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Chapter 1.

Introduction

Fundamental physics focuses on understanding the fundamental laws that govern the
universe at the deepest level. In particle physics this has resulted in a theoretical
framework that describes the elementary particles — the smallest building blocks of
matter forming everything from atoms and molecules to stars and galaxies. This
so-called Standard Model of particle physics (SM) is more than just a catalog of
particles, it is a quantum field theory (QFT) that describes how the fundamental
particles interact. However, calculating the processes directly is highly complex,

making theoretical predictions not an easy task.

Physicists and mathematicians have worked hard to overcome this challenge. The
basic idea is to start with a simpler version of the system, where an exact solution is
known, and then “perturb” this solution by adding small corrections that approximate
the effect of more complex interactions. This approach can be implemented in a
framework called perturbation theory, where one expands the solution F' of the hard
problem in terms of a small parameter «, often the coupling constant which represents

the strength of the interaction. To be more precise, one can write
[ee]
Fla) =Y faa", (1.1)
n=0

where it is known how to calculate the perturbative corrections f,. If the coupling
constant « is small, each additional term in the series becomes progressively smaller,
so that the sum in Eq. (1.1) can be truncated when the desired precision is reached.

This led to many precise predictions.

Despite its succes, perturbation theory applied to QFT is plagued by numerous
infinities, so that, at face value, perturbation theory loses its predictive power. Well-
known are the so-called ultraviolet (UV) infinities. Theorists have dealt with UV
infinities using renormalization, a process to systematically remove these infinities by
redefining the parameters (such as mass and charge) at each order of perturbation
theory [8]. However, this does not mean that we are out of the woods. Often the
coefficients in Eq. (1.1) grow as f, ~ A~"nl, with A some constant. This causes the

perturbative series to be asymptotic: at first decreasing with increasing order, but
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then succumbing to the factorial growth. In particular, the series of Eq. (1.1) has
zero radius of convergence and diverges irrespective of the size of . Once again,
even aided by renormalization, perturbation theory is haunted by infinity and it may
seem that perturbation theory is flawed again. However, the mathematical framework
of resurgence introduced by the mathematician Ecalle [9] — building on the work of
Borel [10] — allows us to turn the divergent series into proper functions. In particular,
resurgence shows that the factorial growth of the coefficients indicates the presence of

non-perturbative effects that are non-analytic at a = 0, generally of the form
e FW(q), (1.2)

where F(1)(g) is some function that admits a perturbative expansion on its own.

In the first part of this thesis, I will study non-perturbative QFT using resurgence.
I will consider formal aspects of resurgence as well as one of the more practical
applications of resurgence: renormalons [11]. In the context of renormalons, non-
perturbative effects like Eq. (1.2) scale as A/Q, with A the QCD scale parameter and
@ the scale of the problem at hand. Non-perturbative effects in QCD are proportional
to this ratio and often referred to as power corrections.

In the second part of this thesis, I will study a different type of power correction that
becomes relevant when a scattering process involves two, or more, widely seperated
scales. In this case, each coefficient of the power series Eq. (1.1) contains large
logarithms of the type a™log™ ¢ ~ 1, with m up to 2n — 1, and £ a ratio of the
widely separated scales. To obtain precise predictions, one cannot just truncate the
perturbative series, but one needs to resum these large logarithms to all orders in a.
This is a very common situation at hadron colliders; different scales may arise due
to the presence of particles with very different masses, or have a dynamical origin
following from the value of kinematic observables. Key to the resummation program
are factorization theorems, which determine how the scattering amplitude factorizes
into simpler (single scale) universal objects. By writing evolution equations for these
objects, we can eventually find an all-order formula where the large logarithms are

resummed.

In order to appreciate resurgence and factorization, we need to dive deeper into

both topics.

1.1. Resurgence

Resurgence analysis suggests that we should supplement asymptotic series with addi-

tional nonperturbative contributions like (1.2), which can be united in what is known
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as a transseries. In its simplest form, such a transseries can be written as
Za F™(a)e e (1.3)

where F("™)(a) = o ,(L") are called transseries sectors and they are usually all
asymptotic series. From a physics point of view, one can often think of the transseries
as the semiclassical expansion of a path integral which yields a sum over saddle point
contributions. In this interpretation, nA is the instanton action of the n-th saddle
point solution, where each saddle point contribution is weighted by a parameter o,
in the transseries whose value is determined by boundary conditions imposed on the
path integral. However, transseries structures like Eq. (1.3) can be used to describe
a much broader class of physical phenomena like quantum tunneling, soliton waves,
D-branes, and most notable for this thesis: renormalons.

Although asymptotic series diverge, a finite value can still be assigned to these
series using the method of Borel summation [10]. This summation technique plays a
central role in the theory of resurgence and provides a way to resum asymptotic series
up to arbitrary precision. In fact, Ecalle showed that Borel summation lies at the basis
of a systematic procedure for finding missing nonperturbative contributions. Moreover,
he showed that these are intricately connected to one another in an algebraic sense

that he formulated in his alien calculus.

At the heart of alien calculus are the so-called alien derivatives A4, which give
rise to relations between different transseries sectors. In particular the alien derivative

is a differential operator whose action on the transseries sectors is given by
ApaF™ () o«c FH0 (q) (1.4)

where the constants of proportionallity depend on the specific transseries we are
studying. Alien derivatives are abstract operators that are generically hard to compute
with. However, a so-called bridge equation can make the bridge between ordinary
calculus of derivatives and alien calculus. Such bridge equations therefore play a

central role in practical applications of resurgence.

Before resurgence was developed by Ecalle, it was already known that there is
a connection between transseries sectors. A famous example of this stems from the
seventies: Bender and Wu studied the large n behaviour of the perturbative energy
levels E,, of the quartic anharmonic oscillator [12] and showed that their large order
behaviour could be recovered from studying the one-instanton sector of the ‘negatively

coupled’ quartic oscilator [13]. Resurgence is even more universal and also higher
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instanton sectors may contribute in the large order behaviour of the perturbative

coefficients. Schematically, such large order relations are of the form:

“Predicting”
0 1 2 3
3 ][]+ ] +

where the subscript £ > 1 denotes the large order behaviour of the perturbative
coeflicients. What is less known is that the arrows can be reverted and that resurgence

can be used to study non-perturbative physics by starting from the perturbative

information:
0 1 2 3
flg>i1 f}(L ) + (2) + fi(z ) +

“Decoding”

This is in fact the reason for the name resurgence. If one takes enough perturbative coef-
ficients and starts digging deep enough, one eventually finds all other non-perturbative

transseries sectors.

1.2. Factorization

The key to understanding and using perturbative methods to calculate high energy
interactions between particles is the idea of factorization. Factorization separates a
process into parts that can be calculated independently, where each factor depends
only on physics happening on one distance scale. This approach is essential in QCD,
where it allows one to isolate short-distance effects (high-energy, perturbative) from
long-distance effects (low-energy, non-perturbative). As already highlighted above,
factorization is also one of the main ingredients for resummation, which is needed

when standard perturbative calculations break down due to large logarithmic terms.

Factorization analyses can be developed using a diagrammatic approach within
the full theory, i.e. QED or QCD, where factorization theorems are derived from
first principles. See e.g. [14-18] for seminal papers. An alternative approach to
factorization — which has become popular in the last two decades — is by means of an
effective theory, such as the soft-collinear effective field theory (SCET) [19-21]. In this
context, factorization theorems are constructed at the Lagrangian level, where soft

and collinear modes in the scattering process are defined through independent fields.
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In this thesis, we will follow the more traditional, diagrammatic approach, to
factorization. In particular, we will focus on the decay of an off-shell photon of
invariant mass @) into a massive fermion anti-fermion pair of mass m, which in turn
can be expressed in terms of two form factors F} and F5. Such form factors — often
called Sudakov form factors due to the early work of Sudakov on the resummation
of the leading logarithms [22] — have been a prototype amplitude for factorization
studies. For the purpose of this thesis, we consider the small mass expansion of the
form factors, i.e. m < Q. The leading power (LP) term of this expansion is known to
factorize [23, 24]:

VE=J@JH'"®S, (1.5)

where the jet functions J and J collect the modes collinear to the fermion anti-fermion
pair respecitvely. The hard function H" and soft function S collect the hard and
soft modes of this process. The jet and soft function can be given universal operator
matrix definitions and therefore be applied to other processes as well. The process
dependence resides in the hard function. The first step in proving the factorization
formula Eq. (1.5) is to understand the regions of the space of loop momenta that give
the LP contributions. After appropriate approximations it is then possible to convert
the leading contributions into the form of the factorization theorem.

The study of power corrections in scattering processes at hadron colliders has
received increasing attention in the past few years due to its importance for precision
physics. In [25], such a study was initiated for the next-to-leading power (NLP)
correction to Eq. (1.5) and in particular how this can also be cast into a factorization
theorem. In this thesis, we consider the NLP corrections to the form factors F; and
F5 in two complementary approaches. First, by analyzing the loop momentum regions
responsible for the NLP contributions using the so-called method of regions. Second,
by proposing operator matrix definitions for new NLP jet functions, which serve as
key ingredients in the NLP factorization theorem proposed by [25].

1.3. Outline

The structure of this thesis is as follows. In chapter 2, we introduce the mathematical
framework of resurgence and provide more context to what was discussed already in
Sec. 1.1. Our goal with this chapter is that a first time reader can become familiar
with the fundamentals of the topic. Chapter 3 delves into more formal and advanced
aspects of resurgence, focusing on the resurgence structure of large-order relations.

In chapters 4 and 5, we turn to one of the key applications of resurgence: the study
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of renormalons. Chapter 4 covers the basics of this non-perturbative phenomenon,
particularly as it manifests in QED and QCD. Toward the end of the chapter, we
introduce a novel method for analyzing renormalons using resurgence. Building on
this, in chapter 5 we apply these resurgence techniques to explore the renormalon

contributions to the Adler function.

The latter part of the thesis shifts focus to aspects of factorization. In chapter 6,
we provide a concise review of factorization from a diagrammatic perspective. In
particular, we review the LP factorization theorem for the QED massive form factors.
Here, we hihglight how the so-called method of expansion by momentum regions can
be used to verify such a theorem. To pave the way for NLP factorization, we employ
the method of regions in chapter 7 to analyze the two-loop massive form factors up to
NLP accuracy. Building on these results, in chapter 8 we propose operator matrix
definitions for NLP jet functions and validate them by comparison with the findings
of the previous chapter.

Finally, in chapter 9 we summarize the key results and conclusions of this thesis.

Additional details and background on the calculations presented throughout this work

are provided in four appendices.



Chapter 2.

Resurgence

This chapter is based on Secs. 2 and 3 and App. B of [1] and on Sec. 2 of [3].

In this introductory chapter, we delve into the method of resurgence, a set of mathemat-
ical techniques based on the groundbreaking work by J. Ecalle [9]. The problem that
resurgence addresses is that of asymptotic series. These divergent series, while seem-
ingly problematic, encode profound information about the underlying non-perturbative
structure of the theory. This brings us to the main objective of this chapter: the
understanding of asymptotic behaviour of perturbative series and its relation to non-
perturbative sectors. As we show in this chapter, by leveraging the tools of resurgence
we can systematically bridge the gap between these two realms, uncovering the rich

interplay between the perturbative and non-perturbative.

In recent years, resurgence techniques have become more popular among physicists
and have been applied to a wide range of physical models. These include (but
definitely are not limited to) the Painlevé I equation [26-29], quantum mechanics [30-
34], quantum field theories [35-38], hydrodynamics [39, 40], two-dimensional gravity
[41, 42], topological strings [43-46] and many more.

While not every detail of this chapter is essential for understanding the later
sections of this thesis, our aim here is to introduce the mathematical framework of
resurgence in a way accessible to readers encountering the topic for the first time. For
this purpose, we will primarily follow the notation and presentation of [47], which in
our opinion is well suited to introduce the topic in a pedagogical way. For further
background information, we refer the interested reader to [48-50] or the review sections
of [27].

2.1. Borel summation of asymptotic expansions

Assume that some physical problem provides us with a power series in some coupling

constant a:

F(a) = Z fna™tt (2.1)
n=0
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where we have included an extra power of o on the left for later convenience. We
will further assume that this series is asymptotic, of the Gevrey-1 type — that is: we
assume that as n — oo, the coefficients f,, grow factorially as

fn AP

——n~c+0(1 , 2.2

o) (1/9) (22)
for some nonzero complex constants A, ¢ and a real constant 5. In most of what
follows, we will assume for simplicity that 3 is an integer. The results in this chapter

are easily generalized to the case of noninteger 3, see e.g. Sec. 2.6.

Due to the factorial growth of the coefficients f,, in Eq. (2.2), the series in Eq. (2.1)
does not converge for any nonzero value of . When Eq. (2.1) arises in a physics
setting this is a problem, as one would expect the series F'(«) to not just be purely
formal but to describe a function that has a finite value for some range of a-values.
The usual way to cure this problem is to take the Borel transform of the series:

Fla) =Y faa"™ = BIF|(t) =) P(nfiwt", (2.3)

where ¢ is the (complex) Borel transformation parameter conjugate to «. In the
literature, one often encounters different definitions of the Borel transform. That is,
the definition given in Eq. (2.3) is a special case of the more general Borel transform
B, defined by dividing in Eq. (2.3) by I'(n + 2 — v) instead. As we show in App. A.1,
the different definitions are closely related and lead to equivalent results.

For asymptotic series whose coeflicients grow factorially, the compensating factorial
in the denominator in Eq. (2.3) leads to a finite radius of convergence. In this case
one may endeavour to sum the Borel transformed series, and after that invert the
transform to obtain a “Borel-summed” expression for the original series. To make the
inversion precise one traditionally defines the Borel sum as the Laplace transform of

B[F]:
SolF)(e) = /0 h dt B[F)(t) e =. (2.4)

Notice that instead of integrating along the real positive line, one can integrate in
a different direction € in the complex t-plane for which the integral converges. This
leads to a Borel sum Sy[F] where the integration in Eq. (2.4) is now from 0 to e'oo

We will need this more general definition in what follows.
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It might appear as if the process of Borel transforming and then Borel summing is
a tautology, since the integral reinstates the factorial growth, e.g.

/ dtt" e~ s =T(n+ 1)a" " (2.5)
0

However, in many cases one can now first perform the infinite sum B[F](¢) and
analytically continue to the whole complex ¢-plane (or a multiple cover thereof) minus
a discrete set of points where the analytic continuation of B[F](t) has singularities.
Next the integral in Eq. (2.4) can be performed. The effect is that integration and
summation are interchanged. One can show that for Gevrey-1 series, this leads to a
finite function Sp[F] [10].

The Borel transform B[F](t) can still have singularities in the complex ¢ plane,
which are in fact related to the factorial growth. A simple example illustrates this

point.

Example 2.1.1. In Eq. (2.3) let us choose f, =nlA~". In that case we have

B[F] = i (;)n - %, (2.6)

n=0

leading to a pole at t = A. As another example, consider fo =0 and f, = —(n—1)1A™"
for n > 0. The Borel transform is then

BIF)(t) = —ii (;)n ~ log (1 - D , (2.7)

which leads to a branch cut running from A to oco. In both Eqs. (2.6) and (2.7), the
series after the first equal sign converges for |t| < |A|. The second equals sign contains
the analytic continuation of this convergent series into a multi-valued function on the

entire t-plane except for t = A, where the function has a logarithmic branch point in
the case of Eq. (2.7).

When the singularities of B[F](t) lie on the integration contour from 0 to oo in
Eq. (2.4) one can deform the contour such that one integrates either slightly above
the singularity under an angle § = 0%, or below the singularity under an angle § = 0.
Deciding to integrate either above or below for the example Eq. (2.6) e.g. leads to an

ambiguity

So+ [F] — So-[F] = 2miAe 5. (2.8)
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Other singularities in the complex ¢ plane will influence the integral in Eq. (2.4); the
contour may be chosen in many ways, adding sensitivity to other singularities in the
Borel plane as well. Notice the non-perturbative aspect of the ambiguities like in
Eq. (2.8) via the exponent e~4/e.

The Borel transform followed by the Laplace transform solves exactly the problem
we mentioned earlier: it turns an asymptotically divergent series in « into a finite
function of . One can show that for Gevrey-1 series a particular asymptotic expansion
of that function around « = 0 is the original expansion F'(«) that we started with.
While this solves our problem, this is certainly not the end of the story: the construction
depends on the integration path in the Laplace transform, and therefore the function
one arrives at is generally not unique. As it turns out, this non-uniqueness is a virtue

rather than a problem.

2.2. From Borel summation to alien calculus

In physics, singularities and divergences are usually regarded as troublesome. However,
in a resurgence context, all the information about an asymptotic series and the
associated non-perturbative data is encoded in the singularity structure of its Borel
transform. Before discussing how to systematically extract this information, we need

to introduce some concepts and terminology.

A function whose expansion gives a formal power series F'(«) is said to be a simple
resurgent function if the Borel transform B[F](¢) has only simple poles or logarithmic
branch cuts as singularities. That is, near each singularity, say at ¢ = w, we have that

a log(t — w)

BIFI() = 5=y + V=) +O(t—w), (2.9)

27
for some a € C and where the functions ¥, ® are analytic around the origin. More
generally, the Borel transform can also contain other singularities, e.g. double or higher
order poles as is the case for the Adler function discussed in Chapter 5. However, most
of our discussion in this chapter is focused on the simplest case of a single pole and a
log-branch cut that are commonly considered in the literature. In Sec. 2.6 we then
give the necessary details to extend the resurgence analysis needed for the discussion
of the Adler function.

To obtain a better understanding of the Borel singularities in Eq. (2.9), we
introduce alien calculus [9]. The fundamental object in alien calculus is the linear
differential operator A, the alien derivative, which acts on simple resurgent functions.

Being a derivative, it satisfies the Leibniz rule when acting on a product of simple
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resurgent functions. Furthermore, for those functions it has a rather simple expression:
by rewriting ¥(¢) in Eq. (2.9) as the Borel transform of a resurgent function G(«), i.e.
B[G](t) = ¥(t), the alien derivative at a singular point w is

A F(a) =a+ G(a). (2.10)

When w is not a singular point of B[F](t), then A,F(a) = 0. In other words, the
alien derivatives fully encode the singular properties of the Borel transforms of simple
resurgent functions. We emphasize that « in Eq. (2.10) cannot take the same value as

w as they are variables in different planes.

Next, let us consider a direction 6 in the complex plane of the Borel variable ¢
along which B[F] has singularities. Such a singular direction is known as a Stokes
line, since as we shall see Stokes’ phenomenon [51, 52| occurs there. Because of
the singularities on the integration path, the Borel summation Sp[F] is no longer
well-defined. Of course, the singularities are easily avoided by integrating slightly to
the left or right of the direction 6, leading to summations that we denote by Sy+[F]
and Sy- [F] respectively. These different summations lead to an ambiguity and one
may ask how these two distinct functions are related. They are in fact connected by

the Stokes automorphism Gy, or its related discontinuity Disc g. These are defined as
Sp+ = Sp- 06y = Sy- o (1 — Discy) . (2.11)

One can show (see e.g. [50]) that these operators can be expressed in terms of the

alien derivatives via the exponential map

Sy = exp [ Z ef%eAwe

{weo}

, (2.12)

where the set {wp} denotes all the singular points along the #-direction. The main
point now is that if we know the Stokes automorphisms (or equivalently, the alien
derivatives), then we also know how to relate the different summations. Consequently,
at least in principle a full reconstruction anywhere in the complex « plane, including
non-perturbative contributions, of the function F'(«) is then possible.

It is convenient to define the pointed alien derivative, related to the ordinary alien
derivative by

A, =e 5 A, (2.13)
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This turns out to be a useful operator as it commutes with the usual derivative (see
again [50] for details), i.e.

(A, 84] = 0. (2.14)

This will momentarily be used to derive a bridge equation.

2.3. Transseries and bridge equations

From the relation between Stokes automorphisms and alien derivatives, Eq. (2.12),
we notice that the ambiguity arising in Borel summation is non-perturbative in «,
being of order e~ . This implies that the non-perturbative solution we are trying to
construct must contain such non-perturbative exponential contributions. As we will see
in a moment, resurgence can be captured in a universal way through transseries [53].
Transseries are generalizations of perturbative series by the inclusion of terms with
non-perturbative (non-analytic) factors like e~. Factors of this type are called

transmonomials.

Let us start by assuming that our resurgent function arises as a solution to some
problem depending on a single boundary condition, i.e. we consider the single parameter

transseries Ansatz

o0 o0
F(a,0) = Z o"e g (@), with T (q) = o Z f,(Ln)ozh, (2.15)
n=0 h=0

where U is simply a perturbative series, as in Eq. (2.1), and (™) for n > 1, are
the non-perturbative contributions. The transseries parameter ¢ counts the number
of e~ factors [47] and parameterizes different choices of the boundary condition.*
The S,, are called the characteristic exponents; we discuss their role in resurgence at
the end of Sec. 2.6. In the resurgence literature, ¥(™) is often called the n-instanton
sector, even though in practice n may count solitons, renormalons, or some other
non-perturbative physical quantity. To avoid confusing readers with a high-energy

background, we shall call these quantities the n-th non-perturbative sector instead.

After introducing an intuitive pictorial representation of non-perturbative transseries
sectors and their interrelations in the form of the alien chain in the next subsection,

it will be straightforward in Sec. 2.6 to generalize this one-parameter transseries to

IThis specific choice of the transseries Ansatz is useful to introduce the various resurgence concepts
in this chapter. In chapter 3, we will be more generic by introducing resurgence without assuming
an underlying transseries.
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multi-parameter transseries, by including further non-perturbative monomials like
etA/% log(a), ete.

We saw that the alien derivatives play an important role in the construction of the
complete non-perturbative solution to a problem. It is however still unclear how to
compute these derivatives in a systematic way. This is done through the construction
of the bridge equations, so named because they form a bridge between the ordinary
calculus of derivatives and alien calculus. Assume for the moment that F(«, o) is the
solution to some differential equation (in the variable o). From Eq. (2.14) we get that
acting on this equation with A, yields a new, linear differential equation to which
A,F(a,0) is a solution. At the same time, acting on the original equation with 0,

shows that 0,F(«, o) is a solution to the same equation.

Example 2.3.1. Consider the non-linear differential equation
OoF(a,0) =6+ F(a,0)?. (2.16)
Acting on this with A,, yields
OaALF(a,0) = 3F (o, 0) - AyF(a,0), (2.17)

which is a new, linear differential equation for AwF(a, o). Similarly, acting with 0,
leads to the same equation as Eq. (2.17), with A, F(a, o) replaced by 9, F(a, o).

Supposing the new linear differential equation is of first order (as is natural for a
problem with a single boundary condition) we conclude that the two new solutions

must be proportional to each other, i.e.

A F(a,0) = S,(0)d,F(a,0), (2.18)
where S, (o) is a proportionality factor which still may depend on o. This relation is
Ecalle’s bridge equation [9]; it indeed presents a bridge between the alien derivatives

and the regular ones. By substituting A, =e aA, and expanding the transseries,
the LHS equals

Z e ALT™ (a), (2.19)
while the RHS yields

S, (0)05F (e, 0) Zna" lena (™ (q). (2.20)
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Both sides must be equal term by term according to the powers of o and e~a. To
this end, [27] defined a notion of degree as

deg (J"emg) =n+m. (2.21)

Since the transseries Eq. (2.15) has degree deg(F(a,0)) = 0, it follows that the
bridge equation can only contain nontrivial information at w = (A, £ € Z. Thus, for
transseries of this type we expect singularities in the Borel plane at w = A but also at
integer multiples of A — something which we will also see for the Adler function in
chapter 5. Note that here ¢ = 0 is excluded because the Borel transform is regular at
the origin. Furthermore, A, AF(«,0) only contains positive powers of o, so we can

write the proportionality constant as a formal power series expansion

o0

Sealo) =Y 5Ma". (2.22)
k=0

Taking the degree of both Egs. (2.19) and (2.20) implies that Sék) is only nonzero at
k =1 —{, and therefore, writing Sél_g) = Sy, we have that

SgA(O) =5 Ol_é, <1. (2.23)

The bridge equation Eq. (2.18) now reads

S omeTFOE AL (a) = 3 Seno e R U (a) (2.24)

n=0 n=0

or equivalently

0 {>1,
Apa 0™ (a) = (2.25)
(n+0)S ) 1 <1, 140,

where we used that U(® = 0 for all n < 0. Although the alien derivative has an
involved definition, the final result for the alien derivative is surprisingly simple, and
works purely algebraically on the building blocks of the transseries, Eq. (2.15). We can
compute all alien derivatives as long as the yet unknown constants {S1,5_1,5_5,...}
are known. We refer to these constants as Stokes constants. In general, computing
Stokes constants is a difficult task which depends on the specific system that one tries

to solve, and we shall not need to do so in this thesis.
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For simple resurgent functions with a single parameter, we now have two equations
for the alien derivative, i.e. Egs. (2.10) and (2.25). Comparing the two yields

S
vt = — nontl By O] — (A) log(t — (A lar, (2.2
B[w™](t) St (t — [A) + o B[ J(t —£A)log(t — LA) + regular, (2.26)

where ‘regular’ stands for a function that is analytic (and therefore non-singular)
at t = (A. In other words, near the singularity ¢t = (A of B[W(M](t), we find the
resurgence of the the W("+6) sector. In this expression, the so-called Borel residues
S,—nte are constants that can be expressed in terms of the Stokes constants via Egs.
(2.11), (2.12) and (2.25).

Example 2.3.2. For example we find
1
Snsni1=—(m+1)S1, Spnio= fi(n +1)(n+2)S%, ete. (2.27)

and similarly

1
Snon—2=—(n—-1)S_1, Spsn-2=—-(n—2) (Sg + i(n — 1)521> , et
(2.28)

See [27] for closed-form expressions for all Borel residues.

2.4. One-dimensional alien chain

Instead of entering the world of alien calculus, we will follow the more pedagogical
picture of the alien chain developed in [47] as it will help us build an intuitive
language in which resurgence can be better understood. For example, in the case of a
single boundary condition, Stokes’ automorphism Eq. (2.12) can be fully computed
using Eq. (2.25) (see e.g. [27]), but once one needs to generalize to multi-parameter
transseries, the equations can become quite intricate. Instead, for practical situations,
the simple setup of the alien chain can be used and generalizations will come naturally.

(For multi-parameter transseries, we will introduce alien lattices in Sec. 2.6.)

From the point of view of the alien chain, the sectors U(") of the transseries,

Eq. (2.15), are viewed as nodes:

v o] [v@ ] lv® | lw@ | sl

which will be connected by alien derivatives to form a chain. We can then reinterpret

the resurgence equation, Eq. (2.25), as a set of allowed resurgence “motions” along this
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chain. That is, there is only one type of forward motion (i.e. with ¢ positive) because
of the constraint that A, AT =0 for £ > 1. However, from the fact that nonzero
¢ <1 can give nonvanishing alien derivatives, we see that there are multiple backwards
motions. Recall that (for real and positive A) to compute the Stokes automorphism
Eq. (2.12) at @ = 0 one only needs alien derivatives with ¢ > 0, whereas the Stokes
automorphism at § = 7 only requires £ < 0. Therefore, we never need to consider

combinations of forward and backward motions together.

Example 2.4.1. As an example, there is only one forward path to go from ¥ to
W by repeatedly acting with A, :

Ay Ay Ay

v | @] [e®] [e@w] -

However, there are multiple backwards motions to go from U™ to U using different

combinations of A_a, A_ox and A_34:

Before we can compute Stokes’ automorphism using allowed motions on the alien
chain, we need to introduce some further terminology and set up some computational
rules. We denote a step S,,_;,,2 as a single link connecting two nodes n and m on the
chain and a path P as a combination of consecutive steps. The length ¢(P) of a path

is then defined as the number of steps composing the path:
UP) = #{Sn—m € P}. (2.29)

Looking at the proportionality factor on the RHS of Eq. (2.25), we see that it is

natural to define the weight w of a step S,,_,,, in terms of the Stokes constants Sj as

W(Sp—m) = MSm—n . (2.30)

2Note to be confused with the Borel residues of Eq. (2.26), which have a similar notation.
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The weight of a path is then simply the product of the weights of the steps that make
up the path

w(P) = [] w(S:). (2.31)

S, eP

Finally, it is convenient to define a “statistical factor” [47] linking two nodes as

w(P)
SF = 2.32
P(n—m)
where the sum is over all allowed paths linking nodes n and m. Equipped with these
definitions, let us now see how they turn up in the calculation of Stokes automorphisms,

through a specific example.

Example 2.4.2. Reviewing Egs. (2.12) and (2.25), we notice that the actual form
of Stokes’ automorphism depends on the object it acts on. Focusing on the example
of the transseries sector W) it follows from the allowed motions on the alien chain
that this sector has singularities both in the § = 0 and 0 = w directions. As the only
allowed forward motions consist of repeated actions of Ay, we see that the Stokes

automoprhism in the 6 = 0 direction takes a simple form:
60111(3) = exp (e_gAA)\I/(?’)

= [1 fe w A+ %(efSAAf + %(engA)S —|—...]\I'(3)

2 12
= 0@ 445 e v v® 4 2—?536*22\1%5) + 3—,05%*3%\1/(6) +... (2.33)

In the 0 = w direction, the Stokes automorphism does not take such a simple form, as
there are multiple allowed backward motions on the alien chain. Luckily, when acting
on W™ n >0, the possible set of backward paths is finite. For U3) we obtain

3
S, U0 = exp <2652A_M>\I/(3)
(=1
2 A 1 2 A 2 1 2 A 3
= [1 + ZeeaA,z‘A + m(zeé“AéA) + m(zee"AZA) + .. ] g )
=1 (=1 =1
=U® 425 100U 4 (5 5+ 82 ))2aul), (2.34)

Having computed these actions explicitly, let us now translate these results to the

terminology we introduced above. We see that under the action of Sy on W) we

obtain an infinite sum of higher sectors W("=3): the nodes on the alien chain that can
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be reached by forward motions. The coefficients of the terms containing these sectors
can be expressed in terms of statistical factors Eq. (2.32). For example going from
TG — UMW we see that there is only a single path, of length £ = 1 and weight w = 4S;.
Furthermore, we have to include a non-perturbative factor e . Likewise, the path to
go from UGB — WO has length £ = 2 with weight w = 20S3%. In order to get the correct
coefficient of the W) term, we have to multiply by % and a non-perturbative term, i.e.
SF(3_>5)6’23 in total. Similarly, the coefficient in front of W) s SF(3_>6)673Q etc.
Adding up all different terms for all possible paths gives the full action of &y on W),

For the full action of &, we need to consider the allowed backward motions.
Again, there is only a single path of length £ =1 to go from U3 — W) leading to a
statistical factor SF= 2S5_1 and non-perturbative term ea. To go from ¥ — )
however, we have two allowed paths. One has { =1 with w = S_o, and the other path
has ¢ = 2 with w = 252, so SF31) =52+ S2.. In both cases we need to multiply
by the non-perturbative factor e Adding all terms for all possible paths again gives

the action of the Stokes automorphism.
To summarize what we have learned: GoW¥(™ (resp. &,¥(™) is a sum over all
forward (backward) paths linking nodes to the right (left) of (") i.e. the terms in

this sum can be written as

SoU™ = U 4 Y 7 SF (e "I E U, (2.35)

m>n

and likewise for &, ¥(") | where the only difference is that one should sum over m < n.

2.5. Large order behaviour and asymptotics

With the knowledge of the previous sections, we can now return to our main goal: the
understanding of asymptotic behaviour of perturbative series in QFT and its relation
to non-perturbative sectors. In fact, the resurgent structure is even more general and
can be used to relate the asymptotic series of all non-perturbative sectors to each

other. To see this, we apply Cauchy’s theorem
dy f(y
o= f S0
c2miy —«
_ /oo iniSC of(y) _ /_DO iniSCﬂf(y) _"_% ﬁ f(y> ’ (236)
0o 2m Y-« 0 2 y—« (00) 2Ty —

where we assumed discontinuities only in the § = 0 and 6 = 7 directions. See Fig. 2.1
for the deformation of the contour to go from the first to the second line in Eq. (2.36).
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Figure 2.1.: In blue, (the inner contour) we show the contour C of the first line of the
Cauchy integral, Eq. (2.36). In red (the outer contour) the deformed contour
of the second line in that equation is shown. The zigzag lines on the right and
left denote the rays where Disc ¢ and Disc » occur.

Notice that we deformed the contours even further such that the first two integrals in
Eq. (2.36) start from 0.

For example, we can apply this to the perturbative sector \I/(O)(a). The disconti-
nuities of this sector are easily computed using the rules from the previous subsection:

Disc ¥ = (1 — &¢)v® = Zse ~2u® and  Disc,¥© =0. (2.37)

In many cases, the integral around infinity vanishes (we will come back to this in
chapter 3), yielding

> it =3 [Ca S @39

By expanding around a = 0, we can match equal powers in a on both sides of
this equation and perform the y-integrations, after which we arrive at a remarkable

connection between the perturbative and non-perturbative expansions:

T(k—h—
Z%Zf 7k - gf) (2.39)
=1

Here, we used a >~ symbol instead of an equals sign to indicate that this relation only
describes the behavior as k — co. In particular, we have exchanged the sum over h
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and the integral in Eq. (2.38), which is only allowed formally — leading e.g. to the fact
that I'(k — h — 8;) may be ill-defined when h is large compared to k.

In words: Eq. (2.39) states that the asymptotic behaviour of the perturbative
coefficients f]go) is completely determined by the non-perturbative expansion coefficients
f}(f). We will call relations like Eq. (2.39) large order relations which we discuss in more
depth in the next chapter. Furthermore, in chapter 5 we shall explain in detail how
one can unpack large order relations systematically, and decode from the perturbative

coeflicients the non-perturbative ones.

We can repeat this derivation to obtain large order relations for other non-
perturbative sectors as well. The key ingredient is to rewrite Cauchy’s theorem
in terms of the Stokes discontinuities, so that from the rules discussed in the previous
subsection, one can write down large order relations by looking at allowed motions
on the alien chain. Let us note that of course all of this is only possible if the non-
perturbative sectors indeed have an asymptotic expansion (as opposed to a convergent
or even finite one) — we shall see later that this is not always the case, e.g. for the

Adler function.

To be explicit, we substitute Eq. (2.35) into Cauchy’s theorem to get

SF(, o emtmmy
W) = ST [yt e
0

2mi —«
>n Yy

SF (1,50 - ei(efn)%
e [ a0 2ao)

27 -«
<n Yy

Again expanding around «a = 0, matching equal powers in o and performing the
y-integrals, one finds

n SF n—{
™~ > %X(n%)(/ﬂ) : (2.41)
l#n

where it is convenient to define the large order factor?

0 /f-i-ﬁn h — Be)
X(n—)[) Zf )k-i-Bn—h Be (242)

Thus, Egs. (2.41) and (2.42) show how, using the alien chain formalism, the asymptotic
behaviour of expansion coefficients in non-perturbative sectors encodes all expansion
coefficients in other non-perturbative sectors.

3Note that we define these factors slightly different from [47], as we include an explicit factor of

I'(k)/A*.
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2.6. Generalizations and extensions

There are many generalizations of the concepts and constructions we have seen so
far, but in this thesis we only need two of them. First, we will need the concept of
multi-parameter transseries. Second, we need to consider transseries with terms that
include logarithmic factors. In this section, we follow the exposition in [27, 47]. We
finish with a short discussion on the types of singularities in the Borel plane that are
different than those discussed so far.

As we will see, for the Adler function in chapter 5, it is not enough to capture
all the non-perturbative contributions with a single exponential transmonomial e .
Instead, we need to allow for more such exponentials, e~ In fact, two exponents
seem to suffice for the Adler function at the order we are interested in, but we shall
be somewhat more general. Thus, by writing A = (A, ..., Ag), a typical Ansatz for a

k-parameter transseries solution to a non-linear problem is

(oo}
n-A

Fla,0) = Z ome T U™ (a), with T (q) = o Z fén)ah. (2.43)
neNk h=0

Here we used the notation o™ = Hle o;". Understanding the resurgence properties

of such a transseries is again best understood in terms of the alien derivatives A,,. For
the one-parameter transseries, a key ingredient in the calculation of alien derivatives
was the bridge equation Eq. (2.25). In the case of the multi-parameter transseries, the

bridge equation usually takes the form
Apa¥™ () =S, - (n+0)T+0  ¢+£o, (2.44)

where for each combination £ - A we now need a whole vector of Stokes parameters
Se = (Sél), . Sék)) with the following general constraint:

Egs. (2.44) and (2.45) can be derived by generalizing the steps we took in Sec. 2.3 to
the case of a multi-parameter transseries. The Borel singularities of the sectors ¥(™)
lie at positions t = £ - A in the Borel plane, with £ € Z* with entries bounded from
below by Eq. (2.44). Thus Eq. (2.26) becomes

a n Snonte B[ 0](t—£ - A)log(t—£ - A) + regular,

B = 5% (t—£-A) 2rri

(2.46)
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w(2.2)

A*A1+A2

Figure 2.2.: Two-dimensional alien lattice. We show all allowed motions of a single step start-
ing from node ¥*Y . Compared to the allowed motions for the one-dimensional
alien chain, we observe a much richer structure of allowed resurgence motions.

where the Borel residues Sy —snte can be computed in terms of the Stokes parameters
Séi) using Eq. (2.44).

In Sec. 2.4, we explained how, in the one-parameter case, the bridge equation
translates to a set of allowed motions along an alien chain of non-perturbative sectors.
Furthermore, we gave computational rules for the computation of Stokes discontinuities
and large order formulae for the asymptotic behaviour of transseries. The natural
extension for multi-parameter transseries is to think of the sectors ¥(™ as living
on a k-dimensional alien lattice. The computational rules outlined in the previous
subsections are then to a large extent unaltered, the main exception being that we
have a richer structure of allowed resurgence motions on the (multi-dimensional) alien
lattice.

Example 2.6.1. Consider the two-dimensional case k = 2 (see Fig. 2.2), and consider

@Y Similar to

all the motions consisting of a single step starting from the node ¥
what happens for the one-parameter transseries, the constraints in the bridge equation
Eq. (2.44) lead to only two types of forward motion in the £ = (1,0) and £ = (0,1)

21 the only way to

directions: Aa, and Aa,. In other words, starting from node W
reach* node W(23) with purely forward motions is by acting with A A, twice. For pure
backwards motion we have, as before, more options. In the example in Fig. 2.2, we see

the allowed purely backwards motions consisting of a single step, obtained by acting

4As will shortly be made clear, the concept of reaching a node means that the corresponding sector
then occurs in the large order description of the coefficients of the original sector.
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with A_a,, A_4,, A_oa, and A_4,_4,. This means that from U2 one can reach
node w01 using either A_g4, or twice A_ 4, .

The example shows that we now also have a type of mixed forward and backward
motion, obtained by acting with A_ 4,1 4,, A_24,+4, and A4, _4,. However, similarly
to pure forward motion, the constraint of the bridge equation limits the forward part
of the motion in particular to minimal step sizes. E.g. acting with A_ 4,24, does not
lead to an allowed motion. Finally, we should emphasize that for paths of multiple
steps it is not allowed to mix single steps with different directions, similar to the fact
that one could not mix forward and backward motion in the one-parameter case. The
reason for this is that for the computation of the Stokes automorphism, Eq. (2.12), in

a singular direction
Op = arg(£- A), (2.47)

one only requires alien derivatives in the £-direction. To clarify this with an example,
note that to reach node (%) starting from ¥(>1) one can act with A_ 4, |4, twice,
but the path where one first acts with A_s4,4+4, and subsequently with Ay, is a
combination that does not occur in any Stokes automorphism.

For the computational rules, the concepts of step, path, their length, etc. stay
unchanged in the multi-parameter setting. However, as we now have a vector of Stokes

coefficients, the weight of a step, Eq. (2.30), becomes an inner product
w(Sm—m))=m-Spm_n. (2.48)

The expression for Stokes’ automorphism acting on ¥(™) in the singular direction
0y = arg(£ - A), is now given by the sum over all paths linking the node ¥(™) to
U(ntme) with m > 0:

69 \Ij(n) + Z SF(n—>n+m£)e %\Ij(nerE)' (249)

m>0

Likewise, the large order relation Eq. (2.41) becomes

n SF n—~L
£~ Z %X(n—%) (), (2.50)
L#£n
with
k' + IBn h — ﬁl)
X(nop)( Z 7Y ((EDE = (2.51)
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the generalization of the large order factor, Eq. (2.42). These generalizations to

multi-parameter transseries will all play a role when we study the Adler function.

As a final note on multi-parameter transseries, we want to mention that it might
be the case that despite what we have said, one finds that the action of an operator
like Ay 4,, for some value of 4, is non-zero. One possibility is that there is an additional

transseries parameter related to an exponential transmonomial 6’2TAi. As a result, a
sector with exponential e~ 2" Ties on top of a sector with (e_%)Q. In [54], which
studies the all-order resurgence of factorially divergent series associated to a renormalon
in six-dimensional scalar ¢ theory, such a transseries was actually found with three
transseries parameters and exponential transmonomials e*%, e~ and e~ 5. A
second way in which the action of Ag4, does not vanish is that it might be the case
that the problem at hand does not allow for a bridge equation of the form Eq. (2.44).
In other words, the bridge equation does not lead to the constraint that Ay, vanishes.

We will come back to this in our discussion of the Adler function in Secs. 5.1 and 5.2.

Next, we discuss transseries with logarithmic transmonomials log(c). Note that in
the literature, see e.g. [26, 27, 47, 54|, both multi-parameter transseries and logarithmic
factors often occur in the case of resonant transseries, which are transseries where
multiple A; add up to 0 in such a way that logarithmic factors must occur to solve the
problem at hand. Although for the Adler function we have two exponents Ay = — Ay
and logarithmic factors do occur, in its transseries the two effects are not related and

our transseries is not resonant.

One can of course add logarithmic transmonomials to the general multi-parameter
transseries Eq. (2.43). However, despite the fact that we need such a multi-parameter
transseries for the Adler function, we will see in Sec. 5.2 that the part of the transseries
with logarithms effectively looks like a one parameter transseries. Therefore, here we
only discuss how to extend the one-parameter transseries of Eq. (2.15) by including

logarithmic transmonomials.

The one-parameter transseries Ansatz with logarithms becomes:

[es} Pn o0
Fla,o) = 20"67”3 U (a), with ¥ (a) = Zlogp(a) 2:f,(ln)[p]othrﬂLp]7
n=0 p=0 h=0

(2.52)

where we included an expansion in logarithmic powers of a up to some finite logarithmic
power p,. Note that in doing this, we add a new transmonomial log(a) to the
transseries, but not a new transseries parameter ¢ in addition to o. The reason for
this is that the addition of logs generally does not change the location of singularities

in the Borel plane, so there are no new Stokes automorphisms that would act on such
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a parameter. For similar reasons, we consider all of the f}gn)[p I to belong to the same
non-perturbative sector and we will always draw them as a single box in alien chains

and lattices.

