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Abstract We consider the double-soft limit of a generic
QCD process involving massless partons and integrate ana-
lytically the double-soft eikonal functions over the phase-
space of soft partons (gluons or quarks) allowing for an arbi-
trary relative angle between the three-momenta of two hard
massless radiators. This result provides one of the missing
ingredients for a fully analytic formulation of the nested soft-
collinear subtraction scheme described in Caola et al. (Eur
Phys J C 77(4):248, 2017).

1 Introduction

A precise description of hard processes offers an exciting
opportunity to discover or constrain physics beyond the
Standard Model at the LHC using indirect methods. Such
a description is based on the collinear factorization frame-
work that emphasizes the importance of understanding par-
tonic cross sections in higher orders of perturbative QCD.
Currently, it is possible to compute most processes of phe-
nomenological interest at a fully-differential level at lead-
ing and next-to-leading orders in perturbative QCD, and
2 — 1 and 2 — 2 processes at next-to-next-to-leading order
(NNLO).

An important recent development in the field of preci-
sion collider physics is the start of “mass production” of
NNLO QCD results for major 2 — 2 LHC processes such
as pp — tt [1,2], pp — 2j [3,4], pp — V + j [5-9],
pp — H + j [5,10-12], the ¢-channel single top produc-
tion [13,14], Higgs production in weak boson fusion [15,16]
etc. General purpose public numerical codes also became
available recently [17,18]. This progress happened because
a number of computational schemes, both of the slicing type
and the subtraction type [5,15,19-37], have matured enough
to be used in complex realistic calculations.
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Nevertheless, in spite of these successes, it is fair to say
that none of the suggested schemes are fully optimal. This
is unfortunate as it can limit our ability to make precise pre-
dictions for higher multiplicity processes at the LHC in the
future. Hence, further developments of subtraction methods
are welcome. Motivated by these considerations, two of us in
collaboration with R. Rontsch have recently proposed [19]
a modification of the subtraction scheme described in Refs.
[29-31]. A key element in our proposal is the double-soft
limit defined as follows.

We consider the double-real emission contribution to
NNLO QCD corrections to the production of an arbitrary
final state X in hadron collisions. Specifically, we are inter-
ested in the X + f final state, where f are either two gluons
or a quark—antiquark pair. We assign four-momenta k4 5 to
the two additional partons, and consider the double soft con-
figuration k4 5 — 0, with no particular hierarchy between k4
and ks. It is well known that soft emissions factorize. Indeed,
in the soft approximation parton emission does not change
the kinematics of the final state X and does not affect infra-
red safe observables. Moreover, the matrix element squared
of the process ij — X + f factorizes into a color-correlated
emissionless matrix element squared for the processij — X
and a universal eikonal function that depends on momenta of
hard radiators that are present in either the initial or the final
state, and the momenta k4 and ks of the soft partons.

Animportant ingredient of any NNLO subtraction scheme
is the integral of the double-soft eikonal function over the
phase-space of the two extra partons f, subject to kinematic
constraints. In the framework of Ref. [19], the following con-
straints on energies of the soft partons are imposed

k) < Emax, k2 <k§. )

In Ref. [19], double-soft integrals with constraints as in
Eq. (1) were computed numerically for the case when hard
emittors are back-to-back. Although this is adequate for
the color-singlet production processes considered in [19],
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in more complicated cases the numerical approach becomes
cumbersome, since it requires a non-trivial continuation of
phase-space integrals beyond four space-time dimensions
(see [29-31,38] for details). Moreover, beyond the back-to-
back limit, the double-soft integrals become functions of an
angle between the three-momenta of the hard radiators. Since
these angles change from event to event, the required numer-
ical computations become quite expensive.

In what follows, we show how to overcome these issues
and present an analytic computation of the double-soft inte-
grals required for the description of NNLO real emission
contributions to an arbitrary process. The rest of this paper
is organized as follows. In Sect. 2 we introduce our nota-
tion, present relevant formulas for the double-soft limit and
define the integrals that need to be computed. In Sect. 3 we
discuss how to use differential equations to find the phase-
space integrals. In Sect. 4 we explain how to fix the boundary
conditions needed to fully reconstruct the required integrals
from the differential equations. In Sect. 5 we present our final
results for the integrals of the double-soft eikonal functions.
We conclude in Sect. 6.

2 The double-soft current and its integration

In this section, we consider the double-soft limit of a generic
scattering process. It is well known that soft emissions fac-
torize. We now recall basic features of this factorization, fol-
lowing closely Ref. [39]. Interested readers should consult
Ref. [39] for further details.

