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Factorization and Resummation at
Subleading Powers

Faktorisierung und Resummation zu hoherer Potenz

Sebastian E. Jaskiewicz

Abstract

In this work, we investigate subleading power effects in Drell-Yan and Higgs production
processes. We discuss the emergence of collinear functions, a critical new ingredient to
factorization at next-to-leading power. We derive the factorization theorem valid near the
kinematic threshold of the partonic processes in the diagonal and off-diagonal channels. We
calculate the collinear functions and the soft functions at one and two loops, respectively.
Using renormalization group methods, we perform leading logarithmic resummation for
the diagonal channels.

Zusammenfassung

In dieser Arbeit untersuchen wir Effekte hoherer Potenz zu Drell-Yan und Higgsproduk-
tionsprozessen. Wir diskutieren das Auftreten von kollinearen Funktionen, ein entscheiden-
der neuer Baustein bei der Faktorisierung zu NLP. Wir leiten ein Faktorisierungstheorem
giiltig in der Néhe des kinematischen Schwellenwerts fiir partonische Prozesse in mehreren
Kanélen her. Desweiteren berechnen wir die kollinearen und soften Funktionen zur Ein-, re-
spektive Zwei-Schleifenordnung. Unter Anwendung von Renormierungsgruppenmethoden
resummieren wir die fithrenden Logarithmen in den diagonalen Kanélen.
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Introduction

Particle physics is tasked with the noble goal of understanding the fundamental constituents
of Nature and their interactions. Considering the current status of this field of research,
it is difficult to imagine a time filled with more anticipation. On the one side stands a
tremendously successful field-theoretic description known as the Standard Model (SM)
of particle physics [1, 2, 3, 4], completed in 2012 with the discovery of the Higgs Boson
by the ATLAS and CMS groups based at the Large Hadron Collider (LHC) accelerator
complex at CERN [5, 6]. On the other side lies a heap of observational data which hints
at the existence of physics beyond the SM, such as the gravitationally detected presence of
dark matter (DM), no sign of which has as of yet been measured at collider experiments.
The field remains delicately poised in this way and eagerly awaits the completion of
the High Luminosity upgrade of the LHC (HL-LHC). Over its lifetime, the HL-LHC
will deliver a ten-fold increase in the total integrated luminosity achieved thus far [7],
making the experimental measurements of fundamental interactions ever more precise. The
technological advancement in experimental observations challenges the status of theoretical
predictions and makes it critically important to understand better the components which
form the SM. It is crucial to increase the precision of theoretical predictions in order to
be able to draw meaningful conclusions in comparison of the results of the calculations
within the SM to experimental data. Only this interplay between precise experimental
measurements and theoretical calculations can enable us to discover signs of New Physics
beyond the SM at the particle level in colliders.

The SM is made up of the electroweak (EW) and strong sectors, with Quantum
Chromodynamics (QCD) describing the strong interactions. Since the LHC collides
protons made up of quarks and gluons at very high energies (~13TeV), a large part of
the effort to increase the precision of theoretical predictions is devoted to improving the
understanding of QCD processes which inevitably feature in the experiments. Due to
the phenomenon of Asymptotic Freedom [8, 9], the strong coupling a; becomes weak
for processes involving large momentum transfers. Concretely, a; becomes perturbative
already at a few GeV [10]. Therefore, theoretical calculations can be organised in a
perturbative series and systematically improved by computations of higher and higher
order corrections in the a; expansion.

Naturally, the calculation of the higher order corrections becomes increasingly more
complex. However, with the value of the strong coupling at oy ~ 0.1, the first order
correction, so-called next-to-leading order (NLO), is around 10% of the leading order

bt



6 Chapter 1. Introduction

value. The next-to-next-to-leading order (NNLO) ~1%, and so on. Therefore, the key
point is that precise predictions can be obtained through calculation of the first few
orders in perturbation theory, as these already describe the physical processes well. It is
therefore not surprising that the calculation of high fixed-order predictions has evolved
into a whole rich research field of its own. We do not provide here a reference guide
to the many research works that can be found in literature. For us it suffices to note
that the current state-of-the-art predictions for inclusive cross-sections are available at
the next-to-next-to-next-to leading order (N3LO) for certain phenomenologically relevant
process such as Higgs boson production via gluon-gluon fusion [11, 12] and via vector
boson fusion [13], and Drell-Yan production [14, 15]. These processes require as input
amplitudes exhibiting a 2 — 1 topology at leading order. Recently, for the first time,
four-point amplitudes at N3LO have been reported [16]. Many observables relevant for
LHC phenomenology are known at NNLO, see [17] and [18] for recent reviews.

Despite the clear success of the fixed-order calculations approach, there exist noteworthy
drawbacks. It is a well-known fact that fixed-order perturbation theory is unreliable in
application to processes which involve widely separated scales. Examples of such processes
include production of particles near kinematic threshold or with small (or large) transverse
momentum. In such regions of phase space, close to singular limits of the theory, the
higher-order corrections are supplemented by large logarithms of the scale ratios. We
denote a sample scale ratio by (. These large logarithms multiply the small coupling
constant which is a priori the expansion parameter of the theory. This leads to a dangerous
situation that threatens the convergence of the perturbatvie series on which the predictive
power of the theoretical calculations is based. Namely, the coupling constant ay is no
longer a reliable expansion parameter. Rather, we should consider a;In(¢{) ~ O(1) or
s In*(¢) ~ O(1), depending on the process, as such a combination appears at every order
in the calculation. In a setting of this type, it is apparent that each next order in the
perturbative expansion is numerically as important as the previous one. Hence, to make a
reliable theoretical prediction we must capture the all-order behaviour of these terms.

The solution to this issue is to divide the problem into pieces which each depend only
on one physical scale. This is known as derivation of a factorisation theorem. The all-order
expressions can then be obtained using scale evolution by solving the renormalization
group equations (RGEs) for each of the pieces appearing in the factorisation formula. This
step is known as resummation. Pioneering results on factorisation were derived using
traditional diagrammatic techniques [19]. In order to better understand the landscape
of applicability of the various all-order results, we consider as an example the schematic
expansion of the cross-section for the Drell-Yan (DY) process A+ B — v*(Q) + X near
the threshold regime z = Q*/5 — 1, where § is the centre-of-mass energy squared. The
cross-section has the following form

Gan(2) = i al e, 0(1 —2) + 2%31 (cnm [lnm(l—z)l + dpy, In™ (1 — z)) +.. ] . (1.1)

m=0 l—=z

We see that the most singular terms in the z = 1 limit are ones with the coefficients
Cny Cnm- These contributions are known as the leading power (LP) singular terms. For
the purposes of resummation, instead of counting orders in ay as is done in fixed-order
calculations where we discuss LO, NLO, NNLO and so on, we count which towers of



logarithms are included in the all order result. For instance, the terms ¢y and cp2,—1)
constitute the leading logarithms (LL). Terms suppressed by one power in the logarithmic
counting, c,(2n—2), are known as the next-to-leading logarithms (NLL), and so on. The
first all-order summation of the LP logarithms has been obtained in [20, 21]. Equivalent
results have later been derived using soft-collinear effective field theory (SCET) methods
[22, 23, 24], and the current state-of-art is the resummation of LP threshold logarithms
up to next-to-next-to-next-to-leading logarithmic (N®*LL) accuracy [24, 25]. SCET is an
effective field theory of QCD in which the work presented here is grounded. We give an
introduction to this formalism in chapter 2.

Similarly, to DY, the deep-inelastic scattering (DIS) process has been resummed at
LP first using traditional diagrammatic techniques [26], and later in SCET [27], up to
N3LL accuracy. Indeed, large logarithms appearing in many other relevant observables
have been resummed at leading power to date [28, 29, 30].

We now focus on the terms with the d,,, coefficients in equation (1.1) which are
suppressed by one power of (1 — z) with respect to the leading power terms that we
have discussed above. These terms are referred to as the next-to-leading power (NLP)
contributions. The leading logarithmic series at NLP is given by the logarithms with
dy(2n—1) coefficients, where n = 1,2,... to all orders.

The next-to-leading power logarithms are less singular than their leading power coun-
terparts, and historically have received far less attention in the literature. Consequently,
the structure of factorisation and resummation at NLP is not as well understood. It is
precisely the investigation of these terms within the soft-collinear effective field theory
that we are concerned with in this work.

We chose to investigate the NLP effects in the Drell-Yan process as it is one of the
simplest hadron-hadron collision processes. Several fixed-order calculations have also
explored the subleading power effects in this setting. For example, explicit computations
of partonic cross-sections at NLP up to NNLO, and partly beyond, were performed by
employing the expansion-by-regions method in [31, 32] and diagrammatic factorisation
techniques in [33, 34, 35, 36, 37, 38, 39].

The leading logarithmic resummation of the Drell-Yan and Higgs production processes
was first achieved in [40, 41]. We describe the SCET methods used in [40, 41] in this
work. A confirmation of the result in the diagrammatic framework was obtained later
in [42, 43]. In addition to the threshold region, the analysis of subleading power corrections
for Drell-Yan and single Higgs production has been investigated at fixed-order for resolution
variables such as N-jettiness [44, 45, 46, 47, 48, 49] and the g7 of the lepton pair or the
Higgs boson [50, 51]. The gy resummation of fiducial power corrections has been achieved
in [52]. NLP threshold effects were also recently studied for processes such as prompt
photon production [53]. The resummation of NLP leading logarithms for an event shape
has been reported in [54, 55]. Factorisation theorem for Higgs production or decay through
light-quark loops has been given in [56, 57]. Corresponding resummation was performed
at LL in [58, 59, 60] and in [61, 62] up to NLL. Power-enhanced QED corrections to
B, — ppu~ were summed in [63, 64].

The resummation of NLP leading logarithms [40, 41] is dependent on the general
factorisation formula derived in [65]. We discuss the derivation of the factorisation formula
with additional details in this work. The all order factorisation formula is also a necessary
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for taking the non-trivial step beyond the NLP leading logarithmic resummation, which
we discuss here.

The factorisation formula, which achieves the separation of scales through operator
definitions of the relevant functions, and its check against the known NNLO NLP results
from the expansion-by-regions approach, are one of the key results presented in this
work. We consider the diagonal channel as in [65], and additionally present results for the
off-diagonal gluon-antiquark channel.

The factorisation theorem must be regarded as a formal result, because it applies to
bare regularized quantities. As will be explored in detail, when one attempts to renormalize
these quantities by subtracting the divergent parts, the convolution of the various factors
becomes itself divergent. This complicates the resummation of NLP logarithms beyond the
LL accuracy with renormalization group methods in the standard paradigm of SCET. An
attempt at understanding divergent convolutions in the effective field theory framework
has been reported in [66].

Another important result discussed in this work, which has been extensively explored
in [65] and used in [40, 41], is the identification of NLP collinear functions or radiative
jet functions at the amplitude level in the factorisation formula at NLP. We discuss their
origin, the reason why they do not appear in the well-known LP factorisation formula
with explicit one-loop examples, and provide their precise operator definition in SCET.
We also calculate the collinear functions at O(as) for both diagonal and off-diagonal
channels, which illustrates the concept at the practical level and is required for the NNLO
comparison mentioned above.

We have so far motivated the consideration of NLP terms in factorisation theorems
with phenomenological arguments. Indeed, these terms do impact precision calculations.
However, the extension of calculations to next-to leading power (NLP) brings with it
non-trivial conceptual challenges which are interesting to purse in their own right as a way
of gaining insight into the intricate structure of gauge theories at high perturbative orders
beyond what is known so far at leading power. These effects are interesting study from the
field theoretic point of view, since new physical effects and conceptual challenges emerge.

Many of the results regarding factorisation and resummation at next-to-leading power
in this thesis have been included in existing publications

o M. Beneke, A. Broggio, M. Garny, S. Jaskiewicz, R. Szafron, L.. Vernazza et al.,
Leading-logarithmic threshold resummation of the Drell-Yan process at next-to-leading
power, JHEP 03 (2019) 043, [1809.10631]

o M. Beneke, M. Garny, S. Jaskiewicz, R. Szafron, L. Vernazza and J. Wang, Leading-
logarithmic threshold resummation of Higgs production in gluon fusion at next-to-
leading power, JHEP 01 (2020) 094, [1910.12685]

o M. Beneke, A. Broggio, S. Jaskiewicz and L. Vernazza, Threshold factorization of
the Drell-Yan process at next-to-leading power, JHEP 07 (2020) 078, [1912.01585]

and conference proceedings

o S. Jaskiewicz, Next-to-leading power threshold factorization for Drell-Yan production,
in Proceedings, 14th International Symposium on Radiative Corrections: Application


https://doi.org/10.1007/JHEP03(2019)043
https://arxiv.org/abs/1809.10631
https://doi.org/10.1007/JHEP01(2020)094
https://arxiv.org/abs/1910.12685
https://doi.org/10.1007/JHEP07(2020)078
https://arxiv.org/abs/1912.01585
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of Quantum Field Theory to Phenomenology (RADCOR 2019): Avignon, France,
September 8-13, 2019, 2019, 1912.08882, DOI.

Moreover, chapter 6 contains material to be published

» A. Broggio, S. Jaskiewicz and L. Vernazza, in preparation.

1.1 Outline

The contents of this work are organised as follows. In chapter 2, we discuss the soft-collinear
effective field theory framework on which our investigations are grounded. We briefly
review important leading power concepts and provide a more extensive look at general
next-to-leading power features.

In chapter 3, the focus is on the threshold Drell-Yan process. We put the framework
discussed in chapter 2 to use and derive formal all order factorisation formulas for the
diagonal and off-diagonal channels before specialising to next-to-leading power. Much
emphasis is placed on new objects appearing in factorisation formulas for the first time
at next-to-leading power. These are the NLP collinear functions, subsequently computed
to next-to-leading order accuracy in chapter 4, and generalised soft functions, which are
discussed in chapter 5. We find that the calculation of complete NNLO generalised soft
functions is far from trivial and we dedicate chapter 6 to the discussion of the techniques
we applied to arrive at the results.

In chapter 7, the separate ingredients calculated in preceding chapters are brought
together according to the factorisation formulas to obtain results at fixed order in the
expansion. Comparison with results found in literature serves to verify the correctness of
the derived factorisation formulas.

In chapter 8, we specify the factorisation formula for the diagonal channel in Drell-Yan
production to leading logarithmic accuracy and preform resummation to all orders in
perturbation theory using renormalization group equations and scale evolution. A related
process of threshold Higgs production via gluon-gluon fusion is investigated in chapter 9.
We conclude and provide an outlook in chapter 10.

The appendices are a collection of useful auxiliary results and expressions to which
we point in the relevant places in the main text. Appendix A contains list of NLP
Lagrangian terms, helpful spin and colour relations, and useful integrals. Appendix B
contains results for the power-suppressed one-loop one-soft emission Drell-Yan amplitude.
Appendix C provides more details on the one-soft-particle-reducible contributions which
are first discussed in section 4.1.1.


https://arxiv.org/abs/1912.08882
https://doi.org/10.22323/1.375.0039




2

Nanos gigantum humeris insidentes

The work contained in this thesis is rooted in the framework of soft-collinear effective
field theory (SCET) [69, 70, 71, 72, 73]. SCET describes low energy degrees of freedom
in processes with energetic particles. This effective field theory originates from efforts
to resum large logarithms which appear in heavy meson decays, for example B — X, (v
and B — X,y where X, and X, are clusters of collinear quarks and gluons, in cases
where the phase space of the final state is restricted [74, 75, 76, 77, 78]. Since this time,
SCET has been applied to a plethora of processes which involve energetic particles in
a variety of contexts such as inclusive hadron-collider cross-sections, event shapes, jet
physics, electroweak Sudakov logarithms, and even gravity. For a more complete review of
applications of SCET see for example chapter 9 of [79].

Needless to say, the literature on SCET is by now extremely extensive and here we
do not aim to provide a complete overview nor discuss all the intricacies that can arise
in SCET in the various contexts to which it has been applied. Instead, we introduce the
necessary key concepts required to follow the discussion of the developments presented
in this work. In particular, we focus on highlighting some of the novel features of SCET
emergent only beyond the well-understood leading power regime. For extra information
regarding SCET we refer to lecture notes [80, 81, 82, 83, 84] and books [79, 85] in addition
to the original publications cited above.

2.1 Soft-collinear effective field theory

SCET describes the dynamics of collinear and soft partons. Collinear partons are charac-
terized by a large momentum component along one light-like direction, and suppressed
momentum components along the remaining directions. In order to describe the dynamics,
it is therefore convenient to choose light-like reference vectors ni_ and nf, for each collinear
direction ¢. These vectors are given by

= (1,7), = (1, —;). (2.1)

The n; is a three-vector, and the light-like reference vectors satisfy n;,_ - n;, = 2 and

n? = n? . = 0. Using these reference vectors, the metric tensor is decomposed in the

fol_lowing way

v

v ni— n;/ v
g = nlf, Tl T gl 22)

11
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which defines g!’. This leads to the realisation that a general four-vector can be written
in terms of its light-cone components

” ;. ;.
P =p,gt = (ni+p)7 + (ni_p) 2+ + P = (nip,ni_p,piL), (2.3)

where we have also written the four-vector utilising the component notation. It follows
that the scalar product of the vector p* with itself (and with another arbitrary vector ¢*)
is given by

P =enmn) +h (pra= Snp)na) + 30 p)mea) + o a ). (24
The power-counting parameter A is identified by the perpendicular, 1, component of
the collinear momenta, p;; ~ QA, where () is a generic large scale in the process, whose
virtuality is O(A?). In this work we concern ourselves with physical processes for which
the virtuality of the collinear modes in any of the collinear directions, ¢, is of the same
order, O(\?), and which is parametrically larger than the virtuality of the soft mode which
is O(A1), as all of the component of the soft momentum scale as Q2. This set up leads to
a version of the soft-collinear effective field theory known as SCET]. The Lagrangian for
this theory with power suppressed interactions out up to O(\?) has been worked out in
[73]. The subleading power interactions between collinear and soft fields given here play a
central role in much of the considerations presented in this work, and we will return to
discuss them in far greater detail. However, we first intend to start from the beginning
and show how the expansion-by-regions method simplifies loop calculations of Feynman
diagrams with a hierarchy of scales present. We then discuss the leading power effective
field theory construction, which gives the expanded integrals directly, that is, SCET} at
leading power. After this discussion, we introduce the framework which extends these
considerations from leading power to subleading powers. This framework was developed
in a formal setting for the calculation of anomalous dimensions of subleading-power N-jet
operators in a series of papers [86, 87, 88] to which we refer the interested reader for all
the technical details. Below we aim to introduce the concepts necessary in the analysis
that follows and to set up the notation.

2.2 Expansion-by-regions method

The technique of expansion-by-regions [89, 90] is a method that enables asymptotic
expansion of loop integrals in dimensional regularization around different kinematic limits.
As will be demonstrated here for a simple example, the idea is that a given integral is
separated into different regions. The integrand can then be expanded in an appropriate
kinematic limit for each individual region. This yields simpler intermediate integrals,
and we recover the result for the original integral once the results for different regions
are recombined. The expansion-by-regions method is a useful technique that allows one
to obtain results for Feynman diagrams which are too difficult for direct evaluation, for
example, if a large number of disparate scales are involved. This by itself is a very useful
tool in fixed-order perturbative calculations. However, the expansion-by-regions technique
forms the foundation of even more powerful methods if we interpret the non-vanishing
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on-shell regions as contributing propagating degrees of freedom to an effective field theory.
Within the effective field theory framework, the different contributing regions are described
by different sets of fields, and the expanded integrals are in one-to-one correspondence
with the Feynman diagrams of the effective field theory in dimensional regularization.
Importantly, the concept of scale separation is built-in to the constructed effective field
theory. This facilitates the derivation of factorisation theorems which give access to results
valid to all orders in perturbation theory via solutions of systems of renormalization group
equations.

Moreover, the effective field theory Lagrangian, unlike individual Feynman diagrams,
is manifestly gauge invariant and allows for the systematic inclusion of subleading power
corrections. The expansion-by-regions method underpins all of the above important
concepts. Therefore we dedicate this section to a short example of this method at work.

As the example, we choose a one-loop vertex correction considered in detail in chapter 2
of [79] since the contributing modes found here are also relevant for the discussion presented
in the following chapters. The integral which we consider is given by

1 1 1
+ i) [(k +1)? + 0] [(k + p)? + @]’

. —d/2, 4—d d
I=inm % /d k(kQ (2.5)
which corresponds to the propagator structure of the diagram depicted in figure 2.1. We
ignore here the Dirac spin structure for simplicity as it does not alter the contributing
momentum regions. In order to apply the expansion-by-regions method the problem must
exhibit a hierarchy of scales, therefore we insist that the external quark lines carry large
momenta [ and p, but their respective invariant masses are small, such that L%, P? < Q?,
where [? = —[? —i§, P> = —p? —id, and Q? = —(I — p)? —id. For convenience we
introduce a small expansion parameter defined by

P 12
Q@
The integral in (2.5) is in fact finite in d = 4 and can be evaluated directly. The full result

is a complicated function of polylogarithms which we do not write here. To leading order
in the A\ expansion, it is given by

[= c; <1n <P2> In <L2> + % + (’)(/\)) . (2.7)

We reiterate that the aim of the expansion-by-regions method is to identify modes which
give a non-zero contribution to the integral in (2.5). If we identify these modes correctly,
they will conspire to reproduce the result in (2.7).

We begin the investigation by parametrising the momenta. In this example there are
only two directions of large momentum flow, therefore we can use the basis of light-like
reference vectors given in (2.1) and drop the i subscript by choosing a back-to-back
configuration such that we work in the frame where @Q = 0. The directions of large
momentum flow are p# ~ Qn" /2 and I* ~ Qn' /2. The components of the external
momenta scale in the following way

2~ (2.6)

PP~ Q1,02 N, "~ QN 1,0, (2.8)
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\'k+p
\/k:Jrl

dl

Figure 2.1: One-loop eevy vertex correction. The external fermion legs are kept slightly off-shell,
p? #0 and 1? #0. The discussion in the text focuses on the scalar propagators and
we neglect the Dirac structures in the numerators.

which satisfies p? ~ [ ~ \2Q? in (2.6). We must now find which modes of the loop
momentum, k in the diagram in figure 2.1, contribute to the integral. To this end, we first
parametrise each component of the loop momentum with the expansion parameter \ raised
to an arbitrary power k* ~ Q(A\%, \°, X¢). It turns out that only combinations satisfying
a + b = 2c are relevant. If ¢ > 0, these modes describe to particles which are on-shell
in the A — 0 limit and which correspond to the propagating degrees of freedom in the
effective field theory, as eluded to above. As will become evident momentarily, four regions
give non-zero contributions to the integral. In the first region, the components of the loop
momentum scale with a = b = ¢ = 0, which gives k* ~ (1,1, 1). This is known as a hard
region. Next we have regions collinear to p* and [*. These take on k* ~ Q(1, %, \) and
k* ~ Q(A\?,1, \) scaling respectively. The final contributing region with loop momentum
scaling as k* ~ Q(A\%, A%, \?) is known as the soft region.

To demonstrate that these regions indeed reproduce the result in equation (2.7), we
now consider each region separately and expand the integrand accordingly. We begin with
the hard region where k? ~ \°Q?. Writing the scalar products in component form as in
equation (2.4), we expand the integrand in A and keep only the leading terms. This yields
the following integral

1 1 1
k2 +10) [k? 4+ (n_l)(nyk) + 0] [k? + (nyp)(n_k) +id]

[hard — g pd/2 ) Ad /ddk( (2.9)
Note that in this region (nyp)(n_k) ~ A\°Q?, whereas p, - ki, ~ AQ? and (n_p)(n k) ~
A2QQ%. Hence, the latter two scalar products are suppressed with respect to the first and
are therefore omitted in the integrand above. An analogous analysis yields the propagator
with the momentum *. We can integrate (2.9) which gives the following result

hard _ 1 1 ((n-0)(nyp)\ "T[1+€T[1 — €
! ‘<n_Z><n+p>e2( i ) -2 (210

Next, we begin with the integral in (2.5) again and find that in the region of loop momentum
k* collinear to p* the integrand is expanded as

1 1
K2+ i0) [(n_1)(nsk) + 0] [(k + p)2 + 0]’

]collinear _ iﬂ_d/2M4_d /ddk( (211)
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again to leading order in A, which yields
Icollinear _ 1 l 52 h F[l + E]F[l _ 6]2
(n D(nep) & \ 42 i — 24

Similarly, in the region collinear to [#, which we call anticollinear in order to distinguish it
from the region collinear to p*, the expanded integrand takes the form

(2.12)

1 1 1

]collinear — ;i .—d/2 4-d /ddk ’ 2.13
oA R e T
for which we obtain
[anticollinear — 1 l E - F[l + G]F[l — 6]2 (2 14)
(n-0)(n4p) e \ p? [l — 2¢] '
Finally, we consider the soft region where the integral is given by
1 1 1
Isoft — i ——d/2 4-d /ddk 2.15
e 07+ 0) [(n-p)(nek) + P 0] ) (0B 4 47 4 0] )
and the result is
1 1 L*p? -
ot = ( ) I[1+ €[l — €. 2.16
0D (mep) & \ (e At (2.16)

We now expand all of the above results in € to expose explicitly the pole and logarithm
structure contained in the individual regions

I[1 1 1 2\ 1 2 g
[t [C;e] <€2+€ln (é;) + 5’ (é;) —7;+O(A)>, (2.17)

2 2 2
Icollinear — M (_1 _ 1111 (’u> — 1]1’12 (,U) + % + O()\)> ) (218)

colli I'[1+ €] 1 1 w2 1 w2 w2
Jan icollinear 2
t - 2 <—62 - E hl (2 - 5 hl 7[2 + F + O()\) 3 (219)

M+t 1 (pQ 1 202\ w2
soft L 1 1., 2
I - Q2 (62 + c In <P2L2 + 9 In P2L2 + 6 + O()\) ,(2.20)

where we have used (n_[)(n,p) = Q* We see that each region depends on a single scale,
such that the logarithms can be made small by a suitable choice of p in each region.
Moreover, individual regions contain divergences in . However, upon summation of all
the different regions these poles cancel and in the end we obtain a result for the integral
(2.5) in the limit P? ~ L? < @Q?* Concretely, we recover the result in (2.7) which is
accurate to leading power in the A expansion. The effective field theory framework is then
construcuted to give each of the contributing regions directly, we outline this construction
in the following sections.
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The example presented here is only meant to illustrate the expansion-by-regions method
in one of the simplest possible scenarios. In general, this method allows for systematic
inclusion of terms suppressed by powers of A. Indeed, power corrections are the central
theme of the work presented here. In the sections that follow, we describe SCET at leading
power and how subleading power corrections are included in this effective field theory. In
appendix B.2 we present results for a full (including the numerator structure) amplitude
for the Drell-Yan process valid up to next-to-leading power in A expansion. We obtain the
results using the SCET framework and find agreement with the results obtained by the
means of expansion-by-regions method.

2.3 SCET at leading power

In this section we introduce the soft-collinear effective field theory framework at leading
power in the A\ expansion. We focus on the construction of SCET with modes found to
contribute to the example integral above, this is the so-called SCET] field theory. An
important remark is that different versions of SCET may be applicable to different processes,
for example the so-called SCETYyy is the appropriate effective field theory construction

for proceses where the contributing “soft” region has the same virtuality as the collinear,
Ef ~ QA A N).

2.3.1 SCET;: field decomposition and the Lagrangian

We consider SCET in a general case where there exist N collinear directions. The quark
and gluon fields are split into /N-collinear and a soft parts

P(x) = (@) + -+ () +4(), (2.21)

N collinear fermion fields

At(x) — Al(x)+ -+ A (z) +A%(2), (2.22)

N collinear gluon fields

where ¢ is the soft part of the fermion field and A# is the soft part of the gauge field. Note
that no fields corresponding to the hard modes are included in the above splitting of the
full theory fields. Contributions from the hard regions are included in the effective field
theory framework through matching coefficients, named Wilson coefficients, of operators
constructed from the collinear and soft fields. This is where SCET differs from traditional
effective field theories, here we integrate out a mode of the full theory rather than a full
heavy field.
The fermion field in each collinear sector is further split into two components

vi(z) = &G(x) + mi(@), (2.23)
where the &;(z) and 7;(z) fields are defined using projection operators in the following way

it ool

&i(r) = 1 1

eix), i) =

V(). (2.24)
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The above definitions enable us to determine the power in A with which the different
components of the SCET fermion field scale. This is achieved using the two-point correlators

in QCD

O (g 0] ) = L | [ ey e e (o)

where we have used decomposition in equation (2.3) to write p* in terms of light-like
components before contracting it with a 7, and using the fact that 9, 7, =, 9%, =0,
such that

i

= (ni4Dp) 9

7/% ¢Z+ 7¢z+7¢
4 y 4

(2.26)

Hence, from (2.25) we see that the &;(x) field scales as & ~ A. A similar analysis reveals
that the n;(x) field scales as 1; ~ A%, and the soft field ¢(z) scales as ¢ ~ A3. The gauge
field scales like its momentum, hence A#(z) ~ p# and A¥(x) ~ p”, where the momenta p*
and p? are some collinear and soft momenta. For this reason only the n_ Ay component is
not power suppressed with respect its counterpart within the collinear gluon field A#(x).
The suppressed component of the collinear field ;(x) is integrated out using equations of
motion.

We will shortly present the leading power Lagrangian. However, we must first make two
important remarks regarding the interaction terms of the SCET Lagrangian. Firstly, the
fields belonging to different collinear directions do not directly interact with each other as
this is forbidden by momentum conservation — only soft exchanges are permitted between
the collinear sectors. Secondly, each interaction term which is permitted by momentum
conservation and which contains a mixture of collinear and soft fields must be multipole
expanded to achieve homogeneous power counting [72]. We elaborate on the latter remark
by considering a Fourier transform of an interaction term in the Lagrangian, schematically
we have

B d d d ~ 5 _
[t a@ et = [ [ G TR CEE o) K 0) &)
7 (2.27)

« 6—1(191+p2+1?s)

where momenta p;, py are collinear and momentum p, is soft. Focusing on the exponent,
we note that sum of momenta p;, ps, and p, scales as pi' + ph + p* ~ Q(1, A%, \) which
implies that the position variable z* scales as z* ~ (1/Q)(1/A?,1,1/)X). With this, we
can see that all components of the collinear modes by construction contribute equally.
However, if we consider now the scalar product of z* with a soft momentum, we find that
not all components contribute equally

Ps T = L (n_ps)(nix) —1—3 (nyps)(n_x)+psy a1 (2.28)

2
O\ O(A?) o)

where we have denoted that the first term is dominant, (n_p)(n;x) ~ A% and the
remaining terms are power suppressed with respect to the (n_p;)(nyx) term. Therefore, the
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soft field in contact with collinear fields must be Taylor expanded around " = (n,xz)n” /2.
This yields

[ dwéulw) AL(@) () =:(/d%n&cw Alfw) + 1 DL AL ) +ON?) | &)
O

= [z ) AL )o(a) + O, (2:29)

Hence, soft fields multiplying collinear fields in the SCET Lagrangian are evaluated at a
position 2", rather than a full z* position. Importantly, we evaluate the soft fields at z*
after the derivatives are taken.

The soft-collinear effective field theory Lagrangian for QCD is separated into a soft
and N collinear parts as follows

N
Lycpr, = L5+ > L, (2.30)

=1

where each of the collinear sectors is systematically power expanded in the small power
counting parameter A

£, =L+ 4?4 (2.31)
~—~—— ~— S~
o) O O?)

The first term in the expansion, E,EO), is known as the leading power contribution, and the
remaining terms denote the power corrections. The number in the superscript in terms on
the right-hand side of (2.31) denotes the relative power suppression in A with respect to
the leading power term. The soft Lagrangian is given by

GsilDyqs — <F A) (2.32)
where A is the adjoint colour index and the soft covariant derivative is defined as
iD,(x) = i0, + g:A;(2), (2.33)
in terms of which we define the soft field strength tensor
ig.F", = {iD;,iDﬁ} . (2.34)

The different collinear sectors in (2.30) have identical structure, here we give the leading
power contribution to the ¢-th collinear sector

Ty

_ 1
£ — ¢
i =£ 5

leul §i—— <Ffw A) . (2.35)

;- D; + +gsni— A, ( ) + leu D,
(288

where we have made the dependence on n;_A,(z;_) explicit. The covariant derivative is
given by

iDiz) = 0"+ g, Al(z). (2.36)
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As emphasised above, the position argument of the soft field in (2.35) is only the component
z¥ . The collinear fields are evaluated at x#. The field strength in equation (2.35) is defined
by

ny ny
igs F!'" = |iD! + gsni_AS(xi_)i, 1D} + gsni_AS(mi_)?+ , (2.37)
where D! is decomposed as
n nh
DY = (ni-Di) =" + (niy Dy) = + Diy (2.38)

according to (2.3).
At leading power, soft gluons couple to collinear partons through eikonal vertices, this
is explicit in the leading power Lagrangian of SCET in (2.35).

Gauge transformations

Manifest gauge invariance built into the Lagrangian and non-local operators, which we
introduce below, is one of the key features of SCET. It enables us to make all-order
statements and predictions. We discuss it briefly here and remark that a detailed study of
gauge transformation properties of the non-abelian SCET Lagrangian has been performed
in [73].

The gauge transformations of QCD must be expanded so that the scaling of the soft
and collinear fields in the SCET Lagrangian is not altered by gauge transformations. The
soft and i-collinear gauge transformations are defined by

Vi(x) = exp [z af(aj)TA} : Vi(x) = exp [z a?(aj)TA} : (2.39)
where the gauge functions a(x) and o (z) have a soft and collinear scaling respectively.

Under a soft gauge transformation, the soft fields transform in the standard way, see
for example [91]. However, the i-collinear fields transform according to

&i(x) — Vi(zim)&(x), (2.40)
M) = Vi) A Vi ). (2.41)

Note that the soft gauge transformation here is expanded and depends only on the
component to keep a homogeneous power counting.

Next we consider the ¢-collinear gauge transformations. The soft fields do not transform
under these transformations since this would alter their power counting. The i-collinear
fields transform as

&Gi(x) — Vi(z)&(2), (2.42)
Al(z) — vi(x)Ag‘(;c)vj(nglsw(x) i0" + g, n?n,-_As(xi_),ViT(x) . (2.43)

To summarise, the fermion fields transform according to

Y = Vit (2.44)
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and all covariant derivatives transform as

D" — VD"V, (2.45)
with the arguments replaced x* — 2!’ in the correct places. The Lagrangian in (2.35) is
manifestly invariant under both soft and collinear gauge transformations separately. Mani-
fest gauge invariance can be systematically included in the subleading power Lagrangian,
as is carried out in detail in [73].

Wilson lines

Wilson lines are objects which play a critical role in ensuring gauge invariance of SCET.
We define the i-collinear Wilson line with the large component of the associated gauge
field in the exponent

0
Wi(z) = [z, —oon;1] = Pexp [igs/ dsmniy Ai(x + 5ni+>‘| , (2.46)
and the soft Wilson lines with the n;_A, component of the soft gauge field *
0
Yii (x) = Pexp [igs/ dsn;_Ag (x + Sni_)} . (2.47)

The symbol P in both of the above equations denotes a path ordering operator such that
gauge fields with a larger s are placed to the left of those with a smaller s. The limits of
the integrals in the exponents of equations (2.46) and (2.47), namely from —oo to 0, arise
due to the fact that for concreteness we are considering incoming particles. In Wilson
lines describing outgoing particles the limits extend from 0 to co. Explicit expressions
for Wilson lines describing QED and QCD particles and antiparticles can be found in
equations (A.16) — (A.23) of [64].

The usefulness of Wilson lines in the construction of SCET becomes apparent upon
consideration of the behaviour of these objects under gauge transformations. Namely,
taking as an example the collinear gauge transformations we find that the Wilson lines
transform as follows

Wix) = Vi(x)Wi(z)V; (—ooniy) . (2.48)
=1,

If we then consider gauge functions which vanish at infinity, such that VZ-T(—oonH)
then the following building blocks are collinear-gauge invariant [92]

xi(z) = Wi(z)&(z) i-collinear quark
vi(z) € (2.49)

() = Wi (x) [lDélWZ(CL‘)] i-collinear gluon

Using the scaling of the fields which make up the building blocks, as discussed below
equation (2.25), we see that the scaling of each collinear building block is O(\) [72].

"'When there are only two, back-to-back, collinear directions present, we will use the soft Wilson line
Yi(x) = Pexp {igS f_ooo dsngAg (x4 sny)|, where the + and — correspond to soft Wilson lines for the
collinear and anticollinear directions.
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Since Wilson lines appear ubiquitously in SCET, we briefly comment on their contri-
bution to calculation of Feynman diagrams. A Wilson line may source any number of
gluons by keeping higher orders in the expansion of the exponential in equations (2.46)
and (2.47). The higher number of emissions are suppressed by corresponding powers of
gs. For illustration, we consider the O(gs) term. The momentum-space Feynman rule
can be obtained Fourier transforming the gauge field and performing the ds integral. By
requiring that the Wilson line is well-behaved at infinity, we can fix the id prescription.
For example, considering the soft Wilson line in equation (2.47) and expanding to first
order we find the following

Vi) = 14 [ e g e i o, s

ik —10

where the term in the square bracket is the momentum-space Feynman rule. This Feynman
rule has an eikonal form as expected, namely, it contains a linear dependence on the
momentum.

We note that the appearance of eikonal propagators is common within soft-collinear
effective field theory since it deals with the kinematic situation where the soft momentum is
parametrically smaller than other momenta in the process and a consistent expansion can be
performed. This linear dependence on momentum is in contrast to the momentum squared
behaviour usually encountered in the propagators in calculations using full, unexpanded,

QCD.

2.3.2 Decoupling transformation

An important feature of the SCET Lagrangian is that the soft-collinear interactions can
be completely removed at leading power. This is achieved by the so-called decoupling
transformation [71] which is defined by the field redefinition below. For simplicity, we
focus on one collinear direction, c¢. However, the decoupling transformation can be applied
to every collinear sector present in a given problem. The decoupling transformation is
given by

Elx) — Yi(e-) (@), (2.51)
AMz) = Yi(z)ADH (@)Y (z ). (2.52)

(¢

Corresponding decoupling transformations for outgoing particles are given in equa-
tion (A.15) of [64].

Focusing on the fermion piece of the leading power Lagrangian given in (2.35), we see
that the soft-collinear interactions arise only due to the presence of the soft gauge field,
Ag, in the in_ D piece. Therefore, considering this term in the Lagrangian, and performing
the decoupling transformation we see that
& (in_D 7/& _ ¢y (O)ﬁ (0)

e (in_D.+ gsn_Ay) 5 & =¢&)in_Dy 5 £, (2.53)
where the right-hand side of this equation, written in terms of the decoupled collinear
fields, does not contain any soft fields. Effectively, the field redefinitions in equations (2.51)
and (2.52) remove all soft-collinear interactions from the leading power Lagrangian in (2.35).
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Alternatively, we can write the decoupled leading power Lagrangian in terms of the
decoupled collinear gauge-invariant fields introduced in (2.49). In this case, the interaction
term takes the following form

& (in_D,+ gsn_A,) 7ﬁ2+ £ =xW (in_3 + n_Ang)) 7L2+ X (2.54)
where A# = W [iD* W] according to the second line of (2.49). The superscript (0) on
the decoupled fields is customarily dropped after the field redefinition is performed. This
convention is followed in this work, unless for clarity we make this superscript explicit in
which case this will be noted.

2.3.3 Matching procedure

In equations (2.21) and (2.22) we have specified how the full QCD fields decompose into
effective field theory fields and remarked that hard modes are contained in the so-called
Wilson, hard-matching, coefficients. In this section we outline how this procedure is
performed in practice. To construct the effective field theory, we write down all possible
operators compatible with the symmetries of the theory and assign a matching coefficient
to each operator — the Wilson coefficients. We then compute identical quantities in the
full and effective theories, and adjust the value of the Wilson coefficient such that the
two results match. In SCET, the Lagrangian is not modified by the matching corrections.
The hard-matching corrections are received only by operators which contain at least two
collinear fields in separate directions. As an example we consider the matching of the
QED vector current to the SCET fields. This quantity will become useful in the following
chapters.

The matching of the vector current requires only two back-to-back collinear directions.
Therefore they can be described by one set of light-like vectors n/.. As usual, the
(n14p) = (nyp) component of the momentum p is large in the first sector which we call
collinear, and in the second sector, which we call anticollinear, the large component is
(n_p), where (nop) = (n_p).

We construct the leading power current operator using the collinear gauge-invariant
fields given in (2.49). It is important that we include all possible operators in the effective
field theory. With this in mind, we note that derivatives of a field with respect to its
large component are not power suppressed, 17,9 x.(z) ~ A\° x.(z). Hence, we have to keep
an arbitrary number of these derivatives in the current operators. This is achieved by
considering the expansion of the collinear field in the direction of the large momentum flow

oo 4k

Xelo i) = 3 1 (140)" xela), (259)
k=0 "
which implies that the inclusion of any number of unsuppressed derivatives acting on
the collinear field is equivalent to making the field non-local along the collinear direction.
Sometimes this is referred to as “smearing” along the light-cone.
The matching of the vector current in the full theory onto the SCET fields at leading
power is described by the following equation

brp0) = [ dedi GO elino) o e (tns) (2.56)
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Figure 2.2: Momentum-space pictorial representation of the hard matching relation given in
equation (2.56). Hard fluctuations in full theory diagrams appear on the left-hand
side of the matching equation. On the right-hand side we find SCET fields and the
Wilson coefficient, C4°, for the leading power DY current operator. The value of
CA0 is found by the requirement that the two sides of the matching equation are
equal.

)

where we have used the Y., xz fields which are not decoupled. Here we use the “bar’
notation to denote variables which account for the anticollinear direction, ¢, and we keep
this convention in the following chapters. The physical interpretation of this equation
is that the hard fluctuations in the full theory, on the left-hand side, are integrated out
and contained in the matching, Wilson, coefficient CA%4%(¢, 1) in the effective field theory,
on the right-hand side. The A0 notation will be explained in section 2.4.1. A pictorial
representation of the matching equation in (2.56) is presented in momentum space in
figure 2.2, where we have used the Fourier transform of the Wilson coefficient defined by

A (np,n_p) = / dt df 7 () TR AN 1y (2.57)

The operator matching equation given in (2.56) is valid to all orders in perturbation
theory. In practical applications, information about the Wilson coefficient is required
up to a certain accuracy in «g. Currently, it is known up to three loops [93, 94]. In the
present work, we use the d-dimensional hard matching coefficient at the one-loop order.
The result for this quantity can be found in equation (2.23) of [95]

_ o -Q*\"°( 2 3 w2
CH 0 (nyp,n_p) = 1+47GC< Q) <—2——8+

112

€ (7;2 + 142(3) — 16) + (9(8)) +0(a?), (2.58)

where Q? = (n,p)(n_p) and we keep terms up to O(¢). For later purposes, we define
the H function which is given by the product of the hard matching coefficient and its
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complex conjugate, H = |C4%4%|2, Taking care to treat the imaginary part correctly, up

to one-loop accuracy the hard function is given by

. CMSCF 4 1 /L2
H(Q*) = 1+ - (—62—6<4ln<Q2>+6>

2 2 2 7 2
+e ( —3 In’ (&) — 31In? <g2> + (3%2 — 16) In (gz>

+2§((3) + ;ﬁ — 32) + O(é)) +0(a2). (2.59)
As discussed in section 2.3.2, the decoupling of soft-collinear interactions is an important
property of the leading power Lagrangian. The decoupling transformation can also be
applied to the SCET fields present in the hard matching equation. We state again here
the field redefinition for the collinear-gauge-invariant collinear quark building block for
the incoming particles which we consider in this work

Xe(z) = Yi(zo)xP(2). (2.60)

Application of the decoupling transformation in (2.60) to the SCET current in equa-
tion (2.56) has the following effect

PAPp(0) = / dt df CA%0(t 1) xa(tn_) YT (0)7, Vi (0)xe (tns) | (2.61)

where on the right-hand side of the equation we now use the decoupled fields, but have
already dropped the superscript (0). The consequence of this field redefinition we depict in
the two diagrams in figure 2.3. The soft interactions are now governed by the Wilson lines
as can be seen on the right panel of figure 2.3 and there are no soft-collinear interactions, in
contrast to the non-decoupled theory presented in the left panel. The leading power Wilson

coefficient is represented by the circle connecting collinear and anticollinear directions
labelled AQ.

2.4 SCET at next-to-leading power

Since its inception, the formalism of the soft-collinear effective field theory has been applied
to many processes and by now many relevant LHC observables are resummed to a high
logarithmic accuracy at leading power. The subleading power corrections have received
comparatively less attention, although the first studies of next-to-soft emissions from
amplitudes using diagrammatic techniques date back to the work of Low [96] and Burnett
and Kroll [97] in the late 1950s and 1960s. The effective field theory framework is ideally
suited to investigations beyond the leading power as systematic power expansion and
gauge invariance are built into the formalism. Indeed, exploration of power corrections in
various contexts by the means of SCET has received increased interest in recent times. On
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Figure 2.3: The left panel depicts the QED vector current matched onto SCET fields prior to
the application of the decoupling transformation. The Tight panel corresponds to
the same object after the decoupling transformation, in equation (2.60), has been
applied.

the one hand, the motivation is to improve the accuracy of phenomenological predictions,
and on the other hand, purely to advance our understanding of gauge theories beyond
leading power to all orders in perturbation theory. There exist interesting field theoretic
phenomena and intricate structures to study.

It is noteworthy that some of the ingredients necessary for computations beyond leading
power have been worked out some time ago, for instance the non-abelian SCET Lagrangian
has been presented as early as 2002 in [73] and power corrections in 1/m g have been studied
in the context of B-physics in [75]. The basis for subleading N-jet operators, on which the
work presented here is grounded, has been introduced by M. Beneke, M. Garny, R. Szafron,
and J. Wang in [86, 87] along with a first complete computations of the soft-anomalous
dimensions at subleading power. There exist specific cases for which the subleading power
anomalous dimensions were computed earlier, such as the heavy-to-light current [98, 99]
and the power suppressed tree-level currents relevant for the production of two jets in
electron-positron collisions [100, 101]. Moreover, formal insights and investigations of
properties of subleading currents and divergent operators were discussed aforementioned
authors in [88]. We direct the interested reader to these references for the many technical
details and considerations in the position-space formalism which we now introduce in a
practical manner.?

2.4.1 Basis for subleading N-jet operators

We begin the discussion by writing down the Lagrangian of SCET up to O(A?) in the power
expansion. We do this in full since the Lagrangian will be extensively used throughout this
work and it makes clear the structure of subleading power Feynman rules that we discuss
in section 2.4.2. The Lagrangian is invariant under N collinear gauge transformations
and a soft gauge transformation. We have briefly discussed the manifest gauge invariance
of the SCET Lagrangian at leading power in section 2.3.1, the extension beyond leading
power is intricate and was developed for the non-abelian case in [73].

The full SCET Lagrangian, given schematically in (2.30), is constructed from the soft

2 An operator basis at next-to-leading power in the momentum-space SCET formulation can be found
in [102, 103, 104, 105].
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Lagrangian, £, and N copies of the collinear Lagrangian, £;. To avoid cluttering of the
expressions with additional indices, we focus on a single collinear direction and drop the
corresponding index ¢ distinguishing between the different collinear directions. Then, using
the notation in (2.31) the Lagrangian up to O(\?) is given by [73]

L=L04 L+ 2 +Ll)+ 2+ L3+ L2, (2.62)

where £ is written in equation (2.35), and for completeness the subleading power terms
are explicitly given by

4

£ = ¢(din W, g Fy,W]) e (2.63)
E?) = 5(2) + Lg it Eg I (2.64)
1 v s ¢+ 1 v s s Vi-%-
= & ((nea)ntin’ Weg o, W) Zh€ + 56 (a2 n W [D 9:F5 | W) ¢
1. 1
+ 56 (zlﬁ D ——a W, gSFSVVI/'CT —i—ac’i”incgsFﬁ,/Wj ZZD ) 7/2“ £,(2.65)
+
1 —
EéQq) = quT (Zn—D + ilpcl-ilﬂd_> @5+ijLuDsW(j imch
iy D, 2
_7/2 — — — R
- é’i in_D + imcLﬁimcL ch - 57:MCLWC xJ_,uDgQ7 (267)
2 ZTL+D
£l = Tr(nhF, W, ok WIHiDvw,)| wi
v L 7 xln iy 1D . .
— T (ng, PP Wen? By, W1 (2.68)
1 C S o w S - 14
£§?) = §T ( L, Wei [n rnin? Fy, +afx,n? {DS,FW} W [@DCLWCH WJ)
1
_ 2 i : f
2Tl"( , Wei o F3, , Win_DW,in_D,| W)
+ Tr (Fgm Wei |2 F3, W iDe, W.]| W))
1 C S 14 S
+ G Te (it Fy, Wenfin Fg, WE) = Tr (F s Wk, W)
— T (ng, F Wenl wy, (DI, Fy, | WE) (2.69)

In the above expressions, just as in the leading power Lagrangian, the soft fields are
evaluated at position x_, we do not write this explicitly to avoid cumbersomeness.

We recall that the number in brackets in the superscript of £ denotes the power
suppression of the term with respect to the leading power expression. We demonstrate
the counting briefly using the power counting of the fields given in equation (2.25) for the
collinear fields, and discussed below this equation for the soft fields. The leading power
action is O(\?), and now we consider the action for the Eél) Lagrangian term in (2.63)

/d% /d4 3 <xL n WgSF;VWj>¢+ £ ~00),  (2.70)
2 —~~
~X S ~1/A et ~A
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as required.

The form of this Lagrangian can seem intimidating at first, especially the appearance
of explicit position arguments which arise as a consequence of multipole expansion. In
momentum space, these give rise to derivatives that act on delta functions which ensure
momentum conservation at every vertex in a Feynman diagram. This is not a standard
feature in the usual QCD Feynman diagram calculation, and a point which we will return
to in section 2.4.2, where we present how these rules can nonetheless be worked out and
applied consistently in a calculation.

An important feature of the SCET Lagrangian is that explicit homogenous power
counting is manifest in each term, this fact makes the SCET framework ideally suited to
deriving all order factorisation theorems.

Another important observation is that there are no purely collinear subleading interac-
tions as every term in equations (2.63) — (2.69) contains a soft field. This remains true even
after the decoupling transformation is performed as will be shown in section 2.4.3. This
feature leads to new physical effects at subleading powers and has profound consequences
for the structure of factorisation beyond leading power. This fact we mention now without
a proper explanation or example, however, we will return to this discussion in far greater
detail in our case study of the factorisation in the Drell-Yan process and Higgs production
at threshold in chapters 3 and 9 respectively.

Having written down the Lagrangian up to O(\?), we proceed to outline the construction
of a complete basis for subleading power N-jet operators as described in [86]. In chapter 3
we specialise to a particular number of jet directions, N = 2, for the Drell-Yan process.
However, for the purposes of the construction of the N-jet basis we keep the discussion
general.

The structure of an N-jet operator is captured by [86]

N

J= / [I;Idtik]C({tik}) To(0) IT Ji(ti, tiyn) (2.71)

i=1

where C'({t;,}) is a generalised Wilson coefficient, J; is a soft operator, and .J; is a product
of n; collinear-gauge-invariant collinear building blocks associated to a particular collinear
direction n;

k=1

The elementary collinear-gauge-invariant collinear building blocks we have already given
above in the context of the leading power discussion in equation (2.49).

As the starting point for the construction, we consider the leading power N-jet operator
to which only a single building block contributes in each direction. In the expressions,
this means that we take n; = 1 for every direction ¢+ = 1,2,...N. This is labelled by a
superscript A0, and explicitly, we write

TRt = iltiniy), (2.73)

for every i. We have depicted the leading power N-jet operator in the top-left diagram of
figure 2.4.
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We proceed to consider the contributions which are suppressed by O(A). As explained
in [86], there are effectively two ways in which power suppression in the N-jet operator
can arise up to and including O(\?).

The first way is through derivatives, d;,, acting on the building blocks 1;,. Up to and
including order O(A\?), the basis is given by

JM(t) = ol IO o), (2.74)
JR2(t) = dokior JAt) O\, (2.75)

Within the label “An” in the superscript, A means that there is only one field present
in the current, and n gives the order of the power suppression in A. Such operators are
depicted in the top-right and bottom-left diagrams of figure 2.4.

The second way of inducing power suppression in the N-jet operator is by introducing
another ¢-collinear building block in a particular collinear direction, since each building
block scales as O()). These operators are labelled by J?", with the letter B indicating that
there are two fields present in one collinear direction. We have the following possibilities
at O(\) [86]

Xi(ti i) X (tiy g )
AL (tamig ) xa(tiynig)

JiBl (ti17ti2> - 7vbi1 (tilni-k)wiz (ti2ni+) € (276)
AL (timig ) AT (Biniy )

Xi(ti iy ) X (tiynig)

and the conjugate operators. As an illustration, a J?! operator in the i-th direction is
present in the bottom-left diagram of figure 2.4, alongside a J4! operator in the j-th
direction.

We can also envisage that derivatives acting on the JB! operators will give rise to
operators of type JB2, where there is still one extra field present in a particular collinear
direction with respect to the leading power, and a 0;, derivative is acting on the building
blocks. The possibilities are [86]

Vi, (ti, 1y )10 L3, (tiymiy)

J'BQ (til ) tiz) S
1051 Wn (ts,niy )i, (tz‘znw)}

)

(2.77)

where any of the JP! currents can make up the ;, (t;, 11 )1y, (ti,n: ) combination.

At O()N?) another type of power suppressed current is possible, namely, one where
two extra collinear building blocks are included in a particular direction, on top of the
leading power building block. In accordance with the labelling scheme we follow here, the
operator of this type is labelled J? as it is made up by a total three fields in one collinear
direction, and it is given by [86]

JiC2 (til ) ti2 ) = ¢i1 (ti1 ni-i—)wm (tiQ M+ >¢23 (tis ni+) : (278)

A J? operator is depicted to be present in the i*" direction in the bottom-right diagram
of figure 2.4.



2.4. SCET at next-to-leading power 29

To summarise the above discussion, we have thus far considered two ways of including
power suppression in the current operators in a particular collinear direction, that is,
through inclusion of derivatives on the building blocks, and the addition of extra building
blocks themselves.

As discussed in [86], there exists a third way that power suppression can enter the
subleading power operator basis, and that is through appearance of completely new types
of operators such as contributions to the pure soft building block, J,. However, it has
been shown in [86] that any new type of collinear building block can be recast in the
basis already given above, and the pure soft contributions start at O(A\3). We refer to the
discussion in [86] for more details. Here we only give examples of the pure soft building
blocks for concreteness, since the formal factorisation theorem derived in chapter 3 is an
all order and all power expression which does contain .Jg, but the calculations we perform
are at the next-to-leading power, O(\?), level. The covariant, pure soft, building blocks
which can make up J; are for example

q(z) ~ O(NY), F*(z) ~ O(XY), iDL q(x) ~ O(N). (2.79)

Note that the fields retain the full x dependence in the purely soft sector. The covariant
derivative, which acts only on soft building blocks, is iD¥(x) = i0" + gsA(x), and the
soft field strength tensor is given by ig, F/* = [in;, iD;’] as in equations (2.33) and (2.34)
respectively. Note that in equation (2.71) Js(x) appears with the argument = 0 on the
grounds that when the purely soft building block appears in a product with operators in
N collinear directions, the multipole expansion must be carried out in each of the collinear
directions effectively requiring that « = 0 in Js(z).

This concludes the discussion of how power suppression can be included in each leg of
an N-jet scattering process. It is then easy to see how the total power suppression for the
N-jet operator in (2.71) is obtained. One simply has to sum all the possible combinations
which give rise to power suppression. For example, at O(\?) the power suppression could
be induced by a J42, JB% or J¢? operator on a single leg, with N — 1 directions remaining
at leading power, or by two J4' or JB! operators on two separate i-collinear legs and
N — 2 directions kept at leading power. One could also consider a mixture of J4' and
JB currents on two separate legs. We show these examples in several panels of figure 2.4.
Such an investigation is systematically performed in chapter 3 for the Drell-Yan process
up to O(\?).

These considerations do not yet yield a full picture regarding N-jet operator basis in
SCET. We continue to follow the framework introduced in [86] and adopt the interaction
picture. This means that it is understood that all operator matrix elements are evaluated
with the leading-power SCET Hamiltonian and that we treat the subleading SCET
Lagrangian insertions as perturbations. The basis of subleading power N-jet operators
then contains further operators which are “non-local” and are built from time-ordered
products of the current operators J defined above with terms from the subleading SCET
Lagrangian, given here in equations (2.63) — (2.69). At O(\) these time-ordered product
operators take the following form

JINt) = @'/dde {72°t:) £V (2)} (2.80)
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Figure 2.4: Sample contributions to the N -jet scattering process. In panel (a) we have schemat-
tcally drawn a leading power N -jet operator with one collinear field present in each
of the N collinear directions. Panels (b), (c¢), and (d) show possible power correc-
tions to the leading power process in (a). We have coloured the collinear sectors
which receive power corrections. Panel (b) contains O(X) contribution where the
power suppression is provided by a 0, derivative acting on the fermion field in the
i-th collinear direction. The remaining legs are kept at leading power. Panels (c)
and (d) show an overall \* suppressed N-jet operator. In panel (c), the O(A\?)
suppression comes from two different collinear sectors, i and j in this example.
The O(X) power suppression in the i-th collinear sector is provided by the presence
of an additional field in that direction and the power suppression of the same order
is provided in the j-th collinear sector by a 0, derivative. In panel (d), the O(\?)
suppression originates in the i-th sector with two additional collinear fields present,
with respect to the leading power case. Many more other possible combinations
exist.

where El(-l)(gc) are terms of the subleading power Lagrangian in the relevant collinear
sector Egl)(a:) = L'Z(é)(a:) + Egég(az) + ﬁZ(QM($) given in equations (2.63), (2.66), and (2.68)
respectively. At higher powers, the basis includes single and multiple higher-power
Lagrangian insertions £ in time-ordered products with power-suppressed currents, such
as JAL JPL JA2 and so on, as well as the leading power J4° current. We stress here that
the time-ordered product operators do contain soft fields, through the subleading power
Lagrangian terms. This is in stark contrast to the operators of the A, B, C'... - type,
which, as discussed above, contain only the derivatives on collinear building blocks or
additional building blocks in any particular direction.
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2.4.2 Feynman rules

Explicit calculation of the NLP collinear functions at one-loop order, carried out in
chapter 4, is one of the main new contributions of the work presented here. For this
reason, and since the next-to-leading power SCET Feynman rules are more involved than
QCD Feynman rules, we now discuss how they are derived and how they can be used
in calculations. We also give explicitly the subleading SCET Feynman rules which are
extensively used in this work. For a full set of Feynman rules up to O(A?) we point to
appendix A of [87].