The derivation of the bridge equation, Eq. (2.25), is unaltered (and thus the
allowed motions along the alien chain are the same), but when we apply Cauchy’s
residue theorem to obtain large order relations, we get additional and more complicated
integrals. To be precise, when we expand Eq. (2.40) around « = 0, we additionally

need to perform integrals of the form

/ dy y*e ™5 logP(y), (2.53)
0

for some s, m and p. These integrals can be evaluated exactly, and it is straightforward

to show that this yields the following large order relation for the perturbative coeflicients

gt r( gLl
©)[0) Z 1Zfe>[01 gAk:h,BO])

(=1 h=

28 S [log(¢A) — 0,]"T
+ 2771122 el )k h— ; ) , (2.54)
=1 “" h=op=1 (LA) g=k—h—pl?

where the first term is analogous to (2.39) and the second follows from the logarithmic
transmonomials. One can derive similar equations for the large order behaviour of the

coefficients of the non-perturbative sectors.

Although most of our discussion in Sec. 2 was focused on the case of a single pole
and a log-branch cut, we finish this section with a short discussion on other types of
singularities in the Borel plane that might appear. Indeed we will need this in the
upcoming sections for the Adler function. In fact, the characteristic exponents 3,, we
added in the transseries Ansatz already allow for higher order poles in the Borel plane.
Looking at Egs. (2.42) and (2.50), we notice that these characteristic exponents play a
role in the large order behaviour of the perturbative and non-perturbative coefficients.
To see how this translates to the Borel plane, consider a formal power series F'(«) and

its Borel transform

S I'(-p)
_ o n+1 _
Fla) = 7?:01“(” B)a = BIF|(t) = T (2.55)
where we assumed that § < 0. In particular, 8 = —1, -2, —3, ... correspond to a single,

double, triple pole etc. in the Borel plane.
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Furthermore, the sectors with logarithms in the transseries Ansatz Eq. (2.52) yield
new types of singularities. As an example, consider the p = 1 terms of Eq. (2.54) with
0, (9) =T(9)¥(g) (with ¢(z) = d% logT'(z) the digamma function), i.e. consider the

formal series
G(a) = T(k—=B)w(k—B)a*t (2.56)
k=0

with 8 < 0 again. Its Borel transform is given by

log(1 —t) = ¢ (=)

BIG)(1) = ~I(-5)EE 2,

(2.57)

and we indeed observe that these terms lead to a type of singularity we have not
considered so far. We will discuss the role of these Borel singularities for the Adler

function when we encounter them in Secs. 5.1 and 5.2.

2.7. Numerical methods

Richardson transforms, Padé approximants and conformal transformations are often-
used as numerical methods in the resurgence literature because they are well-suited
to extract as much information as possible from a limited set of perturbative data.
Since we make considerable use of these methods in this thesis, we discuss them here

in some detail. See [55] for a more extensive exposition.

2.7.1. Richardson transforms

Consider a sequence S(k) which we know how to compute numerically for arbitrary k,

and has an expansion of the form

S1 S9

S(h)=so+ o+ (2.58)
Our first aim is to calculate sg, which we can do by computing limy_,~, S(k). However,
it might well be that one needs to compute S(k) for many and large values of k
to confidently judge the limit. The Richardson transform [56, 57] is a method to

accelerate this process and enable one to reach the desired limit with (significantly)
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fewer values of k. It is defined recursively by

RTIS](k,0) = S(k), (2.59)
RT[S|(k, N) = RT[S|(k +1,N — 1) + %(RT[S](k +1,N — 1) — RT[S|(k, N — 1)) :
where we denote the N Richardson transform of S(k) by RT[S](k, N).
Example 2.7.1. Consider the case for N = 1, which corresponds to

RTIS)(k, 1) = S(k + 1) + k(S(k + 1) = S(k) ) = 50 + = ];282 + O(%) . (2.60)

Clearly the limit limy_, o RT[S](k,1) = s¢ has a faster rate of convergence than S(k),
as the subleading part proportional to s now scales as O(l/kQ). Since the Richardson
transform RT[S|(k,N) cancels the subleading terms in S(k) up to order 1/kN, the
estimate of sg thus becomes better when both k and N increase,

We can also find a closed form, in terms of S(k),S(k + 1),...,S(k + N), for the

h
N Richardson transform by solving the following set of equations for sg:

S(k):so+s—1+...+8—N

k kN
S1 SN

S(k+1) = — o+

(k+1) 80+k+1+ +(k+1)N -
S1 SN

S(k+N) = —_—t

(k+N) sot Nt +(k+N)N

where we truncated the series in Eq. (2.58) after the N o term. The solution for sg,
up to order O(1/kN*1), is given by

so ~ RT[S](k, N) = (-1)"*N
n=0

(k +n)N 1

n!(an);SU””) +O(W)' (2.62)

Example 2.7.2. Let us see how the Richardson transform works in practice by

considering the function

f(“)zli +log(1u—u):i«_;)k_kil)uk, (2.63)
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If one is only given numerical values for the first, say 40, coefficients T(k):

T(k) = (- ;)k - k%l : (2.64)

one can use the Richardson transform to extract the leading growth of these coefficients:

T(k) ~ —— 4+ — + ... (2.65)

where the ellipsis contains terms for both the subleading 1 behaviour and the (—%)*
term. In Fig. 2.3a we show the coefficients T(k) in blue for 1 < k < 40, together with
their second Richardson transform. Here we used Eq. (2.62) to calculate the Richardson
transform as the direct formula has a faster implementation than the recursive formula
given in Eq. (2.59). We see that the Richardson transform gives a clear acceleration

of the series to the value so = 0 with
RTIT(k)](38,2) = —0.00001562865083298977613 (2.66)

Higher order Richardson transforms give even better estimates of sg.

We may go even further and extract s1, by constructing the sequence

BT —0) 1+ 14 (2.67)

This converges to —1 in the k — oo limit. In Fig. 2.3b we see this sequence together

with its second Richardson transform, showing again good convergence towards —1:
RT[k(’]I‘(k) — 0)] (38,2) = —0.9999841284122182302 (2.68)

One can naturally continue this process and also extract the coefficients s;, i > 1.
Also the (—=%) term of T(k) can be extracted and we show how this can be done
in chapter 5. For now we highlight the fact that this term does not spoil the above
convergence towards so and S1.

2.7.2. Padé approximants and Borel-Padé summation

Consider an analytic function f(u), or even a formal power series

flu) = Zakuk . (2.69)
k=0
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Figure 2.3.: In (a), we show the coefficients ¢, (bottom curve, blue), Eq. (2.64), together
with their second Richardson transform (top curve, orange). In (b), we show
the sequence k(T(k) —0) (top curve, blue) of Eq. (2.67), again with the second
Richardson transform (bottom curve, orange).

One can define the Padé approximant of f(u) [58, 59| as

EnNzo bpu”
M

Y om0 Cmtu™ .

Pnmlfl(u) = (2.70)

This rational function should be thought of as an approximation to f(u) itself: the
coefficients b,, and ¢,, are precisely chosen such that the first N + M + 1 coefficients of
the Taylor expansions of f(u) and Py, a[f](u) agree. (Note that the Padé approximant
has N + M + 2 coefficients in total, but an overall scaling of these coefficients has
no effect on the rational function.) Given a power series f(u), software packages like
Mathematica can compute Padé approximants up to around 100 coefficients exactly,
and even further numerically. In practice, one usually computes the diagonal Padé
approximant of order N, Pn[f](u) (defined as Py ar[f](w) with M = N), and we shall

always do so in this thesis.

The main use of Padé approximants lies in the fact that they can encode singu-
larities. If for example f(u) describes a function with a pole at some point ug # 0, a
truncated Taylor expansion of f(u) will not ‘see’ such a pole easily, simply because a
Taylor expansion is a polynomial which has a finite value at ug. The Padé approxi-
mant, on the other hand, by construction must have a number of poles, and essentially

always® one of these will turn out to be near uq.

This ability of Padé approximants to encode singularities of f(u) goes even further:

a Padé approximant can also spot more complicated singularities in f(u) such as

5In rare cases where a singularity does not show up, it can be made visible by changing the order
of the Padé approximant. As a check, we have always compared Padé approximants at slightly
different orders for the computations in this thesis.
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2L

Figure 2.4.: Poles of the order 120 diagonal Padé approximant to the function in Eq. (2.63).
One clearly sees the (single) pole at w = —2 as well as the mimicked branch
cut starting at v = 1.

logarithmic branch cuts. Of course the rational function Py|[f](u) does not have such
branch cuts, but for large N it does have a large number of poles, and these poles can
accumulate into half-lines that start at some point ug, thus mimicking a branch cut,
not only in a pictorial way but also in the sense that integrals around branch cuts are

well-approximated by integrals around the poles.

For a real power series, the coefficients in the Padé approximant will also be real.
In general, this leads to Padé poles that are also at real locations, but occasionally
‘spurious’ poles occur when the denominator of the Padé approximant has two non-real
complex conjugate zeroes. The occurrence of such spurious poles is usually not very
problematic, as they occur sporadically and can often be removed by taking a slightly

higher or lower order Padé approximant.

Example 2.7.3. To illustrate the process of Padé approrimation, let us once again
look at the example Fq. (2.63). The function f(u) has a simple pole at w = —2 and
a logarithmic branch cut starting at w = 1. Using the exact Taylor expansion in
Eq. (2.63), and from that result computing P12o[f](u) using Mathematica, we find a
rational function whose poles we plot in Fig. 2.4. Both the single pole at u = —2 and
the accumulation of all other poles to mimick the branch cut at w =1 are clearly visible
i the figure.

In this thesis, we use Padé approximants in two different ways. First of all, we
use these approximants to spot singularities for functions (usually in the Borel plane)
for which we only have a finite number of expansion coefficients available. A second
application of Padé approximants is that they can be used to replace an actual Borel
transform B[F](t) of an asymptotic series before doing the Laplace transform. That

is, instead of computing

S[F](g) ~ /O T A BFlx () et (2.71)
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using an Nth order Taylor expansion of B[F|(¢), one instead computes
S[F)(g) ~ / dt PBy[F)(t) e | (2.72)
0

with PBy = Py o B. The reason why this is useful is that it does not make much
sense to Laplace transform a Taylor series of a Borel transform directly: such a Taylor
series is simply a polynomial, and its Laplace transform does nothing but reinsert
factors of n! in front of the nth coefficient of B[F](t) — that is, it simply returns a
cut-off version of the original asymptotic series, which when we make N larger and

larger will still diverge for any value of the parameter.

If instead of directly Laplace transforming a Borel plane power series one takes
a diagonal Padé approximant first, the resulting functions are much better behaved.
There are two reasons for this: first of all in a Laplace transform of the form Eq. (2.72)
the function PBy[F](t) behaves very nicely as ¢ — oo: it simply becomes a constant,
so the total integral including the decaying exponential converges very fast. More
importantly, however, as we have seen PBy|[F](t) encodes the singularities of B[F](t)
very well, and these singularities contain information about the non-perturbative
contributions to the function O(g) that we are trying to approximate — non-perturbative

contributions that ‘cure’ the asymptotic growth of the power series expansion.

As a result, whenever we want to numerically compute an inverse Laplace transform
of a Borel transform whose analytical form is unknown, we use a Padé approximant.
This procedure is known as Borel-Padé summation or sometimes Borel-Ecalle-Padé

summation; further details can be found in e.g. [27, 47].

2.7.3. Conformal transformations

As we saw earlier in this chapter, very often there is a dominant Borel singularity at,
say, t = A — corresponding with the leading divergence of the associated asymptotic
series — and the subdominant singularities are at t = nA for n > 2. In the case there
are branch cut singularities and if one tries to approximate the Borel transform using
a Padé approximant, it might be hard to distinguish the different singularities as the
branch cuts are mimicked by the accumulation of Padé poles. To pull the branch cuts
apart, one can take a conformal map before taking the Padé approximant [60, 61]. To
be specific, the conformal mapping
4zA

C:it— T (2.73)
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Figure 2.5.: In (a), we show the poles of the diagonal Padé approximant PBiao[F](t) of
Eq. (2.74). As the poles of different branch cuts are hard to distinguish, we
show in (b) the Padé singularities after applying the conformal map Eq. (2.73)
to the Borel plane. We clearly observe that the different branch cuts are pulled
apart with z = —1 and z = 41i corresponding to t = 1 and ¢ = 2 in the left
figure respectively. Furthermore, the second branch point of both logarithms
at t = oo is made visible in (b) with an accumulation of poles near z = 1.

maps the half-line [A4, o) in the ¢-plane to the unit circle in the z-plane. E.g. t = A
gets mapped to z = —1, t = 2A gets mapped to z = +i etc. Again, an example may

be best to illustrate the usefulness of the conformal mapping.

Example 2.7.4. Consider the following Borel transform:
B[F](t) =log(1 —1t) +log(2 — t), (2.74)

which has two branch cuts starting att =1 and t = 2. In Fig. 2.5a we show the poles
of the diagonal Padé approximant PBi4o[F|(t) and clearly observe an accumulation
of poles at t = 1. Howewver, it is not clear if the poles near t = 2 correspond to the
branch cut of log(2 —t), or are still a representation of the branch cut of log(1—t). To
pull the different branch cuts apart, we can apply the conformal mapping of Eq. (2.73).
Fig. 2.5b0 shows the Padé poles of the order N = 140 Padé approximant after taking the
conformal mapping. The different branch cuts att =1 and t = 2 are mapped to z = —1
and z = +i respectively and are now easily distinguishable. Both logarithms log(1 — t)
and log(2 — t) also have a second branch point at t = oo, which gets mapped to the

finite location at z =1 by the conformal mapping and subsequently made visible by the



Resurgence 33

Padé approzimant. The above observations are easily verified with a small calculation:

CB[log(1 —t)](z) = 2log(1l + z) — 21log(1 — 2)
CBllog(2 —t)](2) = log(2) + log(z +1) + log(z — 1) — 2log(1 — z), (2.75)

with CB = C o B. We indeed see four different logarithmic branch points appearing in
the z-plane.






Chapter 3.

Resurgence of large order relations

This chapter is based on [3].

Let us consider an asymptotic perturbative series in some variable! z:

oo
D(z) =" pl0zatt, (3.1)
g=0

From the previous chapter, we learned that the perturbative coefficients go( )4

Eq. (3.1) are related to other non-perturbative coefficients 4,051 ). These relations are
collected in so-called large order relations — which we encountered already in Sec. 2.5

and in particular Eq. (2.39) — and repeat here for clarity in the simplified case that
Be = 0:

oo e o0
ZTIZ -t h) g(g)h) o (3.2)
(=1 h=0

As explained below Eq. (2.39), this should be understood to hold in the large ¢ limit.
Originally, large order relations of this type appeared in [26].

As said already in the introduction of this thesis, the study of the large order
behaviour of asymptotic series in physics predates the conception of resurgence and
large order relations. Many other implicit and explicit discussions of large order
behaviour have appeared over the years, e.g. [62-64]. To the best of our knowledge, the
first (leading instanton) large order formulas of the form in Eq. (3.2) appeared in [65]
and subsequently also in [43, 44, 66] before being generalized to the multi-instanton

version of Eq. (3.2) from [27] in the context of ODEs and matrix models.

In the more recent mathematics literature, the focus of resurgence research has
not been on large order behaviour as much as it has been in the physics literature,
but Ecalle and Sharma described a method to study large order relations in [67], and
most of the essectial techniques needed to discuss large order behaviour can be found
in the textbook [68]. In 2020, Sauzin used these techniques to study the large order

IFor most physicists it might feel strange to use g as a summation variable as it is often used
as the coupling constant in which one expands perturbative series. However for those feeling
uncomfortable at the moment, hang on, as for most of this chapter we are actually interested in
expansions in 1/g around g = co

35
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Figure 3.1.: Borel transform of the Adler function large order expansion — discussed in
more detail in chapter 5. The black dots are the singularities of the Borel-Padé
transform of the 1/¢g expansion of Eq. (3.2) for £ = 1. The red transparent
disks are added to aid the eye and are positioned at log(¢) +7in, with £ = 1,2, 3
and n € Z. The two plots show the contributions to the large order relation
coming from the two leading nonperturbative sectors. The spurious black dots
with imaginary part ~ +97i in the right hand plot are a result of numerical
instabilities.

behavior of the asymptotic ‘Stirling series’ that occurs when expanding the logarithm

of the gamma function [69].

The applications of large order relations go beyond toy models: in chapter 5 we
will study the resurgent structure of the Adler function, and use large order relations
to extract higher nonperturbative sectors that have an interpretation as renormalon
contributions. Without turning to details yet, let us give a small preview of what
we will encounter in chapter 5. For each £ in Eq. (3.2) the ratio of gamma functions
yields a new asymptotic series in 1/g, which in the context of the Adler function (as
in many other examples of asymptotic series) is studied by plotting poles of the Padé
approximant to its Borel transform. This leads to the plots shown in Fig. 3.1, where
the black dots indicate the singularities of the Borel transform of these series, which
in turn should determine nonperturbative contibutions to the large order relation.
In fact, it was this interesting singularity structure — somewhat reminiscent of the
‘peacock patterns’ observed in [70] — that led us to the question which underlying

structure gives rise to these patterns.

The observed pattern is not specific to the Adler function: it also appears for a

variety of other models — see e.g. Fig. 3.2, which displays a similar plot for a toy model
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Figure 3.2.: In (a), we show the singularities of the Borel-Padé transform of Eq. (3.2) for
¢ =1 for the quartic free energy. Similar to the plots shown in Fig. 3.1, we
observe singularities at log(k) + 2mwin, but now for integers k > 2 and n € Z.
As the singularities are branch cuts (mimicked by the accumulation of poles
of the Padé approximant), the poles corresponding to different branch cuts
are hard to distinguish. In (b), we therefore show the Padé singularities after
applying a conformal map to the Borel plane — recall Sec. 2.7.3 — which maps
the singularities on the positive real axis to the unit circle; the images of some
other lines with imaginary part 27n are also drawn. We clearly observe that
the branch cuts are pulled apart and can therefore conclude that the poles on
the real axis in (a) belong to different branch cuts. We refer to example 3.2.2
for more details.

that we will study extensively later in this chapter. In this case, the Padé poles line
up to mimic branch cuts (rather than poles) in the Borel transform of the large order
expansion, but the repeating structure of singularities is essentially the same. These
observations are particularly interesting in light of the fact that the 1/g expansion of
Eq. (3.2) itself takes the form of a transseries [27, 71]. These two ingredients form the
starting point of this chapter.

Throughout this chapter, we provide numerous examples to illustrate various
concepts and to numerically verify our statements. As these examples are primarily
meant to support the more abstract concepts, we keep the examples small and refrain
from too many details. Many more details will be given in chapter 5, when we perform

the resurgence analysis of the Adler function.

In this chapter, we study the resurgent structure of the transseries that large

order relations constitute. Before we do so, we review in Sec. 3.1 the tools from
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resurgence that are necessary for the rest of the chapter. In Secs. 3.2.1 and 3.2.2, we
show how the resurgent structure of large order relations can be understood using
the so-called Stirling transform, which repackages all the coefficients into new series
that appear in the large order relation Eq. (3.2). In particular, these new series
make the repeated pattern in the imaginary direction in Figs. 3.1 and 3.2a manifest,
leading to an underlying geometric structure that we dub the Borel cylinder. We
subsequently derive the Stokes phenomenon [51, 52] in Sec. 3.2.3, and explain how
it relates to the Stokes phenomenon of the original asymptotic expansion. In doing
so, we test to what extent the resummation of the large order relation describes
the perturbative coefficients ezactly: when we resum Eq. (3.2) for finite g, can we
calculate the perturbative coefficients <p§0) to arbitrary precision? We will find that
the answer to this question is often ‘yes’, even in cases where one ignores potential
contributions to the large order relation coming from a Cauchy integral at infinity.
Finally in Sec. 3.2.4, we will formulate ‘exact’ large order relations, and see that this
resummation establishes a natural extension of the large order relation to non-integer
and even complex values of g. Sec. 3.3 is devoted to a test of the exact large order
relation for a toy model called the quartic partition function and Sec. 3.4 finishes with

our conclusions and an outlook.

3.1. From Stokes constants to Borel residues

In the previous chapter we gave a ‘classical’ introduction of resurgence, where we
assumed that our resurgent function arises from a problem that has a bridge equation,
i.e. we assumed a particular form of the underlying transseries — recall e.g. Eq. (2.18)
for the one-parameter transseries. This was in particular useful to explain the important
resurgence concepts, however in many applications, such a bridge equation is hard to
derive or even non-existent — see in particular chapter 5. Therefore, in this section
we will be more generic by introducing resurgence without assuming an underlying
bridge equation or transseries. Instead, we start from the setting of a simple resurgent
function — introduced in Eq. (2.9) — where the Borel transform only has poles and
logarithmic branch cuts as its singularities. We will in particular be interested in the
case of logarithmic singularities, but this is not a very strong restriction as we can

switch to a different Borel transform — see App. A.1.

In this chapter, we will be mostly interested in what happens at a single Stokes line.
Without loss of generality, by rotating the complex z variable and the corresponding
Borel transform variable ¢ if necessary, we may assume that this Stokes line is the
positive real axis. The Stokes line can contain more than a single singularity, but

we do make the assumption that any singularities on it are at ¢t = (A for £ € Z~g.
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This is often a reasonable assumption; for example, there may be multi-instanton or
renormalon configurations in our physical problem, and those would lead to precisely

such a pattern of singularities.

Taking these assumptions into account, let us then assume that near some sin-
gularity ¢t = (A, the Borel transform of the perturbative series Eq. (3.1) has the

form

S
Bl O)(t) = QO—H_Z Blp®](t — LA) log(t — LA) + regular, (3.3)
i
which is just a particular instance of Eq. (2.26). The main difference with Eq. (2.26)
is that the Borel residues Sg_,¢ are now assumed to be general and not necessarily
expressed in terms of Stokes constants via a bridge equation as in e.g. Example 2.3.2.
Of course, there is some freedom in scaling So_,¢ and () in opposite ways; usually

this freedom is fixed by requiring that the leading term in ¢ is unity.

Quite common in the theory of resurgence is that the relation (3.3) generalizes to

the other formal power series ¢*) as well: we have that

Ble™)(t) = Sk;iy BoloFO](t — LA) log(t — LA) + regular, (3.4)

for integers k, ¢ such that £ > 0 and k& + ¢ > 0. In this chapter, we will use the

terminology that the sectors know about each other.

An important observation is that the Borel residues Sg_,¢ are formally multivalued,
since there are in general many paths v along which we can analytically continue the
Borel transform from ¢ = 0 to ¢t = fA. Therefore, to properly define the Borel residues
So—¢, we must commit to a convention with regards to these paths. A standard
convention is the one shown in Fig. 3.3 on the left side, where we analytically continue
the Borel transform above the Stokes line to the singularity of interest. We will come
back to this ambiguity in Sec. 3.1.2.

3.1.1. Stokes phenomenon

Whenever we encounter a Stokes line, we are interested in computing the discontinuity
discp@(2) = (S — S )V (2). (3.5)

In this chapter, whenever it is clear what the singular direction 6 is, we will omit the
angle, e.g. denote the lateral Borel sums with angles infinitesimally larger or smaller
than 6 by S0 and S_¢(® respectively. In computing the discontinuity in Eq. (3.5),
it is important that the Laplace integrals for both Sy and S_ do not cross any branch
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Figure 3.3.: Conventions for the description (3.3) of the Borel transforms near singularities
at t = £A: on the left the standard convention (continuation above the Stokes
line) and on the right an alternative convention (continuation below the Stokes
line).

S (’,(M

S (/J["\)

Figure 3.4.: Considering the difference of lateral resummations, there are two natural
choices: we either let all branch cuts (and thus the Hankel contours) run off to
infinity below the real line (upper graphs) or we let them run off to infinity
above real line (lower graphs).

cuts associated to the logarithmic contributions to the Borel transform Eq. (3.3). One
may achieve this by aligning all branch cuts with the Stokes line (see the left hand side
of Fig. 3.4), but a more conventient choice is to let all branch cuts go off to infinity in
a diagonal direction and deform the integration contour into a sum of so-called Hankel

contours, as depicted in the middle of Fig. 3.4.
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By decomposing the integration contour in terms of Hankel contours around
individual singularities in this way, we can use Eq. (3.3) to find?

(S+ — 5—)<P(O)(Z) =-S5 (i So—k <P(k)(z) ekA/Z> ‘ (3.6)
k=1

More suggestively, we can write this as

S o0(z)=8_ (go(o)(z) - Z Sor 9 (2) e_kA/Z> , (3.7)
k=1

which tells us that the Borel summation along one side of the Stokes line is equal
to the resummation along the other side when we modify the asymptotic expansion
in the appropriate way. This is a manifestation of Stokes phenomenon. Using the
Stokes automorphism & defined by S; = S_ 0 &, — recall Eq. (2.11) — we can write an

equivalent statement in terms of asymptotic expansions which reads
S60(2) = $02) = 3 S0 g ) e (38)
k=1
Similarly, for Eq. (3.4), the action of the Stokes automorphism Eq. (3.8) generalizes to
Sp® (2) = oM (2) - i Skokre o0 (2) e /2, (3.9)

{=1

for generic sectors ¢(*). Comparing to Eq. (2.35), we see that we obtained a similar
formula for Stokes’ automorphism, where the Borel residues are replaced by the

statistical factor. To be precise:
SFp—sm = —Snom (3.10)

which also yields a formula to compute Borel residues in the case of a one-parameter

transseries — recall example 2.3.2.

So far, we have not made any assumptions about an underlying transseries, but

the above expressions Eqgs. (3.8) and (3.9) show that it is useful to unite the formal,

2Here, we have exchanged the order of summation over k and integration in ¢. This is an operation
that, especially in a resurgence setting, has to be treated with care, but since the sums over k (as
opposed to those over g) generally have a nonzero radius of converge, this exchange of sums and
integrals can often be put on solid footing.
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asymptotic power series (") in a transseries,

O(F,2) =Y on e (z)e 3 (3.11)

n=0

In the above expression we have assigned weigths o,,, i.e. the transseries parameters,
to each transseries sector p(™); these are all collected in the single vector & on the left
hand side. The advantage of introducing these parameters is that we can now also
view any asymptotic expansion before the Stokes jump Eq. (3.9) — that is, simply o(F)
— as a transseries with o,, = d,, ;. In fact, one may be more general and think of the
Stokes automorphism as mapping one transseries expansion — with particular values
of o, and summed above the Stokes line using the S, procedure — to another one —

with other values of ¢, and summed below the Stokes line using the S_ procedure.

Using the transseries notation, we can write the action of the Stokes automorphism
as an action on the transseries parameters:

SP(d,2) =D(S-7,2). (3.12)

Effectively, we are multiplying the (infinite) vector & with an (infinite) lower-triangular

Stokes matriz S whose elements are given by the Borel residues

1 0 0
—S;n form<n
n —So_1 1 0
(S), =41 form=n = (3.13)
_SOHQ —S1H2 1

0 form >n,

for integers m,n > 0. In particular, this means that we have the following action on a

single transseries parameter

n—1
S:o, 0, — Z OmSm—sn - (3.14)
m=0

This generic description expresses the Stokes phenomenon in terms of an infinite set
of Borel residues.

Example 3.1.1. In section 3.3 we will introduce the quartic free energy — a popular
toy model to study resurgence (see e.g. [71]). Throughout this section and the next, we

will occasionally refer forward to aspects of this example to clarify the material. The
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quartic free energy has a two-parameter transseries solution that can be written as
o0
F(z,0,p) = > " F" (z)e 4" +p, (3.15)
n=0

where the F™)(x) are formal power series in x. Their Borel transforms have a Stokes
line along the positive real azxis and therefore F(x, 0, p) undergoes a Stokes transition.
Despite the fact that there are an infinite number of transseries sectors F™ | it turns
out that setting o, = o™ is a convenient parametrization under which the Stokes

automorphism along the arg(x) = 0 direction acts as
GOF(£707P) :F($7U+Slvp)' (316)

Thus we can reduce the number of degrees of freedom for this particular transition to
one parameter o and one Stokes constant S1. These relate to our generic formulation
(3.11) and (3.9) when

E+1
S;H;m:—( N )S{. (3.17)

The second parameter p is irrelevant for the above argument; it only plays a role when

we consider another Stokes transition across the negative real axis.

3.1.2. Multivalued Borel residues

As we mentioned in Sec. 3.1.1, the Borel residues Sy, ;+¢ depend on the path along
which we analytically continue the Borel transforms from one point to another. In
computing the discontinuity along a Stokes line, Eq. (3.6), we assumed that the Hankel
contours run off to infinity below the Stokes line, meaning that we could use the Borel
residues S, r+¢ as defined by paths above the Stokes line — the convention in the left
of Fig. 3.3. Alternatively, we could consider diagonal Hankel contours above the Stokes
line, in which case we would need to use a different set of residues that we denote by
gkﬁlﬁg and which correspond to analytic continuation of the Borel transforms along

paths below the Stokes line, as in Fig. 3.3 on the right.
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To relate the two sets of Borel residues, we observe that both choices should
describe the same discontinuity:

Disc (¥ = —&_ (Z S(chp(k)ekAz> =-8_(6-1)p®

k=1

s (Z sowwem) C s (e @y

k=1

The top (bottom) line in this equation is obtained by letting the Hankel contours run
to infinity below (above) the real line, as shown by the diagrams in the top (bottom)
of Fig. 3.4. Eq. (3.18) implies that two conventions lead to two distinct transseries
expansions that after the appropriate lateral resummation should reproduce the same
discontinuity. Hence, these respective transseries must consist of different linear
combinations of the formal power series (¥) | and therefore they are defined by two
distinct sets of residues {Sg_ 5} and {Sy_,}. To reproduce the same discontinuity,

the two transseries expressions should be related via

(G} <Z 5()%;@(,0(1“)6_“2) = Z Soﬁkap(k)e_“z. (3.19)
k=1 k=1

If we know one set of residues, we can derive the other set straightforwardly by using
this equation and the Stokes automorphism Eq. (3.9). Using the Stokes matrix S we
can interpret the above equation as saying that

0 0
So—1 So1
S [ Sosz | = | Somz (3.20)
So-3 So—3

Solving this equation for the first three Borel residues So_,j, we find that

So1 = So1
Sos2 = Sos2 + So1S152
So—3 = So—3 + S05151553 + So-252-53 + S0-151 525233 - (3.21)
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The general solution is

¢ r—1
Shokie = Z Z H Sk k1 (3.22)

r=1 k=ko<...<kp=k+£ j=0

Note that all the ‘one-step’ residues Si_,x11 = gk—>k+1 are equal. This is as expected,
since their respective paths are in the same homotopy class (see figure 3.3). Of
course, for the ‘multi-step’ residues, we could have chosen even more complicated
homotopy classes for the paths, going above some singularities and below others, or
even circling the singularities several times — but the two conventions above are clearly
the most natural ones. Regardless of the conventions that we pick, any complete set
of residues contains the same information about the resurgence relations (3.3) as any

other complete set.

Example 3.1.2. For the quartic free energy, whose Borel residues Si— k¢ were given
in (3.17), one can also calculate the alternative set of Borel residues using (3.22),

leading to

. k+¢
Sk_>k+g—(1)e< N )Sf. (3.23)

These are again expressed in powers of a single Stokes constant Sy .

3.1.3. Derivation of large order formulas

We already derived large order relations in Sec. 2.5, but let us now give a slightly
different derivation in terms of Borel residues to keep the discussion as generic as

possible. Again, we use Cauchy’s theorem to write

(0) (0)
% :}{iﬁB[w (1) 1)
g! o 2w t9tl
dt  Blp®](t—kA) dt BlpD](t)
= Z SO—>kZ \/1;7 (27‘(1)2 941 log(t—kA) + f;o %W s (325)
k>1 kA

where in the second line we deformed the contour around ¢t = 0 to a contour around
infinity and in the process picked up various Hankel contours associated to singularities
that the Borel transform has. Given our definition of the Stokes automorphism, each
of these Hankel contours H, , grabs the k-th singularity located at kA and ‘leaves’
the Borel plane below the positive real axis — as shown in figure 3.4. For the rest of
this computation we will assume that the contribution around infinity vanishes and

therefore ignore it — but we will come back to this assumption in Secs. 3.2.4 and 3.3.3.
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By an appropriate shift, the right hand side can now be rewritten as

(0) co—ie k
_ dt Blp™](t)
k§>150—>k/ Tﬂm’ (3.26)

where € is an infinitesimally small positive number, causing the contour to run below
the singularities. We can then replace the Borel transforms by their Taylor series
around ¢ = 0 and integrate term by term with respect to ¢, which produces the familiar

asymptotic large order relations that read?

2 r h
% _ Z Sopk™9 Z (g( ) ) (k'A)hSOELk) ) (3.27)
k>1 h>0 9

This is the same form of the large order formulas that we already derived in Sec. 2.5,

but with the statistical factor replaced by minus the Borel residues.

3.2. Resurgence of the large order transseries

We finished the previous section with the usual form of the large order relation,
connecting the coefficients in the perturbative sector of a transseries to the coefficients
in its nonperturbative sectors. An important observation (already underlying e.g. [27])

is now that this formula itself has the form of a transseries: by writing
k=9 = e 9losk) (3.28)

we see that it has ‘instanton actions’ log(2),log(3),log(4) etc. We shall call this
transseries the large order transseries. The nature of this transseries is slightly
different from the ones we have discussed so far, though; in particular, the instanton
actions are not all integer multiples of a finite set of ‘basis actions’, and they are (by
the nature of the logarithmic function) not single-valued. One may therefore wonder
about the resummation of this transseries, whether it also has a Stokes automorphism,
how its Stokes data are related to those of the original transseries, and so on. It is to

those questions that we turn in this section.

3To anticipate our discussion in section 3.2.4, where we will want to extend these expressions to
complex values of g, we already write I'(g) rather than (g — 1)! on the left hand side of this
equation.



Resurgence of large order relations 47

3.2.1. The Stirling transform

For each k in the large order transseries Eq. (3.27), the ratios of gamma functions can
be expanded in powers of 1/g. This yields a formal power series in 1/g for each k,
whose coeflicients encode the perturbative fluctuations goglk) around the k-th instanton

sector. For k = 1, the first few terms of this series read

A (1) A (1)+A2 (1)
—So-1 (‘P((]l)JF 12! + L 7 2

A (1) A2 (1) A3 (1)
A 30 A o). (3.29)

P
Because the 1-instanton coeflicients <p§ll) grow factorially as h becomes large, the above
power series will generically be asymptotically divergent as well. In fact, this is the

case for all k-sectors in the large order relation Eq. (3.27).

Working out a few more orders in Eq. (3.29), we find that the integer coefficients
appearing in the series correspond to Stirling numbers of the second kind [72]. The
above series therefore constitutes what we will call a rescaled Stirling transform of
the first instanton series. Let us elaborate: a formal power series ¢(2) = >~ anz™"
defines a sequence of coefficients a,, whose Stirling transform is another seq_uence of
coefficients b,, defined by

by = kz: {Z} ar (3.30)

where the integers {}} are the Stirling numbers of the second kind; see App. A.2 for a
definition. We then say that the formal power series

b(g) = bug™" (3.31)

is the Stirling transform of the series 1(z). Furthermore, we can rescale the argument

2z — z/A in 1 (z) to obtain a new series in z71:

" (%) - i (anA™) 2" (3.32)

n=0
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Finally, we introduce a formal power series z/s(g) which is the Stirling transform of this
rescaled series, and which looks as follows:

R oo n n .
60 = 23 {}} @)
Aay Aay + A2CL2 Aaj + 3142@2 + A3a3
+ 5 + 5
g g

+0(g™*). (3.33)

I

S
=)

+

This series is what we call the rescaled Stirling transform of ¢(z) and it matches
exactly the series expansion (3.29) of the large order relation (3.27). If we now identify
the coefficients aj, with the coefficients Lpg) of the one-instanton sector of our original
transseries, then we conclude that the asymptotic expansion for k = 1 in Eq. (3.27)
is the rescaled Stirling transform of that one-instanton series. More generally, the
asymptotic expansion in 1/g of the large order transseries in its nonperturbative sector
multiplying k=9 = e=91°2% can be expressed as a rescaled Stirling transform of the

k-instanton series of the original transseries, where the scaling factor is kA instead
of A.

Having understood that the asymptotic expansions appearing in the large order
relations are actually rescaled Stirling transforms of the original instanton series, we

can define

_ iji{ } ( ) (kA) ) , (3.34)

and rewrite the asymptotic large order relations (3.27) as

) 4
2 .
L _ § SO%I&P o~ 9log(k) (3.35)

Thus, Eq. (3.35) allows us to order the contributions by size where the one-instanton
coeflicients goh) determine the leading expansion in 1/g, and higher instanton coeffi-
cients ap( ) determine nonperturbative contributions to the large order transseries that
are exponentially suppressed as e~9108(k)

Example 3.2.1. Let us test Eq. (3.35) by performing a resurgent large order analysis
at leading instanton order k = 1. (We will perform tests for higher k below in example
3.2.4.) To this end (see also [T1]), we study the large order growth of perturbative
coefficients F;O) of the quartic free energy, which we already briefly introduced in
example 3.1.1.
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The large order relation for the quartic free energy is exactly of the form of
Eq. (3.35), with instanton sectors F*) that carry an instanton action A = 3/2 and
with Borel residues So_ ) expressed in terms of a Stokes constant S; = —2 by Eq. (3.17).
To test Eq. (3.35), we call the sequence on the left hand side of this equation vy and
plot the ratio

AJ%H:1+0@4% (3.36)
P
1¥0

for g up to 500 in the first plot of Fig. 8.5. This indeed convergences towards 1
as g becomes large. Likewise, in the second plot, we test the expected subleading
g~ '-behaviour by plotting the ratio

Tg — Sltﬁ(gl)

)

( ~14+0(g™), (3.37)
S1p1

which again converges towards 1 in the large g limit. We can similarly test the g~

contributions to the leading sector of Eq. (3.35) by summing the right hand side of
Eq. (3.34) (for k = 1) up to order n = N — 1. We then plot the difference between
the (exact) left and (truncated) right hand side of Eq. (3.34) for values of g up to

500, where we divide by the expected g~V

contribution at that order so that we expect
the rescaled difference to become 1 at large g. In Fig. 3.5 we see that indeed both
sides of Eq. (3.35) match up to order g—*2 (where the only reason to stop is not to
make the figure too large), confirming the validity of the Stirling numbers appearing in

Eq. (3.34).

order g order g™ ! order g2 1 order g™

Figure 3.5.: A test of the rescaled Stirling transform appearing in Eq. (3.35), for the leading
k = 1 sector and up to order g~ 2.
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At this point, we have established how the large order transseries (3.35) is con-
structed in terms of the instanton coefficients wglk) of the original transseries. Still,
the question remains whether the newly constructed large order transseries is truly a
resurgent transseries, in the sense that the Borel transforms of its formal power series
@) (g) know about each other like the original series p(*)(g) do in Eq. (3.4). In order
to answer this question, we want to derive similar resurgence relations for the Borel
transforms of the rescaled Stirling transforms ¢*). The first question to address is

therefore what the Borel planes of these series look like.

It so happens that the Stirling transforms of functions have a rather interesting
property when it comes to their Borel transforms: consider the Stirling transform ¢(g)
— defined through Egs. (3.30) and (3.31) from the series v (z). Its Borel transform,
assuming as usual that it converges and through analytic continuation defines a

function, has the following simple form:

Bo[¢](t) = Bo[¢](e" — 1). (3.38)

Two remarks are in order. First of all, notice that this simple form of the Borel transform
is true for the 0-Borel transform. Its generic n-Borel transform is straightforwardly
obtained through differentiation — see App. A.1-A.2 — yielding a Borel transform
that is less simple. To keep the formulas concise, we therefore switch to the 0-Borel
transform from now on in the remainder of this chapter and leave out the subscript.
Subsequently, the rescaled Stirling transform z/A)(g) given by Eq. 3.33, also has a Borel
transform that relates to B[] as follows:

B[4](t) = B[y] (A(e' - 1)) . (3.39)

As a result, we find that the 0-Borel transforms of the asymptotic series ¢ (g)
appearing in the large order relations can be expressed explicitly in terms of the Borel

transforms of the original instanton series p(*), using their proper rescaling:
Blp®)(t) = Blp™] (kA(e" — 1)) . (3.40)

We provide derivations of these statements in App. A.2.

The above relations already reveal the underlying reason for the appearance of
the towers of singularities in the Borel plane that we discussed in the introduction:
the Borel transforms (3.40) of the rescaled Stirling series are functions of e’ and are
therefore invariant under ¢ — t + 27i. As a result, any singularity in the Borel plane of
the original instanton series B [go(k)] reappears as a tower of evenly spaced singularities

in the Borel plane of B[¢(F)]. As we explain in the next subsection, this ‘translational
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symmetry’ also explains why it makes sense to write k=9 as e~91°8(F) in terms of the
‘multivalued instanton action’ log(k) in the large order transseries (3.35).4

3.2.2. Resurgent structure

Now that we have seen that the Borel transforms of the rescaled Stirling transforms of
the ¢(®)(2) can be expressed in terms of the Borel transforms of these instanton series
themselves, we can derive resurgence relations like Eq. (3.4) for the rescaled Stirling
transforms. Using Eq. (3.40), we obtain

Ble®™)(t) = Blp®] (kA(e! — 1)) (3.41)

= %ﬁ#BWHm@M&—U—Mﬂ%wmg—n—myH®mr

— MBWUHZ)] t—log k+t log | t—log ket + regular,
2mi k k

where in going from the first to the second line we expanded s = kA(e! — 1) around
s = LA using the ordinary resurgence relations Eq. (3.4). In the last line we expanded
the logarithm around s = ¢A and used Eq. (3.40) to go back to the Borel transform of
¢F+0 | Notice that we are just interested in the singular terms in these expressions;
the higher order terms in the expansion of the logarithm only yield regular terms,

since they multiply a Borel transform which is analytic at s = (A.

The resurgence relations given in Eq. (3.41) for the transseries sectors ¢(*) of the
large order transseries are quite similar to Eq. (3.4) which describe the resurgence
of the original transseries sectors ¢*). We observe in particular that the large
order transseries sectors labeled by k and k + ¢ are connected by the same Borel
residues Sy k¢ that occurred for the original transseries. An important difference
lies in the fact that the locations of the Borel singularities are completely different
from those of the original transseries. Within the original transseries, the k-instanton
sector knows about the (k + £)-sector by expanding B[p*)](t) around ¢ = ¢A. In the
case of our large order transseries, the k-sector knows about the (k + £)-sector by
expanding B[p®)](t) around ¢ = log (%) In fact, due to the ¢ ~ ¢t 4 271 symmetry of
Eq. (3.40), we can add any integer multiple of 271 to the location of a given singularity
of B[p™M](t) to find another singularity from which the same (k + £)-sector resurges

with the same Borel residue Sy ¢-

4n a different context, the change of variables s = kA(et — 1) is the uniformizing map in [61] for a
Borel transform with a single singularity at s = —kA.
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Summarizing this discussion, the Borel transform B[¢")](t) will have singularities
at

A(k)—lg<k;§€)+2ﬂ'in fork+¢>0,¢0#0andneZ, (3.42)

from which the (k+ ¢)-sector resurges with residue Si_,x¢. When we lift the condition
that k + ¢ > 0, which happens for example in the case with two opposite primitive
instanton actions A; = —As, we can also get singularities at

A(k) (—W) + (2n+ 1)7i fork+¢<0,l(#0andneZ. (3.43)

This pattern of singularities is for example relevant for the plots shown in Fig. 3.1 at
the beginning of this chapter. One can write similar formulas for more general cases
(which we will not consider further in this thesis) when there are several primitive
instanton actions Aq, As, ..., even when there is no relation between them, where the

addition of 7i in Eq. (3.43) changes.