In QCD, soft emissions involve non-trivial color cor-
relations. It is then convenient to introduce a color basis
lc1, ..., cn), and write a generic scattering amplitude as

-’Cn|M(pla-~-’pn)>a

(2)
where c¢; are the color indices. It is also useful to associate a

color charge T; with the emission of soft gluons off a parton
i. Its action is defined as

ey Pn) = (c1, - -

€1y sCiveesomyalTilbr, ... biy .. by)
= 8¢,b, "'Tgb,- e Sepbm 3)
where a is the gluon color index (a = 1, ..., ch — 1) and

Tc?bi = ifac;p; if pa_rton i is a gluon, Tgbi = tgibi ifiisa
quark, and Tc’j b = tfi b = —tgi ¢ if i is an antiquark. Here
fabe and tgh are the generators of the SU(NV,) Lie algebra
in the adjoint and fundamental representations, respectively.
The color charge operators satisfy

TTf =T -T; =T;- T, T} =Ci, )
with C; = C, = N.ifiisaglionand C; = Cp =
(Nf — 1)/(2N,) if i is a quark or an antiquark. Note also
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that each vector |M(py, ...
which implies

, Pn)) 1s a color-singlet state,

Y TiM(pi, ..., pa)) =0. (5)

i=1

Using this notation, the matrix element squared for the
processij — X+ f (k4, ks) in the double-soft limit k4, k5 —
0 can be written as [39]

Mga. g5t {pDP ~ [,

1 .
x| 5 2 Sij k) S ths) |MEDED (ppy 2
ij,kl

—Ca ) Sijlka, k)M (pDI |, 6)

i<j
if f(ka, ks) are two gluons, and

| M(ga. gs: {p)I?
~ (g2 2 T S Tij (ks ks) M ((p))2, (7

i<j

if f(ka, ks) are a quark and an antiquark. In Egs. (6) and (7),
“~” means that we only consider the most singular contri-
bution in the double-soft limit, and

(MEPEDApHI® = (Mpr....
XM(pl, ey pn)) ’
IMPAphE=(Mpr, ...

) {Ti - Tj, Ti - Ty} |
P T =T IM(pr, ..., pn))-
(3)

We also used g5, to denote the bare QCD coupling constant
and T, = 1/2. The sums in Egs. (6) and (7) run over all
pairs of hard color-charged radiators. The functions S;; and
f-j read

Sij (ks ks) = 28 (ka, ks) — Sii (ka, ks) — Sj; (ks ks),
Tij(ka, ks) = 27;j(ka, ks) — Zii(ka, ks) — Zjj(ka, ks). (9)

All other eikonal functions are defined as follows [39]

pi-Pj
Sijk) = ————"—,
Y (pi k) (pj - k)
Sij(ka, ks) = S;7 (ka, ks)
2pi - pj

ks cks[pi - (kg +ks)][pj - (ka +ks)]
(pi - ka)(pj - ks) + (pi - ks)(pj - ka)
[pi - (ks +ks)][pj - (ks + ks)]

(l—e) 1
«[iior ~ 3]

(10)
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where € = (4 —d)/2 with d being the space-time dimension-
ality,

pbi-Pj

Ssok,k =
(kg, ks) = k s

(o o W)
(pi -ka)(pj -ks) ~ (pi-ks)(pj - ka)

_ (pi - pj)? (an
(pi ~ka)(pj - ka)(pi - ks)(pj - ks)’

and

(pi - ka)(pj - ks) + (pi - ks)(pj - ka) —

(pi - pj)(kq - ks)
(ks - ks)*[ pi - (ka +ks)][ p; '

7, =
I < (kg + ks)]

12)

According to the computational scheme described in Ref.
[19], the double-soft matrix elements in Eqs. (6) and (7)
should be integrated over the three-momenta of soft par-
tons, subject to the constraints in Eq. (1). It follows that a
double-soft contribution to any differential cross section can
be constructed if the following integrals are known

S = / [dks)[dks )0 (Emax — k)0 (k3 — k$)Si; (ka) S (k).
80 = / [dkal[dks10 (Emax — kO (k] — k) S (ka, ks),

81 = 2 / [k 1[dks16 (Emax — KOS — KT (K, ks),

13)

where the factor -2 in (Sf;m) is introduced for convenience. In
Eq. (13) we introduced the short-hand notation

d@=Dg;

[dki] = W-

(14)

As explained in Ref. [19], the energy ordering E4 > Es5
accounts for the 1/2! symmetry factor relevant for gg emis-
sion. We find it convenient to use the same _phase-space
parametrlzatlon for gg emission as well. Since I, (kg ks) =
I, j (ks, k4), the full result in the gqg case is twice the result
that is obtained by imposing the E4 > Es ordering.

We satisfy constraints in Egs. (1) and (13) by choosing
the following parametrization of the energies of the two soft
partons

kg:EmaxE» kngmax%_Za 0<é<1,0<z<l

15)

We note that integrals in Eq. (13) depend on the relative
angles between the three-momenta of the hard partons but
not on their energies. The first integral & i in Eq. (13) is
easy to compute since it is a product of two single-gluon
eikonal functions. For further convenience, we introduce the
following notation

pi =Ei(11ﬁi)v k4:Emax§ (17ﬁ4)a
ks = Emax £z (1, ﬁS)s (16)
where ﬁl.z = 1. Moreover, we will use

in what follows.
To compute & .k, we integrate over & and z and obtain

Emﬁ§/ dQs i / dQs  pu
8e? 22m)4=1 piapja ) 2Qm) prsprs

(18)

Sk =

The angular integrals over the emission angles of the gluons
g4 and g5 completely factorize and can be easily performed.
One obtains [40]

ds2y Pij 21 1 (4m)¢ .
2(2m)d-1 = le2ra_o | @i ijs
(19)
where
rd - 6)2 Pij
= (1, 1,1—¢1 -2
Fis [F(l—ze)](z) 21( € 2)
=1+4¢€ |:L12 ( ) — {2] + 0(63) 20)
Finally, we obtain
_ (2Ema>()_4E 1 (4m)¢ 2 Pij\ €
&],kl - 264 |:87Z2 1’*(1 _€)i| ( ) )
Pkl €
(%) FuFu 1)

It is straightforward to obtain the expansion of the hyper-
geometric function through O(e*) using existing computer
algebra packages [41].