To avoid unnecessary clutter in the expressions, we now focus on one collinear sector and
set nt. — nli. As stated above, we work in the interaction picture where the subleading
SCET Lagrangian terms are used as perturbations. To find the Feynman rules we consider
the interaction part of the action, in particular, for the purpose of this example, we
concentrate on the first term in Eéz) in equation (2.65) which we name EEQI) ;

le v o e ) B
£l = S ((naln” Weg P, WE) The. (2.81)

The matrix element of this Lagrangian term with an incoming quark and soft gluon, and
an outgoing quark, carrying momenta p, k, and p’ respectively, is given by

@@l [ ¢ LQ@aw) g 0) = @i [ d'e €@ (emlnt W, B, W)

L w)latr) 0 (). (282

where A is the adjoint colour index of the soft gluon.
Using standard mode decomposition and taking the derivatives which appear in the
soft field strength tensor gives the following expression

(@@l [ ' £Q@ae) g 1) = 00 [ e tnomtn (= ik (6) + ke, (1))
e

X gs T4 u(p)e? e Preika (2.83)
where we have set the (conjugate)collinear Wilson lines, W,(WJ), to unity, and we suppress
spin and fundamental colour indices. We stress that here, since we consider subleading
power terms of the SCET Lagrangian, due to multipole expansion the derivatives acting
on the soft fields here are performed before the position is set to z# = z', where
¥ = (nyx)n /2. Only after the derivative acting on the soft field A is performed, can
7 be set to 2 as we have done in the argument of the exponential e~%*-. Therefore,
the nyk component of the soft momentum survives in the numerator of equation (2.83),
although it is not conserved in the momentum-conserving delta function which we show
below.

In the standard derivation of Feynman rules, the next step after reaching the analogue
of (2.83) would be to perform the d-dimensional integral over the position of the interaction
vertex which yields the momentum conserving delta function. At subleading powers, as

in (2.83), this step cannot be directly performed due to (n_z) component appearing in
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the expression. We first replace this term with a derivative with respect to the incoming
momentum p acting on e~?*, (n_x)e”"?* = in" %e”p“. Then the [ d% integral can be
L

performed and we obtain
1
Ali [ dz £ @)law) 9" k) = SigT o (n Zynsn” (kpey kepy/‘; w. (2.84)

On the right-hand side v = v(p’), u = u(p), €,(p) = €y (k), and

0 d s(d /

Z“:a—pu(%r) 0D (p+ky — 1), (2.85)
where kff = (n_k)n/; /2 in the argument of the delta function. Finally, in the last step, to
obtain the Feynman rule for this power suppressed interaction we strip off the polarisation
vector and the spinors. The result, along with the Feynman rules for the remaining terms
in [,22)(:15), will be given shortly. We first remark two important features of the above
result.

First, perhaps the most non-standard feature, is the derivative in (2.85) which acts on
the momentum conserving delta function. Because of this fact, momentum conservation
cannot be naively imposed at the subleading power interaction vertices in Feynman
diagrams. In practice, in a Feynman diagram calculation, the above result means that
we first have to integrate by parts, such that this derivative acts on the rest of the
expression, and only after this derivative is evaluated can the momentum conservation
at the subleading power vertex be imposed using the delta function in (2.85). Standard
Feynman rules often have the momentum conserving delta function stripped off, as it is
implied that momentum is conserved at every vertex, and this is often implemented as
soon as one draws the Feynman diagram. Here, the momentum conserving delta function
remains in the Feynman rules explicitly and it has to be dealt with carefully as will be
shown in chapter 4 in a concrete calculation. For example, see the discussion between
equations (4.31) and (4.33).

The second crucial feature that we point out is already present at leading power,
however, it is nonetheless important from the point of view of constructing a consistent
effective field theory framework. It is namely the fact it is only the (n_k) component of
the soft momentum which enters the momentum conserving delta function, as can be seen
n (2.85). This is a consequence of multipole expansion which guarantees homogeneous
power counting. This component is of the same order as the small component of the
collinear momentum, O(\?), hence it remains after the multipole expansion is performed.
This is in contrast to ny k and k; components of the soft momentum which are power
suppressed with respect to the corresponding components of the collinear momentum in
SCET] as explained below equation (2.4) and which therefore do not enter the momentum
conserving delta function. To illustrate this point explicitly, consider a Feynman graph
where there is a collinear quark propagator attached to the above soft-collinear interaction.
Due to the interaction, soft momentum is injected into the collinear propagator (given
below in equation (2.87)), however only the & component survives®

L

3We take a simple example where the derivative described in detail above is taken to be acting on
another part of the amplitude and not on the nearest propagator which we write here.
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We stress that this does not mean that we set (ni k) component to zero in the Feynman
rule for the subleading soft-collinear interaction like the one which we have derived above
n (2.84), the soft momentum appearing there keeps all the components as explained above.
Similarly to the previous remark, for an explicit example we direct the reader to chapter 4
and specifically the expression in equation (4.33).

We have now presented a detailed example of next-to-leading power Feynman rule
derivation. Moreover, having discussed its important features, which are also more generally
present at subleading powers, we now for ease of access and completeness give most relevant
Feynman rules for the work presented here. In line with our presentation thus far, we
continue to focus on one collinear direction, however of course the form of these Feynman
rules is the same in each collinear sector.

We begin with writing down the collinear quark propagator which takes the following
form

i(nyp) 7/L—

p2+id 2

(2.87)

The collinear gluon propagator on the other hand takes the standard form. In Feynman
gauge it is given by —ig,, /(p* + 9). Similarly, the soft quark propagator also takes the
standard form: if/(k? + ).

For the introduction of the subleading power SCET Feynman rules, it is also necessary
to generalise Z which is given in (2.85) for the specific case we considered. We now change
the label to X in accordance with [87] and define the following structures

xr = 0 [2m) "0 (3 p — Y pow)] - (2.88)

xXexv = 90" [(2m)"%D (3 pin — Y pow)] (2.89)
where the partial derivative 0" = 0/0py,, if the derivative acts on any of the incoming
momenta (this can be freely chosen), or 0" = —0/0pou, if the derivative instead acts on

any of the outgoing momenta.
The collinear-quark soft-gluon interaction vertex is given by

3 Jh
i . 7*71_“ o)
<;
P ph
E Spy(k b, p) 2+ (kpguu - kl/gpu) O()‘Q)

where

1
S (k,p,p) = 3 (n-X)nfin” + (kX)X n” + X7 ( }?pﬁi + fﬁjjp) ] . (2.91)
i

II1

We note that, as the underlying low-energy physics dictates, the very first term in (2.90),
O(\Y), is simply the eikonal vertex. The eikonal soft-collinear coupling is explicit in the
leading power SCET Lagrangian (2.35).
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The Feynman rule for the O(\) suppressed soft-collinear interaction derives from the
Lagrangian term LS) given in (2.63).

The three terms of S (k,p,p') in equation (2.91) of the O(\?) vertex in the last
entry of (2.90) correspond directly to the three terms in the power-suppressed SCET
Lagrangian written down in (2.64),(2.65) (originally given in equation (28) of [73]). We
have underbraced the three contributions and labelled them with Roman numerals, I, II,
and III, in light of the discussion presented in chapter 4. The first Feynman rule labelled
by I is due to the first Lagrangian term in (2.64), (2.65), which we call [,?1) (as defined

in (2.81)). Analogously the second and third Feynman rules come from Egl)l and Egl)n
respectively. We also see that we have agreement for the Feynman rule given by the
Lagrangian term 5221) , which we have derived with identical conventions for incoming and
outgoing partons in (2.84) and which is given here in the first term, I, in equation (2.91).

For the purposes of the calculations performed in chapter 4 we find it useful to also
present explicitly the collinear-soft three-gluon interaction vertex. In equation (A.45) of
[87] we find

A
g ) X VO (k,q,p) O(\%)
SO a9 Vi (k. a.p) O\ (2.92)
T~ 26:1 V;L(gf))’l(kja Q7p> O(/\2)
Ape P

where, in the Feynman gauge, the leading power interaction is given by

V;}B/))(k7 q, p) = _29up(n+p) n—p, : (293)
The interaction at O(\) is given by

Vi (k,a.0) = Vi (a,0) fi, (K) (2.94)
where

free(k) = 8" (kuGue — Gunks) (2.95)
and

i 1 1
VM (a,p) = L7 @) . () (n - ) XY+ HjM(gp) . (2.96)
+4  N4p

The H; M (g, p) term in (2.96) is given by
nt Ny o K
H}M(q,p) = f.f AL(q)nT]’; — fiM (p)ﬁq — 1% (YovGnp = GopGrw )9 - (2.97)

The two terms on the right-hand side of equation (2.96) originate from the two terms of
L%z/[ given in equation (2.68).

The interaction at O(\?) is most involved. It is made up of the following six contribu-
tions

VO q,p) = V2N gp) (—n-X £ (R) + kXX f, (K))
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VO (k,q,p) = V223, p) X5 fuwon, (k)
VO kqp) = VI ap) (k)
VS (kq,p) = VPN (g,p) furio, (R)
VOS(k,q.p) = V2O (qp)kX 1 f, (k) (2.98)

These six vertex factors correspond directly to the six terms of the E%{d Lagrangian which

we write in equation (2.69). The number of the precise term to which each Feynman rule
corresponds to is indicated in the superscript. The f;~ (k) and f5+"* (k) terms are defined
as

f:_(k) = ninZ(keGue — Gunks) = (nik)n-, — (n-k)ny (2.99)
fo (k) = 9" 97 (kuguo — Gunke) = K167, — K101, (2.100)

respectively, and the coefficients on the right-hand sides of the Feynman rules in (2.98)
are given by

1 1 1
V(Q),l = = +o + -
v (4,p) 5107 (@) fo, (P) nia
pq
VV(p2)72+3’/\L (q>p) = (q - p)j\_gup + Tw(n*ﬂ)dj\_l/ + nJrudj\_p) - QPéj\_I/ +pl/5j\_p
o Qiplln-‘rp + pi\qpn‘f‘u
nyp ’
1n+ n+
v(2),4 = = vt
Vo (4, p) 2 " (p+4q),
n4, 09, —ny 09,
Vit (q,p) = (pi Sy +5jpéjy> ~(\eo),
Ny, Ny
Vu(p2)’6’h(q7p) = _Tpp(lH‘qm : (2.101)

It should be noted that in the derivation of the above contributions, except for the first
line, n, (p+ q) = 0 has been used. Moreover, for terms without X |, (p +¢). = 0 has been
used in simplifications of the Feynman rules.

2.4.3 Decoupling transformation

We have seen how a priori in the leading power Lagrangian soft-collinear interactions
are present and give rise to eikonal vertices. We have also seen how an application of a
field redefinition, the decoupling transformation, separates the soft and collinear sectors
completely at leading power, this is detailed in section 2.3.2. Although the structure of
the soft fields in the subleading Lagrangian terms in equations (2.63) - (2.69) is more
complicated, one might wonder whether a similar feat could be achieved for these terms.
As we will now show through the explicit application of the decoupling transformation
this is not the case [75, 40, 54].

To illustrate the fact that soft-collinear interactions persist at subleading powers even
after the decoupling transformation is performed, we begin with the lowest order, O(\),
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power suppressed term in the quark Lagrangian, E(l), given in (2.63). For convenience we

write Cél) again here

1 ~ v s ¢ — v S ¢
e = (i WegFp, W) Te = x (ein” 0.Fp) Shx, (2102)
where in the second step we have used (2.49) to write the collinear fields in terms of
the collinear-gauge-invariant collinear building blocks. Now performing the decoupling

transformation as defined in (2.60) yields the following result

= v S VL
£ = XOutnr g YIEY, ?W(O). (2.103)
Note that in this section we keep the (0) superscript on the decoupled fields to emphasise
that the field redefinition has been applied. We now define F’ ;; = YlFlfVYLr and make use
of the following relation
ign” Fl, = |~ in_0B}], (2.104)

—uy

where on the right-hand side the square brackets remind that the n_0 derivative acts
only on the introduced soft gluon building block, BT, which is built from a soft covariant
derivative and soft Wilson lines. In fact, in what follows we will use two sets of soft gluon
and soft quark building blocks which are defined as

B = Yi[iD"Y.], (2.105)
¢t = Yig,. (2.106)

Using the above relations, the Eél) Lagrangian term in (2.103) becomes

L) (0] + ¢7+ (0)
L) = X mL[m_ﬁBH} 5 X (2.107)

We recall that, as in the Lagrangian given above in equation (2.62), the soft field is
evaluated at the multipole-expanded position, . In this result, we draw attention to
the fact that the collinear fields present here are decoupled. We see that even after the
decoupling transformation is performed, soft-collinear interactions persist at subleading
power. The vast implications of this observation for the description of physical processes
at subleading powers will be explored in detail in chapter 3.

Following the above considerations leads to the same results at further subleading
powers. For example, we focus again on the E?I) term found in (2.81), which we have used
in the explicit Feynman rule derivation in the previous subsection. By analogy with ,Cél)
in (2.102) we can simply write down the result since the field content of both terms is
identical. Explicitly we have

1z v s VL 1 . . VL
E?I) = ié(n,x)nﬁnfwcgstVWJff = §X(0)(zn,x)ni [m,al’)’ﬂ?*x(ﬁ) = ﬁg?. (2.108)

In the last step we introduce notation from [40], which we will often use to refer to the
decoupled Lagrangian. The manipulations become more cumbersome for the remaining
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terms in the subleading power SCET Lagrangian. The ESI)I Lagrangian term splits into

two parts in the decoupled basis ,Cg 1= ,C(Q) + Eé? which are given by

2 1_ v loq - h
Eég) = §X£0)x‘ij [Z@Vm_algﬂ ixﬁo), (2.109)

Eé? = lx( ol [B* in_ (9[)”’] VLJF (2.110)

C 7

2 C
Similarly, ﬁgl)n Lagrangian term splits into E&IH = £4£ + L’gg which are given by
LY = fXC (i, + AL ) ——iaf 10,8} —i0 B+] 7” O 4 he., (2.111)
0
Ly = *Xgo) ( D+ A )) 0 Cailt [B+ Bﬂ Pe X +he., (2.112)

The A((i) is the decoupled collinear-gluon field. For completeness we also write down here
the terms of the fermion Lagrangian which contains the soft quark. After the decoupling
transformation these terms are given by

£ = G A9 4 he, (2.113)
L? — g, [ma +n_AQ + (z’&fl + Aff) <z&?L + A“”)] 2N0
+q+<28“+8“>xm<z@l+4(o)> )+ he. . (2.114)

In what follows, the (0) superscripts will not be made explicit to keep the notation as light
as possible. The Yang-Mills Lagrangian in the decoupled basis is provided in appendix A.1.

2.4.4 Matching beyond leading power

The formal N-jet operator basis we have described above in section 2.4.1. In this subsection,
we find it instructive to illustrate features of the matching procedure beyond leading power
using the example of hard matching of the vector current which we have considered at
leading power and given the results for, up to O(ay), in section 2.3.3. We write down the
possible basis of operators following the formal discussion above, and explicitly perform
tree-level matching in momentum space for the subleading SCET currents at O(\). In this
example we focus on O(\) contributions as the size of the basis of subleading operators
remains manageable and suitable for an introductory discussion.

As in section 2.3.3, we restrict the discussion to only two collinear directions which
are back-to-back. In a general setting, the total power suppression of an N-jet operator
is given by summation of the power suppression in each i-collinear sector. At O(\), the
power suppression can arise in one sector only, with the second sector remaining at leading
power. Moreover, the only two possible types of power suppressed building blocks are
JAL and JP! given in equations (2.74) and (2.76) respectively. The hard matching of the
vector current at O(\) is given by

V7,(0) /dtdtC’AO At 0) T2 (¢, T +/dt1dt2dt CAYBY (b1, 0, 1) J 0P (11,19, 1)
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+ / dt dECAA (¢ ) JAAO ¢ F) / dt dty iy CP2A0 (1 1y, ) JPVA(1 )

e G (2.115)
where
JOAE ) = Xe(tn ) D% id xo(tny), (2.116)
JAOBYty 15, F) = elfn )FAOBlA (tans ) Xe(tins), (2.117)
JALAOG T) = () i0" ) DAL\ (i), (2.118)
TP FE) = Yelbins) Aer (ban )TPRA0 . (t1n). (2.119)

We see that placing power suppression in the anticollinear sector takes the same form as
in the collinear one, hence without loss of generality we next focus on the case where the
power suppression arises in the collinear sector. The purpose of the current discussion is
two-fold. Firstly, we discuss the possible spinor and Lorentz structure which can make up
the ['4%Al and T4%B1 structures. Secondly we compute tree-level matching coefficients
CA%AL and CA4%B! in momentum space. In general, the Fourier transform of the hard
matching Wilson coefficients is given by

C ({hh (ia}) = [ {d"*p’“}{d”p }<> PO C({nym, {npe)), (2120)

21 21

where we have suppressed the superscript labels and we see that for this example the sets
are either {t,} = {t} for the JA! current, or {t,} = {t1,t2} for the JB! and we always
keep {t;} = {t }. In the exponents we use Einstein’s summation convention. As noted in
section 2.3.3, the unbarred positions and momenta refer to the collinear direction, and the
barred to the anticollinear.

The structures which could make up F;‘B’Al and F;‘S’Bl are constrained by symmetries
of QCD, since we know that helicity and chirality must be preserved. This for example
excludes the s, v, ,7,,, and 0, spin structures from the basis. It is clear that the allowed
structures must carry two Dirac and two Lorentz indices, and not vanish due to projection
properties of the (anti)collinear fermion fields sandwiching the I" structures. Another
constraint is that the u index is contracted with a L structure, 8/ or A" in equations
(2.116) and (2.117) respectively. This for example excludes v, ,n+,. In the end, the only
structures which fulfil the requirements for both of the O(\) suppressed currents are
NtpY Lp-

To find the exact coefficients we now perform the subleading hard matching in mo-
mentum space. We restrict our calculation to tree-level. The matching coefficients can be
obtained by appropriately selecting matrix elements of the operator matching equation
n (2.115).

To this end, we first target the C4%4! coefficient of the J/1%41(¢, 1) operator. Choosing
the matrix element with an initial state made up of a collinear quark with momentum p
and an anticollinear antiquark with momentum [ gives the tree-level amplitudes written
below. This situation corresponds to the equation written in terms of momentum-space
diagrams in figure 2.5. We find

0e0) iy o, ) = CA BT ), (2.121)
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Figure 2.5: Momentum-space representation of the tree-level matrixz elements of the hard
matching operator equation (2.115). Initial state is made up of a collinear quark
with momentum p and an anticollinear antiquark with momentum .

where the expanded QCD result is on left-hand side and the SCET expression is presented
on the right-hand side. We keep only the O(\) term for QCD amplitude. Using projection
properties of the spinors, we simplify the QCD expression on the left-hand side and find

P 1 N
—0e(l) iny, mpl ue(p) = CAM (1) ZF‘;‘g’Alpﬁ ue(p), (2.122)
which implies that

1
cAvar _ 1 paoal _ . 2.123
tree (n+p) ) M n+p7j_u ( )

Next, we target the CA%P! coefficient of the J/\%P!(t;,t,1) operator. The investigation
follows the same steps as for the example above. This time we consider a different
matrix element of the operator matching equation in (2.115) such that we can tag the
JAOBL(ty, 1y, 1) contribution. The operator J/F1(t1,t,,¢) contains an additional gluon
field in the collinear direction on top of the collinear quark field. Hence, we choose
to calculate the matrix element with a collinear quark and gluon with momenta p and
q respectively, and an anticollinear antiquark with momentum [. The corresponding
amplitudes, in momentum-space, are given in figure 2.6. As can be seen in the figure,
the situation is complicated by the fact that the J;‘O’Bl(tl, ty,t) operator is not the only
O()) operator which has a non-zero contribution to the matrix element we have chosen to
calculate. Indeed, the J fo’Al(t, t) has two possible contributions. A collinear gluon can be
attached to the collinear Wilson line which is used in defining the collinear gauge-invariant
building block, see equation (2.49). A collinear gluon can also attach directly to the
collinear quark via a leading power interaction. Fortunately, we have calculated the C:A%41
coefficient above, and therefore the only unknown variable in our matching calculation is
the value of the CA%B! coefficient for which we can solve the equation.

We spare the details of this calculation and give directly the result. We find that there
are in fact two IT'2%P! contributions to the J/*5!(t, 5, 1) operator in (2.117) each with

its own matching coefficient. We find

1
(CA0BL _ rA0BL 2.124
treet- n.(p+ q)7 p 1+ N pV1 s ( )
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+ s

Figure 2.6: Similar to figure 2.5, we again present the momentum-space tree-level matrizx
element of the hard matching operator equation in (2.115). However, for a different
initial state. The initial state here is made up of a collinear quark with momentum
p and a collinear gluon with momentum q, along with an anticollinear antiquark
with momentum . The QCD diagrams have to be expanded to O(\).

1
A0B1 A0,B1
C’treef = - (n,l) ’ Fpu’, =N—pViy- (2125)

The matching coefficients for operators suppressed in the anticollinear direction can be
found in an analogous manner.
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3

Drell-Yan: factorisation theorem

Massive lepton-pair production in hadron-hadron collisions was first studied in 1970 by
S.D. Drell and T.M. Yan [106]. The process - named the Drell-Yan (DY) process after the
authors - is schematically written as

A(pa) + B(pp) — DY(Q*)[= £(L){(l2)] + X (px), (3.1)

where A(B) denotes the incoming hadron with momentum p(pg), DY(Q?) is an uncoloured
intermediate state with a large invariant mass Q? which decays into the two leptons ¢, ¢ with
momenta [; and [, respectively, and X is the unobserved QCD radiation with momentum
px. The hadronic centre-of-mass energy squared is given by s = (p4 +pg)*. The Drell-Yan
process in the centre-of-mass frame is shown in figure 3.1.

The Drell-Yan process has played an incredibly important role in shaping the un-
derstanding of the nature of particles and their interactions, both theoretically and
experimentally. The study of the behaviour of time-like photons in reactions of the type
given in (3.1) and the search for new particles which decay into ete™ and p*p~ pairs has
formed a large experimental program since 1970 [107]. The resonance searches performed
in this program have been fruitful and already in 1974 have led to the discovery of J/W¥
meson at the Brookhaven National Laboratory [108] and at the Stanford Linear Accelerator
Center [109]. The two respective independent research groups were led by Ting and Richter
who were later awarded the 1976 Nobel Prize in Physics. The same philosophy led to
the confirmation of the existence of W+ and Z bosons postulated by the electroweak
theories at the CERN Super Proton Synchrotron using proton-antiproton (pp) collisions
[110, 111, 112, 113].

Because of its clean final-state experimental signature, the Drell-Yan process continues
to be important in the precision phenomenology program at the LHC. For instance, it
is a key ingredient in the extraction of parton distribution functions (PDFs) from LHC
measurements, which are subsequently used to make theoretical predictions for other
processes. It also plays a role in searches for New Physics beyond the Standard Model.
This heavy experimental use of the Drell-Yan process is one motivation for the advancement
in the theoretical understanding of the process over the years. Since the 1970s, there exists
a practical, phenomenologically motivated, need to obtain precise theoretical predictions
and have a clear understanding of the perturbative uncertainties. Consequently, the
theoretical predictions for the Drell-Yan process at next-to-leading order in strong coupling
have been obtained already in 1978 [114, 115]. The complete next-to-next-to-leading
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Figure 3.1: Schematic representation of the Drell-Yan process in the centre-of-mass frame.
Partons with momentum fractions xq and xp are drawn from their respective PDFs,

A and B, and interact to produce a lepton-antilepton pair, ((11){(l2), in the final
state.

order results were published in 1991 [116] (partial results were already presented earlier
in [117, 118, 119, 120] and see also [121, 122] for complete results), and the current state-
of-the-art at fixed a; order is the calculation at N3LO recently obtained in [14] for a
neutral current and [15] for the charged current. In addition to the QCD corrections,
the electroweak (EW) corrections were studied in [123, 124], and recently [125, 126] have
considered the mixed QCD-EW corrections.

Similar to the advancement of fixed-order computations, the Drell-Yan process has
served an important role in the development of resummation techniques. This procedure
is necessary in certain kinematic configurations, for example in the threshold region where
the invariant mass of the pair of leptons squared is close to the centre-of-mass energy
squared, since the perturbative expansion of the cross-section develops large logarithms
and can not be trusted unless these are under control to all orders in a,. Again, this
is on the one hand of phenomenological importance, because even if in the reactions at
hadron colliders the lepton pair production does not occur close to the threshold regime
in practice, the parton luminosity dynamically enhances the contribution of the partonic
threshold region as observed in [24]. On the other hand, it is important from a theoretical
perspective, since the Drell-Yan process shares features with other phenomenologically
relevant processes studied at the LHC, such as Higgs boson production via gluon fusion,
it provides a physically relevant case study to advance the accuracy of resummation and
develop new techniques, which can then be applied on other processes, such as Higgs
production. This will be evident in chapter 9.

The first summation of enhanced logarithms has been first achieved in seminal publica-
tions [20, 21]. With the advent modern of effective field theories and resummation using
renormalization group techniques, this process was again considered within the framework
of SCET [22, 23, 24] , and at leading power in the threshold expansion is now known to a
very high logarithmic accuracy, N3LL [24, 25].

As we have established, the Drell-Yan process is an excellent test ground. Investigations
away from strict threshold have been considered recently in [127]. Yet another direction
where the exploration of the Drell-Yan process can provide insights into the structure of
field theories is the investigation beyond leading power in the threshold expansion.

As mentioned in the introduction, the DY process was previously studied at NLP
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at fixed order using expansion-by-regions method and diagrammatic techniques. These
studies aimed at extension of the Low-Burnett-Kroll (LBK) theorem for amplitudes by
introducing the concept of a radiative jet functions. We discuss the relation to our
formalism in section 4.3.

The effective field theory approach to this problem is where the contents of this work are
relevant. The SCET framework is designed with the view of resummation as it possesses
manifestly gauge-invariant Lagrangian and systematic power counting. With the threshold
resummation at leading power already obtained to a very high logarithmic accuracy, the
next-to-leading power factorisation and resummation is the next natural challenge. The first
resummation of the threshold DY process at next-to-leading power and leading logarithmic
accuracy has been achieved in [40]. The relevant all order theorem factorisation has been
presented in [65] and forms the core of this work. Here we construct the foundation for
resummation beyond leading logarithms through a derivation of factorisation theorem
in the effective field theory framework. We present both, formal all-power factorisation
formula, and the specification of it to next-to-leading power.

This chapter proceeds as follows. In section 3.1 we specify the effective field theory
framework introduced above to the case of the Drell-Yan process and discuss its kinematic
set up at threshold. We review the leading power factorisation and discuss the emergence
of collinear functions at subleading powers in detail. At the end of this section, we provide
formal definitions for these new objects. Section 3.2 is dedicated to the derivation of
the subleading power factorisation formula for the diagonal, gg-channel, of the Drell-Yan
process. We obtain a formal all-power expression before specifying to the next-to-leading
power case and provide operatorial definitions for the objects which enter the factorisation
formulas. We also investigate the form of the factorisation formula at fixed next-to-next-to
leading order. In section 3.3 we follow a similar pattern and derive the subleading power
factorisation formula for the off-diagonal, gg-channel, of the Drell-Yan process. We again
first perform an all-power derivation before also presenting the result at next-to-leading
power.

3.1 Preliminaries, dynamics, and collinear functions

The focus of this work is the investigation of the partonic version of the process given
in (3.1). For simplicity, the DY (Q?) particle in equation (3.1) is chosen to be a highly
virtual photon, v*. Conceretly, we consider the partonic Drell-Yan channel initiated by

a qq pair
q(zapa)q(Topp) — 7 (Q%) [ L(1)E(12) ] + X (px), (3.2)

for which the factorisation theorem is derived in section 3.2, and the partonic Drell-Yan
channel initiated by gq

9(zapa)d(zsps) — 7 (Q%) [= L(1)e(l2) | + X (px), (3.3)

which is explored in section 3.3. Diagrams representing these channels of the Drell-Yan
process at the cross-section level are depicted in figure 3.2.
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Figure 3.2: Schematic representations of the Drell-Yan process cross-section in the qq-channel
(left) and gq-channel (right). The grey ovals labelled A and B represent colliding
protons. In each diagram, two partons drawn from their respective parton distribu-
tion functions interact to create a virtual photon, v*, which then decays to pair of
leptons. We have also included additional QCD radiation, the red coloured lines
represent soft partons at threshold. Only these are permitted to enter the final state
at threshold.

The machinery set up in section 2.1 enables the treatment of N-jet processes beyond
leading power. For the specific case of the Drell-Yan production we require two back-to-back
directions and hence need to specify only two light-like vectors

nZ = (1’0’0’ ]')’ TLi = (Lovoa _]-) (34)

The momenta are decomposed in this case as in equation (2.3) with the index i dropped.
As discussed above, the effective field theory framework is best suited to the study of
the Drell-Yan process in the kinematic threshold region. We make this precise here. The
partonic kinematic threshold corresponds to the case where almost all of the energy in the
interaction between the two incoming partons is carried away by the intermediate boson, ~v*.
This in turns means that the kinematic phase space for the unobserved radiation X is
highly constrained as it can only be made up of very low energy radiation, also known as
soft radiation. The partonic centre-of-mass energy squared is given by § = x,x,s, where x,
and x;, are the momentum fractions of the incoming partons as prescribed in (3.2) and (3.3)
and s is the hadronic centre-of-mass energy squared as given below (3.1). We define the
kinematic variable z = Q?/3, using which the kinematic threshold region discussed here is
captured by the limit z — 1. Using this variable, the small power counting parameter A,
in terms of which the power expansion of the Lagrangian has been carried out in chapter 2,
is defined as A = /1 — z < 1. The relevant momentum regions are given by [24]

Pn Q(17171)7 psNQ(A27A27A2)7
DPe ~ Q(]-)A27A)7 p(_:NQ(A2717)‘>' (35)

The hard fluctuations are integrated out and encoded in hard matching Wilson coefficients
as explained in sections 2.3.3 and 2.4.4. Hence the remaining free degrees of freedom
in the effective field theory are (anti)collinear and soft. We stress that in the threshold
configuration the threshold-(anti)collinear virtuality, p.(pz) ~ Q*)?, is too large to enter
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the final state X. However, there is enough energy available such that the soft radiation
ps ~ Q*\* is permitted in the final state X.

In addition to the threshold-collinear modes written above, at the hadronic level the
effective field theory description contains (anti)collinear-PDF modes which have the scaling

pxror ~ (Q,A%/Q, ), pxror ~ (A%/Q,Q, A), (3.6)

where A is the strong interaction scale. It is assumed that the strong interaction scale
is parametrically smaller than the threshold-collinear scale A < QA = Q(1 — 2)/? and
as such, the modes with (¢)c-PDF scaling can be radiated into the hadronic final state.
The standard parton distribution functions (PDFs) are defined in terms of these modes.
The work here concerns power corrections in the threshold-collinear scale A\, and we work
at leading power in the A/Q expansion, the latter is also known as the leading-twist
approximation.

Having described the relevant mode structure, we begin the derivation of the factori-
sation theorem beyond leading power by writing down the standard expression of the
d-dimensional cross-section which, in the centre-of-mass frame, reads

p B / 4 ll d*1l2 5d)(l Sl )
0 = gd' (2n)2E, (2m)2E," ‘TR
S EXIA B () 500+ 0 ) G.)
X

where px = px, — pxror — pxpor since, as discussed above, the soft and (¢)c-PDF modes
can be radiated into final state hence we write them here explicitly.

We do not consider corrections to the electromagnetic interaction between the off-shell
photon and the final state leptons, hence the hadronic and leptonic parts of the amplitude
factorise. Evaluating the phase-space for the final state leptons in, d = 4 since it is finite,
results in the transverse lepton tensor and the expression for the cross-section in terms of
the hadronic tensor W,,, which is kept in d-dimensions, is as follows

do =

dra?  diq (

3s q2 (271')d - gupwﬂp) ’ (38)

where

9""Wyp = /ddx ™ (A(pa) B(pp)|J () J,(0)| A(pa) B(ps))
= > (2m)%" (pa+ps — @ — px., — Pxror — pxror)
x (A(pa) B(pp)|73(0)|X)(X|J(0)| A(pa) B(pp)) . (3.9)

and the electromagnetic quark current is given by J# = 3, eq@ﬂpwq. In order to not
obscure the considerations at subleading powers through an overloading of the notation,
we work with a single quark flavour with charge e, = 1. In the threshold configuration,
where the unobserved QCD final state X is forced to only contain soft radiation, the
hard matching to SCET fields can be performed at amplitude level, since there are
no contributions to the hadronic tensor where the currents at positions 0 and z are
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connected by hard partons. Therefore, for the derivation of the factorisation theorem
for the Drell-Yan process at threshold it is sufficient to consider the hard matching of
the electromagnetic quark current as presented in leading-power and subleading-power
examples in sections 2.3.3 and 2.4.4 respectively, and by extending it to all powers. This
line of investigation is pursued in sections 3.2 for the ¢q and 3.3 for the gq channels.

For the moment however, following the pedagogical presentation in [65] we review the
leading power considerations which gives us the opportunity to introduce the concept
of amplitude-level collinear functions which are new objects that emerge and play an
important role in factorisation at subleading powers.

3.1.1 Factorisation and collinear functions at leading power

We begin with the leading power hard matching equation before the decoupling trans-
formation has been performed. This is given in (2.56) and we write it here again for
convenience

Dy, (0) = / dt df CAO0(1, ) JAOA0 (1 ) (3.10)
where in the notation for N-jet operators described above
T80, 1) = Xeltn-)yipxe(tny) . (3.11)

The fields y. are the collinear-gauge-invariant collinear quark fields as discussed in sec-
tion 2.1, and the corresponding momentum-space coefficient is related to the position-space
matching coefficient by the Fourier transform defined in equation (2.57).

The first step in the derivation is to perform the field redefinition which decouples the
soft-collinear interactions. This is given in equation (2.61). We consider here the matrix
element of the resulting operator as dictated by (3.9)

(X[$ 1 0(0)[A(pa) Blps)) = [ dtdiCH2(t,7)
X (X[RelEn-) Y 0)1 Y2 (0)xe (tn4) [A(pa) B(ps)) - (3.12)

Here, since the field redefinition which decouples the soft and collinear fields has already
been performed and the final state is only composed of soft and (¢)c-PDF collinear radiation
due to kinematic constraints, it also factorises (X| = (X [(XTPF|(XTPF|. Tt follows that
at leading power the matrix element for Drell-Yan production factorises into a soft matrix
element, composed of soft Wilson lines only, times the two matrix elements which each
contain solely the (anti)collinear physics

(X| "B Apa)Bps)) = [ dEdiCH(1,7) (XEF |z (fn)| B(ps) 7%
X (XEPF|xe (tny) [A(pa)) (XLIT Y)Y (0)] [0). (3.13)

We draw attention to the fact that the final states of the (anti)collinear matrix elements are
(¢)c-PDF collinear whereas the fields appearing in those matrix elements, x. (tn,)(Yz (tn_)),
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¢ — threshold

9" ¢ — threshold

Figure 3.3: Leading twist depiction of separated sectors in a Drell-Yan scattering amplitude
after the decoupling transformation has been performed. Marked in the diagram are
the ¢(¢)-PDF collinear modes of the incoming (anti)quark and the purely threshold-
(anti)collinear loops which are scaleless and zero in dimensional reqularization.
The red double lines represent the soft Wilson lines which are present due to the
field redefinition which decouples the soft and collinear sectors. For clarity we
do not include virtual loops with soft scaling which also vanish in dimensional
regularization.

are threshold-collinear. Therefore, a matching between the fields with these different modes
must be performed. At leading power, this matching is trivial and takes the form

xeltny) = [ duJ(t,u) xEP (uny), (3.14)

with a similar relation for the anticollinear direction up to a n_ <+ ny replacement. The
matching coefficient, .J (t,u), which we call the collinear function, is a delta function to all
orders in perturbation theory J(t,u) = 6(t — u) and for this reason it is usually omitted
in the discussion of leading power factorisation. Nonetheless, we find it instructive to
investigate precisely how this result is obtained at leading power, as this will allow us to
contrast this case with next-to-leading power considerations.

We begin by noting again that the decoupling transformation has already been per-
formed. Therefore, since all the sectors are decoupled, only purely threshold-(anti)collinear
loop corrections to the Drell-Yan process can occur at amplitude level'. This is shown
schematically in figure 3.3. We remark that by “purely” threshold-(anti)collinear it is
meant that there are no soft attachments. Taking the initial (anti)collinear partons
on-shell, such loop corrections lead only to scaleless integrals, which are zero in dimen-
sional regularization. Hence, at this level it is easy to see that indeed the leading power
collinear function is simply given by a delta function to all orders in g which converts the
threshold-(anti)collinear fields to (¢)c-PDF collinear fields.

In order to show the consistency of this approach, we consider now the theory prior
to the application of the decoupling transformation. In this case, at leading power the
soft-collinear interactions do occur, albeit solely through eikonal vertices as discussed in
section 2.1. Consequently, in the calculation of the Drell-Yan amplitude diagrams with
threshold-collinear corrections such as the one presented in figure 3.4 are present. Since

IPurely soft loop corrections can occur as well, but the same conclusion will be drawn for the virtual
soft corrections as for the purely threshold-collinear loops. Only soft real radiation contributes to the soft
function at the cross-section level.
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Figure 3.4: Example of a leading power diagram with a threshold-collinear loop and a leading
power (eikonal) soft emission. This diagram yields a non-zero result.

Figure 3.5: Collinear loop contributions to the Drell-Yan scattering amplitude with one soft
emission. The blue(green) colour denotes the (anti)collinear momentum flow. The
incoming momentum is p(l). The red line represents the outgoing soft gluon with a
soft momentum labelled by k. In the second row of the figure, the emission of the
collinear gluon from the JAO current comes from the collinear Wilson line present
in the definition of the collinear-gauge-invariant collinear building block as defined
in (2.49).

there is an external soft attachment to the threshold-collinear leg, the loop correction is no
longer scaleless, but rather, in dimensional regularization, it is proportional to the collinear
invariant [p%/(n_k)(n,p)]¢, where the threshold-collinear and soft momenta p and k are
labelled in the figure and (n_k)(n,p) ~ A?. Considering therefore, a single diagram it
seems that an object resembling the collinear function appears already at leading power
and has non-vanishing loop corrections. This is seemingly in clear contradiction with the
conclusions we have reached when considering the decoupled theory. However, the picture is
saved when we include all the possible diagrams with a threshold-collinear loop. These are
shown in figure 3.5. The external partons are on-shell, p?> = > = k? = 0, and the incoming
(anti)collinear (anti)quark carries only its largest momentum component, p* = (nyp,0,0)
(I" =(0,n_1,0)). As example, diagram a is explicitly calculated in appendix B.1. The
results for each of the diagrams, labelled a - f as in figure 3.5, are given by

£ [(Wi <2n_k>1 (1 =

_ . Qg
M&P - _UE(Z)Z'YEEQSTBCF ﬂe]uc(p>7 (315)
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Ca noy [(”#7)(”—]?)] (-9 fleJue(p), (3.16)

MEP = g (1yint &2 g2 A
b v ( )ZryL47Tg n MZ €

M = n)int g7 (0~ ) (””)[(W’)(“)]_E(H) (), (317)

4 2 ) (n_k 12 ¢
M = it gm0 Cr Lo PR |20 2 g ) .19
M = —@a(z)mi%;gsTBcA (22) V”*%ﬁk)] B “; ) ftelue(p), (3.19)
M = —aint 2201 (205 - C) 1o [B2HD) L2 ), (3.20)

where in all of the above expressions we have defined a factor containing a finite combination
of " functions and the Euler-Mascheroni constant vg

e[l + €]T[1 — ¢]?
Tl = T2—2]

The index p belongs to the external photon, v*, and we have omitted polarisation € (k)
for the soft emitted gluon, which also carries the colour index B. It is also noteworthy that
in obtaining these results, we have used neither the on-shell, k% = 0, nor the transversality,
k- e*(k) = 0, conditions for the emitted soft gluon. We see that the sum of MLF in (3.15)
and MEP in (3.16) gives the negative of ML in (3.17). Similarly, the sum of M%”
in (3.18) and ML" in (3.19) results in the negative of M in (3.20). Therefore, indeed
it is clear that individually these diagrams are not scaleless and in general are non-zero,
however, when summed they vanish to all orders in . We have shown this through explicit
calculation at one-loop order, but the same must hold to all orders in the a, expansion.
It is a consequence of the decoupling of the soft-collinear interactions at leading power
in the threshold expansion. Therefore, we can consider the theory before decoupling
transformation, and same conclusions about the leading power collinear functions are
reached.

It should be noted that here we have focused on the threshold-collinear correction to
the DY amplitude, and not directly the collinear function, however, these two objects are
closely related. In what follows, this description will be refined and the threshold-collinear
fluctuation will indeed be identified with another object at subleading powers, but the
physical origin of this cancellation is identical here. Statement that leading power collinear
functions vanish is equivalent to one that the amplitudes with a threshold-collinear loop
vanish at leading power, as the same physics is captured. The former gives a clearer
physical picture due to factorisation.

After the matching in equation (3.14) is performed for the (anti)collinear fields appearing
in (3.13), the derivation of the leading power factorisation follows the usual steps. The
matrix element in (3.13), now with (¢)c-PDF fields, is combined with its conjugate that is
translated to position x according to (3.9). This procedure yields standard PDFs f,/4(zq)
and fy/p(xp) from the collinear matrix element

(Apa) Xemi (2 + g'ns) X (974)|A(pa))

(3.21)
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O — ! i(z+g9'ny—gny)pax
= Nfb (i) ("HM)/O dix, €/ CT9 M+ PaTa faja(xa), (3.22)
¢ Bn

and the anticollinear matrix element
(B(pB)|Xtan (Gn-)Xes) (x+§'n_)|B(ps))

6‘a ! —i(gn_—g'n_—x)-ppx
— T () ) [ et g ), (629

respectively. We have explicitly written the spin, «, 3,9,7n, and fundamental colour,
a,b, 1,7, indices for concreteness. After performing the remaining integrals over the

positions, simplifying the result, and combining the hadronic tensor with the leptonic one
according to (3.8) one arrives at

do 4o / 1 di1q (1 —e) 1
— = em [ gd g / dxodxy fora(zs) fo/B(x 2
T L e R P N el

X elrapatnpn-0e|o(_g)P ;,Cmo@ V@)Y~ ()] T [YH(0)Y(0)] [0), (3.24)

where we have used for hard Wilson matching coefficients C*4° (z,(nypa), zs(n_ps))
CA (24(nypa), m(n_pg)) = |C(—5)|?>. The minus in the argument of C'(—3) is conven-
tional. We also note the non-standard factor of (1 — €) appearing in the above equation.
The derivation performed here is for the bare partonic cross-section 6 and contains d-
dimensional quantities. Therfore, care has to be taken when these are evaluated. For
example, the lepton trace appearing here already at leading power when evaluated in
d-dimensions yields a factor Tr K%) Vip (7%) fyﬂ = —(1 — €), which is the origin of the
extra (1 —e€) factor in equation (3.24) compared with standard derivations which use d = 4.

The next step in the derivation of the factorisation formula is the expansion of the phase
space. In general, the phase space is process specific and does not have a homogeneous
power counting unlike the terms in the SCET Lagrangian. For the moment we focus on
leading power contribution, however, power corrections can generally arise from expansion
of the phase space as will be shown explicitly at next-to-leading power in section 3.2.2.
Note that in equation (3.24) the Wilson lines in the anti time-ordered product contain full
x dependence. However, since the derivation is performed in the partonic centre-of-mass
frame where x, pa + xp pp = 0, it follows that the three-momentum of the DY boson must
to be balanced by the soft radiation, § = —px,. Expanding the soft radiation energy in
powers of A\ gives the following

0 - — O, ¢?
(xapA—i-Ipr—Q) :pg(szx/g—vQQ—i—q?:2—3@4—(’)()\6), (3.25)
where (), is further expanded in powers of (1 — z),

o - 21—V~

* \/z
As can be seen from this expansion, power corrections to the DY partonic cross-section at
a given order in A can arise from a lower power matrix element contribution, multiplied

—Qu-2+ Q-+ 000, (3.20
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by the power suppressed phase space terms. As mentioned above, this will be obtained
explicitly at next-to-leading power in what follows, however, this statement holds at general
subleading powers. At leading power we keep only the first term in this power expansion,
which means that we can then perform the integral over ¢ which yields a 6~ (z) delta
function, which upon evaluation sets the dependence of the soft matrix element to the z°
component rather than on the full x coordinate. We then arrive at the following result

dopy Y b(z)

dQ? - 3N Q4 Z/ dxqdxy fa/A(il?a)fb/B(l"b)

(3.27)

We have inserted a factor of 1 = z/z into the formula since the results in literature, for
example in the full next-to-next-to leading order computation in [116], are often written for

the quantity 6,,(2)/z. The partonic cross-section d,(2) is factorised into a hard function,
given by H(8) = |C(—38)|* = H(Q?) + O(\?), and a soft function:

6(z) = H(Q*) QSpy(Q(1 — 2)), (3.28)

where we have for the moment set d = 4, and the objects appearing here are understood
to be renormalized, as this is the leading power factorisation formula for Drell-Yan used
for resummation and the aim here is to make contact with the known leading power result
in literature. The soft function for Drell-Yan at leading power is given by [128§]

@

SDY(Q) - 47

™12 5, (xo) ) (3.29)
where the leading power position-space soft function is

So(z) = ]\lfTr (OIT [V ()Y ()] T [Y1(0)Y,(0)] 0} (3.30)
The soft function is defined at amplitude squared level, with scale supplied by the energy
of the partons crossing the cut denoted by € in (3.29). Recent investigations of this object
and its relation to other soft functions have been reported in [129].

In figure 3.6 we present a schematic picture of factorisation at leading power encap-
sulated by the expression in equation (3.27). The PDFs are depicted by the black ovals
labelled A and B connected by solid lines, and the partonic picture is contained within the
yellow frame. Only two ingredients make up the partonic cross-section. The first is the
hard function, H(Q?) in equation (3.28), which is built from the hard Wilson matching
coefficient and its conjugate. The matching coefficients are represented by the purple
circles labelled A0 on the left and right-hand sides of the cut in figure 3.6. The second
element are the double red lines which represent soft Wilson lines, the vacuum matrix
element of which yields the soft function Spy(2) in (3.28), as defined by equations (3.29)
and (3.30).

We note that in equation (3.27) we have also included the contribution to the cross-
section from the SCET current where it is the incoming quark that is anticollinear, and
the antiquark that is collinear.

It is worth mentioning here that at next-to-leading power, the factorisation theorem
which will be derived below must be understood as a formal result containing regularized
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Figure 3.6: Schematic representation of factorisation of the Drell-Yan cross-section at leading
power. The corresponding equation is given in (3.27) with the partonic cross-section
6(z), contained within the yellow frame here, in (3.28). The soft emissions are
sourced by soft Wilson lines drawn in red. Here, for clarity, we show only one soft
gluon emission, however the soft function in (3.29) captures the emissions to all
orders.

quantities, that is, we work with d-dimensional soft, hard, and collinear functions. There-
fore, in order to compare with literature we find it convenient to define the quantity A(z),
which is given by

A(z) = . (3.31)

This corresponds to the object A for which results are given in [117, 116], with the extra
factor of (1 — €) divided out. This step is convenient due to the fact that we evaluate the
leptonic spin trace in d-dimensions as explained above, contrary to setting d = 4 as is
done conventionally [117, 116]. We will again remind of this fact in the relevant sections
to avoid confusion.

Only once we reach chapter 8, where the leading logarithmic resummation is carried
out at next-to-leading power, will we renormalize the quantities which appear in the formal
factorisation in section 3.2.2 and not encounter divergent convolutions, which does not
hold for next-to-leading power resummations beyond the leading logarithmic accuracy.
These statements will be clarified in due course, at the moment we simply aim to put the
considerations of the above discussion in a broader context of the contents presented in
this work.
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3.1.2 Collinear functions at subleading powers

Having discussed and outlined the well-known derivation of the factorisation formula for
the Drell-Yan process near the kinematic threshold at leading power, and in particular,
having highlighted the existence of trivial collinear functions, we promptly advance
the discussion to subleading powers. The crucial ingredient present in the discussion of
factorisation carried out in sections 3.2 and 3.3 is the concept of subleading power, amplitude
level, collinear functions which are non-trivial starting from next-to-leading power. This
subsection aims to show the origin of these new objects through a pedagogical example
contrasting against the leading power discussion presented in the previous subsection.
After we motivate the existence of the collinear functions, we provide formal definitions
valid to any order in the power expansion. These definitions are used in the derivation of
the factorisation formulas in sections 3.2 and 3.3 and in the calculation of the collinear
functions themselves in chapter 4.

The critical observation is that the new physical ingredients in factorisation formulas at
subleading power, the collinear functions, arise from soft-collinear interactions present in the
power-suppressed Lagrangian. Recall that these were absent in the leading power discussion
after the decoupling transformation was performed. The soft-collinear interactions at
next-to-leading power technically appear as a consequence of Lagrangian insertions in
time-ordered product operators. As an illustrative example, we consider the insertion of
the next-to-leading power soft-collinear interaction Lagrangian Eé? after the decoupling
transformation has been performed which is given in (2.109) and which we write here
again for convenience

LY (x) = §x0<x> o [i0,in_0B} (x_)] @xc@s). (3.32)
In contrast to section 2.4.3, we have here already dropped the (0) superscript, however
it is understood that the fields present in the above Lagrangian term are decoupled.
The By field is a soft building block built from a soft covariant derivative and soft
Wilson lines as defined in equation (2.105). We stress that despite the application of
the decoupling transformation, the soft-collinear interactions remain in the Lagrangian
term. Following the construction presented in [86], as explained in section 2.4.1, and in
particular below equation (2.80), the basis of subleading power operators contains ones
built from time-ordered products of current operators with terms from the subleading
SCET Lagrangian. The Lagrangian insertions are treated as perturbations and appear in
the non-local operators with an integral over the position of the insertion, for instance, in
this particular example we have

. 2

JT2(t) = i / d'r T [yo(tny) L3 (x)] (3.33)
where the field x.(tn.) is taken from the leading power JA%49 current. We illustrate this
situation in figure 3.7. It is important to note that whereas the collinear fields in (3.32)
depend on all components of the x coordinate, the soft By(x_) field only depends on the

nt

2" = (nyw)= component due to multipole expansion. This dependence links the collinear
and soft fields in (3.33), leading to a collinear invariant for collinear loop integrals. The

existence of such invariant is in stark contrast to the situation at leading power, where
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¢ — threshold

Figure 3.7: A collinear quark line with an insertion of the power-suppressed Lagrangian term

2
£,

after the application of the decoupling transformation the (¢)c-threshold loops were all
scaleless, as depicted in figure 3.3. In order to make our statements more concrete, we
now consider the matrix element of the electromagnetic current matched to SCET fields
with an insertion of the Lagrangian in (3.32),

(X 6(O) A Bos)) = [ dedE CHON(, ) (XEF Kealin )| Bps)) 7 oy

. 1, . _
it (X a0 T v 01 % () T4 )] L)
0"

af in_0

% (X,|T <[YT<0)Y+(0)} B <x)> 0. (3.34)
We have made use of the fact that the insertion of the subleading power Lagrangian
terms is treated as a perturbation. Hence the states are eigenstates of the leading power
Hamiltonian and therefore factorise in the same way as in the leading power computation
in the previous section, (X| = (X,[(XFPF|(XFPPF|. Comparing (3.34) to the leading power
expression given in (3.13), we first note that there are additional threshold collinear fields
in the c-PDF matrix element. Secondly, there is a convolution in z_ between the collinear
and soft matrix elements. Momentum with a soft scaling is injected into the collinear
matrix element due to the presence of this extra convolution, which in turn induces a
scale and leads to the emergence of collinear functions. Another difference is present in
the soft matrix element itself. Namely, written here in the last line, it now contains an
explicit gauge field insertion in addition to the Wilson lines. This soft matrix element
will form a part of the generalised soft function. There are no changes to the anticollinear
matrix element compared to the leading power result since we consider placing the power
suppression only in the collinear sector in this illustrative example. The anticollinear matrix
element, after trivial leading power matching, will form part of a PDF at cross-section
level.

We now concentrate on the collinear matrix element, which is written in the second
line of (3.34). As mentioned above, due to threshold kinematics, the threshold-collinear
modes cannot radiate into the final state. At leading power in the A/Q expansion, also
known as the leading twist expansion, the threshold-collinear fields present in the collinear
matrix element must be integrated out and matched to ¢-PDF mode operators consisting
of a single quark (or gluon) field. After squaring the amplitude, the matrix elements of
c-PDF fields will form the standard PDFs. Below we refine this picture and provide formal
matching equations. However, a prototype for this matching step is the equation

i/ddx T [{Qﬁc(tmr)}ﬁf)(x)} = 27r/du/ dr_ J(t,u; z_) xEPF (ung.), (3.35)
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where £{?) () contains only the collinear pieces of a Lagrangian insertion. The perturbative
matching coefficient .J (t,u; z_) is the collinear function. The amplitude level collinear
physics is contained in J (t,u; z_). We emphasise once more that it first appears in a non-
trivial way in power-suppressed corrections to the Drell-Yan process. The equation in (3.35)
provides an operator definition for the concept of the “radiative jet amplitude” [130, 36, 37].
We note now that in a general case we must perform the matching in the presence of
soft structures which, acting as projectors, define independent collinear functions. The
soft structure is omitted in the above example as we only consider a single Lagrangian
insertion. However, we must include all possible Lagrangian insertions in an all-order
derivation of factorisation, and there exist relations between them. Formal definitions of
this matching procedure are given in section 3.1.3 below.

We now continue with the representative example and calculate the tree-level contribu-
tion to a subleading power collinear function due to the fields in the second line of (3.34).
For this purpose, it is useful to introduce the momentum-space operator which contains
only collinear fields,

j,uu A n+p, /dtez nyp)t /ddxewn+x

<GP0 T s ) (T @] (330)

In order to calculate the perturbative threshold-collinear matching coefficient defined in
(3.35), instead of the hadronic matrix element in (3.34) we consider its partonic analogue.
This amounts to exchanging the incoming hadron by an incoming quark, and the vacuum
state replaces the PDF-collinear final state. The incoming quark carries momentum ¢ and
fundamental colour index e. Hence, we have at this point

01T (a0, w) lala)e) = [ dte' @+ [ ata [(in_,)2e +)2]

« Latat o [xwf () % () T (o >] (@)

1, dik; ap | 0 0 inik)
T (2”)/ (2 0 e mk)/ dxla’w@’w K

x el (n+a)/2gika Tfe Uen(q) €77, (3.37)

where in the step between the two equations we have contracted two of the collinear fields
to form the collinear quark propagator according to

— 1 /(ddk i(nik) 7/L— —ik-(y—=2) (3.38)

Xe(Y)Xe(2) = om)d (k)2 +40 2 © 7

we have performed the in_0,-derivatives and the integral over dt, we have also used the
following relation

Xend(2)|a(q)e) = dae v (@)™ |0) (3.39)

for the incoming quark with momentum ¢. The d in the subscript is a fundamental colour
index. The momentum derivatives and the d-dimensional z-integral can be performed next.
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The latter yields delta functions which remove the remaining integral over the momentum

k. Then we find

(O (n4ga,w) a(@)e) = (2m) TS5 o (Nidas N s W) Uep(q) (3.40)

where
Th s e ( Lw) =0 - O g 3.41
2648, fe \'+4a, 1044, W) =6 (n4qa — n4q) (n+q) fe OB (3.41)

This matching coefficient defines the momentum-space tree-level collinear function. Al-
though we have so far only explicitly obtained a tree-level result for a single Lagrangian
insertion, the appearance of collinear functions beyond leading power is generic and
constitutes a key concept in next-to-leading power investigations. Importantly, in this
section we have argued that the soft-collinear interactions persist at subleading powers
even after the application of the decoupling transformation, which changes the physical
picture of factorisation in Drell-Yan production at threshold. We observed the emergence
of new objects, the collinear functions, and in chapter 4 we explicitly calculate the one-loop
corrections to these functions.

Before we continue, we draw attention to the fact that in this subsection, we have
considered only the time-ordered product operator type of power correction. We recall
from section 2.4.1 that the suppressed operator basis includes also type A, B, C'... oper-
ators which provide power suppression by including derivatives and additional fields in
a particular collinear direction. Crucially, they do not include soft-collinear interactions.
One may argue that power suppression in the Drell-Yan amplitude, and eventually cross-
section, can arise from these operators alone, without the need for insertions of power
suppressed SCET Lagrangian terms. However, without time-ordered product operators,
performing the decoupling transformation achieves the same result as at leading power.
Namely, the soft and collinear sectors become separated. With the calculation restricted
to leading-twist—that is leading order in A/@Q—the additional threshold fields must form
loops at amplitude level as the threshold collinear modes also cannot be radiated into the
final state since their virtuality is too large. The matching is then trivially null since, in
the same way as at leading power in the threshold expansion, the threshold collinear loops
are scaleless. This is shown in figure 3.8 for J5? and J? operators. Therefore, we clearly
see that soft-collinear interactions that enter through time-ordered products operators
with subleading SCET Lagrangian terms are critical to factorisation at next-to-leading
power. We exploit this fact in the derivation of subleading power factorisation formula in
sections 3.2 and 3.3.

3.1.3 Collinear matching: formal definitions

The collinear functions are important new objects appearing in the factorisation theorem
beyond leading power. Having now motivated the existence of the collinear functions, we
find it useful to write down here the formal, generic collinear matching equations. We
will use these in much of what follows and having understood the physics behind these
new objects, it is helpful to have the definitions collected before diving into the technical
derivation of the factorisation theorem itself.
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¢ — PDF

Figure 3.8: The anticollinear leg is kept at leading power, and the label in the hard interaction
refers to the power suppressed current in the collinear direction, JP% and JCC2 in
panels (a) and (b) respectively.