Using the above notation, the resurgence relations in Eq. (3.41) can be written

compactly as

Blg™M](1) M Blp*+0] (t — AE?) log (t - AE?) + regular, (3.44)
— AﬁL 271, ' '

which also makes the similarity to Eq. (3.4) more manifest. As for ‘ordinary’ resurgence,

these large order resurgence relations tell us that when we integrate around any

singularity Aékg in the Borel plane, we can extract the formal power series $p**4 . In

the spirit of Sec. 3.1, this suggests that we should unite all these series into what we

call the generic large order transseries

®(0k,n,9) Z ZUkn pM) (g —gA;f)n: i P, (Gn,9)- (3.45)

n=-—oo k=1 n=-—00

The parameters oy, are again transseries parameters associated to sectors (k,n). In
Sec. 3.2.3 we will see how the Stokes automorphism acts on these parameters. In
anticipation of what is to come, it is also useful to write the above full transseries
®, as an infinite sum over ‘horizontal’ subtransseries ®,. The large order transseries
Eq. (3.35) is then obtained by setting oy , = —So—x0n,0. Note that the locations Aﬁ)t
of the Borel singularities in the k-th Borel plane correspond to the relative distances

between the instanton actions of the sectors (k + ¢,m + n) and (k,m) in the large
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order transeries:

Agcrz = Ag—:l,m-‘rn - Ag,zn ) (3'46)
for arbitrary integers m. These distances are visible in the Borel plane of the leading
sector — see also the singularities shown in Fig. 3.1. The fact that the singularities of
the Borel transforms correspond to relative distances between instanton actions holds
in general, but is often concealed by the fact that in ordinary transseries these actions
lie on a semi-lattice generated by a single primitive instanton action A. For the large
order transseries, on the other hand, there are infinitely many primitive instanton

actions log(p) for p prime.

We conclude that the large order transseries is truly a resurgent transseries, just
like the original transseries. The only differences are that its singularities no longer
depend on the instanton action A of the original transseries, and that each singularity
associated to a sector k + ¢ is copied at locations shifted by integer multiples of 27i in
the Borel plane of B[¢(®)]. The domain of the variable ¢ in terms of which the Borel
transforms B[¢*)] are defined is thus effectively a cylinder that we will henceforth call
the Borel cylinder. This cylinder provides the best way to structure the singularities
found in Figs. 3.1 and 3.2 that we encountered at the beginning of this chapter; we

discuss this further in example 3.2.2 below.

Example 3.2.2. Let us see whether in examples we can reproduce the singularity
structure .Aéﬁz and Aékg that is described in Eqs. (3.42) and (3.43). Since we do not
have closed form expressions for the various Borel transforms, we make use of Padé
approximants — see Sec. 2.7.2 — to mimic their singularity structure. The singularities
Aﬁ},{ and A&li, as approzimated by the Padé approzimant of B[pM], were already
shown in Figs. 3.1 and 3.2 at the beginning of this chapter, for the Adler function
and the quartic free energy respectively. As further evidence for the structure, we also
consider the second rescaled Stirling transform for the quartic free energy. In Fig. 3.6
we plot the singularities of the Padé approximant of the Borel transform B[F(z)] of
this series.

Starting with Fig. 3.1a for the Adler function, we clearly observe singularities at
the anticipated positions t = AST)L with ¢ = 1,2. For Fig. 3.1b, besides singularities
at t = Azli with £ = 2, we also notice singularities at positions t = Aélr)l , with
¢ =1,2. This is a consequence of the fact that the Adler function has two opposite

primitive instanton actions Ay = —As, which as we have explained leads to additional
contributions in the large order relation (3.35) that scale with (—k)=9 = e~9los(k)Emi,

leading in turn to Eq. (3.43).
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Figure 3.6.: In (a), we show the singularities of the diagonal order 800 Padé approximant
of B[F®](t). As the branch cuts are mimicked by an accumulation of poles,
the poles corresponding to different branch cuts on the real line are hard to
distinguish. We therefore show in (b) the order 300 diagonal Padé approximant
of B[F'®] after applying the conformal map of Eq. (3.47). The branch cuts
positioned on the positive real line are now pulled apart as they are mapped
to the unit circle. The singularity at ¢t = log(1/2) = —log(2) of Fig. (a) gets
mapped to z =~ 0.24. Furthermore, the ‘flower-like’ curves in the z-plane
correspond to ¥(¢) = £2ni and J(¢) = £4ni. Unfortunately, the branch cut
starting at z ~ 0.24 ‘uses’ many poles of the Padé approximant, so we only
observe a limited number of singularities starting on these curves. As a result,
the branch cuts at §(¢) & 27ni for n # 0 are instead best viewed in the original
t-plane.

For Figs. 3.2a and 3.6a we observe singularities at t = .Agli and t = Aﬁ)} respec-
tively. However, as the branch cuts on the real axis are mimicked by the accumulation
of Padé poles along, it is hard to distinguish the branch cuts starting at different points.
We have therefore applied a conformal mapping

k41
_dzlog (%57)

t=——qo (3.47)

which maps the half-line [log ¥+

Tk
particular t = log % gets mapped to z = —1. The resulting figures for the Padé

o0) to the unit circle in the z-plane, where in

approximants of these conformally mapped series are shown in Figs. 3.2b and 3.6b for
k=1 and k = 2 respectively. We observe that the branch cuts starting on the real
positive t-axis are now pulled apart in the z-plane and become clearly visible.
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Figure 3.7.: The Hankel contours leg(1+z) along which we integrate in Eq. (3.50).

3.2.3. Stokes automorphism

In the previous section, we have verified that the large order transseries Eq. (3.35)
and its generic version Eq. (3.45) truly form resurgent transseries by establishing the
resurgent structure (3.44) of their nonperturbative sectors. For practical purposes, we
are often interested in resumming the sectors $(*) that appear in these large order
transseries. The reason for this — as explained elaborately in chapter 5 — is that we
often want to use the large order behaviour of the perturbative coefficients gpéo) —
which may be easy to obtain in specific examples — to decode the nonperturbative
coefficients gozk) of the k-instanton sector, which may not be so easy to obtain by
other methods, for example because the nonperturbative effects in the underlying
physical problem are not a priori known. To achieve such a decoding, we need to
first ‘remove’ all sectors @5 for which k' < k from the large order transseries before
we can read off the coefficients in the k-th sector. The only effective way to do this
is by resumming these series gé(k,) and substracting them from the left hand side of
the large order transseries. As is so often the case, to achieve this we need to decide
along which contour in the Borel plane — or here: the Borel cylinder — we resum, and
different choices are related by a Stokes phenomenon. In this subsection we discuss
various contours and use the resurgence relations of Eq. (3.44) as well as consistency

of resummation to derive the Stokes phenomenon of the generic large order transseries.

As we saw in Eq. (3.42), the singularities of the large order transseries sectors
@) accumulate along horizontal lines separated by integer multiples of 27i. There
are two natural resummations Sy+ and Sy-, whose contours go above and below the

singularities on the real positive line respectively:

oco+tie
S0:pM(g) = g / Blp™](t) e 9tdt (3.48)
0
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We can then define the discontinuity operator
DiSCO = SOJr - So— 5 (349)

in order to study the Stokes phenomenon as discussed in Sec. 3.1.1. The discontinuity

of the first large order transseries sector (1) can readily be computed, and yields

- dt
Discop") = "S1 140 g o BleU 9] (t—log(1+£)) log (t—log(1+£)) e~
=1 Hl:g(1+l) m
o0
= Z S1ypqee9loet0 g 501+ (3.50)

=1

where the Hankel contours ngg(l +o)

computation for generic sectors ¢(*) and find that

are shown in Fig. 3.7. We can repeat this

Disco 3™ = =Y Spprpe 08T 5, a0 (3.51)
(=1

Note that the instanton actions that appear correctly correspond to the singularities
Al(%) in Eq. (3.42). From the discontinuity of the large order transseries sectors o),

we extract the Stokes phenomenon

o0
Gop™ = =3 Sppre oY ootos(55) (3.52)
/=1

which is the direct analogue of Eq. (3.9) for the original transseries. The action of the
Stokes automorphism can be formulated within the horizontal subtransseries ®,,(g, &)
of Eq. (3.45) as follows:

or at the level of individual transseries parameters as

k—1
So: Ok > Ofn — Z OjnSjk - (3.54)

Jj=1

This mapping should be compared to Eq. (3.14) for the original transseries. The
matrix Sy is essentially the same as S given in Eq. (3.13), but with the ‘zeroth’ row
and column removed. Since a $(©) sector does not exist in the large order transseries,

we can assume such a sector to vanish identically and naturally extend the Stokes
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matrix Sp to include also a j = 0 contribution in Eq. (3.54), in which case we simply
have

So =S. (3.55)

The equivalence of the Stokes matrix associated to the Stokes phenomenon of the
large order transseries across the positive real axis, to that of the ordinary transseries,
also means the following. If we consider our large order transeries (3.35) and study its
Stokes phenomenon in the anti-clockwise direction, given by the inverse automorphism
S, L or equivalently by the inverse Stokes matrix S™!, we retrieve the alternative Borel
residues by virtue of Eq. (3.20):

0 0
SO*)I g0%1
S Some | = [ Sosa | - (3.56)
So-3 Soosa
Said otherwise, we have that
So (Z goﬁk(@(k)(g)e—glog(k)) — Z Soﬁmﬁ(’“) (g)e—glog(k) ) (3.57)
k=1 k=1

That is, the large order transseries with transseries parameters So_x resummed above
the positive real line (with Sy+) is equivalent to the large order transseries with
parameters So_, resummed below the positive real line (with Sy-). This equation is

the direct analogue of Eq. (3.19) for the original transseries.

We can generalize the discontinuity Disc, across singularitities that lie on the
positive real line of the Borel plane, to Stokes transitions with discontinuities that we
will label Disc,, and that arise from singularities ,Al(ljz on other horizontal lines with
fixed n — see Fig. 3.8. For completeness, let us derive the Stokes automorphisms for

these transitions and see how they alter the transeries parameters oy, .

Consider the contours shown in Fig. 3.8 on the left, which define Borel summations

oco+2mintie

Sp2¢®(g) = g / Blp®)(t) e9tdt. (3.58)

27in
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By the symmetry of the Borel cylinder, these resummations can be related to Eq. (3.48)
as follows:

Spx M (g) = e72™M98,. (M) (g) . (3.59)

For integer g, the prefactor on the right hand side equals 1, reflecting the symmetry of
the Borel cylinder under translations by 27i. In what follows, we will also be interested
in cases with non-integer g (where for real g we can mathematically think of the
factors of e=2™"9 as transition functions on a nontrivial U(1)-bundle over the Borel
cylinder), so we will keep these factors explicit in our formulas. We can now define

discontinuities Disc,, = S+ — S,,—, which can be expressed as
Disc ,, p*) (g) = e=2™"9 Disc o *) (g) . (3.60)

In terms of Stokes automorphisms we then have

~ ~ —27in, - ~ _glog( kL
8,6 (9) = ¢®(g) = 729 N7 Sy O (g) 79 1o (3.61)
(=1

We note that the sectors ga(’”[) and the Stokes residues Si_, 1 appear, as was to be
expected, but with an instanton action that is shifted by —2xin.

Next, we can derive the action of this Stokes automorphism on the subtransseries
of Eq. (3.35):

Gn®n(Gms 9) = P (Fm, 9) + Pongn (S=1) - Gy 9) (3.62)

where I is an infinite identity matrix. As a consistency check, note that Egs. (3.61)
and (3.62) reduce to Egs. (3.52) and (3.53) respectively when we set n = 0. For the

full transseries, we find that

oo

©,®(0,9) = > (G + (S—T1) GFrmn.g), (3.63)

m=—0o0
or at the level of individual transseries parameters we find

k—1

S, Ok Ol + Z O'J"m,nsj'ﬁk . (3.64)
j=1

Having derived the actions of the Stokes automorphisms &,,, we can now consistently

resum the (generic) large order transseries along any of the contours shown in Fig. 3.8
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Figure 3.8.: On the left we show the contours [n*] corresponding to the resummations S,,+
defined in Eq. (3.58). Once we have derived the Stokes phenomena &,, across
the nth horizontal ray of singularities, we are able to resum the large order
transseries along any of the contours shown on the right.

on the right, running from ¢ = 0 to ¢t = +00. Changing the contour prescription can
then straightforwardly be compensated for by applying the appropriate automorphism
S, to the transseries. For example, as a consequence of Eq. (3.57) we know that the

following two resummations are equal:

So+ Zgoﬂk(ﬁ(k)e—glog(k) =8y Zsoﬁk(ﬁ(k)e—glog(k) . (3.65)
k>1 E>1

We can extend this to any of the contours shown on the right of Fig. 3.8 using our
automorphisms &,,.

Recall that the original motivation for resumming large order transseries sectors

was to decode the higher instanton fluctuations Lpgk) from the large order behaviour

of the perturbative coefficients ¢§0). In general we only know those coefficients for
nonnegative integers g. Within that context, the factor e=2™"9 therefore reduces
to the identity and all Stokes automorphisms &,, are equal to &y. Thus, for these
purposes, the discussion above simplifies greatly and we can simplify the generic large

order transseries Eq. (3.45) to
(o)
O(Go.g) = Y oro §*) (g)e791oeh) (3.66)
k=1

Example 3.2.3. We can test the relation Eq. (3.60) between different discontinuities

numerically for the k = 1 sector of the quartic free energy. As already explained
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in example 3.2.2, we do not have a closed form expression for the Borel transform
B[ﬁ'(l)](t), but we can numerically approximate this function using Padé approximants.
In particular, the singularities of the Padé approrimant encode the singularities of
B[FMW](t). To test Eq. (3.60), we replaced B[FM](t) by its diaganal Padé approzimant
of order N, PBy [F(l)}(t), and performed the integration required to compute the

discontinuity numerically.

Since this computation does not require the perturbative coefficients, we can test it
for any g, not necessarily integer. In particular we have tested the relation between
the discontinuities at n =0 and n = —1 for diverse values of g. For example, taking
g =15/3 yields

Disc o FF(V(g) ~ —0.20236122 . .. 4 0.00000000. . .1,
e~ 279 Disc 1 FM(g) ~ —0.20236165. . . + 0.00000496 . . .1, (3.67)

which nicely matches to five decimal places. To obtain Eq. (3.67), we took the diagonal
Padé approximant of order N = 800. This high order is necessary for producing enough
singularities near A,(Cl))il to compute Disc _1F(1)(g) with sufficient accuracy. Including

even more terms should increase the accuracy of the match even further.

In the next subsection we will see that ‘horizontal’ resummations like Eq. (3.65)

naturally appear in the derivation of what we will call exact large order relations.

3.2.4. Exact large order relations

In the previous subsection we learned that the large order transseries inherits the
resurgence structure — expressed in terms of the Stokes matrix S — from the original
transseries, despite its distinct singularity structure. We derived the Stokes auto-
morphism &,, for multiple ‘horizontal’ Stokes transitions that allow us to relate the
different resummation prescriptions shown in Fig. 3.8 on the right. We arrived at
these results by starting with the conventional large order relation Eq. (3.27) that we
derived at the end of Sec. 3.1.3. Many properties of the large order transseries that
we have discussed can also be derived in a more direct way, as we demonstrate in this

section.

Let us therefore take a step back and consider the large order relation in its
integral form Eq. (3.26), which we repeat here for convenience and where we have

again discarded the contribution from infinity:

(0) co—ie (k)
g dt - Blp'™](t)
g ;le‘“k /0 omi (t + kAL (3.68)
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In Sec. 3.1.3 we asymptotically expanded the right hand side of this expression by
expanding the Borel transform B[o®)](t) as a power series in ¢ and performing the
integral term by term. Let us now present a different approach: we first introduce the

variable u = log(t + kA) which allows us to rewrite the expression as

o == Sk / T (e — kAo, (3.69)

1 log(kA) 271

Subsequently, we shift the integration variable to v = u — log(kA) and obtain

(0) g co—ie
2ms0 A e (/ dUB[@(k)](kA(evl))egv>. (3.70)

k>1

On the right hand side we recover the Borel transform (3.40) of the rescaled Stirling
transforms ¢*) that we studied before. This equation expresses the perturbative
coefficient @éo) as the resummation of the large order transseries (3.35) along the
contour below the positive real axis. Whenever the sum over k on the right hand side
converges, which is generally the case in examples, Eq. (3.70) is an exact relation that
is also valid for finite g. We will therefore call this expression the ezact large order

relation from now on.

The brief computation above reproduces much of the hard work of this section:
it allows us to rederive the resurgence relations Eq. (3.44) and singularity structure
Eq. (3.42) and subsequently the automorphisms &,, that we found in the previous
section. Most importantly, it assigns a distinct contour [0~] to our large order
transseries with residues Sg_,; along which its resummation computes the correct

value for the perturbative coefficients go( ),

The right hand side of the exact large order relation constitutes a function of g
that we can expand in a large ¢ limit. Eq. (3.70) tells us that one possible transseries
expansion is the large order transseries Eq. (3.35), which after resummation along the
[07] contour gives back the same function. If we repeat the computation above, but
with Hankel contours running above the real positive ¢ axis in Eq.(3.68) — see again

the bottom graphs in Fig. 3.4 — then we obtain a similar expression:

(0) 4g ocotie
27”‘»0 A Zso_ﬂce glog(k) ( / de[(p(k)](kA(evl))egv> . (3.71)
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This is simply the [0F]-resummation of the large order transseries with the alternative
Borel residues Sg_,x. The resulting function is of course equal to (3.70):

. (0) o]
271 A9 ~ R
S )
k=1

= Sy <_Zsoﬁke—glog(k)¢(k)(9)> . (3.72)

k=1

The equality of both resummations is consistent with the Stokes automorphism
Eq. (3.57) that we derived in the previous subsection, and can be seen as an alternative
derivation of that equation. More generally, by considering Eq. (3.69) and substituting

v =u — log(kA) + 2win where n is any integer, we can see that

27ip(0) A9 —2ming & —g1 3
2mipt AT ming g _ S glog(k) (k)
F(g) e nt ; 0—k€ "2 (g)
= e_zﬂing Sn— <_ ZSO%ke_glog(k)Sb(k) (9)) ’ (3‘73)
k=1

which is consistent with Eq. (3.59). In example 3.2.4, we check the exact relation
Eq. (3.70), and in particular Eq. (3.72), for the quartic free energy.

Example 3.2.4. We consider again the quartic free energy introduced already in
previous examples. In particular, recall example 3.2.1 where we tested the large order

transseries (3.35) for k = 1. We performed the test by applying ratio tests on

2miA9
= FO
T (g) e

(3.74)

in the large g-limit. We can now also perform tests for k > 1 by resumming the
asymptotic large order relation, i.e. we can test the exact large order relation (3.70).
Similar to example 3.2.3, we do not have an exact Borel transform B[F™](t) at
our disposal, so we replace this function by its (diagonal) Padé approzimant in the
integration and define

—1i

rék) = She9los(k) / dvPB_N[F®](v)e 9. (3.75)

0
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A numerical evaluation of the integral yields, for example for g = 20:

%

720

1.3863943252067706601 ,
o — D)
20— T20

0.000000879112757638 + 0.0000000001118273701 ,
rao—(r$)+782) &~ 0.000000000000643417 — 0.000000000223651298 1 ,
rao— (r§) +7r$ +1{¥) &~ —0.000000000000643249 — 0.000000000000010324i. (3.76)

%

To obtain these numbers, we used the N = 100 diagonal Padé approximant. We observe
that r%) already matches the exact value rog to 7 decimal places and adding further

rég’) improves the approzimation even further.

In [27], a nice way to visualize approximations with an increasing number of
nonperturbative sectors was introduced. In Fig. 5.9a, we compare ry4 to the resummed
large order relation for 1 < g < 30 and up to twelve nonperturbative sectors in this

way. The vertical axis shows the precision, defined by

logyg ) (3.77)

Tg
n (k)
Tg =D k=19

and n ranging from 1 to 12. In Fig. 3.9b, we also test Eq. (3.71) by changing
the integration path in Eq. (3.75) to the [0%] contour and using the Borel residues
Eq. (3.23) — i.e. we replace S by —(—S1)*. It is important to realize that we must do
both replacements: the large order relation only gives exact results when we use the
Borel residues that correspond to the chosen integration contour. We observe that once
we do this, both resummations of the large order transseries match the exact values r,

with an extraordinarily small error.

In Sec. 3.1.3 we discussed the derivation of the classical ‘asymptotic’ large order
relation which expresses the large g behaviour of the perturbative coefficients Lpgo)
in terms of the large order transseries shown in Eq. (3.35). In the present section
we learned that we can also express those same perturbative coefficients as the
resummation of the large order transseries, without invoking any large ¢ limit. It is
therefore natural to wonder if Eq. (3.70) is an exact large order relation, in the sense
that its right hand side computes the perturbative coefficients apgo) also at finite g
to arbitrary precision. Figs. 3.9a and 3.9b support this idea, as both resummations
describe the perturbative coefficients with extraordinary precision. Let us discuss this

possibility of exactness somewhat further.

One possible objection that one might raise against this assertion is that a fi-

nite number of perturbative coefficients %(]0) can be changed ‘by hand’ by adding a

polynomial to (%) (z), without altering the instanton coefficients that determine the
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Figure 3.9.: In (a) we show the precision — defined by Eq. (3.77) — of the resummed large
order transseries along the [07] contour. We plotted the values for g ranging
from 1 to 30 and n ranging from 1 to 12. In (a) we used an integration contour
below the real line as in Eq. (3.75). In (b) we show a similar plot where we
used an integration path along the [0"] contour instead.

resummation on the right hand side of Eq. (3.70). Therefore, how can that equation be
used to exactly compute all %(10)? As we will explain now, this apparent contradiction
is resolved by the contribution at infinity to the Laplace transform that appeared in

Eq. (3.25) but that we have ignored in what followed.

Imagine that indeed we wish to alter a select number of perturbative coefficients

by adding a polynomial to the original series 90(0)(2) as follows:

G
2O(2) = o () + D agz9, (3.78)
g=0

thereby altering the values of ¢§°) with ¢ < G to gﬁgo) = %(70) + ay4. Clearly, the

large order behaviour of the perturbative coefficients @E,O) is unaffected by such a

modification and hence the instanton coefficients gégc) = goék)

also remain unchanged.
However, the exact large order relation for @éo) at finite ¢ < G must differ from the
original by a4. To see how this happens, we first note that the Borel transform of our

new series ¢(9) reads

G
BIe™)() = Bl + Y- Tt (3.79)
h=0

The first term on the right hand side, when inserted into Eq. (3.25), yields the familiar

exact large order relation of @E,O) when we follow the contour deformation as explained

in Sec. 3.1.3. The second term on the right hand side, however, leads to poles at t =0
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and t = co. If we deform the contour away from zero to t = co we obtain

G
ahl

— = (exact large order relation of npgo)) +

f th=9-1dt. (3.80)
t=00

Kl 27
h=0

An elementary residue computation shows that the latter term is simply a4/g!, as
required. We can even extend the argument to the case that G = oo, as long as the
power series that is then added in Eq. (3.78) has a non-zero radius of convergence:
the large order behaviour is unaltered and therefore the instanton coefficients of the
large order relation will remain unchanged. The Borel transform of such a series with
a nonzero radius of convergence will moreover be analytic in the whole complex plane
and hence, as with the polynomial, a residue computation at infinity will again simply
add the coefficient a,/g! to the exact large order relation. In the next section, we
will discuss a contribution at infinity of this kind in some more detail for the quartic

partition function.

A final interesting aspect of the exact large order relation is the fact that, since the
right hand side is now a function of g, we can carry out the resummation even when g
is not a positive integer. In fact, we can resum the large order transseries for arbitrary
complex values of g. If we regard the perturbative coefficients as a prescription to
assign values <p£]0) to positive integers g, one can wonder whether the resummation of
the large order transseries for arbitrary ¢g provides a natural extension of this map
<p§°) : N — C to the complex domain. We will discuss this question for a specific

example in the next section.

3.3. A worked out example

In the previous section we derived the ezact large order relation, Eq. (3.70), for the
perturbative coefficients of an asymptotic transseries. Although our derivation of
this relation is only valid for integer values of g — for example because in the Cauchy
integral representation of Eq. (3.24) one can only extract residues when g is integer
— nothing prevents us from studying the resulting equation for generic real or even
complex values of g. In this section, we want to find out to what extent the large order
relation is truly exact. We do so by studying the example of the quartic partition
function — closely related to the quartic free energy that featured in several previous
examples — for which the perturbative coefficients cpgo) have a closed form expression

which admits a natural extension® to complex g.

5We will be careful in using the word ‘extension’ rather than (analytic) ‘continuation’, since a
function which is only known at integer values of g does not have a unique analytic continuation



66 Resurgence of large order relations

3.3.1. Quartic integral and free energy

So far in this chapter, we have used the quartic free energy in various examples to
illustrate some of the concepts and perform numerical checks on the formulas we
derived. For the purpose of the storyline, we kept the examples small and restricted
ourselves to the necessary details, postponing a more detailed introduction of the
model to the present section. Of course, the quartic model is a favorite toy model in
many resurgence studies, so the interested reader can find many further applications

of this model elsewhere, notably in [71].

Let us start by considering the quartic partition function

1
Z(h) = %/Fdwe_%v(w), (3.81)

where V(w) is a quartic potential defined by
V(w) = zw” — —w", (3.82)

and I' is an infinite contour in the complex w-plane chosen such that the integral
converges. The parameters i and A can be arbitrary nonzero complex numbers. One
can think of Eq. (3.81) as a zero-dimensional path integral, hence the name ‘partition
function’ for Z(h).

By defining = M and changing the variable w — vhw, Eq. (3.81) can be

written as®

1 4

1 €T
Z(z) = E/ﬁdwe—fw”ﬂw , (3.83)

where T is the curve obtained from T by the above rescaling. The partition function

can be shown to satisfy the second-order linear differential equation
1622 2" (x) + (322 — 24)Z'(x) + 3Z(x) = 0. (3.84)

In the next subsection, we will consider the transseries solution to this differential
equation and test the exact large order relation, Eq. (3.70), for this transseries.
Before we do so, let us introduce the quartic free energy F' = log Z, which is
the model we discussed in the examples 3.1.1 and 3.2.1 — 3.2.4. Using Eq. (3.84),
it is straightforward to show that F' satisfies the following nonlinear second order

to complex values of g. Thus, our extensions will not be unique — our claim, rather, is that in a
resurgence setting they constitute a natural choice.
6For convenience, we change the overall normalisation by a factor v/A/(27); see [71] for more details.
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differential equation:
1622 F" (z) + 1622 (F'(2))” + (322 — 24)F'(z) = 0. (3.85)

Being a second order ODE, the solution to Eq. (3.85) has two integration constants
and is therefore described by a two-parameter transseries which turns out to have the

form

o0

F(z,0,p) =Y o"e % ZF(”)xQ +p, (3.86)

n=0 g=0

with instanton action A = 3/2 and o and p the transseries parameters. This expression
was used in example 3.1.1. As Eq. (3.85) is a non-linear ODE, one obtains infinitely
many instanton sectors F(™ with evenly spaced actions nA, leading to the pattern
of Borel plane singularities of Fig. 3.3. By plugging the transseries Eq. (3.86) into
Eq. (3.85), one can obtain recursive relations to determine the instanton coefficients
Fg(") that can be found in App. B of [71].7

3.3.2. Test of the exact large order relations

We want to test the exact large order relation, Eq. (3.70), for the quartic partition
function. We therefore need the solution to the second-order linear ODE of Eq. (3.84),
which takes the form

Z(09,01,2) = 00Z O (2) + o1 e~ ZW(x), (3.87)

with the same instanton action A = 3/2 as for the quartic free energy, but now only

two asymptotic series:

2\?  (49)!
Z0() =3 20" 70 — <) _ (g
g i g 6 ’
= 3/ 269 (2g)!g!

. g '
20z (1) m_ 1 (_2\ (g
ZZ ’ %= ﬁ( 3) w gy O

"In [71], the instanton sectors F(n) are labeled as F(n 2 Furthermore, because the integration
constant p is simply an addltlve constant, the two- parameter transseries in (3.86) is dubbed a
‘1.5-parameter’ transseries there.
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The corresponding 0-Borel transforms of the two asymptotic sectors can be expressed

in closed form in terms of hypergeometric functions and are given by®

BIZO)(t) = o F, (1 > 1'%) ,

4473
i 13 2t

With the expressions for the partition function at our disposal, we can now plug these
results into Eq. (3.70). The exact large order relation for the coeflicients Z_(SO) consists

of only a single term on the right hand side:

—if

S1 ¢ > 3
70 = _ZLT(g+1)A~9 / At B[ZW] [ Z(et —1) ) e79 3.90
0= g T naz | ZO) (St - ) e, (390)
where 0 = arg(g) and the Stokes constant reads S; = —2. Let us explain the integration

path in Eq. (3.90). The extension of our exact large order relation to generic real and
positive g is straightforward, but in the case of complex g we need to be careful: when
the real part of g, R(g), is negative, any Laplace integral going from 0 to +oo along
the real t-axis will not converge. Hence we need to adjust the angle along which we
integrate as we move g through the complex plane. The correct way to do this is to
set the angle of integration to —6. This will moreover ensure that the Laplace integral
converges as rapidly as possible, which is desirable from a numerical computational
point of view.

If we regard the perturbative coefficients Z,SO) in Eq. (3.88) as obtained from a
function whose domain consists of integers g € N, then this function admits a natural

extension to the domain of complex numbers:

(2! I'(4g+1)
7= (3) oty orG T (39

i.e. we replace the factorials by gamma functions.” The first question that we want to
address is whether the exact large order relation can reproduce the exact value of Zéo),
defined in this way, for real positive g. The answer to this question is shown in the
upper graph of Fig. 3.10a for the real part of Zéo). (One obtains similar plots for its
imaginary part.) The solid red line plots the ezact value of Eq. (3.91), and the round
blue markers are computed using the right hand side of Eq. (3.90). The triangular

8Notice that in [71], the 1-Borel transform was used.

9Strictly speaking we also need to define ¢9 for constant c as €91°6¢ and pick a branch for the
logarithm, but we can ignore this subtlety in what follows and simply assume that ¢9 is always
extended in the ‘natural’ way from integer g.
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Figure 3.10.:

05 1.0 15 20 0.5 1.0 15 20
(c) arg(g) = 0.557 (d) arg(g) =7

Results of the numerical integration of the exact large order relation for
the quartic partition function for four different values of arg(g) and with |g|
(horizontal axis) ranging from 0 to 2. In the upper graphs in each panel, we
show in red (solid line) the real part of the ezact value of Zéo), Eq. (3.91).
The round blue markers display the numerical results for Eq. (3.90), whereas
the green triangle markers show the results for Eq. (3.92), with Stokes’
phenomenon taken into account. The Stokes phenomenon, which occurs at
arg(g) = 7/2, explains why the blue markers match the red line in Figs. (a)
and (b), and the green markers do so in (c¢) and (d). In the lower graphs in
each panel, we show the ratio of the exact and computed values. We achieve
a good accuracy for |g| > 0.5, whereas for smaller values of |g|, the numerical
accuracy decreases due to the exponential factor in the Laplace integral which
becomes large in this regime. In (d), we shifted |g| by 1/1000 in the numerical
integrations to avoid computing ratios of infinities. The lower graph shows
that even close to the singularities, the exact large order relation works to
great accuracy.



70 Resurgence of large order relations

green markers in this plot will be explained shortly. The lower graph depicts the ratio
between the exact and computed values. Clearly, the two expressions match nicely
also for non-integer g. Notice that there are no singularities on the integration path —
i.e. on the real positive line — of Eq. (3.90), so we do not need to deform the contour

here.

We can also consider negative real values of g. For this, we need to rotate the
phase of g from 0 to 7 and rotate the direction of the integration contour in Eq. (3.90)
to —oo in the opposite direction, as we explained before. In Fig. 3.10d we show the
result. At first sight our conjecture of exactness of Eq. (3.90) seems to fail, as the blue
markers clearly fail to accurately describe the analytic expression for Zé(,o). However,
there is a simple reason for this: the Borel transform B[Z™M)] (2(e! — 1)) has numerous
singularities along the imaginary axis, and these induce a Stokes phenomenon when the
integration contour crosses this axis. Hence, when we rotate the contour of integration
to the negative axis in the Borel plane, we pick up nonperturbative corrections that
we need to include. Taking these nonperturbative contributions into account we find
for R(g) negative that

—i60

2 27ig e o)
S?IKg+1)A—9(1 e) /‘ BZW (A(e'—1)) e79'dt, (3.92)
0

zO = — — .
g 2mi 1 + edmig

The nonperturbative corrections are therefore described by including the additional
factor

2627rig

e (3.93)

as we derive in App. A.3. Using Eq. (3.92) we obtain the green (triangular) markers
in the different panels of Fig. 3.10. Indeed, these markers describe the exact values of

the perturbative coefficients for R(g) < 0, as one can see in Fig. 3.10d.

Now, we can also test the exact large order relation for complex values of g. The
most interesting values are those for which the integration contour in the Borel plane
is near the Stokes line. To clearly see the Stokes phenomenon, we have therefore tested
the exact large order relation for arg(g) = 0.457 (Fig. 3.10b) and arg(g) = 0.557
(Fig. 3.10c). Before the Stokes phenomenon takes place — which happens at § = 0.57 —
we observe that the blue markers obtained using Eq. (3.90) correctly describe Zéo).
Conversely, the green markers Eq. (3.92) describe Zéo) correctly after the Stokes
phenomenon has occurred. Note that in particular the difference between the blue
and green markers in Figs. 3.10b and 3.10c becomes more significant when ¢ is very
small, since — as is always the case for a Stokes transition — the two differ by a

nonperturbative, exponentially small contribution in the large g expansion.
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3.3.3. Discussion

The analysis in this section has shown that for the quartic partition function, the exact
large order relation, Eq. (3.92), describes the natural extension of the perturbative
coefficients, Eq. (3.91), to the complex g-plane to high numerical precision. To
make this work, we needed to account for the Stokes phenomenon, showing that this
phenomenon plays an equally important role for large order transseries as it does for
‘ordinary’ ones.

It is important to realize, though, that as the perturbative coefficients <p!(]0) are
only defined for positive integers g, the extension to complex g is in general not
unique. The extension of the factorials to gamma functions was the natural choice
— in a sense, we make the same choice as one does when using the Laplace integral
(which defines the gamma function) in Eq. (2.4) to reintroduce the factorials after
having performed a Borel transform. Less natural options are certainly available: one
could for example extend the factorials to Hadamard’s gamma function, but with this

replacement Egs. (3.90) and (3.91) would no longer lead to the same result.

One may now wonder whether the exact large order relation for complex g only
worked for this specific example, or if it works in general. Let us first emphasize that
for more complicated (non-linear) examples one cannot even give a ‘natural’ extension
of goéo) to complex values of g. Furthermore, deriving the integral expression of the
exact large order relation by other means that provide a natural smooth g-dependence
— as we were able to do in App. A.3 for Eq. (3.90) — is not possible in general. In fact,
we can turn things around and say that the exact large order relation itself defines the
most natural extension to the complex g-plane of @E,O). Of course, as the example of
the partition function shows, if we want to define an extension to complex ¢ in this
way, Stokes’ pheneomenon must be taken into account carefully. A final subtlety is
that we have ignored a potential contribution at infinity in the Cauchy integral that is
used to extract <p§0) from the Borel transform, also when we took g non-integer. Let

us now discuss this subtlety for the quartic parition function.

To this end, let us ask under which conditions a contribution at infinity of the

form

f ﬁB[@(O)](t) ’ (3.94)

27 t9tl

is nonzero. In the explicit example of the quartic partition function, we already found
a match between the resummed large order transseries without such a contribution

and the exact value of the perturbative coefficients for values of g throughout the
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complex plane. This seems to suggest that in this example the contribution at infinity

vanishes for any ¢, but is this really the case?

Because we have an explicit expression for the Borel transform of the quartic

partition function, we can expand it around ¢ = oo and obtain

BIZOY(t) ~ 75 Y a, (%) , (3.95)

n=0

where the coeflicients a,, depend on a branch choice at infinity of the hypergeometric
function. Since the Borel transform goes to zero as t approaches infinity, the integral
of Eq. (3.94) vanishes for R(g) > 0: consider a circular path Cr of radius R, then the

integral scales as

dt B[ZW)(t) _ _ge1/4
/C e s o (R (3.96)

1 +1
n 2ri t9

which for R(g) > 0 vanishes as R — co. When we complexify g and rotate into the
half-plane where R(g) < 0, the situation is complicated. Formally, the contribution at
infinity should diverge and therefore the exact large order relation should break down.
However, this is not what we found in this section: remarkably, the exact large order
relation seems to hold, even when R(g) < 0, if we account for the Stokes phenomenon
of B[ZW] (2(e* —1)). It is noteworthy, however, that the integrand of Eq. (3.94),
when we plug in the expansion Eq. (3.95), has a simple pole — with residue a,, — at
infinity whenever g = —i — 5 for a nonnegative integer n. These are exactly the
values of g for which both sides of the large order relation (3.92) diverge and where a
finite contribution a,, would be neglectable anyway — see also Fig. 3.10d. Formally,
this argument is invalidated by the fact that the residue is defined as the coefficient of
the simple pole in a Laurent series expansion in ¢, which the above series is not — it is
an expansion in fractional powers of t. Yet, the fact that the series has simple poles
for the same values of g for which the coefficient Z;O) diverges, does not seem like a

coincidence.

It would be interesting to better understand the nature of the contribution at
infinity and how in the end it does or does not contribute to the exact large order
relation for complex values of g, as well as to what extent this holds true for other
transseries. In this regard, note that this example is much simpler than generic large
order transseries, since there is only a single instanton sector and hence no Stokes
transitions G,, across horizontal lines on the Borel cylinder to account for. In fact,
‘unwrapping’ the Borel cylinder for a fully nonlinear problem, one would find an infinite

number of diagonal Stokes lines in the large order Borel plane, each containing a single
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primitive instanton action plus all its positive integer multiples. Combining all of the
corresponding Stokes automorphisms into a single one that rotates from the positive

to the negative real t-axis seems to be a very difficult task.

Finally, let us comment on the nature of the Stokes phenomenon, computed in
Eq. (A.21), of the Borel transform B[ZM](t) = B[Z™")] (2(e* = 1)) in the example of
the quartic partition function. Usually, when an asymptotic series undergoes a Stokes

—A/% multiplied by a diferent

phenomenon, it ‘jumps’ by an exponentially small factor e
asymptotic series. On the contrary, here we observe that the series Z (1)(:3) jumps
by an exponentially small factor multiplied by i#tself. This phenomenon is known as
self-resurgence and appears also in the context of WKB solutions (see e.g. section 5
of [73]). Using asymptotic large order relations, we have checked explicitly that the
higher order terms of the formal power series Z (1)(90) probe the lower order terms of
that exact same series. From the dependence on e — 1, one sees that the singularities
at t = 2rin for nonzero integers n in the Borel cylinder of B[Z())] correspond to
the origin in the original Borel plane of B[Z1]. This shows that there is actually a
nonzero Borel residue at the origin on the other sheets of the multisheeted (original)
Borel plane — i.e. if one takes a path around some of the other singularities. This is
a particular example of the multivaluedness of the Borel residues that we discussed
in Sec. 3.1.2. This particular type of Stokes phenomenon for large order transseries
appears in this example because both Z(©) and Z() know about each other — that is:
So_1 and S;_¢ are both nonzero. In the context of nonlinear ODEs, one always has
that the residues Si_,o vanish, and hence the same effect does not occur in the Borel
cylinders of the first sector B[¢(")] — see e.g. Figs. 3.1a, 3.1b and 3.2a. Even in those
examples, though, it does occur for the higher sectors B[p(F>D] — see e.g. Fig. 3.6a,

where we do find singularities at t = 27in for integer n # 0.

3.4. Conclusion

Large order relations are a powerful tool for decoding fluctuations in higher non-
perturbative sectors. They have been used extensively in a wide variety of physical
models. In this chapter, originally motivated by the desire to understand the repeating
singularity structure found in Fig. 3.1, we have taken a closer look at the generic
underlying transseries structure of these large order relations. We have argued that
for rather generic transseries — only assuming the resurgent structure of Eq. (3.4) —
we can fully explain this observed singularity structure, as described by Eq. (3.42).
We have seen that the large order transseries is constructed out of rescaled Stirling
transforms ¢*) of the original instanton sectors, and that these formal power series

have a Borel cylinder rather than a Borel plane: ¢ ~ ¢t + 27i.
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We derived the Stokes automorphism &g of the large order transseries across
the positive real axis of this Borel cylinder, which turns out to be qualitatively the
same as that of the original transseries, expressed in terms of the Stokes matrix S in
Eq. (3.13). After establishing further automorphisms &,, across copies of the positive
real axis, we obtained a clear and unambiguous resummation procedure for the large
order transseries which, after establishing the exact large order relations Eq. (3.73), is
expected to compute the perturbative coefficients (9 ezactly in many cases. We have
checked the ‘exactness’ of this statement for the quartic partition function, where we
found that the exact large order relation holds, even for complex values of g, and that
Stokes phenomenon for the large order transseries plays an important role to make

this happen.

From a practical point of view, what we have gained is a clear understanding of
the precise contour along which one is supposed to resum the large order transseries
sectors with a given set of Borel residues in order to succesfully probe higher order
instanton coefficients @;Lk>1). Having established a clear understanding of its Stokes
phenomenon, we can now also resum the large order transseries along other contours
using the automorphisms &,,. We would like to stress that our analysis makes no
assumptions about the Stokes data of the underlying transseries: we formulated our

results in terms of generic Borel residues rather than specific Stokes constants.

From a more conceptual point of view, it is interesting that the exact large order
relation does not only compute the perturbative coefficients go_go), but also allows us to
extend them to complex values of g. It is striking that the exact large order relation for
the quartic partition function, which we tested thoroughly in Sec. 3.3, seems to work
for all complex values of g — if we take the Stokes phenomenon explained in App. A.3
into account — and does not seem to be spoiled by the contribution at infinity in the
Cauchy integral. Of course, this is only a single example, but it would be interesting

to see more examples where this contribution might or might not be relevant.

A first open question that would be interesting to address is therefore whether the
example of the quartic partition function is special or whether the exactness that we
found holds for large classes of examples, either because contributions from infinity
are absent or because we can pinpoint such contributions and correctly take them into
account. This question is intimately related to the question whether our techniques
(and in particular the Stirling transform) can lead to numerical gain: while from the
computations that we have performed the use of the Stirling transform does not seem
to lead to much faster numerics for large values of g, it may lead to improvements for
small values of g — but to compute at such values, it is crucial that many contributions
to the exact large order relation — including potential contributions from infinity — are

properly taken into account.
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The results of this chapter can most likely be generalized to broader settings, and
it would be interesting to explore some of those. Here, one can think of transseries with
multiple Stokes lines, transseries with logarithmic terms (such as resonant transseries),
transseries that have additional parameters and display the higher order Stokes
phenomenon of [74], etc. While we do not expect major qualitative differences in such
cases, it would still be good to extend the large order toolbox that we have developed
to these settings.