The non-trivial part of the computation requires the calcu-
lation of the correlated emission terms 8[»(“ /49 a5 a function
of the scattering angle between the two hard partons. We
describe such a calculation in the next section.

3 Double soft integrals

In this section, we describe the calculation of the corre-
lated contributions to the eikonal integrals Sfjgg /4D defined

in Eq. (13). For definiteness, we focus on the S(gg ) computa-

tion. The calculation of .S(qq) proceeds in a similar fashion.

We use the fact that S, j(k4, ks) is a homogeneous func-
tion of the soft momenta k4 5 and of the hard momenta p; ;.
This implies that if we use the parametrization of the four-
momenta as in Eq. (16), we can integrate over the variable

@ Springer
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&. After the £ integration, we separate the integration over z
and write

2Emax) %€
5,-(]?“) - _%/dz Gij(2). (22)
0
The function G;;(z) is defined as

Gij = [[1dkalaksIS ks ks)2P - ks = 1
X 8Q2P ks —z), (23)

and the four-momentum P is a time-like vector P = (1, 6).
Although the final result for double soft integrals does not
depend on the normalization of the four-momenta of hard
radiators, when computing individual contributions we will
use p;j = 1/2(1,17[,]'). The two §-functions in Eq. (23)
provide constraints on the energies of the two gluons k4 s;
their arguments are chosen to make them “propagator-like”
for reasons that will become clear later.

To calculate G;;(z) we need to integrate §,-}(k4, ks) over
the phase-space of the two gluons with energy constraints
shown in Eq. (23). We do this by mapping these phase-space
integrals onto loop integrals following Ref. [42]. After defin-
ing integral families, we apply the integration-by-part identi-
ties to reduce the number of independent integrals that need
to be computed and to derive differential equations that these
integrals satisfy.

Weidentify 19 master integrals to be calculated. To display
them, we introduce seven propagator-like structures

Dy =2pi-ksy, Dr=2py-ks, D3 =2p;-ks,

Dy =2ps-ks, Ds=py-(ks+ks),

De = py - (ka +ks), D7 =2ky ks, (24)

and define

< 1 > . / [dk4][dks16(2P - kg — 1)6(2P - ks — 2)
I D) [1; D" '

(25)

With this notation, we require the following integrals!

1 1 1
h=(), h={—=—), h={({—), = :
=k <Ds> ’ <D§> ! <D4D5>

) = o) (s
Is = s ds={=F—7") h=\7577)
DyD? D4Ds D7 D4Ds D7
() ()
N D]Dé » 0= D1D¢D7 [’
w={om) o= {ma) =
11 = D1 D¢ D7 B 12 = DsDg ’ 13 = DgD(, ’

! In the qq case, only the integrals /13 and /j2_14 contribute.
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O P R Vv B v
14 = DgDs , Lis= DiDsDe |’ 16 = DaDsDe |’

1 1
117 =\~ < ~ ~ /- 118 =\"7" s A~ /I
D D4DsDg D1 Dy D7

1
lig={————). 26
19 <D12D4D7 > (26)

These master integrals are functions of the energy fraction z
and of the relative angle 6 between the two hard radiators i
and j. To compute them, we use differential equations.

In principle, we can write differential equations for master
integrals in both z and 6. As it is easy to see from their
definition, the two integrals /;g and /19 are homogeneous in z;
this implies that the z-differential equation does not give any
non-trivial information in this case. Therefore, we computed
these two integrals by solving the differential equation with
respect to the scattering angle. The boundary conditions for
these differential equations were determined from the values
of I1g,19 computed in a situation when the three-momenta
of the radiators are back-to-back, i.e. 6 = m. We find the
following results

N 3 1
118 = m X {6—2 — 2[12+6G0(x)]

+[12+ 7% 4 24Go(x) 4 12Go,0(x) — 8G1,0(x)]
2 5 472
+e|—4n” —24Go(x) — 21°Go(x) + TGl(x)

—48Go,0(x) + 32G1,0(x) — 24Go,0,0(x)
+16Go, 1,0(x) + 16G1,0,0(x) — 8Gy,1,0(x) — 184“3}

1672

+e|an? - s + 872Go(x) — Gi(x)
10 0 1

82
+ 48Go 0 (x) 4 47%Go o (x) — TGo,l(x)

872 472
—32G,0(x) — TGI,O(X) + TGI,I(X)

+96Go,0,0(x) — 64Go,1,0(x) — 64G1,0,0(x)
+32Gy,1,0(x) + 48Go,0,0,0(x) — 32Gg,0,1,0(x)
—32Go,1,0,0(x) + 16Go,1,1,0(x) — 32Gq,0,0,0(x)
+24Gy,0,1,0(x) + 16G1,1,0,0(x) — 8G1,1,1,0(x)
+72¢3 + 3603Go(x) — 24§3G1(X)} } ,

Ne¢ 3 1
119 = —x2Z1+2€ X {6—2 — Z[6X + G()(x)]

+ [14x + 7% — 30 + 4xGo(x) + 12Go,0(x) — 8Gi,0(x)]

