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1 Introduction

The form factors are basic vertex functions, and are as such fundamental ingredients for
many precision calculations in QCD. They couple an external, colour-neutral off-shell cur-
rent to a pair of partons: the quark form factor is the coupling of a virtual photon to a
quark-antiquark pair, while the gluon form factor is the coupling of a Higgs boson to a
pair of gluons through an effective Lagrangian. They appear as virtual higher-order cor-
rections in coefficient functions for the inclusive Drell-Yan process [1-3] and the inclusive
Higgs production cross section [3-12]. In these observables, the infrared poles of the form
factors cancel with infrared singularities from real radiation corrections. Consequently, it is
possible to relate the coefficients of the infrared poles of the form factors to the coefficients
of large logarithmic terms in the corresponding real radiation processes [13-16]. A frame-
work for combining the resummation of logarithmically enhanced terms at all orders with
fixed-order results is provided in an effective field theory expansion [17] of QCD, which
is systematized by soft-collinear effective theory [18-23]. In this context, the pole terms
of the form factors yield the anomalous dimensions of the effective operators, while their
finite terms determine the matching coefficients to a given order [24-27].



The form factors are actually the simplest QCD objects that display a non-trivial
infrared pole structure. As such, their infrared pole coefficients can be used to extract
fundamental constants: the cusp anomalous dimensions [28] which control the structure
of soft divergences and the collinear quark and gluon anomalous dimensions. While the
cusp anomalous dimensions were first obtained to three loops from the asymptotic be-
haviour of splitting functions [29, 30], it is the calculation [31, 32] of the pole terms of
the three-loop form factors (and finite plus subleading terms in the two-loop and one-loop
form factors [33-37]), which led to the derivation of the three-loop collinear anomalous di-
mensions [31, 38, 39]. An important observation is the agreement (up to an overall colour
factor) of the cusp anomalous dimension for the quark and gluon, the so-called Casimir
scaling [40]. Casimir scaling has been verified to three loops [29, 30], but it is an open ques-
tion whether it holds at four loops and beyond [41]. From non-perturbative arguments,
the Casimir scaling is expected to break down at some loop order [42].

Based on the observation that infrared singularities of massless on-shell amplitudes
in QCD are related to ultraviolet singularities of operators in soft-collinear effective field
theory [28, 43], the pole structure of these amplitudes can be analyzed using operator
renormalization. The singularity structure of arbitrary multi-leg massless QCD amplitudes
is determined by an anomalous dimension matrix. The terms allowed in this anomalous
dimension matrix are strongly constrained by relations between soft and collinear terms,
from non-abelian exponentiation and from soft and collinear factorization. Independently,
Becher and Neubert [39] and Gardi and Magnea [44] have proposed a remarkable all-loops
conjecture that describes the pole structure of massless on-shell multi-loop multi-leg QCD
amplitudes (generalizing earlier results at two [45] and three loops [46]) in terms of the
cusp anomalous dimensions and the collinear anomalous dimensions. In this conjecture,
the colour matrix structure of the soft anomalous dimension generated by soft gluons
is simply a sum over two-body interactions between hard partons, and thus the matrix
structure at any loop order is the same as at one loop. This result builds on the earlier
work of refs. [47, 48] which showed the colour matrix structure of the soft anomalous
dimension at two loops is identical to that at one loop. There may be additional colour
correlations at three loops or beyond, which cannot be excluded at present [49]. However
strong arguments for the absence of these terms are given in refs. [39]. If the all-order
conjecture [39, 44] holds, the calculation of the pole parts of the form factors to a given
loop order (and of the finite and subleading parts at fewer loops) would be sufficient to
determine the infrared poles of all massless on-shell QCD amplitudes to this order.

The calculation of the three-loop form factors requires two principal ingredients: the
algebraic reduction of all three-loop integrals appearing in the relevant Feynman diagrams
to master integrals, and the analytical calculation of these master integrals. The reduction
of integrals to master integrals exploits linear relations among different integrals, and is
done based on a lexicographic ordering of the integrals (the Laporta algorithm [50]). Several
dedicated computer-algebra implementations of the Laporta algorithm are available [50—
53]. The reduction of the integrals relevant to the three-loop form factors is among the most
challenging applications of the Laporta algorithm to date: due to the very large number of
interconnected integrals to be reduced, the linear systems to be solved are often containing
tens of thousand equations with a similar number of unknowns.



