. Interesting new physical effects appear at three loops in the non-
planar sector, for example the 4—2 reggeon transition which “closes the Pomeron loop”
and restores the symmetry between the target and projectile would first be seen there
(see for example [19]). Through the KLN theorem, the three-loop evolution could also
independently predict from real corrections, and thus test, the recent result for three-loop
soft anomalous dimension [64]. Another direction is towards QCD: technically, our setup
gives direct access to the evolution equation for non-global logarithms, which in QCD will
differ from rapidity evolution by terms proportional to the S-function. These could thus be
calculated subsequently by calculating matter loops on both sides of the correspondence.
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A One-loop correction to the squared double soft current

Here we record the interference of the tree and one-loop double soft current, defined in
eq. (4.8), obtained from the soft limit of the six point amplitude as explained in the text.

(1)bare _ 510502 — S10’S0’2 5105(00")2 $12800/
2F[100, 9] = log| —————— | log| ———
81(001)S(007)2 — S12500 81(007)502 51(007)5(007)2

1+ P) (512300, — S10/502 — 81050/2> log < 510 >1Og( 512500/ >
51075(007)2 51(007) S1(007)502
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+log? (10 (00 )2> + log <812500 > log <81050 2 ) , (A.1)
S1(00)S02 510502 51(007)5(007)2
with X = —2%( [21 00’ 2]/,uQ)_€ + 272 4+ O(e), and the parity operation P: {1,0} > {2,0'}.
Here all analytic continuations have been performed, so the logarithms are all real for

timelike (positive) invariants, as is the case for our application. The infrared divergences
are contained in the factor X but in practice all we will need is the fully renormalized form
factor, defined in eq. (4.14), which is finite and obtained by a simple substitution:

(Uren _ p(Dbare . 1102 Q12000000 1, - 5 Q12000 02
Frioya = Fliory With XH4log o s +4log 00l (A.2)

B Doing transverse integrals efficiently

Two-dimensional integrals can be done extremely efficiently with the differential equation
method. Here we elaborate on our implementation, emphasizing the simplifications related
to the fact that all the integrals are absolutely convergent and done directly in 2 dimensions.
We first illustrate the method on the integral

d?z  [1—-y)? y|?
n(y,y) = —/ log , B.1
®,9) L= 2Py — 2P o1 g2 (B-1)

which occurs at two-loops when obtaining the translation-invariant kernel H(y) (5.10).
The idea is to differentiate with respect to y and add a total derivative with respect to z
to remove derivatives of rational factors. Indeed, using the relevant identity:

d d1l—=z 11— y|?
—_— 4 — =0 B.2
(dﬂdzl—y) =Py —op O (B:2)

one readily gets that

d Bz (d  dl-z 1 -yl lyl*
d N _ [azfa a 1 . (B.
) / - <dy T _y> = 2Ply— 22 e —1— g2l 3

We “win” because the derivatives commutes with the rational factor and hits the logarithm,
producing a simpler integral.

An important subtlety is that the left-hand-side of eq. (B.2) is singular and so the
equation is only strictly valid for generic z. There are additional contact terms given by
the “holomorphic anomaly”

d 1 d 1

- —_ — 2 —
Wi—7 djy—z T (y — 2). (B.4)

This can be understood from the two-dimensional Poisson equation 8,05 log(2z) = md2(2).
These terms would be absent in dimensional regularization but appear because we insist
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to work with e = 0 (see [54] for four-dimensional examples). In the example (B.3), the
contact terms are at z = 1 and z = y but the logarithm turns out to vanish on both, so
these can be dropped. Evaluating the derivative then gives simply

d _ 1 [d?z (1+vy 1—7

gl(y,y)Z/ (1+y) Q-9

dy y) m2(l+y—2)1-2)(y—2)

To finish, one can repeat the same procedure, inserting a variant of eq. (B.2) to differentiate

(B.5)

the integral with respect to y (and/or g). Now only the contact term contributes and a
general result obtained this way is

A’z (a—b) (¢—d) la — d|?|b — c|?
Topeda= | — — = ) B.6
bed /mw(z—wﬁ—bﬂz—@@—d) %8 la—cPlb—dp? (B:6)
which gives (using the vanishing at y = —1 to fix the integration constant)
d _ 1 _ _ _
G0 w0 = x2logyy)  — ai(y,9) = log?(yg) - (B.7)

This result can be easily confirmed by numerical integration.

A critical point to emphasize is that the factor 1/y in eq. (B.5) had to be pulled out
in front of the integral before taking the second derivative. If the derivative were allowed
to act on that factor, one would gain nothing from it. Only properly normalized integrals
simplify upon taking derivatives.