Suppressing the indices, we have for a general collinear matching in the gq - channel
the following equation

i [{dz) T [ {elton )} x {£0())]
—2r 3 [ du [z} T (td wi {1 P (wny) sil{z- 1), (342)

and for the case where the incoming parton is a gluon, we define the following general
collinear matching equation

i [{d} T [{geltins)} x {£9(z)]
=273 [du [{dz; } G ({ted wi {2y }) ATP (un) iz }) . (343)

Since the above equations are general, they are rather notation heavy, consequently we
take a moment to go through and explain each piece:

« {z;_} denotes the set of m positions at which the insertions of the soft building
blocks are located.

o {d%;} =T1IJ%, d’z; and {dz;_} = []]-, dnyz;/2. The upper limit in both products
originates from the total number of the Lagrangian insertions.

. {E(l)(zj)} denotes a set of m Lagrangian insertions suppressed by a power of order
A, where [ can be different for each insertion.

o {Y(txny)} is a set of n fields chosen from the elementary collinear-gauge-invariant
collinear building blocks given in equation (2.49). Each building block is dependent
on a variable from the set {t;} which is also of size n. We write again the building
blocks from for convenience

Xi(tiniy) = WJ & collinear quark
Pi(tiniy) € (3.44)
AY (ting) = W] [i DY, W] collinear gluon

for a collinear quark and gluon field in the i-th direction, respectively.
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e 5;({z;—}) is a soft operator. The sum with index ¢ runs over a basis of the soft

structures,
si({z-}) € { ZlﬁLaB/L( 0, 22[“53 (o), (3.45)
1 . 1
(in_0)? {Bﬂu(zl_)’ {m_f)BL(zl_)H " (in_0) {BL(ZI—%BZ(ZI—)},

B (z1-)B; (22-), (in_o. )1(m_3z )Q+a(21—)€7+x(22—)7 e }

Here [u, V] denotes antisymmetrisation puv — vu. The presence of the soft structures
in the collinear matching equation may seem out of place at first. However, the
soft structures play an essential role in defining independent collinear functions as
coefficients of independent soft structures. The ellipses in (3.45) include all possible
independent soft structures. We emphasise the word “independent” as there exist
relations between the soft structures which link the individual insertions of power
suppressed Lagrangian terms. It is understood that the set of soft structures in
(3.45) is written after the application of the equation of motion

nBt(z_) = — Z;aLaBL( =2 (ml 57 Bt (20), [in-0By, (=-)]]
—2(m RE T4 Gy (2 )T _qy (). (3.46)

In appendix B.2, we explicitly show an example where this definition of collinear
functions, belonging to particular soft structures, is imperative. We discuss how
failing to take into account the relations between the soft structures can lead to
an inconsistent description. Specifically, see equations (B.13) — (B.23) and the
explanations there. It should be noted that for our convenience, the list in (3.45) is
still partially redundant. In particular, the two-gluon soft structures in the second
line can be considered as special cases of the bi-local structure B (z1-)B; (22-).

The formal all-order and all-power matching in equation (3.42) will be used extensively
in the following sections. We appreciate that even with detailed explanations, it can still
appear abstract. Therefore, in order to make it more transparent, a graphical illustration
is provided in figure 3.9.

3.2 Quark-antiquark channel

With the description of the theoretical framework of subleading power operators in SCET
completed, and having reviewed leading power factorisation and introduced the concept
of collinear functions we now turn our attention to one of the main results of this work.
Namely, the derivation of factorisation formula for the Drell-Yan process near threshold
beyond leading power in the (1 — z) expansion.

We remind the reader that the derivation of the factorisation formula in SCET at
leading power [24] involves matching the electromagnetic current to the leading power
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Figure 3.9: A momentum-space pictorial representation of the matching equation (3.42). The
oval labelled J is a collinear function. The w; wvariables are conjugate to the
respective positions of the insertions of subleading-power Lagrangian terms. It is
permitted that many threshold-collinear fields join to the (possibly power-suppressed)
SCET currents of the A, B, C... - type. However, there is only a single c-PDF field
at leading twist in the A/Q expansion.

SCET current as written in equation (3.10). We give the leading power current before the
application of the decoupling transformation in equation (3.11). The matching coefficient
in position space is related to the momentum-space matching coefficient by equation (2.57).

In order to derive the factorisation formula valid beyond the leading power in the (1—2)
expansion, we must alter the matching equation (3.10) to include higher orders in the A
expansion as discussed in section 2.4.4. We accomplish this first in general, by including
all possible combinations of power-suppressed currents, which extends the O(\) example
in equation (2.115). It is also necessary to include insertions of subleading Lagrangian
terms into the general power-suppressed currents. We make use of the formalism discussed
in section 2.4.1. In section 3.2.1 we obtain a general factorisation formula valid to all
powers. This is a formal result. To show the consistency of the approach, in section 3.2.2,
we specialise the general result to next-to-leading power accuracy. For this case, we give
explicit results for objects constituting the factorisation formula in the following sections.
These are then used to cross-check the SCET computation against known QCD results
directly up to the NNLO order.

3.2.1 Factorisation at general subleading powers

In this section we present the derivation of the formal factorisation formula beyond leading
power. Since in the threshold kinematic configuration only soft radiation is permitted
to enter the final state, the hard matching is done at amplitude level. In general, power
suppressed contributions at any order in A can arise in the collinear, anticollinear, or
both sectors. As presented in section 2.4.1, the power suppression can come from power
suppressed currents of type A, B, C'.. in the (anti)collinear direction, and from time-ordered
products of currents with terms from the subleading power SCET Lagrangian. Therefore,
in a general, all power, hard matching of the vector current we must sum over all the
possibilities. Omitting the index structure, such general matching equation is given by
specifying (2.71) to two directions

b (0) = 3 [Hat} {digy o ({ind, 1) Ju(0) 1 ({d, {T}) . (347)

mi,ma2
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The equation is written in a compact form, which we now unpack. The sizes of the sets
{dt;;} and {t;} depend on the type of collinear current present in a particular term on
the right-hand side of the matching equation. In the same way, sizes of {dt;} and {¢;}
correspond to anticollinear currents present in each term. The indices m; and my label
the basis of SCET operators according to the building blocks out of which each current
is constructed and their corresponding short-distance matching coefficients C™™2. We
use the formalism and notation developed in [86, 87], which we have already described
in detail in section 2.4.1. The simplest example is the leading power case, as is written
in equation (3.10) where m; = A0 and my = AO. The sum over the indices m; and my
accounts for the inclusion of all possible contributions.

As already mentioned, the collinear and anticollinear directions can both support
sources of power suppression. Therefore, the SCET currents in (3.47) are built in the
following way

T ({teds {fg}) = 2 ({2e}) Ty T (i) - (3.48)

The J™ ({tx}) is constructed using collinear-gauge-invariant collinear building blocks
given in equation (2.49) and derivatives acting on these building blocks, as discussed in
section 2.4.1. We recall from section 2.4.1 that the letter A, B, C, ... which labels
the operator JA", JB" JC" .. denotes the number of fields in a particular collinear
direction. The number n = 0,1, 2, etc. gives the overall power of A of the current with
respect to the leading power. Explicit examples of JA, J42, JBL JB2 and J? are given
in (2.74), (2.75), (2.76), (2.77), and (2.78), respectively. Identical operators exist for the

anticollinear direction, and the total power suppression of J "2 ({tk}, {5,;}) is given by

the sum of power suppression in J;" ({f,;}) and J™* ({t}). T;"v™2 in (3.48) stands for
the appropriate spinor and Lorentz structure of the operator. We have already encountered
the expression for the leading power case I' ;,40"40 =71, in (3.11). We have also discussed
the more involved case at O(\) in section 2.4.4. We have found that T’ pAO’Al =ng4, and
r ;)40’31 = n4,. We remark that in the construction presented here, the I structure
carries only the index of the vector boson, p, which is common to all operators participating
in the matching. However, this way of proceeding is slightly different to the one presented
in the example in section 2.4.4. In particular, in equations (2.116) — (2.119) we have
defined I'"™"™2 to carry also the leftover indices of the corresponding currents used in the
matching. That is, currents J4! and J?Z! in equations (2.74) and (2.76). The reason for
this choice is that the general basis of subleading power operators keeps open any indices
which appear. In section 2.4.4 we found what structures are contracted with these indices
such that the only remaining open index is one of the vector boson. Here, in order to keep
the derivation general but also transparent, we choose to move any such structures into the
definition of J;"*and J™* since we consider arbitrarily power suppressed currents and the
specific spinor and Lorentz structure can in general be found by explicit matching at any
one power. We note that in what follows, we give the complete basis at the next-to-leading
power.

In addition to the SCET subleading currents, as discussed in section 2.4.1, there exist
time-ordered products of the currents with terms from the subleading SCET Lagrangian.
Following [86] we denote these operators by Tn, where n indicates the order of power
suppression. An example for an i-collinear direction at O(A) is given in equation (2.80).
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For a collinear direction at O(\?) we have for instance
JT2(t) =i / d'z T [J2°(t) £2(2)] . (3.49)

Similarly to (2.80), here £L?) = E?) + Eg) + E%%,[ are the power-suppressed terms in the
SCET Lagrangian [73] given here in section 2.4.1.

We stress here again, as was done already in section 3.1.2, that the time-ordered
product operators are crucial ingredients of the factorisation of the Drell-Yan process at
next-to-leading power. To yield a non-zero subleading power amplitude at least one leg
must have such a time-ordered product. The underlying reason for this fact is that as
shown in section 2.4.3, the decoupling transformation does not remove the soft-collinear
interactions in the subleading SCET Lagrangian terms, and as illustrated in section 3.1.2,
the injection of soft momentum into collinear loops is necessary to form non-vanishing
collinear functions.

Following the construction of subleading power operator basis presented in [86], we also
have in the generalised Drell-Yan matching equation (3.47), as in equation (2.71) for the
general N-jet case, the purely soft building blocks, J4(0). As discussed in section 2.4.1, the
purely soft building blocks start contributing to the current operator, in addition to the
collinear fields, from O (A3). We keep J,(0) in the derivation of the formal fractionation
theorem for arbitrary powers. The soft fields will form a part of generalised soft functions.

We focus now on the (anti)collinear pieces. As we have discussed in detail in section
3.1.2, only the (¢)c-PDF modes are permitted to radiate into the final state in the z — 1
threshold kinematic region. The virtuality of the threshold collinear modes is too large.
Therefore, a second collinear matching onto ¢-PDF and ¢-PDF fields has to be performed
using equation (3.42) for the threshold (anti)collinear modes appearing in equation (3.48).
The time-ordered product of the collinear fields, denoted by J.* ({tx}), of a general SCET
operator in equation (3.48) with terms from the subleading power SCET Lagrangian makes
up the top line of (3.42). Hence, we apply the general matching in (3.42) both to the
collinear and anticollinear sectors, which then yields the following for the Drell-Yan matrix
element of the generalised matching in (3.47)

X| () Apa) Bos)) = > 3 [t {di} O™ ({t), (7))

mi1,me g

xor [di [{a5;,) T ({fh @ {25, ) (XEPPIREDT (@n ) | B(ps))
xom [du [z} ({d iz }) (KPP ()| A(pa)
x Tmeme (X T (55 ({25, ) [Y1 1 Y2] (0)s: ({2,-1)) 10). (3.50)

We take a moment to go through the notation used in this equation. The index k (k)
counts the number of collinear (anticollinear) building block fields within each current, and
a sum over all possible currents is performed. The number of insertions of the subleading

power Lagrangian terms into the collinear (anticollinear) sector is indexed by j (j), and
the sum is again over all possibilities. As we have stressed in section 3.1.2, a non-vanishing
subleading-power amplitude can only arise when at least one subleading power Lagrangian

insertion is included. Finally, the J; (J;) are the collinear (anticollinear) functions and
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si({zj—}) (57 ({Z;7.})) are constructed with explicit B¥, ¢, (B~, ¢-) field products and
their derlvatlves The possible structures are listed in (3.45). It is understood that at
leading power, or when a single time-ordered product is present on one leg only, both or
one of the collinear functions are trivial, and the corresponding soft build block is unity.
We point out that in the above equation, and throughout the text, the barred notation (")
is used to denote the anticollinear direction, and the tilde (™) refers to the quantities with
dependence on the position arguments such as ¢,¢. This notation, which we also use for
indices, is meant to help keep track of the origin of the many different contributions to
the factorisation theorem.

In the next steps of the derivation of the general factorisation formula, we require the

Fourier transform of the generalised hard matching Wilson coefficients written in (2.120),
and for the ¢-PDF and (¢)-PDF fields, which are given by

d Tt Da —i(n (TS
XCPDF(WH):/ (2; )e (n4pa) XSDF(nH)a), (3.51)

_ _ d(n- i(n a2
Xe F(un_) = / (27rpb)e+( SPENEPE (n_py) | (3.52)

Moreover, remembering that z;_ = nyz;/2 (53 L =n_z;/ 2) we make the following defini-
tion for the collinear (anticollinear) functions

/{dtk}/du ng ({te},u;{z-}) e i(n+pk)tr p=i(n4pa)u
oy Kb R (SR A PR L

/{dtk} /dqul {t:}, u; {z +}) i(n—pp) B pFi(n—py) @
B / {27:} R ({n_ﬁﬁ}, —7_Db; {@3}) : (3.54)

With {w;} ({@;}) we have labelled the set of variables conjugate to { z;_} ({Z;,}), w

use Einstein’s summation convention in the exponents, and {d%} = ‘12% X o X d;;"
({‘12%} = ‘12% X ... X d”m) The variables {w;} ({@;}) have a soft scaling. Implementing

equations (2.120) and (3.51) — (3.54) in (3.50) yields the following result

(X[ 8(0)[Apa)Brs) = > 2 / {dn+pk} {dn%pk}

mi1,m2 ’Ll

[ ) donp) € ) i)
X /{d;; } T ({n-prt, —nope; {@5}) (XEPFIXEP (nopy) | B(ps))

X/{x}ﬁﬂww&M%%%DWWWWWMWMMD



3.2.  Quark-antiquark channel 65

x e /{d§j+ } /{dzj_} e Wi Z5y oW 2—
< (X T (55 ({255 ) YTV (0)si({2-1) [0). (3.55)

The next steps in the derivation of the factorisation formula involve squaring the amplitude,
which results in the hadronic tensor W, defined in (3.9), and introducing the PDFs using
the definitions in (3.22) and (3.23). For these reasons, it is useful to inverse Fourier
transform the ¢-PDF and ¢-PDF fields into position space. This yields the following for
the amplitude and its conjugate,

(X[P,0(0)|A(pa)Blps)) = Z/{d?”wrpk} {dnﬁk}

mime i3 2

% / d(n+pa) d n_pb /dgdgei(mpa)ge—i(mm)é C’ml’mQ({n+pk}, {n_ﬁ,;})

< LS} (e = ) XTI )|

< {2 g e (o) KPP AG)
X [{azg, } [{dey yem=imie eome
< (XJT (5:({z.}) Y Y] (0)si({z-1) |0) (3.56)

and

(A(pa) Blpp) [y, (0)X) = % Z/{ (4Pl }{d(nQ_f;,)}

mm i !

[ dnaply din_ph) [ dgdg’ e I OB G (3, gl )

o)
/{djlj} T ({npi b, —nopls, {&4}) (Blpw) e (3 n )| XEF)
/

X
X

™
X

dw :r *m -
{ 2; ’ ({"+pk/} nypy; {w) /}> (A(pa)|XTPF (g ny )| XEPFY
X f;ﬂ’vmé X / {dz,,} / {dzl,_}e 5% et

(0| (s, ({z)_}) VATV (0)'5 ({2, 1)) 1X.), (3.57)

respectively. The expressions become cumbersome at this point and beyond, in particular
since the next step involves bringing together the above two expressions according to (3.9).
Therefore, to keep the size of the expressions manageable we define the following coefficient
function which contains both, the collinear, anticollinear, and hard matching functions at
the amplitude level,

Dglpmh (N4Pa, —n_pp; {w;}, {w0;}) = (27r)2 / {dn+pk} {dnpk}

2 2
x O ({nyp, {n-pid) T ({n-pr}, —nopes {@5)
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x I " ({ngpr}, nypa; {ws}) (3.58)
«m! m! _ d(n p,’) d(n_ﬁ'—,)
’ ) . 2 +Fk k
Di/{/lu Q(n-&-p:ﬁ_n—pgﬁ {w}’}’ {wé'}) - (27?) /{ 2 27
% C*m17m2( {n+pk_,} {’}’L pk;’}> *ml ({n pk‘/} nfp;ﬂ {@él})
T3 ({nply}, mephs {w)}) - (3:59)

As mentioned above, we now square the amplitude, which gives the hadronic tensor W,
defined in (3.9). The hadronic tensor is related to the d-dimensional cross-section as
dictated by equation (3.8).

Many simplifications can be made at this stage. The ¢-PDF and ¢-PDF matrix elements,
with corresponding fields written in coordinate space, are identified with the PDFs, which
are given in equations (3.22) and (3.23) for the derivation of factorisation formula at
leading power. We perform integrations over the auxiliary variables g, g, ¢’, and g’. This
gives delta functions which are then used in evaluation of integrals over np,, n_py, nipl,
and n_pj,. When the dust settles, we end up with an all-power version of equation (3.24)2.
Extracting then the convolution with the PDFs from the hadronic Drell-Yan spectrum as
given in (3.27), we obtain the expression

- 2R

mi.m i

X (—=Q%) l<¢4> D5 (wanypa, an-pp; {0}, {05))

% (ﬁ*) D" (zangpa, xyn-pp; {w;}, {w;})]

/ dd 1_; /ddl‘ eZ(IaPA-i-ECbPB q)
(W T o
i (@ {wi b {@5} {wh ) {05 }) (3.60)

for the most general form of the power-suppressed ¢g-induced partonic cross-section near
threshold. We remind the reader that the barred and tilde notation is used to refer to
the anticollinear direction and objects which depend on the coordinate-space arguments,
respectively. The complex conjugate amplitude contributions to the factorisation formula
are marked throughout the text with a prime (') symbol. We note that this use of notation
also applies to the indices and can be mixed, in such a way that for example 7' denotes
the contribution from the anticollinear piece of the complex conjugate amplitude.

In the last line of the above equation we have introduced the generalised multi-local
soft function, S;7,7(z; {w;}, {w;}, {w) }. {@%}), which is given by

CRTZICE (EY N (P R (8 N (5B

2Except for the fact that here we do not evaluate the lepton trace since we keep ™2 and [mums p
structures general.
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= [} [} [tz [las y e e i
1 — (- _
X N Tr (0| T (52, ({z+25_}) [Yl JI Y_} (z)s% ({z+ z’]ur}))

< T (5:((25, ) O)5: ({z,-1) 10} (3.61)

With this we conclude the derivation of the general factorisation formula for the Drell-Yan
cross-section in the z — 1 limit including power corrections in (1 — z). These results have
appeared in equations (2.1) and (2.2) of [40] without a derivation, which is carried out here
as in [65] with additional details and explicit intermediate equations. We remark here that
up to this point no phase space expansion has been carried out. This is in contrast to the
result for the leading power factorisation formula in equation (3.28) with the soft function
given in (3.29), where the spatial d?~!q and d~'z integrals were performed leaving behind
dependence only on the energy component of the soft radiation crossing the cut. The
phase space is not homogeneous in the A power counting, which is manifested in equations
(3.25) and (3.26). To these type of power corrections, originating in the expansion of
the phase space, we will refer to as kinematic power corrections. Power corrections due
to subleading power currents and insertions of subleading Lagrangian terms are named
dynamical power corrections. At leading power only the lowest orders in both kinematic
and dynamic power corrections is kept hence we can unambiguously write down the result
as in (3.28) with the soft function in (3.29). However, at any given higher order in the
power expansion, one has to account for all possible contributions due to interference from
these two types of power corrections. Since the formula in equation (3.60) is general and
accurate to all powers, we keep the phase space unexpanded.

Y, Y,

3.2.2 Factorisation at next-to-leading power

In this section we restrict the discussion general subleading power effects to only the
next-to-leading power. At this level, we can make certain simplifications in the general
formula given in equation (3.60).

The first observation we make is that the total number of w variables at next-to-leading
power is highly constrained. This is due to the fact that the w variables are connected
to the soft emissions from collinear functions, which means that they originate in time-
ordered product insertions of subleading-power Lagrangian terms. On the one hand, at
least one w variable must appear since at least one time-ordered product operator must
be present in the SCET amplitude to induce a threshold-collinear scale. Otherwise, as we
have discussed in section 3.1.2, all of the threshold-collinear corrections to the (¢)c-PDF
matrix element are scaleless and a trivial null result is obtained. On the other hand,
the total power suppression at next-to-leading power is O(\?). Therefore, no more than
two separate w variables can be present. These would correspond to two £ insertions,
each providing O(\) suppression. The limit on the total number of subleading power
soft-collinear interactions also constrains the total number of soft structures s; from the
set (3.45), that are required at next-to-leading power.

Another simplification occurs due to the fact that in the position-space SCET framework,
as we discussed in section 2.4.1, the purely soft building blocks start contributing to the
current operator only from O(A?) [86]. Therefore, at next-to-leading power the purely soft
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part Js(0) does not appear in the factorisation formula. The soft structures originate only
from single insertions of the O(A\?) SCET Lagrangian terms, E?) and 5%24, in equations
(2.65) and (2.69), and double insertions of the single power-suppressed Lagrangian terms,
Eél), Egz)’ and ﬁ%{/[, in equations (2.63), (2.66), and (2.68), respectively.

We next consider the kinematic set up of the process itself. In the centre-of-mass
frame, the kinematic set up does not support power suppression induced by an operator
with O(\) scaling on the collinear or anticollinear leg. This simplification arises because
the incoming collinear (anticollinear) momentum may be chosen to carry only its large
component, p* = (nyp,0,0) (I* = (0,n_1,0)) with nyp ~ Q (n_l ~ @ for the anticollinear
leg), as we have chosen in section 3.1.1 for the calculation of the amplitude with one
collinear loop at leading power. We recall also that the components of the soft momentum
all scale as O(A?). The key observation is that in order for the collinear (anticollinear) leg
to carry O()\) suppression, it would necessarily have to be proportional to p// () ~ QA,
the transverse component of the collinear (anticollinear) momentum. This is because
there exists no other momentum component in the threshold kinematics which has a
O(\) scaling. However, the transverse momentum component of both the collinear and
anticollinear momenta vanishes. This, therefore, implies that the O(A?) power suppression
cannot arise due to two separate insertions of Eél) (or 5%2/[) Lagrangian terms on two
different legs of a diagram. The above arguments also imply that in the gq channel a
non-vanishing O(\) amplitude does not exist. It should be noted however, that this does
not mean that a non-vanishing O(\) cannot contribute in general. Indeed, the emission of
a soft quark does give rise to an amplitude with such scaling, however this forms a part of
the (anti)quark-gluon (qg, qg) channel and will be explored in more detail in section 3.3.

In consequence, at cross-section level at next-to-leading power, the O(\?) power
correction must arise in the amplitude which is then interfered with the leading power
amplitude as dictated by (3.9). This yields the next-to-leading power, O(A\?) suppressed,
cross-section. There still exist numerous possibilities for the generation of O(\?) suppression
in the amplitude. One of the types of possibilities is a time-ordered product operator, such
as JT2(t), built from a £ insertion and a subleading current of type J4! or JZ'. We have
discussed the O(\) power suppressed currents in the example matching in section 2.4.4.
For convenience, we write the two possible types of currents here, including explicitly the
I', structure

JfO’Al(taE) = Xe(tn_)ny,id, xe(tny), (3.62)
JPOP Nty b, 1) = Xe(tno) nay Ay (bany ) xe(tiny), (3.63)

There also exist the corresponding power suppressed currents with the power suppression
in the anticollinear direction, which we do not write explicitly here. The most significant
aspect of the two O(X) currents is that both are proportional to ny,. This is an important
feature because at the cross-section level the amplitude in which the J4! and JZ! currents
could appear, is interfered with the leading power amplitude. As can be seen in (3.11),
the latter is proportional to v,,. The contraction of n.i, and 7, yields a null result.
Therefore, a potential contribution of this type vanishes at cross-section level to all
orders in perturbation theory. This is a major simplification in the type and number of
contributions possible at next-to-leading power in the general factorisation formula derived
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in section 3.2.1. At next-to-leading power, the sum over the indices in m; 5 in the formula
in equation (3.60) contains only the J4°-type current, along with the time-ordered product
operators built from the leading power J4° current and insertions of subleading power
SCET Lagrangian terms. This also implies that in the next-to-leading power factorisation
formula, the only the hard matching coefficient of the leading power current, C 4040,
appears.

The consequence of the above considerations is that the soft structures which are
relevant at next-to-leading power are the explicitly presented terms in (3.45) and the
ellipsis is dropped. This statement holds after the equation of motion, written in (3.46), is
used to eliminate the soft structure n,B", which is redundant.

The above discussion of the simplifications which occur at next-to-leading power, but
may not necessarily apply beyond that accuracy, allows us to present a more compact,
next-to-leading power, version of the general subleading-power factorisation formula given
in equation (3.60). Specifically, up to and including O(\?) the general formula in (3.60)
simplifies to the following

(A [ES T —"

4,i'=0

X (ﬁ*) Dip(Taypa, Tyn_pp; {Wj})l

d—l—'
<@ | Gt - [t gy ) ()
(2m)d-12 Q2+§2 o 7

+ c-terms, (3.64)

The set notation, namely {w;} = {w;,ws}, is necessary only for the i = 4,5 terms. These
correspond to contributions where the soft structures are made up of insertions of the
fields at different positions. This can be verified by considering the explicit expressions
written below. The remaining terms require only a single w variable. An exception
to this statement is the leading power position space soft function, written above in
equation (3.30), which naturally does not require any w variables as it is solely made up
of products of Wilson lines.

In equation (3.64), the terms, where the power suppression is placed on the anticollinear
leg, are denoted by “c-terms”. This is done both for the amplitude and its conjugate.
We do not write these terms explicitly to keep the expressions as concise as possible.
Eventually, these terms contribute a factor of 2 to the power-suppressed terms in the
formula in the above equation.

We have argued in detail above, that at next-to-leading power only the
is required in formation of time-ordered products with subleading-power Lagrangian
insertions in the matching to the Drell-Yan vector current. This implies that the general
structure I'” which is defined in equation (3.48) in simply given by ~{ at next-to-leading
power. Moreover, the anticollinear functions J!™ ({n_p;}, — n_py; {@w;}) in the general
definition (3.58) are in fact delta functions in D;,(x,n4+pa, zpn_pp; {w;}) since the power
suppression in D;,(x,n4pa, Tyn_pp; {w;}) is placed on the collinear leg. This means that
the D;,(x nypa, vyn_pp;{w;}) coefficient function simplifies to

Dyy(anipa,min s {wi}) = [ dnp)din_p) ¢ p,n p)

JA0A0 cyrrent
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X 0(n_p —xpyn_pp) Vi, Ji (nip, xanipa; {w;}) . (3.65)

In order to keep the expression general and notation not too cumbersome, we have chosen
the index i, that is summed over in (3.64), to stand in place of all necessary indices—Dirac,
Lorentz, and colour—that are needed by each separate term depending on the specific
soft structure that acts as a projector in the collinear matching given in equation (3.42).
We point out that in the evaluation of this factorisation formula, one must contract these
indices before the spin trace is performed in equation (3.64). The reason for this is that
particular soft functions, such as S5 which we write explicitly below, can contain open
spin indices that connect it to the collinear function. There also exists a similar expression
to one given in equation (3.65) for the conjugate amplitude D}/ with variables {w;}
replaced by {wé,}. It should also be noted that at leading power, both the collinear and
anticollinear functions are simply delta functions as we have seen in section 3.1.1 with the
trivial matching example. In this case, the D;, reduces to 7, , CA%40,

In the same way as in equation (3.60) for the general factorisation formula, the final-state
phase-space integral over the lepton-pair momentum ¢ is still contained in equation (3.64)
in its exact form. As we have discussed in section 3.2.1, equations (3.25) and (3.26)
indicate that the phase-space integral also adheres to a threshold power expansion in
(1 — z). Therefore, in addition to the dynamical power corrections originating through
time-ordered product insertions into the amplitude, there exist also kinematic power
corrections where the amplitudes are kept at leading power in A and it is the integration
over the phase space that provides the power correction. This type of correction we denote
by A, (2) making use of the definition in (3.31) and it will be discussed in more detail
below.

Before we proceed to explore the factorisation formula in (3.64) further, we focus on the
appearing collinear functions themselves. We already discussed that in the next-to-leading
power factorisation only the leading power hard current J4%4° is required to form the
time-ordered product operators with insertions of subleading-power Lagrangian terms.
This leads us to the conclusion that in the next-to-leading power case the set {¢.(tyn.)}
in the general collinear matching equation (3.42) is in fact made up of only a single
quark or antiquark collinear field. Moreover, the set {£®(2;)} of Lagranglan insertions is
either formed by only O(\?) insertions { £ ( )} or two O()\) insertions { LW (z1), LY (2,)}.
Making use of the momentum-space collinear functions which were defined in (3.53), leads
us to conclude that the collinear matching equation at next-to-leading power is either
given by

d J
i [ AT oo (1) £9(2)] ~ 2y [ [Ap it [ drpe

X Jiy By, fod (N4 Dy Ny Pas W chlﬁ)zf N4 P /dZ e " s ,a(z2)  (3.66)

for the £?(z) insertions, or

, dwy dwy [ dnyp .,
ZQ/dd21/dd22T|:Xc’fyf (tn+)£(1)(21)£(1)(22)} = 27r;/ 5 o o © (n+p)t

dn-l-pa
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X /dz1_d22_ etBeTI R g (2 2y ) (3.67)

for the double LW (z;)L£"(2,) insertions. The indices  and d connecting the J; and s;
structures stand for the collective Lorentz and colour indices suitable for the particular soft
structure. As we have mentioned previously, and as can be seen on the right-hand side of
equations (3.66) and (3.67), for each independent soft structure s; we have a corresponding
collinear function J;.
In the following steps, we further simplify the factorisation formula in equation (3.64).
In order to avoid confusion, we discuss the kinematic and dynamical next-to-leading
power corrections separately. Before we continue, we recall the discussion in the vicinity of
equation (3.31). The important remark there is that the next-to-leading power factorisation
formula we have derived and written in equation (3.64) is for the bare partonic cross-
section ¢. Care has to be taken when dealing with this d-dimensional quantity. For
example, the collinear singularities are still contained in 6. These are usually subtracted
by PDF renormalization. Moreover, the spin trace gives the following in d-dimensions
Tr [(%) Vip (’M) yl} = —(1 — ¢) as we have already discussed in section 3.1.1. Therefore,
in order to conveniently be able to compare the results obtained here with literature such
s [117, 116], in what follows we consider the quantity A as defined in equation (3.31).
The 1/(1 — €) factor accounts for the fact that we work in d-dimensions, and the 1/z factor
is also conventional in literature [117, 116].

NLP kinematic correction A¥n,(z)

As explained above, contributions to the next-to-leading power cross-section can originate
in expanding the kinematic factors to next-to-leading power accuracy, while keeping the soft
and hard functions at leading power (recall that collinear functions are trivial at leading
power). We now investigate these kinematic corrections to the Drell-Yan cross-section.
The starting point is to take the leading power soft function term in (3.64). Noting that
at leading power no time-ordered product insertions appear in the factorisation formula,
such that the D coefficients can simplified as explained below equation (3.65), we begin to
classify the kinematic corrections from the following expression

Akzm H(A 1 Q dd lq dd Z(Q /2)2°—i(7 2/ (2Q))a’ —iq-& g 3.68
Lpenep(2) = S)Z e W o (), (3.68)

where H(3) = |CA%1%(z,n pa, vpn_pp)|>. We have also already used the fact that the
energy of the soft hadronic final state can be expanded as in equation (3.25). A number
of kinematic corrections can be identified in the above expression. It is understood that
in this discussion while we consider a certain source of power corrections, the remaining
factors which could give power suppression must be taken at leading power in order to
yield overall power suppression for the cross-section at next-to-leading power and not
beyond.

The first kinematic correction, which we label “K1”, arises due to the power suppression
provided by the second term in the exponent in equation (3.68). Performing Taylor
expansion of the exponent, writing ¢ in terms of spatial derivatives, and evaluating the
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d?17 and d?~'¥ integrals, we find the approximation

Q iz iz%02 ~
Al (@) = H(QF) = [ da® 2 L0 (W) | Sl (3:69)

NLP

valid to next-to-leading power. The unity in the bracket is in fact the leading power
term and should be ignored as it does not form part of the kinematic correction, we
have kept it here for clarity regarding the Taylor expansion. The next-to-leading power
kinematic correction AL (Q) constitutes the second term in the bracket in (3.69), which
we have underbraced for clarity. As is usually done, the ¥ = 0 is set only after the spatial
derivatives are performed. This result is general, and the derivative can in principle act
on any soft function. However, since we work up to next-to-leading power, the kinematic
correction needs to only be applied to the leading power soft function.

The second kinematic correction, labelled “ K27, originates in the expansion of €2, in the
first exponent in (3.68). The power expansion of €, itself can be found in equation (3.26).
We proceed in the same way as above, perform the Taylor expansion of the exponent and
evaluate the d?'¢ and d9~'% integrals

T 3 o
Afg e (Q) = 47r / e 50° "Q*+0 (3) | Sofw)| . (3.70)
NLP

Similarly to AKLL(Q) in (3.69), AR(Q) is in fact given only by the second term in the
bracket. The first term is the leading power contribution which does not form a part
of AKZ,(Q). In both AELL(Q) and AEZ (), the linear 2° term can be replaced by a
derivative with respect to {2 and taken out of the integral, the terms which remain form
the momentum-space leading power Drell-Yan soft function Spy(£2) which can be found
n (3.29).

The third kinematic correction, labelled “K3”, comes from the expansion of the 1/z
factor in (3.68). Straightforwardly, we find

1 o
Affonp(@) = H(Q?) - | @ + 2 +0 () / da® 250 (w)| . (371)

T o a

Here, similarly to above, the first term in the bracket belongs to the leading power result
and should be dropped.

The fourth kinematic correction, labelled “K4”, is due to the expansion of the argument
of the hard function H(8) itself. Incorporating the expansion of the hard matching
coefficient, H(8) = H(Q?*) + Q*(1 — 2)H'(Q?) + O(\*), into (3.68) gives

Al r(Q) = | HQ) + Q*QH'(Q*) +O(\Y) / da® 25y ()] (3.72)

LP NLP

=
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Again the first term in the expansion of the hard function forms part of the leading power
result.

For concreteness, we drop the leading power terms which were pointed out as the
leading terms in the above expansions, and write again the four kinematic corrections at
next-to-leading power. These are given by the following

Alilp() = H(Q )*82 Soy (9, 7)]z=0 = H(Q?) Sk1(€2), (3.73)
ARE(Q) = (QQ) 025 Sov (2 D)o = H(Q7) Sxal), (3.74)
AR(Q) = H(Q) QSpy(Q,&)]—0= H(Q?) Sks(9), (3.75)
AN(Q) = H'(Q) Q*QSpy(Q,7)]z—0= H'(Q?) Q Sks(€). (3.76)

As we have mentioned, Spy (€2, 7') is the leading power soft function defined in (3.29), with
a difference that the 2° argument is generalised to contain a non-zero spatial contribution Z.
The sum of the above four terms, gives the full next-to-leading power kinematic correction,
which we denote by A¥r,(z). We explicitly evaluate these formulas with the relevant
ingredients and present the results up to NNLO in chapter 7.

For the purposes of leading logarithmic resummation at next-to-leading power developed
in chapter 8, in equations (3.73), (3.74), and (3.75) we have implicitly defined the three
kinematic soft functions

0

SKI (Q) — 89 8§ SDy( )| 7=0 (377)
Sial@) = 502 Spv(@ ) leco, (3.78)
SKg(Q) = QSDY(Q,$)|£:0 . (379)

The role of the kinematic corrections in the next-to-leading power resummation is discussed
in section 8.2. Next, we consider contributions to the next-to-leading power cross-section
from a different source.

Dynamical NLP power correction A% (2)

In this section we consider the contribution to the next-to-leading power cross-section
where the phase space kinematics are kept at leading power, and the power suppression
originates in the insertions of subleading-power Lagrangian terms. This means that, in
the same manner as in section 3.1.1, we keep only the first term in the expansions given in
equations (3.25) and (3.26). We can again perform the d%~!¢ integral which yields a delta
function for the spatial part of x, which then allows us to evaluate the d?~'Z integral and
set & = 0 in the soft functions. Following these steps in equation (3.64) and remembering
to switch to Af"%(z) which is defined in equation (3.31) yields the following

n d duwl 2\ ,
A%/LP(Z) = { wﬂ} { }Tr [ <¢4> D3/ (wanipa, zon_ps; {wj/})
1,4/=0
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dz°

X <¢4+> Dip(xanipa, zon-ps; {%})] Am emzogii’ (2% {wi}, {w;,})

+ c-terms, (3.80)

where 2 = Q(1 — z).

In contrast to the case of the kinematic correction, the collinear functions which appear
in the dynamical power correction are non-trivial. We recall that the collinear functions
are tied to a particular soft function and they will carry the same indices. Moreover,
in addition to the indices which connect the collinear function to its soft structure, the
collinear functions have two Dirac and two colour indices, v/ and fb, from the threshold-
collinear and ¢-PDF fields in the matching equation (3.66). It is understood that the
various collinear functions, J;, in equation (3.80) have their indices dictated by matching
equations (3.66) and (3.67). As an example we can consider the first soft structure in
the set in (3.45). This soft structure contains one B* field and hence carries in addition
one adjoint index A through which it is connected to the collinear function. This implies
that J; carries one adjoint index which is tied to the colour generator. We make this
example concrete by writing the J; (nyp, z,nipa;w) in (3.80) with the indices that it
carries explicitly, which is then ‘]f;lwﬁ, b (nyp, xenipa;w).

The A% (2) part of the factorisation formula in (3.80) can be simplified further through
decomposition of the collinear functions into all allowed colour and spinor structures. We
accomplish this in what follows. To continue the example case studied above, we consider
the J{;"yﬁ,fb (nyp, xonypa;w) collinear function again. This collinear function must be
proportional to the colour generator T?b as this is the only structure which has one adjoint
A, and two fundamental, fb, colour indices. Taking advantage of this fact, we can now
define a scalar collinear function which is multiplied by the colour generator T;‘b . At
which point, we are free to move the colour factor into the soft function where it forms of
the trace over the colour indices. In much the same fashion, the colour factors belonging
to the other collinear functions can be absorbed by their corresponding soft functions. In
this way, we can simplify the dynamical next-to-leading power part of the factorisation
formula in (3.80) which gives the following result

ANip(2) = - 1 3 €) ¢ Wzl) e <¢4+> Vd oy

X /d(n+p) C A0 (nyp, zsn_pB) CrA0A0 (Zanypa, Tyn_pp)

X ; / {dw;} Jing (np, zanspa; {w;}) S {w;}) +hee.,  (3.81)

where as above 2 = Q(1 — z).

As in (3.80) and as explained below equation (3.64), the double-valued set {w;} =
{w1,ws}, is only necessary for terms i = 4,5. We have also discussed below equation (3.65)
that care is needed for the case of the i = 5 structure, since as well as the Dirac indices
B~y which are written explicitly, J5 and S carry further Dirac indices contracted among
them. This can be explicitly seen in the definition of S5 below. The factor of 2 in the
top line is attributed to the ¢-terms in the last line of (3.80). Another simplification is
realised when we make use of the fact that power suppression at O(\?) is always generated
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in one of the amplitudes and that an O(\) amplitude does not exist in the gg-channel
as we have discussed above. Therefore, one of the coefficient functions, D, or D*, is
always reduced to the leading power expression, 7, C4%4% or 4 C* 4040 yespectively. We
emphasise here once more, that the main and crucial difference with respect to the leading
power factorisation formula in equation (3.28), is the appearance of convolutions between
the collinear jet functions and the generalised, multi-local, soft functions. We would also
like to draw attention to the fact that the aforementioned structure resembles the power
suppressed corrections in 1/m; in the SCET description of the semi-leptonic B decay in
the so-called shape function region [75, 131, 132].

In the factorisation formula written in equation (3.81) we have used the generalised,
multi-local, soft functions in momentum space as the Fourier transforms defined in the
following way,

dx? dzj_ ,

Si@ i) = [ 2 [{ b emimm 5 {2 }), (3.82)
Am 2m

where the position-space soft functions, S;(zo;{#;—}), which contribute at the next-to-

leading power are given by

Sy (2% 2) = ]\1[Tr<0\'i‘ Y)Y (2%)] T ([Y*(om(oﬂ Za%z# (2 )) 0), (3.83)

[

Shyla®2) = 5 TOIT [V Y (o)

c

x T ([Yj (0)Y+(0)] ) B5 (), B;(z_)}) 10), (3.84)

Sy(a® 2 ) = ]\1[ T (O[T [V (20)Y" (2)]

x T ([Yj(om(o)} (mi O BF(20), [m_azs,;(z_)H) 0y, (3.85)

SA %212 ) = - THOIT [VIGOY ()]

c ba
T ([YHOY. 0] B a1 ) B () 10), (3.:56)
Sspfonor(@’;21-, 20 ) = ]\17c< T {Yl(xo)y—(xo)]ba
< ([OV0],, g gm0 ) ) 357

We recall from the discussion of the list in (3.45) that the NLP soft functions Sy and Sj
are redundant and could in principle be eliminated by relating them to S;.

At this point, we would like to point out that in principle, there could exist another
soft function,

Sf?bf;w (x;w) /dz e e C(O|T {YT( )Y (I)]b

a
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x T ( Y1 (0)Y.(0)] WBH(Z_)) 10, (3.88)

af in_0" V]

with the defining soft structure given by the second term (3.45). Indeed, this soft structure
is needed to obtain the complete result for the next-to-leading power one-soft-gluon
emission amplitude, as can be seen in appendix B.2 where the results are presented.
However, the soft function with the %Bj f]‘ (z—) soft structure does not contribute at the
cross-section level at any order in perturbation theory. The reason for this is as follows.
The soft functions, as can be seen in (3.83) — (3.87), are vacuum matrix elements of Wilson
lines and the soft field insertions. Therefore, the only possible structure which could carry
the Lorentz indices of the anti-symmetric soft building block Z.i[f 5 B;“ﬁ (z_) in géb Fn (T3 W)
is the epsilon tensor. However, the epsilon tensor, by parity conservation, is excluded in
QCD. Hence, we conclude that required in the factorisation formula at next-to-leading
power are only the five soft functions given in equations (3.83) to (3.87), along with their
corresponding collinear functions.

The all-order formulation of next-to-leading power threshold factorisation given above,
and the operator definitions of the contributing collinear jet and soft functions, is one of
the principal results of this work.

3.2.3 Expansion up to next-to-next-to-leading order

The next-to-leading power factorisation formula is verified in chapter 7 through the
comparison of the results obtained using the factorisation formula and its elements to
the existing fixed-order O(ay) and O(a?) results in the literature. In order to facilitate
the comparison carried out in chapter 7, we now expand the factorisation formula in
equation (3.81) to obtain the terms which arise up to and including the next-to-next-to-
leading order in ay.

The objects which appear in the factorisation formula in equation (3.81), a hard Wilson
matching coefficient C4%4%(n, p, n_p), the collinear functions .J; (nyp, xo nypa; {w;}), the
soft functions S;(x; {w;}), each have a perturbative expansion in the strong coupling a,.
At next-to-leading power, the generalised soft functions are made up of at least one explicit
soft field insertion and its derivatives, instead of containing solely the soft Wilson lines
as in the leading power case. Therefore, the lowest order at which the generalised soft
functions can contribute to the cross-section is O(as). On the other hand, the hard and
the collinear functions can have tree-level contributions O(a?). Hence, to obtain the NLO
result from the factorisation formula, only one possible combination of the contributing
functions is possible. Namely, we require tree-level hard and collinear functions and a NLO
soft function. Then, one order higher in ay, to obtain the NNLO fixed order results, we
must consider three possible contributing combinations. These are: (1) A tree-level hard
function along with one-loop collinear function and a NLO soft function, (2) one-loop hard
function, a tree-level collinear function and a NLO soft function, and lastly (3) tree-level
hard and collinear functions, together with the NNLO, O(a?), soft functions.

Before we proceed, we make an important observation regarding the structure of
collinear functions. It is the fact that since the kinematic set-up only allows for soft radiation
into the final state, the large component (n, p) of the incoming ¢-PDF momentum has to be
the same as the sum of the large components of the outgoing threshold collinear momenta of
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Figure 3.10: This diagram is the next-to-leading power version of the diagram presented in

figure 8.6. It is worth to compare and contrast the two. Since we work at leading
twist, the parton distribution functions remain the same in both cases. The next-to-
leading power cross-section, A%}an(z) in (3.81), is schematically drawn inside the
golden frame. We have picked a representative contribution of the sum in the third
line of equation (3.81). We immediately see that the structure of the factorisation
beyond leading power is more intricate than the leading power result. We note the
appearance of collinear functions originating in the matching of threshold-collinear
fields to c-PDF fields. These are connected to generalised soft functions via a
variable w with a soft scaling. FEzplicit soft gauge field insertions into the soft
function, denoted by large red dot, mean that the soft function contains at least
one soft gluon emission and therefore starts at order as. As at leading power, only
the JA940 hard current contributes to the next-to-leading power cross-section.

a particular collinear function. Next, we note that for the J4° current we require only one
outgoing collinear momentum from the collinear function. Therefore, the collinear functions
at the next-to-leading power must be proportional to §(n p—x,n,p4). However, on top of
the collinear function being proportional to the delta function in momenta §(nyp—x,nypa),
due to the fact that n_z components appear in the soft-collinear interactions, which in
momentum space translate to n,p derivatives, the momentum-space collinear functions
may also contain derivatives of the momentum-conserving delta function. This is for
example the case for the Jy(nyp,x,n1pa;w) collinear function. It is also diagonal in the
Dirac indices, hence we can write the J;(n,p, z,nipa;w) collinear function in terms of
two scalar components in the following way:

Jmﬁ (n+p, TaMyPA; W) = 575 Ji1 (xan-‘rpA; w) 5(n+p - $an+PA)
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+ J12 (Tanypa;w) )5(n+p — Tanypa)| - (3.89)

0
O(nyp
We can now make use of this decomposition in the factorisation formula. Namely, using
integration by parts this derivative is moved to act on the amplitude hard-scattering
coefficient. Therefore, the derivative collinear-function term, Jy o (zon4pa;w), only con-
tributes to the cross-section when the hard Wilson matching coefficient has momentum
dependence. This happens only from the first loop order, O(a,) for C4%4% Once we
perform the derivative on the hard Wilson matching coefficient, one can evaluate the
remaining d(np) integral using the delta function in the second line of (3.89), which after
these manipulations does not have a derivative acting on it.

Considering the list of soft functions in equations (3.83) — (3.87), the only soft function
in this list which begins at the lowest, next-to-leading a;s order is S;. The remaining soft
functions are made from at least two explicit insertions of soft fields. Therefore, the leading
contribution from these soft functions to the cross-section is at next-to-next-to-leading
order. Hence, keeping only the contributions to next-to-leading order, we have

AYE) = 4QHVQ) [ o I (ranipai) (@) (3.90)

where the spin trace, Tr [(%) Vip (7%) ’yﬂ, has already been evaluated to yield a factor
of —(1 —¢).

Moreover, here and below in this section, the 2 variable is related to the threshold
variable 1 — z by = Q(1 — 2). We may greatly simplify equation (3.90) by substituting
in the tree-level result for the hard coefficient H(®(Q?) = 1, and the tree-level collinear

function, which we write below in equation (4.19):
A = 4 [dwsP(@iw). (3.91)

We now continue our considerations at the next-to-next-to-leading order. Above we have
discussed the three possible types of contributions, they take the following expressions
respectively:

o Collinear: tree-level hard function, one-loop collinear function, and a NLO soft
function

AU () = 4QHO(Q?) [dw s} (wanipaiw) SV (w).  (392)
o Hard: one-loop hard function, tree-level collinear function, and a NLO soft function

)

A () = 2Q [dwst () (H“)(Cf) T (@anipa;w)

— C*AO ©) (l'an-‘rpAa xbn—pB) Jl(:OQ) (l’an_t,_pA; Ld)

0
S e LU O o _ h.c. 3.93
X PRGN (xanypa, xyn_pg) | + h.c ( )
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o Soft: tree-level hard function, tree-level collinear function, and NNLO soft functions

Aiy{bp(f)soﬁ(z) - _(1 i 3 Q [(7724—) Yip <7/L4+> vﬂ] HO (Qz)
By

xz [} I @anepai {id) SO w3} (3.94)

In A%"? (2 the derivative terms in the collinear functions do not contribute,
since the hard function takes its tree-level value which is a constant, and hence
vanishes when the derivatives are applied.

The above expressions can be simplified by making use of the tree-level values for the
relevant contributing objects. Specifically, since H®(Q?) = 1, we have

AU w(z) = 4Q [ do I (manipaiw) S (0:w) (3.95)

for the collinear term.

Next we consider the simplifications to the hard contribution Aqufp hard( ) in (3.93).
Aﬁyfp(_)hard(z) is simplified by using tree-level values for the collinear functions in (4.19)
and (4.20). We remind the reader that since this expression refers to d-dimensional
regularized objects, care has to be taken when dealing with this quantity. In particular, the
one-loop d-dimensional hard matching coefficient depends on Q? = z,zyn,pan_pp only
through an overall multiplicative factor (—Q?/u?)~¢. Therefore, performing the derivative
yields the hard matching coefficient again, now multiplied by a factor of —e/@Q. Along with
the hermitian conjugate term in (3.93), from the derivative term we obtain the following:
—€/Q x (CHAOCA) 4 A0 A0 = _e HD/Q. Then AY2  (2) in equation
(3.93) simplifies to

A s (2) = —4 (1 = O HO(@Q) [ dw ST (25 w). (3.96)

The soft contribution to the cross-section ANLP Soft(z) in equation (3.94) can also be
simplified through the use of tree-level collinear functions. However, we do not present it
here.

This concludes our discussion of the power corrections to the diagonal qg-channel of the
Drell-Yan process at threshold. In chapters 4, 5, and 6 we compute the relevant collinear
and soft functions, before putting them together in chapter 7 to obtain explicit results up
to next-to-next-to-leading order accuracy. In chapter 8, we again pick up discussion of
the next-to-leading power factorisation formula, given here in equation (3.81), where after
specifying the formula to the leading logarithmic accuracy we perform resummation at
next-to-leading power.

3.3 Gluon-antiquark channel

In this section we consider the off-diagonal channel contribution to the Drell-Yan partonic
cross-section at threshold as given in equation (3.3) and shown schematically in the right
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panel of figure 3.2. For the process g(z.pa) @(zsps) — v (Q?) [ €(11)0(l2) ] + X (px)
to take place in the z — 1 limit, the incoming ¢-PDF gluon must be converted to a
threshold collinear quark through the emission of a soft antiquark. The threshold-collinear
quark retains almost all of the momentum of the incoming c-PDF gluon. The soft-quark
interaction with collinear fields is inherently a subleading power effect. This can be
deduced from the fact that soft quarks only appear in the soft term, gsi10,qs, in the leading
power Lagrangian written in (2.35), and the soft quarks first appear in soft-collinear
interaction terms at O(\) in, £21), in equation (2.66). Therefore, unlike in the case of the
qq-channel discussed in section 3.2, the contribution to the Drell-Yan cross-section from the
gg-channel does not begin at leading power as this process vanishes. Rather, the process
is first realised at next-to-leading power through time-ordered product insertions of Lg)
Lagrangian terms into the amplitudes. The cross-section is then obtained by interference
of two such amplitudes.

The layout of this section resembles one of section 3.2, we first outline the derivation
of the general factorisation formula for the gg-channel of the partonic Drell-Yan process,
before specifying the formula to the next-to-leading power accuracy.

3.3.1 Factorisation at general subleading powers

The derivation of the formal factorisation formula beyond leading power for the gg-channel
follows closely the derivation presented in section 3.2.1 for the gg-channel. Here we follow
the structure of section 3.2.1 and draw attention to the differences for the gg-channel.

Following the formalism described in section 2.4.1, the general, all power, hard matching
of the vector current is given in equation (3.47) with the SCET currents written in (3.48).
As discussed above, in addition to the SCET subleading power currents, there exist non-
local time-ordered products of the subleading currents with subleading power Lagrangian
terms. Of particular importance for the gg-channel are the Eélq) insertions, which can
convert the incoming ¢-PDF gluon into a threshold collinear quark through the emission
of a soft antiquark.

As for the gg-channel, the threshold kinematics still forbids the radiation of threshold
collinear modes into the final state. Therefore, in the same way as in section 3.2.1,
we perform a second collinear matching of the threshold collinear fields appearing in
the generalised SCET currents and their time-ordered products with subleading SCET
Lagrangian terms, onto c-PDF and ¢-PDF fields. The matching for the anticollinear leg,
with an incoming antiquark, uses equation (3.42) as for the diagonal channel case. In the
matching of the threshold collinear fields to the ¢-PDF gluon building block, we use the
general matching equation written in (3.43).

Performing these steps, we arrive at the following result for the Drell-Yan matrix
element of the generalised matching for the gg-channel, which is the analogue of the
diagonal channel expression in (3.50)

(X|Pe ) Apa)Brs)) = 3 3 [ {dte} {dig) O ({1, (1))

mi,m2 g

xom [di [z, 3 T ({0 @ {25, 1) (XEPYRED (@) | B(ps))
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x2m [ du [z} G (Tt} us {2 }) (XEPPLATES (uns )| A(pa)
x T (X T (5: ({75, 1) [Y1 7.2 (0)s: ({z-1) [0). (3.97)

Explicit Dirac, Lorentz, and colour indices are suppressed and the notation used here is
the same as in equation (3.50). Namely, we use the index &k (k) to count the number of
collinear (anticollinear) building block fields in a given current, and we sum over all of
the possible currents. The index j (j) counts the number of insertions of the subleading
power Lagrangians into each collinear (anticollinear) sector, and again we sum over all
of the occurrences. At least one subleading power Lagrangian insertion is necessary to
give a non-vanishing subleading-power amplitude, as discussed in section 3.1.2. Moreover,
as discussed above, already at O(A\?) in the gg-channel an insertion of Eé}]) is needed at
tree-level to yield a non-vanishing amplitude. In the anticollinear direction the matching
is performed on the ¢-PDF antiquark field as in the gg-channel case and the anticollinear
functions are denoted in the same way, J;. In the collinear direction we match to the c-PDF
gluon field and G; are the collinear functions. The soft structures s;({z;_}) (57 ({z i)
are built from products of BY, ¢, (B~, ¢_) fields and their derivatives. The list of possible
structures is given (3.45).

Next, we use (3.52) for the Fourier transform of the ¢-PDF field and for the c-PDF
gluon field we use

dn pa 7zn u
APPE (uny) = 2; #Pa)t APDF (). (3.98)

Similarly, to rewrite the anticollinear functions j; in momentum space we use the definition
given in equation (3.54). For the collinear functions we make an analogous definition to
one in equation (3.53) by replacing J; — G;

/{dtk}/dqu2 {tr}, u; {z-})e i(n+pr) th o =i(n+pa) u
_/ {dwj} TR G2 ({nyprt, P {w;}) . (3.99)

As before, the set {w;} denotes the variables with a soft scaling that are conjugate to { z;_}
and in the exponents Einstein’s summation convention is used. Also % = % X ... X d;’—ﬂm.

We now make use of equations (2.120), (3.52), (3.98), (3.54), and (3.99) in the general
Drell-Yan matrix element written in (3.97) which leads us to the following expression

X[y Ap)BEs) = > % [ {dwk} {dn%m}

mi1,m2 Z’L

X / d(nypa) d(n_py) C™ "™ ({nypr}, {n_p5})

< | {‘é‘; } T ({n-pid.—nops {233) (XEPFIREP (n_py) | B (o)

X /{d;:} G ({nypr}, nipa; {ws}) <XPDF’APDF(”+pa)|A(pA)>
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x [ /{d5;+ } /{dzj_} e WG Z5y pTiIWs 25—
< (X T (55 ({255 ) YTV (0)si({2-1) [0). (3.100)

In the next step, we obtain the hadronic tensor W, by taking the square of the amplitude
according to equation (3.9) and combining it with the final state leptons as in (3.8).
Therefore, we define the following amplitude level coefficient functions in order to render
the expressions handleable. For an amplitude we have

DR e o ) () = (e [ { S} {0

2 27
< (i), i) x T2 (In_pe), —nopi: {65)
x Dl G2 ({nyprts nypas {wi}) | (3.101)

and for use in the conjugate amplitude we define

s st e @) = enp [ { DL [T

2m 2m
x C* ™M (Lfnypl Y, {nepl}) x I3 ({n—ﬁ;;/}a —n_py; {@é,})
x Dmbms G ({nple}, el {w)}) - (3.102)

We next write the general amplitude expression and its conjugate in terms of these
coefficient functions. Also the (¢)c-PDF fields are inverse Fourier transformed, in which
case we obtain

WO = gy 52 5 [t o ({52} {52)

/ dg dg ¢! P9 nPI DIITRL (n py—npy: {wi}, {@5))
X (XTPFIREPE (gno) | B(ps)) (X AT (94| Alpa))
x / {dz, } / [dz;_ Y e @575 ¢t m
X (XT (5:({z: 1) [YI 1. Y2 ] (0)si( {z-1) [0) (3.103)

for the amplitude in (3.100), and

_ dw’”, W',
A Bt O01X) = s ¥ 5 [dwat) oty [ {50} [{52]

mm’z/’

< [ dgldg e e nT DA (gl (), ()

x (B(ps)lxz"" (9 n-)|X2P7) (A(pa) A" (9 na) |XPF)

X /{d2§/+} /{dz‘;/_}6+iw{j/2,3/+ €+’L'w;./Z;/,
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x(0IT (85 ({2}, }) [YIJIY_] (0)s' ({25, 1)) 1Xa) (3.104)

for its conjugate. We now interfere the amplitudes and combine the hadronic tensor with
the leptonic part according to equations (3.9) and (3.8) respectively. At this point, we use
equation (3.23) to rewrite the ¢-PDF matrix element in terms of PDFs, and for the ¢-PDF
matrix element we use the following relation from appendix A of [133]:

5AA’

(AL @+ g ) AL ol A = 25 e 1)

Ld
) [ fyaa)e et (3.105)

a

We remark that the we do not make indices explicit in this general derivation, it is
understood however, that the indices appearing in (3.105) are absorbed by the collinear
functions. Finally, we perform the integrations over auxiliary variables g, g, ¢’, and g’ and
the momenta np,, nipy, nypl,, and nyp; which gives the following for the Drell-Yan
cross-section in the gg-channel

do  4dmagy
Q> 3N.Q*

where a = g, b = ¢, and

oz )

m1 m2 ZZ

/ £ Jaja(%a / dy for5(x0) Gap (3.106)

Xz(dl_Q)lDthp(%mrpA,xbn_pB; {wit, {w;}) (éj)

!
XD V™2 (pongpa, Tyn_pp; {wi }, {w}})]

i p

d— 1 ped
/ d Q / ddxez(pAl’a+pB$b q)x
(2m)3 2\/Q2 T2 or

Xqu i (@ {wsk; {wsh: {%‘/}3 {@3/})' (3.107)

This is the result for the general form of the power-suppressed gg-induced partonic cross-
section in the z — 1 limit. The notation with bars (7) and tildes (7) is used here in
the same way as in the derivation of the gg-induced partonic cross-section. They refer
to the anticollinear direction and objects with dependence on the coordinate variables
respectively. Also, the contributions from the complex conjugate amplitude are denoted
with a prime (’) symbol.