2 2
te |:26x +18— %x + 60Go(x) — 272G (x)

4 2
— 12xGo(x) + %Gl(x) — 8xGo,o(x) + 8xGy 0(x)
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—24Go,0,0(x) + 16Go,1,0(x) + 16Gy0,0(x)
4
—8G1.1.0(x) — 184“3} + €2 [54 — 1072 — %

—90x + 27%x — 36Gy(x) — 4xGo(x)
472 472
+ %xGo(x) - %xGl(x) — 120Go,0(x)

872
+ 472G 0 (x) + 24xGo 0 (x) — —Goa®)

82 472
+80Gq,0(x) — TGI,O(X) —24xGyo(x) + TGI,I(X)

+16xGo,0,0(x) — 8xGo,1,0(x) — 16xGy 0,0(x)
+38xGy,1,0(x) + 48Go,0,0,0(x) — 32Go,0,1,0(x)
—32Go,1,0,0(x) + 16Go,1,1,0(x) — 32G1,0,0,0(x)
+24Gy0,1,0(x) + 16G1,1,0,0(x) — 8G1.1.1,0(x) + 12¢3x

+3653Go(x) —2453G (X)] } - 27

In writing the expressions for /13 19, we used the following
expression for the normalization factor

O [l dém ra-o7
T @r)d-122-2 | T 872 (1 —26) (1 —2¢) |
(28)

Also, x is the sine squared of half the relative angle between
the three-momenta of hard radiators x = sin% 8,8 = 0 /2,and
Gy,.ay.....a, (x) are the standard Goncharov polylogarithms.

The situation with the remaining seventeen integrals is
rather different. Indeed, many of them couple to each other
and the majority of them are not homogeneous functions of
z. Although it is possible to use differential equations w.r.t.
the relative energy and angle to determine the integrals also
in this case, we found it more convenient to consider the
differential equation in the energy fraction z and to determine
the full dependence on the angle between the hard radiators
by computing boundary conditions as functions of 6. We did
not use a canonical form [43] for the z differential equation.
In fact, it is relatively straightforward to achieve a canonical
form for the first eleven integrals but after that it becomes
much more difficult to do so. However, we managed to re-
write the system of differential equations in such a way that
integrating it by expanding master integrals order-by-order in
€ becomes possible. In principle, this is absolutely sufficient
for solving the system of differential equations. A possible
drawback of this approach is that intermediate results tend
to be quite cumbersome. This is, however, easy to deal with
once all the expressions for the integrals are substituted to
obtain the physical result.

The differential equations in z are of the following form

3 - . -
5.1 8) = A2, 91, (29)
Z

where A(0, z, 8) is a triangular matrix with vanishing diag-
onal elements. To integrate these differential equations, it
is important to expose the dependence of the matrix A on
inverse powers of the monomials of z. This dependence is
characterized by elements of the list shown below

:z, (142), sin?8+2), (1 4z sin?8), /(1 —2)2 sin26+4z}.

(30)

The integration of the system of differential equations is
greatly simplified if its coefficients are rational functions of
the integration variables. To achieve this, we rationalize the
square root in Eq. (30) using the following change of vari-
ables

_ (I'—cosé1)(cosé —1)

Z 31
fsin? 8 S
It leads to
. cosd (1 —1)(1+1)
1—2)2sin28 + 47 = ) 32
\/( 2)Fsin”d +4z = — ; (32)

In addition to making the square root rational, the vari-
able transformation Eq. (31) also maps all other z-dependent
monomials in Eq. (30) onto rational functions of #. We obtain

S . .
2= (=)@ —e ™),
tsin“ §
5
Sin% 8 2 =~ (1 —ay) (1 —a_) (33)
tsin® §
8
1 +zsin28 = CO: (t —by)(t—b_),
where

sin?§ ) sin2 5\
ar =cosd 1+ 5 +i /1 —cos?28(1+ 5 ,
34)
coss . cos2§
bj:=—:i:l 1— .
2 4

As the result of the z — ¢ mapping, we obtain a system of
linear differential equations for the seventeen integrals with
rational coefficients

ii(t) =BG, t,e)l. (35)
at

Since the matrix B is a rational function of 7, integration over
t can be performed in terms of Goncharov polylogarithms
in a straightforward manner. This gives the result up to an
integration constant that must be determined by matching to
appropriate boundary conditions. We discuss the computa-
tion of the latter in the next section.

@ Springer
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4 Boundary conditions

As explained in the previous section, we only integrate the ¢
differential equation, without considering a differential equa-
tion in the scattering angle 6. We then need to compute the
master integrals at a given value of ¢ (or z) as a function of
6. It is natural to consider the boundary condition at z = 0,
which corresponds to the situation where one of the two soft
particles is much softer than the other. Not only is this the
simplest kinematic point where such a computation can be
performed, but it is also very useful for the subsequent inte-
gration over z in Eq. (22) since that integration is, in fact,
singular at z = 0.

The computation of boundary conditions is relatively
straightforward for the majority of the master integrals but
there are a few of them that require some effort. We will
illustrate the relevant techniques by considering two repre-
sentative examples.