The geometry of the Borel cylinder also begs to be explored further. While
the t ~ t 4 27 symmetry in the Borel plane of the large order transseries is exact
when we explore positive integer g, in more general cases our expressions involved
factors of e~ 2™9 for each shift in the imaginary direction. This seems to hint at a
structure where the quantities that we compute, rather than functions on the Borel
cylinder, are sections of a bundle over this cylinder. Exploring this possibility may
lead to an even better, more geometric understanding of large order relations. Another
geometric question arises from the fact that the locations of the singularities on the
Borel cylinder are the logarithms of the locations of the singularities of the original
transseries. This may suggest that we should not only think of sectors $(*) associated
to singularities at log(k), but that one can also think of a sector (»(®) that encodes the
original perturbative series and that has been shifted to the end of the Borel cylinder
at —oo.






Chapter 4.

From renormalons to resurgence

This chapter is based on Secs. 2 and 5 of [1].

The perturbative description of gauge theory quantities in terms of a coupling constant
is of central importance to our understanding of such theories, and thereby our ability
to use them for phenomenology. A full description of these quantities in fact should
include non-perturbative contributions, usually in the form of power corrections,
themselves multiplied by associated perturbative series in the coupling constant. The
direct calculation of such non-perturbative corrections is in many cases very challenging,

and often not even fully understood.

From the previous two chapters we know that access to non-perturbative corrections
can be gained via the perturbative series itself. Being an asymptotic series, the series
sum must be properly defined. The intrinsic ambiguities of such a definition take the
form of non-perturbative power corrections. This interesting aspect of perturbative
series was first explored in [75, 76] and in particular in [11], where the factorial growth
of the perturbative series due to fermion loop diagrams was discussed, and termed
renormalon divergence. In this chapter — and in more depth in the next chapter, using
the mathematical techniques of resurgence — we shall explore such aspects for the
Adler function [77]. The application of resurgence to renormalon physics was first
studied in [35, 78-80] and investigated in followup-works by these authors. Other
interesting recent developments are e.g. in [81] and in a series of papers starting with

[37] and summarized in [82]. Excellent reviews on renormalons are [83, 84].

In Sec. 4.1, we briefly discuss the Adler function to introduce the standard
renormalon lore. We schematically show how so-called bubble diagrams lead to
factorialy growth and explain the distinction between UV and IR renormalons. We
next show how bubble diagrams naturally show up in the so-called flavour expansion.
In particular, we derive a convolution integral in the Borel plane that is the starting
point of Sec. 4.2. In this section we discuss a novel new way to study renormalons by
studying the resurgence properties of this convolution integral. We discuss numerous
examples that are most relevant for the next chapter, where we study the resurgence
properties of the Adler function in more depth. However, the result of Sec. 4.2 can be

applied to a broader class of problems.

77
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4.1. Renormalons

We consider the Adler function D(Q?) [77], which is defined as the logarithmic
derivative with respect to Q2 of the vacuum polarization II(Q?) in gauge theory:
2 dII(Q?)

D(Q?) = 4n*Q 302 (4.1)

where TI(Q?) is related to the correlator of two vector currents j* = 1)y ),

(=) /d4x e (O[T {j#(2)77(0) }10) = (¢"¢” — " ¢*)I(Q%).,  Q°=—¢*. (42)

The Adler function has long featured as an object to study asymptotic behaviour of
perturbative series and renormalons, see e.g. [85-87]. This is because, as a self-energy,
it depends on only one scale, and because its imaginary part, for timelike @2, is
directly related to the so-called R-ratio of the inclusive ete™ cross section to hadrons

and muons.

The perturbative expansion of the Adler function is typically expressed in terms
of Feynman diagrams. A class of diagrams that by itself lead to factorial coefficient
growth, and are typical for renormalons, are bubble-chain diagrams, in which n
fermionic self energies are inserted in the photon or gluon propagator, see Fig. 4.1.
For QED and QCD, the type of (renormalon) singularity in the Borel plane depends
on the loop-momentum regions of these diagram, specifically the ultraviolet (UV) and

infrared (IR) ones. We review this in the next subsection.

4.1.1. UV and IR renormalons

Consider the one-loop vacuum-polarization graph (“bubble”) in Fig. 4.1a. Its expression

in d = 4 — 2¢ dimensions reads
HMV = (kukv - an,uV)ﬂ—(k7 M) (43)

with

 2iNgep (2-dN [ 1
i = 2ol (50) [t @
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() (b)

Figure 4.1.: (a) One fermion bubble, (b) chain of fermion bubbles.

AT ASY

Figure 4.2.: Bubble chain inserted into Adler function.

This integral can be readily carried out using a Feynman parameter, leading to

~2Nge? (dmp®\© (2 —2¢)[(1 4 €)I(1 —€)?
mks 1) = e ( k2 ) c(3—20)T(2 — 2¢)
= aTJZf {1 — e + log4n — log (;@) + g} + O(e) . (4.5)

To remove the ultraviolet divergence in Eq. (4.5) one includes an MS counterterm,
which leads to

_12,-5/3
ke ) , (4.6)

m(k, p) = —afoy log <ug

where By = T Ny /3w, with T' =1 for QED and T' = 1/2 for QCD. For the Adler
function, we consider the diagrams in Fig. 4.2, where a fermion bubble chain with n
bubbles is inserted. The diagrams, summed over the number of bubbles, yield the

expression

© gi2 . 202053\ 1"
D= a/o o F()Y [aﬂof log (%;)] : (4.7)

n

where k2 = —k2/Q?, and F represents the rest of the diagram (see [87]). We can
examine the n-dependence of the integral separately for small and large k2 (the
separation being defined by the argument in the logarithm in Eq. (4.7) being unity),

using the small and large k2 dependence of F'. Up to subleading corrections in n the
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result [83, 87] reads

Cr N i [3( Q23N 2B\ | 1Q% /3 11

where the first part is due to the IR behavior and the second to the UV behavior of the
integrand in Eq. (4.7). We see that bubble-chain diagrams produce factorial growth

at leading power in Ny, i.e. the n-bubble contribution is proportional to (aNy)™.

To see what this implies for the Borel transform of the Adler function, we use
(2.3). For the IR case one finds (u = —fo¢t)

1 1

B[D]r(u) ~ T_2’

(4.9)
where we only exhibit the leading u-poles and suppress prefactors. As is known,
these poles become logarithmic branch cuts when two or more bubble chains are
present [88]. We will show this explicitly in Sec. 5.2. The IR renormalon pole in
Eq. (4.9) for QED lies on the negative Borel parameter axis, and vice versa for
the UV renormalon pole. As we will discuss in section 4.1.2, for QCD one changes
Bof — Bo = —(11 — 2Ny /3)/(47), which also implies a change of sign for u, so that
IR (UV) renormalon poles are on the positive (negative) real ¢ axis.

As shown in Egs. (2.4) and (2.8), the poles on the positive u-axis imply ambiguities
in the Borel-resummed perturbative series. In fact, they imply non-perturbative
corrections; the QCD version of the ambiguity in equation (2.8), due the pole at u = 2
in (4.9), is proportional to

4
2 A
efor ~ [ =) (4.10)
(a)
with A the QCD scale parameter, and @ the scale of the Adler function. Non-
perturbative effects in QCD are proportional to this typically very small ratio, and
are often also referred to as power corrections. Our goal in the next chapter, then, is
to learn more about power corrections for the Adler function, using the methods of

resurgence introduced in chapters 2 and 3.

4.1.2. Flavour expansion

In the previous subsection, we discussed how bubble-chain diagrams cause perturbative
series to show factorial growth. To formalize this, let us consider the flavour expansion

of QED/QCD with Ny massless fermions. We can write an observable in perturbation
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theory as

(oo}

F(a) =) cna”, (4.11)

n=0

where, in general, the coefficients ¢,, can be written as an expansion in Ny,
en=c9 4+ .+ c%"_l)N}kl. (4.12)

In this flavour expansion, we take the large N¢ limit while keeping the 't Hooft coupling

1)

Ny o fixed. In this limit, the dominant contribution to ¢, is given by c%”_ and we

therefore reorder the perturbative expansion as an expansion in 1/Ny:

F= ]\lff Tic;"—ﬂ(zvfa)" (1 + o(Jéf)) . (4.13)

To see what diagrams go into each order of 1/Ny, recall the one-loop vacuum-

polarization graph (fermion bubble)

I, (k) = NOW = (kuky — 1 k?) (K2, (4.14)

which we already calculated in Egs. (4.4) and (4.6), where we found
— k2
(k%) = —afoy {log (2> + C], (4.15)
i

with C' a scheme dependent constant — e.g. C' = —% in the MS-scheme, as in Eq. (4.6).
We notice that such a fermion bubble counts as Nya = O(1) in the flavour expansion.

Including the external lines, the effective photon propagator with n such fermion

bubbles reads

n fermion bubbles

= 5 (o — ) [ 702)] ", (4.16)

so that a bubble chain counts as (Nya)” = O(1) in the flavour expansion as well. In
other words, the coefficients " in Eq. (4.13), and also the coefficients at higher
orders in the flavour expansion, can be computed by replacing virtual photons/gluons

by the bubble chain Eq. (4.16). From Eq. (4.15) it then follows that this leads to the
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inclusion of logarithms in the Feynman integral. As already explained in Sec. 4.1.1,
integrating over such logarithms in a Feynman integral leads to factorial growth.

Diagrams including the sum over bubble chains can be computed using the effective

(Dyson summed) propagator of such a bubble chain:

i k. k 1 k. k
Duk :_7< v #D> —i MV’ 4.17

1 ( ) kg 77# ]432 1+7T(k'2) 16 k4 ( )
with & the gauge fixing parameter. However, instead of working with this Dyson-
summed effective propagator, it will be more convenient to work with its Borel

transform with respect to a (which appears in 7(k?)), which reads [85]

BlaD,, (k)] (u) = —% <mu — k‘;’j) (— Z‘je-c> = 5 k4 ; (4.18)

where we again rescaled the usual variable ¢ in the Borel plane to v = —f3yst. Fur-
thermore, before Borel transforming we inserted an overall factor of a that will be
convenient later, when we perform the actual diagram calculations. When we have
n. > 1 bubble chains in a diagram, we can use the fact that the Borel transform
of a product of series is obtained by taking the convolution of the individual Borel

transforms:
B[ T eDus )] 0
j=1

_</3f/ {Hd“ﬂ} (u ‘i%‘)ﬂlg ooy ()] (). (4.19)

This can be verified by taking the Laplace transform of both sides of the equation
with respect to ¢. In Sec. 4.2 we give more details on the effect of the convolution
integral on the resurgence structure in the case of general n.. In Sec. 5.2, where we

discuss the Adler function at order 1/N?, we will only need the case n, = 2.

For the case of QED we notice that positive ¢ corresponds to negative u, since 5o s
is positive. For QCD one completes By to the full first coefficient of the 3-function
Bo = —(11—2N;/3)/(4m) [83, 88, 89], so that now positive ¢ corresponds to positive u
(thus, infrared renormalons appear on the positive u axis for QCD, and on the negative
axis for QED). In practice this implies that one can perform a QED calculation to
obtain the non-abelian counterpart in QCD by replacing 5y with 3y and by adding
the appropriate SU(3) color factors. In the literature, this procedure is also known
as “naive non-abelianization” [90-92]. We should mention here that for the large

Ny limit, Sy changes sign (this happens for Ny > 16) after which QCD is no longer
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asymptotically free. Hence, for QCD, instead of a large /Ny expansion one uses a large

Bo expansion, and we rewrite Eq. (4.12) as an expansion in [y
en =89 4. erbgn-l (4.20)

Thus, in the large [y expansion for QCD, the expansion of a generic observable
Eq. (4.13) becomes

Pt i &= (Bya)™ (1 + 0(610» . (4.21)

Bo 125

where we now define the 't Hooft coupling as 5y « for the QCD case. In what follows,
we refer to the large Ny expansion for both QED and QCD, even though we use the
large By expansion in QCD. We perform our calculations in QED and in the end use
the procedure of naive non-abelianization to convert our results to obtain the QCD

result.

4.2. Using Borel convolution integrals for resurgence

We saw in the previous section that the flavour expansion is a useful framework to
isolate perturbative series that show factorial growth due to individual diagrams,
i.e. renormalons. At higher orders in 1/Ny, an important ingredient of the flavour
expansion is the convolution integral Eq. (4.19). In section 5.2, we shall apply this
integral to go beyond the leading order in the flavour expansion for the Adler function.
In this section, we discuss what the effect is of the convolution integral on the resurgence
structure. In particular, we will see momentarily that one does not need to know the
particular exact Borel transforms, but that the structure of the alien derivatives and
their calculus can be used instead. Although the techniques are a straightforward
application of the framework outlined in Sec. 2, in physics applications this is, as far

as we are aware, a novel way to study renormalon effects.

The results we present in this section have twofold use. First, they set up the
calculation of particular O(1 /NJ%) diagrams that we shall encounter in the next chapter.
The results, however, are more general and also apply to more complicated convolution
integrals which one would encounter at higher orders in 1/N;. We explain, by means
of examples that are relevant for the next chapter, how the convolution integral ‘builds’
resurgent functions. The results will also show glimpses of the full resurgent structure

that would emerge upon including all orders in 1/Nj.
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4.2.1. Resurgence of the convolution integral

Given two asymptotic formal power series F(?)(a) and G(9) (), we can define a new

power series \I/(O)(a), which in general is again asymptotic, by taking the product:
()= FO>a)GO). (4.22)

As explained in more detail in chapters 2 and 3, the resurgence properties of W(®)
can be recovered from the singularities of the Borel transform. Here, the convolution

integral appears as the Borel transform of () is computed as
B O] (u) = / duy BFO)()BIGO] (1 — u1) (4.23)
0

and the resurgence structure can be found using the relation Eq. (2.26) between the
different non-perturbative sectors B[¥(™)](u). However, except for simple examples,
performing the convolution integral might be a difficult task. We can study instead the
resurgence properties of ¥(?) by using the alien derivatives. Acting with an arbitrary
alien derivative A, yields

AV = A, (FO(0)) GO(a) + FO(@)A, (¢O0) (4.24)

since the alien derivative satisfies the Leibniz rule. Thus, the calculation of A, ¥
has shifted to the calculation of A, F(© and A,G). Consequently, if the resurgence
structure of F(9 and G(® is known, one can compute the resurgence structure of
U, As alluded to above, we will see in Sec. 5.2 that, with one exception, the
convolution integral Eq. (4.23) cannot be computed exactly. It will be easier to obtain
the resurgence properties of F(®©) and G(© instead of that of U(°). Therefore, to
prepare our discussion in Sec. 5.2, and to show how Eq. (4.24) can be employed in
practice, we discuss in this section a few relevant examples. In these examples the
convolution integral can be computed exactly and therefore these computations act as

a check on the method of alien derivatives.

4.2.2. Convolution of pure factorial growth

Let us begin with the simplest possible model. Consider an asymptotic formal power
series where the perturbative coefficients show pure factorial growth:
- 1

FOa) =3 "T(n+1)a" — BIFO)(u) = — (425

n=0
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As the complete asymptotics of F() is determined by the pole of B[F®](u) in the Borel
plane, we know that in the full transseries there is just one possible non-perturbative
sector, ), which consists of only a single term sk fél) (o) = 27wi. As we will encounter
many different Stokes constants for different resurgent functions, we adopt the notation

in which we put the function name as a superscript on the Stokes constants, e.g. ST .

Although the resurgence of F(©) is relatively simple, i.e.
A FO©) = o7 (4.26)

with all other alien derivatives vanishing, we show in this section that F(©) can be
used as a building block to build more complicated resurgent functions. By taking

powers of F(9, we will show schematically how such a resurgence structure builds up.

Consider the formal power series
2
v (q) = (F<0>(a)) : (4.27)
where its Borel transform is computed as

“ 1 1 log(1 — u)
) :/ ) . 4.2
B{ }(u) 0 dull—u117u+u1 2—u (4.28)

Having the exact Borel transform, we obtain the resurgence structure using Eq. (2.26).
Since we know that

log(1 — u)
(0) _ _qg¥ (1) _
B {\I/ }(u) 51 B[\I/ }(u 1) o , (4.29)
we can read off the result
4
N (1) )=
Sy B{\If }(u 1) —w-1)" (4.30)

Transforming back to the a-plane, this corresponds to the formal power series

SYUM(a) =4mi > T(n+ 1), (4.31)

n=0

We see that in this ‘squared model’, the leading non-perturbative sector U1 is no

longer a single term but now shows pure factorial growth itself.

Though we were able to perform the convolution integral exactly and therefore
immediately read off the resurgence structure, it is instructive to obtain the same

result using alien derivatives. On the one hand, the bridge equation, Eq. (2.25), tells
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us that AU = S¥WM) . On the other hand, we have by direct calculation

(oo}
AP0 =2FOA FO =23 " 27iT(n + 1)a™*, (4.32)

n=0

where we used Eq. (4.26). We observe the same result as obtained from the exact
Borel transform in Eq. (4.31). Likewise, for the second non-perturbative sector (2

we get
2
2(5;1’) 7@ = A2 = oA, FOA PO = 2(271)? (4.33)

which is a sector with a single coeflicient. Notice that this can also be related to the

expansion of Eq. (4.28) around u = 2 which reads

Bw O (u) = :i:22

i

4.34
T (4.34)
where the ellipsis denotes regular terms. Up to a sign ambiguity this agrees with
Eq. (4.33). This ambiguity originates in the ambiguous expansion of the logarithm
log(1 — u) in Eq. (4.28) around u = 2. We come back to this point extensively in

Sec. 5.2.4, where we shall see how to resolve such ambiguities.

This simple example easily generalizes to higher powers of F'(?) (). For example,
consider
3
3O (q) = (F<°>(a)) . (4.35)

The convolution integral to get the Borel transform B[F(?)(a)3] can still be done

exactly, but we stay in the a-plane and follow the second method we just used for
(F(O)(a))Q. Acting once with A; yields

2 o0 n
21 — A, 3O — 3(F<0>) AFO =671 3" a2 T(n—h+1)T(h+1). (4.36)
n=0 h=0

Acting twice with A; yields

oo

2
2(5%)% 0@ = A200 = 6F(© (A1F<0>) =6(270)? Y L(n+1)a™'.  (437)

Finally we have

R 3 ,
6(S2)° 2™ = A3p® = 6(A1F<0>> = 6(2mi)3. (4.38)
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\ ) | | ) } o)
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Figure 4.3.: Alien chains for the convolution of an asymptotic power series where the
perturbative coefficients show pure factorial growth. The sectors with a filled
box are true asymptotic sectors, whereas the white boxes are not and consist
of a finite number of terms.

In Fig. 4.3, we show the alien chain built up with more sectors, more of which are now

asymptotic.

4.2.3. Convolution of power series with a double pole

In the next chapter we shall consider diagrams at order 1 /NJ% in the flavour expansion.
We will encounter two generalizations of the above convolution integral of power series
with pure factorial growth, which we introduce and discuss already in this section.
The first generalization is the case that the large order relation of the formal power
series that we convolute with itself is determined by a double pole, treated in this
subsection. In the next subsection we address the convolution of a power series with

(infinitely many) evenly separated poles in the Borel plane.

Consider a power series F(9)(a) where the large order growth of the coefficients is

determined by a double pole in the Borel plane at u =1, e.g.

F<o>(a)ir(n+2)(a+7il)an+1 s BFO() = (1_u)2+1fu. (4.39)

n=0

Notice that we keep the option open for subleading growth coming from a (1 — u)~*

term. We use a and b as a compact notation for fél) and fl(l) respectively. We are

again interested in the resurgence properties of

O (q) = (F<0> (oz))2. (4.40)
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The Borel transform of this power series is given by the convolution integral

BI(F©)?)(u) = /Ou duy ((1 _“u1)2 + 1—bu1) <(1 —— ERT —ub—l- u1>

a® +ab o log(1 — w)
= _ (1) _ 1y
2 SYB[w0 | (- 1)=E -

2a? a? 4 2ab
-2 4.41
((2—u)2+ 2w > (441)

where in the second equality we emphasized the resurgence of the non-perturbative

sector (1) which has the explicit form

242 2ab b
a a4 ) (4.42)

SYB[w™](u—1) = 4ri
1 (=) =4\ G T e T oo
Notice that, studying the singularities of these expressions around u = 2, it might
look like the second non-perturbative sector ¥(?) gets contributions from both the
T sector and the last line in Eq. (4.41). However, as
: 1 2
log(1 — u) =47i—(2—u)— 5(2—u) + ..., (4.43)
u=2

the last line cancels against the (real part of the) expansion of the logarithm and
B[TM] around u = 2.

The inverse Borel transforms of Eq. (4.42), together with the residue of the simple
pole at u = 1 in Eq. (4.41), yield the coefficients of the first non-perturbative sector

= 2ab b?
P (a) = 4ri(a® Ari) 2r 2 ntl(4.44
h (o) = 4mi(a”+ab)+ mz (n+3){ a +n+2+(n+2)(n+1) e (4.44)

n=0

where, in the sum, we factored out the leading order growth I'(n + 3) coming from the
fact that Eq. (4.42) has a cubic pole in the Borel plane (recall Eq. (2.55)).

Instead of performing the convolution integral as in Eq. (4.41), we can again use

alien derivatives. Since

AFO) = o7 (g + b) , (4.45)
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we find
- b
U, (1) _ o(0) ) _ b\
SYw) — oA F 47r1( ); (n+2) <a+ +1)a (4.46)
- 2ab b2
= Ari 2 b 47ri o 2 n+1
mi(a® + ab) + mnzz:o (n—|—3)<a +n+2+(n+2)(n+1))a ,

which is indeed the same as in Eq. (4.44).

For this specific example there is another way to think about Eq. (4.46). Instead
of identifying the coefficients f,go), we rewrite Eq. (4.46) as

SFI\I/(U = 47i <% + b) i Fr(LO)an+1
n=0

=dmiaR\" +4riay 0" 4 azib Y fOan (4.47)

n=0 n=0

Next, consider a generic series and its Borel transform

oo o0
n+1 gn n
=Y gne —  BlG)(u) =) " (4.48)
n=0 n=0 F(TL + 1)
The derivative of the Borel transform yields
gﬂ 'n, - n
Z T +1 = H(a) = Z%gwa +1 (4.49)

where in the last step we applied an inverse Borel transform. In other words, the
newly constructed series H(«), with coefficients those of G(«) but shifted: g, — gn+1,
corresponds to taking the derivative in the Borel plane. Applied to Eq. (4.47), this

implies
SYB[EW)(u) = 4nia B[F V) (u) + 47ib B[FO](u). (4.50)

We shall employ this observation in Sec. 5.2.

4.2.4. Convolution with equidistant singularities

A final case we need is where we take the convolution of perturbative series F(?) and
G where the large order behaviour of their coefficients, fr(LO) and ggo), come from

singularities at u = 1,2, 3, ... in the Borel plane. Furthermore, we assume that we
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know both the resurgence properties of F(?) and G(?), i.e. we know the action of the

alien derivative Aq:
AFO = gFp® — A2F0) —9(sF2Fp®) AR — 6(SF)3FG) - (4.51)

etc., and similar for G(°)) but now with the Stokes constant S replaced by S{. This
is the standard structure of alien derivatives if one assumes that F(©) and G(©) are
one parameter transseries for which one can derive a bridge equation as we did in
Sec. 2.3. However, in the next chapter we will argue that the Adler function does not
necessarily has such a bridge equation — see in particular the discussion in Sec. 5.1.5).
Therefore, we also allow for non-vanishing actions of Ay, Az, Ay etc. In fact, when
we apply the machinery of this section to the Adler function at order 1 /NJ%, we see

that such ‘multiple steps forward’ alien derivatives indeed occur.

Using the Leibniz rule repeatedly, we may now also obtain the resurgence structure
of the product

¢ = pOGO) (4.52)

In particular, to obtain the first non-perturbative sector ¥}, we can act with A;.
This yields

SYO = (A F®) GO+ FO (8,60 . (4.53)

In order to obtain the sector ¥(2) | we can act with A2 for which U2 gets contributions

from
EU: (F<0>G(0>) _ 1 (A%F(O)) GO 4 <A1F<o>) (Ale)) L po (A?G(O)) (4.54)
2 2 2 ’

and potentially also with a nonzero A, for which the contributions come from

Ay (F<0>G<°>) - (A2F<0>) G© 4 p(© (AQG@) . (4.55)

Likewise, an arbitrary sector U(™) could get contributions from products of alien
derivatives of the form A7, A?”Ag, A?73A3, ey AL

4.2.5. Prefactor singularities

A final subtlety that we need to address is one that we will encounter at several points
in our computations. The Borel transforms in the convolution integral, Eq. (4.19),

may contain singular factors — in practice: poles — that only depend on the overall
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Borel plane variable u, not on the integration variables u;. Such singular factors can
therefore be taken outside the integral; see Eq. (5.45) and the expressions below it for

examples that we will encounter.

In the case of a transseries with non-perturbative exponentials A; = —As, these
overall singularities can be somewhat difficult to interpret. Clearly, singular prefactors
play a role in the singularity structure of the final Borel transform, and therefore
they will determine some of the structure of the full transseries solution that we are
after. However, since the singularities are not obtained by acting with a specific alien
derivative on one of the factors in the integrand, it is not always immediately clear to

which transseries sectors the expansions around them belong.

For example, an expansion in the Borel plane around u = A; could describe a
(1,0) sector, but also other (1 + n,n) sectors. When such an expansion comes from
actions of alien derivatives on factors in the convolution integrand, one can simply
read off which alien derivatives play a role and therefore which sectors appear. When
an expansion comes from a prefactor singularity, this is not the case. As a result,
in these cases one needs other arguments (e.g. comparing different expansions that
involve the same higher nonperturbative sectors) to determine the precise transseries

structure.

Some of our results on the transseries structure will therefore be conjectural,
depending on such additional arguments, though in many cases we can also fully pin
down the structure. We will even encounter situations where the extra singularities
are a virtue rather than a nuissance — occasionally, they help us to read off transseries
coefficients that would otherwise have remained hidden in a regular expansion, but

that now become part of the singular structure.

To summarize what we learned in this section, it is clear that the resurgence structure
of the convolution integral, Eq. (4.19), can be obtained in two ways: either directly
via the singularity structure of the Borel transform, or by applying alien derivatives
acting on the constituents of the convolution integral. The examples discussed in this
section were relatively simple and we were able to compute the convolution integral
exactly. However, generally, in harder problems it is difficult (if not impossible), to
compute the convolution integral exactly. In fact, as we see in the next section, this is
indeed the case for the Adler function at order 1 /NJ% in the flavour expansion, so that
there we have to turn to the second method using alien derivatives. Let us emphasize
that this method is quite general, and certainly not only applicable to the resurgence
properties of the Adler function. It may further open the door to study renormalons

in physics in general.






Chapter 5.

Resurgence analysis of the Adler
function at O(1/N73)

This chapter is based on Secs. 4 and 6 of [1]. Compared to [1], new here
is the discussion on Stokes’ automorphism for the Adler function with

one bubble-chain and the natural choice of the two transseries parameters.

As discussed in the previous chapters, resurgence provides tools to systematically decode
non-perturbative information directly from the perturbative data. The techniques
usually require a substantial number of perturbative terms (of order 10 at least, and
for precision numerics of order 100), which explains why resurgence has not been
widely applied to particle physics and phenomenology yet. Let us note that more
broadly in quantum field theory, resurgence techniques have been introduced in e.g.
[35, 54, 93, 94] and follow-up works by the same authors. The time seems ripe for
applications to more phenomenologically relevant quantities, since for many observables
in particle physics a substantial number of perturbative terms can be computed. The
Adler function — already briefly introduced in the previous chapter — is a good starting
point. In fact, in this chapter, we shall be able to extract new non-perturbative results
for the Adler function at O(1/Ny) and (9(1/]\/?), where Ny is the number of flavours in
the fermion loop diagram. The description of both perturbative and non-perturbative
contributions is conveniently summarized in a transseries [53] and here we will do the

same.

There has been much earlier work on renormalon contributions to the Adler
function [85-87, 91, 95-99|, as well as their connection to its operator product expansion
[88, 100]. The Adler function appears in more recent renormalon studies [101-105],
including a study whether field theories can have renormalons beyond the usual Borel
plane [106]. The Adler function has recently been studied using resurgence techniques

[107, 108], based on renormalization group considerations [109, 110].!

INote that in these works, assumptions are used that reproduce the expectations by Parisi and ’t
Hooft [11, 89, 100] that renormalons occur at half-integer multiples of 1/80, the inverse of the
leading beta function coefficient. It was found recently [111] that in several examples, this pattern
is in fact not present — even though the breaking of the pattern only shows up at finite Ny and
not in a perturbative expansion in the reciprocal of that parameter.

93
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To obtain our perturbative data, we compute two- and three-loop skeleton diagrams
for the Adler function for gauge theory, using Eq. (4.18), the Borel transform of the
gauge field propagator with fermion loop insertions. For the two-loop case (O(1/Ny))
we find, using our resurgence techniques, the complete transseries of the Adler function
due to renormalon contributions, including subleading effects, which reproduces and
extends earlier results in [85-87, 107].

Sec. 5.1 discusses how renormalons are usually studied for the Adler function: by
introducing a single bubble chain in the Feynman diagrams. This section contains
many known results, but we try to present these in a way that is most suitable for
a resurgent analysis. We give the exact expression of the Adler function at leading
order in the flavour expansion. Subsequently we perform the resurgence analysis of the
Adler function at this order, showing how resurgence and large order relations can be
used to extract all non-perturbative sectors in the corresponding transseries. We give
many details and checks on the resurgence analysis, to set up a solid framework that
can be used at higher orders in the flavour expansion as well. We finish this section

with a discussion on some of the more subtle issues encountered at this order.

Our aim is then to explore higher orders in the flavour expansion and investigate
which aspects of the leading order analysis persist, and which ones may even show
a richer structure. To accommodate the computations at next to leading order, we
developed in Sec. 4.2 a powerful convolution method that facilitates the calculation of
renormalon contributions due to adding new fermion-loop-summed propagators. In
Sec. 5.2 we then compute a set of planar diagrams present at next to leading order in
the flavour expansion of the Adler function. Although not all master integrals of the
(01 /N]%)) diagrams are known, we can investigate much of the resurgent structure
that occurs at order 1 /N% We discuss the non-perturbative sectors for individual
diagrams as well as the alien lattice structure, which is considerably richer than at order
1/Ny. We find non-perturbative asymptotic sectors, and alien derivative operators
that establish relations between these sectors. Moreover, we find a new logarithmic
type of non-perturbative power correction in the coupling constant plane. When we
put all ingredients together, an intricate transseries structure emerges. Our results
derive from thorough analytical and numerical analyses, which were already described

extensively in previous chapters.

We summarize our findings in Sec. 5.3 and discuss some open questions. We refer

to App. B for further background on the calculation of the diagrams.
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(2) (b)
Figure 5.1.: Diagrams at O(1/Ny) in the flavour expansion. Diagram (a) contributes with a

factor of 2 to account for the similar diagram where the bubble chain connects
below the vertices.

5.1. Adler function with one bubble chain (O(1/Ny))

We briefly discussed, in Sec. 4.1, how bubble chain diagrams cause the perturbative
series of the Adler function to show factorial growth. For clarity, let us recall the
definition of the Adler function. We consider the Fourier transform of the correlation

function of two vector currents j, = zﬁmﬂ/) of massless quarks, which can be written as

(—i) /d% e (0| T{j,u ()5, (0)}0) = (4ua — M a®)IUQ?) (5.1)
with Q? = —¢2. The Adler function is defined as

dIi(Q?)
aQ? -

Understanding its asymptotic behaviour in perturbation theory and how this is related

D(Q?) = 4x*Q* (5.2)

to non-perturbative expansions will be the main focus for the rest of this chapter.
We use the flavour expansion to isolate the relevant Feynman diagrams that lead to
asymptotic series. In this section we focus on the diagrams in Fig. 5.1 that contribute
to the Adler function at leading order in the flavour expansion. In Sec. 5.2, we will
then discuss (a subset of) the diagrams at next-to-leading order in 1/N; for the Adler

function.

Instead of calculating diagrams directly, we shall calculate their Borel transform, as
the bubble chain then simplifies to an analytic, regularized photon propagator — recall
Eq. (4.18). In what follows, we will work in Landau gauge, i.e. £ =0, and in d = 4
dimensions since the Adler function is UV finite after counterterms for the fermion
bubbles are included. As we will explain in the next subsection, the perturbative
coefficients of the Adler function itself can then be easily extracted by applying an

inverse Borel transform.
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The calculation of the diagram in Fig. 5.1a is relatively straightforward. Using
results of App. B.1 and B.2 one can show that the two-loop integral factorizes into
one-loop ones. With the one-loop master integral Eq. (B.1) we find

BIL(Q)(u) = - (QeC ! (5:3)

—Uu
Co2m2 \ p? ) w(u—+1)(u—1)2(u—2)2’
where for notational simplicity we ignored an overall factor of the colour Casimir factor
Cr that we will reinstate in our final expressions. In order to calculate the diagram of
Fig. 5.1b, one needs the two-loop scalar master integral given in Eq. (B.4). By similar

methods as for the diagram in Fig. 5.1a we derive

2 1 [@? o 6
O G e e e
L D)~y (i) L) g ()
w(u —1)(u—2) ’

(5.4)

with () (2) = d722 logI'(z) the trigamma function. Taking the two diagrams together
and using Eq. (5.2) to translate the result for II(Q?) to that of the Adler function
D(Q?), we obtain the Borel transform of the Adler function at leading order (LO) in

the flavour expansion (which has also recently been derived in [112]):

d%z [B[nb(Q2)](u) + QB[HQ(Q"’)}(U)}

_2(Q o)) —u () et () v ()
3(%6 ) (u—1)(u—2)

B[Dyo](u) = 47*Q*

. (5.5)

In the next subsection we use this result to perform the resurgence analysis, as the
expression allows for a straightforward expansion around u = 0. Note that this result

was already known in the equivalent forms [86]

oo

32/ Q? | —1)"n
B[DLO}(U) = ? <Z2260> 2 _u Z (77,2 _( (1)_ u)g)g (56)

n=2

32/Q2 \" 1 &K (1) 1 1
:3<u26> 2‘“,;24(1—10{(71—14-71)2_(n+1—u)2  (5:7)

where the second form of this equation allows one to easily read off the pole structure.
We see that there exists an infinite set of both UV (u < 0) and IR (u > 0) singularities

at integer values of u, all of which are double poles, except for the singularity at v = 2
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Figure 5.2.: Singularities of B[Dro](u). The UV-renormalons lie at v = —1, -2, —3, ... and
the IR-renormalons at u = 2, 3,4, .... Characteristic for the Adler function is
that the singularity at u = 1 is missing (see the discussion below Eq. (5.7)).

which is a single pole and the singularity at « = 1 which is absent,? see also Fig. 5.2.
This also agrees with the calculation that led to Eq. (4.9), which presented the leading
IR and UV poles in the Borel plane. We should mention here that the singularity at
u = 1 really is absent: it is present in Eq. (5.3) and Eq. (5.4) separately, but cancels
when we take the two diagrams together. The fact that the IR renormalon at v =1
is absent is characteristic for the Adler function and is already expected on physical
grounds, as there is no dimension-2 operator in the OPE for the Adler function with

massless fermions [88, 100].

5.1.1. Transseries Ansatz

Our goal is to construct the transseries for the Adler function. For the associated
resurgence analysis we need the perturbative coefficients of the leading order Adler
function Dyo(Q?) itself, i.e. we need to do an inverse Borel transform on the results
obtained in the previous subsection. In this section, and the sections hereafter, we
will work mostly with the variable u = — Byt as the actual Borel parameter instead of
t, so that singularities in the Borel plane are conveniently placed at integer positions.
Therefore, we expand the Borel transform Eq. (5.5) around v = 0 and write the result

as
= d
D 2 =) ——u" :
B[D1o(Q*)](w) ;}F(nﬂ)u, (58)
after which the perturbative coefficients d,, of Dy, can be read off:

Dro(a) = | dna"*! (5.9)
n=0

1
=a+ (25 - 443) &% 4 (18 — 12¢3) &> + (22 —42¢3 — 60g5) at o

2Note that although there appears to be a pole at w = 1 in Eq. (5.7), it vanishes because the
expansion around u = 1 of the terms in square brackets starts at order O(u — 1).
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Here & = —fp« is the variable conjugate to the Borel variable u. As the inverse Borel
transform gives an additional factor of &, we also defined D(Q?) = —BoD(Q?), to
compensate for the additional factor of —fy. Furthermore, to avoid logarithms of
ff e® that will make the analysis needlessly complicated, we choose > = Q%e“. For
notational convenience, we will drop the hats on D and @& in what follows. When we
give the full transseries expression in the end of this section, we will reinstate the
factors of Sy.

With the exact Borel transform Eq. (5.5) one can easily compute the first, say
n = 1000, perturbative coefficients. (However, for the resurgence analysis we perform
below, we found that 200 coefficients was enough.) With these coefficients at our
disposal, we can start thinking about what we may expect the transseries to look
like. As explained near Eq. (2.46), for a k-parameter transseries the Borel singularities
of the transseries sector lie at positions u = £- A with £ € N*¥ and A = (A4, ..., Ay)
the non-perturbative exponents. As the poles of B[Dyo](u) lie at both positive and
negative integer values of u, a minimal Ansatz for the transseries is a transseries
with two non-perturbative exponents A; = 1 and Ay = —1. Therefore, we write the

perturbative sector as

(0 0) Z d (0 0) n+1 (510)

with d0? = d,, the perturbative coefficients of Eq. (5.9). This will now be the

(0,0)-sector of the following transseries

Dro(a Z Zan me S e Dl () (5.11)

n=0m=0

with oy, , the transseries parameters. Two remarks are in order.

First, we should emphasize here that this is a minimal transseries Ansatz and,
recalling our discussion in Sec. 2.6, it might be the case that one needs additional
non-perturbative exponents on top of A; and As, e.g. one needs a new exponent Ag
which is an integer multiple of A; or A as was the case in [54]. Furthermore, one
might need additional transmonomials — as is the case at order 1 /N% in the flavour

expansion where we find logarithmic transmonomials, see Sec. 5.2.

Secondly, in the case that the Adler function indeed has two non-perturbative

exponents Ay and As, one might wonder if the Adler function satisfies a bridge equation
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of a two-parameter transseries as discussed in chapter 2. In this case, we can write
n __m
Onm = 0109, (512)

where the infinitely many transseries parameters oy, ,,, are expressed in just two free
parameters o1 and oo. However, since e.g. a differential equation for the Adler
function as needed for the procedure in Sec. 2.3 is not known, we cannot derive a
bridge equation that would allow us to read off the number of parameters. Therefore,
we will be more general for now and work with the generic transseries parameters

On,m- We shall discuss the interpretation of the transseries parameters in Sec. 5.1.4.

In order to test the Ansatz Eq. (5.11), and construct the non-perturbative sectors?

D™ (@) = a3 ™ol (5.13)
h=0

we will use resurgent large order relations. Of course, we know the exact Borel
transform Eq. (5.5) and can therefore read off the non-perturbative sectors from the
singularity structure in the Borel plane. We emphasize that this is a rather unique
situation. In many resurgence examples one does not have the luxury of knowing the
exact Borel transform. Often, one can only compute (a few) perturbative coefficients
and thus large order relations are the only way to proceed. In fact, in Sec. 5.2 when
we study the Adler function at the next order in the flavour expansion, we cannot
compute the Borel transform exactly anymore. To prepare for that, we will therefore
mainly focus on the large order analysis and show how this is sufficient to extract the

non-perturbative sectors from perturbative data only.

5.1.2. Resurgence analysis: first two non-perturbative sectors

From the transseries ansatz, Eq, (5.11), we can readily write a large order relation for
the perturbative coefficients

S I'k—h—
400 Z (0,00 (£,0) Zd(ﬁ 0 I'( Be,o)

k—h—Bq,
 omi (LAy) e.0

72500)—>0z Zd(oe I'(k—h—poy) (5.14)

((Ag)F—h—Bor
h=0

3We use the conventional notation Brnm (and sometimes for readability Bmm) for the starting orders
in the non-perturbative sectors; of course these orders (that always have two indices) should not
be confused with the S-function and its coefficients.
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which is a relation between the perturbative coefficients d,(co’o) and the non-perturbative

) and d\*

coefficients dg,o , i.e. only the (¢,0) and (0, £) sectors will play a role. Notice
that following chapter 3 and the discussion below Eq, (5.11), we wrote the large
order relation in terms of Borel residues and not in terms of Stokes constants since a
bridge equation for the Adler function is not known.* In order to avoid clogging up
our equations with the lengthy notation of the Borel residues, and to avoid writing
down ubiquitous minus signs and factors of 271, we will absorb these factors in the

non-perturbative coefficients. Therefore we write

~ S . S
d;f’o) (0,0)—(¢,0) di(f’o) and J00 — 20000 dl(lo,z)_ (5.15)

2mri h 2mri
From the previous chapters, we know that ordering the elements of Eq. (5.14) by their
size gives us a way to extract the non-perturbative coefficients, keeping in mind that

this relation is valid in the large k limit.

First, we observe that nodes in the alien lattice that are further away from the
(0,0)-node, i.e. with larger ¢, have a more exponentially suppressed contribution to
the large order growth of déo,o). As A1 =1 and A = —1 are equal in size, the leading
order growth comes from the (1,0) and (0, 1) sectors. However, we saw above that the
pole in the Borel plane at v = 1 is missing, meaning that the (1, 0)-contribution is

actually absent, so hence the leading growth will be coming from the (0, 1) sector:

< oy Tk —h—
00 L3 dZO’l)(T_Bf?’l) + ok (5.16)
h=0 A2
Ik — . A J(O’l) A +1 J(O,l) + A2 J(O’l)
_ W[dé“)’l) gl A DO BG o,
2

where O(27F) refers to contributions from the (¢, 0) and (0, £) non-perturbative sectors
with ¢ > 2. In the second line we factored out the leading order growth in £ and
explicitly wrote the first two corrections in 1/k. To show that this expression indeed
captures the large order behaviour of the perturbative coefficients, and in order to
find the various as yet unknown coefficients that appear in this large order relation,
we can perform ratio tests on the known perturbative coefficients d;go,o)_ Recall also
examples 3.2.1 and 3.2.4 of the previous chapter where we already performed such

4In the case of Eq. (5.12), the Borel residues can be written as S(0,0)=(£,0) = 7Sf0 and 5,0y (0,0) =
755’1 for some Stokes constants S1,0 and So,1.
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Figure 5.3.: Fig. (a) shows the sequence A(k), Eq. (5.17) (top curve, blue), together with its
first Richardson transform (bottom curve, orange) to accelerate the convergence.
Similar, (b) shows the sequence B(k) (bottom curve, blue), Eq. (5.18), and its
first Richardson transform (top curve, orange). We observe that already the
first Richardson transform significantly accelerates the convergence. Higher
order Richardson transforms converge even faster and become indistinguishable
from the gray, horizontal lines denoting the expected values A; = —1 and
Bo1 = —2.

ratio tests. We start with Ay and Sy 1, and consider

d"” 1
AR) =k T Ay + O(E) (5.17)
dk—i—l
and
(0,0) 4k
Jet1 1 : dy " Aj
B(k) = klog |54 | ~ = - L ] 1
(%) kog[ - foa+0(7)  with  fi co 61

which should converge to A and —fp 1 in the large k-limit, respectively. In Figs. 5.3a
and 5.3b we have plotted these two sequences together with their first Richardson
transform for the first 200 perturbative coefficients. Recall from Sec. 2.7.1 that the

Richardson transform method accelerates convergence of sequences of the form

T ~ — 51, 52
S = klggo S(k) with  S(k) = so + Tt (5.19)

where the coefficients s,, are not known explicitly, and the Nth Richardson transform
of S(k) is denoted by RT[S](k, N).