In the last line of equation (3.107) the generalised multi-local soft function for the
gg-channel was introduced. It is given by

St ool o @y bk @) = [az,) [1dzh ) [Hdz, ) [{az-)

; / . — — .
% e‘H(WJ 2]/+> +z(wj,zj,7) e—z(w;zﬂ_) efz(wjz];)
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x CFch OIT (54 ({z + 2 }) V@) JIV-(2)] s5({z + 2, }))

x T (55({2:}) Y1 (0).1.Y,(0)] si({z-}) |0). (3.108)

We recall that in the same fashion as the gg-channel result in equation (3.60), the result
in equation (3.107) is a formal d-dimensional result with regularized quantities.

3.3.2 Factorisation at next-to-leading power

In this section we specify the general subleading power result in (3.107) to the case of
next-to-leading power. We follow the steps of the analysis performed in section (3.2.2) for
the gg-channel.

As we will describe in what follows, the main simplification arises due to the required
change in fermion number between the initial c-PDF gluon and the field content of the
vector current onto which the first hard matching step is performed in (3.47). Since in the
threshold kinematics the collinear quarks cannot enter the final state, due to their large
virtuality, the necessary change in fermion number must be realised through an emission
of a soft quark into the final state. In general, this could be achieved through insertions of
subleading-power Lagrangian terms, such as Eéz) and Eg) in (2.66) and (2.67) respectively,
in time-ordered products with current operators, and using soft quark fields in the purely
soft building block Js(0) in equation (3.47). However, as discussed in section 2.4.1, and
shown explicitly in (2.79), the purely soft building block J,(0) in position-space formulation
of SCET does not contribute below O(\?) and therefore can be ignored in the next-to-
leading power considerations. At O(\?) at the cross-section level, we can also ignore all

subleading power Lagrangian terms L'gq) with [ > 3. Additionally, the aforementioned

Lg) Lagrangian insertion can also be dropped as the amplitude with the Lg) Lagrangian
insertion would have to be interfered with a leading power amplitude in order to yield
O(\?) power suppressed cross-section. However, such contribution vanishes. With this, we
conclude that in the gg-amplitude the power suppression must orlglnate via the emission
of a soft quark through a time-ordered product insertion of a qu Lagrangian term with
the J4° current.

Having established that there exists only one possibility of generating power suppression
up to O()\?) at cross-section level, we now for concreteness give the collinear matching
equation specified to the needed next-to-leading power case with explicit indices. Using
the Fourier transforms in equations (3.98) and (3.99) we write the collinear function in
momentum space

/dzT

Xenf (tny) £ = 27r/ dner e (n+p)t dn-+pa

2w
qu e fa (4D, Ny Pa; W) AEBYFA NyPa /dz_ e Sepnal(z), (3.109)

where « is a Dirac index, n is a Lorentz index, and a and A are a fundamental and
adjoint colour indices respectively. This is an analogue of equations (3.66) and (3.67) used
in the gg-channel next-to- leadmg power derivation. Here we do not sum over possible
structures as the only the qu insertion gives rise to a soft structure, which is the soft
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quark. Therefore, here we have

9s
Segaa(2-) = mq;a(z_) : (3.110)

In order to simplify the next-to-leading power factorisation formula as much as possible,
we make use of generic properties of the collinear function ch}f‘wa, fa (nyp, nypge;w) in the
matching equation (3.109). Firstly, as discussed in section (3.2.3), this collinear function
must be proportional to the delta function in the collinear momenta, § (n,p — nyp,), since
the kinematic set-up does not allow for threshold collinear radiation into the final state.
Therefore the incoming ¢-PDF momentum is the same as the outgoing threshold collinear
momentum. Additional simplification for the gg-case is the fact that no n_z components
appear in the £)(z). Hence, momentum-space derivatives will not act on the collinear
momentum delta function. Moreover, Gg’qf;% fa (4P, My pe;w) carries one adjoint colour
index A and two fundamental colour indices fa, therefore we can extract a T]i‘a colour
generator and transfer it into the definition of the soft function. The collinear function also
carries a single Lorentz index 7 and two Dirac indices ya. From the matching equation
in (3.109) we deduce that the Lorentz index is contracted with a L structure. Therefore,
in the collinear function a 7] must appear, as only other possible single Lorentz index
carrying structures are n/. which would vanish upon contraction with flf Bf 4. We define
the scalar collinear function as

Gg;éyaja(n—l—pa nyPa;wi) = Geg(nyp;wi) 0 ((nyp) — (n4pa)) T}qa W*Wﬂva . (3.111)
We also note that similarly to the gg-case, the I'"™™2# and f;nll’mlz structures in (3.101)
and (3.102) reduce to 77 and ~,, as again only the leading power hard matching current
appears in the next-to-leading power factorisation formula. At this point we consider the
spin structure in the second and third lines of equation (3.107). Namely, the D* (%) {2
terms for which the spin structures take the form

[VL”T/L*L,B (%.p)ﬁa <VZF> (Vﬁ)A«, {7//LVHW = 4 7/L4‘m(d — 2)2 . (3.112)

oA

The factor of 7__ /4 is absorbed into the definition of the soft function which we give
below.

Another major simplification for the gg-channel Drell-Yan cross-section at next-to-
leading power occurs due to the fact that, as discussed at the beginning of this section, the
leading power amplitude for the process g¢ — ~* + X vanishes. Therefore, the so-called
kinematic correction considered in section 3.2 for the ¢g induced cross-section does not
exist for the gg-channel. Here, at O(\?) accuracy, it is only necessary to keep the leading
power contribution to the phase-space kinematics. This implies that we take the first term
in the power expansion of equation (3.68) (explicitly, the first term in (3.69)), and we can
perform the d4~1¢ integral in equation (3.107). This yields a delta function in # which is
subsequently evaluated with the d?~'Z integral setting the # dependence to ¥ = 0. Only
the 2° dependence remains in the soft function.

Taking into consideration all of the above simplifications and making use of the
definition of A in equation (3.31), we start from (3.107) and write down the factorisation
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formula for the gg-channel of the Drell-Yan partonic cross-section at next-to-leading power
accuracy

Bg = 4H(QY) [ dordes
X Gy (Tanypa;we)Geg(Tanpa;wi)S(Q,wi, wa) . (3.113)

We have used the expanded hard function H(3) = |C4%4(z,n pa, zon_pp)|> = H(Q?) +
O(A?), and the soft function S(Q,w;,ws) is given by

le dZQ_ . . o0
qu(Q7 Wi, w? / / e—lw1Z176+zw2z27€+z Qz0 /2

><¢4—T< {Y_T(om(())} T4

_; 0+(20))10). (3.114)

The 521) insertion in the amplitude is at position z;_ whereas in the conjugate amplitude
we place the same insertion at position z,_. The conjugate variables to these coordinate-
space variables are w; and ws respectively. We note that the factorisation formula in
equation (3.113), in the same way as the results for the gg-channel Drell-Yan cross-section,
is a d-dimensional formal result with regularized quantities. The objects appearing in the
factorisation formula, Jey(zan4pa;wi), J&,(Tanipa;wa), and Sgz(2, wi, ws), should not be
treated as renormalized objects as the convolution linking the collinear and soft functions
must be performed in d-dimensions. We compute these objects up to next-to-leading
order in the following two chapters, and verify the validity of the factorisation formula at
the fixed next-to-leading order in section 7.2, and discuss the consequences for leading
logarithmic resummation in section 8.5.
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4

Drell-Yan: NLP collinear functions

The appearance of collinear functions in the next-to-leading power Drell-Yan partonic
cross-section is one of the main findings of this work. We dedicate this section to the further
exploration of the collinear functions through the direct computation of these objects to
one-loop accuracy. We will use the one-loop collinear functions results in chapter 7 to
verify the next-to-leading power factorisation formula derived in the previous section up
to next-to-next-to-leading order in .

We begin with the computation of collinear functions relevant for the ¢g-channel
factorisation formula considered in section 3.2 and in the following section we calculate
the collinear functions relevant for the gg-channel of the Drell-Yan process obtained in
section 3.3.

In general, the collinear functions are defined by the operator matching equations
given in (3.42) and (3.43). The left-hand side of each matching equation contains the
threshold-collinear fields which come from the time-ordered products of hard matching
currents with subleading-power Lagrangian terms. In the set-up of the problem we
assume that the collinear scale is much greater than the scale of strong interactions,
Q?(1—2) > A2. Therefore the collinear functions, J; ({tx}, u; {z;_}) and G; ({tx},u; {z;_}),
are perturbatively calculable short-distance coefficients in the matching equations (3.42)
and (3.43). The collinear functions can be extracted from these operator matching
equations by taking appropriate matrix elements between relevant partonic states. We
perform these steps in detail in the following sections for the gg and gq channels at
next-to-leading power.

4.1 Quark-antiquark channel

The relevant next-to-leading power matching equations are given in (3.66) and (3.67) for
the single and double insertions of the subleading-power Lagrangian terms respectively. In
order to keep the discussion clear, we introduce the following abbreviations

Ty =i d%T[XC,Yf (tn.) E(Q)(z)} , (4.1)

7;[}(75) = ig/ddzl/ddzzT Xeors (tng) LU (z) LD (29) |, (4.2)

89
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for the left-hand sides of equations (3.66) and (3.67) respectively. The Fourier transforms
of these objects are given by

Toynea) = [ dbe 0t 5 ), (43)

T (nyq) = / dt DT (1) (4.4)

We also apply the Fourier transform to the right-hand sides of equations (3.66) and (3.67),
and with this obtain the momentum-space matching equations as follows

dw

dnera i (Nypa)
Ti(nyq) = QW;/QW/OZUG(”?) o

X Jiy o, fbd (1@, My Pa; W) ch,]ﬁij(unJr) / dz_ e Sipd(2-)  (4.5)

for the single insertion, and

dn . dwq dw
7—[, _ Z +pa/ i(napa)u 1 2
1s(n+4) 2 ; / 27 duc 2r 27

X JicnyBop, fod (N4, Ny Pa; w1, W2) XE]ﬁDbF(U"+)

X /dzl,dzg, eTtrBeT R g (2 20 ) (4.6)

for the double insertions of power-suppressed Lagrangian terms.

In order to obtain the perturbative collinear functions J.z . rea (n4q, n4pe;w) and
T fbd (N4Q, Ny Pa; w1, wo) We choose appropriate partonic matrix elements of the match-
ing equations above. For example, for the case of a collinear matching where only a single
external soft gluon is present, the simplest partonic matrix element that we can consider
is one with a soft gluon and a ¢-PDF quark, (g(k)|...|¢(p)). Having made this choice, we
calculate both sides of the relevant matching equation with the leading power collinear
Lagrangian where the soft fields have been decoupled. In this case, the soft fields on
both sides of the matching equation are external. Therefore, the soft matrix element
(g(k)|si:.a(2-)|0) must take its tree-level value, as only soft loops can contribute to as
corrections of the soft matrix element and these are not present in the collinear matching.
The ¢-PDF matrix element, (0[x} 3 (uni)|q(p)), also takes its tree-level value because
here the loop corrections are scaleless as discussed in section 3.1.2.

To perform the calculation, we use momentum-space Feynman rules for the soft-collinear
interaction vertices, such as the collinear-quark soft-gluon interaction vertex in (2.90),
complete list of which is given in appendix A of [87]. The Feynman rules originate from the
the power-suppressed SCET Lagrangian terms (2.63) — (2.69). An important feature of the
next-to-leading power Feynman rules is the appearance of momentum-conservation delta
functions with derivatives acting on them. As described in section 2.4.2, these derivatives
acting on momentum-conserving delta functions arise due to the explicit presence of
position-space arguments, z#, in the subleading-power SCET Lagrangian terms owing
to multipole expansion [72]. In this section, we show explicitly how to deal with this
complication, by first integrating by parts such that the derivatives act on the rest of the
amplitude before momentum conservation is imposed.
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4.1.1 Tree-level collinear functions

For the gg-channel of the Drell-Yan process, we only require insertions of the quark-gluon
subleading SCET Lagrangian terms to obtain the collinear functions at tree level. In order
to include the Yang-Mills subleading power terms, at least one collinear gluon loop would
be necessary such that a E%Q\/[ Lagrangian insertion could be connected to the diagram
via a triple-gluon interaction. Contributions of this type are considered explicitly in the
section 4.1.2. We divide the computation of the tree-level collinear functions for the
gg-channel into two sections. First, we calculate the collinear functions connected to single
soft gluon structures, and in the second part, we consider the collinear functions connected
to soft structures which support the emission of at least two soft partons.

Single soft gluon structures

Considering the quark-gluon subleading SCET Lagrangian given in equations (2.107) —
(2.114), we find that only two soft gluon building blocks can support a tree-level single-gluon
matrix element at next-to-leading power, O(\?). These structures are

A _ i +A A _ ia[m +A
57 (Z,> = mBNL (Z,) and 56 (Z,> = mBVL](Z,) . (47)

Therefore, the sum over ¢ in the operator matching equation given in (4.5) is reduced
to contain only two contributions, i = 1,6. Explicitly, taking the (g(k)|...|]¢(p)) matrix
element of the collinear matching equation in (4.5) yields the following expression

a dn Pa i(n u dw —fwz
<9K(k)‘7;flg(n+Q)|Q(p)e> = 27T/ 2; du ¢! ("+Pe) /%/dz_e -

X <Jf;lv,6’,fb (N4, Ny Pa; w) <0|XZEE(U”+)|Q(p)e> <9K(kf)‘5f(z—) |0)
I (i) ORERE (un ) la(p)e) (6 (Bl (2)10) ), (43)

where K is the adjoint colour index and e is the fundamental colour index of the external
state. We have also added another label, 1g, to the operator to remind that we are taking
a soft gluon matrix element of this operator. The soft structure does contain soft Wilson
lines and so in principle many more emissions could be considered. We choose the simplest
case. We next evaluate the separate pieces making up (4.8) beginning with the ¢-PDF

collinear matrix element (0|x¢ 5 (uny)|g(p)e) on the right-hand side which becomes

(OIxE5E (un)|q(p)e) = Grer) Zgpor e p(p) €1+ (4.9)

The /Z, ppr is the on-shell wave renormalization factor of the c-PDF field. We turn our

attention to the soft matrix elements (¢* (k)|s'(z_) |0) and (g (k)|s.,,, (2—) [0), which are
found to yield

(" (02 B4 (=) o) za“f%;[ﬂ—

kji n * iz_k
in_9 "t (n_k) n 16 (k) e " 4 O(as), (4.10)

(n-k) "
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z'(?u s L v v * 12—
(G EBEAI0) = 8 gt — kg (k) et o+ Ofay). (411)

in_9 v (n_k)
We now insert the results in (4.9), (4.10), and (4.11) into equation (4.8), for which we
then obtain

2

K a,lg s K 1 kL !
(G TS (1 0)la(p)e) = 2w(f,€>(cfw,fe (nq,m4pin-k) [’ﬂwnk)"]

) \/ Zq,PDF Ue,B (p)E:; (k) . (412)

This expression is the final result for our chosen partonic matrix element of the right-hand
side of the operator matching equation given in (4.5) for soft structures supporting single
gluon emissions. As we have explained above, we do not require loop corrections to the
c-PDF and soft matrix elements in equations (4.9), (4.10), and (4.11) since the ¢-PDF
and soft fields act only as external fields on both sides of the matching equation, which
means that the expression in (4.12) is exact to all orders in perturbation theory.

We next compute the left-hand side of the matching equation (4.5) by considering the
same matrix element (g% (k)|...|q(p).) as we have used in obtaining the expression in (4.12)
for the right-hand side.

Since the Yang-Mills and soft quark subleading power Lagrangian terms cannot con-
tribute to the tree-level collinear function tied to a single soft gluon emissions structure,

the only relevant terms in £? in (4.1) are terms with one soft gauge field in E?I) ) LSI)I,

and Egl)n, as given in (2.65). These terms give rise to the next-to-leading power soft-gluon
vertex given in equation (2.91). The calculation at tree-level accuracy yields the following
expression

v, K . 1% v
+ Jéf;fyﬁ,fe (nJrq’ nip; n*k) ki gj_n - kJ_ gin

(g" ()T (neq)la(p)e) = 2m 9s Tffe{

)
k2 1
| L n _
|]ﬁ. (Tl/{?)n‘| n+p5(n+q n+p)5’yf3
Rt = (b)) 520 = )i

11
nyp

X € (k)y \/ Zyeliee tes (0) + Oors) (4.13)

In the effective field theory, including the threshold-collinear mode, the tree-level value of
the on-shell wave function renormalization factor of the quark field is given by \/Z ltree = 1.

The expression in equation (4.13) has been calculated directly using the next-to-leading
power Feynman rule in (2.91). We note that this gives rise to three separate contributions,
each proportional to a different soft structure. Inspection of (4.12) reveals only two soft
structures onto which terms in equation (4.13) can be matched. The observation that must

kgl — kg

5(nyq—nyp) [yt 75}
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b1

Figure 4.1: Diagram contributing to the tree level collinear functions. Through calculation
of this diagram using Feynman rules from [87] we can obtain the Jy and Jg tree-
level collinear functions, corresponding to insertions of L'g? and L’g?, and Eg),
respectively.

be made, is that the soft structures appearing in the direct calculation in equation (4.13)
are not independent. In fact, they are connected by the equation-of-motion identity given
in equation (3.46). Considering now the emitted gluon, we can use the transversality and
on-shell conditions % - €* = 0 and k2 = 0, respectively. These relations have not yet been
applied in the calculation leading to the result in equation (4.13). To make use of these
relations, we first rewrite k - € = 0 in light-cone components which gives the following

(k) (n_e*) =2 (-m—’“);"*” k- ei> . (4.14)

This relation allows us to express the second soft structure in the curly bracket of (4.13)
in terms of the first,

(n_k)ns = (nykn” ] e (k) = =2 |k} — it n | e (k). (4.15)
(n—k)

This result should not come as a surprise, since it is known that the two soft structures,
nyBt(z2) -+ (2_), are connected via the equation-of-motion identity in (3.46).
Therefore, the two Lagrangian insertions which are built from these two soft structures,
£§25) and 55? respectively, must contribute to the same collinear function, J;.

Finally, we insert the relation written in equation (4.14) into the tree-level computation
result in (4.13) and arrive at the following

<k>{

(g ITF (nsa)la(p)e) =

0
K — - 2 ——b(nyq — 5
[ 1 ] ( np 6(nyq —nyp) + o q (n+q n+p)> VB
v w11 V
— |KLgl" — Kg)" §Tp5(n+q—n+p) Mu]w}

_l’_

x € (k), \/Z

At this point we can compare the result for the left-hand side of the matching equation
n (4.16), to the right-hand side given in (4.12), through which we obtain the tree-level

tree Ue,3 (p) + O(as> . (416)
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collinear functions

1 0
Tagrenianipiw) = THds, (-5(n+q = n4p) +2 5—0(n4q — n+p)> , (4.17)
nyp niq
wv, K (0 11 v
Jé;'yﬂ,]ge)(n—i-cb nipiw) = —5@'1‘?6 [VfVLLB 6(n+q —nyp). (4.18)

We note here the factor of —2 which appears in the second term of (4.17) in relation to
the first term. This factor was not present the result prior to the use of on-shell and
transversality relations given in equation (4.13). The origin of the factor of —2 can be
traced all the way back to the equation-of-motion relation in (3.46), as the soft fields in
the two terms which induce this contribution are connected by the equation-of-motion
relation precisely with this weight.

We recall the scalar collinear function, J;, decomposition which we introduced in (3.89).
This decomposition we now apply to the result in equation (4.17) which implies

1
Jl(?l) (nypiw) = —@7 (4.19)
T i) = 2. (4.20

We also note again that, as described in section 3.2.2, the collinear function Jz does not
contribute to the Drell-Yan partonic cross-section at any order in «.

Double soft parton structures

We now turn our attention to calculation of the collinear functions which multiply soft

structures that contain at least two soft fields, for example (m{ ) {B}z(zl_), B (zl_)}

and qura(zl_)ch(zQ_) from the set in (3.45). Focusing on the graphical
-0z —0Oz

representation of the general collinear function presented in figure 3.9, these collinear
functions are given by diagrams with a single external quark to the left and right, the
¢-PDF and threshold-collinear quarks respectively, and two external soft gluons or a soft
quark-antiquark pair attached to the collinear function J. Here we perform the collinear
matching computation at tree-level accuracy, for which the relevant diagrams are shown
in figure 4.2. For concreteness, we state that the required subleading power Lagrangian

insertions are single insertions of the Eé? and Eé? Lagrangian terms, and the double

insertions of /Jél) and Eg) Lagrangian terms. The explicit forms of these terms are given
in equations (2.110), (2.112), (2.107), and (2.113) respectively.

On top of the contributions due to Lagrangian insertions mentioned above, which
explicitly contain at least two soft fields, we must also consider contributions due to
one-soft-particle-reducible diagrams for the Eg? Lagrangian insertion. These contributions
are shown in the last diagram in the top and bottom rows of figure 4.2. The reason for
the inclusion of these diagrams as part of the contribution to the collinear functions with
two soft partons is that in the derivation of the factorisation formula, specifically in the
step where we perform the collinear matching, the n,B* has been eliminated from the
list of soft structures using the equation-of-motion relation in equation (3.46). We see
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Figure 4.2: Diagrams contributing to the matching of the two soft parton collinear functions.
The soft lines are labelled with an “s”. As described in the main text (and ap-
pendiz C), the contributions from the one-soft-particle reducible diagrams, when
the internal gluon originates from ny Bt term in L2, are reproduced by the two
parton terms in the equation-of-motion relation (3.46) applied to (4.13).

in the equation of-motion relation in (3.46) that the n BT structure is proportional to

a '+ (2-), but also the two parton soft structures. The
one-soft-particle-reducible diagrams must reproduce precisely those contributions. We
discuss this in greater detail below, and show explicit computation in appendix C.

We begin the discussion by considering the collinear functions which are connected
to soft structures that support two soft gluon emission at the same coordinate z_. We
start with the collinear functions which are induced by time-ordered product insertions
of Lagrangian terms £§2§) and £é2£). These are calculated in the same manner as the
collinear functions in the case of a single soft gluon emission. The right-hand side
of the matching equation is a generalisation of (4.8) to the two-parton case. This is
achieved by considering the s; structures given by third and fourth terms in (3.45),
o a {B PL(z2), {z’n,aBL(zl,)” and = a) [B* (z1-), B (21-) } We note that both
of these terms are made from B:L building blocks only. Hence, the extraction of collinear
functions is simplified by the choice of L polarisations for the external soft gluons in the
calculation.

We next turn our attention to the left-hand side of the matching equation. The results
for this part are obtained by the computation of the third diagram in figure 4.2 with the
5(25 and £55 Lagrangian insertions. The collinear function Js, as defined by (3.81) with
the soft function written in equation (3.85), is given by

J3;«,ﬁ (n+p, TaMyPA; W) = 575 J31 (xamrpA; w) 5(n+p - xan—l-pA)
0
+ J32 (Tanpa;w) mfs(?hp — TqnyPa) (4.21)

with J3; and Js3 o still to be determined.
We now inspect closer the relevant subleading-power SCET Lagrangian terms. Con-
sidering first the terms £3§ and E in equations (2.110) and (2.112) respectively, we
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notice that after the soft fields are stripped off, the leftover collinear pieces of Eg? are
identical to the collinear pieces of Eé? in (2.109), and the leftover collinear pieces of
Eé? are identical to those of Efé) in equation (2.111). This fact leads to the conclusion
that the collinear functions induced by Lagrangian insertions of Eg? and ﬁé? are the

same as those induced by terms 55? and Efé) respectively. Namely, J3; is equal to Jj 1,
and Jy to Jg. As briefly discussed above, we must also take care of the one-soft-particle
reducible diagrams, due to the fact that the n, BT soft field was eliminated from the basis
of soft structures. The already determined single-soft-gluon emission collinear function
J12 only partly reproduced the one-soft-particle reducible diagram Namely, in terms of

the equation-of-motion relation in (3.46), only the first term - o1 5B, (2-) is accounted for
so far. There exist a number of ways to determine the as of yet unaccounted for pieces
of this diagram. It could for example be obtained by explicit matching, or by using the
single-gluon matrix element in equation (4.13) prior to the application of the on-shell and
transversality relations on the external soft gluon. Following the latter way of working, we
replace the n'l by the operator n,B*. We then employ the operator equation-of-motion
identity given in equation (3.46), which results in a term that is proportional to the
two-soft gluon structure s3. This term originates in the second term on the right-hand side
of (3.46). At this point we make the deduction that J35 in (4.21) must be equal to J; o
calculated earlier for the single-soft-gluon collinear function. Another way of obtammg
the same result is to use the equation-of-motion identity in (3 46) directly in Elf This

leads to £§€ containing identical soft-gluon structure as 535 We can then obtain J3
from the newly generated qqgg vertex. More details and explicit calculations regarding
the contribution of one-soft-particle reducible diagrams are given in appendix C.

The only contributions which are left to consider come from double insertions of O(\)
Lagrangian terms £ at two different positions. The relevant collinear matching operator
equation for double insertions of subleading-power Lagrangian terms is given in equation
(3.67), which for convenience we give here again with the xtPF field written in coordinate
space

dnpq ,
i2/d421 d4Z2T[chf (tny) ,C(l)(zl)ﬁ(l)(m)} = 2%2/%0@ el (+pa)u
A T
% / % dZ 3 e*lwl z1— / @dz B efzng Zo— dn—l-pefi (n4p)t
2T 2T
X iy pod (N4 Ds My Pa; W1, Wa) Xe gy (Uny) Sia(z1-, 22-) - (4.22)

To obtain the collinear function tied to the soft structure with two soft gluons emitted
from two different positions we calculate the (g(k1)g(ks)|...|¢(p)) partonic matrix element
of the above operator matching equation. The right-hand side of the matrix element of
the matching equation is then given by

dn_p, - dw .
(k) g (k) T (s la(p)e) = 2 [ T Prduevern [ CE gy emnsie

de —iwgz
X / o5 Gre- €T (J4 8,15 (144, N Pa W1, w2)

< (Oxeg (uni)la(p)e) (g(k)™ g(k )K2|54W(21—,22—)|0>>> (4.23)
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The left-hand side of the matching equation in (4.22), with Eg) in (2.107) in place of
the two £ insertions in the time-ordered product, is calculated using subleading-power
Feynman rules in the same manner as for the single soft gluon case above. The diagrams
which we need to compute are the first two in the first line of figure 4.2. After obtaining
the result, we equate both sides of the matching equation and arrive at the following result
for the collinear function

2g""
JW AB (0 : L TATB TBTA
4,78, fb (n+q, n4p;ws, wz) np (w1 n w2)2 (wl + wo )fb
X 0,5 0(n4.q — nyp) . (4.24)

It now remains to calculate the tree-level collinear function tied to the soft quark-antiquark
pair soft structure. This computation proceeds in the same way as the two soft gluon
calculation above after we replace the £ in (4.22) with /jé? from equation (2.113).
Taking the (q(k1)k,q(k2)k,|.--|¢(p)) partonic matrix element of (4.22) with the double ,C(l)
Lagrangian insertion yield the following for the right-hand side of the matching equatlon

~ dn a i (n u dw —lw1z
<Q(kl)k1q(k2)k2’7jybf72q(n-i—Q)|q<p)e> = 27T/ ;_p due () /Tldzl— e

(e

dw _ hb
X/gd@ € Mm_( Jfféaw (144, Ny Pa; w1, wo)

< (O (un)la(p)e) (a(ka)r G(k2)ksS507 g0 (21, 22-) |0>>- (4.25)

The left-hand side of the matching equation is captured by the first diagram in the second
line of figure 4.2. Moreover, the one-soft-particle reducible diagram in the same figure
where the emitted soft gluon splits into two soft quarks also contributes to the collinear
function J5. This is because in the quark-antiquark case we have used a non-redundant
basis of soft structures with the single bi-local term s5. The piece which is unaccounted for
is the single emission from n B followed by a purely soft interaction, and this is recovered
here in the same way as the two-gluon contribution. Namely, from the quark-antiquark
term in the operator equation-of-motion identity given in (3.46). More explicit details are
presented in appendix C. We combine both contributions, which yields the final result

1 w "_
kikse 2
nyzfﬁ (neq,nipiwi,ws) = —T7 T, T 27’7’yimfyw7w 5(nyq —nyp)
W19 8
+2TLTE, [CEE T _7g0v8 mfs(mrq —nyp). (4.26)

4.1.2 One-loop collinear functions

Calculation of the one-loop collinear functions for the gg-channel of the Drell-Yan process
within SCET is one of the key results in this work. Obtaining the one-loop results for the
collinear functions enables us to demonstrate the consistency of the concept of collinear
functions and establish validity of the SCET framework.

In this section we compute the collinear functions J; and Jgs to one-loop accuracy. As
can be seen in equation (3.95), the J; collinear function is needed at O(ay) in order to
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Figure 4.3: One-loop collinear diagrams with one external soft gluon which is labelled “s”. The
dot at the right end of the solid quark line denotes the x. field from the leading

power current. The collinear gluon in the loop can attach to either the collinear
quark or the collinear Wilson line in the definition of the x. field.

verify the next-to-leading power factorisation formula in the comparison with the fixed
next-to-next-to-leading order results in existing literature. We do not explicitly calculate
the O(a;) corrections to the collinear functions corresponding to soft structures with
two soft emitted partons. Corrections of this order would constitute a next-to-next-to-
next-to-leading order effect at the cross-section level which is beyond the scope of this
work.

In equation (4.12) we have already obtained the right-hand side of the matching
equation that is valid to all orders in perturbation theory. We keep in mind that we
must also obtain the on-shell wave function renormalization factor with O(ay) accuracy.
However, since the calculation is carried out with dimensional regularization employed
to treat ultraviolet and infrared divergences, the on-shell wave function renormalization
factor is unity to all orders in perturbation theory, \/Z, ppr = 1, as the loops are scaleless.

The same argument holds true for the |/Z, . factor appearing on the left-hand side of
the matching equation. The coupling renormalization is also identical on the right- and
left-hand sides of the matching equation, and cancels out at O(ay).

Keeping in mind the above considerations, in this section we perform the O(ay)
calculation of the (g (k)|7fyajélg(n+q)\q(p)e> matrix element appearing on the left-hand side
of (4.5). This computation requires the calculation of the Feynman diagrams with one
collinear loop and a single soft emission. The soft emission is power-suppressed and enters
the diagrams through insertions of the power-suppressed Lagrangian. The diagrams which
are necessary in SCET are given in figure 4.3. All of the vertices appearing in the diagrams
are taken to be interactions at leading-power, aside from the circled vertex which indicates
the insertion of a subleading-power SCET Lagrangian term.
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b1

b2

Figure 4.4: One of the diagrams contributing to the one-loop collinear functions. Through
calculation of this diagram using NLP Feynman rules we can obtain the J1 and
Je collinear functions, corresponding to insertions of Eg? and Cg?, and Efé),

respectively.

Detailed computation

As mentioned in the discussion of the next-to-leading power Feynman rules in section
2.4.2, unfamiliar features, such as derivatives on delta functions which conserve momentum
at vertices, arise during calculation of the diagrams in the effective theory at subleading
powers. In order to highlight the differences to a usual QCD Feynman diagram calculation,
we first compute the top-left diagram in figure 4.3 in considerable detail. The diagram
with labelled momenta is shown in figure 4.4.

Applying the relevant NLP Feynman rules to the diagram in figure 4.4 and keeping
track of all the indices explicitly gives the following expression

G OIT ladsses = (@0) [ G55 [ GRS —nm —na)

A N4p i(n+p1) be'ya

X gsT

Ja (n4p2) p% 2
X'lg TKSU(S(_]{; D — pa, P >¢+5C(_k s +k§g )Zn-‘r(p_pQ) ﬁ/f()\
B | V2 oy T (p-p2)? 2
) % T —1 *U
Xigs Ty C*(p = p2,p) =5 X — X Uer (p) € (k) (4.27)

2 Y%

where the indices 7, «, 3, ¢, A\, and 7 are Dirac indices, f, a, b, and e are fundamental
colour indices, A, K are adjoint colour indices, and u, o, d, and v are Lorentz indices. The
leading power C*(p — po, p) vertex is given by

(i s Pr=Py  _u w Py _ PL= Py n* P.
C*(p — p2, p) _+<n+(p_p2))n+u(n+p) o) ) (4.28)

We recall that in the chosen kinematics the incoming collinear momentum carries only its

o
large component, p* = (n+p)n7‘. Therefore, the leading power vertex C*(p — pa, p) reduces
to

CH(p — p2,p) = n — (m(?im))ﬂ' (4.29)

In the starting expression in (4.27), the leading power vertex C*(p — po, p) is contracted
with the gluon absorbed by the Wilson line in the hard current with index p. This is
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denoted by a dot on in the diagram in figure 4.4. Therefore only the n* term in 4.29
contributes. We use projection properties for the collinear spinnor

uc(p) = uc(p) (4.30)

and manipulate the colour generator as given in (A.40). We then arrive at a simplified
version of the expression in equation (4.27)

(G5 ()T (niq)la(p)e)sgas = —2(2m)ig? (CF _ ;@;) ng@/ (C;:)ld / ((;:)zd

1 nyping(p—p2) 1
nip2) pi (p—p2)? p3
X [S"‘S(—/ap - pz,pl)uc(p)]v ( — koGsy + kggw) e (k). (4.31)

X 0(n4q — nypr — nipo) (

The subleading power vertex, based on (2.91), is given by

So&(_k;7p — pQ’pl) = ; [ (n_X)ni_né_ + ( - k’XL>Xj‘_TL6_

I

I I
?u 5 ?L_pu
+X"( ¥y +7 ) , 4.32

- nip1 - Ln+(1?—102) ( )

II1

where we have also indicated which of the three subleading-power Lagrangian terms in
(2.64) induces each piece of the Feynman rule. We remind the reader that the X* and
X+ XY terms, given in equations (2.88) and (2.89) respectively, contain derivatives with
respect to outgoing momentum p; acting on the momentum conservation delta function
8D (p —py — ki —p1).

In the next step of the calculation, we substitute in the expression for S7°(—k, p—pa, p1)
from (4.32). We then integrate by parts the momentum derivatives with respect to p;
which are present in the X* and X#X" terms. Once this integration is performed, these
derivatives act on the rest of the integrand including the §(nyq — nyp; — nyps) delta
function in second line of (4.31). After this point, the momentum conservation delta
function ¥ (p — py — k. — p1) present at the subleading-power interaction vertex can be
evaluated with the integral over d%p;. This imposes momentum conservation and identifies
pi = pt — ph — k. We then arrive at the following expression

<g (k)“ a71g<n+Q)‘q(p> >ﬁ 4.4 — (2”>i93 (CF 1CA> T / ‘ 2
~f e/ng4. s 2 fe (2 )d
1 p—Dp 1
X n ( 2) P ( kag511 kzsgay) E*V(k)

(nyp2) (p—p2)* Py

8 nyp1 o
X {n_ ) e (6(n+q —N4p1 — n+p2) +2 ) ”Jbé_ uc,’y(p)
P1 p1

0 0 n
- (h ) (5(n+q — N4p1 — N4P2) +51> n’ Uc(P)

Op11 3]71 lo i
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+

n
[(5(”#] — NyP1 — NyD2) ;fl>

1

Pri s .6 Pou u
><<7”L+2717L th+(p—p2)>wj C’B(p)}

The third line in the above expression corresponds to the contribution labelled by I in
(4.32), the fourth line to term II, and the fifth and sixth lines correspond to the term III.
In what follows, in order to keep track of the details of the computation and expressions
manageable, we separate the expression for the diagram in figure 4.4 in equation (4.33)
into the three parts labelled I, II, and IIT in (4.32).

We begin with part I which is defined by

ale_O'

(4.33)

p1=p—p2—k4

(G )T (nsa)la(p)eVhgra = —(2m)ig] (cF_lc A) K / d’ps
vf e/figh.4 s 5 fe 2n)d
I ny(p—p2) 1
X ) - ko’ v + k ov E*V k‘
(nyp2) (p— p2)? pg( Yov 7+ Feg ) (k)
0

nyp o
‘n_ (6<n+q g nepe) p) 2708t (9) ) (130

Opr ?
p1=p—p2—k4
We apply the product rule and simplify the expression. In the case of the derivative n_ - 8%1
acting on the propagator we use the following
) i (n+p1) _ 2 2(nyp1)(n-p1)
opr  pi p? pi
p1=p—p2—Fk4 2 2(n+(p _p2))(nf(k +p2))
= 5 1 , (4.35)
(p — kv — p2) (p— ks — p2)

where in the second line we have imposed momentum conservation at the power-suppressed
vertex p; = p — p2 — k4, and (4.34) becomes

G EIT 0 a)lal) Vs = 202m)i? (Cr = 5C4) T (ks = (0 b))

. /éﬁzd((”*(p_p”))( 1 1{_ (elp=p2)) 0 50y

(n4p2) p—p2)? Pg (p — ks —p2)?Oniq

1 (ny(p—p2))(n_(k+p2))
—|—5(n+q - n+p) [(P — ki — p2)2 - (p —ky — p2>4

1 }ucﬁ(p) e (k) .(4.36)

As expected, two types of terms appear in this expression. One piece which is proportional
to the derivative of the d(n,q — nyp) delta function, and another proportional to the
d(nyq — nyp) delta function itself. Moreover, we note that because of the momentum
derivative n_ - 8%1 acting on the internal propagators of the diagram, we now encounter
terms with double propagators ~ 1/(p — ky — pa)*.

It now remains to carry out the integration over loop momentum in this contribution
to the diagram. We perform one of the necessary integrals in detail as an example. All
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the rest of the integrals that we need were performed using the same techniques and are
listed in appendix A.5.

The integral which we consider here as an example is
dp, 1 1 1 1
(2m) (p — ki — p2)? (p — p2)? P3 (n4p2)

Alp k) = g2 [ (4.37)
We perform the integral over the loop momentum using contour integral methods. For
this purpose we expand the propagators, restore the 70 prescription, and for conciseness
use component notation where p_ = nyp and ky = n_k. Note that this should not be
confused with the vector kff = (n_k)n'. /2 which appears in the first propagator of (4.37).
We have

1 d%py, 1 -1
_ 2= 21 L 2 . _ .
Alp,k) = g5 9 /dp2+dp2_ 2m) pa_ <p2—p2+ + Py, tp2-ky —payp- —p-ky + zé)

N1 N1
X (p2-par + P31 —p-pas +10)  (p2-pas + 03, +90) (4.38)

where we have also rewritten the integral measure in component form

d’p, 1 d"?py,
=— —. 4.

We first make use of the Residue theorem to integrate over the p,, component. For this
purpose we rearrange the integrand in the following way

1 d%py, 1 P2 id -
Alp,k) = g?*/dp dpa— Pat + 24
k) = 95 [ Ao o P T G =50 T G =)
2 . —1
Doy pa-ky p-Fk+ i0 )
x  poy + + - +
( T e =) (p—p) (o —p)  (po—p)
1 P, i )‘1
X NI R 4.40
(p2—)2 <p2+ b2— Po- ( )

We now analyse the range of integration over the component p,_. There are three separate
cases to consider. First, we look at the region where ps_ < 0. In this case all of the
poles are above the real po, axis. Therefore, we can close the contour in the lower half
plane which yields zero. Second, we consider the region where p,_ > p_. Here, similarly
to above, all three poles are below the real p,, axis. Hence, closing the contour in the
upper half plane again gives zero for the integral. Third, we consider the case where
0 < po_ < p_. This is the only contributing region since the poles now appear above and
below the real po, axis. We choose to close the contour in the lower half plane. This gives
an additional minus sign due to the clockwise path. After some minor simplifications and
rearrangements the integral in (4.40) becomes

o (—2mi) 1 p- A%y 1 oy Pkl —p))
A(p, k) = g3 (2r)? 5/0 dpg,/ 2n2 (p)? (pu> (pu + o > :
(4.41)




4.1. Quark-antiquark channel 103

Next, we make use of the fact that there is no dependence on angles between 1 vectors
in the above integral. Therefore, we can perform all the angular integrals in the L-plane
immediately. This amounts to using the following d-dimensional result

/ dd_2p2l _ 27T(d_2)/2 /oo dp2T ngS (4 42)
(2m)=2 Tl(d—=2)/2] Jo  (2m)*2 '
Substitution of this result into the integral in (4.41) yields
—7 y 27T(d72)/2 o] dp pd_3 —1
A k — 2( Z)u/ dpe_ /ﬂ 2T P2r 2
(p. ) s qm Jo P2 I[(d—2)/2] Jo (2m)42 ( pQT)
kipa-(po —p-)\ 1

X <_p§T e <p2 )> (p_ )2’ (4.43)

where we have also switched to the three vector notation p3, = —p3,. We next simplify the

integrand and change the radial integration measure to dpsr = dp3;/2per. Also defining
M? = kypy_(p- — pa_)/p_ allows us to write (4.43) in the following way

] (d—6)/2

—1) [P- ) oo dpir | Pyr
A(p,k?) _ 92( )-/0 dPQ—F[((p) /0 p [p

i Pl L (1458) o

M2

In the next step, we rescale the transverse integration variable p3, = p/QQTM 2 drop the ’ on
the rescaled p2., and choose the dimension d = 4 — 2¢

—1—e¢
[P (p_)~2 oo dpiy {p%T} -1
Alp k) = —g2— [ dp,_ / 1 4+p2,) M (445)
(p. ) Togr Jo 2 [[1—¢Jo (47)(=e) ( +p2T)

For the integration over the transverse component dp3; we use the integral representation
of the Beta function, B(—e¢, 1 + ¢€), given in equation (A.3). We also render the coupling
dimensionless and arrive at

112

Alp, k) = —— - dg- MR (4.46)

10 €7F [ 1 ]E p- (p—)~2 T[1 + €¢|T'[—¢€]
0 ['[1— € I'[1]

Using the expression for M2, M? =k, py_(p_ — po_)/p_ , and rescaling p,_ = p},_p_ after
which we drop the ’ on p),_, the expression for the integral in (4.46) becomes

(4.47)

In the last step, we identify the Beta function B(—e, —e) using the integral representation
in (A.2). After some simplification we arrive at

_da,e® [ (nyp)(n_k)] 1 . ['[—e?
k) = | e (445)
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In this way we have obtained the result for the needed integral in (4.37), which we write
here explicitly and give again in equation (A.74) of appendix A.5 along with the rest of
the necessary integrals

7 / d?p, 1 11 1 _ oy l(mrp)(nk)] T 2(1 - 2¢)
*J 2m)d (p—ky —p2)? (p — p2)? I (nyp2) 4m I (n_k)(nyp)?
€ VEF[;][I;[:ZI(:]H — € ' (4.49)

In appendix A.5 we provide all the integrals needed for the one-loop collinear functions

computation. In particular, the results for integrals that are needed to obtain the final

integrated expression for the calculation of the matrix element (g” (k) ]7'7“};15’ (nyq) ]q(p)eﬁzz i

in (4.36) can be found in (A.69), (A.75), (A.76), (A.77), (A.78), (A.79), (A.80), and
(A.81). Making use of all the necessary integral results, the expression in (4.36) for
(gK(k:)|7;°;}19(n+q)|q(p)e>§gﬁ takes the following form

<9K(k)|7;aj19(n+Q)‘C](P)e>ggzt,i = 2(2W)Z—;95T§i <CF— ;CA) [W]_

+P +

X <(n1>5(”+q —n4p) — ar(?q(s(mrq —n4p) <1€_2 6))

eET[1 + €[l — €]? [ (nyk)

= Ny | Ue (k). (4.50
% T[2 — 2¢] (n,k)n Ny | teqy(p)e™ (k). (4.50)
This result is valid to all orders in € and we have not made use of on-shell, k¥ = 0, or
transversality conditions, k - €*(k) = 0. We now continue, and in the same manner obtain
results for part II and part III of the expression in (4.33). Part II is defined as

a,1 art 11 ; 1 ddp2
(G BT (nr@)la(p)edigaa = (2m)ig] (CF - QCA) T / (27)d
I ni(p—p) 1

X (gt 7 Rt Kt ) o))

) ) n+p1>
Xk - ——|=——d(nyg—nyip1 —n —
< - 3pu>3pua< (nq o +P2) pi

(4.51)

p1=p—p2—k4

Here the L derivatives yield zero when acting on the d(n,q — nyp; — nyps) delta function.
Hence the result for this part is only proportional to d(n,q — n,p) and not its derivatives.
Taking the derivatives, simplifying the resultant expression, and using integrals in (A.76),
(A.77), (A.78) and (A.109) yields the following result

(" ()T (ne)la(p)e)hans = (2w)%gsT§<€ (CF _ ;C A) [W]

1 1 [/—143e—¢€
x(n+p)5(n+q_n+p)2(1+€>€2< 1—9 )
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eVET[1 + €]T[1 —€)® [ Kin_, B ki, ., "
X F[Z — 26] <(n_k)2 (TL_/{?)> c,w(p> (k’) (452)

Part III of the expression in (4.33) is defined as

T sl R = — gt (Cr - Sea) Tl [ 47
~f + e/figd.4 s 2 fe (27T)d
1 ny(p—p2) 1

X ) _kagu+kgau e (k
(i) o=t 7\ R Ragon) € ()

0 n
X [((5(n+q —Nyp1 — NyP2) ;;2]01>

o114 1
le_ 5 5 ﬁzL )
X| —— — ] —————~ Ue (D . (4.53
<n+p1 ’YJ_ ’VJ_ n+(p - p2) 5 5( ) ( )

p1=p—p2—ky

As in the calculation of parts I and II, we take the derivative with respect to the p;
momentum, simplify the expression, and this time use results for integrals given in (A.74)
and (A.69) upon which we arrive at the following result

(g  (B)| T (nq)la(p)eVhans = (2w)%;gsT§g ((JF _ ;(JA> [W]_

(g = ) (1= 20
TP+ DL — 2 k],

T2 — 2] (n_k) tes(p)e (k). (4.54)

We now collect the results for the three parts, I, II, and III, which make up the expression
in (4.33) for the diagram in figure 4.4. The final expressions, given in (4.50), (4.52), and

(4.54) respectively, are valid to all orders in €. Upon putting the results together, we
expand in € for illustrative purposes

K 1g - gsOs 1 TK;E (n+p)(n_k) B
R e et ey

X {5(n+q — n4p) [2576 (EZtg nZ — ”i)
”w((]f_gz - (Ek)) (‘32 SRk 7T62>

. bL b, <_€12 4 7;;) + 0(6)]

« <_2 2y 7;: + O(e)) e s(p)e" (k). (4.55)



106 Chapter 4. Drell-Yan: NLP collinear functions

Do p1+ D2

Figure 4.5: Similar to figure 4.4 but now the collinear loop does not end at the field from the
hard current Wilson line, but rather attached to the collinear quark before.

We stress that in obtaining (4.55), the transversality k - ¢*(k) = 0 and on-shell k? = 0
conditions for the emitted gluon have not been used. We point out the presence of 1/¢
poles in the final result for this individual diagram. We discuss the implications of the
appearance 1/e? poles in the collinear functions in greater detail in section 8. Here, it
suffices to note that the double € poles in the collinear function would produce leading
(double) logarithmic contributions from the collinear functions to the cross-section, and as
we see in equation (4.55), 1/€? poles do appear and multiply a number of terms in a NLP
diagram.

Results

Without further details of the computations, we now give the results for the remaining
diagrams in figure 4.3. The results are separated in a similar manner to the above
example, according to the subleading-power Lagrangian insertion which produces the
power suppression in each contribution to the diagram. In order to keep the expressions
as concise as possible, we define the following renormalization scale dependent loop factor

nap)(n_k)] *
Al = [()()] | (4.56)
1
and the e dependent factor containing I' functions which we have defined in the context of

leading power amplitude calculation in (3.21). We state it here again for convenience

eI [1 4 €]I'[1 — €]?
el = T[2 - 2¢]

(4.57)

We begin with the results for the second diagram in the top line of figure 4.3. We draw
this diagram again with labelled momenta in figure 4.5. The results for parts I, II, and III
associated with E&?, Eé?, and Efé) Lagrangian insertions respectively are as follows

GEOIT sl @R = 0505 (Co— 5Ca) [l

X (15(n+q—n+p)1<— 1—|—2€—€2) + 5(n+q—n+p)1(1—e)>
(n+p) € €
(n+k)

§ ((n_k>

on.q

= e () 1) (4.58)
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p S k P S k
b1 b1
D2 D2 P11+ 12
Figure 4.6: Diagram corresponding to Figure 4.7: Diagram corresponding to
equation (4.61). equation (4.62).
for part I,
: rt11 Qs 1
G WIT (s lap) )i = —@m) 20T (Cr = 5Ca) Rlfld
1 1 k? ki
X ——0 — “(B3—e+¢€ =on_, — o |uen (p)e™ (k) (4.59
it = L6 = e ), - s e () (159

for part II, and for part III we have

RIS sl = 05T (Cr = 5Ca) Sl

1 5 (3+2€) %Lﬁm}
(TLer) (n-‘rq - 7’L+p) e (n,k)
Next, we consider the third diagram in the first row of figure 4.3. We draw the diagram
with labelled momenta in figure 4.6. This contribution is identically zero, because the

contraction of the terms in the Feynman rules directly with a collinear gluon originating
from the Wilson line in the hard current vanishes. Hence,

(9" (&) T3 (n1q)a(p)e)sgrs = 0. (4.61)

A contribution which does not vanish is one originating from the first diagram in the
second row of figure 4.3. It is depicted once more in figure 4.7 with labelled momenta.
The contribution to part I is given by

(6" WIT mealap)Nbeis = (2m) 0. Tf Caklulfle

X

Wte 5(p)e™ (k). (4.60)

1 1 0 1
X <(n+p)5(n+q - n+p)g<1 - 6) + 8n+q6(n+q — n+p)€—2(1 - e))
(nik)

Y ( - n) e (D)€ (). (4.62)

This result is very similar to result for (g* (k)]TvaJ}lg (n+q)]q(p)e>§gztg in equation (4.65). In

fact, it is related by the replacement Cr — C4/2. For Part II of the same diagram we
find the following

(g (BT (na@)la(p)e) i = (QW)Z*;QSTﬁCAﬁ[M]ﬂE]
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P1— D2
P1 P1— D2 1 m
b2 D2
Figure 4.8: Diagram corresponding to Figure 4.9: Diagram corresponding to
equation (4.65). equations (4.68), (4.69).
1 1 k2 ki
X S(neg—mn.p)—(1 — ¢ L on - ") u, (k). (4.63
it =) 50 ) (s, - Y e ). (169

We note that this result is very similar to (g€ (k)|7::’lélg (n+q)|q(p)e>gzztél in equation (4.66).

Indeed, the only adjustment we are required to make is the replacement Cr — Cy/2.
Next, we consider Part II1

(G BTG (el = (2m) 3 95T Rlufle]

(n.p) 6(n+q — nyp)

%J_u Vi
x <—1CF - 2162(1 - 26)0,4) {(nk}wucﬁ(p)e*”(k) . (4.64)

We next focus on the diagram in figure 4.8. Part I is given by
(BT (i la(p)e) s = (2m) 0 12055, Cr Kulfle]

2(1—e)+ 0 2(1—e)>

X <<n1)5(n+q — n4p)

P € on.q
9 (Ezgn n) e (D) (K) (1.65)

Part II takes the following form

(G (BT (ny g)lg(p)) il = (2m) = 9 T5.Cr Rl

I (S N A A VI U
oyt = 20T (o - By e, w00
with part III being
(BT (e lap)Ra = —(2m) 5 1 9:T7. Cralpulfle
1 (1—¢) [kL’M”L -
X g D~ ap) g s e () (R). (467)

We now give the results for the diagram in figure 4.9. Part I is given by

(g™ (B)| T35 (n2)la(p)e)fgin = (27T)4 95T f. Cr Rlplfle]
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D D2 5 D Do s k
p1
pP—Dp2
P+ p1— P2
Figure 4.10: Diagram corresponding to Figure 4.11: Diagram corresponding to
equation (4.71). equation (4.72).

9 ( sl = )L =)+ b — ) 6))
(nik)

Y ((n_k)n_” - n> e (D)€ (K). (4.68)

Part II takes the form

(9" WIT (neq)la(p)Noaits' = —(2m) 529, T CrRIulfle]
X ! niqg—n (1-¢) ki n_, — by u e
et = U (B, - B ke, (109

and lastly we write part 111
ar as
(" (BT (nrlae)e)fhe” = (2m) 9 T7.Cr Al
1 (1 — 6) [%La VJ_V]'yB
5 _
(n+p) (nJrq ner) ¢ (n, ]{I)

Comparing the results in equations (4.65), (4.66), and (4.67) to (4.68), (4.69), and (4.70)
we note that at one-loop accuracy the contribution to the (g (k)| Vc;zlg(n+q)]q(p)e>ﬁg4,8

X

uep(p)e” (k). (4.70)

matrix element is proportional to (g* (k)’,]-va};m (n4+q)|q(p)e)rigro. Namely, we see that

(9" () T2 () la(p)ensas = (~2/) (0™ ()| T2 ()| a(p)esas

We carry on and consider the leftmost diagram in the last row of figure 4.3 which
yields a vanishing contribution.

The last two diagrams left to consider are the second and third diagrams in the third
row of figure 4.3. As for the diagrams with a power-suppressed quark-gluon interaction
considered above, we present the results for the diagrams with a power-suppressed three-
gluon interaction according to the Feynman rule used in the computation of each piece.
These Feynman rules can be traced back to particular power-suppressed Lagrangian terms
in (2.69) as we discussed in section 2.4.2.

We now focus on the second diagram in the last row of figure 4.3. This is drawn again
with labelled momenta in figure 4.10. The contribution due to the first term in the O()\?)
Feynman rule in (2.92) vanishes

(" (B)I T35 (n1a)la(p)e)igino = 0. (4.71)
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The Vﬁ; 2t3(k, q, p) piece in equation 2.98 gives a non-zero contribution
(6" WIT (@) la) V™ = (2m) 0. Tf Calulfle

%J_; 1lv
X1)5(n+q—n+p) ! { ! }

(nip Puep(p)e” (k).  (4.72)

de  (n_k)

The rest of the contributions, due to VWp (k,q,p), VWp (k,q,p), and Vufl))ﬁ(k', q,p) in (2.98),
all vanish

(g™ (B)| T35 (n1)la(p)e)igine. = 0, (4.73)
(G (RITF (nea)lap)e)igiio = 0, (4.74)
(" (B)I T35 (n1q)la(p)e)iging. = 0. (4.75)

The final diagram left to consider is the third one in the last row of figure 4.3. It is
presented again in figure 4.11 with labelled momenta. The results are again divided
according to the terms in (2.92). The first term we split into two parts according to the
soft structure and we find

(G RITF (e )laP)e)igin ™ = (277)4 95T fe Caflplfle]

( ! <n+q—n+p>2§1‘f)€)<1 - o= np) (54 - ;))

(n+p)
<( ) _ ) (p)e™ (k) (4.76)
(n k) Nyy | Uey\P)E :
for term 1 part I, and
(6" OIT @S = ) P20 TECARI e d(na =m0

X (2_;) (4 — He — 2¢2 — 4¢3 —+ 64) ((nk_ik) n_, — kLy> Uc,y(p)e*”(k) (4'77>

for term 1 part II. Next, we have the following

(GO (i @lap)e)dt = (2m) 19T s CaRlulfle

1 (—1) [%La%u}
Xi)é(n-i-q - n-i-p) (n,k)

(nyp Pt p(p)e™ (k). (4.78)

For term 4 we find

(G5B TS9 (nq)la(p)e)iemt = (2m) = 1 0s T Caflplfle]

1 (I —¢€)(1 —2e) ((nﬂ@)

) ) 530 (kT n+u> ey (p)e™ (k) . (4.79)
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Term 5 yields
a erm Os
(" (BT (ns@lap)e)iginl = (2m)0:Tf, Caklulfle]
1 1 [%L?VLV}V
mes(mrq —n4p)(2—¢)

and lastly for term 6 we find

?Tk)ﬁuc’g(p)e*y(k), (4.80)

(" (B)I TS5 (n1q)la(p)e)igint = (27T)%;98T§20Aﬁ[ﬂ]ﬂ€]

1 1-2 2 v

sl — )1 = ) G2 ((n’})zn-y = fjfk)) e ()™ (). (4.81)
This concludes the diagram-by-diagram presentation of the results for one-collinear-loop
contributions to the collinear functions connected to soft structures which support a
single soft gluon emission. The sum of these diagrams constitutes the one-loop result for
the (g% (k)|7;c;zlg(n+q)|q(p)e) matrix element appearing on left-hand side of the matching
equation in (4.5). We denote this quantity by <gK(k)|7;a]219(n+q)|q(p)e)(1). Prior to the
use of on-shell ¥* = 0 and transversality k - ¢(k) = 0 conditions for the emitted soft gluon,
it is given by

(6" (BT (ns)lap) ) = (2m) o9, T Rlplfle nJ1rp5(n+q—n +p){
(n+k>nn _ (1+¢) B L(—l — 2¢ + 62 + €%)
((nk) - +> <CF € Cage (1+e¢) > 08
(R K Y (o, BTt (=36
((nk) (n-k)? ) (CF e(—1+¢) Ca e2(—1+ e)) O
R FUPRY s I R 182
3 O = O Pt 6B ues(). (4.82)

We note that remarkably the derivative delta function %ﬂé (n4+q — nyp) vanishes in the
sum of all diagrams. Therefore, an O(ay) correction of this type is absent in equation
(4.82). We also draw attention to the fact that so far, even in the sum of diagrams, the
double € poles do not vanish in coefficients of each soft structure. We now apply the
on-shell and transversality relations for the emitted gluon which relates the second and
third lines of the above equation. The relation is written in equation (4.15). The soft
structure in the fourth line is not connected to the second and third lines, and we see that
this term does not in fact contain any poles in e. After the application of (4.15) we find

(g™ (B)I T35 (nq)la(p)e) ™

g [ KL B §(nsq —n.p) (nknyp\ ™
~ Tfe[(mk) CRE] R 2

5 T[1 + €]T[1 — ¢€]?
(—1+€)(1+¢)'[2 — 2

1
X (C’F (—6+3+86+62>—OA(—5+8E+€2)>
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+ 27

9:0s e ket (k) kiel(k) e (p
4 n_k n_k ’ nyp

eET[1 + €|T[1 — ¢]?
2T[2 — 2€]

0(nyg —nyp) (nknip\ ™
) e

x [virt] , (Cr—Ca) (4.83)

We have here written explicitly the factors of K[u] and f[e] which can be found in equa-
tions (4.56) and (4.57) respectively. The result in equation (4.83) is our final expression
for the one-loop accurate left-hand side of matching equation (4.5). In other words,
(g™ (k)| T} Y(nyq)|q(p)e)® is the one-loop extension of the tree-level result given in (4.16).
We draw attention to the fact that the expression in equation (4.83), which is the final
result after application of (4.15), does not contain 1/€? poles. The coefficient of the Cp
term does contain a single pole in €. Moreover, both the double and single poles in the
coefficient of the Cy term present in (4.82) cancel, leaving the C coefficient in (4.83)
finite.