The simplest master integral is the phase-space itself. It
can be computed in a straightforward way by first integrating
over energies and then over emission angles. The result reads

Ih= / [dks1[dks]5 (2Ks - P—1)5(2ks - P — )= Nez' 2,
(36)

where the normalization factor N is defined in Eq. (28). A
significantly more complex integral is /13, which reads (cf.
Egs. (26), (24))
[dka]ldks]6(2ky - P — 1)6(2ks - P — 2)
Iz = ) . 37
[pi - (ks + k)] [pj - (ka +ks)]

Upon integrating over gluon energies, we obtain
[d€24][dS2s5]

I13 = 64Nz 7% , (38)
‘ (pis + 20i5)*(pj4 + 2pj5)

where we introduced the normalized solid angle integration
measure as
(d D

=i e /[dQ (39)

By inspecting Eq. (38), it is easy to see that, at small z, the
master integral /13 scales as z~L. Therefore, we need to com-
pute it to first subleading power to determine the integration
constant. To accomplish this, we first combine denominators
using Feynman parameters

1
1 _5 dx x
(pis + zpi5)*(pja + 20)5) J (pay + 2p5n)>

(40)

where p4 5, = 1 — a5 -7 and 7 = njx + (1 — x)i ;. We
then use this representation in Eq. (38) and integrate over
directions of the gluon g4. We obtain

@ Springer

/ [dS24]
(1—n4-n+z(1—ns5-1)3
C FPnGil-e2- 26 i)
(14 zpsy — n)3
with n = /7 -7 = V1 — 4x(1 — x) sin? 8. We still need to

integrate the right hand side of Eq. (41) over x and direction
of the vector 75 to obtain /i3, i.e.

; (41)

dQ
Ii3 = 64Nz~ /Zxd / dfs]
(1 +n+ zpsy)
2
x Fy (3, 1 —e,2— 2 —”) 42)
L+ 1+ zpsy

It is quite obvious that such computations simplify dramat-
ically if the expansion in small z is possible at early stages
of the computation. Unfortunately, the hypergeometric func-
tion in Eq. (42) can not be expanded in powers of z because
the maximal value of its argument in the z — O limit is one
and the hypergeometric function in Eq. (42) is non-analytic
there. To transform the integrand in Eq. (42) to a suitable
form, we use the standard transformation for hypergeomet-
ric functions that connects Fo1 (..., y) with F1(..., 1 —y).
We also note that since 7 is invariant under the replacement
x <> (1 — x), one can replace 2x with 1 in the integrand in
Eq. (42) without affecting the value of the integral I;3. Split-
ting the integral into two contributions as the consequence of
the hypergeometric transformation, we write

(=24 8€?) 7@

I3 = 64N, e
. < ((1+e><2+e> 13

T2 —2TQ2+¢)
5 (43)
2T (1 — €)
with
[d25]
Tl(g)_/ / 3h
(1 41+ k)1
1_
. (3,1—e,3+e,—"+K>,
I+n+«
T(b) /dx / Ld<2s]
13 (L+n+)=¢(1 —n+r)2te
1_
% Fy| (—1—26,1—6,—1—6, %) (44)
n K

where k = zps),.

In principle, the hypergeometric functions in Eq. (44) can
be directly expanded in powers of z, since the goal of the
transformations described above has already been achieved.
However, the remaining integrations over x and the direc-
tions of the vector 775 would have been quite difficult in this
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case. Fortunately, there exists another transformation of the
hypergeometric function that reduces the complexity of the
remaining integrations dramatically. It reads

Fr(a,b,a—b+1,y)=(1+y) “Fy

a a 1 4y

——+—,a—-b+1, ———— . 45
X(Z P (1+y)2) @

As we will see, this transformation completely removes
square roots from the computation of the boundary condi-
tions.

We begin by applying this relation to the computation of
Tl(3a). We note that T1(3a) ~ O(1) in the z — 0 limit, so
that it contributes directly to the subleading term in the z-
expansion of /13. Therefore, we are allowed to set z = 0 in
the computation of 7,{’. We find

1
1 3
. (a) 2
Zlgr%)Tlg=§/dxF21<§,2,3+6,1—n>. (46)
0

To compute this integral, we write the function F,; as
hypergeometric series and integrate over x using 1 — 5% =
4x(1 — x)sin® 8. We find a very simple result

1
T = 2P (1,23 +€5in%6) + O(2). @7)
The computation of Tl(3b ) is somewhat more complex, pri-

marily because the z — 0 limit can not be taken directly.
Using the transformation Eq. (45), we obtain

1
T = /dx/[dQs](l

1
x (—2 —€,—€,—1 —¢,

21+26(1 _|_K)1+26
— 02 4 2K + k2)2te

1 —n? + 2 + «?
(1+«)?
(48)

To proceed further we note that if we write the hypergeo-
metric function in Eq. (48) as the standard hypergeometric
series, we can take the z — 0 limit in all but the first two
terms of the expansion. Hence, we consider the contribution
of these two terms separately. We write

8 =10+ 12 + 1 (49)

We begin with the computation of T](f ) We use the series
representation of the hypergeometric function in Eq. (48), set
7 to zero, integrate over x and 715 and obtain

®.x _ r2(— 1—e)r(2—e)( 5)-2e
B 7160 (=2 — 26)I'(—e¢)

x Fr1(1,2 — €, 3, sin? 8) + O(2). (50)
T(b)z

Next, we compute the contribution that arises if
we take the second term in the series representation of the

hypergeometric function in Eq. (48). This term can be written
as

02 _ € H2€) e )2

(1+¢)

1
w®-2 = /[dQs]/dx
0

Since 1 — 1% = 4x(1 — x)sin® 8 and ¥ ~ O(z), it is impos-
sible to expand the integrand in Eq. (42) in Taylor series in z.
Nevertheless, to obtain an approximation to W2 at small
values of z by expanding the integrand, we can follow ideas
about asymptotic expansions of Feynman diagrams known
as the “strategy of regions” [44].