A simple criterion to identify properly normalized integrals is that all the Poincaré
residues of their rational factors should be constant (these are often called leading sin-
gularities). These are simply the double residue with respect to z followed by z, of the
rational factors in the integrand, with z and z treated as independent complex variables.
This property is easily verified in egs. (B.1) and (B.6). Its significance is that it ensures
that derivatives of the rational factors have vanishing Poincaré residues, which is needed
for them to be total derivatives which simplify upon integration by parts as in eq. (B.2).
See for instance refs. [53, 54] for other applications of this criterion.

The procedure to decompose an integral into properly normalized ones is essentially
partial fractions. When the denominators do not couple z and Z, it is in fact literally
partial fraction in these two variables, one after the other. But the integrals we need
also contain in the denominator an irreducible quadratic form Q(z, z), which is harder to
partial-fraction out. We illustrate this with the other integral appearing in H®) (y), coming
from the second term in the kernel (3.12):

d*z 1 |y|2] !1—2!2|y—z|2 2 2 21,12
—_— 0 — |1+ =] log ————F———, =|1-z —z|" = |14+y—2z|"|z|".
/ T 1= 2Py — 22 { Q | ity — 2 @=M=2fly=2=[l+y—=2[|

Despite appearances, @) is a quadratic form in z, zZ. The leading singularities of the rational
factor can be computed and found to be linear combinations of 1/[(1 — y)(1 + ¥)] and
1/[(1+y)(1 —g)], so the decomposition into properly normalized integrals will require two
terms. To illustrate the result of the partial-fraction method to be detailed shortly, one
indeed finds that the integral can be rewritten exactly as:

1 /szy(l—y)(lﬂi) Og|1—2|2\y—zl2
A=9)+y ) 7 1-2)(y—-2)Q ~[+y—=2

+(y 7). (B.8)
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This rewriting of the integrand is a purely algebraic identity. The upshot is that all residues
have been pulled out and the leading singularities of the rational factor inside the integral
are only £1. One then expects, and finds, that the derivative d/dy of the integral is a
total derivatives in z and z. One does not need to make any clever guess to find this total
derivatives: in practice we simply write down an ansatz with a polynomial numerator in z
and z and solve for the coefficients. We obtain for example the identity:

d dl-z (d, . o d, o\ I0+y0-2)(y-2)
dy+dz1—y+<dz(2 tmyt et y)>y<1—y><y+y><1+yy>
=) +7)
(1—-2)(y—2)Q

again up to contact terms arising from the holomorphic anomaly (at z = y and z = 1).

=0,

Plugging this into the integral (B.8) thus gives its y-derivative in terms of contact terms and
the simpler integral (B.6). The derivative can then be easily integrated, and the integration

constant again is fixed by the vanishing at y = —1, yielding the two-loop linearized kernel:
4log(yy)? Lis(y) — Lia(y) + Lia(—y5) — log(yy) log 1L + 3¢
HO(y) = A18WI” | gpe ) ~ Lix(y) + Liz(~v7) - (y9)log 775 T 2%z
(1-y)(1-7) (1+y)(1—-7)

(B.9)
This agrees precisely with the result in eq. (105) of Balitsky& Chirilli 0710.4330.

Chief advantages of this method are its speed and uniform applicability. Indeed, the
basic steps (integration by parts and partial fractions) are algebraic and independent of
the transcendental weight of the functions being integrated. That is, the same code we
used to do the two-loop integral H(?) (y) as just described, automatically also worked for
H®) (y) and would presumably work at higher orders as well (producing the result as an
iterated integral).

To conclude, we elaborate on partial fractions in the presence of the quadratic form @
in the denominator. The main step is to exploit the geometry to create a complete basis.
For the integrals involving @), there are other singularities on the 8 lines z = 0,1, y, 1+y and
z=0,1,y, 1+, each line intersecting the quadric ) at two points. However the geometry is
a bit degenerate and there are only 8 intersections: (z,z) = {(1,0), (0,1), (0,9), (y,0), (1+
y, 1), (1,1+79), (y,1+9), (14+y,9)}. A complete basis of rational functions is then obtained
by writing 8 objects (zfﬁ where a € {0,1,y,1+y} and the numerators n, are linear in z
and chosen to leave only one Poincaré residue nonzero (and equal to 1). A ninth integral
Vyy/Q (accounting for a residue at infinity), together with simpler integrals with only
linear denominators, complete the basis. Once a basis is fixed, partial fraction identities
like (B.8) follow simply from computing Poincaré residues, a fast operation.

The other integrals needed in this paper, involving the triple-real functions (4.33)
and (5.5), were dealt with in a similar way, although their geometry is somewhat simpler
(no square roots appeared in these cases).