The master integrals in the three-loop form factors were identified already several years
ago [54]. Their analytical calculation proved to be a major computational challenge, which
was completed only in several steps. The one-loop bubble insertions into two-loop vertex
integrals as well as the two-loop bubble insertions into one-loop vertex integrals were derived
using standard Feynman parameter integrals [54], while the genuine three-loop integrals
required an extensive use of Mellin-Barnes integration techniques [55-57].

A first calculation of the three-loop form factors (based in part on numerical results
for some of the expansion coefficients of the master integrals) was accomplished by Baikov
et al. [58] in 2009. The analytical calculation of the last remaining master integrals was
only completed recently [57]. It is the purpose of this paper to validate the three-loop form
factor results of ref. [57, 58] by an independent calculation, and to extend them in in part
to a higher order in the expansion in the dimensional regularization parameter e = 2 —d/2.
These further expansion terms will be needed for an extraction of the quark and gluon
collinear anomalous dimensions from the single pole pieces of the four-loop form factors.

We define the quark and gluon form factors in section 2, where we also discuss their
UV-renomalization and summarize existing results at one- and two-loops. The reduction
of the form factors to master integrals is described in section 3, and the three-loop master
integrals are discussed in section 4. Explicit analytical expressions for them are collected
in appendix A. Our results for the three-loop form factors are presented in section 5, and
supplemented by appendix B. The infrared structure of the QCD form factors up to four-
loops is analyzed in section 6. The three-loop hard matching coefficients for Drell-Yan and
Higgs production in soft-collinear effective theory are determined from the form factors in
section 7. An outlook on future applications is contained in section 8.

2 Quark and gluon form factors in perturbative QCD

The form factors are the basic vertex functions of an external off-shell current (with vir-
tuality ¢> = s12) coupling to a pair of partons with on-shell momenta p; and py. One
distinguishes time-like (s12 > 0, i.e. with partons both either in the initial or in the final
state) and space-like (s12 < 0, i.e. with one parton in the initial and one in the final state)
configurations. The form factors are described in terms of scalar functions by contracting
the respective vertex functions (evaluated in dimensional regularization with d = 4 — 2¢
dimensions) with projectors. For massless partons, the full vertex function is described
with only a single form factor.
The quark form factor is obtained from the photon-quark-antiquark vertex ng by

1
— 7
F = _4(1 O ¢? Tr (péqupﬁ’yﬂ) , (2.1)
while the gluon form factor relates to the effective Higgs-gluon-gluon vertex I'fy as
_ D1-P29uw — PLuP2yv — P1uvP2u
FI = 301 — o) | (2.2)

The form factors are expanded in perturbative QCD in powers of the coupling constant,
with each power corresponding to a virtual loop. We denote the unrenormalized form
factors by F* and the renormalized form factors by F'* with a = ¢, g.



At tree level, the Higgs boson does not couple either to the gluon or to massless quarks.
In higher orders in perturbation theory, heavy quark loops introduce a coupling between
the Higgs boson and gluons. In the limit of infinitely massive quarks, these loops give rise
to an effective Lagrangian [59-62] mediating the coupling between the scalar Higgs field
and the gluon field strength tensor:

A
Line =~ THE Fo - (2.3)

The coupling A has inverse mass dimension. It can be computed by matching [63-65] the
effective theory to the full standard model cross sections [5-9].

Evaluation of the Feynman diagrams, contributing to the vertex functions at a given
loop order yields the bare (unrenormalised) form factors,
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where p3 is the mass parameter introduced in dimensional regularisation to maintain a

dimensionless coupling in the bare Lagrangian density and where
Se = e 7 (4m)S, with the Euler constant v = 0.5772. .. (2.6)

The renormalization of the form factor is carried out by replacing the bare coupling
a® with the renormalized coupling s = a(1?) evaluated at the renormalization scale 2

Al pdt = Zo, 1> o (). (2.7)

For simplicity we set 2 = |s12| so that in the MS scheme [66],
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The renormalization relation for the effective coupling A’ in the MS scheme is given by,

A= Z3\ (2.12)



with
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The i-loop contribution to the unrenormalized coefficients is F;*, while the renormalised
coefficient is denoted by F{ where a = ¢,g. If si2 is space-like, the form factors are
real, while they acquire imaginary parts for time-like s12. These imaginary parts (and
corresponding real parts) arise from the e-expansion of

A(s12) = (—sgn(s12) —10)~¢ (2.14)

so that the renormalized form factors are given by,
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Up to three loops, the renormalized coefficients for the quark form factor (with u? =
|s12]) are then obtained as,
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while those for the gluon form factor are given by,
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Unless explicitly stated otherwise, the renormalized form factors are given in the space-like
case in the following sections.