Above Eq. (5.10) we expressed the expectation that the non-perturbative exponent
Aj is equal to —1. Recalling our discussion around Eq. (2.55), also the value 8y 1 = —2

for the characteristic exponent was expected since the leading singularity in the Borel
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050r = 0.380,
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Figure 5.4.: Fig. (a) and (b) show the sequence Do (k) (top curve left, blue), Eq. (5.20), and
D1 (k) (bottom curve right, blue), Eq. (5.22), respectively. To accelerate the rate
of convergence, the other curves show the 10th Richardson transform in orange,

which shows good convergence to the exact values % and ;—2, respectively,
denoted by the gray horizontal lines.
plane at © = —1 is a double pole. Using Richardson transforms, we confirm these

expectations to good numerical precision. For example, RT[A](190, 10) agrees to 23
decimal places with As = —1, and we obtain similar precision for 3o 1) = —2.

We can now systematically extract the non-perturbative coefficients dgo’l) in
Eq. (5.16). First, we rewrite that equation in the form

B dI(CO,O)A;cho,l ~0.1) 1

In Fig. 5.4a we have plotted the sequence together with its 10th Richardson transform,
and we conclude that

- 4
dY = 5 (5.21)

to great precision, e.g. RT[Dg](190, 10) agrees with 4/9 to 26 decimal places. We should

notice here that we determined the value of ci((JO"l)

, in which the unknown Borel residue
S(0,0)=(0,1) is absorbed. This is actually a generic phenomenon in the resurgence of
transseries with free parameters; one can see from Eq. (5.11) that rescaling these
parameters will rescale the expansion coefficients in the non-perturbative sectors.
Moreover, as 0, , is rescaled, the Borel resdiues are similarly rescaled. As a result,
only ‘scale invariant’ combinations of the expansion coefficients and the Borel residues
have a physical meaning. In Sec. 5.1.4, we use this scale invariance to give a natural

interpretation to the transseries parameters.
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Next, we can plot the sequence
4 7(0,1) 1
Dy(k) = k [Do(k) — 5 | ~ A2 d™V + 0(%) (5.22)

and from Fig. 5.4b we deduce that this sequence converges to

10

A dY = .
241 27

(5.23)
which can again be verified up to 26 decimal places by doing 10 Richardson transforms.
We can repeat this process and find a closed form for all of the 1/k contributions in

the large order relation:

00 Tk+2)[4 101~ (—1\" &
i (-=1)* |9 T ork —=\ k +027)
_ T(k+2)

- (DE

Using Eq. (5.16), we can also rewrite this in terms of the non-perturbative coefficients

4 10 1 Lk
{9+27]€+J +0(27F). (5.24)

déo’l), which are seen to be

s0,1) 4 0,1 10 0,1
do = = doV = 5 dys) = 0. (5.25)
Most of the coeflicients vanish and as a result, the (1,0) sector is not an asymptotic

series but a finite one. We will revisit this point more extensively later.

So far, from the first 200 perturbative coefficients that we computed numerically
and analyzed, we have extracted the complete first non-perturbative sector D]E()O’l). For
the leading order Adler function, we know the exact Borel transform Eq. (5.5) and
can therefore check our large order relations. That is, we have that

4/9 10/27

0,0
B[DI(JO )](u) = 1) + W+ 1) + regular terms, (5.26)

which indeed agrees with Eq. (5.25). (This is also the reason that we wrote the above
numerical estimates with an equal sign.) Note that this leading UV behaviour was
already indicated in Eq. (4.9), but here we determined the precise coefficient, as well

as the subleading term.

Having obtained the complete first non-perturbative sector, we can now subtract the

corresponding leading order growth from the large order expression for the perturbative
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Figure 5.5.: In Fig. (a) and (b), we show the sequences A(k) of Eq. (5.17) (outer two
curves, in blue), and B(k) of Eq. (5.18), but now constructed from 6,&1) given
in Eq. (5.27). We also show their 2nd Richardson transforms. (Middle two
curves, in orange.) Note that as the parity of k is important, we took the
Richardson transforms separately on even and odd k.

sector coefficients. That is, we construct the sequence

(1) _ 5(0,0) T(k+2) é E 1
o = (—1)* 27k +1 (5:27)

where the asymptotic growth should now be dominated by the non-perturbative sectors
(2,0) and (0,2), i.e.

5 ~ 3 a0 ((k’hﬁm + Z d"? M +0(37%).  (5.28)

2A k—h—02.0 k’ h— ﬁ02
h=0
Since the Borel transform has poles at both © = —2 and v = +2, we now see two
sectors appearing in this formula. Note that also A; = —Ay = 1, i.e. they are

equal but opposite in sign. Even though the rest of the (¢,0) and (0, ¢) sectors are
quite different from each other, as we shall see later, the parity of k will have an
important effect on the right hand side of this expression. In particular, in order to
use Richardson transforms to speed up the convergence of series, we have to separate
even and odd k& and perform Richardson transforms on them separately. In Figs. 5.5a
and 5.5b, we show the sequences of Eq. (5.17) and Eq. (5.18), but now constructed
from 6,(61). Notice that the ratio test Eq. (5.18) can be taken, if we assume that the
starting orders B9 = fo2 = P2 are the same. Even though we find in Eq. (5.29)
below that strictly speaking 2 # B2, this is not an issue since we can compute
with B2 = min(f2,0, Bo,2) and allow for a finite number of vanishing leading coeflicients
in one of the two series. Here, we conclude that 24, = —2A4; = —2 and [y = —2.
Following Egs. (5.20) and (5.22), but now also taking the parity of k into account by
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using ratio tests for even and odd k separately, we obtain

~ ~ ~ 2 ~ 7
@ =0, dP” =2 and dYV=-2, 4"V =_, (5.29)

9 54
with all other coefficients equal to zero. This can be compared to the expansions
around u = 2 and u = —2 respectively, and we find the expected agreement with the

exact Borel transform:

(0,0) _ 29 7/54
B[Dy4 ](U)‘uzi2 T Tetru 2w + regular terms
B[D(O’O)](U)‘ _ 2 + regular terms (5.30)
Lo u=2 (2 — u) ’

where this leading IR behaviour was indicated in Eq. (4.9), here given with the precise

coefficient. Notice that in the second line the leading singularity around u = 2 is a

single pole and therefore one should expect 29 = —1 instead of —2, as mentioned
above. Indeed, we found that d~((32’0) = 0 and one can conclude that the series effectively

starts at order —1.

5.1.3. Resurgence analysis: all non-perturbative sectors

Having used resurgence to recover the expressions for the first and second non-
perturbative sectors of the Adler function transseries, we can repeat the analysis of the
previous subsection to also obtain other sectors. Since the procedure is very similar,
we will be more brief here about the techniques and will focus more on the results and

on the general structure that emerges.

To find higher sectors, we recursively probe the next sector by subtracting from
the large order expression for the perturbative coefficients all sectors we have found
so far. Each sector provides two nonzero coefficients, sl(f) and t,(f), whose values for

1 < ¢ < 8 are given in Tab. 5.1 and we find the following pattern:

(©
0 _ se-1 LE+2)( @ t

where ¢ labels the sectors, and the coefficients 5,(5) are the ones whose large order
behaviour can be used to probe sector £ + 1. As before, we obtained these numbers
numerically, using ratio tests. However, for these specific diagrams, we fortunately
have an analytic Borel transform result, and as in the previous section our numbers
can be directly checked with the expansion of the Borel transform around the poles.
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(€) () (f) ()
l s, i), l 55, i),
4 10 4 2 130 35 k
1 9 27 5 63 §( ) 1323 ﬁ( 1)
2 7 k 1 2 k 15 9 k
2 ~2 — L 4() 6 —7+—5( 1) — 9
2 4 k 9 k 1 119 154 k
3 I 5(_1) 50 6(-1) 7 27 ( 1944 ~ 675 (1)
4 4 k 88 40 k 4 4 k 304 208 k
4 _T5+§(_1) _%+?7(_1) 8 ﬁjL@( 1) ~Go75 T 1323( 1)
Table 5.1.: This table gives the values of s,(f) and tgf) for 1 < ¢ < 8 contributing to the large
order behaviour of the perturbative coefficients via Eq. (5.31). As explained
in the text, these values can be extracted numerically from the perturbative
coefficients, but as these values can also be extracted from the exact Borel
transform, this table is exact.
7(€,0) 7(€,0) 7(0,6) 5(0,0)
/ d, dy d, dy
4 10
1 0 0 3 —5
2 7
2 0 2 -5 51
>3 8(—1)* 8(—1)°(2¢—3) 8(—1)* 8(—1)“(2¢+3)
=z 30—0(—2) | 3(—12(t=2)2 | ~3+D(+2) | 3(0+1)2(+2)?
Table 5.2.: All non-zero non-perturbative coefficients of the Adler function at leading order

(1/Ny) in the flavour expansion.

Thus, our numbers are not only approximately equal to the given fractions, but turn

out to be exact.

A closer examination of these numbers reveals the following general pattern:

-1
o0 = 2 (1)t { I o for £<3 (5.32)
e T ) ey for €23
Similarly, we find a closed form for t,(f):
—% for /=1
8 .
9 = 5 )69 = 4 3(—1)* for ¢=2 (5.33)
—0(20+3 £(20-3
Ty + (D ity for 23,

Observe that in all these results, there are terms without k-dependent signs as well as

terms with (—

1) factors, respectively probing the coefficients of the (¢, 0) sectors (with
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non-perturbative exponent ¢A; = +¢) and the (0, ¢) sectors (with non-perturbative
exponent fAs = —/).

Also notice that we have a closed form with a fixed pattern for all £ > 3, while
¢ =1 and ¢ = 2 are different. This can be traced back to the fact that the LO Adler
function is the sum of the two diagrams of Fig. 5.1, where the first diagram only
contributes singularities at u = —1, v = 1 and u = 2 to the Adler function. Here we
recall Eq. (5.3), and note that the singularity at « = 0 from that expression vanishes

when we take the derivative w.r.t Q? to obtain the Adler function.

Combining all results, we arrive at the first main result of this chapter: the
complete asymptotic expansion of the perturbative coefficients of the Adler function

at LO in the flavour expansion,

©
00 _ I'(k + 2) o0 23
A = 1 ZWQ + (5.34)

The sum over £ converges, and for each term within the sum we only have finitely

many coefficients rather than asymptotic expansions, so this is now not a large order
formula but an exact form for the coefficients (hence the equal sign). At the next
order in 1/Ny, in Sec. 5.2, we will mostly lack exact expressions, but resurgence will
still provide us with very precise large order relations, that involve non-perturbative

sectors.

The coefficients of the non-perturbative sectors (¢,0) and (0, ¢) are summarised in
Tab. 5.2, with the starting orders 3,0 = fo,¢ = —2. We have seen now that for the
Adler function at O(1/Ny) the non-perturbative sectors consist of only one or two
coeflicients, i.e. the 1/k expansions are not asymptotic. This means that these sectors
do not lead to further resurgence. Thus we have now carried out this resurgence
analysis to its natural end: there is no resurgence of non-perturbative sectors at any
other sector than the (0,0)-sector. In other words, the picture of the alien lattice in
this case simplifies to that of Fig. 5.6.

This structure implies that the (¢,0)-sector with £ > 1 is not reached by repeatedly

D]E()O’O) = 0. Instead one needs non-vanishing alien

2,0
~ DY,

applying Ay, ie. for £ > 1, A%
derivatives for larger steps forward: Ay AD(O 0) Similarly, we have for
¢ > 1 that A AD(O 0 _ 0, but A_ gAD (0,0) D(0 2) We will comment more on the

implications of this in the next subsection.

Finally, observe that at order 1/Ny, the alien ‘lattice’ in fact is hardly a lattice:
all internal (n,m) sectors with n # 0 and m # 0 vanish. In Sec. 5.2, we will see that
this is a result of the relative simplicity of the expressions at order 1/Ny, and that at

higher orders such internal sectors do appear.
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Aza

Figure 5.6.: Alien lattice for the LO Adler function. The only asymptotic sector is the
(0,0)-sector, which we denoted by a filled box to distinquish it from the (¢, 0)
and (0, ¢) sectors which are not asymptotic. The dashed boxes are sectors that
completely vanish.

5.1.4. Stokes automorphism and transseries

So far, we worked with generic transseries parameters oy, ,,,. A natural interpretation
of these parameters comes from the Stokes automorphism Sy. In Egs. (3.12)-(3.14) we
saw how Stokes’ automorphism acts on the transseries parameters, where in particular,
we expressed Gy in terms of the Borel residues. In other words, the Borel residues
describe the jump across every single Stokes line. Recalling example 3.1.1, we saw a
case where the Stokes automorphism along the § = 0 direction can be fully described
by one transseries parameters o and one Stokes constant S;. For the Adler function,
we have now two singular directions in the § = 0 and § = 7 directions. As the only
non-vanishing Borel residues are S(g,0)—¢,0) and S(g,0)-(0,¢) for £ > 0, the Stokes

automorphism as an action on the transseries parameters becomes
S : On,m —* Onm T S(O,O)—>(n,0) , and 6, : On,m — On,m + S(O,O)—)(O,m) . (535)

First of all, we notice that we can seperate the transseries parameters into two sets of

transseries parameters oy, ,,, = 0y, + 0,,. The Stokes automorphism then becomes

So : (Una &m) — (Un + S(O,O)—)(n,O)a &m) )

G, (O'na &TYL) — (O'na Om + S(O,O)—)(O,m)) : (536)
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So under the two different Stokes automorphism, only one set of transseries parameters

jumps at a time.

We can do even better by exploiting the scale-invariance of the transseries pa-
rameters, Borel residues and coefficients. As discussed below Eq. (5.21), we have the
freedom to fix the coefficients and Borel residues. A natural choice is to set all the
non-zero Borel residues to the same value, such that the Stokes automorphism can
be described by a single parameter and a single constant. To be precise, we pick
500,0)=(£,0) = —27i and S(0,0)—(0,¢) = —27i, such that the factors of 27i in Eq. (5.15)
drop out. In other words, cigf’o) = dﬁf’o) and J;LO’Z) = d;lo’z), which implies that we can
drop the tilde in all the non-perturbative coefficients we wrote down earlier. With
this gauge choice of Borel residues and non-perturbative coefficients, we see that the
transseries parameters o, jump by the same constant —27i under the action of &y.
Similarly, the parameters &, jump by the same constant —27i under the action of
S,. As a result, two transseries parameters are sufficient to fully describe the Stokes

jumps in the # = 0 and 0 = 7 directions, and we can set o,, = oir and 7,, = oyv.

Taking the above considerations into account, we can write the complete transseries
Eq. (5.11) in the following form:

Dro(e, o1r, ouv) = D9 (@) + 0w DI () + ouv DYY (@), (5.37)

where we labeled the different pieces according to their QCD nature. That is, DI%
contains all IR renormalons in QCD, meaning that these are the UV renormalons in
QED. Likewise, Dy contains all UV (IR) renormalons in QCD (QED). With this
choice for the transseries parameters, the Stokes automorphism is then described by

So Dro(e, 01,02) = Dro(a, 01 — 27, 02),

S, Dro(a,01,02) = Dio(a, 01,09 — 27i) . (5.38)

In other words, the Stokes jump in the § = 0 direction is fully sensitive to the IR

sectors

c = = S S-1)f -1 B(-1)%(2¢-3)
Plble) = =5 [2“ e (w—%w—mm*&—n%e—wﬂ‘ (5.59)
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Likewise, the Stokes jump in the § = 7 direction is sensitive to the UV sectors

DYV = —— |eBoo | - —— — — Boa [ — 2 -
1o (@)=, [” (9ﬂoa 27>+e° ( 9ﬂoa+54>

= =E-1f -1 E(-1)Y2¢+3)
)

+1)(0+2) Boar  (£+1)2(£+2)2 (5.40)

In these expressions, we switched back to the original coupling constant a — recall
the discussion below Eq. (5.9), where we switched to the variable & = —fya — and
reinstated all factors of By = —(11 — 2Ny /3)/(4n), again expressed in QCD variables.
We observe the overall factor 1/8y, and that the coupling constant « always comes
with a factor By. Recalling Eq. (4.21), this was to be expected as the flavour expansion
is an expansion in 1/fy.

The sums over the sector number ¢ converge and can be carried out explicitly.
Defining

1 _1
TR = ePo and ryy =€ Pox | (5.41)

and performing the sums in Eq. (5.39) yields

8C 1 7
DLO(a o1) = a [SU%R( - 4)

36y Boax
log(1 + = .
—zr(1 + 71R) (g(m) + L12(—$1R)>} ) (5.42)
Boox
where Lis is the dilogarithm. For Eq. (5.40) we get
Cr 41 10y , (81 8
DY S ) - ST 5.43
10 (@.02) = Bo [mUV<9 Boa T 27) xUV<9 Boox 27) (5.43)
8 1 1 og™? (1 +auy) | (>3
_° 1 L _
39€UV< +IUV>( Bocx i e )|

where we defined

3
3
<

and L™ (2) = Lis(z) — > o5 (5.44)

log®™ (1 + z) = log(
=1 7 =1

as the logarithm and polylogarithm with the first n terms of their Taylor expansion
removed. Although Eq. (5.43) appears to generate factors such as 1/z5, these in fact
cancel as the first three coefficients of the Taylor expansion of the log and Liy are

subtracted.
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5.1.5. Discussion

At this point, we have studied the full single bubble-chain part of the Adler function.
Before moving on to the main goal of our investigation, the multi-bubble chain

contributions, let us discuss some finer details of the structure that has appeared.

In Sec. 5.1.4 we argued by studying Stokes’ automorphism that two transseries
parameters are sufficient to describe the two different Stokes jumps in the § = 0
and # = 7 directions. We notice that the resulting transseries is different from
that of the two-parameter transseries structure known from many toy models and
discussed in chapter 2. This difference was to be expected: e.g. AilDIE%O) =0, but
AQAlD](;’OO,O) ~ D]EZO’O). Compared to chapter 2, where we had AQAlD](;’OO,O) = 0, this
means that the Adler function at least has a bridge equation beyond that of such
simple toy models. Unfortunately, since e.g. a differential equation for the Adler
function as needed for the procedure in Sec. 2.3 is not known, we cannot derive a
bridge equation which would allow us to read off the number of parameters and the
transseries structure. The fact that we are able to describe the Stokes jumps for
the Adler function at order 1/Ny with only two transseries parameters, might be an
artifact of the flavour expansion and could break down at higher orders in the flavour

expansion.

One may wonder how many free parameters the transseries structure of the Adler
function really has. This is not a question that can be answered from the Borel
plane alone; once one finds a singularity at a location A it is natural to include a free

—A/e transmonomial, but it is then not clear whether

parameter o in front of the e
the e~™4/9 sectors should come with the same parameter o, powers o™, or with new
parameters. (See e.g. [54] where, as we discussed below Eq. (2.51) the latter is the
case.) Thus, our transseries may be a many-parameter one, but on physical grounds
we still expect the number of ‘true’ parameters to be two. The reason is that there are
only two Stokes automorphisms that play a role — and as we shall see, this continues
to be the case when we include further bubble chains — an IR one along the positive
real u-axis and a UV one along the negative real u-axis. A single parameter could
in principle suffice to describe the jump across a single Stokes line, and there is no
known additional physical effect that would lead to singularities on other rays in the
u-plane, so we conjecture that two parameters is in fact enough. Interestingly, this is
similar to the recent work of [113] where in a different setting a transseries was found
with many degrees of freedom (parameterized by variables 7, there) but with only a

single transseries parameter for each Stokes line.

When it comes to the values of the transseries parameters, these are difficult to

determine and require further physics input. This is beyond the scope of this thesis,
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where we are mainly interested in the underlying structure. In principle, one would
need to numerically sum non-perturbative sectors of the Adler function transseries
and compare these to experimental data to read off values for o and oyy. See [107]

for an effort in this direction for the IR Stokes automorphism.

Recall that in Eq. (5.43), a variable xyy appears which comes from the UV
singularities and grows exponentially large when o — 0. This is a common feature for
transseries that have instanton actions of opposite sign, +A. An expansion in such a
large variable xyy may not seem very physically meaningful. One possible solution to
this is of course that the parameter oyy vanishes or is small. Even if this were not
the case, xyy still has a definite value at any given energy scale, and so an expression
like Eq. (5.43) still makes sense, even though its small o expansion may not. In fact,
often a sum over different powers of x5 is itself not asymptotic but converges, as in
our examples above (see also [114] for recent progress on this topic). Also note that
part of the large order growth of the original perturbative series is still determined by
oyv-dependent sectors, so even when they have coefficient zero, these sectors do play
a role.

As a final remark, let us address the fact that many of the non-perturbative sectors
we have found only have a finite number of terms — and therefore, these sectors in
particular have no asymptotic growth of their own. This may seem to limit the use
of resurgence techniques to only the perturbative sector, but we expect this to be
an artifact of the simplicity of the single bubble chain approximation. In fact, in
the next sections we shall see that many non-perturbative sectors do become true
asymptotic expansions when further bubble chains are included. This is reminiscent of
the ‘Cheshire cat resurgence’ of [115] where asymptotic growth of sectors can disappear
in particular parameter limits®. This may also happen in 1/N + expansions — see for
example the interesting approach of [38] where it was found that in the Gross-Neveu
model, only at finite N the full resurgent structure and asymptotic growth of sectors
becomes visible.

5.2. Adler function with two bubble chains
(O(1/N3?))

In Sec. 5.1 we discussed how the minimal two-parameter transseries Ansatz for the
Adler function could be obtained using the resurgence relations described in chapters 2

and 3. From a resurgence point of view, the structure of this transseries at order 1/Nj

5We quote the authors of [115]: “All of the characteristics of resurgence remains even when its role
seems to vanish, much like the lingering grin of the Cheshire Cat”.
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was surprisingly simple as the only asymptotic sector is the perturbative (0, 0)-sector.
In particular, we saw that most of the non-perturbative sectors are in fact vanishing
(recall Fig. 5.6), and those sectors that were not vanishing only consist of one or two
terms. As a result, we were even able to sum the whole non-perturbative part of the

transseries, leading to the closed form expressions given in Egs. (5.42) and (5.43).

From our discussion in Sec. 4.2, we do not expect that this relatively simple
transseries structure is still present at higher orders in the flavour expansion, i.e. after
adding more bubble chains. (See e.g. [97-99, 116] for earlier work including two or
more bubble chains.) Recalling Fig. 4.3, we observed that the convolution integral
leads to asymptotic non-perturbative sectors, and found that the alien chain or lattice
gradually builds up by taking more and more convolution integrals. We therefore
expect that already at the next order in the flavour expansion, i.e. at order 1 /NJ%, the

transseries for the Adler function will contain asymptotic non-perturbative sectors.

In order to test these expectations, and to get a first view of the resurgence
structure at higher orders in the flavour expansion, we discuss in this section the Adler
function at order 1 /Nf2 (NLO). Unfortunately, a complete calculation of the Adler
function at this order is not possible yet, because for some diagrams the master integrals
for the Feynman integrals appearing at this order are not yet known. Therefore, we
focus in this section on the set of planar diagrams shown in Fig. 5.7, which we are
able to compute. (These diagrams are leading in the SU(3) color structure.) A brief
review of the complete set of diagrams at order 1 /NJ% can be found in App. B.3.

Note that the subset of diagrams of Fig. 5.7 is not gauge invariant, and our
resurgence analysis in this section is only on a diagram by diagram basis. Unless
very specific cancellations occur between diagrams, however, one may expect most
of the resurgence features that appear in individual diagrams to also appear in the
sum of the full set of diagrams — as indeed occurred at order 1/N; — and it is those
resurgence features that we are after. Our assumption in the present work is that such
cancellations do not occur unless there is a clear physical reason for them, as is the

case for the absence of a singularity at « = 1 in the Borel plane.

In particular, we discuss the resurgence of the complete first two non-perturbative
sectors, i.e. the (1,0), (0,1), (2,0) and (0, 2) sectors. Using large order relations, we
show how these results can be extracted numerically from the perturbative coeflicients
only. To supplement these results, we use the techniques of Sec. 4.2 to get one of
the key results of this section: the exact Borel transforms of these sectors. Using the
same techniques, we even find that there are further (n, m) sectors with both n and
m nonzero, contary to what was the case at leading order in 1/Ny. At the end of
the section, we briefly discuss the remaining transseries sectors and summarize the

structures we have found in Tab. 5.3.



114 Resurgence analysis of the Adler function at O(l/Nj%)

Figure 5.7.: Subset of diagrams at O(1/N7) that are computed in this section.

5.2.1. Four diagrams at O(1/N7?)

Using the convolution integral Eq. (4.19), the Borel transform of the diagrams shown
in Fig. 5.7 can be computed using an analytic regularized propagator for each of the
bubble chains, Eq. (4.18). In terms of the convolution integral, the Borel transform

for each diagram is given by

-t

BIL(Q?)](u) = Bos

Q> N\ [
<M26 > /0 duq dus 5(u —up — uz)H(ul, us), (5.45)
where II(uy,us) is the @Q%-independent part of these diagrams in terms of the two
Borel parameters u; and us of the bubble chains. Here and in the expressions that
follow, we again ignore an overall colour factor C%. For diagrams (a)-(c) in Fig. 5.7,
we managed to compute the Q2-independent part IT(uy,us) exactly to all orders in
and us, see App. B.1 and B.2 for more details, and the result reads:

I, (w1, ug) = ,i ! ! !

AT T on2 u(1—w) (2—u) (u —2)(ur—1)(ug + 1) (uz—2)(ug—1)(up + 1)’
I (u w ) - _i F(u) F(l — Ul) F(l - UQ)

P o (1 — w3 —w) (w1 — 202+ w1) (us — 2)T(2 + ug)
L (1ty, 1) = 3 1 L(u) wiT(1—u) (1 —us) (5.46)

22 u(l —w)(2—uw) T3 —u) T2+uy) (ug—2)T(2+uy)’

where, after taking the -function in the convolution integral (5.45) into account, we

have u = u; + ug. For diagram (d) we do not have a such a closed form, but instead
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computed the expansion in u; and us, for which the first few terms read

201 315 3123
Ma(ur, us) = =~ — 36¢3 + (— . 54g3)u1 n (— —63Cs — 9045)u§

4 4 16

873 747 , 1 9uy )
+ (? - 54<3>U2 + (T - 93(3 - 60(5)U2 + E (18 + T + 36u1>

4539

In App. B.1 we give additional details for the computation of the perturbative coeffi-
cients for this diagram.

In order to get the contributions to (Borel transform of the) Adler function, we
can perform the convolution integral (5.45) and take the derivative with respect to Q>
(recall Eq. (5.2)). The convolution integral (5.45) for diagram (a) can be computed
exactly, and we obtain

BID@N) = (%) B0, (5.48)
with the closed form expression
B 6 log(1 + ) log(1 — u)
BIDo(w) = =@ = {3(1 “wu+w) | B-w) 2 —wu

2log(1 — 5) ] (5.49)

34 —u)(3—u)(1l—u)

However, for the other three diagrams we do not have the benefit of a closed form.
Instead, one can expand the II(uy,us) for these diagrams in u; and us and perform

the convolution integral order by order. In this way we find

3u 3u?  8lud 215wt 2707uP

BIDaJ(w) = =~ 5~ 5~ o1~ e T (5-50)
3u  3u?  85ud 239 ¢ 3211 ¢

B[Dy)(u) BN (64_43)u4 - (M)—23>u5 + O(u®) (5.51)
3u 13u? 95ud (277 ¢ 759 11¢

- E_ 9 @_ 3 11219_38(3_65(5 4
B[Dd}(U)—3u+(16 6C3>u +(32 9C3>u +< 384 3 G )u

27787 703¢3 e 655
640 48 34

>u5 + 0@,  (5.53)

where, even though we have the closed form in Eq. (5.49), we added the first few
coefficients for B[D,](u). For diagrams (a)-(c), we computed the coefficients up to
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order u!®°. Diagram (d) is computationally more involved and we managed to compute

up to order u!'8.6

Before we enter the detailed resurgence analysis, we can already have a closer look
at the singularities of each of those expressions in the Borel plane. The singularities of
diagram (a) can be read off immediately from its closed form, Eq. (5.49): branch cuts
starting at u=—1, u =1 and u =2 and poles at u = =2, u =1, u = 2, w = 3, and
u = 4. For the other diagrams, for which we only have a finite number of perturbative
coefficients, we cannot read off the singularities in this way. Instead, we use Padé
approximants — already explained in Sec. 2.7.2. The poles of these Padé approximants
give a good indication of where the ‘true’ singularities in the Borel plane are located.
In order to see the type of singularities that we can expect in the Borel plane of the

different diagrams, we plot the poles of the diagonal Padé approximants in Fig. 5.8.

For diagrams (b) and (c), we see essentially the same pattern arising as for diagram
(a): the emergence of poles in the UV direction and a branch cut starting at « = 1 and
at u = 2. We also expect the emergence of branch cuts beyond u = 2 for diagrams (b)
and (c), but more on this in a moment. As we do not have many terms for diagram
(d) it is hard to tell if the Padé poles near u = —1 and u = 1 are the start of a branch
cut, or are Borel plane poles instead. We also observe some ‘spurious’ poles that have
an imaginary component. A closer look reveals that these poles always come in pairs:
they are the complex conjugate of each other. This is a common phenomenon for
Padé approximants, and often reveals the fact that these mimic one pole without an

imaginary component.

It is interesting to note that in the Borel transforms of the individual diagrams, the
singularity at u = 1 does not disappear. This was also the case for the LO (O(1/Ny))
Adler function: when the diagrams were taken separately they did have a singularity
at u = 1. However, these singularities at © = 1 cancelled when we added the diagrams.
On physical grounds, we expect that this will still happen when we take all diagrams
together at every given order in the flavour expansion — recall the discussion on the
OPE below Eq. (5.7). Nevertheless we do not expect singularities at other values of
u to cancel. This also did not happen in the case of the LO Adler function where
the singularities on a diagram by diagram basis indeed gave a realistic picture of the

singularities for the sum of the diagrams.

5.2.2. Transseries Ansatz

Our discussion of resurgence in chapter 2 was mainly focused on the case where the

singularities of the Borel transform are simple poles or logarithmic branch cuts. In

60ur calculation exhausts the current datamine [117], which we used to compute these coefficients.
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Figure 5.8.: Plot (a)-(c) show the singularities of the diagonal order 75 Padé approximants of
the diagrams (a)-(c) respectively. Branch cuts are mimicked by an accumulation
of poles. As we only have 18 coefficients for diagram (d), we show the Padé
poles of the diagonal order 9 Padé approximant in plot (d).

many examples studied so far in the literature these are indeed the only singularities
that occur, but in the case of the Adler function several other types of singularity are
present. We already encountered double poles in Sec. 5.1, and if we look at the exact

Borel transform for diagram (a), we observe another type of singularity:

B w)| = -3l =W

5.54
u=1 u—1 ( )

where the ellipsis denotes other singularities (poles and logarithmic branch cuts) as
well as regular terms. At the end of Sec. 2.6 we saw that a singularity of the form in
Eq. (5.54) follows from perturbative coefficients that grow as I'(k 4+ 1)¢(k + 1), where
¥(z) is the digamma function. Dividing by I'(k + 1), this means that the leading
growth of the coefficients of the Borel transform B[D,](u) is given by —3log(k), where
we read off the —3 from Eq. (5.54) and used ¥ (k) = log(k) + O(1/k).

In Fig. 5.9, we show the perturbative coefficients of B[D,] together with the
function —3log(k), and indeed this function matches the leading growth of these
coefficients quite well. We observe similar logarithmic growth for the coefficients
B[Dp)(u) and B[D.](u). Notice that the plotted points for the coefficients of B[Dy](u)
nearly overlap with those for B[D,](u), implying that the leading growths of D; and
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20 -14.0f

N -14.5F

-15.0f

-15.5}

60 80 100 120 140

Figure 5.9.: Plot of the first 150 perturbative coefficients of B[D,] (blue), B[D3] (orange),
B[D.] (green). As the solid gray line we also show the function —3log(k) to
highlight the fact that the coefficients for (a) and (b) and (c¢) show logarithmic
growth. Similarly, we observe logarithmic growth for the coefficients for (c).
Since the points denoting the coefficients for (a) and (b) practically overlap,
we included a subfigure zooming in at part of those sequences. In red, above
the horizontal axis, we show the 18 coefficients for B[Dg4] we have calculated.
As the even and odd coefficients seem to follow different curves it is unclear if
these coefficients also show logarithmic growth.

D,, are equal. For the coefficients of B[Dgy](u) it is more difficult to tell if the coefficients
show logarithmic growth, as we only have 18 coefficients where the even and odd
coefficients seem to follow notably different curves, so that we only have 9 coefficients to
determine the trend for each curve. This makes determining the large order behaviour
unrewarding. Nevertheless it is a pleasant surprise to see from Fig. 5.8d how well
the Padé approximation already estimates the location of the poles in uw near +1.
Comparing the logarithmic growth ~ T'(k+1)1(k+1) with Eq. (2.54), which describes
the large order relation for a transseries Ansatz of the type Eq. (2.52) with logarithms,
we see that at the level of the transseries this implies that logarithmic terms are
included in the expansion in a. As discussed in Sec. 5.1 for the Adler function at LO
in the flavour expansion, the form of the complete transseries is further determined by
the fact that the Borel transforms of the diagrams have singularities at both negative

and positive integer values of u. Taking these considerations into account, we make



Resurgence analysis of the Adler function at (’)(l/N?) 119

the following minimal transseries Ansatz for diagrams (a), (b) and (c):

A n,m n,m
Drto(@) = 32 3 onme e DG 0) +log(a) D )], (5.55)
n=0m=0
where as in the LO case A; = —Ay = 1.7 Two remarks are in order.

First of all, we note that diagram (a) does not have an infinite number of sin-
gularities in the Borel plane, hence in that case the sums over n and m truncate.
Furthermore, note that as the sectors with logarithms lead to singularities of the form
Eq. (5.54), we expect that the sectors Dl(\ILO)[l] vanish as diagram (a) does not contain
such a singularity at u = —1 and because the Padé plots for diagram (b) and (¢) do
not show branch cuts starting from negative integers. We will have more to say about

diagram (d) at the end of the next subsection.

As a second remark, notice that we use generic transseries parameters o, ,,. Similar
to our analysis in Sec. 5.1.4, we can study Stokes’ automorphism to see how many
parameters are actually necessary to describe the relevant Stokes jumps. However, as
we will see in the rest of this section, the non-perturbative sectors themselves show
asymptotic growth and therefore have further resurgence to other non-perturbative
sectors. This makes the analysis much more intricate and substantial to carry out.
We therefore plan to come back to this in future work [118].

5.2.3. Resurgence analysis: non-perturbative sectors (1, 0)
and (0,1)

Following what we did in Sec. 5.1 for the LO Adler function, we can translate the
transseries Ansatz into large order relations for the perturbative coefficients and
study these numerically. This will then lead to the extraction of non-perturbative
sectors. Taking into account that some coefficients grow logarithmically, this yields

the following natural form for the large order relation for the perturbative coefficients:

S
do0 ., 200200 Z Lk —h—f) (@ + @O log(Ay) — vk — h - 9))

P D
5(0 0)—(0,1) I'(k—h-— ﬁ) (0,1)[0] —k
2mi Z Ak =g n +0027), (5.56)

7One often encounters the phenomenon of resonance — see also the discussion on page 24 — in
transseries with logarithms and when multiple A; add up to 0. Although the latter is the case
for the diagrams considered in this section, their transseries do not show resonance. See [54] for
another example of this behaviour.
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where, since we can allow a ﬁnite number of the leading coefficients to vanish, we
assumed Bﬂ) = ([) 1= ﬂl 0= 50 1 = [ with no loss of generality (see also the discussion
below Eq. (5.28)). As we did in Sec. 5.1, we absorb the Borel residues and factors of

27i into the non-perturbative coefficients:

7 o0l

0] = _ 20020 (0l

S(O 0)—(0,£) ;(0,0)[p]
—— P . 5.57
h 277 h ( )

2mi
Non-perturbative sectors with these coefficients are denoted with a similarly notation
DEOE) and DODE) respectively.

Diagram (a)

For explicit results, let us first focus on diagram (a) as the closed form of the Borel
transform, Eq. (5.49), allows us to read off the resurgence structure using Eqs. (2.26)
and (2.57). We extract the dominant growth

;0 Lk =Bk —B8)  sa,omI(k—8)log(k — B) 1
dy e ~ dS e +o(z).  6G59)
from the expansion around Eq. (5.54), which yields the exact values
B=-1, dM=_3  and d9M=0. (5.59)
Subtracting the leading growth from the large order formula yields
Ay )T (k = B)v(k — B)
50 = 17( 40,0) d(l 0)][ )
I'(k—B) AR=P
I'k—B—h ~ s
~ Z (F(k =5 ) 4l [ O (PO L (5.60)
h=0

a type of growth that we already encountered in Sec. 5.1. Taking similar ratio tests
as we did there, and taking the parity of k£ into account, we find full asymptotic

expansions:

qrom _ )5 =3+ 5 log(2) h=0
() ((3h+3) + (-1 + ) h>0
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for the (1,0) sector, and

0 h=0

o0 _
" P (3= (-1 — A Gh+8) - 1) h>0

(5.62)

for the (0,1) sector. We have checked Egs. (5.61) and (5.62) numerically up to 20
decimal places for the first 15 coefficients by using Richardson transforms. Note the
gamma-functions I'(h) in these expressions, implying that the first non-perturbative
sectors are now indeed asymptotic series, just like the perturbative sector. As an
additional check, we can read off the resurgence structure from the exact Borel
transform Eq. (5.49) using Eq. (2.46). For example, near the singularity positioned at

u =1 we get

B[D((IO,O)KU) - _ 310g(1 Iﬁ)u_ ¢<1) + 3 + 37!’(1)7 u13 10g(2)

— B[D®OO (4 —1)log(1 —u) + ..., (5.63)

where the ellipsis denote regular terms, and with

3
BDWO0ON (4, — 1) = +2———+ (5.64)
As already discussed above, the first term in Eq. (5.63) can be compared with Egs. (2.56)
and (2.57) and yields the coefficients of Eq. (5.59). This is the reason why we included
the t(1) term there, and then subtracted it again in the next term. Using ¢(1) = —yg
5.61).

in the second term in Eq. (5.63) yields the coefficient in the first line in Eq. (
Finally, an inverse Borel transform of Eq. (5.64) gives the second line in Eq. (5.61).
(

In a similar way, one can read off the resurgence of the D@D gector, i.e. Eq. (5.62),

by expanding B[Dg ©. O)]( ) around u = —1.

We discussed a diagram for which it was possible to find a closed form Borel
transform, but the true power of resurgence analysis emerges when we study the
diagrams for which we do mot have such an exact expression. To be precise, for
diagrams (b) and (c), we can study the large order behaviour of the perturbative
coefficients for these diagrams, compute coefficients in the transseries numerically and
can then usually infer their exact values. Furthermore, we can use the discussion of
Sec. 4.2 on convolution integrals and their resurgence as a cross check. The interested

reader can apply the methods of Sec. 4.2 to obtain the same results for diagram (a).
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Diagram (b)

Turning to diagram (b), we find, by studying the large order behaviour of the pertur-

bative coefficients, that 8; o = 891 = —1 and that the non-zero coefficients are
oM = 3 (5.65)
3
ggbl,o)[o] _ 3= 3E + §log(2) h=0 (5.66)
T'(h) (6 - ;) h>0
~ 1
a0V = g(1og(2) - 1og(3)) . (5.67)

We have checked these numbers numerically up to 12 decimal places for the first 15
coefficients for dgll,o)[o]’ after which we inferred the exact expression — an expression
that we shall argue to be correct in a different way in a moment. From the coefficients,
we deduce the following information. The leading order growth of this diagram is given

by a log-sector with a single coefficient ng’o)[l]

. Furthermore, the non-perturbative
(1,0) sector is now an asymptotic sector, while the (0,1) sector only contains just
a single non-zero coefficient corresponding to a simple pole in the Borel plane (we

already observed this in Fig. 5.8b).

Using the results of Sec. 4.2, we can check these numerical results using the
method of alien derivatives acting on the convolution integral. We therefore rewrite
the convolution integral for D,(JO’O) (recall Egs. (5.45) and (5.46)) as

—6I'(1 + u)

BIDPI0) = T grG -

B[] (u), (5.68)
where we defined

BUON) = [ dun BIF ) BIF — wr), BIF)(w) = o)

0 2—-u)(2+u)’ (5.69)

The singularities of the Borel transform B[F](u) are simple poles at positive integers,
except at u = 2 which is a double pole. Therefore, the resurgence structure of F' can
be easily read off from the expansions around these poles and we find

1, 1, (1 17— 12vg
AlF— 2(27‘(1), A2F— 6(27’(’1) (a +76 > yooo (570)

Using the procedure as outlined in Sec. 4.2, we obtain

S = A0 = 2F A F = (271) F(a). (5.71)
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In other words, in a neighborhood around u = 1, the Borel transform of ¥(?) looks like

BwO(x) - ~SYBUM)(u - 1)log(le— ) n
= —B[F](u—1)log(l —u) + ...
S  C et DR VS R S (5.72)

B—uwI(14+w)

where the ellipsis denotes regular terms around u = 1. By adding back in the prefactor
for B[D,()O’O)}(u), close to u =1 Eq. (5.68) becomes

B[DéO,O)](U) u=1 - m {B[W(O)}(U) u=1 + ]
6log(1 — u)

T O-we—wB-uw

- log(1 — -
= _dgmm% — BIDM O (4 — 1) log(1 —u) + ..., (5.73)

with (281’0)[1] = —3 already given in Eq. (5.65) and where

6 3

l—u 2—u’

BIDy () = (5.74)

Indeed, by performing an inverse Borel transform, we can now directly read off the

coefficients d~;l1,0)[0] for h > 0 already given in Eq. (5.66).