We now compare the one-loop accurate result for the left-hand side of the matching
equation, with the right-hand side given in (4.12). With this, we obtain the one-loop
corrections to the collinear functions J; and Js. We now first state the d-dimensional
results, followed by the expansion of the results in € = (4 — d)/2. We have

JlK (1)

Qg 1 (nipw\ © e[+ €[l — ¢]?
1378, fe (nyq,nip; w) = A 5,3Tfe( +p)< - > (

w2 —1+€e)(1+€¢)l2 —2¢
X (CF (—i + 3+ 8¢+ €2> — Oy (—5 + 8¢ + 62)> d(nyq—nyp)  (4.84)

1 4
Qs e (CF ( +5—4Iln <n+pw>> — 5CA> d(nyq — nyp)
€

R (nyp) 12
+0(e), (4.85)
JfQEfly)ﬁ,fe (n4q,n4p; w) =0, (4.86)
v, as 1 y nipw -
ngKf(e (n4q,nyp; w) = gm [VﬁWL]w va(e (})
e[+ €l'[1 — ¢
Q[I‘[Q _] 2[5] | (Cp — Ca)d(n+q — nyp) (4.87)
ags1 1 0y X
" 472 (nyp) Vivils Tre (Cr = Ca) 6(nyq — nyp) + O(e) . (4.88)

As we have pointed our earlier in the text, the collinear functions Jf 2(% e and Jéjy%?fe do
not contribute to the Drell-Yan cross-section at next-to-next-to-leading order .

4.2 Gluon-antiquark channel

In this section we follow the steps of the calculation performed in the section above for
the collinear functions appearing at tree and one-loop level in the gg-channel now for the
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case of the gg-channel. The relevant next-to-leading power matching equation is given in
(3.109). We introduce the short-hand notation

T5(0) =i [ 2T ey () £9(2)] (489)

for the left-hand side of (3.109). The Fourier transform of this quantity is defined in the
following way

T (nyq) = /dt eilnra)t 7~'7°f(t) . (4.90)

Similarly to the considerations in the gg-channel, we now also perform the Fourier transform
of the right-hand side of the matching equation (3.109), which yields the matching equation
in momentum space

; dn.p, i (np dw
Ty(neq) = 2/ /d (rspe) o

Ggq afa (n+q, Ny Pa; W) AEEUFA(unQ /dz, e Sepaa(zo) . (4.91)

We now extract the perturbative collinear functions Ggq o fa (n4q,n4+pq;w) by considering
suitable partonic matrix elements of the operator matching equation in the same way as
in the gg-channel. Here the relevant matrix element is one with an incoming c-PDF gluon
and an outgoing soft quark (g, (k)|...]g(p)). We then proceed to compute both sides of
the matching equation with the leading power decoupled Lagrangian. As in the ¢ case,
the soft fields are external. Hence, the soft matrix element (g:(k)|S¢g.a.0(2—)|0) retains its
tree-level value. Similarly, for the c-PDF matrix element <O]ACPB7F Auny)|g(p)) the loop
corrections are scaleless and (0] ALPF #(uny)|g(p)) takes its tree-level value.

We again use the momentum-space Feynman rules given in appendix A of [87] to
carry out the calculation of the left-hand side of the matching equation. However, in
comparison to the calculation of the collinear functions relevant for the gg-channel, the
computation performed here is far more straightforward. The reasons are twofold. First,
since an emission of a soft quark in a time-ordered product insertion is necessary, there
exists only one single soft structure which needs to be considered at next-to-leading power
accuracy. Namely the s¢g04(2-) = 52544 ,(2-) given in (3.110). Second, the Lagrangian

insertion which induces the power suppression, Eé}]) in equation (2.66), does not contain
any explicit position variables. This means that, in momentum space, no derivatives on
the momentum-conservation delta functions appear at subleading power soft-collinear
interaction vertices. This reduces drastically the number of terms one has to compute per
diagram and the number of integrals involved in the calculation.

4.2.1 Tree-level collinear function

We begin with the tree-level computation of the collinear function for the gg-channel.
First we consider the right-hand side, so explicitly taking the relevant matrix element of
equation (4.91) gives

¢ dn DPa i(n dw w2
(@ (k)] vf(”JrQ)‘g = 27 / L /d +Pa) /%/dz,e -
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Figure 4.12: Tree-level effective field theory diagram in the gq-channel.

X Gt oo (40,11 pas ) (OLAZDS A (un ) g% (0)) (@ (k) |segiaa(2-)]0)  (4.92)

where B is the adjoint colour index and b is the fundamental colour index of the external
final state. The ¢-PDF matrix element in (4.92) is evaluates to the following

(OLAZEY A (un., ) 9" (p)) = 64 \/ Zg por €.1y(p) e 47", (4.93)

The factor \/Z, ppr is the on-shell renormalization factor of the c-PDF gluon field. The
soft matrix element on the right-hand side of (4.92) becomes

Js ( gs) 12—
(g (F)l8qzaa(2-)10) = (a5 (k)| —=5-07.4(2-)10) = Goa S va(k) €. (4.94)
_6’ (n_k)
In the second step we have used the form of the soft structure as given in (3.110). Using
now the evaluated matrix elements given equations (4.93) and (4.94) in (4.92) yields

(W OIT5 g () = Cr)28 GEE g g pinh)

X v (k) \/ Zg,PDF €1y (p), (4.95)

This result constitutes our final expression for matrix element with the chosen partonic
external states of the right-hand side of the matching equation in (4.91). Since the matrix
elements in (4.93) and (4.94) have no loop corrections, the expression in (4.95) is valid to
all orders in «.

Having obtained an expression for the right-hand side of the matching equation, we now
compute the (g (k)|...|g% (p)) matrix element of the left-hand side of (4.91). As discussed
above, the only subleading-power Lagrangian term needed in (4.89), which is the left-hand

side of (4.91), is the Eé}]) Lagrangian term in (2.66). This term gives rise to the Feynman
rule given in equation (A.36) of [87]. Using this Feynman rule in computation of the
tree-level diagram in figure 4.12 yields the following result

@ ()T ()P () = <2w>5<n+q—n+p>m1k>gsfrﬁ

x (7‘2- ) (W) Zyelinee () + Olar). (4.96)

The tree-level value of the on-shell wave function renormalization factor of the gluon field
is \/Zy.cltree = 1 in the effective field theory.
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D S k D S k
b2 P2
p1 P1 n
p1— D2 pP1—Dp2
Figure 4.13: Diagram corresponding to Figure 4.14: Diagram corresponding to
equation (4.99). equation (4.100).

Since at next-to-leading power in the gg-channel only a single soft structure is relevant,
no additional manipulations relating to the use of equation-of-motion identity, or on-shell
and transversality conditions are necessary here. This is in contrast to the considerations
presented for the collinear functions in the gg-channel. At this point, we simply compare
the result for the left-hand side of the matching equation given in (4.96) to the right-hand
side in (4.95) and read off the tree-level result for the collinear function

G2 oy (nagnyp;wn) = — 0(npq — nyp) T, (V;VLT,) +O(a) . (4.97)

Yo

Using the decomposition introduced in (3.111) we can extract the scalar collinear function
Gleq(nsp;wy) which appears in the factorisation formula in (3.113). Namely, we find
1
0
Gy (nypin) = —5 (4.98)

where the superscript (0) denotes the fact that this is a tree-level result.

4.2.2 One-loop collinear function

Having obtained the tree-level value for the collinear function appearing in the factorisation
theorem for the gg-channel of the Drell-Yan partonic cross-section, we next consider the
O(a) corrections.

For the right-hand side of the matching we use (4.95). Here, as in the ¢ case discussed
in section 4.1.2, the on-shell wave function renormalization factor is unity to all orders
in perturbation theory, \/Z,ppr = 1. This holds in dimensional regularization, which
we use to treat IR and UV divergences, since the loop corrections are scaleless. The
situation is the same for the \/@ factor on the left-hand side of the matching equation.
The calculation the one-loop accurate collinear functions for the gg-channel carried out
in section 4.1.2 presents a higher degree of technical difficulty than the computation of
diagrams contributing to the O(cy) corrections to Geq(n4p;wi) due to a higher number of
contributing terms and presence of momentum derivatives. For this reason, we skip here
the details of the computation and rather present the results for individual diagrams which
form the one-loop accurate (g, (k)| 7.5 (n+q)|g” (p)) matrix element on the left-hand side
of the matching equation (4.91). In order to keep the expressions as concise as possible,
we again make use of the short-hand notation for the momentum-dependent loop factor K
in (4.56) and the finite combination of I' functions f in (4.57).
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sk s k
b b D2
p1
p—p2+pi b
Figure 4.15: Diagram corresponding to Figure 4.16: Diagram corresponding to
equation (4.101). equation (4.102).

The first diagram we consider is shown in figure 4.13. Performing the loop integral
yields the following result

(@ (B)| T3 (ns0)lg” (P))sgras = (27T)4 9s Tf, Cr 8lu le]

<ag =)t -0 o () o). @

For the diagram in figure 4.13 we find

(@ (B)| T4 (1 )lg® (0))ans = 202m) 95T 7, Cr K1l e

1 I
i - 500 s (5 7) va (W) (9) . (4100)
which is the result for (g, (k)| 7}(7L+q)|gB( ))figa1s in (4.99) multiplied by a factor of
(—2/e), similarly to the relation between (g* (k)|T}; Y(n,.q)|q(p)e)sgas and

(gK(k:)|7;C;219(n+q)|q(p)e)ﬁg4,9 in the ¢q case. Next, we consider the diagram in figure 4.15
for which we find

(T 0l Dsgrss = —m) 20,15 (Co = 5Ca) Kl )80 = n.p)
1 ((2—-5e+3e*—2¢%)\ 1 [n_
- — o(k)el (p). (4.101
X€2< (1—¢) )n_k<27i Wav<)€¢(p> (4.101)
The diagram in figure 4.16 is zero due to a vanishing contraction of Lorentz structures
(a5 ()| T5(n19)lg” (0))sgars = 0. (4.102)

The result for the diagram in figure 4.17 is

(i ()| T (n4)lg” )sgrrr = —(2m) 759,15, Ca 8lu §leld(n4q — np)

1 o 1 [ n
X5 T (2 — Ge + 4e )M <2M>w va (k)€ (p), (4.103)

whereas for the one in figure 4.18 we find

(@ (0)| T35 (n4a)lg” (P))sigras = (27T)4 95T 7, Ca Klp] fle]d(nq — np)
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k
p
p—p2 9
P1
D2 P1 +p2

Figure 4.17: Diagram corresponding to
equation (4.103).

s k
P2
b1
p1+ P2

Figure 4.19: Diagram corresponding to
equation (4.105).
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k
p
p—p2 9
Do P1

Figure 4.18: Diagram corresponding to
equation (4.104).

p S k
P2
b1

Figure 4.20: Diagram corresponding to
equation (4.106).
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n_k
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() wtiez.

(4.104)

The calculation of the diagram in figure 4.19 yields

(6 Tl Pssarn = 2027)F0Th (Cr = 50 ) il i
<na =) 50 - O (ﬁv) w(R)EL (), (4105)
and lastly
<q;r(k)|7;}(W+Q)|93(p)>ﬁg4.2o = 0. (4.106)

Moreover, the diagram in figure 4.21 does not contribute as the collinear loop does not
have a scale. We now perform a summation of all of the contributing diagrams, and write
down the result for the matrix element on the left-hand side of the matching equation
(4.91) at one-loop level. We denote it by (g (k)| T.%(n+q)|g” (p))?, for which we find

(@ (BT 0)lg @)Y = (2m) " 9. TF, &l fldo(ng — n.p)

><€2(11_6)(OF<2—46+362+63)_CA(2_56+362+63>>

<7/L—

1
s) tlbe]
Yo

“lnk)

(p). (4.107)
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P1
P2

Figure 4.21: Scaless diagram which does not contribute to the collinear function result.

We now match this result to the right-hand side of (4.95), from which we extract the
perturbative matching coefficient, the collinear function, at one-loop order

o nap)wr\
Ggq a, fb (nyq,nypiwi) = — An T?b <<LQ)1> 6(n+q — nyp)
1 2, 3 2, 3
XEZ(l—E)(CF(Q_46+3E +€)—CA<2—5€+36 +€>)
eVET[1 + €]['[1 — €] o,
. 4.1
T IR -2 > . (4.108)

This is the O(ay) correction to the tree-level collinear function presented in (4.97). The
result in (4.108) is valid to all orders in e. Expanding in € = (4 — d)/2 yields the following
expression

Qs "
Géq Y, fb (nJer nyp; wl) = — E T]]?b 5(n+q - n+p) ( 9 ”Y?_)
Yo
22 e e 2 (4P Wi Nn4pwi 2
XqCr |- —=|(In 5 —1)+In"({—5— ] —2In : - 45
o a p p 6
2 1 n+pn 2 [ M4+P W1 nypw; 2
~Cal5—-(2In 1)+ I T,
¢ e p p? I 6

It is interesting to compare the above result for the collinear function appearing in the
gg-channel to the collinear functions in the ¢g-channel, which have been given in their
expanded form in equations (4.85) and (4.88). We note that here, in contrast to JU and
Jé1)7 the collinear function Gg) exhibits 1/€? poles, and finite logarithms a In?(nypw; /u?).
At cross-section level, as we show in section 8.5, these correspond to leading logarithmic
contributions appearing in the collinear sector. This fact complicates the adaptation of the
resummation treatment developed for the gg-channel to the off-diagonal gg-channel. We
provide additional details in chapter 8.5. It is noteworthy that the leading pole structure in
the above equation is proportional to C'r — C'4, this structure appears in several instances
where divergent convolution integrals are encountered [58, 59, 66, 134, 135].
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4.3 Discussion

The study of an amplitude with a next-to-soft emission has a long history beginning
with the Low-Burnett-Kroll [96, 97] formula in QED and the extension to also include
the soft gluon emission from jets [130]. The way in which next-to-soft LBK amplitude
is reproduced within SCET was discussed in [136, 137]. The calculation of the collinear
functions at the one-loop level presented above forms part of the generalisation of the LBK
formula to the one-loop order. The complete next-to-leading power, one-loop amplitude is
provided in appendix. B.2. The amplitude presented there includes terms which vanish
at the cross-section level, due to the interference with the complex-conjugated tree-level
amplitude. The result does not display any suggestive structure, and indeed, to our
knowledge there is no simple representation of the one-loop result in terms of the angular
momentum operator that would generalise the well-known expression of the tree-level
next-to-soft amplitude.

The diagrammatic approach has been applied in the past to study the next-to-soft
emission at the one-loop order in amplitudes with a colourless final state [36, 37, 39]. In
these investigations, the concept of a “radiative jet function” [130] is used to describe
the soft emission from jets. Ultimately, the NLP SCET formalism presented here must
capture the same physics, however some conceptual differences are present. The most
important one, is that the radiative jet function, as is given in equation (2.12) of [37],
is not a single scale object. This is in stark contrast to the collinear functions defined
in (3.42). We can see this fact in the result for the one-loop radiative jet function given
in equation (3.3) of [37]. In addition to the collinear contributions, one must include
subtraction terms which correct for the overlap of the radiative jet function with the soft
function. The NLP SCET formalism does not encounter such complications, which makes
the effective field theory framework more suitable for resummation using renormalization
group techniques. We discuss this further in chapter 8. Despite the complications outlines
above, NLP resummation for the Drell-Yan process near threshold has been achieved
using diagrammatic techniques at LL accuracy [42]. This is possible due to the fact that
the radiative jet or collinear functions do not contribute beyond the tree level at this
accuracy [40].

In order to compare our collinear functions with results for the radiative jet function
given in [37], it is necessary to multiply our collinear functions with their corresponding soft
structures, since the radiatieve jet functions contain both collinear and soft contributions.
For this reason, it is most convenient to compare the radiative jet function in [36, 37]
with our results for the soft emission amplitude at NLP calculated within SCET and
given in appendix B.2. We focus on the contributions given in equations (B.11), (B.12),

(B.24), and (B.25). After expanding in €, these expressions are compared with JS} and

ij}x presented in [37]. We find agreement for all terms,! except for contributions (B.24)

and (B.25) proportional to n” /(n_[). Given that our calculation gives the full amplitude
with the emission of a soft gluon, we conclude that the radiative jet function in [36, 37
does not reproduce the complete amplitude, although the missing terms do not contribute
to the matrix element squared at next-to-leading power. It appears that contributions

Noting the typo in (3.3) of [37] where one must replace (—2p - k)~ — (2p - k)¢ and a overall minus
sign error in one-loop results given in [36].
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similar to those from the J4%4! and JA%B! SCET currents are needed in the radiative jet
function formalism. Recent progress in QED has been reported in [138].



Drell-Yan: NLP soft functions

We have presented the factorisation formulas for the Drell-Yan partonic cross-section beyond
leading power in the ¢ and gq channels in equations (3.60) and (3.107) respectively. In
the subsequent discussion and exploration of these results thus far, we have focused on the
amplitude level collinear functions which are the new objects appearing in the factorisation
formulas at subleading powers. However, objects which deserve further attention in their
own right are the generalised soft functions, defined at general subleading powers in
equations (3.61) and (3.108) for the diagonal and off-diagonal channels respectively. We
explore the structure of the next-to-leading power versions of the generalised soft functions
in this section.

We observe that in contrast to the leading power soft function, the generalised soft
functions contain explicit insertions of soft gauge fields Bt and soft matter fields ¢*.
The leading power soft function, which appears in equation (3.29), is a vacuum matrix
element of the time-ordered product of Wilson lines only. Wilson lines can be set to
unity at the lowest order in the o, expansion. Thus the leading power soft function is
non-zero already at O(a?), interchangeably referred to here as the leading order and the
tree-level contribution. Since the generalised soft functions contain explicit insertions of
soft gauge fields, the lowest order at which the next-to-leading power soft functions in
equations (3.83) — (3.87) and (3.114) start to contribute is O(ay). This is referred to here
as the next-to-leading order contribution, despite the fact that a non-zero result at O(a?)
does not exist for these soft functions.

The results for the next-to-leading power soft functions calculated here will be used
further in chapters 7 and 8. First in chapter 7, we will use the full information determined
with the fixed-order calculation of soft functions in order to obtain results for the Drell-Yan
cross-section up to O(a?), including finite terms. Then, in chapter 8, we will use the
information about coefficients of the leading poles in the € expansion in order to construct
anomalous dimensions which govern the scale evolution of the soft functions and obtain
results for the leading logarithmic contributions to all orders in perturbation theory.

We begin with the diagonal channel of the Drell-Yan process in section 5.1 and focus
on the off-diagonal gg-channel in section 5.2.

121
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5.1 Quark-antiquark channel

There are two types of soft contributions to the factorisation formula for the diagonal
qq-channel as discussed in section 3.2.2. Namely, the generalised soft functions which
contribute to the dynamical part, denoted by A%%(z) and given in (3.81), and the
kinematic soft functions which capture power corrections to the phase space and which
are expressed in terms of the leading power soft function Spy(€2) given in equation (3.29).
The soft functions which contribute to the dynamical part of the factorisation formula
are listed in equations (3.83) — (3.87). We consider these in section 5.1.1. The kinematic
soft functions are defined in equations (3.77) — (3.79) and these in turn are considered in
section 5.1.2.

5.1.1 Generalised soft functions

In total, there are five possible generalised soft functions which contribute to the Drell-
Yan cross-section at next-to-leading power. As mentioned above, these are listed in
equations (3.83) — (3.87). However, only one soft function, namely S in (3.83), begins
at O(as). The remaining soft functions contain at least two explicit insertions of soft gauge
or soft quark fields and therefore begin at O(a?). The complete calculation of the next-to-
next-to-leading order next-to-leading power soft functions is rather involved, in particular,
the most challenging part is the calculation of the two real emission contributions to the
soft functions. With this in mind, we separate our discussion into two parts. First, in
this section, we focus on the calculation of the contributions to the soft functions at next-
to-leading order and the real-virtual part of next-to-next-to-leading order contributions.
Second, we dedicate chapter 6 to a technical discussion regarding the calculation of the
real-real part of the soft functions at next-to-next-to-leading order.

As mentioned above, this section focuses on the calculation of the contributions to the
Sy soft function which is the only soft function beginning at O(«;). This soft function is
defined in equation (3.83), but for convenience we write down the operatorial definition of
this object here once more. The Sy soft function is given by

S1(Q;w) = CZT iQa0/2 dQ:ei‘”Z‘Sl(xo;z), (5.1)
with
0. 1 T T(,.0 0 T z'é?i +
Si(a%2-) = 5 Tr{0|T Y@y (@) T <[Y_(o)y+(o)} S SB (z_)> 0. (5.2)

Cc

The soft function is an object defined at the cross-section level. We insert a complete set
of states between T and T, and use the momentum operator to translate the fields in
the anti-time-ordered piece which, by performing the da® integral, gives rise to an energy
conserving delta function
d )
S (Qw) = Z/M e~ wn+z/2 5(Q — 2Fy) (5.3)
X 47
< TP VIO (0)] 1) O3l ([0 0)] 2582 ) ) [0y
N, * N in_0 "t ’

c
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where Fy, is the total energy of the soft partons entering the final state. Writing the soft
function in this way we see that it is of the amplitude squared form. The final state (Xj|
is general here, and we begin with the calculation of this object at O(«s), where the final
state is composed of a single soft gluon, before considering higher order corrections in
the a, expansion.

S, at next-to-leading order

In order to yield a non-vanishing result, at the lowest order in ay, the soft parton emission
must be produced by the soft gauge field B} in the time-ordered product piece and be
absorbed by one of the Wilson lines in the anti-time-ordered piece of (5.3). We depict this
situation in the diagram in figure 5.1. The virtual diagrams are scaleless and vanish in
dimensional regularization.

We now proceed to obtain the O(as) result for S; by calculating directly from the
matrix element definition in (5.3). With the help of the expression for the emission of a
single soft gluon from the soft building block in equation (4.10), we can write down the
result for a single soft gluon emission from the amplitude side of equation (5.3). We have
the following

10"

0T (YO0 225 () ) = T2 i = G e 6

where X is chosen to be a single gluon g(k)4 with momentum k and the adjoint colour
index A. The soft Wilson lines {Yj(O)YJr(O)} are set to unity at this order. We draw

attention to the e”*~* factor associated with the single soft gluon emission from the soft
building block at position z_. This factor will combine with e~ "+2/2 in (5.3) giving rise
to a d(w —n_k) term.

According to (5.3), the above expression for the amplitude must be interfered with the
expression for the conjugate amplitude which is a leading power object containing only
the soft Wilson lines. For an incoming single soft gluon with momentum k and adjoint
colour index B we have

- 1 1
O [YIO)Y-(0)] [9°(R)) = go— TPnley(k) — g — T n"ey(k).  (5.5)
nyk n_k
The amplitude and the conjugate amplitude are combined according to the expression in
equation (5.3). Then, in order to obtain S; at O(«y), it remains to calculate the following
integral

(;l:)d (—273(k*)0(K")) 6(2 = n_k — nyk)

(W — k) (- (nkik)2), (5.6)

n+k

SP(Qw) = 242Ck /

where we have dealt with the colour dependence using the colour algebra rules in ap-
pendix A.4, and the overall factor of 2 comes from the contraction of light-like vectors,
ny -n_ = 2. The reminder of the calculation follows the standard procedure of writing
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Figure 5.1: The O(as) contribution to the S1 NLP soft function in equation (5.3). The double
red lines are soft Wilson lines and the large red dot represents an explicit insertion
of the gauge field Bt at position z_. A direct calculation of the matriz elements in
equation (5.3) gives the result written in (5.7).

the integral measure in components, integrating over the angular dependence, and using
the on-shell delta function to fix the transverse integral. Finally, the d(n, k) and d(n_k)
integrals are fixed using the two remaining delta functions. This short calculation gives
the following result

a,Cp p*ers 1 1
21 I'[1 — €] wite (2 —w)e

SV (Q,w) = (W)B(Q —w) . (5.7)
The 6-functions enter this result due to a careful evaluation of the loop integral using the
delta functions in (5.6).

In the single soft gluon emission case presented here it is not a difficult task to calculate
the S; soft function directly from its matrix element definition. However, for certain
contributions in the double real emission case, discussed in chapter 6, we find it convenient
to perform the calculation using the next-to-leading power momentum-space Feynman
rules. We now briefly discuss the equivalence.

The NLP momentum-space Feynman rules are straightforwardly applied to calculate
SCET amplitudes. The main idea behind using the NLP Feynman rules to calculate soft
functions is the fact that for the relevant soft functions, the tree-level hard and collinear
functions are simple multiplicative factors. Therefore, there exists a simple correspondence
between the diagrams with soft emissions obtained using the NLP Feynman rules and
the actual soft functions. This correspondence is demonstrated here using the O(ay) S
calculation as an example.

Consider the single soft gluon emission amplitude shown in the left-most diagram of
figure 5.2, the result for this diagram obtained using the II piece of the Feynman rule in
equation (2.91) is

kin,,, _ /ﬁ_y
(nep) (k)2 (nip)(n_k)

The soft structure here already resembles the corresponding matrix element expression in
equation (5.4). Next, we strip off the pieces associated with the incoming anticollinear
antiquark and collinear quark, the hard interaction vertex, and the relevant tree-level
collinear function which is given in (4.19). We must also include the factor e®*-*, since it

Fig. 5.2p[left] = vz(1) ivigsTA

wp)e (k). (5.8)
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Figure 5.2: A pictorial representation of the discussion below equation (5.8). Starting from
the left-hand side, in the first diagram we depict a SCET amplitude with one power
suppressed soft gluon emission calculated using the II piece of the NLP Feynman
rule in equation (2.91). The diagram in the middle represents a related quantity,
but with the collinear, anticollinear, and vector current factors stripped off. Since
all these factors are not included, the middle diagram retains only the information
about soft dependence and hence, it is in one-to-one correspondence with the single

L

yn
soft gluon matriz element of the soft building block ;=58

and represented pictorially in the right-most diagram.

given in equation (5.4)

is known that the power suppressed soft gluon emission occurs at position z_. The result
of this procedure is represented by the middle diagram in figure 5.2. Writing down the
expression,

kinfu + kJ_V
(n-k)? = (n_k)

Fig. 5.2r[middle] = g, T*| — e (k) e*F, (5.9)
we see that it is in one-to-one correspondence with the expression for the matrix element
in equation (5.4), which is represented by the right-most diagram in figure 5.2.

We apply the same procedure for the conjugate amplitude, now using the leading power
Feynman rules in the top line of (2.90), which give rise to eikonal vertices. The resulting
expression is in one-to-one correspondence with the expression in (5.5) obtained directly
from matrix elements of soft Wilson lines.

Following on from the above considerations regarding the amplitude expressions, we
deduce that the calculation of the soft functions, defined at cross-section level, can be
performed using diagrams such as one in figure 5.3. We label the expression for the diagram
in figure 5.3, obtained using NLP Feynman rules with appropriate factors stripped off as
described above, by Sfl)(Q, W) fig:5.3- This labelling denotes the fact that this contribution

to the Sfl) soft function is calculated using the diagram in figure 5.3. Explicitly, we find
the following

d%k
Sil) <Q7w)fig:5.3 = 29? OF /(27‘{')d (—277'(5(]?2)9(]{30)) (5(9 —n_k— 7’L+k’)

x0( k) L ki (5.10)

w—n_ — .
nyk \ (n_k)2)’

which, as expected, is equivalent to (5.6). Therefore, after performing the integral, we

obtain the same result as in equation (5.7). There is little computational gain in the

example presented here, however, as mentioned above, we find this way of performing the
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Figure 5.3: Diagram depicting an O(as) contribution to the S1 soft function understood to be
evaluated using NLP Feynman rules but with collinear, anticollinear, and vector
current pieces stripped off as described below equation (5.8). This diagram is in
one-to-one correspondence with the diagram in figure 5.1.

calculation useful for the case of next-to-next-to-leading order computation discussed in
chapter 6.

In the process of finding the result for S\ (Q,w) in (5.7) we have kept the d-dimensional
dependence at every step in the calculation and not expanded in €. This result will be
needed to obtain the fixed-order results for the cross-section presented in chapter 7.
However, for purposes of resummation discussed in chapter 8, we expand the above result
in € which yields the following expression

QQ
12

sC
s (@,w) = 22 E
2T

{9(9)5(@ (—1 +In ) + [iL 0(w)(S w)} G

where the plus distribution is defined as

[faod®) _ [, 1010, 52

[w]+ w

and where f(w) is well behaved at the end point w = 0. The expansion of (5.7) given in
equation (5.11) has already been presented in [40].!

Next-to-next-to-leading order: real-virtual contributions

As mentioned above, the calculation of the soft functions at O(a?) is split into two parts.
Here we consider the so-called real-virtual contributions. This refers to the situation where
one soft gluon crosses the cut, as was already the case in the NLO diagrams in figures 5.1
and 5.3, and there is one soft virtual loop present. “Soft virtual loop” means that the
momentum flowing in the loop has a soft scaling and the loop is on either side of the
cut. In chapter 6, we present the calculation of real-real contributions to the O(a?) soft
functions which corresponds to two soft partons crossing the cut and no virtual loops.
There is no virtual-virtual contribution to the soft functions as this set up leads to scaleless
integrals which are zero in dimensional regularization.

Starting from O(a?), in addition to the S; soft function in equation (3.83), the soft
functions Sy — S5 in equations (3.84) — (3.87) can receive contributions. From the explicit

'We have adapted the name of the soft function to the current notation, in [40] the same object is
denoted by Soc.
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calculation we find that only the S7 soft function receives a non-vanishing contribution of
the real-virtual type. Therefore, in the reminder of this section we discuss only the S; soft
function. The soft functions Sy — S5 receive real-real contributions at O(a?) and so we
discuss them, along with real-real contribution to S, in chapter 6.

S real-virtual

As discussed, one of the pieces of the S soft function at next-to-next-to-leading order is
the one-real, one-virtual contribution. The relevant diagrams are shown in figure 5.4.

The calculation is split into two steps. We first perform the virtual soft loop integrals
at amplitude level. This is needed for the NLP amplitudes in the top row of figure 5.4
and for leading power amplitude on the conjugate side on the bottom row of the same
figure. Then, we interfere the resulting expressions with either the leading power tree-level
result for the conjugate amplitude for the diagrams in the top row, or the NLP tree-level
amplitude for the bottom diagram. Lastly, we integrate over the soft radiation momentum
with the constraint on the total soft energy which gives rise to the scale (), as was the case
above for the NLO diagram in figure 5.1.

We find the following result for the one-real, one-virtual contribution to the two-loop
S soft function

2 2 2\ —€
(@2yirtv _ % W@ —wy L
Sl (Q,w) = 4 (47T)2 CF OA < M4 -
1 e*ET[1 — ¢)? )
X ?WFH + 6] Q(Q — w)Q(w). (5.13)

The superscript 1r1v reminds us that this contribution to the next-to-next-to-leading
order SF) soft function is due to the one-real, one-virtual soft gluon contribution. The
integrals encountered in the NLO and the 1rlv NNLO calculation were similar to the
well-known leading power case and calculable by hand despite the additional dependence
on w which is absent at leading power. The calculation of the real-real contributions to
the soft functions requires more sophisticated methods and will be discussed in chapter 6.
However, we first switch focus from the generalised soft functions to the investigation of
the next-to-leading power corrections to the phase-space itself, captured by the kinematic
soft functions.

5.1.2 Kinematic soft functions

The all order kinematic soft function definitions can be found in equations (3.77), (3.78),
and (3.79). We write these here once more for convenience

6 —

Sk1(Q) = %ax%SDY(anﬂi’:O; (5.14)
3 5,0 .

SKQ(Q) = 1928795DY(Q,I')|§:07 (515)

Ska(Q) = QSov(Q, T)|rmo, (5.16)
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Figure 5.4: The one-real, one-virtual contributions to the S1 NLP soft function defined in
equation (5.2). These diagrams form a part of the full O(a?) result for Si. Expres-
sion obtained through calculation of these diagrams is given in (5.13). We note that
the diagram on the right-hand side in the top line, where the soft gluon crossing the
cut attaches to the soft Wilson line on the collinear side, gives a vanishing result
due to contraction of the corresponding Lorentz structures.

where Spy (2, Z) is the leading power soft function given in (3.29) with the position
argument generalised to contain # dependence. The derivatives 9% in (5.14) are understood
to be evaluated prior to setting ¥ = 0.

In this section, we compute the next-to-leading order and next-to-next-to-leading order
contributions to the next-to-leading power kinematic soft functions Sk;(2), Sk2(€2), and

Sk3(Q).

Next-to-leading order

We begin by considering the next-to-leading order contributions to the kinematic soft
functions. It is of course paramount that the derivatives in equations (5.14) and (5.15)
are taken prior to setting the position argument ¥ = 0. Therefore, we require the NLO
position-space leading power soft function with the full x dependence. We use the result
in equation (30) of [139]. It is given by

. T[— 1 e
Spy(z) = 1+ (;C'F[Ee] (—4nw nyx p? 67E>

2

X o <—€; —61—¢ mL) + (’)(ag). (5'17)

N_TNn4ix
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We first perform the required derivatives in position space, set the argument ¥ = 0, and
Fourier transform the result with respect to 2° back into momentum space for which we
use the definition

dCL’O iQx

Spy(2) = /_O:O (47r)€ "2Spy () - (5.18)

We begin with the most cumbersome contribution Sg1(£2). To make taking the spatial
derivatives easier, we split this contribution into transverse, 1L, piece and the piece along a
third direction (or Z, in (Z, ¢, £) coordinate space, with Z, ¢ belonging to 1) as follows

Sk1(Q) = Sgi(Q) + Sk (). (5.19)
We begin with the S3,(Q) piece, at next-to-leading order it is given by
0

o2

Starting from the full = dependent soft function, for which we find the expression in (5.17),
and taking the d; derivatives leads us to

SPQ) = = 02 S0, ) e - (5.20)

. 2 (VP[] — ] 1 ,\¢ 1

30y — O [dxo 0 Qs 1 eI —€ _9 <_ 2) <

Sk () 80 J an € WCF €2 “\Ta i
0 as , €Tl —¢] o, —Q7%

T T er—2 hRe — 16

s, eTED[1 —¢] 5, Q7
= ——CF

T €2 T'[—2¢] Hy

o (lem(p)ec(r(3)- 1) row). o

where in the last step we have expanded in €. Next, we consider the second piece making
up the Sp(Q) term in equation (5.19). Namely, we focus on Sy, () piece. At NLO it is
given by

0
Sii () = 55 0t SHY(.7) |0 (5.22)
Substituting the expression in (5.17) and taking the 0, derivatives we arrive at the
following

d [dxg , as , T[l—¢/ 1 € —4¢
SJ_(l) 9) - “ro m’oQ/2730 <_ 2 2 ’YE)
wr (@) 0. ar ¢ o Te groke x3
0 ay , e[l —¢] o 4e® (—Q17%)
- et Tt
o0 €2 T'[—2¢] 8¢ (1 —2¢)

= %C’F <—2 —4eln <g> + O (62)> (5.23)
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where in the last step we have also expanded in e.

The soft kinematic corrections Sk2(2) and Sk3(£2) in equations (5.15) and (5.16) are
simpler to obtain as they do not involve a derivative of the position argument. Hence, we
can set ¥ = 0 from the beginning, Fourier transform the soft function to momentum space

using (5.18), and perform the 9/0%2 derivatives where necessary, before expanding in e.
For Sk2(£2), up to O(as) we find

. OéSCF
Sk2 = T ( +6IH<Q>+6

te <+61n2 (g) +12In (g) 32 > +0 (e )) +03). (5.24)

The third kinematic soft correction also starts at O(as) despite not being built from
derivatives acting on the leading power soft function. The O(a?) term vanishes as
Spy = §(Q2) + O(ay), so the leading order contribution is set to zero and we find for Sk3(2)
the following result

Ska() = = Cr (—4 —8In (g) te (—81n2 <g> + 7r2> +0 (62)) +0(e?). (5.25)

27 €

In (5.24) and (5.25) we have again expanded in € for illustration purposes, however, full e
dependence is known.
Next-to-next-to-leading order

The calculation of the next-to-next-to-leading order contributions to the kinematic soft
functions follows the same steps as the next-to-leading order calculation above. We now
require the O(a?) corrections to equation (5.17). This result can be found in equation (35)
of [139].

Since the computation follows the same steps, but requires handling of much larger
expressions, we skip the details and directly present the NNLO results for the kinematic
soft functions. We find

st = (i () (0 () )
o (5) - () 24°)
oo () -5 )
() - g (5) g (5) -2 - S
+f£Can< s (G (6) %)

1 1 5 U 7
(o) ()T :
st q)  w™\a) T ) (5.26)
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These results will be used in section 7.1.2 where we present the full next-to-next-to-
leading order cross-section. Specifically, see equation (7.30) for prescription how kinematic
functions enter the result for the Drell-Yan process at O(a?).
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Figure 5.5: Momentum-space representation of the O(«as) contribution to the soft function
relevant in the off-diagonal channel, S(Q,w1,w2) in (5.30). Positions z1— and za—
denote the insertions of the power suppressed Lagrangian terms, which include the
soft quark fields, in time-ordered product operators. Conjugate variables are wy and
wo Tespectively.

5.2 Gluon-antiquark channel

Due to the inherent power suppressed nature of the off-diagonal channel of the Drell-Yan
process the total number of possible soft contributions is smaller than in the diagonal
channel. Indeed, as we have seen in section 3.3, there are no kinematic power corrections,
since the soft radiation must contain a soft quark field which is included through a time-
ordered product insertion of the Lg? Lagrangian. Hence, an O()) suppression is already
provided. This is in contrast to the diagonal channel where the soft emissions can be
composed of Wilson line soft gluons only, in which case there is room for power corrections
to the phase-space.

The only soft function contributing at next-to-leading power is given in equation (3.114),
which we state here once more for convenience

le_ dZQ_ ; ; : ()70
qu(Q’ Wi, w2 / / s zw121,€+zw222,€1 QzY /2

xﬁT({Yj(O)n(O)} R (21_)>|0). (5.30)

Similar to the NLP soft functions in the diagonal channel, it begins to contribute at O(av).
The momentum-space diagram is presented in figure 5.5. An explicit calculation reveals
that the Sy 7(2, wy, wq) soft function is given by the following expression

& 00 ) ) B — )
ar Wit (Q — wy)e WL O T [[1 — ¢

+0(a?). (5.31)
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We use this result within the factorisation formula, given in equation (3.113), in section 7.2
in order to arrive at the next-to-leading order contribution to the cross-section from the
gg-channel of the Drell-Yan process.
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Real-real contributions to the NLP
soft functions

In the previous chapter we have discussed the calculation of the next-to-leading order
S1 soft function, and its one-real, one-virtual contribution at the next-to-next-to-leading
order. To complete the investigation of the next-to-leading power soft functions up to next-
to-next-to-leading order in oy, we now present the calculation of their real-real corrections.
These corrections have a rich structure in their own right, one which proves to be far more
non-trivial than the one-virtual one-real contribution at the same order in the perturbative
expansion in the coupling. We explore the details of the calculation in this chapter.

6.1 Introduction

According to the next-to-leading power factorisation theorem in equation (3.81), there
exist five next-to-leading power soft functions. These are listed in equations (3.83) — (3.87)
and the contributions to each one will be discussed here.

The layout of this chapter is as follows. We first describe the organisation of the
calculation in terms of the matrix elements and diagrams which contribute to the respective
next-to-leading power soft functions. We find that many terms appear in the integrands
of the contributing expressions, leading to a significant number of two-loop integrals to
perform. Due to this fact, we employ integration-by-parts (IBP) techniques to reduce the
magnitude of the calculation to the necessary so-called “master” integrals [140, 141]. We
give a brief introduction to IBP techniques and how they are applied to the calculation
of real emissions. In section 6.4 we calculate the master integrals appearing in the
expressions for the soft functions at O(a?). While some of the master integrals can be
calculated directly, a subset proves to be composed of integrand structures which require
the application of more advances integration techniques, such as the differential equations
method [142]. We outline this procedure in section 6.4.1. The results for the soft functions
are shown in section 6.5.

The final results for the soft functions at O(a?) are checked through their substitution
into the next-to-leading power factorisation theorem in section 7.1.2 of the next chapter.
There, we perform the convolution of the soft functions with the relevant collinear functions
and compare to the expressions obtained with the expansion-by-regions method at the
cross-section level.

135
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6.2 Organisation of the calculation

As we have seen for the S; soft function at the next-to-leading order, the soft building
blocks making up the soft functions contain a dependence on the z_ component of the
position of the insertion of a particular subleading power Lagrangian term in a time-ordered
product (two positions z;_ and ze_ for the case of two O()\) insertions). The conjugate
variable in momentum-space is the w variable (two variables, w; and ws, for the double
insertions).

Explicitly, the soft matrix elements, such as for example

2B ooy = T % [kz—

k2 * ¥

(n-k) ] "

depend on the e¢®*-* factor which combined with the dz_ integral in definition of the
momentum-space soft function in equation (3.82) yields a §(w — n_k) term, where k is the
total momentum emitted from the soft building block. We have already encountered this
specific example in equation (5.6) for the case of the S; soft function at next-to-leading
order.

We note that the exact form of the w dependent delta functions appearing in the integrals
describing the power suppressed soft functions depends on the total soft momentum emitted
from the soft building blocks at position z_ (z;- and 25— in case of two O(\) insertions).
The momenta of soft outgoing partons from the power suppressed building blocks are
labelled by k;, where ¢ counts the number of the partons emitted. For example, if only a
single gluon emission originates from the next-to-leading power soft building block, the
delta function in the corresponding integral will be é(w — n_k;). However, if instead two
gluons are emitted, then the relevant constraint appearing in the corresponding integrals
will be §(w — n_k; — n_ks), and so on for more emissions. Due to this fact, in the
presentation below, we separate the calculation of the relevant integrals as defined by their
dependence on the w dependent delta function structure.

Before we discuss the calculations of the relevant integrals appearing in the real-real
contributions to the soft functions, we briefly describe how the calculation is organised. As
we have noted, there are five next-to-leading power soft functions which could contribute
at this order. We begin by outlining how the expressions for the relevant soft functions
were constructed at O(a?).

The S; soft function is discussed in section 6.2.1 and the S3 soft function in section 6.2.2.
Both of these soft functions were calculated directly from their matrix element definitions.
We give all the necessary expressions in the relevant sections below. The S5 soft function
vanishes at O(a?) therefore we do not purse it further here. In chapter 5, we have described
how the NLP Feynman rules can be used to directly obtain expressions for soft functions
in momentum-space. We use this method for the calculation of Sy and S5 soft functions
for which further details are provided in section 6.2.3.

6.2.1 S| soft function

We begin with S; and follow the strategy used in chapter 5 for the calculation of its
next-to-leading order correction. Here, we present considerations at the next order in
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perturbation theory. Hence, instead of the (X| state in equation (5.3) being made up of
a single gluon, it now contains two partons. It follows that, instead of the single gluon
emission matrix element given in equation (5.4), we require expressions for matrix elements
with two external partons. These partons can be soft gluons, quarks, and ghosts, since
we work in Feynman gauge. We label the momenta of the emitted partons k; and ks, for
concreteness. Note that here, not all soft emissions must come from the power suppressed

building block ingL (z_), soft emissions can also originate from the soft Wilson lines
present in the soft matrix element due to the decoupling transformation applied to the
leading power SCET current (these Wilson lines are already present at leading power).
We give explicit expressions and discuss the origin of every term below.

The two real-real soft gluon emission matrix element for the Sy soft function is given

by

10l
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We take a moment to describe the terms appearing in the above expression. The first
four lines correspond to a single gluon being emitted from the explicit soft building block

S
%BL (z_) and the second gluon being emitted from one of the Wilson lines, either
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Y. (0) or Y_T(O). Therefore, these contributions are proportional to the e’*=*1 or ¢~

phase factor, depending on whether the emitted power suppressed soft gluon carries soft
momentum k; or k. We sum over all possibilities.

In the following three lines, we encounter the contribution which describes both of the
soft gluons originating from the soft gauge field B (z_). In this case the Wilson lines
which multiply the soft building block are set to unity. This contribution is proportional
to e**(kitk2) gince both of the emissions originate from the power suppressed building
block at the position z".

The last four lines of the expression is equation (6.2) correspond to the case where
a single soft gluon with a total momentum k; + ko is emitted from the soft gauge field
B (z-) and which subsequently splits into two final state gluons with momenta &; and
ks. As for the previous contribution, these terms are proportional to e?*-(k1+k2),

Naturally, we must consider all possible soft states which cross the cut in (5.3). In
addition to the matrix element with two gluons given above, we must also consider the cases
where two soft quarks and two ghosts cross the cut. Both of these terms are similar to the
contribution of the single soft gluon emitted from B (z_) which then splits into two gluons,

as given in the last three lines of the (g™ (ky)g™?(ky)|T {Y_T(O)YJF(O) l;aLaBJr (2 )} 0)

matrix element above. Instead of splitting into two gluons, the single gluon emitted
from B} (z-) can also split into a quark-antiquark pair, and also into a pair of ghosts.
The individual partons carry away momenta k; and ks. These matrix elements are also
proportional to e~ (*1+%2) " Explicitly, we require

in_0 "t (n_(k1 + k2))?
X (n—(/ﬁ + ko) (k11y + koty) — (k1o + ku)Qn—y)

(k1) 3(ha)| T [YW@)}@()W B (- >]ro> S S S
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O
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X (n—(lﬁ + ko) (k11y + koiy) — (k1o + kZJ_)2n—I/>

1 .
N e—— 2 L O 6.4
(kl + k‘g)Q 1 ( )
Next, according to (5.3), the above amplitudes need to be interfered with the leading
power amplitudes on the conjugate side of the cut. Hence, we require the expression for
absorption of two partons by two Wilson lines. First, for two incoming gluons we have the
following

(OIT [Y{(0)Y_(0)] g™ (k1)g" (k2)) =

g? nMp ( 1 1 TKQ TK1—|— 1

T Tk k k
n_ky n_(ky + ko) n_kin_(ki + ko) ) en (K1)en, (k2)
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The top two lines describe the capture of two emitted gluons directly by the Yl(O) and
Y_(0) Wilson lines respectively. The third line, describes the capture of one of the soft
gluons by Y (0) and the other by Y_(0). The following two lines describe two soft gluons
combining into a single one via a triple gluon vertex. The gluon formed by the incoming
two is then captured by the Yl(O) Wilson line. In the last two lines we have a corresponding
term where the formed gluon is captured by Y_(0) Wilson line.

Similarly to the last four lines of the expression in (6.5), where two gluons combine to
a single one which is subsequently captured by the Wilson lines, we have non vanishing
leading power matrix elements with soft quarks and soft ghosts. These partons again
interact with a single soft gluon which then is captured by one of the Wilson lines.
Explicitly, the relevant expressions are

I G 2 mA 1
OT [YI(0)Y-(0)] la(k1)i(ks)) = 4> T e
g <_n+(k71+‘: k) n_(k‘l:: k2)> 0 (k) T4 u(ky) (6.6)

and
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Now we are in possession of all the necessary two parton matrix elements. In the next
step of the calculation, these are combined according to (5.3) in the same way as at the
next-to-leading order. We do not provide the full interfered expressions here, simply due to
their size. Indeed, to render the calculation practically viable, we employ IBP relations to
reduce the calculation to the minimal set of master integrals which need to be computed.
In section 6.3 we motivate and describe this procedure on a specific example and provide
the expressions for S; in terms of the master integrals. As can be seen by the appearance
of both e***1 and e**-(17%2) factors in the matrix element expression in (6.2), the S; soft
function is described by integrals with d(w — n_k;) and 6(w — n_k; — n_ky) constraints.
We denote the contributions to the real-real S; soft functions due to integrals with a
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Figure 6.1: Sample diagrams showing a subset of the contributing expressions after the in-
terference of the next-to-leading power matrix elements with their leading power
counterparts. Not all contributions are depicted here.

d(w — n_ky) constraint by SEZ)M)U(Q, w)2@=n=Fk1) The relevant expressions are presented
in section 6.3.1. Similarly, the contributions to the real-real S; soft function made from
integrals with a 8(w — n_k; — n_ky) constraint, are labelled by S{*?%" (€2, w)d(@-n-ki—n—k2)
and given in section 6.3.2.

Thus far, we have only provided analytic expressions for the objects which we calculate,
however, we find it instructive to also show the contributions as diagrams which survive
the interference of the matrix elements. We provide a small subset of the contributions in
figure 6.1. These diagrams are meant to help to visualise the above discussion, but are not
exhaustive. For example, we can identify the left diagram in the top row of figure 6.1 as
the part of the matrix element in (6.2) which describes single soft power suppressed gluon
emission from the soft building block that splits into two gluons, interfered with the third
line of the leading power matrix element in (6.5).

)

6.2.2 S5 soft function

We now turn our attention to the S3 soft function defined in (3.85). We write this soft
function here again for convenience, with the position of the Wilson lines translated as
in (5.3) for the S; soft function

S5 (Q,w) = ; / Cl(ii;z)e‘i‘“"”z/Qé(Q—2EXS)]\170Tr(O|T YI0)Y(0)]1X.)
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Figure 6.2: The cross-section level diagrams for the Ss soft function. Both of the soft gluons

are emitted from the power suppressed soft building block represented here by the
red dot.

X (X,|T <[ 1(0)Y,(0) ] (ml R Bt (20), {in_ﬁB:l(z_)H> 0). (6.8)

We have already given the necessary expression for the leading power matrix element in
section 6.2.1 above. The power suppressed soft building block characterising S3 contains
two explicit BT fields, hence at O(a?) the state (X,| must contain two soft gluons. The
result we require is
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This expression is much simpler than the S; counterpart in (6.2) due to the fact that

Wilson lines here can be set to unity as the emission of soft gluons must occur from the
BT fields.

Since the expression in (6.9) is only proportional to the e’*~(*1+%2) factor, the w
dependent delta function in the relevant integrals yielding S5 is 0(w — n_k; — n_ky). We
provide the representation of the interference in (6.8) in terms of diagrams in figure 6.1
and the reduced cross-section level expression in section 6.3.2.
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>R K

Figure 6.3: Diagrams with O(\) power suppressed interactions inserted at two different posi-
tions z1_ and zo_. These diagrams contain insertions of the Eé ) Lagrangian and
contribute to the Sy soft function defined in equation (3.86). The corresponding

two loop integrals contain §(w1 — n_k1)d(wa — n_ke) constraints.

Figure 6.4: Similarly to figure 6.3, these diagrams contain two O(\) power suppressed inter-
actions at two different positions z1— and zo—. However, here we consider two
insertions of the Egz) Lagrangian with two soft quarks travelling across the cut.
These diagrams correspond to the soft function S5 in equation (3.87). The relevant
integrals contain 0(w1 — n_k1)o(wo — n_ke) constraints in the integrands.

6.2.3 S, and S5 soft functions

Lastly, we consider the contributions to the soft functions Sy and S in equations (3.86)
and (3.87) respectively. These soft functions contain two O(\) power suppressed insertions
at two different positions. Therefore, the corresponding soft matrix elements are propor-
tional to e®*1-%1 ¢*2-F2 which gives rise to the d(w; —n_k;)d(wy —n_ky) dependence of the
integrals which appear for these contributions. In contrast to the calculation of the S; and
S5 soft functions, we calculate the contributions to S; and S5 using the momentum-space
NLP Feynman rules since the collinear functions in chapter 4 were already obtained by
stripping off the corresponding soft dependence from the NLP Feynman diagrams.

The diagrams contributing to the S, soft function are shown in figure 6.3 and the
diagrams relevant for S5 can be found in figure 6.4. In both of these figures, the red dots
correspond to a O(A) suppressed interaction, in contrast to the previous figures where the
power suppressed interactions are at O(\?).

As we have found in chapter 4, the tree-level collinear functions corresponding to these
soft functions are rather complicated objects with many open indices. Specifically, the
relevant equations are (4.24) and (4.26) for collinear functions Jj ';g‘ fb( ) and J/ 1;101325 ©
respectively. Since we perform this investigation at fixed a, order and only require the
collinear functions at tree-level accuracy, we can redefine the collinear functions to be
much simpler multiplicative factors and absorb the remaining pieces into the soft functions
which we calculate using the next-to-leading power Feynman rules.
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To be precise, in the following we recast the J: :5‘ chab(o) nd J! :ffg collinear functions

as
1
JuABQ) _y g = = (6.10)
458, np
and
1
Fhikoe -
J. ’ylaAZB — J5 = Tw’ (6.11)

which implicitly defines the corresponding soft functions.

One more remark is necessary regarding the S; soft function with two insertions of
the L¢, term of the next-to-leading power Lagrangian. This soft function has open Dirac
indices which connect to the spin structure describing the Drell-Yan current and PDFs,

namely the [(%) Yip (Vh) ¥ J factor in the first line of the factorisation theorem given

in equation (3.81). To snnphfy the calculations, we move this factor inside of the soft
function forming a trace over the terms which contain a Dirac structure.

6.3 Reduction of the integrals

As explained above, we organise the calculation according to the deduced w, (wy,ws),
dependent delta function structure present in the two-loop integrals describing the O(a?)
NLP soft functions.

The two loop integrals involve integrating over the radiated soft momentum, which
as mentioned we labelled k; and ko. Therefore, naturally, the delta functions discussed
above do not appear in the final answer for the soft functions, but rather are present
in the integrands of the relevant integrals and serve to identify the n_k; components of
the momentum with the soft variable w;. The delta functions help us to organise the
calculation, as it is naturally separated into three families of integrals each with integrand
dependence on one of the above delta functions. Therefore, in the following subsections
we separate the contributions according to the delta function structure which appears in
the master integrals.

The matrix elements and diagrams contributing to the next-to-next-to-leading order
soft functions are given above. As explained, due to the size of the expressions, we do
not provide here the raw corresponding expressions obtained by combining the pieces
presented above. In fact, in order to render the calculation itself manageable, we employ
the IBP integral reduction technique. This technique is widely used in multi-loop Feynman
integral calculations and we briefly describe the key principles below.

Just before we jump into this discussion, we motivate the need of employing these IBP
techniques on a specific example of a diagram appearing in our calculation. Namely, we
consider the gluon-gluon cut gluon bubble diagram shown in figure 6.1 and draw again
for convenience in figure 6.5. This diagram is formed by the last three lines of the matrix
element expression given in (6.2) interfered with the last two lines of (6.5). Writing down
the cross-section level expression for this term in momentum space yields the following
result

9 ddk‘l ddk'g 2 0 2 0
S ()10 = 91CFCa [ T o 2 [ (W(—2w6<kl>9<k1>)(—27r5<k2>0<k2>)
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Figure 6.5: One of the diagrams in figure 6.1 contributing to the S1 soft function. We present
it here again singled out for the purpose an example of integration-by-parts relations.
The expression for this diagram obtained using next-to-leading power Feynman rules
is given in equation (6.12).
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+ n+(k1 — kg) [(1 — d)n,(/ﬁ — k’g)(ku_ + kQJ_) + n,(k;l + k2) <l€§J_
—ki + d(kﬁ - ki))

—4(k1 + k2)? = ny (ky + 2ke)n (ky — k’?ﬂ

+ (le + k2L>2 n_(2k:2 + k’l)n+(2k1 =+ kg)

—i—n_(k1 + kQ) |: — 7’L+(2k1 =+ kQ)(k%J_ + 3]€1J_ . k’gl + Qk’%l)

}, (6.12)

where the 1/2 in the first line is a symmetry factor for the diagram, and we have already

g (ky + 2ko) (K3, — K3,

performed the colour trace yielding the C'rCy factor. The subscript on sz) (92, w) fige6.5

denotes the fact that this expression is the contribution to the 552) soft function due to
matrix element terms represented by figure 6.5.

The usefulness of reduction techniques can be seen by comparing the above large
expression to the result in equation (6.13) below, which gives the result for the same
diagram but now in terms of a reduced set of integrals. In fact, it turns out that only one
master integral needs to be computed. After reduction we find

(1 —¢€)(19 — 12¢)
€(3—2¢)w? (Q—w)

S (Q,w) CrCag I . (6.13)

fig:6.5

The expression for I is given in equation (6.30). This is the only integral which needs to
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be computed in practice in order to find a result for the diagram in figure 6.5.

The diagram in figure 6.5 contains two triple gluon interactions, hence it is one of the
terms with one of the most complicated numerator structures in the calculation. However,
we find that application of IBP relations also simplifies the calculation of the remaining
contributions.

Having showcased the appeal of reduction techniques to our calculation, we now explain
the principles on a simpler example. The IBP method begins with the realisation that in
dimensional regularization the integral of a total derivative vanishes

0 vH
Okl DY ... Dy*

/ dk, ... dk, — 0, (6.14)

which produces linear relations between the integrals [140, 141]. In the above equation, k;
are loop momenta, D; are propagators raised to some power n;, and v* is an arbitrary
vector. The idea is that IBP identities can be applied systematically to yield algebraic
relations between the numerous integrals that are present in a calculation, which reduces
the number of integrals that have to be calculated. One of the most successful IBP
reduction methods in the Laporta algorithm [143] which is implemented in many computer
programs which automatise the IBP reduction. In the end, we are left with a smallest
set of integrals which have to be computed and these integrals are the so-called “master”
integrals.