The one-loop and two-loop form factors were computed in many places in the litera-
ture [31-37]. All-order expressions in terms of one-loop and two-loop master integrals are
given in [37], and are summarized below.



2.1 Results at one-loop

Written in terms of the one-loop bubble integral, which is normalized to the factor
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the unrenormalised one-loop form factors are given by
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Egs. (2.20) and (2.21) agree with eqs. (8) and (9) of ref. [37] respectively.
Inserting the expansion of the one-loop master integrals and keeping terms through to
O(€®), we find that
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where the gluon form factor agrees with eq. (7) of ref. [32] through to O(e*). Note that
at each order in €, the terms of highest harmonic weight are the same for both quark and

gluon form-factor. This is guaranteed by the equivalence of the coefficient of the leading
pole in egs. (2.20) and (2.21).



2.2 Results at two-loops

Written in terms of the two-loop master integrals (listed in the appendix), the unrenor-
malised two-loop gluon form factor is given by
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which, after re-expressing in terms of N and N agrees with eqgs. (10) and (11) of ref. [37].
Inserting the expansion of the two-loop master integrals and keeping terms through to
O(€®), we find that
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which agrees through to O(e?) with eq. (3.6) of ref. [31] and provides the next term in
the expansion.
Similarly we find that the two-loop expansion of the gluon form factor is given by
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which agrees through to O(€?) with eq. (8) of ref. [32] and provides the next term in the
expansion. Expressions for the renormalized one-loop and two-loop form factors, expanded
to the appropriate order in €, can be found in [37].

3 Calculation of the three-loop form factors

To compute the three-loop quark and gluon form factors, we evaluate the relevant three-
loop vertex functions within dimensional regularisation. At this loop order, there are 244
Feynman diagrams contributing to the quark form factor, and 1586 diagrams contributing
to the gluon form factor. We generated these diagrams using QGRAF [74]. After contrac-
tion with the projectors (2.1)—(2.2), each diagram can be expressed as a linear combination
of (typically hundreds of) scalar three-loop Feynman integrals. The three-loop integrals
appearing in the form factors have up to nine different propagators. The integrands can
depend on the three loop momenta, and the two on-shell external momenta, such that 12
different scalar products involving loop momenta can be formed. Consequently, not all
scalar products can be cancelled against combinations of denominators, and we are left
with irreducible scalar products in the numerator of the integrand. We denote the number
of different propagators in an integral by ¢, the total number of propagators by r and the
total number of irreducible scalar products by s. The topology of each integral is fixed by
specifying the set of ¢ different propagators and subtopologies are obtained by removing
one or more of the propagators.

,10,



AuxTopo 1 AuxTopo 2 AuxTopo3

k2 k3 k?

k3 k3 k3

k3 k§ k3

(k1 — k2)? (k1 — k2)? (k1 — k2)?

(k1 — k3)? (k1 — k3)? (k1 — k3)?

(ko — k3)? (k2 — k3) (k1 — ko — k3)?
(k1 —p1)? (k1 — k‘3 —p2)? (k1 —p1)?
(ki —p1—p2)? (ka —p2)* (k1 —p1—p2)?
(ka — p1)? (Ko —pl) (ky — p1)?

(ko —p1 —p2)? (k1 — ko —p2)? (k2 — p1 — p2)
(ks —p1)? (k3 —p1)? (k3 —p1)?

(ks —p1 —p2)? (ks —p1—p2)* (ks —p1 — p2)?

Table 1. Propagators in the three different auxiliary topologies used to represent all three-loop
form factor integrals.