Note however that the prefactor in the first line of Eq. (5.73) itself has a pole
at u = 1 — see also our discussion in Sec. 4.2.5. As a result, a constant term from
the regular part between square brackets (indicated by the dots) also contributes to
the singular terms in the last line. Therefore, the coefficient ng’o)[o], which should
correspond to a simple pole at v = 1 in the Borel plane, is not determined yet by
studying the convolution integral. Furthermore, B[F](u) in Eq. (5.69) does not have
singularities at negative integers, meaning that A_; F' = 0. Therefore it does not
seem possible to compute B[Déo’o)](u) locally near u = —1, and thus we can also not
extract déo’l)[o] using the method of convolution. We come back to this point in the
next subsection, where we will see that by including further non-perturbative sectors

in the analysis, some of these undetermined coefficients can still be found.
Diagram (c)

In a similar manner, for diagram (c), a large order analysis of the perturbative

coefficients yields 1,0 = fo,1 = —1 as well as the following non-zero expansion
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coefficients for the non-perturbative sectors:

oo _ 3

(5.75)
~ Lo h=0
okl _ 27E &(2) L (5.76)
3h+§)—(—1)§+2T§) h>0
1
dg" = 5+ 1%()1%@0, (5.77)

which we have checked numerically up to at least 13 decimal places for the first 15
coefficients for (Z (L0 We observe a similar pattern as for diagram (b): a log-sector

(1.0)[1]

with a single coefficient dj; , an asymptotic (1,0)[0] sector, and a (0, 1) sector which

contains only a single non-perturbative coefficient.
Once again, we can also determine these coefficients by studying the convolution

integral more closely. Therefore, we write the convolution integral of diagram (c) as

—6T(u)
(1—uw)(2—uw)l'(3—u)

BIDL V) (w) =

c

B[] (u), (5.78)

where we defined

ul'(1 — u)

ToTa (5.79)

m@%w%i/dewmmmmwfuo, BIG)(u) =
0

and with B[F] the same as in Eq. (5.69). Using that both A F = A1G = 1(27i) we
obtain

1
f@”:A@@:F&G+G&F:?%MH®+GW» (5.80)

A brief calculation now yields

@Dfmﬂwu_f:u_ux;Tgﬂs_@B@”WMMA*“'
log(l —u) 6—3u(4—wu)
1—u w(2—u)?(3—u)

_goonlost = u)

— BIDMOO (4, — 1) log(1 — u) + ..., (5.81)

1—u
with ng’o)m = —3 as given above in Eq. (5.75), and where
BAMOO = 2 B . 3 3 (5.82)
¢ 1+ (1—-w? 1-u 2-u
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It is straightforward to show that the inverse Borel transform of this indeed yields
the coeflicients d~2170)[0] given in Eq. (5.76) for h > 0. In the next subsection we see
how the convolution integral method also allows us to obtain information about the
coefficients ng’o)[o] and J(()O’l)[o].

To summarize the results so far (see also Tab. 5.3): although the convolution
integral for diagram (a) was the only one we could compute exactly, our resurgence
large order analysis, together with the power of the convolution analysis, allowed us to
make a transseries Ansatz and extract the whole first non-perturbative (1,0) and (0,1)
sectors for the diagrams (a), (b) and (¢). For all three diagrams, the leading order
growth of the perturbative coefficients is governed by the non-perturbative coefficient
%1,0)[1]. In particular, we found for diagram (c) that %1,0)[1] = f%, while for both
diagrams (a) and (b) the growth is twice as strong, i.e. d(()l’o)[l] = —3. We already
observed this qualitatively in Fig. 5.9, where we saw that the growth of perturbative
coefficients for diagram (c) is indeed less than for the diagrams (a) and (b), which were
more or less overlapping. However, at closer inspection, one sees that the points do
not overlap exactly — an artifact of the subleading growth dictated by the coefficients
dNELLO)[O] and ci;o’l)[o] that we have now also computed. For all three diagrams, the (1,0)

sector is asymptotic while only for diagram (a) the (0, 1) sector is asymptotic.
Diagram (d)

Finally, we want to offer some observations on diagram (d). A numerical resurgence
analysis on this diagram is challenging as we only have 18 coeflicients, and we already
observed that the even and odd coefficients behave differently. In Fig. 5.9, we see
that the growth of the upper curve is much stronger than that of the other three
diagrams (a), (b) and (c¢). Although it looks like the curve bends slightly, there
are not enough coeflicients to tell if this is the beginning of logarithmic growth. It
might as well be the case that the large order growth of the coefficients is different.
Furthermore, the coefficients that we displayed have opposite sign to the coeflicients of
the other diagrams, though the lower curve clearly bends downwards towards negative

coefficients.

5.2.4. Resurgence analysis: non-perturbative sectors (2, 0)
and (0, 2)

In the previous subsection we determined the non-perturbative (1,0) and (0,1) sectors
for diagrams (a)-(c), using both numerical results and the method of alien derivatives
acting on the convolution integral. In order to probe the second non-perturbative
sectors (2,0) and (0,2), we must subtract the first sectors from the large order
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expressions. This is not as straightforward as in the LO case (see Eq. (5.27)), since

J,(Cl’o)[o] and d}(co71)[o] grow factorially themselves, implying that we

now the coefficients
need to subtract an entire (divergent) asymptotic series. To make this possible, we
have to apply Borel summation on the first non-perturbative sector before subtracting

it, as was discussed in great length in chapter 3.

To prepare for this we rewrite Eq. (5.60) as

k—p) 1 k; ﬂ h ~(0.
5}(:)) I'( Z = Z (gA)hd%O)[o] + (0, £)-sectors

Ak=B
(k ’8 5 log(¢) - k log(é ,0) 1
T A8 ;e A + (0, £)-sectors (5.83)

where we defined

p 0) Zp(l 0) and PO [)( )= pl(z0 Dgh (5.84)
h=0

The coeflicients pﬁf’o) and p;lo,Z)

are the coefficients in the 1/k expansion of the first
line of Eq. (5.83), obtained from expanding the ratio of gamma functions. Recalling
Sec. 3.2.1, notice that the coefficients P(“:?) and P are not exactly the rescaled
Stirling transform of D% and D9 respectively, as in Sec. 3.2.1 we worked with
£ = 0. The coefficients p(é 0 0.9

in 1/(k — ) first — for which we can use the rescaled Stirling transform of Sec. 3.2.1 —

and p; " are still easily obtained by doing an expansion
after which one goes from the 1/(k — /) expansion to the final 1/k expansion. One can
show that this last expansion, i.e. the case of non-zero  # 0, only has a minor effect
and that the properties of the Stirling transform that were so powerfull in chapter 3
are still applicable to our situation.

Recalling the procedure outlined in chapter 3, in the large order expressions we

replace these series with the Borel-summed version®

PO (x) = pg” + / dt BP0 (t)e", (5.85)
0

and similarly for S[P(®V](z) with 2 = 1/k. Unfortunately, this expression cannot
be taken at face value, as the asymptotic expansion of P(O1) and P(1:9) is not Borel
summable. More precisely, there are singularities on the integration contours, as we

can see in Fig. 5.10, where we show the singularities of the Padé approximants of the

8Recall that the constant term is not included in our definition of B[p(1:9)](¢), which is why we have
to add it separately.
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Figure 5.10.: For diagram (a), Figs. (a) and (b) show the Padé poles (small black dots) of
the 75th diagonal Padé approximant of B[P19] and B[P(*Y)] respectively.
The larger red transparant points are positioned at log(¢)+mim, with ¢ =1,2,3
and m € Z. At large imaginary values, some ‘spurious’ poles appear due to
numerical inaccuracies.

Borel transforms of Eq. (5.84) for diagram (a). These are the same figures as already
shown in Fig. 3.1 and is historically the inspiration for [3], i.e. chapter 3.

From chapter 3, we recall that the singularities of B[P(:?)] and B[P1] can
be traced back to the singularities of B [D,(lo’o)](u). To be precise, the expansion of
B[Déo’o)](u) around v = 1 and u = 2 read

6 ) les-w 2log(1 +u)
((3 - u)(? - U)Qu 1) (1 — u) ’ d (1 — u)2(2 _ u)u(2 ¥ u) ’ (5-86)

where in the first expression we subtracted the w term from Eq. (5.49) as its

1
contribution, i.e. the large order growth initiated by the coefficient %1,0)[1]

, is already
subtracted in Eq. (5.83). The expansions of (5.86) have singularities at v = 1,2,3
and u = —2, 1,2 respectively.” Because of the symmetries of the (rescaled) Stirling
transform, the singularities of B[P(1:0)] can be found at log(2)+2mim and log(3) 4 2mim
and for B[P(*:1] we should observe singularities at log(1)+ (2m+1)xi and log(2) +7im.

This is indeed the observed pattern in Fig. 5.10.

For both diagrams (b) and (¢), we have simple (0, 1)-sectors with only a single
coefficient, so we do not need to perform a Borel-Padé summation on these sectors to

9The pole around u = 0 cancels against the first term in the expansion of the logarithms.
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be able to subtract them. For the (1,0) sector, we obtain a similar plot as in Fig. 5.10a,
where the positions of the singularities are traced back to locations of the poles in the
expansions around log(1 — u), given in Egs. (5.73) and (5.81). To be precise, for both
diagram (b) and (c), we observe singularities at log(2) 4+ 2wim and log(3) + 2wim.

Since the Borel transforms in particular have singularities on the real positive axis,
we need to deal with the ambiguity of the Laplace contour. In order to do so, we
performed a numerical integration under a small negative angle just above the real
axis of Fig. 5.10b. See Sec. 2.7.2 for details about the numerical integration. This
choice for the ‘upper contour’ implies that the Borel sums also get an imaginary part.
However, as we will see in a moment, this imaginary part does not play a role in
determining the perturbative coefficients through large order formulas, because of a
similar and corresponding ambiguity in the choice of logarithm branch cuts in the
Borel plane. The convention in the original publication [1] — and therefore also in this
chapter — is opposite of the one in chosen in chapter 3 and [3]. Of course, we also
could have chosen the ‘lower contour’ in this chapter; the imaginary contribution will
then have opposite sign, but will still be ‘canceled’ leading to the same large order
results.

Diagram (a)

With the Borel summed (1,0) and (0, 1) sectors at our disposal, we can now turn our
attention to the resurgence of the second non-perturbative (2,0) and (0, 2) sectors.
As in the previous subsection, we start with a discussion of diagram (a). We can
now subtract the numerically performed integral from the perturbative coefficients.
Recalling that § = —1 and A; = —A; = 1, we obtain the new sequence

50 = g0 _ Jron] L'(k — B)y(k - B)

Ak=P

which probes the contribution of the (2,0) and (0, 2) sectors to the large order behaviour
of the perturbative coefficients. In Fig. 5.11 we show d;ﬁo,o) together with 5,(:) for
20 < k < 100 for diagram (a). We clearly observe that the (real) perturbative
coefficients d,(co’o) diverge faster than both Re[é,il)] and Im[él(cl)]. This is already a good
sign that these coefficients probe the subleading non-perturbative (2,0) and (0,2)
sectors.

Let us now discuss the fact that 6121) for diagram (a) appears to have an imaginary

part. This may seem at odds with the fact that we are describing the large order
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Figure 5.11.: Plot of the coefficients d}(co,o) (top, blue) and Re[é,(cl)] (bottom, orange), Im[é,(cl)]
(middle, green) for 20 < k < 100 for diagram (a). We clearly observe that the
coefficients 5,(61) are ‘less asymptotic’ compared to the perturbative coefficients

dio’o), a sign that this new sequence probes the subleading non-perturbative
(2,0) and (0,2) sectors.

behaviour of a real expansion of the Adler function, but in fact it is not. Our numerical
resurgence analysis yields
L(k+2) L(k+1) 3 T(k+1) 1 T(k+1)

. 1) .
ilm |:5k :| ~ i |:— 2k:+2 -3 — 2k+1 5 (_2)k+1 %—W 5 (588)

where the overall sign ambiguity comes from a choice of contour in the Borel-Padé
evaluation of Eq. (5.87), either above or below the singularities on the positive real
axis in the Borel plane. Note that this imaginary contribution can itself be Borel

transformed into

r 3 1 1 1 1

+ir |3 S - -
T2 w2 22-w 3624w 3-uw

(5.89)

Now, these same imaginary and ambiguous contributions will also appear in the Borel
transform of diagram (a) itself, Eq. (5.49). For example, an ambiguity is present in the
expansion of the logarithm log(1 — u) in that expression around u = 2. This expansion

takes the form

6log(l —u) +3mi +37ri+3

(3—u)(2—u)(1l —u)u - (5.90)

(2—-u)? 2—u

u=2
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where we see the exact same imaginary ambiguity as in the first and second term of
Eq. (5.89). As a result, the coefficients of the (2,0) sector that can be read off from
either Eq. (5.88) or Eq. (5.89) will not be ambiguous and moreover will be purely real.

A similar reasoning can be applied to the third ambiguous term in Eq. (5.89)
which will reappear in the expansion around log(1 + u) of Eq. (5.49):

1 +£mi
=——- 5.91
36 24u * ( )

2log(1 + u)
(1—u)?(2—wu2+u)

u=—2

For the fourth ambiguous term in Eq. (5.89), which will determine a (3,0) sector

coefficient, we expand around u = 3:

6log(1l — u)
B—u)(2—u)?(1—u)u

_ £mi —log(2)
3—u

o (5.92)

u=3

Taking the same steps as we did for the (1,0) and (0, 1) sectors, we can now determine
the coefficients in the (2,0) and (0, 2) sectors by doing a large order analysis on the
51(;)' Above, we have already analysed the imaginary part of 5,&1). The real part does
not have a contribution to the (0,2) sector, but is does affect the (2,0) sector. From

it, we extract 2,0 = —1 and the (2,0) coefficients

a2t = 9 (5.93)

. 3—2vp + 1 log(3 h=0

df’O)[O] - ,YEz ) 11g( ) h 21 (5.94)
(0 ((3h+4) (1) +1- 25k) h>0.

As we see, the (2,0) sector contains again a log(a) contribution in the transseries,

Jé2’0)[1]. We were able to extract the first 15 coefficients in

given by the coefficient
Eq. (5.94) (as well as those of the simpler imaginary part, Eq. (5.88)) numerically
from Eq. (5.87) up to 9 decimal places, after which we inferred the exact expressions.
Once again — recall how we did this for the (1,0) and (0,1) sectors in Egs. (5.63) and
(5.64) — we know that this is exact to all orders, because we can compare with the

exact Borel transform.
Diagram (b)

Similar to diagram (a), before we can probe the second non-perturbative (2,0) and
(0,2) sectors of diagram (b), we want to subtract the (1,0) and (0, 1) sectors. As both
the (0, 1) sector and the log part of the (1,0) sector (i.e. the (1,0)[1] sector) contain just
one coefficient, we can directly subtract these parts. The (1,0)[0] coefficients however

grow asymptotically, and therefore we have to perform a Borel-Padé summation on
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this part. This leads to the new sequence

i I'(k—5) o, L'(k=p) | ~a, 1
o) = - = Lo - i;k_g) [dél Ok —B) + S[P1O)] (kﬂ . (5.95)
2 1

with # = —1 and A; = —A; = 1 and the coeflicients dgl’o)[l] and 6281’0)[0] given in
Eqgs. (5.65) and (5.67) respectively. A numerical analysis on the imaginary part of 5}(:)
yields a contribution to the (2,0) sector:

. 1 . F(k‘ + 1) _
iIm [5,& )} ~ 26mi—s + 0(37F). (5.96)
From the real part of 51(;) we extract for both sectors B2 ¢ = fp2 = —1. Furthermore,

we extract a single non-perturbative coefficient for the (0,2) sector,

- 1 2
d(()O’Q)[O] — _6 + § 10g(2), (597)

and the first few coefficients of the (2,0) sectors. We list the first four:

~ ~ 14 ~ 5 5 7

dé270)[0] = -2, dg270)[0] == délo)[ol ==, dgz70)[01 — _ ' 8{3 (598)
3 2 6

We have obtained these coefficients numerically up to at least 9 decimal places, as

well as seven further ones not displayed here, after which we inferred the analytic

expression. Furthermore, notice that the (2,0) sector of this diagram does not have a

7(2,0)[1]
h

log sector, i.e. all the coefficients d vanish.

We can improve on these results using again the method of alien derivatives acting

on the convolution integral to find all J;Q’O)[O] exactly. We repeat Eqgs. (5.68) and
(5.69), for this diagram:
—6T'(1 + u)
BIDON () = ——= T BrpO)(y,), 5.99

with the convolution integral

BIUOIw) = [ dun BIFI) B — ), BIFI(w) = o

i PEmveE (5.100)

In order to extract the (2,0) sector, we need the expansion of B[¥()] around u = 2,
i.e. we need the second non-perturbative sector ¥(?). As discussed in Sec. 4.2, this
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implies we need

1 11 1T 125
AF = 5(27r1), and AF = 6(2771) (a + e ) , (5.101)
which are read off from the expansions around the poles of B[F] positioned at v =1
and u = 2. We notice that, similar to the LO Adler function, A?F = 0. However,

Ao F' is now non-vanishing. This yields

1
(SF) w® = 2. 5(AF)? 42 FAF (5.102)
Lo L (1 17T-12\ = 1 a1
= 1(271'1) — g(Qm) (a + 6) ;Fna
(1 1 1, .~ 17 — 1275 "
=27 (2771 - 3F0) - g(2m) 7;) (Fn+1 + G’YEHZ;JFH> ot

Recalling the discussion at the end of Sec. 4.2.3, in particular Eqs. (4.47) and (4.50),
we can write the Borel transform of ¥(?) in terms of B[F](u) and its derivative B[F)'(u)

w.r.t. u. Therefore, the Borel transform B[¥(?)] around u = 2 reads

1.1
smi— 5 F 2 log(1 — %)
g (0) — 2M—3%0  (ow Oy )22 2/ 4 1
BUO)w)| = 2T (o8 e -2 (5103)
1. 1
i’ﬂ'lngo 1 ’ 17—12’}/E (7
=44 F —2)+———=B[F](u—2) ) 1 1——
3 ( BIFY (u=2)+ = BIF] (u=2) ) log (1-5 ) +
Adding back in the prefactor to get B[Dp)(u) and Fy = % yields, after a brief calcula-
tion!?,
—6I'(1 + u)
DY = — T _BwO®
BIDy () u=2 (1 —u)T(3— u)B[ I(w) u=2 +
o )
_ M2 RpEOY - 2)log(l - L)+ ..., (5.104)
2—-u 2
with

BID* ) (u—2) =

2u (4 L 171295

(1—u)(4—u) \4—u 6 —1/1(3—U)—w(u)>. (5.105)

10Note that in Eq. (5.96) the factor 67i appears with an ambiguous sign. As usual, in large order
formulas this imaginary ambiguity should not contribute to the perturbative coefficients; it will be
‘canceled’ by the 67¢ terms in the present equation. One may be worried that here, no ambiguous
sign appears in front of the 67i, but this is a result of the fact that we have implicitly chosen the
‘lower contour’ by applying a particular form of the Stokes automorphism and the resulting alien
derivatives.
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The exact coefficients déz,o)[o] are obtained from the residue of the simple pole around
u=2in Eq. (5.104), and after applying an inverse Borel transform on Eq. (5.105).

At this point, we want to come back to a left over point of the previous subsection:

d‘(()l,O)[O

the resurgence of the } and CZE)O’I)[O] coeflicients — which we were not yet able to

determine there — from the convolution integral. (We shall see momentarily how the
same reasoning also leads to the resurgence of the Cz(()o,z)[o] coefficient.) In principle, as
B[F](u) only has singularities at positive integers of w, also its convolution integral
B[¥](u) only has possible singularities at positive integers of u. Therefore, with the
techniques of studying the convolution integral with alien derivatives, it seems we can
only make statements about the local expansions of B[¥(9](u) around these values.

However, the prefactor

—6T(1 + u)

(1—u)(3—u) (5.106)

in front of this convolution integral has singularities at © = 1 and the negative integers
of u. Therefore, these singularities pick up regular terms of B[W(9](u) at these points.
In particular, the prefactor also leads to the pattern of singularities at negative integers
in u of B [DIEQ’O)](U —2). Furthermore, there is also a singularity at u = 1 and therefore
we notice that this sector contributes to the coefficients d(()l,o)[o}7 d~éo,1)[0] and Jéo’2)[0].
For example, expanding the Borel transform of the (0,2) sector around u = 1 yields

u ~ 13log(2)

BID)(u —2)log(1 — 3)| 1) (5.107)

with the ellipsis denoting regular terms around v = 1. We notice that this indeed corre-

sponds with part of the coefficient 6281’0)[0]

already obtained numerically in Eq. (5.66).
The remaining part of this coefficient follows from the fact that we multiplied a pole
at u = 1 of the prefactor with the expansion of B[¥(?[u] around u = 1. Similarly,
we can expand the same expression around v = —1 and v = —2 to find (parts of)

Jéo’l)[o] and Jé072)[0] as given above. In conclusion, we see in particular

the coeflicients
that knowing the subleading (2,0) and (0, 2) sectors actually teaches us a bit more
about the leading (1,0) and (0, 1) sectors that we were not able to deduce from the

perturbative (0,0) sector alone.
Diagram (c)

Finally, we discuss the resurgence of the (2,0) and (0, 2) sectors of diagram (c). For
this, we can use the same sequence as in Eq. (5.95), but now using the coefficients of
the (1,0) and (0,1) sectors of diagram (c) given in Eqgs. (5.75)-(5.77). A numerical
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analysis yields

. (1) T(k+2) 1 Lk
iIm [% } ~ T (1= ) 1067 (5.108)
for the imaginary part. Similar to diagram (b), there is only a single non-vanishing

non-perturbative coefficient in the (0, 2) sector:

o0 _ 1T 1, 1
do % = —— + S log(2). (5.109)

However, the (2,0) sector of diagram (c) has a log contributing in the transseries,

given by the non-perturbative coefficient
oM = 2. (5.110)

Again we list the first four coeflicients of the (2,0)[0] sector and we show in a moment

how higher coefficients are obtained using the convolution method:

log(3)  szop _ 1
4 ! 3’

. 11 7 43

JEO0 _ =1 a0l = — 15 4G (5.111)

a5 =4 — 2 4

The numerical analysis on 51(:) agrees with Eqgs. (5.108)-(5.111) up to at least 11
decimal places.

These same results are obtained using the convolution integral method. We repeat
Egs. (5.78) and (5.79),

—6T(u)

BIDE V) (w) = (1—u)(2—u)(3—u) B2 (u), (5.112)
with
B[6O] () = /0“ duy BIF|(u)BIG](u— w1),  BG](u) = m (5113

and B[F] the same as for diagram (b) given in Eq. (5.69). Again, for the resurgence of
the (2,0) and (0, 2) sectors of diagram (c), we need access the second non-perturbative
sector of ®. To compute this this, we use A;F and AoF already given in Eq. (5.101),

and also

AG = %(m), and  AyG = fé(m). (5.114)
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As AIF = AIG =0, we get
1
(S7)" @) = 2. SAIFAIG + FAG + GAoF (5.115)
1. 1, . ~— N L. . (1 17-12 > N
= 1(271’1)2 - 5(27&'1) nzz;)FnO[ +1_ 6(271'1) <a + 6,-}/E> ;Gna +1

1 1 1 > 17—12
= (2ri) (2m6G0) -5 Y <2Fn 4 G + 767}5@”) sy
n=0

We can write the Borel transform B[®(®)](u) in terms of B[F](u), B[G](u), and B[G]' (u).
This yields

i — 7G 2 log(1 — %)
BoO)w)| = 2u7_2° — (87) Bl&®)(u— 2) = 2= + . (5.116)
27r1 — fGo

Adding back in the prefactor to get B[D.](u) and Gy = 0 yields

B[DLO](u) w2 (1 u)(gﬁ—rgi“(?) —u)
371 3mi

T Te—w? 22— BIDEY)(u — 2)log(1 — %) +o, (5.117)

with

-~ 1 1 2 17—12vg
BIDEVNu-2) = - 12 (5

—ul\1zu 2=t % ¢(3U)w(u)> . (5.118)

An inverse Borel transform indeed yields the coefficients dg,o)[o] given above. Note
that the prefactor in the first line of Eq. (5.117) has a pole at u = 2, and therefore
a constant term from the regular part between square brackets also contributes to
the singular terms in the last line. This corresponds to the coefficient JéQ’O)[O]. With
the same reasoning as for diagram (b), we can get parts of the coefficients of J((]l’o) [0},

d~éo,1)[0] and &80’2)[01 by expanding the sector B [D£2’O)] around the singular points u = 1,
u = —1 and u = —2 respectively.
This finishes the analysis and discussion of the resurgence of the (2,0) and (0, 2)

sectors. In our analysis, we saw that for diagram (b) and (c¢) the (2,0) sector was more

interesting from a resurgence point of view, with resurgence relations that involve
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multiple non-perturbative sectors. In the next two subsections, we study some further
non-perturbative sectors and draw the alien lattices for these diagrams.

5.2.5. Further non-perturbative sectors and alien derivative
structure

In the previous two subsections, we have focused on the resurgence of the (1,0), (0, 1),
(2,0) and (0, 2) sectors from the perturbative (0,0) sector. As already observed in these
sections, the coefficients of (some of) these non-perturbative sectors show asymptotic
growth, so these sectors themselves have resurgence relations to other non-perturbative
sectors. We will see momentarily that non-perturbative sectors like (n,m) with n # 0

and m # 0 will appear, something we have not observed before.
Diagram (a)

Let us once again start our discussion with diagram (a). In Eqgs. (5.63) and (5.64), we

saw how in the Borel plane of B[D((lo’o)](u), the (1,0) sector resurges in the form

~ 3 3 1 1
BI04y — 1) — - . 5.119
| =N = T 2e—w 2 T3 (5.119)
Likewise, one finds the Borel transform of the (0,1) sector:
~ 1 2 2 1 1
BDOVO (4 4 1) = — (5.120)

12—w 30—-w’ Toi-w 2u'3Ctw"

In particular, we notice that these expressions have a singularity at v = 0. One can
wonder why the perturbative (0,0) sector does not contain this singularity in its own

Borel transform. The reason is that, to get the (0,0) sector, one has to include the

logarithms:
BIDUO0 1) log(1 —u)| = % +O(u) (5.121)

and
B[D©V0O] (4, 4 1) log(1 + u) T —% +O(u). (5.122)

That is, as seen from the point of view of the (0,0) sector, the two constant terms
that would contribute to a singularity at © = 0 cancel. However, from the perspective
of the (1,0) and (0, 1) sectors, the individual singularities contribute to the large order

growth of these sectors. Note that what these sectors see is not the (0, 0) sector again,
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as that sector has a vanishing constant term (see Eq. (5.50)) and moreover, as in
examples with bridge equations, one would not expect a sector like (1,0) to be able to
detect the (0,0) sector. Thus, we conclude that what we find here is the contribution

of a (1,1) sector, i.e. we get

paD0 — % , (5.123)

which is a sector containing only a single non-perturbative coefficient. This relation
is best viewed in the alien lattice, for which we now learn that it must contain the

following arrows:
=
’D(O’l) }—Al—{ D(;,l) ‘ ‘D(Z,l) ‘ ‘D(3,1) ‘

Ay
| Do) hl—{ peo|  [pGo]

Az

Here we also included the motions towards other non-perturbative sectors. Let us

make two more remarks about this diagram.

First of all, observe that from the (0,1) sector we have also drawn alien derivative
arrows towards a (2,1) and a (3,1) sector. The existence of a (2,1) sector can be
argued in a similar way as above and we will show this explicitly in a moment, by
looking at the singularities in the relevant Borel transforms and observing that these
do not correspond to sectors that are already known. The same argument for a (3,1)
sector is on less solid ground, as the coefficient we find for that sector is also contained
in the relevant perturbative coefficient in the (2,0) sector, and so we cannot be certain
that it is indeed the former sector that the (1,0) sector detects. Thus, for now the
existence of a (3,1) sector is a conjecture, which we hope to come back to in future

work.

Secondly, notice the alien derivative A; pointing from the (1, 0) sector to the (2,0)
sector; this alien derivative was discussed and explained around Eq. (5.89). In this
diagram, we drew the (2, 0) sector with a white, solid box, which would imply that it is
not an asymptotic series, contrary to the fact that we already know from the previous
subsection that this is an asymptotic sector. The reason for this representation here is

that the (1,0) sector only sees a small, non-asymptotic part of the (2,0) sector.

Similarly, we observe that the Borel transform of the (0, 1) sector has a double pole

at u = 1, whereas this does not resurge from the (0, 0) sector directly, i.e. in our analysis
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we only found a single pole given by the coefficient d(1 0l —3yp+ 1 5 log(2). A
closer inspection of the (2,0) sector reveals the same double pole at u =1, i.e. we have
2 11 1 2

BIDEO0) (4 — 1) = 3 + 50— + R r— (5.124)

with the same coefficient % as in Eq. (5.120). Again, from the point of view of the

(0,0) sector, one has to include the logarithms:

2log(2) 2 4+ S log(2)

HE00])(,, — _v —
BID@O0)(y — 1) log (1 2) TR P, e (5129)
and
) —%+ 2log(2
BIDODO(y + 1) log(1 + u) = _32(1105(32 + 3 tizg( ). (5.126)

This means that the (0,0) sector does not see the double pole, but the (2,0) and
(0,1) sectors independently do. Furthermore, we observe that the (2,0) and the (0, 1)
sectors see the same double pole, and we thus conclude that this is part of the (2,1)
sector.

We notice however that the single pole, as seen from the point of view of the (2,0)
and (0, 1) sectors has a different residue in the two cases, i.e. 11/9 and 2/9 respectively.
This is a result of the fact that both sectors have resurgence relations towards both
the (1,0) sector and the (2,1) sector. As the (2,0) sector sees the (2,1) and (1,0)
sectors with different weights compared to the (0,1) sector (which depend on different
Stokes constants), we conclude that it is hard to distinguish which part of the single
pole at u = 1 is part of the (2, 1) sector and which part corresponds to the (1,0) sector.
Being able to distinguish between the two would allow one to extract an interesting
relation between the Stokes constants of the Adler function. This is another point

that we hope to come back to in future work.

Again, these relations are best viewed in terms of the alien lattice, which as we

now have learned also contains the following ingredients:

A
pov]

A;

Ay
(oo BB (o] [5e)]
A4 Ay

A
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The full alien lattice for diagram (a) can now be obtained by combining the previous

two diagrams with the similar diagram for the (0, 0) sector:

B o] [0

Ay

where we also inlcuded motions from the perturbative (0,0) sector towards a (3,0)

and (4,0) sector (see also the discussion in the next subsection).
Diagrams (b) and (c)

For diagrams (b) and (c), we have seen that only the (1,0) and (2,0) sectors are
asymptotic. To be precise, we derived for diagram (b) the following Borel transform of
the (1,0) sector:

BN —1) = - . (5.127)

The singularities at © = 2 and u = 3 can be seen as part of the (2,0) and (3, 0) sectors,

i.e. in terms of alien lattices:

Ay

(1,0) (2,0) (3,0)
‘DIO }—)1—{D20‘ ’Dso‘

Diagram (c¢) on the other hand is slightly different. The Borel transform of its

(1,0) sector reads

BDMO0(y — 1) = % + & _3“)2 + 2(23_ ” + 2(31_u) : (5.129)

Again we notice a singularity at u = 0 which is not seen by the perturbative (0, 0) sector.
We therefore conclude that this is the effect of a non-zero (1,1) sector. As before,

this new sector is not an asymptotic sector, but it only contains one non-perturbative
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coefficient. This yields the following part of the alien lattice:

Ay

Ay
(1,0) (2,0) (3,0)
‘DIO}_AI—{DQO‘ ‘DJU‘

We already observed earlier that the (2,0) sector of both diagram (b) and (c) has an

infinite number of singularities in u at both positive and negative integers. Coming

back to our discussion in Sec. 4.2.5, we want to mention here that from the convolution
integral alone, Eq. (5.79), we would not have expected singularities at u = 0 or negative
values of u. However the prefactor in front of the convolution integral, Eq. (5.79) adds
singularities at non-positive u. It is therefore hard to distinguish which part of the
pole at w =1 for diagram (c) is related to the (0,1) sector or the (1,2) sector. First
of all, the singularities at positive integers of u follow mainly from the convolution
integral, but they also arise from the prefactors in front of the convolution integral
since these add a pole at v = 1 for diagram (b) and a pole at u = 1,2 for diagram (c).
We therefore expect that this contributes to both a (1,0) and a (2,1) sector as seen
from the (2,0) sector. Likewise, the prefactor adds an infinite number of singularities
at negative u, leading to both (0,7n) as well as (2,2 + n) sectors, for n > 1, or in terms

of motions on the alien lattice:

All in all, we see that at order 1 /NJ% in the number of flavours, the Adler function

displays many more interesting resurgence features than were present at order 1/Njy.

5.2.6. Overview: transseries sectors and relations

We have discussed the resurgence of the first non-perturbative sectors ((1,0) and

(0,1)) as well as the second non-perturbative sectors ((2,0) and (0,2)) of diagrams
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(a)-(c), plus how further sectors resurge from these sectors. We now briefly sketch the
resurgence structure of higher sectors for these diagrams.

Looking at the closed form expression for diagram (a) in Eq. (5.49), we notice
from the singularity structure that the only remaining non-vanishing sectors are the
(3,0) and (4,0) sectors. Furthermore, as these singularities are not branch cuts but
just simple poles, we conclude that they describe non-asymptotic sectors containing

just a single non-vanishing non-perturbative coefficient.

From our discussion in Sec. 4.2.4, it might seem that we need to act with many
alien derivatives to get access to the higher sectors of diagrams (b) and (c¢). However,
the constituents F' and G of the convolution integral of diagram (b) and (c¢) (recall
Egs. (5.68) and (5.78) respectively), have AT F' = AT'G = 0 for n > 1. This implies that
we only get non-vanishing contributions by acting with at most two alien derivatives
— one for each factor in the convolution product. Still, that leaves us with quite a
few options to consider, but as we see momentarily, we can categorise all remaining

options into a few classes. We discuss each of these classes case by case.

Let us first discuss the higher non-perturbative asymptotic sectors of diagram (b).

The non-vanishing alien derivatives acting on F' of that diagram are given by

1 1, (1 17— 129g
AF =3(2m),  AoF = —(2i) (a + 6) , (5.130)
and
_ (=" .
A F = (2ri), n>3. (5.131)

(2—=n)(n+1)!(n—1)!

First of all, using the convolution method we get an asymptotic contribution to the

(n,0), n > 3, sector via:
FA,F. (5.132)

One can show that this gives a contribution to B [D,()O’O)](u) around u = n proportional
to

—6T(1 4 u) "
A== g P =m)log (1-%)

—6T(1 + u) Fn+1-—u)

T (I—wl@B—u) (n+2—ul2+u—n) log (1 - g) - (5.133)
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The ratio of gamma functions is regular for n > 3 and furthermore it cancels the pole
at u = 1. We therefore see that this asymptotic part of the (n,0) sector is completely
determined by the singularity at w = n + 2, i.e., by the sector (n + 2,0).

Secondly, one gets contributions from acting with two alien derivatives:
Ay FAG ) F. (5.134)

However, many of these cases do not lead to a contribution to the resurgence of diagram
(b) due to the prefactor in front of the convolution integral. That is, the contributions
of Eq. (5.134) that lead to a simple pole do not contribute as the prefactor contains a
term 1/T"(3 —u) which has zeros at w = n for n > 3. As a result, the only non-vanishing
contribution follows from the case k = 2 as this leads to a double pole at u = n. In

particular, this results in a contribution to B[Déo’o)](u) at u = n proportional to:

—6T(1 + u) 1
(1—uw)(B—u)(n—u)?’

(5.135)

Combining the above observations leads to the contributions to the alien lattices shown

in the second column of Tab. 5.3.

The structure of higher sectors of diagram (c) is similar to that of diagram (b).

The non-vanishing alien derivatives acting on G are

n(—1)™(2ri)

RSV

n>1. (5.136)

Acting with a single alien derivative on the product F'G, we get asymptotic contribu-

tions to the (n,0) sectors (n > 3) from
FALG + GALF. (5.137)

First, we consider n = 3, where GA3 F yields a contribution to B [DEO’O)] (u) proportional
to

log(1 — 5) (5.138)
) .

8(2 —

Likewise, FFA3G yields a contribution proportional to

1 1 U
(8(2—u) + 4(5_u))log(1—3). (5.139)
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Table 5.3.: Final summary of the relations between non-perturbative sectors at order 1/NJ%.




144 Resurgence analysis of the Adler function at O(1/N f)

Notice in particular that the expansion of this around u = 2 leads to part of the

coeflicient J((]zo) ol

For n > 3, the only non-vanishing contribution of the convolution integral to the
resurgence of diagram (¢) coming from a single alien derivative is given by FA,G.

This yields a contribution proportional to

log(1 — %)

Ty (5.140)

Similar to diagram (b), when acting with two alien derivatives, one can show that only
a double pole coming from the convolution integral contributes to the resurgence of
diagram (c). This means that the contribution has to come from AsFA,, G, and we

get a term proportional to

—6T(u) 1
(I—w)(2—u)'B—u)(n—u)?

(5.141)

We have added the resulting motions on the alien lattice in Tab. 5.3.

This brings us to the end of our resurgence analysis of diagrams (a), (b) and (¢). The
results are summarized in Tab. 5.3. Compared to the LO Adler function, at order
1/N7 the (n,0) sectors (and also the (0,1) sector for diagram (a)) are asymptotic
sectors with their own resurgence relations towards further non-perturbative sectors.
In particular we find sectors like (n,m) with n # 0 and m # 0. We notice however that
the asymptotic non-perturbative sectors only have resurgence relations to sectors that
contain only one or two coefficients, quite similar to asymptotic perturbative series
of the LO Adler function. We expect that at higher order in the flavour expansion,
the asymptotic non-perturbative sectors will have resurgence towards full asymptotic

sectors, thus yielding an alien lattice with more motions between sectors.

5.3. Conclusion and outlook

In this chapter we have analyzed the transseries of the Adler function, which includes

non-perturbative effects, to order 1 /N]% Let us summarize our main findings.

First, while the exact Borel transform of the O(1/N;) Adler function and its
singularities has been known for a long time [85, 86| (reviewed and rederived in
Sec. 5.1), we constructed a complete resummed two-parameter transseries expression —
recall Egs. (5.42) and (5.43) — for the Adler function at order 1/Ny in the original o
variable. At this order in 1/N there are only poles in the Borel plane: UV double

poles at negative integer values of the (rescaled) Borel plane parameter u, and IR
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double poles at positive integer values with the exceptions of an absent pole at u = +1
and the occurence of a single pole at u = +2.

Second, we found that resurgent properties of the Adler function are best expressed
using the calculus and lattice structure based on the alien derivative (as advocated in
[47]). In particular, applying the techniques developed in Sec. 4.2, we saw in Sec. 5.2
a way to extract resurgence properties without having immediate access to the exact
Borel transform of a given asymptotic expansion. Furthermore, from this technique

we were able to extract locally the form of the Borel transformed result.

Our third finding is a more intricate singularity structure in the Borel plan at
order 1 /Nf2, involving logarithmic branch cuts. In particular, using the Borel-Padé
technique and a large order analysis of the coefficients that we computed, we found
many of these branch cuts at IR singularities and a few at UV singularities. Of course,
since we have only computed a limited number of diagrams, we cannot state with
full certainty which singularities have branch cuts (and therefore which sectors have
asymptotic expansions) in the full Adler function at all orders in 1/N;. However,
we conjecture that all singularities in fact become of this sort - except of course a
potential IR singularity at « = +1 which on physical grounds (due to the absence of a
corresponding operator in the OPE [88, 100]) we expect to remain absent.

A fourth finding for the order 1 /N]% transseries is that overlapping poles and
branch point singularities in the Borel plane lead to log(«) transmonomials in the
transseries and indicate a new type of power correction. These factors were already
anticipated in [98]; we indeed find that they occur. Furthermore, at this order in the
flavour expansion — summarised in Tab. 5.3 — we found non-perturbative sectors (n,m)
with both n # 0 and m # 0. These sectors come with both the IR transmonomial
e!/Po and the UV transmonomial e~/ We expect all of this structure to persist
at higher orders in 1/Ny.

The picture that emerges from these findings is that the structure of our transseries,
displayed in detail for order 1 /NJ% in Tab. 5.3, is interestingly different from that
occurring in many models studied in the literature. In particular, we have seen that
for the Adler function, ‘multiple forward alien derivatives’ such as As give nonzero
results, whereas in most simple models that have a bridge equation, only A; provides
a nonvanishing ‘forward motion’. Furthermore, even though opposite non-perturbative
exponentials +A as well as logarithmic transmonomials appear in the Adler function

transseries, the transseries turns out not to be resonant.

With our analysis, many open questions and opportunities for further research

suggest themselves. Let us mention a few interesting directions.
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To start verifying further the conjecture that for the full Adler function all non-
perturbative sectors are asymptotic, one could take a closer look at specific diagrams
at higher orders in 1/N; and study their resurgence properties using the techniques
developed in this thesis. Ultimately, it would be interesting to also be able to perform
a sum over all orders in 1/Ny. For example, this may allow one to see if the interesting

shift in renormalon pole locations of [111] also occurs for the Adler function.

A second interesting area for further research concerns the structure of the Adler
transseries. One way to answer this question would be using a bridge equation; however,
no such equation is currently available. Despite this limitation, we have demonstrated
that the absence of a bridge equation did not hinder our analysis at order 1/N;. By
studying the Stokes automorphism, we concluded that two transseries parameters
at this order suffice. Our findings suggest that the 1 /N? diagrams discussed in this
section also feature two Stokes lines and, consequently, two Stokes automorphisms.
Nevertheless, it remains possible that one would in fact require more parameters. A
related observation is that our Adler transseries has a nonvanishing ‘two steps forward’
alien derivative As; a ‘three-steps forward” Az etc. This may indicate a situation

24/ gector introduce their own independent transseries

where sectors like the e~
parameters. It will therefore be interesting to study the Stokes automorphism for the
1 /NJ% diagrams, following an approach similar to that employed in Sec. 5.1.4 for the
1/N; diagrams.

In conclusion, the Adler function remains an interesting object to study using
resurgence techniques. It is sufficiently complicated to show features not displayed
by many simpler models, but is also amenable to further perturbative studies that
might uncover some of the subtleties mentioned. We expect many more lessons and

surprises to lie ahead.



Chapter 6.
From power counting to factorization

And now for something completely different: in this and the next two chapters, we

shift our focus to the topic of factorization.

The importance of factorization theorems and their impact on precision physics —
particularly through resummation — was already highlighted in Sec. 1.2. The goal of
this chapter is to review some key aspects of factorization and establish the necessary
notation for the discussions ahead. Specifically, we will focus on the diagrammatic
derivation of the leading power factorization theorem, Eq. (1.5), already given in the
introduction of this thesis. Subsequently, we will review how a next-to-leading power
factorization theorem can be derived along similar lines, as detailed in [25] (see also
[119-121]).

The structure of this chapter is as follows. In Sec. 6.1, we start by discussing
how infrared (IR) singularities of Feynman integrals can be classified and represented
in a diagrammatic way. We then discuss how IR power counting can be used as a
mechanism to isolate the dominant contribution of a Feynman integral. In particular,
we review the QED power counting analysis of [25] and discuss how the diagrammatic
representation can be cast into a factorization formula. The leading power contribution
to this factorization formula is well established (see e.g. [23, 24] for more details).
In [25], also the ingredients necessary to extend the factorization formula to next-to-
leading power for both parametrically small and zero fermion masses was derived. In
chapters 7 and 8, we will discuss this subleading power factorization formula in great
detail in the case of massive fermions. Before we do so, we review the leading power
factorization formula in Sec. 6.2. This gives us the chance to set up the notation and
explain the ingredients to verify the factorization formulas, as we will follow a similar

strategy in the next two chapters at subleading power.