The integral in Eq. (51) has, obviously, three regions: (i)
x ~ O(z), (1) (1 —x) ~ O(z) and (iii)) x ~ (1 —x) ~ 1.
The first two (soft) regions give identical contributions; we
consider one of them and multiply the result by two. We refer
to the third region as the “hard region”. We therefore write

(1 +K)—l+26 (51)

(1 — 02+ 2k + x2)1He’

w®2 = w4 owd? 4+ 0(). (52)

The contribution of the hard region is obtained upon expand-
ing the integrand in Eq. (51) in Taylor series in powers of z.
Since we are interested in the O(z°) term only, we obtain

1

dx
.2
w2 / [d92s] /
" (4x(1 — x)sin? §) '

0

I'(—e)
T(—2¢)°

= (4sin®8)" !¢ (53)
To compute the soft contribution, we focus on the region
x ~ z. We expand the integrand assuming x ~ z < 1 and
extend the upper x integration boundary to infinity [44]. We
obtain

w2 = [1dos)

I+e

0%8

(4x sin? 8+2z(1 —cos05))

. € (=26l (2—2¢)
= 21+2§€ sin2s F'2-3e)I'(1—e) - 54

The calculation of T](f )1 proceeds along the same lines.
The only complication is that, since Tl(é’ LN O™, we
need to expand the soft contribution in Taylor series in
x ~ z < 1 to first subleading term. Apart from additional
algebraic complexity, this does not lead to any conceptual
complications. We provide the results of the calculation for
completeness. We write

T =P 21+ 0(2), (55)
where
21+2¢ FZ(_I —€)
b),1
T = (56)

(4 sin? 8)2+€ [(=2-2¢)

@ Springer



687 Page 8 of 11

Eur. Phys. J. C (2018) 78:687

and
(b).1 e I'(—26)I'(2 - 2¢)
Iy = s (-2
4(1 +€)sin“§ 'a—-3eIrdad—e

27724 3e(1 +€)sin?8) T'(1 — 26)T'(2 — 2¢)
4e(1 4+ €)sin* 8 r2—-3era—e
(57)

Finally, we assemble the full result for the boundary condition
of the integral /13 using Eqs. (43), (47), (49)—(57).

We note that the computation of the other boundary inte-
grals is performed following similar steps; in fact, the manip-
ulations of the hypergeometric functions and the “expansion
by regions” are similar for all complicated master integrals
that one has to compute. We believe that the discussion of
the boundary condition of the integral /13 provides enough
insight into how to deal with them and we do not discuss
other integrals for that reason. We note that boundary condi-
tions for all the seventeen integrals 1,17 are given in the
Appendix.

5 Final results

With the boundary conditions known and the system of lin-
ear equations rationalized, it is straightforward to integrate
the equations in terms of Goncharov polylogarithms and to
match the result of the integration to the boundary conditions.
This allows us to write the function G;;(z) in Eq. (22) as a
linear combination of master integrals

Gij(x) =Y R I (2), (58)

where Ri(]l.() (z) are the reduction coefficients to master inte-
grals. The integration over z in Eq. (22) is straightforward
— we change variables z — ¢ using Eq. (31) and integrate
from ¢+ = (1 — sind)/ cosé, that corresponds to z = 1, to
t = cos 6 that corresponds to z = 0. The only subtlety is that
the integration over z diverges at z = 0. To overcome this
problem, we write

1 1 1
/dz Gij(z) = /dz (Gij(z) — éij(z)) + / dz éij(Z),
0 0 0
(59)

where G; j(2) ~ z~172¢ describes the non-integrable behav-
ior of the function G;;(z) at small z. This function can be
extracted from the computed boundary conditions for the
master integrals and the small-z expansion of the reduction
coefficients R;;.() (z). Finally, since Gi.,' (z) ~ z7172€ the last
term in Eq. (59) can be trivially integrated over z and, since
the first term is not singular at z = 0, the integrand can be
expanded in € and, after changing variables from z to ¢, the

@ Springer

integration over ¢ can be performed in a relatively straight-
forward way.

We note that after performing this final z (or, rather, t)
integration, we obtain the result given by a linear combination
of Goncharov polylogarithms up to weight four with indices
drawn from the following set

; 1
{aia bi’ eila’cosay ®707_15 1}5 (60)

where a4, by are given in Eq. (34). The arguments of these
Goncharov polylogarithms are either (1 — sind)/cosé§ or
cos §. The result of the z integration (or rather ¢ integration)
appears to be very large and complex. However, it can be
simplified using the (by now standard ) symbol techniques
[45—47]. Computing the symbol of the result, simplifying it
and integrating the result back, we arrive at the following
expressions for the double-eikonal integrals