Using relations between different integrals based on integration-by-parts (IBP) [75] and
Lorentz invariance (LI) [76], one can express the large number of different integrals in terms
of a small number of so-called master integrals. These identities yield large linear systems
of equations, which are solved in an iterative manner using lexicographic ordering [50]. To
carry out the reduction in a systematic manner, we introduce so-called auxiliary topolo-
gies. Each auxiliary topology is a set of 12 linearly independent propagators. Within the
auxiliary topology, the integrand of a three-loop form factor integral with (r,s,t) is ex-
pressed by r propagators (with exactly t different propagators) in the denominator, and
s propagators (with at most 12-¢ different propagators) in the numerator. All three-loop
form factor integrals can be cast into one of three auxiliary topologies, which are listed in
table 1. The first auxiliary topology contains planar integrals only.

Three-loop integrals with 4 < ¢ <9 and ¢t < r < 9 appear in the form factors. These
come with up to s = 4 irreducible scalar products for the quark form factor and up to
s = 5 for the gluon form factor. For a fixed topology and given (r, s, t), there are in total

r—1 11 —t+s
vea= (120) (M0)

To obtain a reduction, one has to solve very large systems of equations. Already

different integrals.

for s < 4, the system for a given auxiliary topology contains 900000 equations, and its
solution is feasible only with dedicated computer algebra tools. For this reduction, we used
the Mathematica-based package FIRE [52] and the C++ package Reduze [53], which was
developed most recently by one of us.

With Reduze, the reduction and its performance are as follows. The topologies with
more than 4 propagators are reduced after inserting the results of the sub-topologies into
the system. With increasing ¢ the number of equations decrease as (in general) does the

— 11 —
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Figure 1. One and two-loop master integrals appearing in the quark and gluon form factors.

time taken to solve the system which is in the range of a few days to less than an hour
with the program Reduze on a modern desktop computer. The total computing time for
all the planar diagrams is more than 2 months. However, the parallelization of topologies
with an equal number of propagators reduced the overall reduction time to a few weeks.

The three-loop form factors contain in total 22 master integrals, of which 14 are genuine
three-loop vertex functions, 4 are three-loop propagator integrals and 4 are products of one-
loop and two-loop integrals. They are described in detail in the following section.

4 Three-loop form factor master integrals

Our notation for the master integrals follows [54], and we distinguish three topological
types of master integrals: genuine three-loop triangles (A ;-type), bubble integrals (B ;-
type) and integrals that contain two-loop triangles (C} ;-type). In this notation, the index ¢
denotes the number of propagators, and i is simply enumerating the topologically different
integrals with the same number of propagators.

The one-loop and two-loop master integrals appearing in the form factors at these loop
orders are displayed in figure 1. Their expansions to finite order have been known for a
long time, all-orders expressions were derived in [37], they can for example be expanded
using HypExp [77]. By ;-type and C} ;-type three-loop integrals are listed in figure 2. The
B, ;-type integrals were computed to finite order in [75, 78, 79], and supplemented by the
higher order terms in [80]. Finally, the genuine three-loop vertex integrals are shown in
figure 3, their expansions to finite order were derived in [54-57].

The calculation of the nine-line three-loop integrals was the last missing ingredient to
the form factor calculation for a long time. The full result for Ag; and most of the pole
parts of Ago and Ag4 were computed analytically in [56]. Analytical expressions for the
remaining pieces of the latter two integrals were subsequently obtained in [57]. In [56], it
was pointed out that for each of these three integrals one can find an integral from the same
topology with an irreducible scalar product, which has homogeneous transcendentality.
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Figure 2. Three-loop two-point and factorizable three-point integrals.

These integrals were named Ag 1y, Ag2, and Ag4n, and are defined in [56]. Compared
to [56] we increased the numerical precision of the remaining coefficients, both for Ag o and
Ay 4, by means of conventional packages like MB.m [81]. We reproduce thirteen significant
digits of the analytic result of [57] in the case of Ag2, and fourteen in the case of Ag 4.
We also converted our numerical results for these two integrals into the corresponding
integrals of homogeneous transcendentality, Ag o, and Ag4,. On the coefficients of these
integrals, a PSLQ [82] determination was attempted. For the pole coefficients, the PSLQ
algorithm converged to a unique solution in agreement with [57]. For the finite coefficients,
the numerical precision that we obtained is yet insufficient for PSLQ to yield a unique
solution.