For concreteness, let us consider a simple example of a single loop massless triangle
diagram, that is, containing three propagators which are raised to arbitrary powers «, [,
and v. We define

d?k 1
A = / 6.15
By (27T)d Ds Dg D;, ( )

with external momenta p? = p3 = 0 and p2 = s and the propagators given by
Dy =k, Dy = (k+p1)?, D3 = (k+p1 +p2)*. (6.16)

The IBP identities yield the following relations between the integrals A,gs,

(d — 4)A111 - A102 — A201 = 0, (617)
S A102 + (d - 3)14101 == 0, (618)
S A201 + (d - 3)A101 = 0. (619)

Therefore, we see that in order to obtain a result for the triangle diagram with three
propagators, Aj11, the integral which actually has to be performed is a simpler bubble
diagram with only two propagators, and that the A;;; integral is related to the simpler
integral through

Aior - (6.20)

The IBP reduction techniques were developed for calculation of higher loop virtual
diagrams in QCD. Hence, most publicly available codes cannot be blindly applied out of the
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box. Indeed, there are two complications with which we must deal in order to apply these
techniques to the calculation of the two-loop soft functions at hand. Firstly, the calculation
in SCET contains linear propagators originating from Wilson lines, see section 2.1. And
secondly, this is not a two-loop virtual calculation, but rather a calculation of two real
emitted partons, therefore we must deal with phase-space constraints. A number of publicly
available packages can overcome these obstacles and be applied our problem. We chose
to use the LiteRed package [144, 145] to perform the integral reduction. Regarding the
first issue, LiteRed simply allows for construction of linear propagators. As for the second
issue, the delta functions constraining the phase-space can be handled using an internal
function in LiteRed which enables us to implement cut propagators. This method relies
on reverse unitarity [146]. Reverse unitarity allows us to write the phase-space integrals
as loop integrals, by identifying the phase-space constraining delta functions with the
difference of propagators as dictated by the equation

1 1
k2+¢5_k2—z’5:_2“5<k2) . (6.21)
There are two remarks to make regarding this implementation. First, we note that some
codes used for reduction of integrals such as FIRE [147] and REDUZE [148] do not distinguish
between different 7§ prescriptions which can yield spurious contributions. However, we have
applied the cut propagator command in LiteRed which behaves as expected. Secondly,
we note that virtual loop integrals do not have 6(kY) like constraints on the energy of
the partons crossing the cut. This fact is not problematic, as it has been shown that
application of IBP reduction algorithms and application of cuts commutes [146]. Hence,
we can apply the reduction techniques to arrive at a set of master integrals, and compute
them with the appropriate constraints. For example, see the 6(kY)0(k3) structure in (6.23).

With this, we are now in a position to present the results for matrix elements and the
expressions for the diagrams shown in the above figures in terms of the small set of eight
master integrals. We separate the presentation of these results into three sections, according
to the w dependent delta function structure in the corresponding master integrals.

6.3.1 d§(w—n_ky)

We begin with the reduced expressions for the contributions to the Sy soft function which
are characterised by a single soft gluon emission from the power suppressed soft building
block and another from one of the soft Wilson lines, as explained in section 6.2.1. The
below expression is obtained by interfering the top four lines of equation (6.2) with (6.5),
and reducing the result to a set of master integrals. We find

8 (2 — 9¢ + 9¢%)
ew(2—w)?
(2 —36€) (42 + € (W + 199) + 4 (w — 7Q) — 1663 (w — Q))

€e2(1 —26)wQ (2 —w)?
(1 — 4¢€?)

B - (32 — 10e Q2 + 16€*(w + Q)
cwQ 2(1 —2€) w2

S§2)2TOU(Q,W>6(w7n_k1) — 0}27 I

+OFCA I1

I3
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0
+(2w3“)14 T+ QI |, (6.22)
where the master integrals I; appearing in the above expression are given by
dk dk
L= g [ Gy | e (= 2m0000) (= 2r003)6(49))
X0(Q—n_ky —nyky —n_ky —nike)d(w —n_ky), (6.23)
dk d?k
L= 6! [ Gyt [ eyt (~ 200G009) (= 2m03)009)
1
Xm&(&) — n_kl — n+k1 - n_kQ — n+k2)(5(w — n_k1> s (624)
dk dk
L= g f e / Gyt (2RO (- 2m0(3)0(K9))
X(k—i—lk)?&(Q —n_ky —nyk; —n_ky —nyks)o(w—n_ky), (6.25)
1+ R
d?k, d?k, 1
L = a* —9 2 0 _9 2 0
o= ot G [ g (200D (= 2080800
1
Xm&(g — n_k‘l — n+k1 — n_kg — 77,4_]{2)(5((4] — n_k‘l) , (626)
1+ R
Ay 1 d 1 1
I. = ¢* -9 2 0 _9 2 0
s = ot [ gy | gy (—200R00D) (= 20006 (s s
1

0 —n_ky —niky —n_ks —niko)d(w —n_ky). 2
x(n_(k‘1+k2))( n_ky —niky —n_ky —niky)d(w —n_ky) (6.27)

We see explicitly now the dependence on 6(w — n_k;). The calculation of these master
integrals and the corresponding results are provided in section 6.4.1.

6.3.2 O(w—n_k; —n_ks)

We now give the reduced expressions for contributions to S; and S3 which depend on
master integrals with a é(w — n_k; — n_ky) constraint. For S, this contribution does not
only include the interference of e**~(*1752) proportional terms in (6.2) with the leading
power two gluon matrix element in (6.5), but rather, in addition, the soft quark and soft
ghost contributions in the matrix elements in (6.3) and (6.4).

The expression for S3 is obtained by interfering (6.8) with (6.5). We do not label the
Ss soft function with a §(w — n_k; — n_ksy) superscript as this is its only contribution.

Most of the terms forming the S soft function give rise to CrC'4 colour structure,
with the exception of the piece where the soft gluon splits into a soft quark-antiquark pair
which is proportional to Crny where ny is the number of flavours. Concretely, we find
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9 — 20€ + 12¢% — 2¢°
5(2)2?“01) Q J(w—n,kl—nsz) — C O
1 ( ,CU) F-A €2 (3—26)&12(9—(«0)
4(1 —€)?
€(3—2¢)w? (N —w)

16 + (Q - LU)I7

—CF ny 16 s (628)

where we see that two new master integrals Ig and I; appear. These are given in equa-
tions (6.30) and (6.31) respectively. For the S5 soft function we find

2(1—¢)
(3 —26)w?(Q2 — w)

SP(Qw) = CpCy I . (6.29)

The two new master integrals appearing in the above expressions are given by

o = ot [ G [ s (= 208 UD0(KY) (= 205000013
X0 (Q—n_ky —niky —n_ky—nyky)o(w—n_ky —n_ko) (6.30)
and

1 1
(k1 + k2)? (n4ks)

= ot [ G [ G (= 2m000D) (— 2ma0)
1

X

0(Q—n_ky —nyky —n_ky —niks)d(w —n_ky —n_ksy). (6.31)
(n—k1)

We see that the I master integral in equation (6.30) is very similar to the I; master integral
in equation (6.23). They both do not contain any propagators, and hence, are simply
integrals over phase-space only. The sole difference is the §(w — n_k;) term in I;, which is
replaced by 6(w —n_k; —n_ks) in Is. The master integral I; in equation (6.31) contains a
new propagator structure on top of the change in the argument of the d(w —n_k; — n_ks)
delta function.

6.3.3 5((,01 — n_k1)5(w2 — n_kg)

Lastly, we present the results for the diagrams in figures 6.3 and 6.4 which correspond
to contributions to the S; and S soft functions. As explained above in section 6.2.3, we
have redefined the collinear functions for these objects, such that the collinear functions
are rendered to be simple multiplicative factors and the complicated w;, wy dependence is
contained within the soft functions only.

We again find a new master integral, due to the fact that the power suppressed emissions
in these diagrams occurs at two different positions z;_ and z5_ which gives rise to the
d(w1 — n_k1)o(wy — n_ky) dependence of the necessary soft integrals.

For the diagrams in figure 6.3 we find

2(1 — €)wa(wy — wa)

(2) 0 = —
54 ( 7w17w2) OFCA (wl + w2)4(Q — W1 — CUQ)

Is . (6.32)
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The soft quark contributions due to Eg) Lagrangian insertions in the diagrams in figure 6.4
yields the following expression

8(—1+ €)ws
(w1 +w2)3(2 — w1 — wy)

1
S (Qwr,ws) = (O% - QCFCA) Is, (6.33)

with the relevant master integral given by

W= o [ G [ s (= 2m R0 (— 27800049
X0(Q—n_ky —nyiky —n_ky —nike)d(wy —n_ky)o(wy —n_ky). (6.34)

Similarly to the I; and Ig master integrals given in equations (6.23) and (6.30) respec-
tively, the Ig master integral does not contain any propagator structure and differs to
aforementioned integrals only through the dependence on the w of the delta function.

6.4 Master integrals

Having obtained the expressions for the two-loop soft functions in terms of a set of master
integrals, it now remains only to calculate the master integrals themselves. We do not
present full calculation of every master integral as some are lengthy and tedious to write
down, but are in general rather straightforward to solve. Instead, we will present one
example of an uncomplicated integral, and further describe how the trickier master integrals
were calculated. The presentation, as above, is again divided according to the d(w —n_ky),
0w —n_k; —n_ky), and d(w; — n_k1)0(wy — n_ks) dependence appearing in each master
integral.

6.4.1 o0(w—n_kp)

We begin with the set of master integrals I; — I5 given in equations (6.23) — (6.27). As
we go down the list, the master integrals get progressively more complicated through the
appearance of additional propagators.

Indeed, the leading power soft functions have been previously calculated to a high
loop accuracy and for many processes. One could envisage that it is possible to apply
similar methods to the next-to-leading power calculation presented here. However, a glace
at the complicated structure of the results given below already suggests the additional
non-trivial complexity is present in the master integrals containing a constraint on the
n_k; components of the soft momentum.

The calculation is differential in one more variable than at leading power, which can be
seen as having one more scale in the problem. The more scales appear in a calculation the
more involved it becomes. The identification of one of the components of loop integration
momentum with w places it on a different footing to the other components. We find that
this greatly complicates the calculation of some of the master integrals, in particular I3, Iy,
and I5. We can see this indirectly, for example, by considering a set of diagrams computed
in SCET using the NLP Feynman rules without the §(w — n_k;) constraint (equivalent to
calculation using the expansion-by-regions method). This set up simply corresponds to the
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J ® S contribution to the factorisation theorem after the dw integral has been performed.
In this case, only two master integrals appear in the whole calculation, hinting at the
reduced complexity'. This would be a perfectly acceptable way to proceed if our aim was
to simply reproduce the next-to-next-to-leading order cross-section. However, here we
wish to obtain information about the soft functions themselves. Therefore, we must retain
the dependence on the w; variables.

We begin by outlining the calculation of the I; given in equation (6.23). First, the
integral is written in components

1
(4m)?
< ?%;;5 / ?2@53 5((nk) (k) + k1) ((nka) (k) + 43, )

X 0(Q—n_ky —nyky —n_ky — nyko)d(w — n_ky) (6.35)

L = g /Oood(mkl)d(nkl)d(n+k2)d(nkg)

Next, we perform the angular integrals. Followed by the dkq | dko, using the ¢ ((n_k‘l) (nyky)+

k2 L) and § ((n_kg)(n+k2) + k32 L) delta functions. Additionally, setting the dimension to
d = 4 — 2e yields the following expression

1 0 1 1 —€
_ 4
L= o /0 dn ok )d(n k)l k) dn o) gy o e (n-kinsh)
x (nokanyky) " 6(Q = n_ky — niky — n_ky — nika)d(w — n_k) (6.36)

Next we perform the dnk; and dn_k; integrals using the two remaining delta functions,
the leftover theta functions set the upper limits on the last two integrals. These can be
performed using equation (A.2). The final result for I; in equation (6.23) is

_al ok o 5. €278 T[1 — ¢
[, = (1) o (Q—w) “TB_3d 0(Q —w)b(w). (6.37)

The remaining integrals are more difficult to calculate directly. However, we found that they
form a system of coupled differential equations which enables us to obtain the necessary
results. To be precise, by implicitly defining a dimensionless variable, w = r €2, we found
the following relation between the master integrals Iy and I, and master integrals Iy and I3

p\"d o d (2 — 3¢) 2e
— QO —I, = I, — —1 .
<Q> dr? (r—1)r Ly (6.38)
w\ 4 d (2 —9¢(1 —¢)) 2¢
— —I, = I, ——1;. .
(Q> dr® e(r —1)%r o (6.39)

Next, we find that 14 is related to I; and I3 through the following differential equation
linking all three

<#>_4€Qd14 (2—9¢(1 —¢)) 2¢ (14 4e)

Q dr e(r—1)3r * r—1r"° (r—1)

1. (6.40)

'For a direct example see the discussion below equation (6.56).
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Lastly, the differential equation for I5 links together the Iy, I3, and I, master integrals. It
is given by

p\ " o d (2—9¢(1 —¢)) 2¢ 1+ 4e (1+ 2¢)
— QO —I5 = I3 — — I5. 41
(Q) dr° e(r—13r * r—1r° (r—1r" ro 0 (6.41)

We see that we can solve the above system of differential equations iteratively. The first
two equations in (6.38) and (6.39) enable us to obtain I and I3 from the knowledge about
I; which is solved above and the result given in equation (6.37). Then, since we have
obtained result for I; and I3, we can solve the next differential equation in (6.40) for I,.
Similarly, once we have knowledge of I, through a solution of (6.40), we can solve for I
in (6.41).

Naturally, each of the solutions of the differential equations in (6.38) — (6.41) will be
correct up to an € dependent constant, which we must fix through an appropriate choice
of boundary conditions. We can obtain the necessary boundary conditions by solving
the integrals Ir — I5 in equations (6.24) — (6.27) without the 6(w — n_k;) constraint. Or,
equivalently, solving fOQ dwl; for i = 2,...,5, which formally eliminates the §(w — n_k;).
We refer to these results as inclusive versions of Iy — I5. Without the additional constraint
on w (or equivalently r) the integrals are not difficult, and we find

OQ dwly = (40;;)292 (5)4 a . 20) 62?;;[—1 4_6]6]2 ! (642)
KA _(405)29(5)%3%’ (643)
ogd”L* = _(405)2 (g>4zlesw (6.44)
OQ‘M5 = _(405)232(5)46;:% (6.45)

The reason why this is useful is that the results for integrals Iy — I5 found through solutions
of the above differential equations must correspond to the above respective inclusive results
after the dw (dr) integral has been performed over the former. For example, solving the
differential equation in (6.38) for I, yields the following result

aj fe (=24 3e)e2 Tl — e )
b= (47)29 <g> ! GF)[?) — 35][ ] 2F1 (6, ~1 4361+ 67) +77%a, (6.46)

where ¢ is a constant of integration still to be determined. As described above, we fix it
by integrating (6.46) with respect to r and matching to the inclusive result in (6.42). We
find the following

a? p\% (2 — 3€) 2B T[1 — ¢
b = (47?)2Q (Q) eT'[3 — 3¢ 61 —)6(r)
" (T_2€F[2 — 3€e|T'[1 + €]

[[2 — 2¢]

— 1 9F (,—143¢;1 + ¢ r)> . (6.47)
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Having calculated Iy, we have all the ingredients necessary to solve the differential equation
in (6.39) for I3. Using (6.43) as a boundary condition after a further dw (dr) integration
yields the final result

a2 (p\*eET[1 — €Il 4+ ¢
b= (Q) T — 3T — 2 (=700
e _I[1 —2¢] 4 e
X (—r I'[1— 3¢+ Th+d oF (€,3¢;1 + ¢ r)) : (6.48)

Next, by solving the differential equation in (6.40) we find the following result for the
master integral I,. The result is

_ 0% gy 1 @rIld L[t — U+
b _<47T>QQ (Q) (1—r)i+de a1 ”9(7’)( T[1 - 3¢]
+F[16—3€]<B1_T(1 + €, _€> + Br(_ea 1 + 6)) + Ili‘[[l_‘;:]] Br(—2€, 1 + 46)
_F[l?igd(i—1)63F2(1,—671+36;1—6,1+6;Ti1>>, (6.49)

where the incomplete Beta functions are defined by
B.(a,b) = / w1 — w) L du (6.50)
0

in contrast to the complete Beta function with upper integral limit of 1 as shown in
equation (A.2). For later convenience we also implicitly define I, which corresponds to the
terms in the parenthesis of equation (6.49), explicitly

L = — (f;)zg—l <g>4 (1— r)-1—4e€”EEZ[1—€]9(1 L. (651)

Lastly, we solve equation (6.41) for Is. A complete d-dimensional result turns out to
be too complicated to obtain here. Therefore, we resort to isolating the problematic limits
of r - 0 and » — 1 and evaluating those pieces in d-dimensions, and expanding the rest.

We find

Is = (40;;)29_2 <S)459(1—7’)9(T)
(_2;(5(1—70)+5(7”)) +€12<2[1i7‘ L 71" +>
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¢(3) 5m? 11 7 1
+3@%u—my—wwn—3[1_r++6r+
In*(1 —7) In®(r) (6 —7r)_. w2
+4<8[ 1—7r 1++[ T ]+>+(T—1)TL12(T)+6(T—1)

20y _2(r+1)
2(7’—1)1 (r) r(r—1)

o+ In(r) In(1 — 1) +0<e>)- (6.52)

As for I, we implicitly define I as

T(r) — (40‘;)29—2 <g>460(1—7“)9(r)15. (6.53)

This concludes the presentation of the results of master integrals with a é(w — n_k;)
constraint.

6.4.2 O(w—n_k —n_ko)

In this section we present the results for the master integrals Ig and I; which are needed
in equations (6.28) and (6.29).

The calculation of the master integral Is defined in equation (6.30) follows the same
steps as the calculation of I; presented between equations (6.35) and (6.37) except for the
fact that the §(w — n_k;) function in equation (6.35) is replaced by 0(w — n_k; — n_ks).
We find the following result

1-2¢ > Il — 6]2

rp_aqz 8- wbw). (6.54)

a? 4e 1-2
o = fph e (@)

Next, we consider the I; master integral defined in equation (6.31). This integral contains
a more intricate propagator structure and for this reason we consider it in greater detail
here.

We begin the calculation by inserting the identity 1 = [d?Q 6 (Q — k1 — ky) into
equation (6.31) and changing the order of integration. Then we have

= gl 40 g H0 = n-Q = n.Q) b~ Q) (6.55)

x [tk [ dths (50:2)00)) (5(3)0(KS) (nlkl)(njkz)

SD(Q —ky — k).

Now, we use an auxiliary integral from [149] to write down the result for the double
integral in the second line of the above expression. We find

= gl | 40 g5 60— n-Q = n.Q) b~ Q) (6.56)

. I'[—€ ; Y e Q?
x ! m(”—@mr@ (Qr) > (Q2) 211 <_€’_€’1_6’ n+Qn_Q>
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As a side remark, the corresponding step in the calculation of I3, I, and I5 is precisely
where the direct integration is too complicated, as the §(w — n_ky) piece must remain
in the d%k; d?k, integrals unlike here, where we could factor out the §(w — n_Q) outside
of the d?k; d%k, integrals. Concretely, the issue is that the auxiliary integrals are usually
performed in a special frame and later related to the general result using Lorentz invariance.
The issue we encountered is that the presence of the d(w —n_k;) term singles out the n_k;
component. This makes the calculation more difficult in two ways. Firstly, the auxiliary
integrals themselves become complicated, and second, their results reach beyond the 5 F}
hypergeometric function in equation (6.56), such that further manipulation is hindered.
Returning to the integral of I at hand, decomposing the d?Q integral into components
the calculation from here follows along similar lines to I;. We utilise the two remaining
delta functions and finally arrive at
Oé2 4e
I = (47:)2 w1+2e(§§_ w) 12 0(Q —w)0(w)

2¢*78  T[—e]* T[—2¢
“T[— ¢ Tl — 24 T[-3¢]

3Fy (—e,—€,—€; =3¢, 1 —€; 1), (6.57)
where 3F5 ({—¢, —€, —€},{—3¢,1 — €}, 1) is a hypergeometric function.

6.4.3 5((4}1 — n_kl)é(wg — n_l{lg)

Lastly, we present the result for the master integral Ig defined in equation (6.34). This
calculation is straightforwardly related to the calculation of I; which is obtained starting
from equation (6.30). Considering a similar expression with an additional delta function,
namely §(ws — n_ky), yields the following result

2 4e 626’)/E

a;  p a2
= (= =) g g

(4m)? w§ ws

O(2 — wy — we)f(w1)0(w2). (6.58)

With this, we conclude the presentation of the results of the master integrals. We are
now in possession of all the ingredients necessary to write down the next-to-next-to-leading
order soft functions.

6.5 Results

We now collect the results presented in the above sections to arrive at the final results for
the real-real contributions to the soft functions.

First, we provide the result for the S; soft function. The result is written in terms of
the dimensionless variable r defined by r = w /€. By summing the contribution dependent
on integrals with a 6(w — n_k;) constraint in (6.22) and the expression in (6.28) with
master integrals containing a 6(w — n_k; — n_ks) term, and inserting the relevant master
integral results from the section above, we find

2 —de 2¢
(2)2r0v e % o 1 Q —l—e (1 _ 3¢ lm _
S (Q,r) = 8(4%)2 Cr a <M> r (1—r) 2 T -3 6(1 —1r)0(r)
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o? L\ o (1= €)% 5T [1 — ¢
_4(4 )QCanﬁ () r (1—r) (320 TR—2e (1 —r)f(r)
ao? 1 (Q\ " [(2=36) (—4+e(r+19) +4€2 (r — 7) + 16¢3(1 — 1))
Tanzrtag () l (1= 2¢)

2 (1 — ¢
—1—€ 1— —3¢€
Ut~ o

(9 — 20€ + 12¢* — 263)r_1_26
€2 (3 — 2¢)

9. 2€%7E T[1 — ¢] T[—2¢]
€2 Tl —2¢| T'[—3¢

(1 —4€*)(2 — 3¢) e*7E T'[1 — ¢

e?ET[1 — ¢

(1= T2 — 2
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r €

Next, we provide the result for the two-loop contribution to the S3 soft function by
inserting the master integral in (6.54) into equation (6.29) arriving at the following final
expression

052

SP(Q,w) = 2 G CrCa (

w2(9—c0)2> 1 (1—€) 2Tl — 6]29(9 — )0(w), (6.60)

1t w(3—2¢) T[2—2€?
where we have kept the dimensionful convolution variable w. Similarly, inserting the

master integral into the reduced expression in (6.32) we find the final result for the Sy soft
function to be

2 2\ —¢
) B az wy Wy () — wy — wo) 2(1 — €)wa(wy — wo)
Sy (Qwr,wa) = _(47T)QCFCA < A (@1 + ws)?
6267E
Xm Q(Q — W1 — w2)8(w1)9(w2) (661)

and the result for the S5 soft function is

2 2\ —€
(2) Qg 1 Wy W (Q — W1 — wz) 8(1 — E)WQ
55 (Q,W1,WQ) = — (47T>2 (C}z; — QCFCA> ( 172 ,u4 <w1 n w2)3
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626’7E

xm 0(2 — wy — wa)l(w1)0(w2) . (6.62)

The above two-loop results are verified in the next chapter. By insertion into the
relevant parts of the factorisation formula, combining with the corresponding collinear
functions, and integrating over the convolution variables w, wy, and wy as appropriate find
the correct contributions at the next-to-next-to-leading order at the cross-section level.
Explicit details are presented in the chapter below.



I

Drell-Yan: fixed-order results

In this chapter we combine the results for collinear functions calculated in chapter 4 with
the fixed order results for the generalised subleading-power soft functions presented in
chapters 5 and 6, and the leading power hard function. This is done according to the
factorisation formulas derived in chapter 3. For the purposes of this chapter we continue to
work with regularized objects and perform the convolutions between the soft and collinear
functions in d-dimensions. With the results obtained in this way, we verify the validity
of the bare next-to-leading power factorisation formulas derived in chapter 3. This is
achieved through a direct comparison against the next-to-leading power results for partonic
Drell-Yan process at NLO and NNLO in a4 [31, 35, 36, 37, 116, 150] calculated by a direct
evaluation of the QCD diagrams and using the expansion-by-regions method [89].

7.1 Quark-antiquark channel

The expansion of the next-to-leading power factorisation formula for the gg-channel in
equation (3.81) at fixed o, and o2 orders has been performed in section 3.2.3. We make
use of these expansions below.

7.1.1 Next-to-leading order

The NLO accurate factorisation formula is given in equation (3.91). The tree-level collinear
function given in (4.19) and the tree-level hard matching coefficient, H®(Q?) = 1, have
already been implemented. We find only the one dynamical contribution to the cross-
section. This is because the next-to-leading power soft functions begin at lowest O(ay).
The result for the relevant one-loop soft function is given in (5.7). At NLO we then find
for the cross-section

2,7 Q) 1 1
Adyn (1) _ _4% pe / dy ——— . 1
nee (2) 27TCFF[1 —€lJo Y it (Q—w)e (7.1)

Performing now the convolution integral over w yields the following result at next-to-leading
order in ay

8 w2 e (1 — ¢
°1-2 b S |
e( 6)926 [[2 — 2¢]

n aS
AﬁyLP(l)(Z> = EOF (7-2)
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Expanding this result in €, we arrive at
AMD () = cF ( —16In(1 — 2) — ¢ (27° = 16In°(1 — 2)) + 0(62)) , (7.3)

where we set the renormalization scale p = Q.

In addition to the dynamic contribution to the next-to-leading power cross-section, we
must also consider the kinematic corrections at this order in oy, namely the A]ﬁﬁél)( )
term. This contribution is given by the sum of AKL,(Q), AEZ(Q), and ALZL(Q2) defined
in equations (3.73), (3.74), and (3.75) respectively. The fourth kinematic correction
ALH(Q) in equation (3.76) does not contribute as the derivative of the tree-level hard
function vanishes. The listed kinematic corrections require the input of the kinematic soft
functions Sk1, Sk2, and Sk3 the results for which at next-to-leading order are given in
equations (5.21), (5.23), (5.24), and (5.25). Since all of the kinematic soft functions begin
to contribute at O(a;), we only require the tree-level hard function contribution H© = 1
to each piece of the cross-section. Combining together the relevant pieces, we arrive at the
following results

2
AR (z) = O‘;SF ( +2In <g> — 24 (21n2 <g> —4ln <g> - 1) + (9(8))

Q as CF
Cor

—21n(1—z)—2+6<21n2(1—z)+41n(1—z)—T) +O(62)>, (7.4)

€

for the first kinematic correction in (3.73). For the second in (3.74) we find

2
AR2D () = O‘;?( +61n <Q>+6+36<21n (Q)+4ln<g>—z>+(9(ez)>

= O‘QSF (—61n(1—2)+6+36 (21n2(1—z)—41n(1—z)—7j> +(9(62)>- (7.5)

€

Lastly, for the third in (3.75) we have

AKSD () = O‘QSF <—j —8ln (g) ( 81n’ (Q) +7 ) + 0(62))

h=Q O‘QSF (_i‘ +8In(1—2) + (=8I (1 2) + %) + 0(62)) . (76)

Upon summation of the above results, for the total contribution due to kinematic corrections
at next-to-leading order we find

Qg CF

Akin(D oy = - (8 — €161n(1 — z)) . (7.7)

Results for next-to-leading power contributions to the Drell-Yan cross-section at NLO
have been previously reported in [35] within a diagrammatic approach. In this approach
the power-suppressed soft radiation is taken into account by generalised next-to-soft
Wilson lines. Our dynamical result, ANLP (z) in equation (7.3), is in agreement with
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the corresponding expression in equation (6.17) of [35]. The kinematic correction result
obtained here, Allffﬁlp(l)(z) in equation (7.7), is confirmed by the corresponding result in
equation (6.13) of [35]. In the diagrammatic approach, this contribution arises as a phase
space power correction to the leading power matrix element. We can also compare to
results in literature the sum of A%V (2) and A¥"V(2) in equations (7.3) and (7.7)
respectively. We must first apply subtractions originating from PDF renormalization to
the total result, after which we can compare with the next-to-leading order next-to-leading

power result given in equation (B.29) of [116] with which we find agreement.

7.1.2 Next-to-next-to-leading order

In section 3.2.3 we have discussed the three possible types of dynamical next-to-leading
power contributions to the cross-section appearing at next-to-next-to-leading order. Namely,
we have the collinear, hard, and soft contributions. The simplified expressions for each of
these can be found in equations (3.95), (3.96), and (3.94), respectively. The aim of this
section is to combine the ingredients computed in previous chapters in order to obtain the
explicit results for the collinear, hard, and soft contributions and check these against the
results existing in literature. Moreover, a complete result for the one-loop next-to-leading
power Drell-Yan amplitude with one real soft emission is presented in appendix B.2

We also present the kinematic contribution to the NNLO Drell-Yan next-to-leading
power cross-section, making use of the results for kinematic soft functions in section 5.1.2.

Collinear contribution

We begin with the contribution which includes the one-loop collinear function results
obtained in chapter 4. We have already simplified the expression describing this contribution
using the tree-level result for the hard function. This result can be found in equation (3.95),
and we write it here again for convenience

A () = 4Q [ dw 1 (wanipazw) 15 (7.8)

We see that the one-loop collinear function is combined with the corresponding NLO soft
function. It is also noteworthy that only the Jl(ll) can in principle contribute here. This is

because the J1(12) piece of the collinear function multiplies a delta-function derivative term
(see the decomposition in (3.89)). After partial integration this derivative acts on the hard
function which at tree level is a constant and so this term cannot feature in (7.8). Moreover,
we found in (4.86) that J1(12) = (. The expression for the Jl(ll) (xqn4pa;w) one-loop collinear
function which does enter the expression in (7.8) can be found in equation (4.84) with
colour generator and Dirac-index Kronecker-symbol removed.

As we have stressed above, in order to obtain the NNLO fixed-order result we do not
expand neither the collinear nor the soft function in e. Rather, we keep the d-dimensional
expression of the collinear function and perform the last integral over the convolution

variable w while also using the d-dimensional soft function which is given in equation (5.7).
We find

Adm@) g 0l (@)Lt (1 — ’T(1 2
NLP=coll (4m)2 \ it T[1— 3¢]T[3 — 2¢]
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5 1 5 (5 — 8¢ — €2)
X(— CF€—2(4— Te—¢ )—l—CFCAE(l_'_E)). (7.9)

Only now, after this convolution is performed, we expand the resulting expression in e.
We set the soft scale to Q = Q(1 — 2) and u = @. The sequence of above steps yields

2
dyn (2 a; 16 48In(1—z)—20
ANyLP(—)coll<z) = (C% ( - =+t

(4m)? €2 €

+ (—72 In*(1 — 2) +60In(1 — 2) + 872 — 24) + O(€)>

4 CuC <260 —(60In(1 — 2) —8) + 0(e)> ) . (7.10)
We draw attention to the fact that no leading logarithmic contributions, which are of the
form a2 In®(1 — 2), are present in the collinear contribution to the Drell-Yan cross-section.
The highest encountered logarithmic power in the finite terms in the second line of the
above equation is at the next-to-leading logarithmic accuracy. Namely, it is proportional
to a?In?(1 — 2).

Studies regarding virtual collinear radiation at one-loop level with an emission of a soft
gluon have been reported in literature, see for example [31] which is carried out within
the expansion-by-regions method [89], and [36, 37] performed within a diagrammatic
approach. The information regarding effects due to presence of collinear loops is contained
within the so-called “radiative jet function” [130]. We can compare the C% term given
in (7.10) against the corresponding contribution found in equations (13), (14) of [31]
and equation (4.22) of [36], where only the abelian contribution is considered. We find
agreement with those results, although these references drop all contributions which are
proportional to transcendental numbers, such as 72. A corresponding result for the second
colour structure, C'4Cr, which appears in our result in equation (7.10) does not separately
exist in the literature. It is provided in a sum with the hard and soft contributions which
we consider next.

Hard contribution

Here we consider the contribution to the Drell-Yan cross-section which is made up of the
one-loop hard function, the tree-level collinear functions, and the one-loop soft function.
Unlike in the case of the collinear contribution considered above, the piece of the tree-level
collinear function attached to the derivative-delta function gives a non-vanishing result.
This is because the hard matching coefficient is momentum-dependent beyond tree level.

The formula for the cross-section simplified to this case is given in equation (3.96). We
state it again here for convenience

A ua(2) = —4 (1 = O HO(@Q) [ dw ST (2 w). (7.11)

In order to obtain this expression we have already utilised the results for the collinear
functions at tree level. The necessary one-loop soft function can be found in equation (5.7).
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The one-loop hard function H = |C4%4°|2 up to finite order in € expansion is given above

in equation (2.59). With these results at hand, we perform the dw integration in (7.11)
over the d-dimensional expression for the soft function, we set © = @), and only then
expand in € which leads to the following result

Adyn(Z) (Z) _ OégC}Qw ( _ g 64 ln(l - Z) — 16

NLP—hard (47T) 2 63 62
N —641n*(1 — 2) +32In(1 — 2) + 2 (72 — 3)
€
8

-2 (— 161n%(1 — 2) + 12In%(1 — 2) + 20 (x* — 3) In(1 — )

—56¢(3) — 5 + 48) + (9(@) , (7.12)

where ((3) is a Riemann zeta value. Unlike in the collinear contribution to the next-to-
leading power cross-section, leading logarithmic contributions are present in this expression.
These terms are proportional to o2 In*(1 — 2). This implies that the hard function must
be resummed to capture all leading logarithmic contributions to all orders in perturbation
theory. This was achieved in [40] and is considered below in chapter 8.

The result for A#L’”‘P(fﬁmd in (7.12) can be compared against a result obtained by making
use of the expansion-by-regions method for an amplitude with one hard one-loop and
one real soft gluon emission. This expression has been presented in equation (12) of [31],
and is in agreement with our result in (7.12).! In the diagrammatic approach [36, 37],
the hard contribution presented here in equation (7.12) originates from the dressing of
the non-radiative amplitude with one real soft gluon emission, as dictated by the LBK
theorem.

Soft contribution

We now turn our attention to the soft contribution to the cross-section. Here we provide
both the one-real, one-virtual contribution to the cross-section and the double real con-
tributions due to several soft functions. In section 5.1.1, we have obtained the one-real,
one-virtual result for the Sy soft function. In principle, other soft functions could contribute
to this part of the NNLO cross-section as can be seen in equation (3.94). However, remark-
ably, only one soft structure, the one corresponding to the S; soft function, contributes.
This is explored in more detail in appendix B.2.3. Since only the S; soft function and its
corresponding tree-level soft function contribute to this piece of the NNLO cross-section,
the simplified factorisation formula has the following form

AU (2) = 1Q HO@Q) [ dwt (wa(nipa)iw) S (@), (7.13)

We now make use of the one-real, one-virtual result for the S} next-to-leading power soft
function, SfQ)m”(Q, w), written in equation (5.13), along with the corresponding tree-level

'The following typo has to be accounted for in [31]: in equation (12) the [1 + 4log(1 — z)]/€* should
in fact be [ — 14 4log(1 — 2)] /€.
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collinear function given in equation (4.19). Combining the expressions as dictated by (7.13),
integrating over w, and only then expanding in € and setting p = @) yields

2 8 32In(1—2) 64In*(1—2) 2872
Adyn 2)1rlv Qg = —
NLP—soft ( ) (471')2 CFCA 3 + €2 B + 3¢
256 112 448 (3
—l—?ln (1—=z )—?7?21 n(l—z)+ g( ) +(’)(6)> . (7.14)

It is not straightforward to compare this result directly with literature, as the non-abelian
CrC4 term of the one-real, one-virtual contribution has been reported in a sum with the
collinear pieces, kinematic corrections, and other soft contributions (see equation (4.6)
of [37]). The result in equation (7.14) has been checked against the soft region of the
one-real, one-virtual correction within the expansion-by-regions method [150].

In section 6.5, we have presented the w dependent real-real results for the Sy, Sz, Sy,
and S5 next-to-leading power soft functions. We now consider the contribution of these
terms to the Drell-Yan cross-section.

We first focus on the C% part of the Sy soft function, this contribution is given in the
top line of the result in equation (6.59). Making the variable transformation r = w/€Q, the
relevant part of the factorisation formula is given by

AR, 0y () =4QQHO(@Q) [ driff) (ealnpa)ses) ST (@), (7.15)

’ 1’0%‘ 1,01%‘

where Sl CQQTOU denotes the C% proportional terms of Sf)%ov in (6.59). Inserting the result
for the S§202;0” (92, 7) soft function and the tree-level collinear function from (4.19), and

then 1ntegrat1ng over the convolution variable dr in d-dimensions yields

a2 O\ 7 1 eET[1 — ¢
Adyn (2)2r0v - 32 02 _—_— 7.16
NLP—soft, 5, o2 (2) (47T) I € ['[1 — 4€] (7.16)

Setting the soft scale to Q = Q(1 — z), the scale = ), and finally expanding in € we find
the following expression

dyn (2)2r0v o 32 128 256 11272
ANyLP—soft,SLC% (2) = (47)2 CF <e3 T2 In(1—2) +— In? (1—2)— 3¢

+332 (—32In*(1 — 2) + 147%In(1 - 2) - 62g(3)) +0(e) ) (7.17)

This result can be checked against equation (5.2) in [37]. However, care must be taken
as the result presented there includes also the leading power contribution to the double
real emission which we must subtract, and the transcendental pieces have been dropped.
Additionally, the above result is in agreement with the calculation of next-to-leading power
real-real emission using the expansion-by-regions method [150].

Similarly to the above considerations, we can insert 1nto the factorisation theorem the
piece of S proportional to Crn 7 which we label by S Cii?“ The relevant result can

be found in the second line of (6.59). The contribution to the Drell-Yan cross-section is

a? e2ET[2 — ¢]?

Q4 1 1
Adyn (2)2r0v _ . 1
NLP—soft,51.cpn (2) S ) (47)? 2 Crny et €2 (1—2€)2(3—2¢) T[L— 4 (7.18)
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The above result still contains d - dimensional information, we now set the soft scale to
Q= Q(1 — z), the scale p = Q. Then, expanding in € yields

a? 8 32

dyn (2)2r0v s
MRS 000, = iz Cony - 3~ 3 (Bl 2) =2

4
+ (—144 In%(1 — 2) + 2172 +1921n(1 — 2) — 122) + O (e) ) (7.19)

This is the only Crny proportional contribution to the cross-section. Our result obtained
through calculation of objects appearing in the factorisation formula and presented in (7.19)
has been verified by a calculation of QCD diagrams using the expansion-by-regions method
[150].

Lastly for the S; soft function, we must consider the CrC4 proportional pieces in (6.59).

)2r0v

This contribution is labelled by Sfc . Inserting this piece into an analogue of (7.15),

c
we find? A
2 SAN 26751 — ]2
dyn (2)2r0v _ o & e F[l 6]
ANty (2 = T g O <u4> (1 — 2¢)2T[L — 4] (7.20)
(3 — 25€ + 5062 — 23¢%) 302 — 262
N Fy(—e,—e,—6; 1 —€,=3¢1) | .
( (3 —2¢) [l — €[l — 3¢ sha(—€, —€, —€; €, —3€6 1)

The hypergeometric functions in the d - dimensional result must be carefully expanded,
this can be accomplished the using HypExp package [151], which yields

2

dyn (2)2r0v . ag
ANLP—soft,sl,chA(Z) = 5 C0rCy

8 4
()2 (241In(1 — 2) — 11)

e 3e?

16
—5. (—36m*(1 - 2) + 33In(1 — 2) + 67* — 16)

2 2 12
—Eln‘?(l —2)+ E1n2(1 —2)+ —87T2 In(1— 2)
3 3 3
1024 616¢(3) 1547w? 1484
———In(1—2) — — . 21
9 n(l—z) 3 5 + 5 + O(e) (7.21)

An interesting observation is that leading logarithmic contributions of form a?In*(1 — z)
appearing here are exactly cancelled by the one-real one-virtual contributions for the S; soft
function in (7.14), such that there are no leading logarithmic contributions proportional
to the CrC'4 colour structure in the cross-section.

The CrC'4 result for the cross-section due to S; cannot a priori be directly compared
against an expansion-by-regions calculation, as the latter is organised by collecting together

2We note that this result is d-dimensional, whereas I5 above was obtained only in € expansion. This is
because we have performed the reduction without an additional w dependent delta function for terms that
produce the tricky w dependent master integrals, we then checked that they agree in the € expansion, and
used these expressions instead of the expanded integrals after the dr integration. This means that our
inclusive result is more general than what is available in the literature, as it has complete d-dimensional
dependence. We are only able to compare the results for the cross-section order by order in e.



164 Chapter 7. Drell-Yan: fixed-order results

all diagrams with the same final state, for example real-real gluon emission. However,
in the SCET calculation these contributions are separated between S;, S3, and Sy soft
functions. Hence, we can only compare the C'rC'y proportional pieces in the cross-section
after considering also the contributions to the cross-section due to S3 and Sj.

We begin with S3. The relevant piece of factorisation formula is

AULZ2(2) = 4Q HO@Q) [ dwif) (za(nspa)iw) S8 (2,w) (7.22)

Inserting now the result in (6.60) and integrating over the convolution variable yields the
following expression

o? Q‘*)‘E 1 (1—¢) e*1EL[1 — ¢

Adyn (2)2r0v _ 4 et O C e -
NLP—soft,S3(Z) (47)2 A 1t €(1—2€)2(3—2¢) T[1— 4

(7.23)

Next, setting the soft scale to Q2 = Q(1 — z), and the scale p = @, we expand in € and
arrive at

042

dyn (2)2r0v s
ANyLP(f)soft,S;g(Z) = W CFCA<

;6 _ 3 (12In(1 = 2) — 11) + O (e)>. (7.24)

Now, we consider the S; soft function contribution. The adapted factorisation formula,
with the scalar collinear function in (6.10), is

AU (2) = 4Q HOQ) [ dundwn ¥ (walnpa) ST (). (7.25)

Inserting (6.61) and performing the convolution integrals yields

2 Q1 (1—¢) e2ET[1 — ¢]?
Adyn (2)2r0v — 4 a; CrC - _ 7.26
NLPfsoft,S4<Z) (47)? oA Iz e(1—26)2(3—2¢) TI[1—4e ~’ ( )

which is identical to A%{gﬂi@%g(z) in (7.23) up to a minus sign, such that the two cancel
each other in the expression for the full Drell-Yan cross-section at this order.

With this observation, it becomes apparent that we can in fact directly compare the
result for the C'rCy proportional cross-section due to the S; soft function contribution
against the calculation employing the expansion-by-regions method. Indeed, the result
in (7.21) is reproduced by sum of expanded QCD diagrams with two radiated soft gluons
and two radiated soft ghosts [150].

Last, we consider the contribution the Drell-Yan cross-section due to the S; NNLO
soft function with two insertions of the L¢, terms of the next-to-leading power Lagrangian.
As explained in section 6.2.3, the spin trace in (3.81) has already been performed and is
included in the soft function, therefore the factorisation formula we must consider here is

AU (2) = 4Q HOQ) [ danduon ¥ (wanpa) ST (), (7.27)

with the soft function given by (6.62) and the scalar collinear function by (6.11). Performing
the integrals, we arrive at

2 4\ —¢€ o 2evE )2
dyn (2)2r0v _ Qg ( 2 1 ) & (1 E) e F[l 6]
ANLPfsoft,S5<Z) 8 (42 Cr 2CFCA <M4 1—2e7 T —4d (7.28)
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Setting 1 = () and expanding this result

2
Al () (407‘:>2 (cg - ;CFCA> (f —32In(1 — 2) + 24 + 0(6)) (7.29)
we find agreement with the calculation using the expansion-by-regions method [150].

A concluding remark regarding the soft functions beginning at a2, namely Ss, Sy, and
Ss, is in order. We can see from the results of expansion in € for these soft functions in (7.24)
and (7.29), that they do not contribute leading logarithmic terms to the cross-section.
This confirms an assumption made in [40]. Specifically, this confirms that there is no
logarithmically enhanced off diagonal mixing of these soft functions with the single gluon
soft function, hence, they do not contribute leading logarithmic terms to the cross-section.

Kinematic contribution

Lastly, we consider the NNLO contribution to the next-to-leading power Drell-Yan cross-
section due to kinematic corrections which are listed in equations (3.73)—(3.76). Consid-
ering the perturbative expansion of each of the contributing objects, the total kinematic
correction at NNLO is given by

Avip” (2) = (@) @ Sia(@) + X [HD(Q°) Sg)() + HO(Q*) SR(Q)] . (730)

The required one-loop hard function is written in equation (2.59) and the one-loop
kinematic soft functions are listed in equations (5.21), (5.23), (5.24), and (5.25). We also
now need the two-loop kinematic soft functions. The results for these objects are listed in
equations (5.26) — (5.29). Combining these elements together, we find

2
kin a; 16 1921In(1 — 2) + 96
Ay (2) = (4m)? %<e2_ ( c : +5121n*(1 — 2)
21n(1 —
£192In(1 - ) — 407° _256) +CrCy (ff il 2)
82 476 16 64In(1—2) 56
3 9 9. - 45 T 4 . 31

We observe that there are no leading logarithmic contributions in the NLP cross-section
due to kinematic corrections.

The corrections due to integration over leading power matrix elements with the phase
space expanded to next-to-leading power, which corresponds to the kinematic corrections,
has been previously considered within the expansion-by-regions or the diagrammatic
approach. However, an expression which could directly be compared to (7.31) has not
been provided explicitly. It forms a part of equation (4.6) and (5.2) in [37], but it cannot
be disentangled from the contribution due to the next-to-leading power matrix element.
Therefore, we compare (7.31) to a calculation using the expansion-by-regions method in
which the leading power matrix elements describing double-real, and one-real, one-virtual
emissions is integrated over the phase space which is expanded to next-to-leading power
[150]. We find agreement.
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7.1.3 Next-to-next-to-next-to-leading order

The current perturbative knowledge about the ingredients making up the NLP factorisation
formula in (3.81) does not allow us to verify it completely at N*LO. However, partial
results can be obtained. For example, in the N3LO expansion of (3.81) there exists a
contribution due to one-loop collinear functions convoluted with their respective two-loop
soft functions. Interestingly, there exist published results which allow us to check one
such contribution. Namely, in [32] the expansion-by-regions method is used to compute
one-virtual two-real gluon emission contribution to the Drell-Yan cross-section at threshold.
Part of this calculation is the contribution due to a collinear virtual loop, with two
soft gluons radiated. The analogue in SCET is precisely the combination of one-loop
collinear functions with two-loop soft functions. In [32], the C% proportional pieces of
the cross-section are presented. In the NLP SCET framework, we can reproduce this
result since only the S; soft function contains a C% term that originates from the cut
two-soft gluon contribution (there is a C% contribution in Ss, however this is due to soft
quarks in the final state and the authors of [32] do not consider such contributions) and its
corresponding collinear function at one-loop carries terms proportional to Cr. Therefore,
we now focus on the following part of the factorisation formula expanded to the third
order in the coupling constant

AU e () = 4Q [ dw I (@anipaw) S0, (). (7.32)
For the one-loop collinear function we use the Cr part of the result given in (4.84) after the
colour generator and Dirac-index Kronecker-symbol are removed. The relevant two-loop
soft function is given in the top line of (6.59). For concreteness, we write it again in terms
of the variable w here

2 3\ ~€ 2¢
2o g % o (WO@—wY L 1P oy )
Sica (9760)—8(47T)2 CF< " 5 T3 (2 — w)f(w). (7.33)

We perform the convolution according to (7.32) and arrive at the following d-dimensional
result

3 5\ €
dyn (3) . a, 5 (R0 1 )
ANyLP—coll, Cg(z) = 32(47?)3 Cp ( A ) :4(—4 + Te+€%)

3T 1 + €|T[1 — €]*T[1 — 2¢]
% [ — 503 — 2¢] '

(7.34)

Setting Q = Q(1 — z) and p = @, and expanding in € we find

3
dyn (3) a3 64 80(4ln(l—2)—1) 16 9
ANLpfcoH,C% (2) = (d4m)? Cp ( T + 3 + 2\ 50In*(1 — 2)
1 /4000
+25In(1 — 2) + 77% — 6) + (3 In®(1 — 2) — 1000 In*(1 — z)
€

56072 In(1 — 2) + 480 In(1 — =) + 2624¢(3) + 14072 — 128>
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5000 5000
—Tln (1—2)+ 5 In®(1 — 2) + 14007* In*(1 — 2)

—12001n*(1 — z) — 7007* In(1 — 2) + 6401In(1 — 2)

1C(3)(3280 — 131201n(1 — 2)) + 627"

+ 16872 — 192). (7.35)

The finite constant terms are not quoted in [32]. However, aside from the finite constant
terms, our expanded result in (7.35) agrees with equation (45) of [32] after the latter is
multiplied by a factor of two, to account for the anticollinear contribution.

Similarly to the C% contribution to the soft functions, the colour structure Crng
appears only in the S; soft function, see second line of (6.59). This enables us to make a
prediction for contributions to the N3LO cross-section due to a collinear virtual loop and
two real-parton emission proportional to C%n; and CrCyns. We consider

dyn (3 1 2
ANyLP( )coll (Cp, cA)anf( z) = 4Q/dw Jl(,l)(xa nipa;w) Sig'an(Q;W)a (7.36)

where, as before, we use equation (4.84) for the one-loop collinear function. We write here
again the Crny proportional contribution to S; from the second line in equation (6.59).
We have in terms of the w variable

042 WH(Q—w)2\ 1 (1 —¢)?
St Can(Q w) = (4@ —5Crng ( T ) we(3 — 2e)
e2ET[1 — ¢]?
XWQ(Q — w)f(w). (7.37)

We again obtain a d-dimensional result. Then, setting 2 = Q(1 — z) and pu = @, we
expand in € and find the following expression

A (3) ol 9 64  16(601n(1 — 2z) —47)
NLP—coll, (CFp, CA)Can< ) - (471‘)3 C f @ - 27¢2

16
816

4000 9400 1520
R — ) (1 — )+ 22 (1 —
( g (1= 2) + e (1 = 2) + == In(1 — )
33440 2368¢(3) 3572w 53552>>

——— In(1 —
81 (1=2)- 9 81 243

( 450 In2(1 — 2) + 705In(1 — 2) + 5772 — 418>

80, 16(75In(1 — 2) — 46)
9¢2 27e

+OFCATLf< —

2
+82 (—4501n*(1 - 2) + 5521n(1 — 2) + 577* — 340) )) . (7.38)
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7.2 Gluon-antiquark channel

In this section we focus on the fixed-order results we can obtain in the off-diagonal channel
of the Drell-Yan process. The next-to-leading power factorisation formula is written in
equation (3.113). Since this channel does not contain a leading power contribution, the
structure at NLP is somewhat simpler than the one encountered in the diagonal channel
and the number of contributing terms is smaller.

The generalised soft function with soft quark insertions relevant for this channel starts
at O(as) and the result is given in equation (5.31). Therefore, to obtain the cross-section
result at O(as) we must combine the soft function with just the tree-level results for the
hard and collinear functions according to the next-to-leading order accurate factorisation
formula

AW() = 4HO(Q?) / deon dusy

99

X GZ((IO) (Tanypa; wg)Gg) (Tanipa; wl)S%) (Qwi,wa) . (7.39)

The hard function H(Q?) is the same as at leading power and the necessary result is
given in equation (2.59). The tree-level result for the collinear function is given in (4.98).
Collecting together all the individual ingredients, performing the integrals over convolution
variables w; and ws, then expanding in €, yields

AW = ZL; (—1 +2In(1 - 2) —2In (g)) . (7.40)

This result was compared against a calculation performed using the expansion-by-regions
method [150] and we find agreement. After the 1/e pole is subtracted using PDF renor-

malization we can also compare this result with equation (B.37) of [116] again finding
agreement.
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Drell-Yan: resummation at
next-to-leading power

Resummation is a powerful concept, not only supplementing fixed-order computations
and increasing the predictive power of theoretical calculations, but in certain cases simply
making the predictions possible. Factorisation theorems form the basis for resummation
by segregating physical effects manifest at different energy scales into objects which
naturally exist at the respective relevant scales. In dimensional regularization, each
of these objects may contain divergences. Renormalization renders each object finite
separately and introduces spurious scale dependence into each object, however the physical
observable cannot depend on this scale. One then derives renormalization group equations
which govern the evolution of each piece in the factorisation formula. By solving the
renormalization group equations, we can obtain results to all orders in a.

We have thus far derived formal d-dimensional factorisation theorems for the ¢q and gg-
channels of the Drell-Yan process in the threshold regime in chapter 3 and validated their
correctness at next-to-next-to-leading fixed perturbative order in chapter 7. In this section,
we make a conceptual leap from performing calculations at fixed orders in a4 to obtaining
results valid to all orders in perturbation theory. This includes shifting the outlook on
the role of the factorisation theorems. Up to this point, we have presented formal results
containing regularized quantities. For the purpose of resummation, we adopt the more
traditional understanding, where each object in the factorisation formula is separately
renormalized. The analysis presented here is based on the published work [65]. We focus
on the leading logarithmic resummation carried out in the gg-channel. Issues related to
convolutions between collinear and soft functions complicate resummation beyond leading
logarithmic accuracy in the gg-channel and already at the leading logarithmic level in the
gg-channel. In section 8.5 we showcase these issues using the collinear functions results
from chapter 4.

8.1 Factorisation formula: leading logarithmic accu-
racy

In equation (3.81) we have presented the all order next-to-leading power factorisation
formula for the ¢g-channel of the Drell-Yan process at threshold. Indeed, we saw in
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172 Chapter 8. Drell-Yan: resummation at next-to-leading power

chapter 7 that the fixed-order results found in literature can be reproduced by bringing
together the expressions for the objects appearing in the factorisation formula, each
one computed to the appropriate accuracy, and performing the convolution integrals in
d-dimensions. In particular, not only the leading logarithms at NNLO, o2 In*(1 — z),
were correctly obtained in the results given in section 7.1.2, but also the subleading
logarithms, a? In*(1 — z), and a? In(1 — z), along with the constant terms. Since the
aim of the considerations presented in this section is to calculate the resummed result
at next-to-leading power at the leading logarithmic accuracy, we must first determine
which are the relevant contributing pieces in the total sum of five contributions found in
equation (3.81).

We first stress that in this section, as mentioned above, we move from the formal
d-dimensional treatment of factorisation presented in chapter 3 towards the more common
view of factorisation formulas. Here, the objects appearing in the formulas are renormalized
and no longer exhibit divergences. The dimension is understood to be set to d = 4.
Concretely, this implies that all the factors in the factorisation formula in (3.81) depend
on p. This includes the partonic cross-section on the left-hand side of equation (3.81).
The scale dependence cancels upon convolution of the partonic cross-section with the
parton distribution functions. Each of the factors, the hard, collinear, and soft functions,
appearing in (3.81) depend on one characteristic scale. We chose the renormalization scale
i to be of the order of the collinear scale, O(Q\). With the scale u ~ QX there are no
large logarithms in the collinear functions at any order in perturbation theory. However,
the large logarithms of (1 — z) are contained in the hard and soft functions. We sum these
logarithms to all orders in a;, at the leading logarithmic accuracy.

The leading logarithmic series at next-to-leading power is given by the o In*""*(1 — z)
terms. The soft functions which appear in the next-to-leading power factorisation formula
in (3.81), and are given in equations (3.83) — (3.87), begin contributing at O(c) or higher.
This is due to the fact that the generalised soft functions contain explicit insertions of
BT or ¢* soft building blocks and therefore involve at least one soft parton radiated into
the final state. A leading logarithmic contribution at next-to-leading power is generated
at one-loop accuracy only if the soft function at one-loop contains a agIn(1 — z) term
and the corresponding collinear function starts at O(a?). For the purpose of leading
logarithmic resummation, the terms for which the relevant collinear functions do not have
a tree-level contribution can be dropped. At next-to-leading power, we have already found
that the only hard current which contributes is the leading power hard current. This
hard current does contain a tree-level contribution. Considering the list of next-to-leading
power soft functions in equations (3.83) — (3.87) we find that for leading logarithmic
resummation, only the contributions from operators with a single soft gluon are necessary.
The reason for this is that the soft functions with an insertion of soft building blocks which
begin with the emission of two soft gluons start at O(a?). These soft functions could in
principle contribute to the leading logarithmic series at next-to-leading power if the O(a?)
contribution would contain a a?In®(1 — z) term. Such a term could arise, if the one-loop
mixing with a one-gluon soft function is logarithmically enhanced. However, logarithmic
enhancements of the cusp anomalous dimension of this type are not known for off-diagonal
operator mixing. We also assume that the logarithmically enhanced mixing of this type is
absent in this case. By this reasoning the soft functions Sy and S; in equations (3.84) and
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(3.85) respectively are excluded. Soft functions which are induced by the double insertion
of Eél) and the double insertion of ng) also start at O(a?). This fact also excludes the
possibility of leading logarithmic contributions arising from such soft functions by the
same reasoning as above. Therefore, we can drop soft functions S, and S5 in equations
(3.86) and (3.87) respectively.

Considering the list of soft functions appearing at next-to-leading power given in
equations (3.83) — (3.87) we arrive at the conclusion that the only soft function which
contains a leading logarithmic contribution at next-to-leading power is the first soft function
in the list, namely S; given in equation (3.83). We remind the reader that there exists
one more soft function, Sg, which starts at O(«;) with a single soft gluon emission. The
Se soft function is given in equation (3.88). However, we have excluded its contribution
to all orders in perturbation theory due to parity conservation in QCD as detailed below
equation (3.88).

Following the above considerations, we now write down the dynamical next-to-leading
power factorisation formula at leading logarithmic accuracy, starting from the general
next-to-leading power formula in equation (3.81). We find

Apoan(z) = AH@Q% ) Q [ dw Y (@anpaiw, o) $iQ = 2w, pe) . (8:1)

A few explanations regarding the simplifications performed in arriving at such a simple
expression are in order.

In the above formula, we have explicitly written the scale dependence of the hard,
collinear, and soft functions. As we have explained earlier in the text, the H and S
functions are evolved from the hard, u, ~ @, and soft, us ~ Q(1 — z), scales to a common
collinear scale, p. ~ Qv/1 — z.