6.1. Factorization in a diagrammatic language

From the previous chapters, it should be clear that the singularity structure of a
complex function encodes important information. For a generic Feynman integral, this

is not any different and in this section we review how IR singularities can be classified.

147
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In particular, we discuss how factorization was first derived at the diagrammatic
level from a systematic study of these IR singularities in terms of collinear and soft

singularities.

6.1.1. Reduced diagrams

An arbitrary Feynman diagram G(pi,...,pg) with E external legs, L loops and I
internal lines can be written as

1

Lok, 1
G(p1,-..,pE) = H (QW)dN(pT’ks>Hm’ (6.1)
j=1 i=1 " ¢

with N(p,, k;) some numerator factor and m; and /; the mass and momentum of the
i-th propagator, where the latter may depend on the external momenta p,., 1 <r < E,
and loop momenta kg, 1 < s < L. For every line we introduce a Feynman parameter

«; resulting in the Feynman-parametrized form

I
dk Npr,k],al)
Glprs....pE) = H/ dosd(1- Y o) H/ D (62)
k=1 ) 9

where N (pr, kj, ;) gathers all numerator factors after the parametrization. Potential

IR singularities of this integral correspond to roots of the denominator

I

D(pr, kj, ;) = Zai (112 - mf) + ie. (6.3)

i=1

As the integral in Eq. (6.2) is a contour integral in the complex variables k; and a;,
the condition D = 0 alone is not enough to produce a singularity of G. By Cauchy’s
theorem, we may deform the integration contours to stay away from singularities.
However, if D = 0 is the result of a fixed endpoint of the «; contour, deforming the
contour away from the singularity is not possible. Another way in which the singularity
cannot be avoided is if two coalescing poles in I; pinch the contour in between them. We
call these singularities endpoint and pinch singularities respectively. These necessary

conditions for such a singularity are summarised by the Landau equations [122]

12 — m =0 or ;=0
. (6.4)
al“ =0, Vipu.
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Example 6.1.1. As an example of the Landau equations, consider the massless

triangle

dek 1
G = | G T T

d
:2/Hdai5(l—a1—a2—a3)/(;§i;3, (65)

with p? = p2 =0 and
D = a1k* + ag(k +p1)* + az(k — p2)?. (6.6)
There are two collinear solutions to the Landau equations, Fq. (6.4), which read
Er=ypl, az=0, ay+as(l+y)=0, (6.7)
and
Et=2ph, a=0, ajz—a3(l—2)=0. (6.8)

Furthermore, there is one soft solution which reads

=0, 22 _9. (6.9)
(65) (651
Notice that the soft solution overlaps with the collinear solution in the limit y — 0 or

z — 0.

Although solving the Landau equations is not too difficult in the above example, it
may become cumbersome for more complicated Feynman integrals. A more intuitive
picture is offered by the graphical analysis of Coleman and Norton [123]. They define

a space-time separation
Azl = ol (6.10)

which can be interpreted as the displacement done in proper time ;19 of a classical
particle with four-velocity v* = (1,1;/1). In terms of Az!, the Landau equations,
Eq. (6.4), become

Azt =0, if 12 £ m?
: (6.11)

Ko 372
Zieloop 7 A‘rz Mi,j if l1 =my;
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(a) (b) (c)

Figure 6.1.: Reduced diagrams for the one loop massles triangle as discussed in exam-
ples 6.1.1 and 6.1.2.

where the sum runs over the propagators in a certain loop j and 7, ; is +1 (—1) if [; is
in the same (opposite) direction as the loop momentum k;. As the following example
shows, the solutions to the Landau equation can be represented by so called reduced

diagrams made up of the displacement vectors Ax]” .

Example 6.1.2. The collinear solutions of example 6.1.1 now become respectively
Azy = —Ary, . Azgp, =0, (6.12)
and
Azy = Az Alpyp, =0. (6.13)

The reduced diagrams corresponding to these two solutions are shown in Fig. 6.1 (a)
and (b). For the soft solution, we write

m
Azl = Aoy (k> , (6.14)

A
and think of k* = 0 as the limit A\ — oo. This agrees with the physical picture
of Coleman and Norton where vanishing momentum corresponds with an infinite

wavelength. The reduced diagram is shown in Fig. 6.1 (c).

Hence, the task of finding solutions to the Landau equations now boils down
to drawing all the possible reduced diagrams, obtained by contracting off-shell lines
to points (the first condition in Eq. (6.11)). They form the vertices of the reduced
diagram, whereas the on-shell lines form the lines of the reduced diagram (the second
condition in Eq. (6.11)). The general reduced diagram for a QED process where a
photon decays into N fermions is shown in Fig. 6.2. The following terminology is
standard. We call a set of lines collinear to each other a jet subdiagram, which is
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Q
6

Figure 6.2.: General reduced diagram for a QED proces where a photon decays into NV
fermions.

abbreviated by J; in the reduced diagram. The vertex H where lines from different
jet subdiagrams meet is called the hard vertex. The lines with vanishing momenta can
be gathered in a so-called soft subdiagram, denoted by S.

6.1.2. Power counting of QED amplitudes

The Landau equations — and therefore the reduced diagrams in the Coleman-Norton
picture — give the necessary conditions for a Feynman integral to have IR singularities.
However, these are not sufficient conditions for a Feynman integral to be singular as
the integration measure or numerator factors might supress the singularity. In order
to understand what configurations actually diverge, one introduces IR power counting.

The solutions to the Landau equations form a so-called pinch surface in the multi-
dimensional (k;, ;)-space. These hypersurfaces can be parameterized using a set of
intrinsic coordinates {vy }. The remaining variables are called normal coordinates {ny}
and they describe the perturbations around the singular pinch surfaces. By rescaling
the normal coordinates with a power counting variable A\, we have a way to measure

the degree of divergence of the pinch surfaces. We rescale

ny — /\wbnb (615)
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for some power w;, after which we can perform a so-called power expansion in .
Eq. (6.2) becomes

F(I) I 1 I
G(pr,...p5) = (%)LdH/ do (1 -3 o)
i=1"0 k=1
N(p’m Va, Ny, Oy, )‘)
wp
H/dva)\ /dan(pT,vaanbaaia)‘)I

=\N¢(I+0(\N), (6.16)

where [ is the homogeneous integral obtained after expanding the Feynman integral
G to leading power in A, and ~5 denotes the IR degree of divergence of this integral.
We conclude that v < 0 denotes diagrams which really do have singularities, whereas

diagrams with v > 0 are finite and vanish in the limit A — 0.

We notice that the power counting analysis not only gives the leading power (LP)
in A. One can also expand further and extract subleading powers in A. In [25], this
power counting analysis has been caried out for the reduced diagrams shown in Fig. 6.2,
by carefully counting how many powers of A each vertex and each line gives, and
simplifying the overall expression with certain graph identities. The analysis was
done for QED in the case of massless fermions, as well as the case of fermions with a
parametrically small mass m ~ AQ. In the rest of the thesis we are interested in the

latter case and the power counting result of [25] reads

N
Y6 = I + 2me 4+ dmy + > (N + NP 420 —1)), (6.17)
i=1

with Iy the total number of internal fermion lines in the amputated soft subdiagram
and my (m-) denote the number of soft fermion (photon) connections with the hard
part. Similarly, N ](ci) (NA(,i)) is the number of collinear fermion (photon) connections
of jet i to the hard part and ny) is the number of soft fermion connections to jet i.
Notice that Eq. (6.17) is independent of n,(f) — the number of soft photon connections
to jet i. A similar formula in [25] can be found for the power counting in the case of

QED with massless fermions.

Similar to [25], as a specific case of the power counting formula Eq. (6.17), we
consider the decay of an off-shell photon into two massive fermions v* — ff. The

) = 1 and all other variables

LP configuration is v = 0, which is obtained for N ](ci
vanishing. The corresponding reduced graph is shown in Fig. 6.3 (a). We denoted the
jet and soft subdiagrams by Jy, J7 and S respectively and the hard vertex by H .

The next order in the power expansion 7 = 1 has one additional photon connection
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Figure 6.3.: Reduced diagrams for fermions with a parametrically small mass m ~ AQ
contributing up to NLP [25]. Diagram (a) is the LP reduced diagram whereas
diagram (b) is the first subleading contribution of order A\. Diagrams (c)-(f)
contribute at order A\2. We labeled the different jet sub diagrams by their
connection to the hard vertex, which has a similar notation.

between a jet subdiagram and the hard vertex. One of the two configurations is shown
in Fig. 6.3 (b), where a similar diagram can be drawn with the upper jet subdiagram
connected to the hard vertex by both a fermion and a photon. We denoted this new
jet subdiagram by J7, where again the subscript indicates the connection of the jet
subdiagram to the hard vertex. Ultimately, we are also interested in v = 2 and
we call both the orders A and \? next-to-leading power (NLP). At order A\?, more

configurations exist and their reduced diagrams are shown in Fig. 6.3 (¢)-(f).

The reduced diagrams of Fig. 6.3 encode all relevant soft and collinear configu-
rations up to NLP. If one can find functional forms for the jet and soft subdiagrams
as well as for the hard vertex, we would have a way to factorize the amplitude (in
anticipation of such a factorization formula, we will therefore call these jet, soft and

hard functions from now on). It is known for a long time that such a factorization
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formula indeed exist at LP, see e.g. [23, 24] for details, and it reads
MP =T @H ;0 J50 S (6.18)

where the symbol ® denotes a contraction of spinor and Lorentz indices, which are
neglected for notational simplicity (we will be more precise later on). We will review

this well known factorization formula Eq. (6.18) in the next section.

Following the same reasoning, we may assume that a similar factorization formula
holds at NLP:

MY = Je@Hp 5, @ J5, @S+ Jpy @Hp, 5@ J; @85+ Jpy @ Hpy 7, © J7, © S
T I @ Hyp 5y @Jf @S+ gy @Hp 7@ J7 @5
+Jf®Hf,fff®Jff*f®S+Jfff®Hffff®Jf®S, (6.19)

where we included the new NLP jet functions J7., J,. and Jz; shown in Fig. 6.3 (b)-
(e), as well as the similar jet functions Jy.,, Jp\, and Jyp. A few remarks are in
order. First of all, the first two terms start at order A and to be accurate to order
A2, we also need their subleading terms. Similarly, we also need the subleading A
and A2 contributions of Eq. (6.18). We discuss both subtleties further in chapter 8.
Second, we expect the soft function to be the same for all diagrams — including the
LP factorization formula Eq. (6.18) — except for diagram (f) of Fig. 6.3 where the soft
function has a direct connection to the hard function. However, this reduced diagram
only contributes at the three loop order, which is beyond the scope of this thesis,
and we therefore excluded this from the factorization formula. Finally, we want to
note that [25] gives a more general factorization formula with N jets in the final state.
However, the jet functions we will derive with two final state jets should be universal.
That is, they can also be used for amplitudes with more than two final state jets and
the difference would only be in the hard function. We come back to this in chapter 8.

6.2. LP factorization

In this section, we review the LP factorization formula Eq. (6.18) by discussing the
decay of an off-shell photon of invariant mass ) into a massive fermion anti-fermion

pair of mass m

7" (q) = a(p1) + q(p2) (6.20)
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Figure 6.4.: Tree and one loop diagrams contributing to the massive form factors in QED.

whose tree and one loop contribution in QED is given respectively in Fig. 6.4 (a)
and (b). The LP factorization is well known [23, 24], and we review it here to set up
notation and explain the strategy we will utilize in checking the NLP factoriztation
formula, Eq. (6.19), in chapters 7 and 8.

6.2.1. Massive form factors

Following [124], the vertex function V*(py, p2) corresponding to the process, Eq. (6.20),
is expressed in terms of two form factors, F; and F5, as follows:

VE(p1,p2) = alp1) I (p1,p2) v(p2), (6.21)

]-—W(plvp2)

—teeq | Fy (s,mQ)’y” + %FQ (s7m2) 1o"q, |, (6.22)

where o/ = %['y“,'y”]; furthermore, s = (p; + p2)? represents the center of mass
energy, and m en e, are the fermion mass and charge fraction respectively. The form

factors F;, i = 1,2 can be extracted by applying projection operators:
Fi(s,m?) = Tr[P!'(m,p1,p2) Ty(p1, p2)], (6.23)

where

Mmooy, TG +m
Piu(maplup2):p2T zgg )’Y’ +%9£)(P§—Plf> %T’ (6.24)
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and?
o _ 1 1 1
Lo ed(l—e) (s/m2—4)
S 13—26 1
27 e(l—e) (s/m2—4)%
2 1 1 1
i = e(1—¢)s/m2(s/m2—4)’
(2) 1 1 1 4m2
= —= 2 — 2. 2
2 e(l—e) (s/m2—4)2[ * ‘ (6:25)

Here and in the next chapters, we work in d = 4 — 2¢ dimensions and compute
the unsubtracted form factor at one and two loops respectively. We therefore omit
counterterm insertions, which makes the mass m the unrenormalized mass. The form
factors have the perturbative expansion

K2

2
F; (s,mQ,/f) O (s,mz) + % Z:M F(l) (s m2, 1 )

2
+ (equl\/[> FZ-(2) (s,mQ,MZ) + O (a%M) , (6.26)

™

with agy = €2/(47) and where
F (s,m?) =1, F? (s,m?) = 0. (6.27)

We are interested in computing the higher order corrections in the small mass (or
high-energy) limit m?/s ~ A\? < 1. We assume the center of mass frame, with the
incoming quark moving along the positive z-axis. The momenta of the quark and
anti-quark can then be decomposed along two light-like directions, ny = (1,0,0,F1)
as follows:

n
P = (\/p2+m2,0,0,p):p1 +py —

2 2

u
nk
Py = ( p? +m? OO—p)—p27+p2 2+. (6.28)
In the small mass limit the pii components have the scaling properties

pr=ng-pr=p, =n_-pp=Vp*+m?+p~+/s

Py =n_-p1=p5 =ny-pa=\p*+m>—p~ A/ (6.29)

IThe definition of g§2) in [124] has a typo; here we follow the definition given in Eq. (2.7) of [125].
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In what follows it will prove useful to define a variable

2
§= pfpg = (\/m2 + p? +p) , (6.30)

such that

m2

s=2m?+pipy +pipd =2m? + 5+ —. (6.31)

>

Throughout the remainder of this thesis, we define the loop integration measure in

dimensional regularization as follows:

Jin = (Miw >/ (;z;)je_;; (6.32)

We will next compute the one loop massive form factor using the method of regions.

6.2.2. Method of regions

In order to test the factorization formulas, Eqs (6.18) and (6.19), we need some data
to compare with. For the purpose of checking the LP factorization formula Eq. (6.18)
— which we do in this section — we need at least the one loop small mass expansion
of the form factors, i.e. m < @. In [25] some explicit checks have been provided at
one loop for the NLP factorization formula, Eq. (6.19). However, a more thorough
test of the factorization formula requires at least a two-loop computation, since the
functions in the second and third line of Eq. (6.19) appear for the first time at NNLO.
The analysis is much more extensive and we therefore dedicate the next two chapters
to this.

The small mass expansion alone does not provide enough information to compare
with the corresponding factorized expression given in Eq. (6.18). Indeed, in the small
mass limit it is possible to calculate the form factors with the method of expansion by
momentum regions [126-128], often also simply called the method of regions. Within
this approach, one assigns to the loop momentum a specific scaling, which can be
hard, collinear, soft, etc, with respect to the scaling of the external particle momenta.
Each term defines a momentum region, and it is then possible to expand the form
factors directly at the level of the integrand in the small parameters appearing in each
region. The full result is recovered by summing over all regions. This approach is
particularly useful because we expect the jet functions in Eq. (6.19) to be directly
related to the collinear and anti-collinear region contributions. (See [129, 130] for
previous applications of the method of regions to study the correspondence between

collinear regions and jet functions.)
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Let us explain the method of regions in more detail by discussing the one loop form
factor in the limit m? < s and calculating the first two terms in the expansion. Notice
that for now we are just interested in the first term of this expansion, i.e. the LP term,
but we need the subleading term as well when we discuss the NLP factorization in the
next two chapters. At one loop only the single diagram of Fig. 6.4(b) contributes to

the form factors and the amplitude in Feynman gauge reads

—6283 /[dk] [ ﬂ(pl)’yp(k +p1 + m)’}/“(k - pz + m)’YPU<p2> (633)

k2 + 0] [(k + p1)2 — m2 + i07][(k — p2)? — m? + i0T]

The first step in the method of regions is then to decompose k along the light-like
directions n4:

m

o
kﬂ:k+%+k*%+kﬁ, ke = (k* k™ k), (6.34)

where k+ = ny - k. The second identity in the equation above provides a compact
notation to indicate scaling relations similar to the scaling we assigned to the external
momenta in Eq. (6.29). As we will see below, up to one loop the following loop
momentum modes contribute:

Hard (h):  k~V3(A% 2000,
Collinear (¢):  k ~V5(A\%, A2\, (6.35)
anti-Collinear (€):  k ~V5(A2, A%, A1),

Beyond one loop — see chapter 7 — we find that two additional momentum modes are
necessary, which scale as

Ultra-Collinear (uc): ko~ VEAZ AN,
Ultra-anti-Collinear (uc):  k ~ V3 (A%, A2, \%). (6.36)

One might also expect the following modes to contribute:?

Semi-Hard (sh):  k ~V5(AL ALY,
Soft (s):  k~VE(A2A2,)2), (6.37)

however, these turn out to give rise to scaleless loop integrals and therefore do not
contribute up to two-loop level.?

2In literature the modes of Eq. (6.37) are sometimes referred to as soft and ultra-soft respectively [21].
3In the presence of rapidity divergences this depends on the type of rapidity regulator, which we
discuss in detail in Sec. 7.2 and App. C.
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k2| ktpy | k7pf | kKTpy | kTpy | [dE]

(h) | 1] A 1 1 A2 |1
() | A2 | a2 A2 1 A A
@ | A2 | a4 1 A2 A2 | M

(uc) | XS | M A A2 A6 NI2
(%) /\6 /\6 )\2 )\4 )\4 )\12

Table 6.1.: Scaling associated to the different momentum regions.

The next step is to perform the power expansion of the integrand in Eq. (6.33) in
each momentum region. For example, for the collinear region, it is straightforward
to do this power expansion by expanding in A using the scalings of the third row of
Tab. 6.1 — which is obtained using the scalings of Eq. (6.29) for the external momenta
and the collinear scaling of Eq. (6.35) for the loop momenta. That is, the third

denominator in Eq. (6.33) is expanded as

1 1 k2
— 1- +0O\* 6.38
k2 — k—py —ktpy +40t |, —ktpy +i0t —ktpy +i0t (D] (6.38)

and one can perform a similar expansion for the rest of the integrand. Here and in the
rest of this thesis, to denote that & has collinear scaling, we introduced the notation
|, with a similar notation for the other momentum scalings. After the integrand in
Eq. (6.33) is expanded up to the order in A in which we are interested, we can perform
the loop integration using standard techniques. (We will be brief for now on the one
loop calculation as we will give many more details when we turn to the two loop
calculation in the next chapter.) The procedure for the other momentum regions is
the same.

Finally, the form factor is given as a sum over the contributing regions. For

2 2
H W ([~
c<7’n276> +FZ ‘E(Tnz,f) 5 (639)

and all other regions vanishing as they lead to scaleless integrals which vanishes

instance, at one loop we have:

2 2 2
Fi(l) (M> :12,6> = F;”L(% 76> + Fz‘(l)

S §

in dimensional regularization. Each region is expected to depend non-analytically
(logarithmically) on a single scale, which is dictated by the kinematics of the process.

We find that the non-analytic dependence of the hard region is conveniently given in



160 From power counting to factorization

terms of the factor §, while the non-analytic structure of the collinear and anti-collinear

regions is given in terms of the mass m.

It is important to emphasize that we are integrating over the whole loop integration
domain. This may seem disturbing as we are expanding the integrand in a specific
limit of this domain, so one might expect that we should limit the integration domain
as well to avoid a possible overcounting with other momentum regions. This overlap
is often called the zero-bin contribution [131]. However, since each individual region
depends on a single scale, the overlap with another region would be given by a scaleless
integral. Indeed, the region results we show below and in the next chapter do not
have such overlap. We refer to App. C.4 for an example of a zero-bin contribution.

For the form factor F; we have

? f 2 3 3¢ | 14¢3
FO| = (5] 1-3-2- 8 164+ 22 4 58
L, 50+ ¢ State Tt

+ 26 16+ G) + 01 + 00 | (6.0

€

for the hard region, and

- G G
o= ( —zo+> {6 +>+4 ++e<8+C 3)

[ +5+e<13+@ﬂ +O(€2)+O()\4)}, (6.41)

o

for the collinear region, and

FO| = FO

c

(6.42)

c

In the prefactors in Egs. (6.40) and (6.41), we have explicitly written the Feynman
prescription i0T, which upon expanding in e give logarithms log(u?/(—8 — i07))
and log(u?/(m? —i0%)). For pu? > 0,m? > 0 and 8 > 0 these can be rewritten
using log(u?/(—5 —i07)) — log(u?/38) + im and log(u?/(m? —i0T)) — log(u?/m?) to
obtain the imaginary parts. For notational convenience, we will drop the Feynman
prescription in what follows and note that this can always be reinstated by § — §+i07
and m? — m? —i0% after which the imaginary parts can be retrieved adopting the

rule described above.

The form factor Fy starts at NLP. We have

—S

Fz(l)‘h = (”2>{”;2 [j +16 4+ ¢(32 - 26) | + O(2) + O(A‘*)}, (6.43)
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and

m

(“)1 ﬂ-i-mfem—@]wm&+ouﬂ}<mw

>

and

1 1
FQ()LZFQ()

. (6.45)

c

These results can be compared directly with [124] by extracting the coefficients
.7:-(1)(8, w) as defined in Eq. (18) there, as follows:

K3

e P\
P = pr g () ) (6.40)

Summing over the regions and expanding also the scale factors in powers of € we find

.7-'1(1)(37;1) = {i[l—ﬂn(—f)] —31n<—n§> —In? (— ﬂf) +2¢

+Tr;2 {4_2“‘(_ njﬂ +(9(6)+0(A4)}, (6.47)
and
o) = 4722 = ( - 722) +0(e) + O\,

in agreement with the high-energy expansion § > m? of Eqs. (19) and (20) of [124].

6.2.3. LP jet function

To one loop accuracy, the LP factorization formula Eq. (6.18) can be expanded as

VH(p1,p2) = J](co) & H}O}’” ® J}—O) ® S
(1) (0),n (0) (0) (0) (0),n 1) (0)
+ I oH el 9SO+ IV o H el oS

f
(0) (1), (0) (0) (0) (0), (0) (1)
+J; ®Hf7f ®Jf @S+ J; ®Hf7f ®Jf ® S, (6.48)
where, similar to Eq. (6.26), we assummed that the jet functions have the perturbative

expansion

63 AEM J(l)

Ji=J;7 + Pl

cganm\’ (2) 5
() S0 0. (649
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and with a similar expansion for the hard and soft functions.

The jet functions can be defined in terms of the matrix elements

Jr(p1,n1) = (p1[$(0) Wy, (0,00)[0) , (6.50)

and

J(p2,n2) = (p2| Wi, (00,0) 1(0)0) (6.51)

where W, (z,y) represents a Wilson line defined by

W (2, y) = exp {ieeq /: dsn.A(sn)} (6.52)

The choice of the gauge-link vectors n; and ng is free. Given that their function is
to mimic the coupling of photons collinear to the outgoing fermion to the opposite
moving hard fermion, we will make for computational convenience the choice n; = n¥,
ny = n~ and drop the second argument in Egs (6.50) and (6.51) from now on. At

lowest order in perturbation theory, the jet function is given by
Jj(»o) (p1) =u(p1) and JJ(FO) (p2) = v(p2). (6.53)
The one loop contribution to J;(p1) is given by

0
(i [ a [ do alG(OIns AL )D(0) A ()0

2 2= 7/L+(P1—k+m)
= ie“e,u(p1) /[dk] 2o — k)2 —mZ[ns k] (6.54)

where we considered the vertex correction, which is the only 1PI contribution. Further-

more, we work in Feynman gauge as this was also the choice of gauge in the previous
subsection. The corresponding diagram is shown in Fig. 6.5 (a), where the double line

represents the linear Wilson line propagator

I
ny

[nik]

(6.55)

The little hook at the end of the outgoing fermion line indicates that we have to

include the spinor @(p;). A small calculation yields

1) = (15 ate) BT (1205, (6.56)
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Figure 6.5.: Figures (a) and (b) show the diagrammatic representation of the one loop LP
jet functions J}l)(pl) and J}l)(pg) respectively.

where we used the identity
2 _hy ) 2
VL-&- ) < 2 9 o p 2
to put the result in a familiar form.

Similarly, the one loop contribution to Jz(pz2) is shown in Fig. 6.5 (b), where the
Wilson line propagator is now given by

E—E (6.58)

The result reads

2\ I'(e)erm 2me

T () = (£ 1 op). 6.59
f (p2) m? ) e(1—2e) + 3 prJoiee) (6.:59)

Comparing the jet functions in the two directions, one observes the symmetry pf <>

—ph, and hence also the symmetry nf{ <+ —n’. The origin of the minus sign is related

to the fact that the momentum p, along the anti-fermion leg is taken outgoing, thus

against the fermion flow, while for the quark leg the (outgoing) momentum p; goes in

the same direction as the fermion flow.

Before we can verify the above jet functions, we need the soft and hard functions.
Their tree level expressions can be easily matched to the full tree level diagram —

shown in Fig. 6.4 (a) — which reads

u(pr) (—iey") v(p2) - (6.60)
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This can be compared to the factorized expression
IO QH " @I @850, (6.61)

Given that the tree level expressions for Jy and Jf are just the spinors, we obtain the

following:

H](co; M= —iee ", SO =1, (6.62)

We now have the ingredients to verify the jet functions Jy and Jf up to one loop by
comparing with the results obtained with the method of regions. That is, we can
compare the factorized expression

(1) (0),pe (0) (0)
Jf ®ny}F ®Jf— ® S (6.63)

with the c-region of the vertex function V#(pq, p2). Substituting the results calculated

above, we get

JHeH " @ I @ O
2

!
- () H2mw0 (1- 22995 ) [ o]t

. _ 2N\T1 2
—zeequ(pl)v“v(pg)(;:ﬂ> L2+E+4+<22

+ O(e)} +O(\), (6.64)

where in the last line, we only kept the LP term and performed the expansion in e.
Recalling the relation Eq. (6.22) between the vertex function V#(p1,p2) and the form
factors, we indeed find agreement with the collinear expansion of the form factor F;
at LP given in Eq. (6.41). Similarly, one finds agreement with the LP term of the

factorized expression
I o HO" o g0 @ 5O (6.65)

and the LP terms of the ¢-region of V#(py,pa).
Finally, we give the LP one loop hard function

2 €
W . 1% 2 3
Hf7f#——1€6q’7“(§> [—62——8—&—(2 +0O(N), (6.66)
which is just equal to the one loop hard region. As discussed in more detail in the next
subsection, we are mainly interested in the hard-collinear part of the factorization and
we therefore work with bare form factors. As a result, we saw that the soft momentum
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region vanishes, so we can assume that the soft function is trivial, i.e. S(® =1 and
SM =o.

6.2.4. Discussion

In view of verifying the NLP factorization formula Eq. (6.19), it may be useful to
elaborate on the results given in this section for the LP factorization formula. As said
before, the factorization of the amplitude at leading power is well known, and often

presented in the following form in the literature:

Jf(p27 n_>
jf(nJra ni)

Jf(P17ﬂ+)

— nt-n7). .
AT ® S ). (6.67)

Vi'p (p1,p2) = ® HY:(pf,py) ®
A few words of explanation are in order. The hard function H*(p}, p, ) represents the
virtual hard modes contributing to the amplitude, and thus it depends on the large
momentum components pf and p, . Next, we have the contribution due to the jet
functions, which reproduce virtual collinear and anti-collinear modes. Their operator
matrix definitions were already given in Eqgs. (6.50) and (6.51). Lastly, Eq. (6.67)
contains the soft function S(n™ -7~), as well as the eikonal approximation of the two
jet functions, all defined in terms of the vacuum expectation value of Wilson lines.
That is:

for the soft function, and

jf(617n+7ﬂ) = <0’W51(0,—OO)Wn+(OO,O)‘O>,
Tf(Ba,m™, 1) (0]W,,- (0, —00) W, (20,0)[0) , (6.69)

for the two eikonal jet functions. Again, one has the freedom to choose 51 = n~ and
B2 = nt.

It is important to notice that Eq. (6.67) describes the factorization of the form
factor after soft and collinear singularities have been removed from the hard function,
and they appear explicitly in the jet and soft functions. Let us clarify this relevant
point. Loop corrections to the amplitude V# (pl,pz) in general contain soft and
collinear divergences, in case of massless fermions, and just soft divergences, in case of
massive fermions, as considered here. Calculating V* (pl, p2) by means of the method
of regions generates spurious singularities within each region, such that the original

singularities are reproduced only after the sum of all regions has been taken. At one
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loop — and as we will see in the next chapter also for two-loops — the massive form
factors receive contributions from the hard, collinear and anticollinear regions. We
would like soft singularities to be associated to the soft function S(5 - 32), however, the
latter corresponds to the contribution one would obtain from the soft regions, which is
known to be scaleless. The standard interpretation of scaleless regions in dimensional
regularization is that one has soft and ultraviolet divergences cancelling each other,
such that 1/e;p — 1/eyy = 0. Conventionally, UV poles are removed from the soft
function, and inserted back into the hard function which becomes finite. The soft
function then contains the leftover infrared divergence, and it is a pure counterterm.
Given the definitions for the soft function S and the jet functions J¢ and J§, soft and
collinear poles appear in all three functions and are double-counted. For this reason
they need to be removed from either the soft function or the jet functions. This is
achieved in Eq. (6.67) by dividing with 7y and Jf.

Now, in this thesis we are mostly interested to check that the jet functions
appearing at subleading power are able to reproduce the contribution given by the
collinear and anti-collinear regions. We aim to reproduce the factorization theorem in
Eq. (6.67) (and its generalization at subleading power, to be discussed) in its “bare”
form, i.e., before soft (and collinear) singularities are reshuffled into pure-counterterm
soft and eikonal jet functions. For the leading power contribution this implies that we
can write the factorization formula as

Vil (p1,pa) = J3(p1) @ Hy (3 ) ® J3(p2), (6.70)

where the index b, for “bare”, means that no reshuffling of soft and collinear singularities
has been considered. In what follows we will always intend a factorization theorem as

written in Eq. (6.70), and drop the index b for simplicity.
This concludes the discussion of the LP factorization formula, Eq. (6.18). Before

we turn to the NLP factorization formula, Eq. (6.19), let us summarize the strategy

we used in this section to verify the LP factorization formula:

1. First expand the form factors in momentum regions. As said before, some of the
jet functions appearing in the NLP factorization formula start at two loops. We
will therefore consider the two loop form factors and discuss their region analysis
in chapter 7.

2. Next, we construct operator matrix elements for the jet functions. We already
gave the definitions for the LP jet functions Jy and J¢ in Egs. (6.50) and (6.51)
respectively. In chapter 8, we will propose operator matrix elements for the NLP

jet functions.



From power counting to factorization 167

3. Before we can verify these jet functions, we need to match with the appropriate
hard functions. We will also discuss this in chapter 8.

4. Finally, we can compare the resulting factorized expression with the momentum
regions. In particular the regions with collinear scaling (¢ and ¢) are a good

cross-check for the jet functions.






Chapter 7.

Region analysis of QED massive

fermion form factor

This chapter is based on [2].

In the previous chapter, we discussed how IR singularities of Feynman integrals can
be analysed. Together with IR power counting, the leading (LP) and subleading
contributions to an amplitude can be categorized, with the result up to next-to-leading
order in the power counting (NLP) summarised in Fig. 6.3. These diagrams can be
cast into the factorization formulas given in Eq. (6.18) for the LP contribution, and
Eq. (6.19) for NLP. We then considered the simplest QED process that gives non-trivial
contributions to all the jet functions appearing in Eqgs. (6.18) and (6.19), namely, the
decay of an off-shell photon of invariant mass () into a massive fermion anti-fermion
pair of mass m. We reviewed the LP factorization formula and in particular how this

can be varified using the method of regions.

The purpose of this chapter is to provide data that can be used to validate the NLP
factorization formula Eq. (6.19). Since some of the jet functions at NLP appear for the
first time at NNLO, we consider the two-loop calculation of the massive form factors
evaluated within the method of regions. The two-loop result is known [124, 132], and
in recent years a lot of effort has been devoted to the calculation of the three loop

correction [125, 133-143], although no complete analytic result as yet exists.

It is possible to use geometric methods (see e.g. [144-146]) to reveal all regions
contributing to an integral. In the case of the problem at hand we find it is still
possible to find all regions contributing up to two loops by straightforward inspection
of the propagators in the loops. One advantage of this method is that the regions
are directly associated to the scaling of the loop momenta, rather than to the scaling
of Feynman parameters, as when geometric methods are used. This will allow us to

relate more easily to the factorization formula.

Besides providing more data for the comparison with Eq. (6.19), the calculation
carried out in this chapter has intrinsic value of its own. For instance, one feature of
the region expansion, which was found in [127, 147, 148], is that, at the level of single
integrals, more regions appear at two loops, that were not present in the calculation
at one loop. This is problematic for the derivation of factorization theorems valid at

169
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all orders in perturbation theory. It is clear that if new momentum modes appear at
each order in perturbation theory, no factorization theorem can be expected to be
valid to all orders in perturbation theory. However, it was already observed in [149]
that, although new regions appear in single integrals at two loops, their contributions
cancels when summing all diagrams, i.e., at the level of the form factors. The analysis
in [149] considered only the LP terms in the small mass expansion; our calculation
shows that the ultra-collinear regions cancel also at NLP, at the level of the form
factors. This result gives confidence in the all-order validity of factorization formulae
such as Eq. (6.19), whose derivation is based on power counting arguments [25] using

the momentum modes appearing at one loop.

Another well-known feature of the method of regions is that expansion of the
integrand in certain regions may render the integral divergent, even in dimensional
regularization, so that additional analytic regulators are necessary in order to make
the integral calculable. We check that this is indeed the case for the massive form
factor, starting at two loops. Analytic regulators were already applied in the past
to the calculation of single integrals. Here, we need to apply analytic regulators to
the calculation of different diagrams, which gives us the opportunity to discuss a
few different regulators in detail and verify their consistency by checking that the
dependence on the analytic regulator cancels at the level of single integrals, given that

the full result does not require analytic regulators.

This chapter is structured as follows. Sec. 7.1 describes the general approach
we adopt for the expansion by regions, while Sec. 7.2 presents the corresponding
technical details. As will be discussed there, we compute diagrams categorized into
three different topologies depending on the flow of the internal momenta, which we
denote by A, B and X.! The main results are provided in Sec. 7.3, where we list
explicit expressions of the form factor specified per region, up to NLP. We conclude and
discuss our results in Sec. 7.4, pointing to several interesting subtleties we encountered,
which can be relevant for chapter 8 where we discuss the NLP jet functions in more
detail.

In App. C and D, we present further technical details related to the use of rapidity
regulators and the regional analysis performed in topology X, which is the most
challenging of the three topologies.

We adopt the definition of topology as given in [150] in the context of IBP reductions for Feynman
integrals.
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(h)

Figure 7.1.: Diagrams that contribute to the massive form factor at two-loop in QED. The
dashed lines in diagram (a) represent massless fermions.

Pl Pl
p1 P1
b2 D2
S S

Figure 7.2.: Diagrams with a closed fermion loop that cancel in QED by Furry’s theo-
rem [151].

7.1. Calculational steps

Here we describe the general approach that we adopt throughout the rest of this

chapter, deferring a discussion of technical details to Sec. 7.2.

7.1.1. Diagrams contributing to the two-loop form factor

The diagrams that contribute to the massive form factors, Eq. (6.22), at two-loop are
displayed in Fig. 7.1. There are eight diagrams in total, labeled (a) - (h), with p; and py
denoting the external momenta of the outgoing fermion and anti-fermion respectively.
Solid and dashed lines are used to represent massive and massless fermions respectively.
Fig. 7.2 suggests there are two additional diagrams, but these diagrams cancel by
Furry’s theorem [151]. Concerning diagram (e), note that the fermion running inside
the loop does not need to correspond to those on the external lines, but here we ignore
this possibility for simplicity as it would introduce an additional hierarchy of scales
that makes the power counting much more involved. Diagrams (b) and (c), as well as
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(f) and (g), are related by exchanging p; and ps and therefore we expect this symmetry
to be present also during an expansion by regions.

In anticipation of our regional analysis, it is convenient to classify diagrams (a) to
(h) into three different topologies labeled A, B and X which are distinguished by the

flow of their internal momenta.

7.1.2. Topology classification

Starting with diagrams (a)-(d), we note that the Feynman integrals contributing to

these diagrams share the following parameterization

1 1 1 1 1
Lniny = [ [dky][dk
N L e o e e
1 1
% (7.1)

[(ky—p2)? =m?]"e [(ka—p2)? —m?]"7
which we define as topology A. In Eq. (7.1), k1 and ks denote the internal loop momenta
and the integer n; represents the generic power associated to the ith propagator.

In a similar way, the integrals associated to diagrams (e), (f) and (g) in Fig. 7.1

can be parameterized by

1 1 e

bs,ba,b5,b6 _ H3

o506 = [ [dkq||dk 7.2

™ = ) e e e -
pa T Mo ® 1

X

(k1 4k —p1)? —m?|mat0s [(ky+p2)?]s t0s [(ky+ko + p2)? —m?]metbe [(ky+kg)?]m7

and this defines topology B. An important distinction compared to topology A is
the appearance of the complex numbers b; associated to propagators 3,4,5 and 6 in
Eq. (7.2), where artificial scales p; with unit mass dimensions have been introduced
on dimensional grounds. The need for the powers b; can be seen as follows. When
expanding in momentum regions, one finds eikonal propagators that contain only
the k::r or k; momentum components. As a result, additional divergences may arise
from the k;” and k; integrals because the dimensional parameter e regulates only the
transverse momentum components k; | . Various regulators have been introduced in
the literature to tame these rapidity divergences, e.g. space-like Wilson-lines [152],
0 regulators [153-157], n regulators [158, 159], exponential regulators [160], analytic
regulators [161-164] and pure rapidity regulators [165]. In this thesis, we adopt the
analytic regulator [161], meaning that we raise the relevant propagators to complex
powers b;. The rapidity divergences then manifest themselves as poles in b;, similar to

poles in € that one encounters in dimensional regularization. As will be described in
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greater detail in Sec. 7.2.2, one does not need to add all four regulators b; simultaneously
to regulate the rapidity divergences present in diagrams (e), (f) and (g). However, we
do need to make different choices per diagram, and therefore the parameterization in
Eq. (7.2) captures all three diagrams at once. Furthermore, we point out that the b;’s
do not need to be different; in fact, we will see that only a single regulator is sufficient
in topology B. We refer to App. C for more details, as well as for a study on the use of
other rapidity regulators. Note that the rapidity divergences show up only as a result
of the expansion by regions, since the corresponding full Feynman integral gets fully
regularized by the dimensional regulator ¢ alone. This observation provides us with a

valuable cross-check: all dependence on b; must cancel once all regions are combined.

Finally, we come to topology X, which corresponds to diagram (h) and is charac-

terized by the parameterization

1 1 2bs3 2by
Jb3:b405,06 /[dk’ﬂ[de] H3 Hy
Xi{ni} k%n1 k%’rm [(k2 7p1)27m2]n3+b3 [(k1+k27p1)27m2}n4+b4

pa" e 1

X Y
[Crr-+p2 2= [+ )P e (hy +a )7

(7.3)

where again we need b; # 0 in order to regulate rapidity divergences that show up

once we expand by region.

7.1.3. Summary of technical details

A common approach in the computation of higher order loop diagrams is to reduce the
many Feynman integrals to master integrals using integration by parts (IBP) identities.
When it comes to calculating these integrals following the method of regions one has
two options. Either one first reduces the large number of integrals in each topology,
Eqgs. (7.1)-(7.3), to master integrals before expanding by regions. However, as we
are interested in an expansion up to NLP, the expansion of a master integral into
its momentum regions might lead to many additional integrals, so that again a new
reduction to master integrals is recommended per momentum region. Or, one might
as well first expand by regions and only perform an IBP reduction at the very end of
the calculational steps. Ultimately, these two ways are equivalent and cannot lead to
different final results. We will discuss these alternative approaches further in Sec. 7.2.1,
where we also point out the subtleties that enter while expanding the topologies in

different momentum regions.

Another difficulty we encountered concerns the analytic regulators that we added
to topologies B and X, Eqs. (7.2) and (7.3). Although the analytic regulator is a
convenient regulator when computing Feynman integrals, it has the downside that the
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usual IBP reduction programs cannot handle non-integer powers of the propagators.
To the best of our knowledge, only Kira [166] is suitable for this, which we therefore
adopt as our standard IBP reduction program. In topology A, which does not require
rapidity regulators, we also use LiteRed [167]| as an independent crosscheck of our

results.

As discussed in Sec. 6.2.1, the one-loop form factor contains just three momentum
regions: hard, collinear and anti-collinear. However, the number of momentum regions
is much larger at the two-loop level. First, the two loop momenta ki and ko can
have different scalings, which already gives nine possibilities that combine the hard,
collinear and anti-collinear momentum regions. Second, we find the appearance of
two new momenta scalings: ultra-collinear and ultra-anti-collinear; the contribution
from such regions was already observed in [148|. Finally for topology B and X, new
regions might appear when one shifts the loop momenta before expanding in regions.
Although such a shift leaves the full integral invariant, it can lead to additional regions

when expanding.

A summary of our work flow is given in Fig. 7.3, which shows the steps we have
discussed so far. Not shown is the final step, which consists of verifying whether the

small mass limit as given in [124, 168] is reproduced after collecting all regions.

7.2. Region expansions

Having presented the computational scheme in Sec. 7.1, we now move to the technical
details of the calculation of the integrals in topology A, B and X using the method
of regions. An important remark from the outset concerns the distinction between
the regions present at the level of the diagrams in Fig. 7.1 on the one hand, and the
integral level on the other hand; these do not necessarily coincide as non-vanishing
regions at the integral level can cancel when combined to constitute the diagrams.

The results presented in this section should be understood at the integral level.

We shall now discuss topology A, B and X in turn. For each topology, we analyze
first the associated regions (at the integral level), followed by a discussion of its IBP
relations. At the end of each topology subsection, we provide a brief summary of the

aspects that enter the computation of the momentum regions.

7.2.1. Region expansion of topology A

As explained in Sec. 6.2.1, it is convenient to use light-cone coordinates, Eq. (6.34),
to identify the various momentum regions that lead to non-vanishing contributions.