An analytic result for Ago and Ag g4, derived by purely analytic steps and without
fitting rational coefficients to numerical values, is still a desirable task, and remains to be
investigated in the future. This goal is definitely within reach in the case of Ag 4, whereas

the situation is less clear for Ag».

FExpansions of all master integrals to the order in € where transcendentality six first
appears are listed in the appendix.
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Figure 3. Three-point integrals listed in refs. [54-56].
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5 Three-loop form factors

The unrenormalised three-loop form factors can be decomposed into different colour struc-
tures as follows:

F§/Sp = Cp X¢y + CiCa Xl o + CrCh X¢, o + CENp Xl

N? —
+CrCaoNFp Xg'FCANF + CFN}% Xg’FN% + CFNF,V (N) XgFNFV(5'1)

and

Fi/S3} = 0% X g+ CANF XCQN +CaCpNp XY ¢y, + CENE XCQN

+CANF N2 +CFNF C N2 ) (52)

where the last term in the quark form factor is generated by graphs where the virtual gauge
boson does not couple directly to the final-state quarks. This contribution is denoted by
Npgy and is proportional to the charge weighted sum of the quark flavours. In the case of
purely electromagnetic interactions, we find,

Zq €q

€q

Npy = (5.3)
The coefficient of each colour structure is a linear combination of master integrals,
resulting from the reduction of the integrals appearing in the Feynman diagrams. All
coefficients are listed in appendix B.
Inserting the expansion of the three-loop master integrals and keeping terms through
to O(e%), we find that the three-loop coefficients are given by

4 61 1 1003
1 /21 1
Yo ( 3¢ 77(2 138¢s — 55)
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1 461C2 B 2144243 467¢ N 21193 N 644¢s 9073
e 2 3 5 12
53675 13001@ 12743¢3 90953
— — — 2 1
+ ( 24 2 40 252 T 2009+ 616sC
B 1826¢32 N 4238Cs
3 5
11 431 1 7 6415
+CFCA +64< C2+18>+<_6<32_ 26¢3 + 54>
1 [ 83(3 1487¢ 79277
=== — 210 —_—
T < 5 36 ST
1/ 9839¢2  215((3 = 38623(s 6703(3 1773839
- — — 142 -
e < 2 T3 T 6 G+ "om
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+CrNry ( N ) [ 5 + 10¢2 + 3 3 (5.4)

The pole contributions of i are given in eq. (3.7) of ref. [31] while the finite parts of
the N%, CaNp and CpNp contributions are given in eq. (6) of ref. [32]. The finite Ngy
contribution can be obtained from the (1 — z) contribution to the d®™cd . colour factor

in eq. (6.6) of ref. [83]. The remaining finite contributions are given in egs. (8) and (9) of
ref. [58].
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Similarly, the expansion of the gluon form factor at three-loops is given by
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2
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The divergent parts agree with eq. (8) of ref. [32] while the finite contributions agree
with eq. (10) of ref. [58].
Using our knowledge of the three-loop form factors, we can also write down the O(e)

contributions to the Ng parts of the quark and gluon form factors. For the quark form-
factor we find that,

2013928 2248 2108 24950 3901
FiNg = CFN%E<— —— )

6561 1350 T o7 8T ouz @t 7C2<3 810
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and for the gluon form factor
Filw, = CaN2 6(1628622347471 . 9133658 - 5;14710 ‘o 310425883 ‘o Cz G 118;8 <2>
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The UV-renormalization of the form factors is derived in section 2 above. Apply-
ing (2.17) and (2.19) yields the expansion coefficients of the renormalized form factors.
These are in the space-like kinematics:
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,18,