We have made use of the collinear function decomposition into parts multiplying a
collinear momentum delta function, d(n p — z,nypa), and its derivative, %6 (nyp —
Tnypa), as given in (3.89). Only the term proportional to 6(nyp—x.nypa), the Jy 1 piece,
appears in (8.1). This is due to the fact that the leading logarithmic series is generated by
contributions for which the hard function starts at tree level. However, we know that the
tree-level hard function is momentum independent. Therefore, the derivative contained in
the collinear function, multiplying the .J; 5 piece, evaluates to zero once it is integrated by
parts to act on the tree-level hard function and hence cannot contribute to the leading
logarithms.

At this point, one makes use of the collinear momentum delta function which multiplies
the J; ; term to trivially evaluate the d(n4p) integral in (3.81). Moreover, we have combined
the Kronecker delta d.4 in the decomposition of the collinear function in (3.89) with the

{(%) Yip (7%) fyﬂﬁw spin structure in (3.81). This yields a trace over the spin structures

which evaluates to —(1 — €). Additionally, since we no longer need the contributions to
the collinear functions which are associated with derivatives on collinear momentum delta
functions and with this we do not have to distinguish between the momentum derivatives
acting on either the C' or C* hard matching coefficients, the h.c. piece in (3.81) simply
contributes a factor of two to the cross-section in (8.1).

The last simplification on which we wish to comment is with regards to the argument
of the hard function. The hard function which we obtain in (3.81) is given by H(§) =
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|CA%A0 (g onypa, zyn_pp)|>. However, in (8.1) we keep only the H(Q?) piece. This is

the leading power contribution which is the only necessary piece here due to the fact
that the power suppression here is provided by time-ordered product insertions of the
subleading-power Lagrangian terms.

8.2 Soft functions and kinematic corrections

The lowest-ordered solution for the soft function appearing in the leading logarithmic
factorisation formula in (8.1) is given in (5.7). The expansion of this result in €, presented
in (5.11), shows that already at the lowest order in the oy expansion the soft function S;
contains a divergence. This divergence is interpreted as mixing of the S7 soft function into
the S, soft function [40], which in turn is defined as

dixoemosz/z —2 1

S () = N (OIT [Y{(*)Y_(°)] T Y (0)Y,(0)] [0).  (82)

47 20 — ie

This object is related to the leading power soft function, that is given in equation (3.30),
by a factor of —2i/x°. This factor provides a O(\?) power suppression and leads to
the appearance of the theta function, 6(€2), in the tree-level result for this auxiliary soft
function, S,,(2) = 0(2) + O(«q,), that is needed to cancel the divergence in (5.11). At
leading power, the introduction of such auxiliary soft functions is not necessary, as the
soft function in (3.30) is not divergent at tree level. Hence, the appearance of such a
soft function beyond leading power could seem peculiar. However, we note that similar
functions with collinear fields were needed in the renormalization of subleading gluon jet
functions [152]. Moreover, the S, soft function in (8.2) is the position-space and Drell-Yan
process equivalent of the “f-soft functions” which were introduced in [54] for the treatment
of thrust distribution at subleading-power .
The soft functions are renormalized by writing

S (€2, 60 ren = Z/dQ’/dw; Zap(,wi @) S, are (8.3)
B

where wi,w} denote sets, that could possibly be empty, of continuous variables which
parameterise the non-locality of the soft functions. This is in addition to the dependence of
the particular soft function on 2. The number of arguments w; could be different than the
number of arguments wj. The integration in (8.3) is over all w} that the bare soft function
depends on. If the dependence of the soft function is only on €, then the integration [ dw
is omitted. Focusing now on the case at hand, the S; soft function satisfies

S, ) pen = / asY / dw' Zy.1(,w; Y, w') S1(, ) pare
n / A Z1 (9, w; ) S () pare (8.4)
with

Z11(Q,w;Q,0") =0(2 — Q)d(w — ') + O(ay), (8.5)
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Z10(Q,w; ) = 5(Q — )(w) + O(a?). (8.6)

OésCF 1
2T €

The first term on the right-hand side of (8.4) is known as the “diagonal term”. The term in
the second line of (8.4) is called the “mixing term” and it subtracts the divergent part of
the diagonal term present in the first line. This procedure results in a finite, renormalized
soft function at O(as).

The complete one-loop anomalous dimension matrix for the above soft functions
required for LL resummation at next-to-leading power is derived in appendix A.2 of [40].

A priori, one could also expect that the kinematic soft functions, Sk (£2), Sk2 (€2), and
Sks () defined in equations (3.77), (3.78), and (3.79) respectively, could also contribute
to leading logarithms at next-to-leading power. Each of the three soft functions Sk;(2)
vanishes at tree-level order, O(a?). However, they all mix into S,,(£2) through a 1/€ pole
at O(as). The one-loop order results for the three kinematic soft functions are separately
divergent, and each produces a next-to-leading power leading logarithmic contribution
at O(as). Concretely, in section 5.1.2 we have explicitly calculated the kinematic soft
functions contributions and found the following results

Sin (@) = Y (1 F2ml )0 (0) + Oa?), (8.7)
Siea () = “;iF (‘Z’ F6I L 16)60(2) +0(), (8.5)
Sk (Q) = O‘;iF (-‘: 85 )0(2) + 0a?). (8.9)

However, we note that when these contributions are summed, the divergences cancel and
the contribution of all three kinematic corrections taken together is finite

Qg CF

ij Ski(©) =221 9(0) . (8.10)

™

Therefore, these three kinematic soft functions do not contribute to the series of leading
logarithms in the Drell-Yan cross-section. The kinematic soft functions all come from
the same Sp(x), hence the diagonal renormalization of all three kinematic soft functions
involves the same cusp anomalous dimension. The general structure of the renormalization
group equation then ensures that the cancellation of the leading logarithmic contributions
coming from the kinematic soft functions in the Drell-Yan partonic cross-section Ay z(2)
(however, not 6,5(z) as Sks does not exist for 6,5(z)) holds to all orders in s, see appendix
A1 of [40] for more details.

Lastly, additional power corrections do arise from expanding the hard matching
coefficient H(3) = H(Q?) + Q*(1 — 2) H'(Q?) + O(A\*), as is described by equation (3.76).
However, similarly to the first three kinematic corrections, these terms do not give leading
logarithmic contributions at next-to-leading power. The reason for this occurrence is the
fact that the tree-level leading power soft function is given by 6(1 — z). This delta function
sets the O(a; In(1 — 2)) term, which H'(Q?) starts with, to zero. Any further term which
comes from the product of (1 — z)H'(Q?) with the leading power soft function can at most
contribute at the next-to-leading logarithmic accuracy.
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To summarise, we have shown how there are no leading logarithmic contributions to
the Drell-Yan partonic cross-section coming from the kinematic correction part AXT,(z).
Therefore, resummation at leading logarithmic accuracy at next-to-leading power is
achieved by obtaining all order results for the objects appearing in the dynamic contribution

to the partonic cross-section A", | (z) given in equation (8.1). We focus on this next.

8.3 Resummation

The necessary ingredients are now in place for us to sum the leading logarithms at
next-to-leading power to all order in perturbation theory. The logarithms in the cross-
section originate from ratio of scales which are present in the process. Here, we use
the renormalization group equations (RGEs) for the hard and soft functions to sum the
logarithms. This is done by evolving the hard function from the hard scale p; ~ @ and the
soft functions from the soft scale s ~ Q(1—2) to a common collinear scale, p. ~ Qv/1 — 2.
We chose i, to be of the order of the collinear scale for convenience, this way no large
logarithms appear in the collinear function and we do not require the RGE of the collinear
function. We focus on the expansion of the quantity A(z) = (z)/z as is customary in the
literature. Moreover, this simplifies the discussion since, as we have explained above, the
kinematic corrections cancel at leading logarithmic accuracy for A(z), which, on the other
hand, is not the case for &(z).

We have found in section 3.2.2 that only the leading power J4? hard current contributes
to the Drell-Yan cross-section at next-to-leading power. Therefore the RGE for the hard
matching function H(Q?, p) is given by

d
dln p

2
H(Q* p) = <2rcusp In ffz + 27) H(Q* 1), (8.11)

which follows from the anomalous dimension of the leading power SCET JA4° operator.

It is known that the time-ordered products formed by insertions of subleading power

Lagrangian terms with the J4° operator do not mix into subleading power currents [87].

This is in agreement with the fact that the power-suppressed current operators, such as

JAY and JB', do not appear in the next-to-leading power factorisation formula at leading

logarithmic accuracy. In fact, as we have pointed out, we have found that the subleading

power currents do not contribute at any logarithmic accuracy at next-to-leading power.
The anomalous dimensions are given by

3 o

Fcusp = %CF + O(@§)7 Y= CF + O(C(?) (812)

™

We denote the MS QCD coupling at the scale y by . The general solution to the RGE
for the hard matching function in equation (8.11) reads

2

—2ar (pp 1)
HIQ ) = oo 5o~ 20 o] (S) T H@w), 833
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where [24]
as(p) or
L arcuSp(a) do!
S(v,p) = as(/y)d o as/y) S (8.14)
"1 Do) 1)
ar(v,p) = — /da(gs(z), ay (v, p) = — /daﬂ(a)' (8.15)

s (V) (o7 (V)

Up to leading logarithmic accuracy, we can set ar and a, to zero, and evaluate S(v, i)
with the one-loop approximation to the cusp anomalous dimension and the beta function
given by

d Boa? 11 2
s S = 2 == 7NC - - . ]_
Blow) = g L0, =g NSy (5.16)
These approximations give the following result
Crp 47 as(v) as(v)
S ) = o —— (1 — +1In . 8.17
W1 = Fam ' aw T e S0

As we have described above, the S; soft function mixes into the S,, soft function.
Therefore, to evolve S it is necessary to solve the coupled system of RGEs derived in
appendix A.2 of [40]

(8.18)

dlng \ Sy (Q) a 0 4Cx1n £ Sy (Q)

S

d ( Sy (€, w) ) _ o 4Cr 1“5 —Cro(w) < S1 (9, w) ) '

The scale p here is an arbitrary soft scale O(Q(1 — z)). A general solution for a coupled
system of equations of this type has been derived in appendix A.1 of [40]. We make
use of this solution to write down the final expression for the S; soft function at leading
logarithmic accuracy

SHA(Q, w, 1) = QBC;FIH s (W) exp [~4S (1, )] O(V3(w). (8.19)

Here, the scale p can be chosen freely, and does not necessarily have to be of order of the
soft scale Q(1 — z). If that is the case, the solution then sums the large leading logarithms
In(p/ps) to all orders in perturbation theory.

The expressions for the solved RGEs for the hard and soft functions can now be used to
evaluate the next-to-leading power partonic cross-section which is given by its dynamical
contribution in (8.1). All the quantities are evaluated at the collinear scale as indicated
n (8.1). Inserting the tree-level result for the collinear function given in equation (4.19),
J1(,01) (xanapa;w, fte) = —1/(xzonypa), and using x,nipas = Q + O(Q(1 — z)) we arrive at
the following formula

A%TP_LL(,Z) = —4H(Q* 1) /dw S1(Q(1 — 2);w, pe) - (8.20)
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We now insert into the above formula the leading logarithmic solutions for the hard H(Q?, i)
and soft S1(Q,w, p) functions, given in (8.13), (8.19) respectively. This procedure yields

8CF

ANLP LL( ) = —exp [4SLL(Mh7Mc) - 4SLL(MS7HC)i| X Kln o ( )

2
’€

h(1—2z), (821)

where we also used H(Q? ) = 1+ O(ay). The scales appearing above can be set to
pn = Q, s = Q(1 — z), and p. = Q+/1 — z up to next-to-leading logarithmic corrections.

At this point, we draw attention to the fact that the result in equation (8.21) is not in
its most general form. This is because it implies that the factorisation scale p in the PDFs
must be set to the collinear scale given by u. = Q+/1 — 2. However, the scale dependence
in (8.21) can be restored to an arbitrary scale p using the evolution equation for the
partonic cross-section

dliuaab Z 1) Z/ dw( ca Ucb( ,u>+Pcb( )Ga <Z u)) (8.22)

where the objects P, are the Altarelli-Parisi splitting kernels. The details of this analysis
are presented in [40]. The important point is that in the end, the functional form of the
result in (8.21) remains the same and the only change is to replace the collinear scale fi,.
by an arbitrary scale p. For concreteness, we find

_SCF Qs (:u) _
B In o) 0(1

This result for the summed next-to-leading power leading logarithms is one of main results
presented here.

We make one more observation regarding the above result. Since the form of (8.21) and
(8.23) is identical, we deduce that the collinear function cannot contain leading logarithms
when it is evaluated at an arbitrary scale p which is different from the collinear scale pi..
This fact can be verified by inspecting the one-loop collinear function result in (4.85).
Indeed, no leading logarithmic a,In? term is present in that expression which validates
the assumptions made in the derivation of the resummed result.

A in(zm) = exp [4SY (i, i) — 48 (s, )] 2) .(8:23)

8.4 Fixed-order expansion

The next step in our analysis involves the expansion in ay of the resummed next-to-leading
power cross-section obtained in the section above. This is done in order to check our
result against known expressions obtained with fixed-order calculations of the partonic
cross-section, and to give explicit new results that go beyond the ones at fixed .

In order to produce the fixed-order logarithms from our result in (8.23), we expand
the ratios of the running strong coupling into a series in «as(u) and logarithms. At leading
logarithmic accuracy, the following approximations can be made

aSOF ].Il2 & iln P (/‘Ll) _ 1 ILL2

SLL - _
(Mlvﬂ?) o (11 ) 50 OZS( 2) 27‘(‘ ,Lbl

(8.24)
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We do not indicate the exact scale of o, on the right-hand sides of the above equations,
since the precise value of this scale dependence is a NLL effect. With p taken to be the
free renormalization and factorisation scale, the next-to-leading power cross-section in
(8.23) then reduces to

OCSCF % asCF 2 MK
AW (2, = exp l—Q In? 1 exp [—I—Z In* —
NLP LL( N) - I - s

O ) Bs giq _ 4y (8.25)

X (—4) - .

It is an interesting observation that the two exponential terms cancel to leading logarithmic
accuracy for the special choice of the scale u = p.. Then the next-to-leading power leading
logarithmic series becomes very simple

&SCF

Axip(z, ) = —2 In(1—2)0(1—=2). (8.26)

(e

However, we also provide results for arbitrary scale u. We expand (8.25) along with setting
pn = @ and ps = Q(1 — 2). For brevity, we also define L, = In(x/Q). We then find for
the expansion of (8.25)

n Qg
A%yLPfLL(Zv,u) = —0(1—2) {40F7T

In(l—z2) — LM}

2
+8C% (O;:) {ln?’(l —2) = 3L, In*(1—2) + 212 In(1 — z)}

3
+8C% ((::) {1115(1 —2) = 5L, In"(1 —2) + 8L, In’(1 —z2) — ALY In*(1 — 2)

16 g\
+ ?C% (77) [ln7(1 —2) = 7L, In°(1 —2) + 18Li In°(1 - z) — QOLi In*(1 - 2)

+8LA (1 — z)}

8 as\°
+ 502 (W) {1n9(1 —2) = 9L, In%(1 — 2) + 32L, In"(1 — 2z) — 56L) In°(1 — z)

+48L% In°(1 — 2) — 16L), In*(1 — 2) ] } + 0(a® x (log)'"y,  (8.27)

where (log)!'! stands for any combination of the two logarithms, L, and In’(1 — z), to the
11th power.

We now detail how our expanded leading logarithmic results at next-to-leading power
can be compared to those existing in the literature. We begin with the first two lines
of (8.27), these can be compared to known exact results in [116]. For reference, our A(z, u)
corresponds to Aj(z,Q?, M?) in the notation of [116], where ij = ¢q, © = 2, and the hard
scale is given by M = u. To be more precise, the O(ay) result in the first line of (8.27) is
in agreement with equation (B.29) of [116] and the O(a?) terms in the second line of (8.27)
are in agreement with those in equation (B.31) found in [116]. The agreement is up to
subleading terms in the expansion in logarithms, as our resummed expression captures
the leading logarithmic contributions. Next, our O(a?) term confirms the conjecture
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[153, 154] that the leading logarithm at this order is given through the inclusion of the
next-to-leading power term in the Altarelli-Parisi splitting kernels within the standard
leading power resummation formalism. The O(a?) and O(a}) terms with L, = 0 have
already been given in equations (B.4) and (B.5) of [155]. These results were based on
the observation that the “physical evolution kernels”, which govern the scale dependence
of a given quantity in terms of the quantity itself, exhibit only single logarithms in the
threshold region, as z — 1, to the respective order in the strong coupling expansion. Our
direct derivation using factorisation and RGE methods also agrees with these expressions.

The O(a?) term in the last two lines of (8.27) is a new result. Moreover, the expansion
to any desired order can be easily obtained from (8.25).

8.5 Resummation beyond LL at NLP

By construction, the purpose of a factorisation theorem is to serve as a stepping stone
towards the ultimate goal of obtaining results valid to all orders in perturbation theory.
As we have demonstrated above, resummation can be achieved via renormalization group
evolution techniques once the contributions to the cross-section are separated into single
scale objects. It is often the case that the soft-collinear factorisation involves convolutions
C ® F of hard with collinear functions, as occurs for example in deep-inelastic scattering
and in the relation between PDFs and partonic cross-sections. Soft-collinear factorisation
can also involve convolutions J ® S of jet and soft functions, as is the case for radiation
from jets in the final state. In the process of resummation, each object is renormalized
separately from the others. In dimensional regularization, the poles are subtracted and we
solve a renormalization group equation for the renormalized factor which can also have
the form of a convolution. The summation of large logarithms is then achieved through
scale evolution of one of the objects from its own characteristic scale, to the characteristic
scale of the other object. The last step in the procedure is to perform the convolution
between the two factors.

It is clear that a necessary requirement in this procedure is that the final convolution
between the renormalized objects is itself well defined in four dimensions, without the
need for any extra regularization. However, as we show in what follows, it has been
observed [65] that the final convolution integral between the soft and collinear functions
in the next-to-leading power factorisation formula for the Drell-Yan process is not well
defined. Issues arise at next-to-leading logarithmic accuracy in the diagonal gg-channel,
and are already manifest at the leading logarithmic accuracy in the off-diagonal gg-channel.
In a perturbative setting, the endpoint-divergent convolution integrals have been reported
in the study of the exclusive decay B — x.;K [156] and in the study of non-local power
corrections to the inclusive radiative decay B — X,y [157].

In order to pin point the issue here, we focus on the functional form of the collinear
and soft functions appearing at NNLO in the one-loop collinear times one-loop soft term
in the factorisation formula written in (3.95). We first consider the diagonal gg-channel
and use the one-loop collinear function result, J1(,11)> given in equation (4.84) along with
the soft function taken from equation (5.7). Stripping off the factors which do not depend
on the convolution variable w, the final convolution integral between the soft and collinear
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functions reads

{ - 1 1
/0 dw (n+p (.U) w1+5 m . (828)
v —_— ———

collinear piece _
soft piece

Evidently, the integral can be well defined using a regularization prescription such as
dimensional regularization in which we keep exact ¢ dependence. Indeed, in chapter 7
we have obtained and reproduced the fixed-order NNLO next-to-leading power results
by performing the dw convolution integral in d-dimensions. However, as outlined above,
this procedure is unsatisfactory from the point of view of resummation, in which the
parts originating in the collinear function, (nypw)™¢, and the parts originating in the
soft function, w™17¢ (Q — w)~¢, are treated independently. Following the renormalization
procedure, we must first expand each in € to subtract the divergent parts and define
renormalized functions. It is at the point of expansion in € that we encounter a complication
if the procedure is applied to (8.28). We see that the expansion in € of the 1/w!** factor
in the soft piece yields the standard plus distribution, whereas the expansion of w™¢ factor
in the collinear piece gives rise to a logarithmic contribution. In combination with each
other, these contributions lead to a divergent integral [ dw d(w)In(w) and other ill-defined
integrals.

We can expose the issue in a more explicit manner by making use of the e-expanded
one-loop collinear function which can be found in (4.85) and the e-expanded one-loop
soft function given in equation (5.11). We write both of these results again below for
convenience. For the collinear function we have

.1 4
1Y (nip; w) = ZTT o) (OF (6 +5—4In (nﬁ;“» - 50,4) + O(e), (8.29)

and

O./SCF

S (Q,w) = (2 §(w) 6(Q) (—1 +1In (Q%ﬁ)) +2

4 wly

O(w)0(2 — w)) (8.30)

for the soft function. We now use these expanded expressions as ingredients in (3.95)
and perform the final convolution integral in the variable w. We then find the following
expression

dyn(?)z:ag 2—¥—§—n—z— wwnﬂ
M) = o ((JF< - 6[5 $In(1 — z) 4/d O(w)] <Q>D

4
+ CuCr 60 + (’)(60)) (8.31)

where we have set the scale yp = @) as in chapter 7 and have only displayed the pole terms
in e.

We discover two ways in which this result is problematic. The first clear point of failure
we have raised in the discussion above, namely the fact that one the terms which contains
a 1/e divergence is completely ill-defined as the € pole is multiplied by the divergent
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integral [ dw d(w)In(w). Second, less obvious issue, is that the coefficients of the C'%/¢?
and CrC4 /€ pole terms, which are not themselves divergent, are different from the correct
result given in equation (7.10). We recall that the result in equation (7.10) was obtained
by performing the convolution in d-dimensions and only after expanding the resultant
expression in e.

It may seem possible that the issue could be resolved by moving factors of w between
the soft and collinear functions. Indeed, it is possible to move integer w powers from the
collinear to the soft functions by changing the power of 1/in_0 factor in the definition
of the soft function. However, this does not solve the issue to all orders in perturbation
theory, as factors of w™" tied to the collinear function will always appear at the n-th order
in the strong coupling expansion.

The above analysis clearly shows that it is not possible to calculate the next-to-leading
power logarithms of (1 — z) correctly to arbitrary logarithmic accuracy using the standard
renormalization methods and convolutions defined in four dimensions. This situation is in
stark contrast to the leading power case, where the extension of the resummation to any
logarithmic order is a technical challenge of obtaining results for the relevant ingredients at
high loop orders. However, although it is not possible to sum the logarithms of (1 — 2) in
Drell-Yan production to arbitrary accuracy, it is possible to sum the leading logarithms in
the gg-channel [40], as we have shown in section 8.3. It is also possible to sum the leading
logarithms in the diagonal gg-channel in Higgs production via gluon fusion [41], which
will be explored in chapter 9. The summation of leading logarithms in these channels is
possible as only the tree-level collinear functions are required and the loop corrections to
the collinear functions do not themselves contribute to the leading logarithmic series. This
fact is manifest in equation (8.29), the highest logarithm appearing is a;In (nypw/u?),
which contributes only at the next-to-leading logarithmic level to the cross-section. For
this reason the ill-defined convolution prevents the extension of the resummation formalism
beyond the leading logarithmic series in the diagonal channel. We see that the convolution
itself is divergent and a subtraction procedure is needed. The convolution contributes to
the next-to-leading logarithms, which implies that these cannot be fully obtained from
individual renormalization group equations for the collinear and soft functions.

With the above considerations in mind, we could attempt to find an all order expression
for the Drell-Yan cross-section at threshold in the off-diagonal gg-channel. However, we find
that the complications regarding the ill-defined convolution which hamper the resummation
at next-to-leading logarithmic accuracy in the diagonal gg-channel, already play a role at
the leading logarithmic accuracy in the off-diagonal channel. Indeed, the issue becomes
transparent when we consider the result for the one-loop collinear function in the gg-channel
given in equation (4.109), which we write here again for convenience

(1) . o Qs 2 2 nypw 2 [M4PW
Gy (Nipiw) = _M{CFLQ_GOIl( 2 )—1>+ln ( e )
2 2 1
—2In 4D —W——i—5 —Cy|l=—-1(2In s e -1
12 6 e € 112

+1In? ("”;w) “In ("*pw> —7T2+2]}+O(6). (8.32)
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We see that in this expression there appear terms of order a; In? (nypw/pu?), as opposed to
only terms of order a In (nypw/p?) in the result for the one-loop collinear function for the
qg-channel in (8.29). The oy In? (nypw/p?) terms from the collinear function contribute
to the leading logarithmic series in the gg-channel and spoil the resummation already at
this accuracy.

Despite the issues regarding the use of factorisation formulas for resummation, the
next-to-leading power factorisation formulas for the gg-channel and the gg-channel derived
in this work consistently factorise the different momentum scales appearing in the Drell-Yan
process at the level of regularized matrix elements of the collinear and soft operators. For
this reason these justifiably are valid factorisation formulas.

This concludes our specific example regarding the emergence of divergent convolutions
in the Drell-Yan production at threshold. However, the appearance of endpoint divergent
convolutions is ubiquitous in next-to-leading power investigations and an active area of
research. Recently, leading logarithms at next-to-leading power in the off-diagonal parton-
scattering channel ¢ + ¢* in deep-inelastic scattering were resummed using d-dimensional
consistency relations and refactorisation techniques [66]. These expressions are in agreement
with earlier results obtained using diagrammatic techniques [134, 158, 159] and confirm the
curious appearance of Bernoulli numbers in the quark-gluon splitting function. Another
type of divergent convolution integrals with the hard matching coefficients is discussed
in [88]. The endpoint contributions in event shapes were studied in [135], and factorisation
at subleading power, treatment of endpoint divergences, and next-to-leading logarithmic
resummation in h — 7y decay were recently reported [56, 57, 62].






9

Higgs production: resummation at
next-to-leading power

In the previous chapters we have presented in detail the effective field theory framework
for threshold resummation at next-to-leading power. Thus far, we have concentrated
on the case study of the Drell-Yan process in the diagonal and off-diagonal channels.
In this chapter we broaden the scope of our investigations and implement within the
next-to-leading power framework the process of Higgs production via gluon-gluon fusion
at threshold.

The Higgs boson was the last piece of the Standard Model to be discovered, however,
questions about its nature such as the coupling to other particles and shape of potential
are still currently studied. It should then not be surprising that also on the side of
theoretical computations the Higgs production cross-section has attracted substantial
attention [160, 161, 162, 163]. In the fixed order perturbation theory it is known at N3LO
in the heavy-top approximation [12, 164, 165, 166, 167] and the leading power threshold
resummation is at the N3LL accuracy [23, 25, 168, 169, 170, 171]. As such, it is one of the
most precisely computed observables in hadron-hadron collisions to date.

With these considerations in mind, it is clear that the Higgs production via gluon-gluon
fusion is important to study both due to its phenomenological relevance and as a test
ground for application of new theoretical methods. Hence, we dedicate this chapter to
the discussion of the next-to-leading power factorisation and resummation for the Higgs
production process in the threshold regime. The analysis presented here largely follows the
one presented in the previous chapters for the case of virtual photon production, therefore
to avoid repetition we will focus on the similarities and differences between these two
processes. In addition to the analytic considerations, in the last section of this chapter we
explore the numerical contribution due to the next-to-leading power leading logarithms
and find that it is not negligible compared to the numerical size of the leading power terms.
Bulk of the considerations presented in this chapter have been published in [41].

The outline of this chapter is as follows. In section 9.1 we follow section 3.2 and derive
the next-to-leading power factorisation formula for single Higgs production in gluon-gluon
fusion. A notable difference to the derivation presented in section 3.2 is that here we
target the leading logarithmic contributions for the outset. In section 9.2 we first perform
the resummation of the next-to-leading power leading logarithms via renormalization
group evolution of the hard, soft, and collinear functions and later expand the obtained
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expression for the resummed result in the strong coupling constant, as. The latter serves
as a check of our final all-order expression through a comparison against the fixed-order
results found in literature. Lastly, section 9.3 contains the details of the numerical study
regarding the contribution of the next-to-leading power leading logarithms to the threshold
Higgs production cross-section.

9.1 Factorisation at next-to-leading power

We begin with the derivation of the next-to-leading power factorisation formula for Higgs
production in gluon-gluon fusion at the leading logarithmic accuracy. To this end, we
consider the following process

A(pa) + B(pg) — H(q) + X, (9.1)

where A(pa), B(pg) denote the incoming protons with momenta p4 and pg, H(q) is the
Higgs boson produced in the collision between the two protons with momentum ¢, and
X describes the unobserved QCD final state. The hadronic cross-section for the process
described here is given by

«

2 . .
o 576;1)2 zb:/(] dx“/o dxy fasa(a) oy (n) Gap(2)- (9.2)

Similarly to the corresponding equation for the Drell-Yan process given in (3.27), the
fisi(z;) here are the parton distribution functions. Higgs vacuum expectation value is
denoted by v and its value is given by v? = 1/(v/2GF), where G is the Fermi constant.
As in the Drell-Yan analysis in preceding chapters, the strong coupling constant without a
scale argument, o, denotes to the strong coupling constant at the MS scale p. In the work
presented here, only the diagonal gg-channel of Higgs production is considered. Therefore
the indices a, b can be dropped in what follows.

The production of a Higgs boson in gluon-gluon fusion in mediated by a top quark
loop, through which the Higgs boson and the gluons are coupled. As depicted by the first
arrow in the diagram in figure 9.1, we work in the heavy-top-quark mass limit m; > my,
in which the coupling of the Higgs boson to the pair of gluons is given by the following
effective Lagrangian term

as H 4 pywa
‘Ceﬂ“ = Ct (mt7 :u) E;FMVFM : (93)
The matching coefficient Cy (my, p) is
Oy (my, 1) = 1+ 2(5C, — 3CF) + O(a?). (9.4)

47

In the same fashion as in our Drell-Yan analysis, the partonic cross-section denoted
by 6 = 6,, is also a function of the dimensionless variable z = m3 /5. The invariant
mass Q? is replaced by m?% from the Drell-Yan case, however the partonic centre-of-mass
energy squared remains identical, § = x,x, s. The incoming gluon momenta are given by
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my > my, z—1 c

Figure 9.1: The progression of the effective field theory description. In the first step, we assume
that the mass of the top quark is much larger than the mass of the Higgs boson,
and so it is integrated out. In the second step, we consider the kinematics in the
threshold z — 1 regime, for which SCET is the appropriate framework.

Pl = xoy/snt /2 and pli = xp4/sn! /2 where the variables z, and z;, measure the momentum
fractions of the gluons in their respective hadrons.

As in the Drell-Yan resummation, presented in chapter 8, the aim here is to sum the
next-to-leading power leading logarithms in the series 3°°, >*""d,,, In™(1 — 2). The
starting point for our analysis is the cross-section for Higgs production which is written as
follows

1 B IV
7= 53 | Gapsm SIHXIABLCR' a5 —g =) (05)

The squared matrix element is itself given by the following expression in terms of the QCD
fields

1447202
X ;<AB| [F P ] (0)[X) (X | | F ™) (0)| AB). (9.6)

S xR — WG

Following the discussion on the construction of N-jet operator basis in section 2.4.1, the
QCD operator here, namely F] ﬁ,F mA - is matched onto the SCET operators. Only one
operator is needed at leading power, which we give here for concreteness

FA FA() = / dtdi CA(1,7) JA(t, 7)), (9.7)

where
T4, E) = 29, m_ DAL (In_) ny DA (in) (9.8)
Cnyp,n_p) = /dt df e~ rP)=itn-P)t GAO (¢ 1y (9.9)

The A%, field is the collinear-gauge-invariant transverse collinear gluon building block
of SCET given in equation (2.49). As we have shown in the rightmost diagram of figure 9.1,
this leading power operator sources a collinear and an anticollinear field. The operator is
non-local along the respective light-ray directions and the derivatives acting on the collinear
and anticollinear fields correspond to their respective large momentum components. The
hard matching coefficient in equation (9.7) in position space is given by CN'AO(t,t_ ) =
§(t)6(t) + O(a,) which in momentum space takes the form C4%(n p,n_p) = 1 + O(ay)
according to the Fourier transform in equation (9.9).
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At subleading powers in position-space SCET, the matching equation relating the
hard gluon-gluon-Higgs vertex to the SCET operator in (9.7) must be extended to include
operators of the JAm, JB» J¢™ . — type, where we have at least one n > 0. This
subleading power basis was described in section 2.4.1 based on the construction developed
in [86, 87, 88].

The discussion regarding the appearance of collinear functions first at next-to-leading
power presented in section 3.1.2 applies also to the case at hand. The central objects are
again the time-ordered product insertions of the subleading power Lagrangian terms which
induce a collinear scale in the threshold loops. Similarly to the ¢qg — ~* investigation, the
leading logarithms in the dynamical part of the cross-section for Higgs production come
from the time-ordered product of the leading power SCET current J49 with the O(\?)
Lagrangian terms. For concreteness, we write such time-ordered product operator here
again

T3 (4,F) =i / d'2T | Jao(t, %) L2 (2)]. (9.10)

As before, the index j labels the various terms in the next-to-leading power Lagrangian
LP)(2) given in [73]. In practice, we add the operator in (9.10) to (9.7) which, once we
consider the appropriate matrix element, extends the accuracy of the amplitude to contain
the next-to-leading power leading logarithmic terms.

In the next step, the decoupling transformation [71] is used to separate the soft and
collinear sectors of the leading power Lagrangian. Here, the required field redefinition is
one where the adjoint soft Wilson lines ), ()_), defined below, multiply the (anti)collinear
gluon fields. The Y, (Y_) are given by

0
4B (2) = Pexp {gs [00 ds fAB9 np AS (2 + sn;)}. (9.11)

In the derivation of the factorisation theorem, we make use of the decoupled (anti)collinear
fields. In terms of these fields, the leading power hard matching current in (9.8) takes the
form

T T) = 20, YAC(0) n_ 04 (tn_) YAP(0) n 0A"P (tny) . (9.12)

As is the case for the hard matching current, we use the decoupled collinear fields and
the soft-gluon building blocks, given in equation (2.105), to rewrite the subleading power
interaction Lagrangian. The relevant analysis was presented in section 2.4.3 and the
complete Yang-Mills Lagrangian is written in appendix A.1.

In contrast to the derivation presented for Drell-Yan production at threshold, here we
do not derive the next-to-leading power factorisation theorem to arbitrary logarithmic
accuracy before restricting to the leading logarithmic contributions in order to perform
resummation. Rather, we identify the terms in the Yang-Mills SCET Lagrangian which
contribute to the leading logarithmic series from the outset. These interaction terms are
L@M and LQM in the Yang-Mills Lagrangian given in equation (A.1). We write these
again here for convenience

ﬁ@M — _222 tr ([mﬁ _Afjj [n_xin_ﬁ ny BT, AZLD (9.13)

S
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and

Lo, - —2193 r ([maAgj [;cga;w [0, in_08;], AZLD. (9.14)

As in the Drell-Yan analysis, the inclusion of the Lagrangian insertions as interaction
terms in the amplitude calculation leads to a surplus of threshold (anti)collinear fields
with a virtuality too large to be radiated into the final state in the threshold kinematics,
m2 (1 — z) > A% This brings about the need for the introduction of the main new
feature in subleading power factorisation theorems, namely the collinear functions [40, 65].
Discussed at length in section 3.1.2, the collinear functions are defined as the perturbative
matching coefficients in the relation between the threshold (anti)collinear fields and the
(¢)c-PDF collinear fields (with virtuality A?), in the presence of the soft fields (with
virtuality m?% (1 — 2)?).

The soft fields appearing in the Lagrangian terms [’1YM and EQYM, given in equations
(9.13) and (9.14) respectively, can be written in terms of the same soft building block by
an application the equation-of motion identity in equation (3.46). Therefore, despite two
Lagrangian terms contributing to the Higgs production cross-section at next-to-leading
power, only one collinear function appears. This collinear function has the following
operatorial definition

i [ maAw(mn(c&%?M(@ + L8]

- zﬂ/d / () e ( ”*Z> ACPEPE () aLaleB( ). (9.15)
Note the difference between the definition given here for the Yang-Mills collinear function
and one given in equation (3.66) for Drell-Yan. In addition to the trivial change of the x.
to A, , the soft building block is defined without the imaginary i factor. By exchanging
with n, and n_ we define a similar anticollinear function relevant for the anticollinear
gluon field.
In the calculation of the Higgs production amplitude we use Fourier transforms of the
gluon field and the collinear function. The inverse Fourier transform of the gluon field has
been written in (3.98). For clarity, here we use

AP (nip) = [ due " AT (uns), (9.16)

for the collinear gluon field. For the Yang-Mills collinear function, we use the following
relation

ng\ﬁgp (nyp,nipiw) = /dtei(””’)t /due‘i(””’/)“

% /d(n2+2> w(ngz)/2 JYBC’ ( U’TLJQF/Z) (917)

YM pp

The Yang-Mills collinear function arising due to the insertions of the above Lagangain
terms starts to contribute at O(a?). We find for this lowest order result the following
expression in momentum space

. 0
Intgup(naps i psw) = =20 T [P g1y, [2 —2n.p o p} S(ngp—nip)  (9.18)
+
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where Tr = 1/2. The contribution to this result from the ﬁ@M Lagrangian insertion is
(1 —2n,p ﬁip), and the £§?M Lagrangian insertion contributes the remaining 1. As for
the leading logarithmic resummation in the Drell-Yan process at threshold, here we also
only require the lowest order, tree-level, expression for the collinear function.

We are now in possession of all the ingredients needed to write the factorised form
of the next-to-leading power contribution to the matrix element (X| [F o F ’“’A} (0)|AB)
which is a part of the expression given in equation (9.6). Using the fact that the final
state (X is made up of threshold-soft and (¢)c-PDF states, and decomposes as (X| =
(Xs| ® (X, ppr| ® (Xzppr|, we have

dn,p dn dn_p

(X|[FAF] ) lApa) Ba)se = <2 [ TLEL g7 ¢2nipnp)

x [ dn_py(n_p—n_p) n_py (Xepps rAi&EDF<n_pb>|B<pB>>
dw
/dn-i-pa CPDF’Acp PDF(n+pa)‘A(pA)> Jgﬁip(”ﬂ-pv N4 Pa; W) (919)

Am

aB;’f( _)] 0) + c-term .

We focus on the Yang-Mills NLP collinear function given in equation (9.18) and notice
the presence of the derivative which acts on the collinear-momentum conserving delta
function in the square bracket. This derivative is integrated by parts in (9.19) such that
it is acting on the rest of the matrix element. The only n,p dependent term in (9.19) is
the short-distance hard matching coefficient C4%(np, n_p) which has the tree-level value
CAnop,n_p) = 1+ O(ay) as noted below equation (9.9). Since for the resummation of
leading logarithmic series we do not requite the O(a,) momentum dependent contributions
to CA%n,p,n_p), the derivative term in (9.18) can be dropped. In the next step, we
simply extract the momentum, colour, and Lorentz structure of JLBC(nJFp, n,p';w) and
substitute

YBC - rYBC
J f

M pip (4D Mg Pas W) — i 9Lpp Jym(nyPa; w) 6(nyp — nypa) (9.20)

n (9.19). At lowest order, the scalar collinear function JX((-OI\)/[(mrpa;w) has the following
value

JO (nypa;w) = —ATp = —2. (9.21)

Inserting also this result into the expression for the next-to-leading power matrix element
in (9.19) we get

TP DI g1 A, _py)

(X [Fa ] (0) |Aa) Bos)se = 2 [
X N—Pp <X51>DF’A)E(J_EDF<nfpb>’B<pB)> < CPDF’A%_P;DF(n+pa)‘A(pA>>
d ,
X /ﬁJYM(nera;w)/d(mrz) g~ wn+2)/2

X <XS|T[yAX(0)ny(0) fYBC oF azs’;f( _)1 |0) + -term. (9.22)
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This equation can be compared with (3.56) for the Drell-Yan production case. We note
that the expressions are very similar once we account for the fact that Higgs production
entails gluonic initial states, instead of a quark-antiquark pair, and that only a single
collinear function remains at leading logarithmic accuracy.

The next step of the calculation involves squaring the matrix element which yields
the factorised expression for the cross-section in equations (9.5) and (9.6). Gluon parton
distribution functions are obtained by summing over the (¢)c-PDF final state as in the case
of the derivation of the factorisation formula in the gg-channel of the Drell-Yan process in
section 3.3. The d-dimensional expression is given in equation (3.105), however here we
require

2 , Gipp 6
(Apa) A @+ a'n )AL (un)|[A(pa)) =~ 55—
1d . /
></ 20 fa(mg) €@t i) Pa (9 93)
0 T

The sum over the final state soft radiation gives the next-to-leading power soft function
Sym(€2, w) which we define below.

We then perform the integration over n p,,n_p, and strip off the gluon parton
distribution functions. This leads us to the expression for the partonic cross-section, as
defined in equation (9.2), that accurate to next-to-leading power in the threshold expansion.
Including also the leading power term, and prior to performing any expansion in the phase
space, we find

802(mt) d3(7 1 .
5(z) = M ey / S / iy i@apa+epa—0)c
NZ -1 (27)32y/m% + ¢ 2 27
- 2 N
X {So(a:) - \/g/dw Jym(zanipa;w) Sym(z,w) + c—term} : (9.24)

The hard function H(8, uy) here, is given by
H(3, ) = |C(=3) . (9.25)

As only the J4° hard matching current plays a role in the factorisation up to next-to-
leading power, this hard function is the same for the leading power and next-to-leading
power term.

Th leading power position-space soft function that is defined as the vacuum expectation
value of adjoint Wilson lines and with the position argument generalised to 2° — 2# =
(2°, ) is denoted in (9.24) by Sy(z). The Fourier transform of Sy(z) with respect to 2
will be written as So(€2, Z), such that Sy(Q) = Sp(2,0). The next-to-leading power soft
function is represented by Syn(z,w). It is defined as the Fourier transform

~ d(niz . 1 ~
Sya(z,w) = / ( o ) gmitnia)2 i (OSvaile,=)|0) (9.26)

of the vacuum matrix element of the following operator, with an explicit insertion of the
soft building block

YAX(0)y2AY (0) FBC or BiB(z)|.  (9.27)

Sym (2,2-) =T in 0oL

V@)Y A¥ @) T
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The Fourier transform of the next-to-leading power soft function §YM(x, w)|z—0 With respect
to 2V will be denoted as Sym(2,w). We also note that the factor of two which multiplies
the Jym ® §YM term in the second line of (9.24) comes from two identical next-to-leading
power terms in the square of the amplitude.

As we have described in section 3.2.2, in addition to the so-called dynamic next-to-
leading power corrections, there exist kinematic power corrections. These arise from the
expansion of the first line of (9.24) and the combination of the next-to-leading power terms
from this expansion with the generalised leading power soft function gg(az). The relevant
equations in the centre-of-mass frame are the same as for Drell-Yan production in (3.25)
and (3.26). Moreover, as is conventionally done we consider the partonic cross-section
rescaled by a factor of 1/z,

Az) = =2, (9.28)

as we have done for the Drell-Yan case. The kinematic corrections for Higgs production
cross-section are obtained in the same way as for the Drell-Yan production. Hence we
do not repeat the analysis of section 3.2.2. We do note however, that a difference arises
due to an extra factor of § = m?/z in (9.24), which is not present in v* production. This
factor comes about from the derivatives corresponding to large momentum components in
the current operator written in equation (9.8). The extra § factor here can be regarded as
an additional contribution to the third type of kinematic correction in equation (3.71).
We recall that the original K3 arises due to the 1/z factor (9.28). This implies that the
third soft kinematic function, Sk3(€2), given in (3.79) (and (8.9) at its lowest order) is
twice as large. Therefore, in the sum of all the kinematic corrections, we no longer find
a complete cancellation of the leading logarithmic terms. Instead, the Higgs production
cross-section valid up to next-to-leading power has the following form

A(z) WmH H(m%{){SH(mH(l —z))+njHSK(mH(1 —2))
- m2H dw Jym(xanipa;w) Sym(mu (1l — 2),w) + c-term } , (9.29)

where the sum of kinematic soft functions is now

sC

S (Q) = T4 (—81n By 4) 0(Q) + O(a?). (9.30)
27 Q

Hence, we find that, in contrast to the Drell-Yan case, the kinematic corrections do

contribute to the next-to-leading power leading logarithmic series in the Higgs production

cross-section at threshold.

9.2 Resummation

As in section 8.3, the resummation of the next-to-leading power leading logarithms in Higgs
production is achieved via evolution of scale-dependent functions in (9.29) to a common
collinear scale pu. ~ mpg+/1 — z using renormalization group equations. A difference
regarding the scale evolution in Higgs production with respect to the analysis performed
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for the Drell-Yan process appears due to the ggH vertex given by the effective Lagrangian
in equation (9.3). We see the presence of an additional short-distance coefficient Cy(m;)
which appears both for the leading and next-to-leading power contributions. At a generic
scale i, the C} coefficient has the value (see, for example [168])

5(%(“)) a2 (pe)
oz () 5(043(%5)

Cy(my, 1) = ) Cy(my, ). (9.31)

The initial condition at the scale u; ~ my is given by Cy(my, ;) and where

d Boor?
g aS g —2
dln 4dr

11 2
+0(?),  By=—-N.—n;. (9.32)

Bla) V=3

The evolution of the hard function H(m?) from the hard scale, u, ~ my, to the
collinear scale, 1. ~ my(1—2)'/2, is almost the same as for the case of Drell-Yan production.
The only difference in the hard RGE between the two processes is the relevant colour
factor. Therefore, for Higgs production up to leading logarithmic accuracy we simply
change Cr — Cy in (8.13) and (8.17). Concretely, here we need

H(miy, 1) = exp [4S™ (pn, )| H(my, ) (9.33)
with o4 ( ) ( )
S* (v, p) = 573065(1/) (1 — () +In ozs(,u)> ) (9.34)

Finally, it remains for us to consider the evolution of the next-to-leading power soft function
and the contribution from the kinematic corrections. The generalised soft function required
for Higgs production, written here in equations (9.26) and (9.27), has the same form as
one encountered in the v* production discussed in section 8.2. We note that the difference
between the two cases is the appearance of Wilson lines in the adjoint rather than
fundamental representation. The evolution of the soft function is again from the soft
scale, p15 ~ mp(1— z), to the collinear scale, . ~ my (1 — 2)'/2. Similarly as for the hard
function case, the structure of the RGE for the soft function necessary for resummation at
leading logarithmic accuracy and the O(ay) result for the soft function is the same as for
the Drell-Yan case in section 8.2 up to the exchange of the colour factor Cr — C'4.

The NLP soft function in Higgs production is divergent at its lowest contributing
order and mixes into a new type of soft function defined here, analogously to S,,(€2) in
equation (8.2), as follows

dz® . o —21 1
ad o Q)2
See () e/

= [ == T
A 20 —ie N2 —1

(OIT | P (@) Y27 (%) | T | Y25 (0) Y4 (0) |10).

(9.35)
The soft function S29(9) is adjoint-representation equivalent to Sy, (€2) and the leading

logarithmic series is generated in the mixing between the NLP soft function SYM(x, w)
and S24(€2).

We do not repeat the discussion of the renormalization of these soft functions here
which was carried out in section 8.2, it suffices to state that the relevant RGE system is
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given by

1
d < Sunt(9, w) > o 40A1Hz Cad(w) ( Sym(Q,w) ) |
dlnp \  Si(Q) m 0 4C,In 2 (©)

S

(9.36)

The scale ps is an arbitrary soft scale of order my(1 — z). As we have discussed, in
Higgs production the kinematic corrections also give rise to the leading logarithmic series.
Therefore we must also consider the evolution of Sk, for which we find

1
iC,m = —ac
d Sk(€) ) _ s A ! Sk(8) (9.37)
dinp \ S () m 0 aC,m L\ s @) ) '

S

A general solution for a system of RGEs of this type is given in appendix A of [40]. We
then obtain the following leading logarithmic solution for the two relevant soft functions

s = it js(% exp |45 (s 1)] 6(), (9.38)
SEL(Qw,p) = _256;/*1110‘13(% exp |45 (s, 1)) 0(R)d(w). (9.39)

We are now in possession of all the necessary ingredients making up (9.29). Since we
evolve to the collinear scale, the collinear function does not contain large logarithms and
we can use the tree-level result in equation (9.21) and arrive at

Al = S0 Colm ) H, ) { o S (man(1 = 2).) + SEE )

+8/dw Sy (mH(l — z),w,uc>} (9.40)

in terms of the hard and soft functions evolved to the collinear scale. We have inserted
the factor o?(p.)/a? () multiplying C?(my, ii.) in order to compensate for the factor of
a?(p1) that is not included in A(z, y.) but which does appear in the hadronic cross-section
given in (9.2). Another simplification is the appearance of a factor of two multiplying the
second line of (9.40) which arises due to the ¢-term in (9.29) that gives a next-to-leading
power contribution identical the collinear one which we explicitly considered here.

It is also notable that the equation for A(z, p.) in (9.40) is written by assuming that
we do not distinguish between the scale of the effective Higss-gluon-gluon coupling and the
SCET factorisation scale. This in turn implies that the SCET anomalous dimension which
describes the evolution of the hard function H(m?, ;1) must contain a contribution from
the anomalous dimension of the HF'F operator. In this way, the evolution of C?(my, 1)
below the hard scale is compensated for. In a conceptually clearer treatment the two
appearing scales would be distinguished, as is the case for example in the discussion of
tensor quark currents in [172]. However, the final result presented in equation (9.41) is
nonetheless identical in both cases.



9.2. Resummation 195

We continue by inserting the resummed soft functions in equations (9.38) and (9.39)
into the expression for the cross-section (9.40), we arrive at

a?(pe) [/8(045(,%)) o)

A (o) = A p) - >)1 2, )

a2(p) a2(fie) 5(0@(;@
< exp (48, 1) — 45H (s 1) A n 3253 0(1—2), (9.41)

where we have also used H(m?%, un) = 1+ O(ay).

This final resummed result for the Higgs production cross-section can be compared
with the corresponding result for the Drell-Yan case given in equation (8.21). We see that
despite the differences in the derivation between the two processes, in particular regarding
the contribution from kinematic corrections to the leading logarithms in Higgs production,
remarkably the combination of kinematic contributions and the NLP soft function conspire
to give final results which are identical up to the exchange of the colour factors C'r and
Ca.

The main differences between the gg-channel in Drell-Yan production and the diagonal
channel in Higgs production via gluon-gluon fusion at threshold boil down to two points.
Firstly, there is a factor of two difference in the tree-level collinear function due to two
the Lagrangian terms in (9.13) and (9.14). Secondly, the aforementioned contribution
from the kinematic corrections. Both of these differences are related to the presence of
the derivatives in the operator in equation (9.8), and eventually they cancel to give the
expression in (9.41).

The term ALL(2) in the final result in equation (9.41) is the leading logarithmic
contribution to the leading power partonic cross-section. In the present formalism it can
be found in [168]. We are free to set the hard, soft, and collinear scales to u, = my,
ps = my(l — 2), and u. = my/1 — 2 respectively, since the differences in the precise
choices enter only beyond the leading logarithmic accuracy. However, the result in (9.41)
is not in its most general form. This is because in the derivation of the partonic cross-
section we have set the factorisation scale u to the collinear scale p. = my+/1 — 2z, which
implies that the factorisation scale in parton distribution functions is set to the collinear
te = mpy/1 — z scale. Using the scale invariance of the hadronic cross-section, the result
can be translated to an arbitrary scale p, as detailed in [40]. We find that the functional
form of the result for the resummed partonic cross-section at a arbitrary scale u is the
same as the functional form of the result at the collinear scale j.. Similar to the Drell-
Yan production, here the collinear function cannot contribute at the leading logarithmic
accuracy when it is evaluated at a scale p different from p.. We have for the resummed
partonic cross-section

Blas(m) a(u)
ozg(,u) B(Oés(lvbt

x exp |48 (pn, p) — 48 (ps, 1) |

M) = | Drcﬂmt,u»

—8C4 ()
B (i)

The scale of the parton luminosity which is multiplying the partonic cross-section A p(z, )

O(1—z). (9.42)
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is independent of z. The threshold logarithms of (1 — z) arise from setting the scale
ps ~ mpg(l—z).

Having obtained the main result of this section, that is the resummed next-to-leading
power leading logarithms in Higgs production in gluon-gluon fusion in (9.42), we proceed
to expand it in the strong coupling such that we can compare with existing results obtained

at fixed order in perturbation theory. The factors {B (Ozs(u)>/a§(,u) ag(ut)/ﬁ(as(,ut))r

and C?(my, ;) can be omitted here since they are both equal to unity at O(a?) and do
not contribute to the leading logarithmic series at higher orders. This means that the
expansion of the result in equation (9.42) to fixed order in «ay is the same, up to the
exchange of colour factor C'r — C}4, as the expansion we have found for the Drell-Yan
case in the ¢q¢ — ~v* production channel given in equation (8.27). We keep the scale u
arbitrary, and set u, = my and ps = my(1l — z), we then obtain the following expression
for the expansion

Axip(z,p) = —6(1-2) {4C'AO;S In(l—2)— LH}
2
+8C2 (‘;) 0¥(1 — 2) — 3L, In*(1 — ) + 2L2In(1 — Z)}
3
+8C% (i) {hﬁ(l —2) = 5L, In"(1 — 2) + 8L In*(1 — 2) — 4L In*(1 — 2)

16 g\ 4
+3°C4 (W) [1117(1 ) = TL, (1 — 2) + 18L2 (1 — 2) — 20L3 In*(1 — 2)

+8L;, In®(1 — z)]

™

8 as\®
+ gci; ( ) {1n9(1 —2) = 9L, In*(1 — 2) + 32L2 In"(1 — z) — 56L> In®(1 — z)

+48L;, In°(1 —2) — 16L;, In*(1 - 2) }} + O(al x (log)'). (9.43)

In the above we have defined the abbreviation L, = In(u/mpy), and as before in equa-
tion (8.27), the (log)!! takes the place of any combination of the two logarithms to the
11th power.

Our result in equation (9.43) is checked in the following ways. The exact calcula-
tion [173] and the “physical evolution kernels” method [155] provide the N°LO terms.
The relevant equations are in particular equation (2.12) in [173] and equation (B.2) in
[155]. We find agreement between these references and (9.43) at this order. Moreover,
the N*LO expression is provided in equation (B.3) of [155]. The relevant terms in equa-
tion (9.43) are in agreement with this result. The N°LO contribution in the last two lines
of equation (9.42) constitute a new result and an expression at any order in «; can be
obtained by expanding (9.42) without much effort. Our derivation of (9.42) justifies the
methods of [153, 154] which account for the next-to-leading power leading logarithms by
implementing the Altarelli-Parisi splitting kernels up to next-to-leading power accuracy
within the standard leading power resummation formalism.
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9.3 Numerical analysis

As mentioned in the introduction of this chapter, Higgs production in gluon-gluon fusion
is a phenomenologically relevant process for the LHC. It is therefore interesting to study
the numerical impact of the next-to-leading power leading logarithms on the resummed
cross-section which thus far could only formally include the leading power contributions,
albeit to a very high logarithmic accuracy. Hence, in this section, we numerically explore
the next-to-leading power resummed Higgs production cross-section in the large top mass
approximation. We take the centre-of-mass energy at the LHC as /s = 13 TeV, and use
as the mass of the Higgs my = 125 GeV. The cross-section can be written in the following

way
A(pymi tdz (T
== — L] - A . 9.44

7= B5i6m02s /T z ple (z:1) (9-44)

The A(z, i) piece is the partonic cross-section rescaled by a factor of 1/z as we have
defined in equation (9.28) and the term £ (7/z, 1) is known as the luminosity function
which involves the parton distribution functions. Concretely, £ (7/z, p) is defined in the
following way

L(y,p) = /yl C;xfg/A(x>ﬂ)fg/B (i,u) : (9.45)

For the numerical evaluation we make use of the PDF4ALHC15nnlo30 PDF sets [174,
175, 176, 177, 178]. In section 9.2 we have computed the next-to-leading power leading
logarithmic contributions to A(z, p) in equation (9.44). However, in the numerical study
we additionally consider the resummed leading power cross-section at next-to-next-to-
leading logarithmic accuracy. The size of these contributions will serve as a comparison
against the corresponding contributions due to next-to-leading power corrections. The
leading power resummed cross-section is provided in equations (30) and (31) of [168].
The leading power result is composed of a hard and soft functions at one loop order,
the anomalous dimension I'c,s, taken up to and including the third loop order, and the
remaining anomalous dimensions enter at the two loop order. See for example the Table 1
of [24].

The formula for the resummed cross-section at next-to-leading power in (9.42) is a
function of the scales py, pn, e, pts, and the arbitrary factorisation scale p. The scale
e is chosen to be p; = 173.1 GeV and we set u, = o = mpyg. Moreover, as part of our
analysis we consider the scale of yy, to be set to ui = —m? — ie (the —ie is implied in
what follows below). This choice for u; includes factors of 72 in the resummation. These
factors of 7% are associated with logarithmic contributions which are evaluated with a
time-like momentum transfer [168]. As we have already discussed, at leading logarithmic
accuracy, the next-to-leading power cross-section in equation (9.42) does not explicitly
depend on the collinear scale, ., and we do not consider it in the following.

Setting of the soft scale requires some careful attention. In section 9.2 we have applied a
parametric choice for the soft scale. Namely, we set it to ps = my(1—2) and have obtained
the result expanded to fixed-order with this choice. However, as is well-known at leading
power, such a choice is not admissible in the evaluation of the resummed cross-section
due to the Landau pole. We explore this further in Table 9.1 and shortly discuss below.
Instead of applying the parametric s = my(1 — z) choice for the soft scale, we set the
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(pb) orp ONLP

ps =mu(l=2) | ps=pP™ | ps=pP™ | ps=mu(l—2) | ps=pP™ | ps=pP™

pp=mdy | =my | ph=—my pp=miy | pp=my | e =—my

0 (a9 1294 12.04 12.94 - - -
O (a) 4.70 1.95 8.82 4.35 3.57 3.57
@) (az) 6.49 1.72 4.58 7.50 1.38 3.28
@) (ag) 15.35 1.03 2.49 18.67 0.35 1.58
O (ad) 51.09 0.61 1.45 62.97 0.07 0.52
0 (ad) 217.53 0.36 0.87 269.10 0.01 0.13
O (af) 1111.56 0.22 0.52 1376.45 | 0.002 0.03

Table 9.1: Comparison of the LL contributions to the Higgs production cross section in gluon
fusion expanded in powers of as for various choices of the soft and hard scales, and
for LP and NLP, respectively. For the naive choice s = mpg(1l — z) the series does
not converge at LP and neither at NLP, while higher-order contributions decrease
rapidly when using the dynamical soft scale ps = u¥™. Furthermore, we distinguish

the case in which p3 =m?% and pi = —m3,.

soft scale dynamically [179] for which we use

m_ 9 o=
M(si - 51(7_)7 81(7—) =

_wdIn Ly, 1)
dlny

(9.46)

y="

For the value of the Higgs mass set at my = 125 GeV and the centre-of-mass energy at
Vs = 13TeV as given at the beginning of the section, for the dynamically set soft scale we
find u&™ ~ 38 GeV. An alternative way of performing the resummation is to transform to
Mellin space [180, 181], this can be regarded as implicitly setting an effective soft scale.
However, in this case we cannot keep the soft scale independent from the rest of the scales
which appear in the formula. Therefore, we choose to implement the dynamic soft scale
setting procedure and as part of the analysis we explore the effect of changing the value of
the soft scale ps. The relevant plots are given in figures 9.2 and 9.3.