89) _ e[ 1 @m )
859 = 2Emax) [gnzm_e)}

1+1 1 1(2)+l 2Lir(c?) + In%(s?)
X —_— — | — — In(s - 1»(C n (s
2¢4 312 €2 2

1, (2)+11] 5 72 16
— — In(s —n2-— - —
6 3 4 9

1 ) ) 2 Iy . )
+g|:6L13(s ) + 2Li3(¢?) + (21n(s ) + ?> Lir(¢?)
— % ln3(s2) + <3 In(c?) + %) lnz(sz)

22 2 3
_ <?ln2 n % - 3> In(s2)

45 11 11 137 217
22— —72— "2+~
4 3 36 18 54

2 2 22
+4G_1,0,0,1(57) —7Go,1,0,1(s) + ?CB(Z(S)

1
——Sir(26) + 2Lis(c?) — 14Lis(s>
+ 3tan(d) 12(268) + 2Lig(c7) ig(s7)

+aig (— o (L2
Y|l —— | 2Ly ——=
\1+s2 \T+s52
ot (520 i —
1 — 1 —
N1+ s2 4 s
2 2 11 . 2
+[10In(s*) —4In (1 + )+? Liz(c?)
2 2 2 22 : 2
+ | 141n(c?) +21In(s*) + 4In (1 + s )+? Liz(s*)
9
+41In(c*)Liz(—s%) + 5Li%(cz) — 4Liy(c})Liz(—s%)
5 22
+ [7 In(c?) In(s?) — In?(s?) — 5712 + 5 In2

- %]Liz(c% + E”z (e ln(s2)]
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In*(s?) In*(1+5?)
3 6

— In? (sz) I:g ln(cz) + %:I + lnz(sz) |:7 lnz(cz)
2 22 32] n?

x Liz(—s2) +

11
+—ln(c2)+*+?ln2—§ — (1457

+§3|:—71n(9 )y — 111In(c?) + = ln(l-l—s )

21 9
-5 2—9—i|+1n(s)

In2 —

Tm? 22
— ~——In(? 7122— -
X[ p e+ T2 gy 9 27
In*2  x?

12Li 1 + 143 Tt — +—1n?2
— i — —In
4 7207 2 2

11 125 22
— 2?2+ —x? 4+ Zm32

6 2167 T 9

137 434 649 }

1T, 137 208:|

F— 22+~ In2 — —= + O(e) (61)

18 27 81

and

7 w1 @ 7P
8;'(]('” = 2Emax) 4 |: —i|

872 (1 — )
1 12, 4
X 33+ 1n(s)—§1n2

137 I 4. , 2 , ,
—|+-|-=L — =1
+18}+6[ 3 i2(c%) 3rl(S)

8 13 7?

In(s?>) (=2 - — )+ —
+n(S)<3n 9)+9
35 125} 8

22— 22| = Sciy2s
g 02— 5|~ 3629

4
+§ln22+

2 Si (25)—iL1 )

3tan(s) 3

—ELBG%+4Ax¥>L3-—§m2}+ghﬁ@%
2[ 5 8 13}

+ln(s) ——ln(c)——l 2_|_9

2, 107

149

i + 27:|+ {3

272 8 23 35

N S NP, S R

3 9 108 9
223 601 }

8 70
In(s?>)| — =1n?2 — —In2
+n(s)|: 3n 9 n2+
In?2

——In2+—+0(e)

2
27 162 (62)

Here, s = sind, ¢ = cosd and § = 6/2 is half the angle
between the three-momenta of the hard radiators i and j.
The Clausen functions are defined as

(Lin(e®) + Lin(e ™))

Ciy(2) = ) ,

(Lin (') = Lin(e™9))

2i
and Gy 4,.....q, (x) are the standard Goncharov polyloga-
rithms. We have checked these analytic results by comput-
ing the functions ,Sl.(fg 49 numerically for a few values of
8 using the Mellin—Barnes representation for the original
eikonal integrals and the MB.m routine for numerical integra-
tion [48]. We found agreement within the expected numerical
precision of the latter.?

The results shown in Egs. (61) and (62) describe the inte-
grals 51_(}_% 49 a5 a function of the relative angle between the
hard emittors. A useful special case corresponds to back-
to-back radiators; this kinematic situation is relevant for the

description of color singlet production and decay. In the back-
to-back limit§ = 0/2 = /2

Siy(2) = . (63)

L[ 1 @ T
g8) _ de
8;‘(/' |6—>71/2 = (2Emax) |:8 P T — 6):|

1 11 1711 72 16
X{—+ —+—|—In2—— — —

2¢4 " 123 €2 3 4 9
I 21 11 137 11 217
- == 122— n2— —m2+=——
[ - TR 54}
11 4 275 2, 1, 125 ,
—1 2— —7%In2
5" T st 6 216"
137 434 649
— 2+ —MIh2——+0 64
+ o I 2 2 — o u} (64)
and
2
q9) _ 4 [ 1 (m)©
5,-(]- ls—>7/2 = (2Emax) [&T—zm
1 Y 13 41 5
X —_ n
3¢3 18 3
+1 n2+41 2+351 5 125
el9 '3 9 54
25 272 8 35 23
= —m2—--In*2—-=In’*2- —x?
tyatginaogh 9 "7 1087
223 601
— 24—+ 0 65
57 2+ 5+ ()} (65)

We have checked the back-to-back results Egs. (64) and (65)
against the numerical values used in Ref. [19], and found
perfect agreement.