1 [213¢2 77 515
— —— 41 -
e < 10 p 1386
L1 1461¢5  214¢a¢3  467C N 2119¢3 | 644¢s 9073
e\ 20 3 2 3 5 12
53675  13001¢x  12743¢2  9095(3
- - - 2 1
+< 24 2 a0 252 T 20096+ 6163
_1826C§ N 4238(s
3 5
11 1 (361 1/ 1703 27(,
+2 = |(-——-2
+CFCa |- (18 C2> 3 ( 1 6Cs + — >
L6820 4823 N 1487¢  83¢3
€2\ 81 9 36 5
1 (374149 215¢3¢y  4151¢3  31891¢y  2975(2
€ ( m6 et ETIS 72
11169211 68905 806¢3¢  19933¢3
2916 9 3 6
+1616C3 537803C  723739¢3  18619¢3
324 2160 1260
oo [ 133 L 1 2866 C 110G\ | 1 /11669 902¢3 L 16256 88¢2
AT 81et 243 27 486 27 81 45
L1 (139345 136G 88(3(o N 3526¢3  7163Ca  166¢3
e 8748 3 9 27 243 15
L (51082685 434¢5  416(3¢2 N 505087C3
52488 9 3 486
1136¢F  412315¢ N 22157¢5  6152¢3
9 729 270 189
2 35 1 (139 1/ 775 1103 133¢
2 “ oY I e . - A
TCORNF s Toata < C2> < 81 9 18 >
N 1 [ 24761 N 469¢3  2183¢  287¢3
€ 243 27 54 36
L (691883 386(s5 N 35(3(o N 21179¢3  16745¢;  8503¢3
1458 9 3 81 81 1080
484 1 [ 752 20( 1 [ 2068 212(3 476(s
TOPCANF |G + 3 <_243 T > e ( 243 T o7 81
1/ 8659 9643 N 2594( N 44¢3
e\ 2187 81 243 15
1700171 4¢G5 | 4G3¢ 42883 N 115555, N 203
6561 3 3 27 729 27

,19,



44 8 1 (46 2417 8 . 20
Ni|—— Sl -2
+Cr F[ 81 438 T @ (81 * CQ) (2187 1% 97 C)

190931 416C —%C —@C
13122 243> 27 1352
N2_4 22 14¢3 80Cs
N 4-22 41 L 5.8
+Cr F,V( ~ >[ +0C+3 3 | (5.8)
B = cd |- 455 9079 |1 (5453 22G3 | T7C
3 36 365 162¢ 486 3 54
1 4277 2266 1393 247(2
L n G G2 n G
€2 243 27 81 90
N 1/ 1307704  878(s  85(3(a N 1814¢3  27301¢; | 12881¢3
€ 2187 15 9 9 486 360
N | 23496187 | 13882¢5  1441(3(y N 248933
26244 45 18 243
_1766C§ N 118165¢> N 126071¢3 B 22523¢3
9 1458 1080 270
10 1780 1 (2344 7¢ 1 1534 68C3  169(»
2 Y — PV oo fhe i
TOANE |35 T gt <243 27) e < 243 21 TRl
1 (854467 N 30023 N 3536(, N 941¢2
e \ 4374 81 243 180
2143537 . 4516¢s  301¢3C0 N 1414¢3  6440¢, N 527(¢2
13122 45 9 9 729 20
34 1 /427  160C3 1 /13655 2600¢3 13(y  176¢3
+CACFNF[ 98 T2 <27 9 > e< 81 27 3 15
284929  32(s 14398¢3  118¢;  928¢3
( g2 T g TG —g 3 15
1 304 296§3
2
Np|l-——+(=—-1
oz |- 170 998 1 20\ | 1 [ 37133 164G 70(
ATE | 781l T 24363 27 27 € 4374 81 81
125059 N 952¢3  20¢y  157¢3
13122 243 27 135
14 1/ 212 16 2881  152(3 2(  16(3
N2 |- o 222 _ _he T2
+Cr F[QEQ ( 27 3 )+<162 9 3 75
8
N3 | — 5.9

— 20 —



The O(e) contributions to the Np parts of the UV-renormalized space-like quark and
gluon form factors are given by,
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and for the gluon form factor
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6 Infrared pole structure

According to ref. [28, 39], the general infrared pole structure of a renormalised QCD ampli-
tude is related to the ultraviolet behaviour of an effective operator in soft-collinear effective
theory. These poles can therefore be subtracted by means of a multiplicative renormal-
ization factor Z. This means that the finite remainders of a scattering amplitude MF is
obtained from the full amplitude M via the relation,

MF =z-'M. (6.1)

In general, the scattering amplitude M and Z are matrices in colour space. However, in
the context of the quark and gluon form factors, the colour matrix is trivial. The UV
renormalised amplitudes M and Mg have perturbative expansions,