We focus now on the results presented in Table 9.1. In this table, we give the values
of the contributions to the cross-section at each order in ay after having perturbatively
expanded the resummed formula. The goal of this investigation is to ensure that our
choice for the soft scale is indeed suitable. In order to arrive at the numerical values
shown in Table 9.1, we have evaluated both the leading and next-to-leading power results
at the leading logarithmic accuracy. The coefficient C?(my, ;) and its evolution factor,
which is given in the first line of equation (9.42), are both set to unity. The running
coupling constant is taken at one loop. From the second and fifth column in Table 9.1, it
is clear that setting the soft scale to its parametric value of py = my(1 — z) is problematic.
The series is numerically divergent at the leading and next-to-leading power as expected.
From the third and sixth column in Table 9.1 we see that for the dynamically set soft
scale, p; = p®™ the higher order contributions in a, become suppressed. This behaviour
indicates that the expansion of the series is perturbatively convergent as required. We
see that this is the case for both the leading and next-to-leading power contributions. In
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the fourth and seventh column of Table 9.1, we also present the numerical values for the
expanded result found for the case where the hard scale is set to i = —m3,. The different
choice of the hard scale does not cause the convergence of the perturbative expansion
of the leading logarithmic terms to break down. However, we do note that the rate of
convergence appears too slow as at any fixed a, order for p, = pu®", the value for the

S
cross-section is larger for the scale choice ui = —m? when compared with the value
obtained for u; = m3.
We now shift the focus of the investigation to consider the all order effects. Within our
numerical study, we find it instructive to consider a generalised version of the resummed
leading logarithmic next-to-leading power cross-section presented in (9.42). To this end,

we consider AL (2, 1) modified to the following form
5(5345(#)) o (1)

ag('u') 6(05501’25
8Ca, as(p)

8 [s (mar(1 = 2),1.) = 5= 5

The term Snip (m a(l1—2), us> takes care of the initial condition of the evolution equations

AV (o) — [

))] CF (e, uy) exp |4C (S (un, p) — S (us,u))}

Sad(mu(1 - 2), u)] . (9.47)

given in (9.36) and (9.37) for the sum of the next-to-leading power soft function and the
kinematic soft function in equation (9.40) evaluated at the soft scale

SNLP (mH(l — z),us) = Sk (mH(l — Z),M5> — 8/dw SYM<mH(1 — z),w,us). (9.48)

In the following analysis, we choose to investigate two separate initial conditions. At the
soft scale, we can have

A) SNLP (mH(l — Z), us> = 0,

053 S
B) SNLP (mH(l - Z),Ms) = —4C) 2(:: ) In e

m2,(1 — z)? (9.49)

Y

together with Sad (m a(l—2), ,us) = 1. The two initial conditions are equivalent at leading
logarithmic accuracy. We have used the choice labelled by A in the original derivation
above and it reproduces the result shown in equation (9.42). On the other hand, the choice
B ensures that the logarithmic part of the next-to-leading power next-to-leading order
contribution is included for every value of the soft scale ;.

To arrive at numerical values for the resummed next-to-leading power result, we use
the expression for C?(my, 11;) in equation (9.47) at the two loop accuracy. This ingredient
can be found in equation (12) of [168]. Moreover, we use the three-loop S-function for
as. These considerations yield C?(my, u = mpg) ~ 1.22 for C; which has been evolved
to the factorisation scale. For concreteness, the evolved C} is given by the product of
the first two factors on the right-hand side of equation (9.47). The numerical result for
the leading power cross-section is obtained through the implementation of [168]. Here
the C, is required at the soft scale. The value of C; at the soft scale is found to be
C2(my, = ps) =~ 1.80.

The numerical results for the resummed leading logarithmic next-to-leading power
cross-section are presented in Table 9.2. We give the results for the two schemes discussed
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Hs = ngn
7P =iy [ it ==,
o pk 24.12 | 28.04
oN O 28.93
oNLO 29.24
oxip (A) 7.18 12.76
ot (B) 8.82 15.68
o\NLO 11.90
oNLO, 16.27
orptl + okln (A) 31.30 40.80
oNNLL 4 oLy (B) 32.94 43.72
o NNLO 40.82
oNLO 45.52

Table 9.2: Resummed Higgs production cross section in gluon fusion at LP with NNLL, and
at NLP with LL accuracy. For NLP we present the result for the two cases defined
in (9.49). For comparison, we also show the fized-order results for gluon fusion at
NNLO and N3LO based on the THIXS code [182]. In addition, we distinguish the LP
contribution and the difference between the full result and LP contribution (denoted
by non LP) for the fixved-order results.

above, A and B in (9.49), and we compare the obtained values to the NNLL leading power
result. Additionally, we have included the fixed order results at NNLO and N3LO. These
were calculated using the THIxS code [182]. We discover that the leading logarithmic
next-to-leading power correction is sizeable and its value can be as large as 40% of the value
of the resummed NNLL leading power cross-section. We also find that the resummation
of w2 enhanced terms is numerically important. This effect formally reaches beyond the
leading logarithmic accuracy, however, its inclusion in the combined result for the NNLL
LP + LL NLP resummed cross-section yields a final result that is comparable to the N3LO
result [166, 12].

Lastly, we present a study of the dependence of the resummed leading and next-to-
leading power cross-section on the soft scale ps. The relevant plots are given in figures 9.2
and 9.3. We first note that the next-to-leading power cross-section is more sensitive to the
choice of s compared to the leading power cross-section. This is within our expectations, as
only the leading logarithmic terms are available for the next-to-leading power cross-section,
compared to NNLL accurate expressions available for the LP cross-section. Although
the sensitivity to the soft scale ug for the next-to-leading power cross-section is sizable,
the values of the cross-section computed for the two initial conditions A and B in (9.49)
overlap in the region close to us = u®®. For pu2 = m? the combination of the leading and
next-to-leading power cross-sections exhibits a smaller sensitivity to the soft scale p.
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Summary and outlook

At the core of the work presented here stands the investigation of elementary scattering
processes at subleading powers using soft collinear effective field theory. We have largely
focused on the Drell-Yan process near the threshold z — 1 limit, where large double
logarithms of (1 — z) develop and must be resummed to all orders in perturbation theory.
Resummation at leading power has been well understood for some time, and can be
performed at high logarithmic accuracy in the effective field theory framework using
renormalization group equation techniques. However, resummation of subleading power
terms is a relatively recent development. It has been achieved for the threshold Drell-Yan
process in [40] and for event shapes in [54] within the last three years. As the details
presented in this work attest to, the step between a description of processes at leading
power and at the next-to-leading power is more of a leap. As we have seen for the
Drell-Yan process, new objects, the amplitude level NLP collinear functions, emerge in
the factorisation formula, and endpoint divergent convolutions hinder a straightforward
application of standard renormalization group methods to sum large logarithms to all
orders in the strong coupling. Except for special cases, such as the leading logarithmic
terms described here.

A broad understanding of the subleading power corrections can advance the accuracy of
phenomenological predictions for various processes. However, the benefits of the first next-
to-leading power investigations are already clear, as these studies help us to learn about
the intricate structure of gauge theories beyond the leading power regime. Subleading
power investigations can have a positive impact in many contexts. For example, our results
can be helpful in bootstrapping procedures. These techniques aim to derive quantities
of interest, such as cross-sections, by starting with a general ansétze and constraining
them using information from singular limits of QCD. Knowledge about infrared limits
of QCD beyond the leading power regime is therefore desirable for such considerations.
In other contexts, the subleading power corrections have helped to improve subtraction
techniques [47]. Moreover, the emergent issues, such as the divergent convolution problem
and collinear colour non-conservation (the leading pole structure proportional to Cr — C)y
as discussed in section 4.2.2), are interesting to study from the point of view of advancing
our knowledge about quantum field theories in a very broad sense. In particular, due to
the fact that the appearance of endpoint divergent convolutions is so ubiquitous beyond
leading power. Much recent progress has been made in this area of study, including
application of consistency relations and refactorisation to perform resummation [66, 56, 57].

205
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In the h — 7y process, the NLP resummation has been achieved at NLL [61, 62]. A
subleading power four dimensional factorisation formula for the Drell-Yan process at
threshold remains elusive. The considerations presented in this work provide a firm formal
grounding, with a factorisation formula which applies to bare regularized quantities, and
the new relevant ingredients such as the NLP collinear functions and generalised soft
functions computed to an accuracy in «g which enables us to verify the factorisation
formula up to next-to-next-to-leading order, and partly even at N3LO.

The analysis presented here is carried out within the position-space formulation of
SCET. In chapter 2, we have introduced the next-to-leading power SCET framework, and
kept the discussion largely general for NV energetic directions in a given process. This part
highlights the important aspects of NLP SCET. However, the interested reader is directed
to original publications for details [86, 87, 88, 137].

The main contents of this work begin with Part II and the derivation of the formal
all order factorisation formulas for the diagonal and off-diagonal channels of the Drell-
Yan process at threshold presented in chapter 3. These formulas are then specialised to
next-to-leading power and the objects which appear in the factorisation formulas at this
accuracy are listed.

Then, in Part III we present the details of the technical calculations carried out to
obtain results for the objects appearing in the factorisation formulas at fixed orders in
perturbation theory. First, in chapter 4 we compute the amplitude level NLP collinear
functions to one-loop accuracy. These are important new ingredients, which only emerge
at subleading powers. Through the explicit one-loop calculation we confirmed the fact
that no leading logarithms are present in the relevant collinear functions. This knowledge
is subsequently used in chapter 8 in order to achieve leading logarithmic resummation for
the Drell-Yan process at threshold.

Chapters 5 and 6 contain fixed order calculations of the generalised soft functions.
These objects are functions of two scales and their calculations up to next-to-next-to-
leading order in a4 prove to be far from trivial. In particular, the real-real soft parton
emission contributions considered in chapter 6 require us to employ advanced techniques
developed for high order loop calculations.

By combining together the d - dimensional results for the collinear and soft functions,
obtained in chapters 4, and 5 and 6 respectively, in chapter 7 we verify the correctness of
the factorisation formulas for bare regularized objects up to next-to-next-to-leading order
in perturbation theory. Partial N3LO results are presented in section 7.1.3.

With the fixed-order investigations concluded, we continue on to Part IV which consists
of two chapters discussing the leading logarithmic resummation for the Drell-Yan and
Higgs production processes. We begin with the Drell-Yan process at threshold in chapter 8,
where we first restrict the factorisation formulas to include only the leading logarithmic
terms, before setting up renormalization group equations and solving them. This yields
results valid to all orders in perturbation theory. Higgs production via gluon-gluon fusion
is investigated in chapter 9. Here, we first derive the leading logarithmic factorisation
formula and later proceed with similar steps to the Drell-Yan resummation also arriving
at all order results. Our result proves that, to all orders in the strong coupling constant,
the leading logarithmic terms at next-to-leading power are identical to those obtained for
the threshold expansion of the Drell-Yan process in the ¢ channel up to an exchange of
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the colour factor, Cr — Cly4.

Lastly, based on an explicit example, we discussed issues in the extension of the
resummation formalism within the standard paradigm of SCET due to the divergent
convolutions. As we have already mentioned above, this is an active field of research, with
new results appearing recently.

The next-to-leading power investigations of relevant collider processes is a captivating
field of research with plenty of developments still to be made. With the detailed calculations,
discussions, examples, and new results presented here, we hope that this work is a useful
resource in future investigations.
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A.1 YM subleading SCET Lagrangian

The subleading-power gluon self-interaction terms of the soft-collinear Yang-Mills La-
grangian [73| expressed in terms of the collinear and soft gauge-invariant fields are given

by

£l = —gtr([nJﬁAiJ x’iin_aB;,AZLD,

cfh = —pue( oz ]inoB; ).

L’@M = —Q;Etrﬂmﬁflﬁl} na:'inanJrBJ“,AZlD,

Lo - —212tr<[n+8AgJ :m’iwa{ﬁw, z’n_aBﬂ,AZLD,
Lo, = —2;§tr<:n+8./4§l: :xiwa{Bﬁ,n_aBﬂ,Al}D,
Lo = —2;3 r<:n+8./4,‘il: :xi[iapl”j‘;l—z’@l,lBﬂ,n_AcD,
£ = —ggr([ne0s,] [ [57 B ] noal)

Lo, = —;gtr([z'aMAgL—zaﬂqu z‘xi[iapB;l—z‘@uLBﬂ,AﬁLD,
Lo —itr([Agl,Agl} z’x'j[iapb’;—iauLBj],AﬁLD,
Lo, - —ggtr({ia‘”AZL—z’G”lA‘gL] z’:c'j[Bj,BjJ,A,‘iJ),
cfhe = (] [ist 5181 4 ).

Lo = —;ggtrgman_m} n_8n+8+>,

£y = 912tr(<i8”lA‘c’l—i6”lAﬁjl) (10, B, —i0,, B ))

H1*~v vi®™u,
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i = n([eeAr] (9,85 - i0,.51) )

s = (0 —iorae) B8],

Lo = tf(““‘“ Az B8] )

(B = —gff([maA%o[@”m@BZD

i = ot [0 4 it o085 ). A

A.2 Useful formulas for Feynman integration

The integral representation of the Beta function has the following form

B(r,s) = /01 dtt" (1 —t)t = H:]i[j : (A.2)

We can also write the Beta function in terms of an integral from 0 to co, rather than the
lower limit of 0 and upper limit of 1. The formula reads

[ et T[r]T[s]
B(r,s) —/0 dx<1 o Tt (A.3)

We can show this by performing the following substitution z = —- in (A.3), which with

1-y
further manipulations then leads to
r—1 r—1

/ d T / d 1 Y 1
N VT = y TT$s
o (I4a) o =y U-yT (14 1) "

- [l = [yt

After the last step we arrive at the integral representation of the Beta function as given
n (A.2). The yF} hypergeometric function has the following integral representation

2 Fi(a,b,c,z) = F[b]ll:[[i]—b] /01 dz2"H1—2) 7 (1 = ) (A.5)

For the evaluation of Feynman integrals the following parametrisation often appears in
SCET calculations

1 Tn+m] /000 ymt (A.6)

arbm — T'[n]T[m)] (a + yb)rtm
The above is proved using (A.3) and rescalling of variable y = (a/b)y’. One can also see

that using (A.6) twice, the following holds for more than two propagators

-1

1 Tn+m+p ymtyP
s = T b W Ty g (A7)
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Euclidean-space integral results

A 1 1 Tln=/ )\ "
/(27T>d (lgE + M2)n ~ (4m)d2 Tn] (M ) (A4.8)

diy B, 1 dl[n—9-1/ N\t
/(27()d (FE + Mz)n o (47)4/2 2 I'[n] (M ) (A.9)

Minkowski-space integral results

dl 1 C(=DMiT =4\ g
/(27r)d <l2—M2)n T (4m2 T[] <M) (A.10)

P ()" NidT[n —§ =1 ¢ o) EHn
/(27r)d <l2 _ Mz)" - (4m)d2 2 T[n] (M ) (A.11)
d () g T =] )
/(27r)d <l2 _ Mz)" T Um@? 2 T[n] <M > (A.12)
N S (S D LTS N ) VR S
/ (@m)? (12— m2)"  (4m)¥* T (M )
X 411 99" + 99" + "7 g"") (A.13)

These integrals are ubiquitous in loop integrals in quantum field theories, see for exam-
ple [183], and are stated here for ease of use.

A.3 Useful spinor relations

As in the main text, we decompose the metric

Y n’ nk y
g = i?+n’i?++gﬁ : (A.14)
This is consistent as
v l/ nli v y
P =pug" = punli =+ pun” 5 gl = (nap) 7+ (nop) - L. (AL5)
The following holds
{7V =291 (A.16)
We prove it here. First write
Y= ¢+ ¢_ (A.17)
so we have
ni

Vi = —¢+7—¢- ,’y” m;—ﬂ_ }
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= - m}ﬁ I L VI R I

Py ) i)

= {0 }mnn; {",7"n- nn2+ - nzli
+”§{¢+7¢_}% iy )

= 2¢" —nhn” —nfn" —nfnl +ntn —nfin” +nlin”

n+77{7777 fYV} + 0

= 29" —nkn? —ntnl
= 24" (A.18)

Using (A.14) in the last line. Then also

(Vv =2d—2-2=4(1-¢) = 71 =2(1—¢), (A.19)
vi=d-2. (A.20)

For a spinor
VA==V + 29" =2 —d)y”. (A.21)

For perpendicular spinors

YEVI VL = =YV v + 291 = =1 (d = 2) + 291 = (4 = d)vT, (A.22)

using (A.20). Another useful result is

WAL Vs = =YY VL + 2009 v = VA (d = 4) + 2939 = 7173 (d — 6) + 4gY” .
(A.23)

Yoy in light cone coordinates
This quantity appears often in the calculation using the expansion-by-regions method. We
writre it here using light-cone components for convenience. X, is defined as

1
Top = 2 {'ya,'yu] . (A.24)

We use (A.17)

7ﬁ+7 +,/,_7 +Ma,¢+ +7/L_ +Mu]7 (A.25)

Ea {(7/L+n_o‘—|—7fl+ J_a)(¢+ VL 7+’7J-u)
(S T ) (S S ) f o (A20)
Then we have

1 Ny n
Yop = 4{<¢_ > 7/i+ +Ma7/i+ 5 +7/L+77/L =
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n
TVLalt_ - “ +h, =2 RN hot RN YiaTin)

n Niq
~ (k- *“¢+ % L S S
Nya
+7J—M77i— - + 772—&— 9 ’VJ-a + 772— 9 ’VJ_a + PVLM’Yla)} . (A27)

Now we make use of the fact that {y,,77} =0 and {sf,,7%_} =4 Then

o= { (= a5 a4 ol .

+¢+7L,unfa + ¢_7L,un+a + [7la7 PYJ.u]) - (nfanJru - nJranu)}

Only now we specialise to the case where on the right-hand side we have a collinear spinor
Xc. All the terms with #_ on the rightmost of the expression vanish.

)
Zauuc(p) = {’YLa%_,_nu + %_,_'W.unfa + [fYJ_ou ’YJ_;J — NNy + nJran,u}uc(p) . (A29)

4

Here on the left-hand side we assume that there is a generic spinor structure and not a /.
This is why the 9%_ can survive here. We write 7, in terms of the full v,

Sautrep) = 1{ (2o =, 5 = 0 Yy — o arth, + Draan il

(A.30)
—N_qNyy + n+an_u}uc(p)

Then

i Nia
Lapte(p) = 4{nu’ya¢+ - ”—mﬁ_%m — oYLy + [Via Vipl s

—N_qNyy + nmnﬂ}uc(p)

Using {7, ,7_} = 4 we can move 74_ to the right in the second term which means that we
can annihilate it with u.. Then we have

1 1
1 [7017 ’Vu} uc(p) = 4{nu7a¢+ - nfaﬁ}/lu%_,_ + [’}/J_ou PYJ_/L] - nfanﬁu - nJran,u}uc(p) .
(A.32)

We next take k* and e*. Then we have from above (rearranging for [y, 4,71, )
hLou ’YL,u] = [Von '7,u] - n—,u'7a7/L+ + n—a7iu7ﬁ+ + n_agn4, + NyaN—y (A?’S)

Kof)) = [lf] — (oo, + ()b, + (k) (nee) + (k) (nie)  (A34)

However, for the comparison of SCET DY computation to the expansion-by-regions
method the most useful would be equation (A.29), since we can immediately combine this
expression with '’ = 7” which appears to the left of this expression. For example

1
sza,uuc<p) = 47p{7La7/L+n—u + ¢+7Lp,n—a + hlon ’VL,u] —N_gNyy + n-l—an—u}uc(p) .
(A.35)
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The last three terms will pick out only the 7/ component because of the spinors v; and
u. and their projection operators. Hence now we focus on the first two terms with a 7
spinor appearing

(6.5 i, 5+ ) = e+ 7o) (A36)

Now, 7t 78, = 0 and v + = 0. We find that only one term yields a non-zero result

(VL_an_){ - ¢+7Lan—u + ¢+’7Lun—o¢} <A37>

Then forming projection operators and acting on vz we have
{ — 20y 1an_p + Qnﬁ’ywna} (A.38)

These are the terms not proportional to 7/ coming from v*%,,,, the three terms which are
proportional to 7/ are the last three terms in (A.35).

A.4 Colour identities

We define a basis of colour generators T4 which are matrices which act in colour space on
the colour index of the i-th parton [184] (for an example see equation (H.2) of [79]). We
use the notation Tfo =T;-T;. We have

FABC pABD _ 1 5CD. (A.39)
where C'4 is the Casimir of the adjoint representation.
T{TPTY = TPTITY +4Ty fPA0T¢

= OpTP + ;zﬂ fBAC pACDTDD — (CF — ;CA> T? (A.40)
where we have used the fact that we can always write

OTATE = [TA,TB] + {TA,TB} (A.41)

and that the symmetric part of TAT? is zero when contracted with the fully anti-symmetric
structure constant fBAC.

A.5 List of useful integrals

In this appendix we collect solutions to the integrals appearing in various Feynman
diagrams encountered in the collinear function calculation in the Drell-Yan process. All
the integrals were calculated using contour and Feynman parametrisation methods, and
checked using reduction techniques. Note that the results presented here are not valid
for general kinematics. We assume that the collinear momentum p* carries only its large
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i
component p* = (n+p)%‘ and is on-shell, p? = 0. Moreover, external the soft momentum

W w
ki = (n_k)% = ki~ as only the (n_k) component of the soft momentum survives in
soft-collinear interactions due to multipole expansion.

, [ diq 1 oy [(nyp)(n_k)] =D [EI[1 — €]?
“ | GyE = <4«>[ 2 1 r2— 2 (5.42)
o [ d'q 1 4] o [(nyp)(n_k)] g7
gs/m)dq? ks —0)t <47r>[ 2 ] 1
x & ”Elf{[g]i[;e]— ¢] (A.43)
2/ diq g 1 (ﬂﬁ) _ —la [(nk:)(mrp)]_E 1
*J2m)ig? (p— ke —q)° (47) I (n_k)(nyp)
(e F“;[jr_[;:]]m‘d (A44)
, [ diq 1 1 @ i [(nap)(nok) ] o
R e T e I 1 e e
x ;6 ”’Eg[[;]i[;e]— f (A.45)
2/ d’q 1 1 Vind 4V _ da [(n+p)(nk)]_6(nk)
@m)dq? (p—ky —q)? (ne(p — q))? (4) T (n4p)
x2(1 — )< EF[;[Z]F_[QQG_] dlld (4 46)
o [ d%q 1 i #g¢¢fyi _tas | (ngp)(n_k) !
gs/(%)d (p—ky —)* @ (nylp—q) (4@[ p? ] (n4p)
x2(1 — )¢ EF[;[Z]P_[ZE_] Illd (aam
2 / dq 1 1 ¢lgl  _ dag [(mp)(nk)]_e 1
2m)d ¢ (p—ky — @) (n(p — q)) (4m) G (n4p)
" %e EF[I:[Z]F_[Q%_} €|T'[€] (A.48)

g2/ diq 1 1 (fﬁqj“_)fﬁ o [(mp)(n_k)]—e 1
@2t (p ks — )% ¢* (ny(p — q)) (47) 2 ()
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o (2—€) eEL[—€|I'[3 — €]T'[€]

x g7’ 1 I = 2 (A.49)
gz/ d'q 1 (n—(k +4q)) ’hﬂngLVi _ Lo [(mrp)(n_k;)}e (n_k)
*)@m)ie? (p— ke = q)* (n(p — q)) (47) w (n4p)
YN L S
g2/ d'q 1 (n—(k —q)) VlugL¢¢7i _ io l(mrp)(n_k)}e(n_k)
*J2m)ie? (p— ke — @)t (ni(p = ) (47) p? (n+p)
x (2 — 6e + 3¢2) eﬂEr[;]g:igz — ¢ (A.51)
o [ diq 1 1 aTql(niq) o [(nip)(n-k)]”
gs/ @2m)lq* (p =kt —q)* (ne(p—q)) (4@[ p ]
" %e EF[;[eg]]i[BQG—] €|T'[e] (A.52)
, [ di 1 1 1 o [(nyp)(n_k)] 71
gs/ 2m)4? (p—ky —q)? (ni(p—q)) (4@[ w? 1 (n4p)
eVEL[—€|T[1 — €|T'[€]
[[1 — 2¢] (4.53)
, [ diq 1 1 o | (ngp)(n_k) 7En
gs/ (2m) ¢ (p—k+—Q)2(n+q> B (47T)[ G ] (s7)
eEL[1 — €]I'[2 — €
X NEEER ['[e] (A.54)
o [ di 1 1 1 o [(nyp)(nk)] 1
gs/ 2m)t (nvq) ? (p—ky —q)* (4@[ I ] (n+p)
e Pl — €]I'[—€|Te]
o (A.55)
, [ dig 1 1 (n(k+q) _  ias [(nyp)(n-k) |
gs/ 2m)? (neq) ¢* (p— kv —a)* (47T)l p? ] (n4p)?
< (1+¢) e P [e|l'[1 — €| T'[—¢] (A.56)

[[1 — 2¢]
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2/ diq 1 1 1 oy [(nﬂo)(nk)]_E 1
*J(@2m)tq? (neq) (p — ks — @) (47) I (n4p)*(n-k)
eVED[1 + €|T'[—€]T'[—¢€]
X T2 (A.57)
2/ dlg 1 (n_(k+q) _  ia [(mp)(nk’)]_g 1
*)@mie? (p— ke — )t (47) 2 (n4p)
e7ET[1 + €]I[1 — €)?
X 2= 2] (A.58)
o [ d'q 1 1 oy [ (nyp)(n_k)| 1
o / @2m)?q* (p—kr —q)*  (4n) l p? ] (n-k)(n1p)
eEL[e]l[1 — €]T'[1 — ¢
M4 (A.59)
2/ diq 11 (Qiﬂ) o [(mrp)(nk)]_6 1
*)@2m)q? (nyq) (p— kg —q)* (47) W (n4p)
g7 eET[1 — €]I'[1 — €]T'[¢]
2 I'[2 — 2¢] (A.60)
2/ diq 1 1 (@ﬁ(ﬁ) oy [(n+p)(nk)]_ 1
> @2m)dq? (nq) (p — ks — q)° (47) p? (n4p)*(n_k)
g7 eET[1 — €|T[—€|T[1 + €
X 71— 2 (A.61)
o[ d%q 1 1 (ni(p—q) _ das [(nep)(n-k)]”
gs/ (2m)d (nyq) ¢ (p—ky —q)>  (47) l 2 1
x(1—e)° EF[EF][FQ[:iE][l —d ae
, [ di 1 1 “ 1 iae”® [ (nyp)(n_k) |
o / @m)ip—ks —@)? (0 —q)? (ne(p—q)) > (47) [ p? ] (n4D)
, [ di 1 1 dld. 1 o [(ngp)(n_k)] " 1
o / @m)2(p—ke —0)? (P — ) (s (0 —q)) ¢ (47) [ p? ] (n4p)
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g1 eET[e]D[—€|T[1 — ]

e PR =26 (A.64)
92/ d’q @ 11 _ i l(mrp)(n_k)] B 1
*L@Rr)t(p -k — @)t (p—q9)* ¢ (4m) I (n—k)(n+p)
e Pl [e]l'[1 — €]I'[2 — €]
T 2 (A.65)
, [ dq ¢ (n_q) 1 1 o [(ngp)(n_k) 1
% | e b 0 =0 (4r) [ 2 1 (n:p)
y ;e6WEF[eE22:;lf[l — € (A.66)
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B.1 Drell-Yan: LP collinear-loop diagram calculation

In the main text, in equations (3.15) — (3.20), we have provided results for the calculation
of the leading power amplitude with one collinear loop and one soft real emission. The
relevant diagrams are presented in figure 3.5.

Here we calculate the first representative diagram as an example. This is a standard
leading power computation with eikonal vertices included here for completeness. The

incoming collinear momentum is on-shell and carries only the large component, pt =
“w

(n+p)%’.
The amplitude for diagram a in figure 3.5 is given by

1(nypy) P_ dg A 1(ny(p1 — _
MEP = 5 (D)in? ( p%p )7/;/ d qd 10 TAC, (pr, 1 — q)722+ Wﬁz
Vi+ (nerl) 772_ 7L+ —1

—N_, — U B.1

xigsTACH(py — q,p1) =

Momentum conservation at the soft-collinear vertex can be imposed immediately. Hence
pi = pt — kY is set and yields

q,
C*'pr,p1—q) =C*p—ky,p—ky —q)=n — | ———— B.2
( 1M1 ) ( + + ) s (n+ (p — q)) ( )
since k% and p* do not have perpendicular to direction of motion components. Similarly
q,
CHpr—q,p)=C*"p—ky—q,p—Fky)=n"'" — — =AW B.3
( 1 1) ( + +> (7’L+(p— q)) s ( )

Substituting these into the expression, using Feynman parametrisation, completing the
square in the denominator, and shifting the integration momentum ¢ — [ gives

2n_ d4l -3
MI(;P = —@EQS’YECFTB< a / / dxidx QWLZLIL)ZL{ZQ MQ} ue, (B.4)

where M? = Il(atrpx)l(?;k) — 9(6124(:;? ] We can perform the integral in (B.4) directly using

result (A.12). Then substituting again for M?, simplifying the expression and rescaling

227
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the integration variables gives

igsas P CFTB@WE l(n+p) (’)”L,k

| e - o

W= 2 —V_El
Ma n—,v () A Y1 (n,k) MQ
1—e
0 9] i —€

Using (A.3) we obtain

LP _  — o Ys B n_, |(nyp)(n_k) _5(1 —¢)
Mg = —UE(Z)Z’ME%T Cr (nk)[ ] fle]uc(p), (B.6)

where, as defined in the main text in (3.21),

eEL[1 + €|I'[1 — 6]2

e T2 — 2

Il
—~

.UU

-3
S~—

B.2 Drell-Yan: NLP amplitude results

In the main body of the text we focused on the factorisation formula at the cross-section
level. As a by-product of the computation of the collinear functions, which are amplitude-
level objects, we also calculated the power-suppressed one-loop one-soft emission DY
amplitude, which we summarise here. The results below, computed directly in SCET, are
in agreement with results obtained by applying the expansion-by-regions method to the
same quantity [150].

We consider the following operator, which is the right-hand side of (3.47) without the
soft current J:

S [t} faig} e ({d Td) T ({0 (7)) (B.8)

miy,m2

where

Ty ({t, (B} ) = T (G Tyme I ({t}) (B.9)

as in (3.48). The variables appearing in this expression are defined in section 3.2.1, and
the sum is performed over the different power-suppressed currents in the N-jet SCET
operator matched to the QCD current.

Below we focus solely on the case in which the power suppression is in the collinear
sector, thereby setting m; = A0, and allow for structures which give power-suppression
up to O(A\?) (NLP). Specifically, we consider the time-ordered product of J T2 with
subleading-power Lagrangian insertions between an emitted soft gluon (¢ (k)|, and an
incoming collinear quark and anticollinear antiquark, |¢(p) g({) ). This defines the amplitude

ME = ("B Y [{dt}dfC ({B3,7) 72 ({1, 7) lap)a®) . (B.10)
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Figure B.1: One-loop collinear diagrams with one soft gluon emission. Only the LP current,
A0, is used here. Power suppression is provided by the time-ordered product
insertion of L@ Lagrangian terms. The collinear gluon in the loop attaches either
to the collinear quark or the collinear Wilson line of the x. field, which is a part
of the A0 current. Note the difference in the drawing of the diagrams in those in
figure 4.3: here we included the anticollinear leg and hard current.

that we calculate at the one-loop order. Concretely, we consider only the time-ordered
products of the collinear operator part J7*2 in (B.9) with subleading-power soft-collinear
(not: soft-anticollinear) Lagrangian insertions. The complete result for the amplitude is
obtained by subtracting from the contributions given below the corresponding ones with
ny and n_ interchanged.

In the following sections we present the different contributions to this object. Partial
results found when the virtual loop is collinear (soft) carry a subscript ¢ (s), M. (Mj).
The NLO contributions from the one-loop hard matching coefficient are marked with A,
M,,. Moreover, we further split the results according to the polarisation of the off-shell
DY photon v* produced by the vector current, that is, we separate the amplitude into the
terms proportional to v, ,, ny,, and n_,. Notice that the v, structure appears due to
the leading power current in (3.11), while n, terms arise from the power-suppressed Al
and B1 currents in (3.62) and (3.63), respectively.

B.2.1 Collinear loop: v,

We begin with the results for the set of diagrams in which the virtual loop has collinear
momentum scaling and the virtual photon created by the vector current has a transverse p
index. In (B.10) this means taking the LP current, and index m spans over time-ordered
product insertions of the £? Lagrangian. The equations below are in fact related to the
results presented in (4.83) and originate from the calculation of the diagrams shown in
figure B.1.

We separate the resulting expression into the amplitude with colour factor Cr and
C4. The former receives contributions from the diagrams in the top line of figure B.1, the
latter from those in the bottom line and the non-abelian part of the last two diagrams in
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the top line. We find
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N —

+ki, <—€12—i+3+36> +(n_k)n+yi< 612—1+8—5€—€ )}u (p)e™ (k).

In this appendix, we use the on-shell condition k% = 0 to rewrite k2 = —(n_k)(n, k), but
we do not impose the transversality relation (4.14). Notice that in (B.12) there are still
1/€% poles. These only cancel once soft structures are combined as described in the main
text.

For completeness, we now give the individual contributions due to Lagrangian insertions
which make up the results in the above two equations. The on-shell condition and the
trasversality relation have not been used to obtain these

MPE — ()" 1gs Qs <(n+P)(”k)>_e (TK) <CF <_2 _ 2) 1+ Oy (_i 46— e)>

2
e JA0L L 4r 12 nyp €

g () w s 513
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From the above results, we see the importance of defining the collinear functions as

coefficients of particular soft structures. For example, M’ IJ(AO£(2) in (B.14) is related to
c, o¢

the one-loop correction to the collinear function for the insertion of the £§2£) Lagrangian
term. Only the corresponding tree-level piece is needed for LL resummation. However, the
one-loop correction contains 1/€? poles proportional to the C'4 colour factor, as can be seen
in (B.14). Hence, using only this piece as the contribution to the collinear function which
is needed for LL resummation would lead to incorrect results. Rather, the correct objects
to consider are the coefficients of particular soft structures, for which the problematic
poles cancel once the contributions due to different Lagrangian insertions are combined.
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Finally, we combine the above results according to the momentum dependent structures.
We focus on equations (B.13) - (B 18). These correspond to the Lagrangian insertions
with n, Bt . Summing (B.19) — (B.21) gives the results

in (B.11) and (B.12) dlrectly. We stress that here we still work without using the on-shell
and transversality relations. First we have

pK P K o plgsas ((ngp)(n_k)\ " TX
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— *(k B.23
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We see that the 1/¢* poles do not cancel for the collinear function corresponding to
the n BT soft structure in equation (B.22), nor for the collinear function proportional

'+ which can be extracted from (B.23). Indeed, these are not independent soft

structures. The 1/€* poles only cancel after the seemingly different collinear functions are

combined using the equation-of-motion relation as done in the main text, or explicitly

at this level using [n’jr — %ﬁ ni} ei(k) = -2 { i (nk . ] (k). Here is manifest a

(n—k)
subtle, yet critical point in a consistent definition of the collinear functions.

B.2.2 Collinear loop: n” and nf

These contributions are due to time-ordered products of the power-suppressed hard currents
defined in (3.62) and (3.63) with £() Lagrangian insertions. The corresponding diagrams
are shown in figure B.2. Separating the two colour structures, we find

MK UE@(””— ni)@‘gsasl(mp)(n ’f)rc e €I+ 01— ¢
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) Lo 62) u(p)e (k). (B.25)
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Figure B.2: Collinear one-loop diagrams with one soft gluon emission. The O(\') power-
suppressed currents Al and Bl defined in (3.62) and (3.63), respectively, are used
here. The collinear virtual gluon must attach to the Bl current, because of the
additional A, gluon field present in this subleading current.

B.2.3 Soft loop: v,

In this section we present the result for the soft one-virtual, one-real soft gluon amplitude
proportional to v, ,. Only one SCET diagram, shown in figure B.3, is needed to reproduce
the corresponding virtual-real contribution from the expansion-by-regions method. Hence
only non-abelian contributions arise here and we find

MUEE = (1) 1020 (—(n_k><n+k>>€( CAT_eeI(1 4 21 - ¢

5Ca 47 p? nyp)(n_k) [[2 — 2¢]
x(nekns ki + ) (5= 2) wlm)e (), (B.26)

Details on the vanishing of numerous other a priori possible diagrams are provided
in figures B.4 and B.5. Note that the latter figure also includes diagrams that represent
insertions of both, the collinear (on the upper leg) and anticollinear (on the lower leg)
subleading soft-collinear interactions, when a = b = 1. However, as all these terms vanish,
there is a unique separation of contributions from collinear Lagrangian insertions and from
anticollinear Lagrangian insertions. In (B.26) we have given the a = 2, b = 0 contribution
from the last diagram in figure B.5, while the a = 0,b = 2 anticollinear one is obtained
by exchanging n, <> n_. We further note that the absence of a contribution of the
second diagram in figure B.5, containing a power-suppressed two-soft gluon vertex, implies
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Figure B.3: The only diagram relevant to the one virtual, one-real contribution to the two-loop
soft function. Here the power suppression is placed on the collinear leg as indicated

by the O(\?) vertex.

the statement made in section 7.1.2 that only the single soft-gluon structures with their
corresponding soft functions 57, Sg contribute at NNLO, of which only 5] is relevant at
cross-section level as explained in the main text.

B.2.4 Soft loop: n/

The relevant diagram is again the topology of figure B.3. However, since one power of \ is
used up by the power-suppressed current, at the soft-collinear vertex we now insert the
LM term from the SCET Lagrangian.

The JA%B! current cannot give a contribution here since it produces a collinear gluon,
that cannot be contracted to form a soft loop.

The diagrams shown in figures B.4 and B.5 are also present here. The only change is
that the LP hard current is replaced by JA%4! and the sum of a 4+ b(+¢) = 1 only. Once
again only the last diagram in figure B.5 does not vanish, and we find

p 1950t <—(n/f)(n+k)>_e CaAT™ 72Tl + e I[1 — (B.27)

nppK =
M = vl 2 (n4p) (2 - 2¢]

5,Ca

1 ko b, 1 Ny n_, < 1 1)
v — — — = (p)er (k).
8 le €2 * (n_k)(ny k) € * ((n+k:) (n_k) by 22 ) |" (p)e (k)
There is no term proportional to n”.

B.2.5 Hard loop: v,

As discussed in the main text, there exists also a contribution to the NLO NLP amplitude
from the one-loop hard matching coefficient C4%4° given in (2.58). We obtain

yipK = pigsas _(n—l)(n-f—p) - C1F,]:‘K
MyEs = vl)¥h = ( e (o) () (B.28)
2

2 1 2 1 3 7
X ((n‘l‘k)n—V(eQ + E +95— 6> + [%La’)ﬂ_u} (62 + 276 - E +4>
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Figure B.4: Diagrams with one soft emitted gluon and one soft loop. Since all the diagrams
here include the LP JA%A0 current, the O(A\?) power suppression must be provided
by Lagrangian insertions. This means using all possible insertions such that
a+b(+c) =2 at the indicated vertices. Out of the 20 possibilities, many vanish
immediately due to contractions which yield n% = ny -y, = 0 or propagators which
give zero due to the vanishing external transverse momentum. The remaining
integrals, where the integrand does not immediately vanish, are either scaleless
or vanish by Cauchy’s theorem, because all propagator poles lie in one half of the
complex momentum plane.

2 R

+ ki, (62 + E - F + 8) + (n_k)n+y <i + 3) + O(G)) uc(p)g*%k,) ’

K
and M4 = 0.

B.2.6 Hard loop: n/.

This contribution comes from the one-loop correction to the matching coefficient C'4%A! of
the JA%4! current together with an insertion of the O(\) piece of quark SCET Lagrangian.
CA%AL i5 related to C' 4940 by reparametrisation invariance [102]. With the definition
(3.62) the relation reads C 494 = —1/(n p) C4%4° We then find

nypK - pigsas —(n,l)(n+p) - C’FTK
M2 = oo B0 (ZOD))  CEBE (i, — (1)

« (—2 - ‘:’ 84+ O(e)) ue(p)e (k). (B.29)

€2

There is no term proportional to n”.
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Figure B.5: Soft one-loop diagrams with one emitted soft gluon. As in the previous figure, only
the LP current is present in these diagrams, however now the virtual soft gluon
connects the collinear and anticollinear legs. Lagrangian insertions must again be
chosen such that a + b (4 c¢) = 2. Note that all diagrams with b = 1 vanish, since
a single leg cannot carry a O(X) suppression as explained in section 3.2.2. Only
the last diagram with a = 2 or b = 2 gives a non-vanishing result. The others are
either scaleless or vanish after momentum conservation is imposed.



C

One-soft-particle reducible
contributions

The results for tree-level collinear functions corresponding to double soft gluon structures
presented in section 4.1.1 contain contributions from one-soft-particle reducible diagrams.
The reasons for including these terms are stated in the main text, however, a technical
discussion is missing. In this appendix, we fill this gap.

Let us begin with reiterating the need for the inclusion of contributions due to one-
soft-particle reducible diagrams in these collinear functions.

The main point for the necessary inclusion of the one-soft-particle reducible diagrams
corresponding to a Eg? insertion as part of the contribution to the collinear functions with
two soft partons is that in the derivation of the factorisation formula we have eliminated the
ny BT soft structure from the basis using the equation-of-motion relation in equation (3.46).

We see in the equation-of-motion relation in (3.46) that the n B* structure can be written
0"

in terms of the single gluon structure ;=587 (z_), but also the two parton soft structures.
The one-soft-particle-reducible diagrams must reproduce precisely those contributions.

In other words, had we not eliminated the n B* soft gluon building block from the
basis of possible soft structures, we would not need to consider one-soft-particle-reducible
diagrams from a £§? insertion. The main point is that identical contribution to the
amplitude must be produced in both basis. We show that this is the case here, by carefully
computing the relevant collinear functions.

We begin by targeting the J; collinear function, so the starting point is the matching
equation and we choose the external state to contain gluons. The soft structures séw,
Sg 1, and sﬁfy are not affected by the equation-of-motion relations, so we do not include
them in the analysis here to avoid unnecessary clutter.

The matching is performed at operator level. Let us first consider the matrix element
of the operators with a single soft gluon final state. The right hand side of the matching
equation is

dTL Pa i(n u dw —twz
(G WIT s lalp)) = 2 [ FFoduerore [Z2 [z emtos
X (Jﬁ‘w,fb (nq, nypasw) (O)xe gy (uny)la(p)q) (9(k)*|s1 (=) [0)
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by (4.0 pi0) OB () lg()a) (9(k) Js, () 0)) . (C.1)

With a single soft gluon, the analysis is identical to the one performed in the main text.
Only the (g(k)¥|s¢(z_) |0) contribution is non-vanishing, and by comparing to the left-
hand side obtained by calculation using the NLP Feynman rules, we can immediately
write down the collinear function

1
K(0
Jl;'y(ﬁ?fq(n+q> nipiw) = Tf‘{qdﬁ’Y <_w5(”+q —n4p) +2

8n+q5(n+q - n+p)> - (C.2)

Now, since the matching equation is an operator relation, we can choose a different external
state to perform the matching. Since we target the J3 and Jy collinear functions, we choose
a two soft gluon external state. The right-hand side of the matching equation is then

dnip, , d ,
(G (k)™ I T, f(ns)lalp)y) = 2m [ TP duetorow [ [z emtes

™

X <Jf;176,fb (nsq, nypasw) (O1x6ps (ung)|a(p)g) (9" (k1)g™? (k2)]st (2-) |0)

+ Ty, (nq,npas ) (Olxey (uns)la(p)e) (g™ (k1)g™ (k2)lss gy (2-) |0>>, (C.3)

where, for concreteness,

Sa.pp(2-) = (mi@)?

Bt (z0), |in_0B;; (=-)]] (C.4)

fo-

The two soft gluon matrix element of this operator has been already given in equation (6.9).
Here, we chose the gluon to be transversely polarised to eliminate Wilson line contributions
for transparency

(917 (k)92 (k)| (nl 57 (B (=), [in-0B]. (=-)]

1
(n—(k1 + k2))

A0 = (©5)

SR FRIEITR) (b — k)| e (el (k)

For the soft structure which begins with a single gluon emission, the two soft gluon matrix
element is given by

K Ko B Js n n (k1o + k21 )? n
(g1 (k1) g2 (ko) |81 (22) [0) = RS [(k‘u + kg, ) — mn—
><( —

(CEYSE €, (kr)et,, (ko) go f 10124 (C.6)
("7 (2ky + ko) — g™ (K + 2k2)" + g""* (ko — ky)7) €= (1R

We put this together according to (C.3) and perform the integrals. We arrive at

(gfl(kl)ng(k:2)|7;f(n+q)|q(p)q) =
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Figure C.1: Possible SCET diagrams with two gluon external states required for the calculation
of J3 collinear function.

(k11 + ko1 )? ol
| (n_(k1 4+ ko)) —

X b+ )2 €1y, (k)€ (k) gs [ (g7 (2ky + ko)™ — g7 (ky + 2ka)™ + g2 (ko — k1)")

x 2m Jﬁlw,fq (n+q, nepyn_ (ki + k2)) uep(p) n(ki]:—kg) [(k’ﬁ + k3 ) —

1
2 T ‘n_(k k . 2/ K1KQBTB
121 Ja 5 (nyq,nyepyn (k4 k2)) uep(p) (n,(k1+k2))2gs(zf 2
x| (noky —n_ke)gl"™ | €1, (k1)€L,, (k2) (C.7)

From the single external soft gluon matrix element calculation, we already have the J;
collinear function, hence we now substitute the result from (C.2) and we arrive at

(g1 (k1) g™ (ko) | T, (n1q)a(p)g) =

1
2 T4 84, [ ———0 — 2 ) — .
xZm Ly, ﬁw< nap (n4q — nyp) + on.q (n4q n+p)> tes(p)

(k1o + kot )? n]

gs n oL gmy o
) [(k1L+k2L> (n_(k'l—i-kg)) —

 —J5
n_ (ki + ks
—1
. k * k s KIKQA
X (kl + k2)2 GJ-Vl( 1)€J_V2( 2)9 f

% (gum(le + /{32)”2 _ gﬂu2(k1 + 2]62)”1 + gV1V2(k2 _ k1>77)

1 :
+27 Sy 5 (N g,y psn(ky 4 k2)) uep(p) R kQ))ng(ZleKZBT?q)
X |(n—ky — n_ka)g 1™ | €1, (k1)el,, (k2) (C.8)

At this point, the only undetermined piece on the right-hand side of the matching equation
is the collinear function J3.

Therefore, we next proceed to compute the left-hand side of the matching equation
by computing the relevant SCET diagrams, shown in figure C.1. We have two objectives.

Firstly, we check that the structures corresponding to J; are reproduced. Secondly, the
leftover pieces will be identified with Js.

After a short calculation using the NLP Feynman rules, we arrive at

1
(nyp)

6(n+q — nyp) +2

(05 (k) g (k)| Ty (e )la(p)y) = 2 (— 6<n+q—n+p>>

On.q
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ZleKQB B 1

I (n_(ky + k2))?
X ((n_k1) = (n_k2) ) g7 ten (D)€', (R1)€T, (ko)

ng

1 0
o | — (nyq — 2 -
+27 ( (ep) (n+q = 14p) + 255 o 0(n4q mp)

1 (ks + ka1 )? /m
G TE &, (ke (ke) (i + Eor) — )
X (n_ (k1 + k2)) 9sLpp Qm( 1)&;,2( 2) <( 11y + Kaly) ( (o1 + Fo) Ue~ (
—1 K1KoB v Vo . Vv 1/2
X —————(, ki1 — 2k + ko — k1)” + 2k + k .
(lfl + ]{2)29 f ( ( 1 2) g ( 2 ) g ( g) )

In order to facilitate the comparison against the right-hand side of the matching equation
presented in (C.8), we have marked the last three lines of the above equation in green.
These pieces correspond to J; and its soft structure, as can be seen in the top four lines
of (C.8). We see that these pieces are in agreement, which achieves our first objective.

Lastly, we can extract the collinear function J3 which contains a piece originating from
a E 3¢ insertion, and another from the nyB one-soft-particle reducible diagram. Moreover,
we see that it is indeed the same as collinear function J; after the colour generator has
been moved to the soft function. We find

1 0
S35 = 0y <_(n+p)6(n+q —nyp) + 28T5(”+q - n+P)> : (C.10)

+4
The second term in the above equation originates from the one-soft-particle reducible
diagram due to Cg? insertion. We see that it contains the derivative on the momentum

conserving delta function which only appears in the NLP Feynman rules from the Lg?
Lagrangian term.

Before we continue, we show that in fact we can obtain this result at the operatorial
level directly from the equation of motion.

In the following we wish to focus on the piece coming from ,cﬁ), which we label the
matrix element with in the subscript. We have

(g™ (k)| ylfg(”+€I)|Q(p)q>42§> = —2r (. k)T [(n-k)nl — (nyk)n”] € (k)y ueq(p)
« <a:+q5(n+q—n+p)>. (C.11)

We write the soft structure in matrix element form using

(WIS ()10) = T B (k] — (nakyn] € (R e™=F, (CA2)

we have
(" (W) T3¢ (nsD)la(p)g) @ = —2r (g% (k)4 B, (22)10) e F uc, (p)

X (aiq(ﬂmq - n+p)> (C.13)
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Now using the equation of motion for the n, component of the soft field, including the
two-gluon term

WDl o = 27 (6 (8)] — 2 BE, (=)

1
_Z(in,a)Q

<) 52

niq

[B+ Hi(zo), [z’n,&t’)’:L (zi)H 10) ik

fa
d(niq — n+p)> (C.14)

Now, we can see that the first term in the above equation gives the one-gluon soft structure,
which we have presented in equation ((4.16)). We have set m ltree = 1.

We now focus on the two gluon term. We need to input the result from (C.5). Now
there are two gluons, momentum in the exponential is k = ky + ks.

1

(g™ (k )| ~f (n+Q)|Q(p)q>£(l2§> = 2(2m) (g™ (k)| (in_0)? [Bﬂu (z0), [in_(?[)’;:(z_)”fq [
X Uery () ( aiqﬂmq - n+p)> (C.15)

where we actually need to take a two gluon state which is for 1 gluons from (C.5). Hence,
we have

1

(o1 (k)9 (R T (s dlalad e = 2m om0 (2P TR (C.16)
12 * * a
x| (n_k1 —n_kg)g'"™| e (ki)ey, (ka) ue(p) (2 M&(mrq—mrp)).

This can now be compared to the right-hand side of the matching equation, and directly
extract the Js o contribution. This result agrees with the above one-soft-particle reducible
SCET diagrams computation.

In the following, we repeat the discussion above, however, now instead of the soft
gluons, we choose soft quarks in the external state. This way we can find all contributions
to the J5 collinear function, including contributions due to one-soft-particle reducible
diagrams. The required right-hand side of the matching equation is

dn pa i (n u dw —lwz
(g5 (R T s (nsq)la(p)g) = 2/ . <+”a>/ /dz, -

x ( Tieys. i (M40, 14pas @) (Olxey (uns)la(p)g) (9™ (k)lsi'(2-) [0)

de —iwa 22
([ 52 [ e ) T (e n) ONEEE )

(g (350 (- 22-) 0)) (C17)

Matrix element for the single soft gluon emission is evaluated as before, with only the 57
contributing. Inserting it and performing the integrals we obtain for the right-hand side of
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the matching equation

(n-k)
xucwg(p)e; (k). (C.18)

The left-hand side is computed using the NLP Feynman rules, and after comparing the
two sides of the matching equation we arrive at the familiar collinear function

I ealatrh) = 27 s (g s 12 = 0] )

K 1 o
Tiganegnipiw) = Tfds, <_n+p5<n+q —nep) 25

o(nyq — n+p)> , (C.19)

which is the same as in (C.2). Now, we consider the two soft quark external state.

ol d?’l a i(n u dw —twz
(k) ik T la(p)s) = 2 [ SPoduerCoree [ 22 [z et

X (Jﬁ‘w,fb (n4¢,n4paiw) (Olxey (uns)la(p)q) (a(kn)a(kz)lsi' (=) [0)

dw -
+ (/27:/6122— €_W222> Jg;gy’;li\ﬂ (N3¢, N4-Pa; W, W) <0|X§15319F(“n+>|Q(p)q>
< (a0 oo (2 22-) 10)) (C:20)

Next, substituting into the equations

(k) Z(k)lsf (=) [0) = M[<k+k>—mn]

1 — 1z
X R e T k) R ()

and

<Qk1(k1)6k2 (k2>|55;0>\79h<z_’ 22_) |O> - gg (n_llﬂ) (n—lkb)

Xﬂ)\(k}l) 5k1hvg(k’2)5k2g 6iz27k1 6iz*k2, (C22)

and performing the integrals gives the right-hand side of the matching equation

(q(k1)q(k)| T, ¢ (nsq)la(p)g) =

A . gs
2m Jl;'yﬁ,fq (n+q, n4p; n—(/ﬁ + k?z)) Uc,ﬁ(p) m
k ko )? 1
X (kYL +kgp) — (rs T hor) QQ(kl)gsTA’YnU(ké)

(n_(k1 + k2)) | (k1 + k)

+2m J5fv];20k)\15 (n+Q7 n4p; n—kQa n—kl) ucﬂ(p) gg (n kl) (7’L kz)aA(kl) UU(kQ) (023)
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S

Figure C.2: Diagrams contributing to the matching of the two soft quark collinear functions.

Soft lines are labelled with an “s”. For the one-soft-particle reducible diagram, the
internal gluon originates from the ny BT term in £3,

The left-hand side of the matching equation is obtained by calculation of diagrams in
figure C.2 using the NLP Feynman rules

_ . Js K n ] (kU- + k2J—>2 n
<q(k1)q(k;2)|7;f(n+q)’q(p)q> = 27 mqu [(le + k'QJ_) - mn,

1 1 Ko
X ( n+p5(n+q n+p)> Uesy (D) s kQ)QU(lﬁ)gsT V"0 (k2)

Js
2 o ey + )

(k1 + k2)? (ki + kot )?
9~ 2 n 9N — @ =) n .
n,(kl + kz)ni + n,<k1 + kg) ne ”y(p)

T [2(/4 ) — 20K, + KD,

8 _ K n
X <8n+q5(”+q - n+p)> X mu(kl)gsT 7" (ks)
—9mb(naq — np)g? — ! Ly, o

T I o Uso(k
nap (n_(ky + ko)) n_ky 772 2 Vi o Vso (K2)
X sy (k1) fVJ_,,\ng?l . ues(p) . (C.24)

We can compare this with the right-hand side result (C.23) after substituting collinear
functions from (C.19). We see that there are terms proportional to s; structure are
reproduced. The leftover terms are identified with the J5 collinear function, which is the
remaining degree of freedom in the matching procedure. In the following equation, we

have kept only the terms from the diagram calculation which were not obtained due to J;
contributions

— _ Js K | _/1m n (kl + k2>2 n
<Q(k1)Q(k2)|7tyf<n+Q)|Q(p)q>extra — 27T (n_(kl + kg))qu [ (kl + k2) + n_ (kl + kQ)n_
9 1 .
x |2 8n+q5(”+q —n4p) | Uer(p) mu(lﬁ)gsT v (ks)
—2m6(nyq — nyp)g? — ! Loy, o

T K L
n4p (n_(k‘l +/€2))n_k31 fka9 VL,ngvsa( 2)
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X sy (k1) VL,AE,HTQ q Ue, (p) . (C.25)

The first term in the top line cancels using Dirac equation for the soft spinor fyv(ks) = 0.
The bottom two lines correspond to the contributions due to two O(\) insertions of the
Lagrangian terms with soft quarks. This leaves us with one extra term in the top line
where the propagator cancels and this one corresponds precisely to the double soft quark
term from the equation of motion relation for the n, B field. Simplifying, we have

(I, a0 = 20T (250500 = 1)) 1 )

Js n — K
X Tus(ky)gs T~ (K
(n_(k:1 + k‘g))Qn u ( l)g 7 ( 2)
1 1 1 ”"_
—2 6 . 2 TA PV < k
To(nyq — nyp)g; nap (n— (k1 + k2)) n_ky fk g Yine ¥ (k2)
XUy (k1) ’yLAB,#Téquc,g(p). (C.26)

Now matching the above left-hand side to the right-hand side of the matching equation
in (C.23), excluding the J; proportional terms, namely

<Q(k1)67(k2)‘ﬂf(”JrQ)‘CI(P)ﬁ = 27 Jg’;ﬁi\lg (nsq,nypin_ka, n_ki) ucs(p)

(n_lkl) (n_lkz)ak(kl) v (k2) (C.27)

2
ng

Then we have

0
Jéi@l‘j\lg(n+q,n+p;n_k2, n_ky) = TﬁTkKlk2<285(n+q—n+p)>
nq
X6 L k) k)
V’B(n,(/ﬁ—l—kz))Q n—ky)(n—kz Vi—)\o
1 1 mh_
S A g A . (C.28
f ko qun+p (n,(k1+k2))n 2 9 ﬁYJ_,ncr fYJ_,)\B,u ( )

We also obtain the derivative piece of the collinear function directly from (4.13) at the
operator level using the equation-of-motion relation as done between equations (C.11)
and (C.16) above

Tlg(n q) (2 = —27‘({ —QLai BJr (Z )
vf N Ll in_9 HL\TT
1 ‘
_Q(in,a)Q [BJ”“(Z_), {m_ﬁl’)’,z (z_)”

95 K = K
2 P T () T (o)

0
X Xeyy ( m&%q - n+P)) : (C.29)

The top two terms we have discussed previously, and the last one with soft quarks is the
one-soft-particle reducible contribution to the J;5 collinear function.
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