B.1 Single-valued functions for the linearized kernel

The linearized kernel (5.5) is a weight 3 function of one complex variable; the preceding
method produces it in the form of an iterated integral, whose integration constants could
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be easily fixed from the limit x — 1. Its symbol turns out to be made of the five letters
z,1 —z,z,1 —Z and 1 —v = x + T — zZ. At transcendental weight 3, we found only
three nontrivial single-valued functions with such symbol, in terms of which the three-loop
linearized kernel K" (z) in (5.6) is compactly written:

01 =2(Lig(x) + Li3(z) — 2¢3) — logu(Liz(z) + Lis(z)), (B.10a)
O, =2(Lig(1 — 2) 4+ Lis(1 — z) — 2¢3) — logv(Li2(1 — z) + Liz(1 — 7)), (B.10b)

i () () A )
1

x)(1 — &) — 4Lig(z) — 2Lis(1 — ) + log(zZ)Lia(z) + élog:}(l — )

8

x log(

— 5 log?(1 ) (los(x) ~ log(2)) — ; log”(1 — ) log(1 — )(1 — #) + G log(1 - x>}

—(z < 7). (B.10c)

Although not manifest from these formulas, these functions have no branch cut on the
complex plane where & = x*. This can be confirmed by series-expanding around singular
points such as * = & = 0 and * = T = 1, where to all orders one finds only single-
valued logarithms of log(xx) or log(1 —x)(1 — ) but never log(x) nor log(1 — x) separately.
Furthermore, there are no singularities along 1 — v = 0 (which traces a unit circle with
center at z = 1).

We note that the same five letters are also singularities of the two-loop kernel, so it is
natural to conjecture that no other letters appear in K (L)hn(az) to any order in perturbation
theory in planar N' = 4 SYM. Its translation-invariant projection H(")(y), defined by the
integration (5.10), can then be obtained by applying the algorithm detailed above, which

) ; _ _ _ — VUtV 1+i\/ﬁ}
implies that at most the ten letters dlog {y, 9, 1ty 1+y, y+ vy, 1 +yy, =iy 1=y | AR

appear in its symbol (all of which do indeed appear at three loops).

C Eigenvalue in terms of harmonic sums for m =0 and m =1

Here we give explicit expressions for the 3-loop Pomeron trajectory, given in coordinate
space in eq. (5.6), in Mellin space using the harmonic sums

N . ;
(signa) (signa)’ ,

a ) Sal,...,an (N) = -lq Sa2w~:an (1’) . (Cl)
— ©lal Zl ilal

Mz

This defines the sums for integer N and the Mellin transform produces their analytical
continuation from even N. Using standard algorithms [55], we have converted the Mellin
integral projected onto transverse angular momentum m = 0, eq. (5.15), to harmonic sums
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with argument N = #

Fy)=—48,  F) =853 —165_5, +8((35_1 + 3log2 + 51) — 6C, (C.2)
F
35/ =—595+25 41—532+25 23— 52 3—253 o+4S 311+451,31+251, 22

+2519,—2 4+ 2521,—2 — 851,211 + (2(S152 — 3S_5 + 25 01 — 451 _2) — LS
+7¢3(251,-1 +2(S1 — S-1)log2 — S_p —log®2) + (8¢_3,1 — 17¢4) (S—1—S1+log2)
— 5352 + 4¢G5 — 6¢aC3 +8C 311 - (C.3)

Here (31 =~ 0.087786 and (_31,1 ~ —0.009602 are multi-zeta values. This result is in
precise agreement with [15]. The Pomeron trajectory is the sum of F,, and F,, _,, see
eq. (5.11). For m # 0 our result is new. For m = 1, for example, the Mellin transform can
be expressed in terms of harmonic sums now with argument N = %’, giving the Odderon
Regge trajectory:

: R
Ff,u) = —451, 8’” = N7 (S_2+ () = N 7251 + S3+ (251 + 3G, (C.4)
¥
i é” =N (-35_4+2S8 31 +25 92+25 _5+45_2—8S 211 +451 21 —851,1,-2)

—i—N*Z (2S3 —-S_3 —25_2,1 +4S17_2 +4(2.51 —5(3) —I—Nfg (45171 —4S_5—99 —3C2)
+N 7 (G(—287 — 65_9) 4+ (3(7S_1 +351) — 9¢4) + BN * — () S — 255
—C2@3 — 3¢5 - (C.5)

This is regular and in fact vanishes at v = 0, in accordance with the all-order result (5.8).
Other values of m can be evaluated numerically using the attached Mathematica notebook.

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