M=1+)" <O‘5L’j2)>iMi, (6.2)

while

log(Z) = (%5)) Z;. (6.4)

i=1

We can now solve eq. (6.1) order by order in the strong coupling,

Poles(M,y) = Zj, (6.5)
M2

Poles(Ms) = Zo + 71 (6.6)
MS

Poles(Ms3) = Z3 — 71 + My My, (6.7)
M M3

Poles(My) = Zy + Tl — M?My + M Ms + 72 (6.8)

M5
Poles(Ms) = Zs — ?1 + MMy — MEMs — My M3 + My My + MaMs.  (6.9)

The deepest infrared pole for the i-loop amplitude is e=2*

. However, the deepest pole in
the Z;-factor is e *~1. All of the deepest poles are obtained directly from the lower loop
amplitudes - which must be known to an appropriately high order in e. For example, to

obtain the correct pole structure for M;, one needs knowledge of M; through to O(e?~3).

We find that the infrared pole structure of the renormalised form factors is given by
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(i =q,9 and Cy = CF, Cy = C4 for the cusp anomalous dimension):

Poles(Fl) = —C;S;l i 760 (6.10)
Poles(F3) = ?@Z;;%jL;(—B";()—T) +;i+ (FE)Q, (6.11)
Potes(f) = ~AC0 613(55 i | b, QC”(E)uspﬁl)

+612 <_5(gyi' _ Cfgsp N ﬁgé) n gi _ (fz)3 + IR (6.12)

Note that the full (all-orders) expressions for F are recycled on the right-hand-side. The

P

coefficients of the cusp soft anomalous dimension ~;"*" are known to three-loop order [31]

and are given by:

rygusp _ 4’ (613)
268 42 40N
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while the quark and gluon collinear anomalous dimensions 7 and ~7 in the conventional
dimensional regularisation scheme are also known to three-loop order [38, 39] and are given

1 = ~3Cr, (6.16)
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Taking this one step further, we find that the pole structure of the renormalised four-
loop quark form factor is given by

25HC5"  Fo(24837% + 1360Ci " + 4005 P Br)

Poles(Fy) = oS 2
1 (TBCivy " n 361Cin P n Bt n 51507 N 5Cv5"P Ba
€3 96 32 4 5 39
+l _517% G Bovs - Bl N lg
€2 4 32 4 4 1e
! 2o (F .
+(i)+ - ;) - Pk (6.22)

In this expression, we assume Casimir scaling of the cusp anomalous dimension to hold at
four loops [39, 40], such that only a universal 75" appears. If, contrary to expectations,
Casimir scaling should be violated at this order, different 75" would appear in the double
pole terms of the quark and gluon form factors at four loops.

Eq. (6.22) shows that in order to make use of a calculation of the pole parts of the
four-loop form factors to extract the cusp and collinear anomalous dimensions, one requires
the finite parts of the three-loop form factor for v5 ©, and of the subleading O(e) parts
for v49. For all colour-factor contributions proportional to Np, these are provided in the
previous section. The required subleading terms in higher orders in € from the one-loop

and two-loop form factors were summarized in section 2 above.

7 Effective theory matching coefficients

It is well known that fixed-order perturbation theory is not necessarily reliable for physical
quantities involving several disparate scales. In such cases, higher-order corrections are
enhanced by large logarithms of scale ratios. Experimentally relevant examples are the
Drell-Yan and Higgs production processes in hadron-hadron colliders. When the phase
space for soft gluon emission is constrained, large logarithmic threshold corrections appear

o [lnm_l(l —2)
L (-2

of the form

] . (m<2K), (7.1)
N
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where (1 — z) is the fraction of centre-of-mass energy of the initial partons available for soft
gluon radiation. These can spoil the convergence of the perturbative series. The resum-
mation of these so-called Sudakov-logarithms has been accomplished to fourth logarithmic
order [84-86], using the exponentiation properties of the coefficient functions in moment
space [87-90].