6 Conclusions
We computed integrals of the double-soft eikonal functions
over phase-spaces of two soft gluons or a soft gg pair in the

case when the three-momenta of the hard massless radiators

2 We are indebted to Ch. Wever for help with these checks.
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are at an arbitrary angle to each other. Within the frame-
work of a nested soft-collinear subtraction scheme [19], our
results will allow for an analytic treatment of the double-soft
contribution to NNLO QCD corrections to a generic process
with arbitrary number of hard massless color-charged parti-
cles. Our results for the integrated double-soft functions are
compact; they are expressed in terms of ordinary and har-
monic polylogarithms which ensures that they can be evalu-
ated numerically fast and efficiently. We look forward to the
applications of these results in NNLO QCD computations.

Acknowledgements We would like to thank Ch. Wever for help with
some aspects of the computation. We are grateful to R. Rontsch for
useful discussions.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix A: Boundary conditions for master integrals

We provide the boundary conditions for the required master
integrals in this appendix. We introduce the following nota-
tion

A -26T1+e¢)
I'2(1—e)I (1 —3¢)
2

2T 34, 429774 5
4T -y -t +(9(e>, (66)

Ir =

and write the results for master integrals as
Ii =Ncl;, i=1,...,17. (67)

where N¢ is given in Eq. (28). The integrals [ at small z are
given below.

[ e 2(1 — 2¢)? y i Irz™¢ 1

B 2
c - 3¢ 1—2e}+0(z)’

I3 =772 41 — 2¢)% x
_ - -1  z(1—e¢)
1-2¢ 1—e
= Im| — 42 =7
¢ {z r[ze+(1—3e)]

2 2
_(1—26)(1+E)}+O(Z ).
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. 2(1 — 2¢)?
_ ( )

)
X {1 — 7 €Ir Py (1,6, 1 —e,coszé) } +0 (),
7 —2¢ —6d _26)2 —1—¢
Is =z — 3 Ir
x Fp (1, 1+e€,1 —6,00526) +(9(z0),
1 (1 —2¢)?
Io =z € T
X { — 3z “IrFy (1, l1+¢, 1—¢,cos? 5) }
+2[~18+O(ZO)7
A (1 —2¢)?
&2
X {2—0—221761er1 (1, e, 1 —¢,cos’ 8) }
2(1 — 26)2(1 + 4e) i (1+ 3e)z1~
ze2(1 + 2¢) e B
(1 +e)zsin’s - 0
P oy § O ,
0 +20 19+ 0 (%)
S, (=20 1 { . (1—2¢)
= - x {2
s e sins 1—3¢) "

—4 [sin2 5]76 F> (—e, —e,1— ¢, cos? 6) }

+0(2%),

(14 2¢)
S d+0Q2+e—2e)
X Frq (l, 2,3 +e¢€, sin? 8)

Io = z'72€ 8(1 — 2¢)% x {

IRl [L 2(1+¢€) ] Iy (I+e)
[sin8)? [4e = 2(1 —3e) [sin 8]* 2¢(1 — 3¢)
[cos 8]%€ (1 + 2¢)
- _T(-er'd —
ez | 4 mOTH +€)e(1—2e)}
+0(2),
-, (=207 1
ho=z 2 sin%

X {4 [sin2 8]_6 Fo (—e, —e, 1 — €, cos? 8) — Z_Elr}

+0 (),
I =0(@)),
I = 0(2),

(14 2¢)
A+0C+ed 26
x Fy; (1, 2,3 + e, sin? 8)

e [L _zl 4o —26)]

I3 = z!72€ 16(1 — 2¢)* x {

 [sind)? | 4e 4e(1 — 3¢)

7z €Ir 1

[sin 8]* €(1 — 3¢)

[cos 8]%€ (1+2¢)
T ez L dmoTd e TS

+ (’)(zz),
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Ir 1
€(1 — 3€) sin% §

X {26—sin28—esin28}+0(22),

L =727 401 = 26)* x

Iis = 272 4(1 — 2¢)?
2(1 + 2¢)

{ 1+ +e)(1—26)

[ R 2z + )1 —e +2€2)

[sin §]2 [@ T 2e2(1=3e)(1—e) ]

€I B-e

[sin§]* €(1 — €)(1 — 3¢)

2e
—%F(l —or +e)%}+o(z2),

e 8(1—2¢)? €

2 {(1 o
+ [sin28] " T T+ eT (- e) [cos?s]

Fo (1,2,3 +¢,sin’8)

I =z For (1, 1,2 + €, 5in? 5)

- i [sin2 8]_1 7z ¢Ir [1 +2 Fy (1, €, 1 — ¢, cos? 8)] }

+ O(2),
(14 2¢)

I =2 _ 2 U=
7 =z 8(1 —2¢)” x {e(l+e)(2+e)

Fo (1,2,3 +¢,sin’8)

—1—61 3
Z[-T]zrx[@XF21(1,1+6,1—6,00525)

sSin

1

%XF?I(L&I—G,COSZS)]

7z €Ir 1 (14 .
|5zt s xFa(l.el—€cos™s
[sin8]4[262 2eiq g < P (lel—ecosd)
[cos 8]%¢ (14 26)
WF(I—G)F(1+6)T +0().

We note that the hard contributions for master integrals Ig
and f7 can be written in terms of the master integrals I 18 and
I19, see Eq. (27). This provides an easy way to compute these
integrals to the required order in the e-expansion.
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