An alternative resummation framework is provided by soft-collinear effective field the-
ory (SCET), which is based on the idea to split the calculation into a series of single-scale
problems by successively integrating out the physics associated with the largest remaining
scale. The SCET framework [18-23] originated in the study of heavy quarks, and has
been subsequently generalized to massless collider processes [91]. The infrared poles in
the high energy theory (QCD) get transformed into ultraviolet poles in the effective the-
ory [17, 28] and can then be resummed by renormalization-group (RG) evolution from the
larger scales to the smaller ones. Of course the SCET must match precisely onto the high
energy theory, and this is achieved by computing matrix elements in both the SCET and
QCD and adjusting the Wilson coeflicients so that they agree. If the matching is performed
on-shell, then the matching coefficients relevant for Drell Yan and Higgs production can
be obtained from the quark and gluon form factors respectively. Therefore, we can utilise
the results presented in the previous sections to compute the matching conditions through
to three-loops. Results up to two loops were obtained previously in [24-27].

The renormalised form-factors are infrared divergent. In the effective field theory,
these infrared divergences are transformed into ultraviolet poles. The matching coefficient
C* (i = q, g) is obtained by extracting the poles using a renormalisation factor such that,

Ci(as(u2)7 512, /’LQ) = lg% Zi_l(ea 512, M)FZ(€7 8127M2>' (72)

The matching coefficients have the perturbative expansion,

O a2\
Ci(as(ﬂ2)7512aﬂ2) =1+ Z < SZLI: )> 0:1(8127:“’2)‘ (73)
n=1

They are are known to two loop order for Drell-Yan [24, 25] and Higgs [26, 27] production,

Cf—CF<—L2+3L—8+C2>, (7.4)
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cf = 0A< —L?+ g2>, (7.6)
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where L = log(—s12/u?).
Exploiting the expressions for the renormalised quark and gluon form factors given in

egs. (5.8) and (5.9) respectively, we find that the three-loop matching coefficients are
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These matching coefficients allow to perform the three-loop matching of the SCET-based
resummation onto the full QCD calculation.

8 Conclusions

In this paper, we described the calculation of the three-loop quark and gluon form factors
in detail. Our results confirm earlier expressions obtained by Baikov et al. [58], which we
extended by subleading terms in the fermionic corrections.

The form factors are the simplest QCD objects with non-trivial infrared structure.
Recent findings on the relation between massless on-shell QCD amplitudes and operators
in soft-collinear effective theory [43], combined with constraints from factorization, has led
to the conjecture [39] that their pole terms at a given loop level contain all information
needed to predict the pole structure of massless on-shell multi-leg amplitudes at the same
loop order. In particular, the cusp anomalous dimension can be extracted from the double
pole, and the collinear anomalous dimension from the single pole. At a given loop order,
finite and subleading terms from lower loop orders are also required. In this respect, the
finite terms presented here will be instrumental for the extraction of the four-loop cusp
anomalous dimension, while the subleading terms contribute to the four-loop quark and
gluon collinear anomalous dimension.

The three-loop form factors are key ingredients for the fourth order (N®LO) corrections
to the inclusive Drell-Yan and Higgs boson production cross sections. The calculation of
these, at least in an improvement to the soft approximation [14-16, 25], could be envisaged
in future work. In view of this application, we derived the hard matching coefficients of
the SCET operators to this order. Inclusion of these corrections will lead to a further
stabilization of the perturbative prediction under scale variations, and are thus important
for precision physics at hadron colliders.
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A Master integrals for three-loop form factors

In this appendix, we summarize the e-expansions of all master integrals needed for the
three-loop form factors. Our notation for the integrals follows [54], using a Minkowskian
loop integration measure d?k/(27)?. All master integrals are defined in section 4 above.
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With the normalization St defined in (2.19), all M-loop integrals have an overall
factor of
no(: o —e\ M
sty (iSp (—s12 —i0)™°)
where n is fixed by dimensional arguments. Unlike refs. [54-56], there is no (—1)" factor.
We expand to the required order for the three-loop form factors (which is typically the
order where transcendentality 6 first appears).
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The By ;-type and Cy;-type master integrals read at three loops:
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The genuine three-loop vertex integrals are:
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The most complicated three-loop vertex integrals are the nine-line master integrals [57]:
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where the analytic expressions for Ag ; and for the pole parts of Ag 9 and Ag 4 were obtained
independently in [56]. For the corresponding integrals with homogeneous transcendentality,
one finds:
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B Form factors in terms of master integrals

The unrenormalised three-loop form factors can be expressed as a linear combination of
master integrals. In the colour factor decomposition as defined in (5.1) and (5.2), these
coefficients read:
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