At one-loop we found that only momentum modes h, ¢ and ¢ contributed. This
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‘ Two-loop massive form factor ’

il

‘ Topology A ’ ‘ Topology B ’ ‘ Topology X ’
‘ € regulated ’ ‘ €+ v regulated ’ e+v1+vs regulated ’
b e Expansgion by Expansiion by
regions + IBP (Kira) regions + IBP (Kira)
IBP IBP IBP (Kira)

‘ Solve master integrals and collect results

Figure 7.3.: Flow diagram displaying the pipeline of our NLP region analysis of the QED
massive form factor. The diagrams in Fig. 7.1 are classified into either topology
A, B or X depending on their momentum flow. We regulate each topology using
dimensional regularization, denoted by ¢, plus additional rapidity regulators,
denoted v, in case of topology B, and v, 2 in case of topology X, as it turns
out to need two rapidity regulators. For each topology, we expand the relevant
integrals by regions and then reduce the result into a simpler set of master
integrals with IBP reduction using Kira [166].

picture changes as soon as we move to the two-loop level where we receive additional
contributions coming from momentum modes such as uc and ug, as defined in Eq. (6.36).
In total, there are 25 possible combinations of momentum modes at the two-loop level.
However, many combinations vanish because they lead to scaleless integrals. For the
Feynman integrals contributing to diagrams (a)-(d) we find 11 non-vanishing regions:
hh, cc, ¢¢, cé, éc, ch, hc, ¢h, hé, ucé and uce, with the momentum flow as indicated in
Tab. 7.1 on page 186. Even though the power expansion for the momentum modes is
straightforward using e.g. Tab. 6.1, the resulting integrals can in general become quite

involved. Let us illustrate this by highlighting several subtleties that enter here.

The first subtlety we want to discuss concerns the interplay between the usual

IBP reduction and the region expansion. To this end, we consider as an example the



176 Region analysis of QED massive fermion form factor

hh region of topology A, Eq. (7.1), which up to LP reads

11 1 1 1
k™ k" (R — R2)?]"s [kF + ke py ] (K5 + oy pf 7o

1 1
- —— +0(N\?), (7.4)
(kT — k;rp2 Jne [k3 — k;pz |7 ( )

IA‘
hh

— [ ik ane

while many additional terms occur beyond LP. To see this, we expand the fourth
propagator of Eq. (7.1) in the hh-region up to NLP

1 1 ki py 4
= — + O (A
(ki+p)—m? K +krpl (B 4k p)? ()
1 2 k2 _ k2 _ kJr —
m= ki — [k~ k] +O\Y) . (75)

kR +kipt 5 [k +kopy)?

In the second line of Eq. (7.5) we used the identity p; = (m2/§) py to rewrite the
power expansion in terms of the first, fourth and sixth LP (inverse) propagators
appearing in Eq. (7.4). Typically, one can perform an IBP reduction on the full
integrals for a given diagram and then expand by regions. However, Eq. (7.5) shows
that after the regions expansion, the number of integrals increases considerably again
beyond LP. Therefore, a new IBP reduction applied to the hh-region is called for.
Instead, one might just as well expand the full integrals in the momentum region, and
perform a single IBP-reduction on region integrals at the end.

As a second subtlety, note that in order to set up the IBP reduction for the
expanded topology, the LP propagators of Eq. (7.4) appear in the last line of Eq. (7.5).
Similarly, as shown for the fourth propagator in Eq. (7.5), we can rewrite the power
expansion of the fifth, sixth and seventh propagator in terms of the corresponding LP
propagators, where we can use the identity p;r = (m2 / §) pf for the sixth and seventh
propagator. This implies that Eq. (7.4) defines a closed topology for the hh-region up
to arbitrary order in the power expansion. This is particularly useful when applying
IBP relations, because it leads to the smallest number of master integrals to solve.
Along similar lines, the full power expansion of the cc and ¢c region can also be written

in terms LP propagators only.

Another subtlety concerns regions where the loop momenta k; and ko scale
according to different momentum modes, which requires extending the expanded

topology by an additional propagator. For example, consider the expansion of the
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denominator of the third propagator in Eq. (7.1) in the éc region

(k1 —ko)® = ki —2ky, 1 ko + k5 —ky k3 —kiky . (7.6)
A2 ~1 24

The perpendicular components in Eq. (7.6) cannot be rewritten in terms of the LP
propagators from Eq. (7.1). Rather than adding —2k; | - k2 1 to the éc topology, we
instead rewrite this as

—2k1 1 ko1 = —2ky - ko + K ky + ki kS (7.7)

and add [—2k; - ko]~ as an additional propagator to the ¢c topology. The same logic
can be applied to other regions where k; and ko scale differently. Eq. (7.7) shows
that standard propagators may turn into non-standard propagators of the form ki k;
which cannot be given directly as input to the IBP programs that are currently on the
market. We treat these in the following way, which we will refer to as a loop-by-loop
approach. First, we rewrite ki k; as kq - (k2+ n~) and perform an IBP reduction over
k1 while considering ks and ki n~ as external momenta similar to p; and ps. By doing
so, the integrals over ki get reduced to a smaller set of integrals. Next, we repeat
the first step but now switching the roles of ky and k1, i.e. we perform IBP over ky
rewriting k; k3 as (k; nt) - ko, while considering k; and k; nT as external momentum.
Again, the number of integrals over ky gets reduced. The combination of both IBP

reductions over ki and ko leaves us with a smaller set of (two-loop) integrals to solve.

Finally, one must be careful when dealing with regions where one of the loop
momenta has hard scaling and the other has (anti-)collinear scaling. As discussed
above, one can define a closed topology containing the LP propagators and the addition
of an eighth propagator [—2k; - ko]~ "8. However, because a loop-by-loop IBP reduction
may lead to new propagators that are not part of the expanded topology, adding these
propagators to the topology does not work as this leads to an over-determined topology.
A possible solution, which we used for topology A, is to perform the IBP reduction
over the loop with hard loop momentum and then compute the master integrals. After
that, the left-over one-loop integrals with (anti-)collinear loop momentum will be

simple enough to calculate directly.
Let us summarize our strategy for topology A:

1. Expand Eq. (7.1) in a given momentum region and rewrite subleading corrections

in terms of the LP propagators.
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2. Use IBP relations that can either handle both loops over ki and ko at the same
time or adopt a loop-by-loop approach by introducing a non-standard additional
propagator [—2ky - ko] 8.

3. Solve the resulting master integrals and repeat steps 1-3 for the remaining

momentum regions.

7.2.2. Region expansion of topology B

As we already stated in Sec. 7.1, the Feynman integrals needed to calculate diagrams
(e), (f) and (g) in Fig. 7.1 can be classified as part of topology B, defined in Eq. (7.2).
More specifically, all integrals obtained from diagram (e) have the form I%S;ﬁ{béﬁ"b‘}
with both n3 < 0 and ns < 0, the integrals of diagrams (f) satisfy nz < 0, while the
integrals of diagrams (g) correspond to ns < 0. The integrals of diagrams (e) thus
belong to a subclass of the integrals associated to diagrams (f) and (g). Consequently,
the regions contributing to diagram (e) form a subset of those contributing to diagram
(f) and (g). In addition, the integrals of diagram (f) and diagram (g) can be related to
each other by the transformation p; <> po, k1 <> —k1 and ks <> —ks. In the following

we will discuss the regions obtained in diagrams (e), (f) and (g).
Diagram (e)

Starting with the integrals of diagram (e), we find that the regions hh, he, ¢h, cc and
¢c contribute.? Of these, the first three regions are free of rapidity divergences, so
that we can set the analytic regulators b; = 0 in Eq. (7.2) either at the beginning or
at the end of the calculation (both giving to the same results). Taking b; = 0 from
the start, we can treat these three regions similarly to the corresponding regions in
topology A, as we discussed in Sec. 7.2.1. However, there are two other regions, the cc
and cc regions, that do have rapidity divergences, so that here the regulators b; must
be kept. fortunately, we do not need to include four regulators b; in the calculation.
Because ng < 0 and n; < 0 we can safely take b3 = 0 and b5 = 0 at the beginning
of the calculation. Interestingly, we find that we cannot take by = bg to regulate
the rapidity divergences of all integrals®, although taking either by = 0 or bg = 0 is
possible. We therefore call bs = v and b3 = by = bs = 0 with corresponding scale

1 = fi as our scheme to regulate the rapidity divergences in both the cc and ¢c regions

2Note that the hé-region and he-region, as well as the ¢h-region and ch-region are equivalent for this
diagram. Furthermore, these two regions only appear at the Feynman integral level, but cancel at
the diagram level as will become clear in Sec. 7.3. Similar cancellations occur for diagrams (f), (g)
and (h).

3Indeed if we take by # bg, the integrals are proportional to T'(bs — bg). A similar situation was
encountered in Ref. [169].
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of diagram (e). Note that this particular choice breaks the symmetry between the cc
and ¢c regions. Nevertheless, after combining all of the above five regions, our result
up to NLP for each integral, has no rapidity divergence. Moreover we find agreement
with the corresponding result obtained by expanding the full result in Ref. [132, 170]

in the small mass limit.
Diagram (f)

The regions needed to calculate the integrals of diagram (f) are more complicated.
First, the integrals of diagram (f) satisfy n3 < 0. Similar to diagram (e), we encounter
rapidity divergences in the cc and ¢ regions, and in order to handle those we take
bs = by = 0 and by = bg = v with corresponding scale us = pug = fi. However, we find
that the rapidity divergences do not cancel after summing the cc and ¢é¢ regions. We

therefore expect that there is at least one more region with rapidity divergences.

Indeed, in addition to the five regions for diagram (e) (hh, hc, ch, cc and cc), we
find three additional contributing regions, although it is not straightforward to define
these three regions in momentum space using the definition for I g:{b:ﬁs’ba in Eq. (7.2).
We exploit the freedom to shift ks — —k; — ko to so that topology B can be written

as:
1 b3,b4,b5,b6 1 1 Mgbs
I Bi{n;} - /[dkl][de] [k’%—mQ]”l [(k1+k2)2_m2]n2 [(kl _p1)2]n3+b3 (78)
pa pa pgle 1

X .
[(Ba+p1)? =m?|ratbs [(ky+p2)?]"o+bs [(ky—p2)? —m?]retho g3ne

We stress that I%s;i{b;;gs’bﬁ and I’ E’;’fflfﬁf”bg are equivalent before region expansion due
to the Lorentz invariance, but this is not always the case for a given region, i.e. after
expansion. For example, in the cc-region, the loop momenta k; and ks have the same
momentum scaling and as a result, the shift ko — —k; — ko does not change the scale
of the propagators nor the results of the integrals. However, in the hc-region, the
shift ky — —k; — ko changes the leading behavior of the second, fourth, sixth and
seventh propagator of Ig‘;’{b:;?’bﬁ and as a result we find a different he-region through
this shift. In general, one must be aware that different momentum flows can lead to a
different scaling of the leading term in the propagator and uncover additional regions
as a result. This illustrates the alternative viewpoint that regions correspond to the
scaling of the leading term in the propagators rather than the loop momenta itself, a
reasoning which connects also to the geometric approach in parameter space. However,

in view of factorization, it is more convenient to still think about the scaling of the
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Figure 7.4.: Momentum regions that contribute to the integrals of diagram (f) before and
after applying the transformation ks — —ki — ka2, corresponding to Iy and I}
respectively. The dashed arrows represent how the regions in Iy transform
accordingly, e.g. the original hc-region maps onto a new hh-region after the
collinear mode ks mixes with the dominant hard scale associated to k1. Note
how two previously uncovered regions, é¢’ and cuc’, and a different he-region
appear after the shift, where the éc’-region removes the rapidity divergences
present in the cc and ¢c regions. Regions that remain invariant are displayed
on top of each other, while additional regions are shifted outwards so that all
regions are found by collapsing the top row onto its base I;.

momentum modes of the loop momenta, rather than the scaling of the leading term in

the propagators.

Based on the new definition I’ lg’_’f:ﬁs’%, we find three additional regions: ¢c’, hc/

and cuc’, as illustrated in Fig. 7.4. Besides a modified hc-region, we also find ec’

and cuc’ as complete new regions. Apart from these three regions, we do not need
b3,ba,b5,b6

other regions based on I’ (ni}» @S these are the same as the corresponding regions
given based on 123_1{}’;??5’}'6. The appearance of the cuc’-region for example can be

understood as follows (the ¢¢’-region following similarly). First, note that the last
propagator, 1/k2, in Eq. (7.8) has ultra-collinear scaling in the cuc’-region. Having
found this region in this way, it is also clear that we could not have found it in the
original momentum routing. First, it is not possible to select scalings of both loop
momenta such that the last momentum factor is ultra-collinear. Second, it is only
possible to make the last propagator have an ultra-collinear scaling if one considers the
ucuc-region, which leads to scaleless integrals. This is because the masses and external
momenta in the propagators of Eq. (7.2) have harder scales than the loop momentum
with an ultra-(anti-)collinear mode, thus kinematic configurations where one of the
loop momenta is ultra-(anti-)collinear are always scaleless. In other words, in the
parametrization of Eq. (7.2), the propagator (ki + k2)? can produce a leading term
with uc scaling only if k1 and ko are large and opposite, so that they almost cancel.
Thus this ultra-collinear kinematic configuration can only be revealed by the shift
leading to the parametrization in Eq. (7.8). A similar circumstance has been discussed

in Ref. [130] at one-loop, where a soft region arises in the kinematic configuration in
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which the loop momentum is large and opposite to an external momentum, such that
their sum is soft. In general, revealing such regions by means of momentum shifts in
order to find the scaling of the leading term may become ever more intricate at higher
loops, due to an increasing number of loop momenta that can conspire to yield new
regions. We can still validate our results in another way though. Combining the new
cc’-region with the cc-region and ce-region from before the shift, we remove all the
rapidity divergences belonging to the integrals of diagram (f). Furthermore, combining
all of the above eight regions, we obtain the result up to NLP for each integral of
diagram (f), reproducing the corresponding result found by expanding the exact result
in Refs. [132, 170] in the small mass limit.

Diagram (g)

All the Feynman integrals for diagram (g) fall in the category of Eq. (7.2) with ns < 0.
Diagram (g) is related to diagram (f) by the transformation p; <+ pa, k1 <> —k; and
ko <> —ko. Naturally the rapidity regulators should also be exchanged: b3 <> b5 and
by <> bg. Thus we choose as rapidity regulators b3 = by = v and b5 = bg = 0 with
corresponding scales pz = p14 = fi. All the regions from diagram (f), corresponding to
the hh, hé, ch, cc and e, cé’, he¢' and cuc’ regions can then be copied.

Remarks

Above we discussed how one can apply the rapidity regulators and find all the
contributing regions per diagram. However, the calculation of the integrals in each
region is not always straightforward and we therefore finish the discussion of topology

B with a few technical remarks on these calculations.

First, regarding regions without rapidity divergences, such as the hh, hc and cuc’
regions, we can safely set v = 0 and calculate the resulting integrals in each region
following the same methods as for topology A. We emphasize however that in topology
B (and also in topology X below) for the region including a hard loop momentum

and a (anti-)collinear momentum, one should be quite careful when calculating the

Ibg,b4,b5 \be
Bi{n;}

regions, e.g. the hc-region, and only then perform IBP reduction on the part with hard

Ib37b47b5;b6
Bi{ni}

integrals — which we generically denote by I — that include only the collinear-mode

loop momentum. Although in the hc-region Ig‘“’,’{b;fgs’bﬁ

and the b; have been set to zero, we find that rapidity divergences reappear in some of

expanded integrals. Specifically, one should first expand the full integral into

loop momentum. Then will be expressed as a linear combination of one-loop

is free of rapidity divergences

these I¢. The rapidity divergences are however expected to cancel among different I¢

IbB ,b4,b5,bg

leading to a finite 157"y

. In this particular case, one should choose an auxiliary
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regulator to regulate I7. The poles in this auxiliary regulator will then cancel to yield
a finite Ij;?fﬁﬁs’be. Alternatively, one can rearrange the integrands of I at the level of
Feynman parametrization so that the integrations over the Feynman parameters are

well-defined and finite without introducing extra regulators.

We use the first method to calculate the integrals in the region including a hard
loop momentum and a (anti-)collinear momentum, which is more convenient than
the second one when dealing with a large number of such integrals. We also use the
second method to calculate several integrals, always leading to the same results. Note

that such complexity does not appear in topology A.

Then, for regions with rapidity divergences, we first expand the integrals with the
rapidity regulator v and perform IBP reduction using Kira to obtain a set of master
integrals in each region. As a result, we only need to calculate the master integrals
with up to 2-fold Mellin-Barnes (MB) representations after expanding in the rapidity

regulator v and the dimensional regulator e to the required order.

Before moving to the last topology, we summarise the subtleties we have encoun-

tered in topology B:

1. Shifts in the loop momenta that leave the full integral invariant, can lead to
additional regions nonetheless. These are needed to find all regions, and remove

all rapidity divergences in a consistent manner.

2. The introduction of rapidity regulators requires detailed inspection on a case by

case basis depending on the given diagram.

3. One must expand in v before € as the rapidity regulator is a secondary regulator.

7.2.3. Region expansion of topology X

The Feynman integrals needed for the last diagram in Fig. 7.1, diagram (h), belong
to a new topology we denote as X, reflecting the shape of (h), defined in Eq. (7.3)
with n7 < 0. Due to a new pattern of rapidity divergences, which we will see when
analysing the cc and ¢c regions, X is the most complicated of the three topologies.
Focusing on the ¢é-region first, it suffices to set b3 = by = v and by = bg = 0
in order to regulate the corresponding rapidity divergence, but this choice does not
regulate the rapidity divergence in the cc-region. However, we note that the integrand
in Eq. (7.3) is invariant under exchanging p; < pa, k1 <> —k; and ko <> —ko, which
leads to a symmetry between the cc and éé-regions. Motivated by this symmetry one
may thus set b3 = by = 0 and b5 = bg = v, to regulate the rapidity divergence in
the cc-region. So in order to regulate simultaneously the rapidity divergences in the

cc-region and the c¢c-region, we choose by = by = 11 and bs = bg = 5. The associated
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Figure 7.5.: Similar to Fig. 7.4, now displaying the momentum shifts performed in diagram
(h) of topology X. Two shifts starting from Ij, are needed, to I; and I/, in
order to uncover all regions. In contrast to Fig. 7.4, we only display new regions
with respect to parametrization Ij,.

scales we shall denote by fi; and fio for v1 and vs respectively. Note that 14 = 15 leads

to an unregulated divergence, similar to what we saw in topology B for diagram (e).

According to the definition of topology X as given in Eq. (7.3), together with the
choice of rapidity regulators v1 and v, as argued above, we find 8 regions in total:
hh, he, ch, uce, cuc, cc, ¢ and ce. The rapidity divergences only appear in the last
three regions. However, their sum does not yet lead to a finite result in the rapidity
regulators v, and 1o, as can for example be checked for the integral with n; = 1 for
1 < 6 and n7; = 0, which is discussed in more detail in App. D.1. This requires us to
look for other regions with rapidity divergences, and this we do again by redefining the
loop momenta. Let us adopt the shifts ky — —k; — po and ko — —ko + p1 to redefine
topology X as

1 1 1
1 V1,V1,V2,V2
I X,{nl} = /[dkl][de] (k1+p2)2n1 (k2_p1)2n2 [/ﬂ%—m2]"3+"1 (79)
M%lll u%ul Mgug M§U2

X

[(k1+k2+p2)2_m2]n4+ul [k%_mQ]n5+l/2 [(k1+k2_p1)2_m2]n6+yg [(k1+k2)2]717 .

Note that the momentum in the last propagator should be (ki + ko — p1 + p2) rather
than (k1 + ko) according to the above shifts k1 — —k; — py and ko — —ko + p1.
However, this does not affect the analysis of the regions in diagram (h) as all the
integrals associated to diagram (h) satisfy ny < 0, meaning that (k1 + k2 — p1 + p2)?
appears in the numerator. After shifting, the integral I;’(l;’{”;gz”’z with n7; < 0 can

always be rewritten as a linear combination of 1"y /3%
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Vi,V2,V2

Adopting definition I’ Zg;’{m Y we find two new regions: the cc’-region and
the &c’-region, as shown in Fig. 7.5. In these momentum regions, (ki + ko)? scales
homogeneously, while (k1 + ks — p1 + p2)? does not, which provides another reason to
choose the last propagator in the form of Eq. (7.9). We have checked that the rapidity
divergences cancel after combining the cc ¢, éc, c¢’ and é& regions. However, to
obtain the correct result after combining all regions, we find that we need yet another
two regions. As it turns out these are the ch’-region and the ¢h”-region, without

rapidity divergences. These can be revealed by adopting the following parametrization

oYLV Ak ldk 1 1 ’u%l’l ‘u%ul
Xi{ni} = [ [dk1][dk2] (k1 —kg)2m k;nz [(k2 —p1)2—m2]mstvn [(ky —py )2 —m2]naty
2112 2V2
1
x - & . (7.10)

[(kl —ko +p2)2 _mQ]ns-FVz [(kl +p2)2 _m2]7L6+1/2 k%n7

as obtained from I;j(l,i{yéf’]fz’w after shifting k1 — ki — ko, as also shown in Fig. 7.5.

Combining all of the above 12 regions (hh, he, ¢h, uéc, ¢uc, ce, ¢¢, ce, cc', e, ch’ and
ch'") we indeed obtain the result up to NLP for each integral of diagram (h), consistent
with expanding the full result in Ref. [132, 170] in the small mass limit*.

Compared to the topology A and B, the calculation of the integrals in topology
X is more involved due to the appearance of two different rapidity regulators v and
vo. As remarked already at the end of Sec. 7.3.2, one should expand the integrals
first in the rapidity regulator(s) followed by the dimensional regulator ¢, as the v; are
secondary regulators. However, in the case of more than one rapidity regulator, we
need to further fix the expansion order in the ;. Here we choose to expand in vy before
expanding in 5. We emphasize that the expansion order in v; does not affect the final
results once all regions are combined as the rapidity divergences cancel. Of course,

additional rapidity regulators make the IBP reduction more complex. Even though

4The identification of the missing contribution may depend on the momentum shift considered. In
the case at hand, the shift k; — k1 — ko applied onto I;lf{"; “1}’2’”2 leads to the missing contribution
k] T

being identified with the ch/’- and the ¢h’’-regions. Note, however, that we always have the
freedom to apply two further shifts k1 — k1 + p1 and ko — ko — p2 onto I” ;{1‘,;;?:;2,:/2 which

make the contribution due to the ch”’- and ¢h/’ region unchanged, respectively. However, in this
case, the ch’/ and ¢h’/ can also be regarded as two sh h’’ regions (where by sh we indicate the
semi-hard scaling introduced in Eq. (6.37)) without changing the scaling of each propagator and
the final results of the integrals. From the point of view of a factorization analysis, the second
shift is more meaningful: this is because interpreting the new regions as ch’’- and ch’-regions,
one has a momentum configuration in which there is a lightlike edge with both endpoints in
the hard subgraph, which does not conform with the Coleman-Norton interpretation, which is
instead consistent with the sh b’/ regions interpretation. We refer to section 2.3 of [146| for further
discussions. Here we do not explore this issue further, because, as indicated in Table 7.3, these
additional regions (either identified as ch//- and ch’/-regions or sh h'’-regions) do not contribute
at the form factor level. From the point of view of a factorization analysis, this indicates that the
relevant regions at two loops are still just the hard, collinear and anticollinear regions identified at
one loop, which is consistent with the power counting analysis discussed in the previous chapter.
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the rapidity divergences are fully regularized by 14 (12) in the éé-region (cc-region),
meaning that we can choose v5 = 0 (11 = 0), this is not the case in the ¢¢’-region and

¢c’-region, where both v; and v are necessary.®
Summarising the subtleties we encountered in topology X, we find that

1. In contrast to topology B, topology X requires two unique rapidity regulators vy
and 5. One must adopt a consistent order with respect expanding in v; and vs.

2. We find altogether 12 regions, some of which only show up after rerouting the

internal momenta.

7.3. Results

We now present the main results of this chapter and list the various momentum regions
that contribute to the two-loop massive form factors F} and F. We switch viewpoint
from Sec. 7.2 and emphasize that the results here are at the level of the diagrams
rather than integrals. Recall that some momentum regions may not contribute at the
diagrammatic level even though they contribute at the integral level. An overview of
the various regions that contribute to each diagram is provided below in Tables 7.1-7.3

for topologies A, B and X respectively.
As discussed in Sec. 7.2, diagrams belonging to topology B and X may require the

introduction of rapidity regulators. Consequently, the corresponding diagrams acquire
poles in v (in case of topology B), and poles in v; and vy (in case of topology X).
Because the full form factor is independent of any rapidity divergences, the regulator
dependence must cancel after combining all regions; we check this explicitly in the

results we provide below. In this respect, two remarks are in order.

First, as we already observed in the one-loop result given by Egs. (6.40) and
(6.41), it is natural to factor out the overall scaling per momentum region, i.e.
(—p?/ §)6 and (p? /mQ)e for each hard and (anti-)collinear loop respectively. In con-
trast to the one-loop case, we now receive an additional contribution coming from the
ultra-(anti-)collinear region which appear with a factor (u?3> /mﬁ)e. Note that these
scales also appear as powers of v depending on the specific momentum region and as
a result of regulated propagators. For example, in the case of collinear scaling in ko,

one expands
[k3 — 2kapa)” = [~2kopy |” + O(N?),

which has hard scaling and thus leads to an overall factor (/12 / §)”.

5The integrals in these two regions were among the most challenging to calculate.
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topology A hh | cc | e | ch | ¢h | uce | wee

(a) vy
(b) v VR v
(c) IV v v

Table 7.1.: Overview of the regions that contribute up to NLP per diagram in topology A.

Secondly, it is important to note that any power of v that we factor out is irrelevant
for carrying out the check whether the rapidity regulators cancel in the full result.
This is due to the fact that except for the leading order term, all terms lead to finite

terms in v and thus vanish upon setting v to zero, e.g.

<ﬂ;>yi_(i?)yi:m<_22>+0<w, (7.11)

which shows how the regulator dependence indeed cancels. A side remark concerns the

opposite behavior of the signs associated to the hard and collinear scales in the case

of rapidity regulators, i.e. (u%/3)" and (—u?/m?), as compared to the scenario in
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topology B hh|cclce|ce |ec | ch | ch | he | hd | cuc | cuc
(e) Vv
Pl — k1 — k2
() Viiv|v v v v v
(2) Viiviv]v v v v

Table 7.2.: Overview of the regions that contribute up to NLP per diagram in topology B.
We denote with v regions that require a rapidity regulator. In black (blue) we
show the flow of loop momenta k1, k2 corresponding to the parametrization /g
(Ip).

which the rapidity regulator is absent, i.e. (—/42/3)E and (u2/m2)€. This is purely an
automatic consequence of a Wick rotation, as we explain in more detail in App. C.2.

In topology X, we have two independent rapidity regulators, v; and vo, and

therefore double poles may arise. Similar to the single pole case, these cancel as can

for example be seen by considering

i\t L (T (L
—m?2 vi H v3
2 2 2 ~
= —iln <—nf ) —|—lln2 (—Wf ) —1In (—Wf )ln ('{) + 0 (rr) (7.12)
Vs s 2 s s S

non
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topology X hh|cc|ce| ¢ | he|ch |cuc|uce| o cc

v Vo | V1 | V1,2 v v v v Vi,V | V1,V

Table 7.3.: Overview of the regions that contribute up to NLP in the topology X. Note the
presence of only one diagram here. As opposed to the topology B, two rapidity
regulators are needed to make all regions well-defined. Regions to which this
applies are denoted by 11 and/or v2. In black (blue) we show the flow of loop
momenta ki, ko corresponding to the parametrization Ix (Iy). We omit the
momentum flow of Iy as it does not contribute at the level of the form factor.

where the remaining single pole in v5 cancels against terms that have simultaneous

poles in 1 and vo,

M H ViVsy —m?2 3§ ViVs
1 2 2 ~2

~ "I <m) +In <m> In (“?) + 0 (1,1, (7.13)
Vo 8 $ S

while the finite terms in Eq. (7.12) and Eq. (7.13) combine to a double logarithm
of (—m?/3).

We now provide our results for F; and F3, split by the various regions as specified

in Tables 7.1-7.3 for topologies A, B and X respectively. For further checks and
in anticipation of a QCD generalization, we also list the QCD color factor for each
diagram, which would follow if the virtual photons were gluons. We finish this section
by commenting on the series of checks we have performed to validate our results

against existing results in the literature.

7.3.1. Topology A
Diagram (a)

QCD color factor: CrTrNy, with Ny the number of light flavors. For the QED
massive form factors, we can also allow for multiple light flavors, with different charges,
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and therefore we add an overall factor to diagram (a)
N
= Z E (7.14)
‘1 =1

with eg; the fractional charges of the light flavors. We divided out the factor €2 as it
was explicitly extracted from the form factors in Eq. (6.26). The results for diagram

(a) are:
e a) o 2 28 184353 WG 52y, 754
§ 3e3 962 27¢ 9 9 162
m? [ 4 110 4¢ 1615
o5 T o — 7.15
t3 <3€2 L N T ) ’ (7.15)
pea| o (#2117 456196 85 22 2012
Podee T \m? 3€3 9¢? 27e 9 9 81
m2/ 2 79 10C, 2575
e 2 - | 1
N § < 3e2 9e 3 54 > (7.16)
By symmetry, we have
FPY| = g (7.17)

For Fy we get

2\ 2 2
8 196 8(, 2498
F(27a) — H m e L. A 1
I <—§ B 3¢2 9 3 27 |7 (7.18)
2\ 2€ 2
4 98 20¢, 1249
FeO| o (£) Do 220 2 228 7.19
2 e m2 5 |32 o 3 27 (7.19)

(7.20)

cc
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Diagram (b)

QCD color factor: C%

2 2e€
1 7 B53—4¢ ¢ 323 355
F(Q’b)’ — L . - s PR
oden -5 3Tt T 2 3 8
m2 /9 55 36(,—513 55( 3171
02 _ _ 2 21
3 (63 T o de 2 98¢ + 8 ) ' (721)
2 2¢
(2.0) o 1, 6 1766 94Gs
Fy ’ (mQ) L3 + gt +46¢ + 3 T 14
m? 5  144¢, — 63 191 629
. 25 — — 22
+§(2e2+ e T T 8)’ (722)
peo| (N (Y[ o2 s s 166 92
Loden \m2 -5 3¢3 3e2 3¢ 9 3
m2/ 6 31 575 1997
_2 2 2 g - ) 2
3 ( 3732 e 18T )] (7.23)
282\ / 2\ 4 4 60( +8 112¢3 16
F(2:0) w-s L S S e C RN Yo VR 3 _ 22
! uce mb m2 3e3  3e2 3¢ G2 9 3
m2/ 3 8 —135(,—14 22
_2 8 T T R 0¢, — 98¢ — 2 ) | . 7.24
* § ( €3 3e? * 3e G2 ~ 2863 3 ) (7.24)
For Fy we get
2\ 22
6 31 12(,—235 1593
2 hh —3 H e €2 + 2¢ 316 + 64Gs 4 |’ (7.25)
peo| (2N 3 4Gy L 2 (7.26)
2 @ 2 3 €2 2¢ 2 BT '
2N/ P\ m2| 4 62 247 1705  32¢
F(va) — L M m _ _ — - 73 .2
2 )\ Z) Gletset et e T3 | (7:27)
F(Q’b) _ M2‘§2 ‘ & ‘ m72 3 + i + 90C;+8 + 20¢ “"%-FE (7 28)
2 uee  \mS m2 5 |e3  3e? 3e ) 30

Diagram (c)

Diagram (c) is related to diagram (b) via the symmetry ¢ < €.



Region analysis of QED massive fermion form factor 191

Diagram (d)

QCD color factor: C%

-5

F(g,d)‘ (P 2 1,2 2,417 N —24(, 4 184¢3 + 303 N 103¢3 35,
Lol el 63 2¢2 12¢ 10 2

152 631 279 16, — 32 —6(; — 16 73
" (3 n L < G2 n G2 (3 +

3 8 s \e €2 €
4 2
_% —174¢5 + % + 823> 1 , (7.29)

F2d

—99(s — 16(3 + 38

m2

2\*[2-3¢ -8, —13¢;+10 163¢2
cc: m2 62 * € B 5

" . (7.30)

m2 (12842 L 126726460 712¢2
€ €

. 2 440y 1360 +228)

F1(2,d)

3¢t 3e3 32 9¢ 5 9 3

m?2 —3

2N/ u2\© 2 5 22 2(8(3; —111) 4¢2 40 238
hz(u)(u)l L 208G —111) 4G 40y

2

m 4 16Cy —31  —84Cs + 480(; — 613
- S ( 3e3 - €2 - 6e
608(2 598(3 4411
22 190, — B 31
+ 5 + 20¢2 9 12 , (7.31)
PO PPN\ L2 15(+8 N 90(o +14¢3+24 N 493¢2
Vo uce mb m?2 6et 363 6e2 9¢ 20
56¢3 16 m2/ 1 3 15(;+23 28¢; 61
200+ 2= S R s+ S 2| (7232
+0<2+9+3+§<3€3 = P +5C2+9+3 (7.32)
By symmetry, we have
FEI| — pa| Fl(Q"”’m =P L RO =R (1)
For F» we get
2\ 2, 2
4 20 4G -—170 160
FéQ’d)’ :(“A o [—3—2+C2+48C2— C3—2491, (7.34)
hh -5 5 € € € 3
2\ 2,2
8¢y — 8
FEI| = (“ 2) mn [ 278 L 48Cy + 1665 40] : (7.35)
cc m S €
2N€ / 2\ € 2
(2,d) I L m-| 8 14 51 64¢s 349
F. = — 4+ =+ — +8( — 7.36
2 en (m2> (—§> slzetat " G2 o T (7.36)
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F2(2,d)

mb

2.2\ € 2\ €2
1S 1 m 2 4 10¢:+8 56(3
= Ll — S T2 60— 2 16 . (7.
uce ( > ( ) [ 3e3 2 € 60C2 9 0 (7 37)

By symmetry, we have

F2(2,d)‘” _ F2(2,d) ’ Fz(z’d)’,h _ F2(2,d) . F2(27d) = F2(2,d) (739
7.3.2. Topology B
Diagram (e)
QCD color factor: CpTgr
2\ 2¢€
. 2 28 18(2+353  28¢y 52(3 754l
F(2e) _[H 4 _
L 9 <s 33 T 9e 27e o 5 62
m? (28 254 28(, 3775
—+ —+ ——+ — 7.39
3 (362 9¢ 3 27 > ’ (7:39)
92\ 2€ ~o\ V
e 4 1 /4 4 1 /20 8 56
F(27 ) — L M - J— _ - - i JR—
Podee \m? B 3¢ T2\ 3) w3 Ty
36C, + 112 32¢,  20¢3 2144
+ 27y + 3 + 9 81
m? 2 1 /16 151 3511
(= =) 4420 - = A
+é(?»sz e<1/+9>Jr G2 54) ' (7.40)
2 % 2 \" | 2 1 /4 28 1720 2 212
F(2ve) — L H —— — | — 4+ =)+ - 77277
U e m? —m?2 33 e \3r 9 e \9v 3 27
| 36G+112  80G;  16¢s 1292
2Ty 9 9 81
m? 26 1 /16 151 55
— (=== 4 — — ) | . A1
+§(3e2+e<u 9>+3<2 54)] (7.41)

Notice that the LP contribution of the hh region is the same as for diagram (a),
Eq. (7.15). For F, we get

2\ 2€ 2
1 24
Fee| ()T mI 8 196 86 24981 (7.42)
hh -5 5 3¢z 9e 3 27
2\ 2€ 2
4 98 25
FRol  _ (- AL I ) =, 7.43
2 cc (m2 § 362 + 96 + C2 + 27 ( )
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By symmetry, we have

F2(2,e) — F®

cc cc

Diagram (f)

QCD color factor: C% — 1CpCa

€3 2€2 4e 5 2 3 8
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For Fy we get
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Diagram (g)

Diagram (g) is related to diagram (f) via the symmetry ¢ <> ¢.
7.3.3. Topology X

Diagram (h)

QCD color factor: C% — 3CpCa
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By symmetry, we have
h h h Jh h h
I e T o MR 2 sl R o sl I (Y
ch he cuc uce cc

7.3.4. Cross-checks

We have listed all contributions to the massive form factor at two loop at NLP per
momentum region. To validate our results and to make sure no region has been left

unaccounted for, we have performed several cross-checks with results presented in [168]
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and [124]. The former presents the full result of the two-loop QED massive form factor
at the level of the individual diagrams, while the latter provides the corresponding
QCD result for all diagrams combined, see Eqgs. (22) and (23) in [124] for F} and F;

respectively.

In order to compare our results with [168] and [124], one needs to keep the following

in mind. To begin with, one must define

—2evE 2\ ~2¢ 2
@, o € H (2) m
Aoy (i) #0(F). an

as defined in Eq. (21) in [124], and second, expand the variable x as defined in Eq. (14)

in [124] in powers of m? /35 to match our conventions. Finally, we also remark that

one must reinstate the QCD color factors in the QED diagrams in Fig. 7.1 before
comparing against Ref. [124]. With these conventions in mind, we now compare
the sum of the momentum regions as given in Sec. 7.2.1-7.2.3 to the expansion in
m? /% up to NLP of the full result of [168] and [124], where we have made use of the
Mathematica package HPL [171, 172] to expand the polylogarithms.

First, we have checked that diagram (a), which is absent in [168], reproduces the
CrTrNy term in [124], while diagram (e) can be checked either directly against the
result of [168] or against the CpTr term in [124]. Similarly, one can verify the result
of the remaining diagrams (b)-(d) and (f)-(h) by checking directly with [168], which
we reproduce up to some small verified typos.

In addition to an inspection at the individual diagram level, we have also performed
checks at the level of the form factor itself. The sum of our results of diagrams (b)-(d)
and (f)-(h) reproduces the term proportional to C% in [124]. Additional diagrams
appearing only in QCD do not contribute at C%.

As a final check we remark that the LP part of the hh region corresponds to the
massless limit and we have verified this with the massless form factors at two loops as
given in [173, 174].

7.4. Discussion of results

The previous section contains the main results of this chapter, namely, the two-
loop massive form factors F; and Fs, in the limit § > m?2, written as the sum of
contributions arising from all momentum regions. It may be useful to elaborate on
this result a bit more, focusing in particular on what can be learnt in light of the

computational technique itself, and of factorization.
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The first issue one encounters within the expansion by regions is of course identi-
fying all contributing regions. To this end, geometric methods have been developed,
which identify the regions by associating them to certain scaling vectors in the pa-
rameter representation of a given Feynman graph G [144-146, 175-178]. From the
perspective of exploiting the expansion by regions to reveal the underlying factorization
structure of a given physical observable, it is important to be able to associate a
given region to the (hard, collinear, soft, etc) scaling of the loop momenta, in order to
reinterpret a given region as originating from the exchange of a (hard, collinear, soft,
etc) particle. Identifying all regions by assigning all possible momentum scalings to the
loop momentum is however non-trivial, because loop momenta can be routed in many
different ways. As discussed in the literature (see e.g. [126, 130]), starting from a given
integral representation it may be necessary to shift the loop momenta one or more
times in order to reveal all regions. In case of the two-loop calculation considered here,
we found it was necessary to perform such shifts in topologies B and X, as discussed
in Sec. 7.2.2 and 7.2.3 respectively. An obvious question is whether loop momentum
shifts are sufficient to reveal all regions. The answer is positive for the two-loop
problem at hand. In general, finding all regions by means of loop momentum shifts
becomes increasingly involved as the loop order grows; it remains an open question
whether this approach can be effective at to all loop orders. Let us also mention that
shifting the loop momenta does not provide per se a criterion to establish whether
all regions have been taken into account. In case the result of the exact integral is
unknown, we find it useful to consider other constraints, such as the requirement that
rapidity divergences cancel in the sum of all regions, which is a strong constraint on
whether all regions have been correctly considered. Another criterion that we have
found quite useful is to determine, given a certain loop momentum parametrization,
whether all possible scalings of the leading term in a given propagator can be obtained,
as explained in Sec. 7.2.2. If not, this gives a good indication that some momentum

regions are missing, and a momentum shift is needed to reveal them.

Once all regions have been found, the next question concerns their significance for a
factorization approach. In this respect, one of the relevant results of our analysis is the
observation that new momentum regions appearing at the two-loop level cancel in the
physical observable, i.e. the form factors F; and F5 in this case. Indeed, it was observed
already some time ago [147, 148] that at higher-loop order new regions may appear,
compared to the one already present at lower loops. From a factorization viewpoint
this may be problematic, because it could imply that an all-order factorization cannot
be obtained. Indeed, one would have to add new contributions to the factorization
theorem at each subsequent order in perturbation theory. For our case we find

new ultra-(anti-)collinear regions appearing at two loops, both at the level of master
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integrals and single diagrams, but these cancel in the form factors, so that only the
regions already appearing at one loop contribute. More specifically, we find that the
sum of the ucé, uce regions of diagrams (b) and (c) cancels against the sum of the
regions cuc’, cuc in diagrams (f) and (g); similarly, the sum of the uce, ucé regions in
diagrams (d) cancels against the sum of the cuc, ucc regions in diagram (h).
Focusing now on the calculation of the loop integrals in a given region, as usual one
has to deal with standard UV and IR singularities, which we regulate in dimensional
regularization, as well as rapidity divergences. In this thesis we consider massive form
factors, which means that collinear singularities are regulated by the masses on the
external legs, and one is left with soft singularities, which give a single pole per loop,
proportional to 1/e in dimensional regularization. As is well-known, the expansion
into regions generates additional poles in each region. For instance, the hard region
at one loop and the hard-hard region at two loop correspond to the massless form
factor, because masses are neglected when the momentum is hard and proportional to
the large scale §; as such, in the hard region we find double poles per loop, generated
when the loop momentum becomes soft and collinear to one of the external momenta.
The double poles cancel against additional UV singularities arising in the collinear
momentum regions; indeed, the cancellation of spurious singularities, i.e., the fact that
the two loop massive form factors contain at most 1/¢? poles, provides another check

that all regions have been correctly taken into account.

As mentioned above, the expansion by regions also generates rapidity singularities,
which we observe in topology B and X. We discussed in Sec. 7.1 that the original
master integrals do not have rapidity divergences, and when summing all regions
of a given integral, we indeed observed the cancellation of rapidity divergences at
the integral level (details have been given in Sec. 7.2). In the context of the present
discussion, it may be more interesting to note that rapidity divergences cancel per
region for the form factor F; at LP, and at NLP for the form factor Fy (which is
probably a consequence of the fact that Fy starts at NLP). With the calculation at
hand we are however not able to determine whether this is a general feature, valid at

arbitrary order. We leave such questions for further research.

Concerning the specific structure of the rapidity divergences per diagram, we
saw that for topology B it was enough to use a single rapidity regulator, while for
topology X we needed up to two rapidity regulators. In general the addition of a
rapidity regulator breaks the symmetry p; <> po: for instance, in case of topology B
the cc region ceases to be equal to the ¢¢ region. In case of more than one rapidity
regulator, symmetry between regions can also be broken by expanding the integral
in the regulators in a given order. This is what happens in case of topology X: even

if we choose the rapidity regulators v; and v5 such that the symmetry between the
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cc and ¢c€ regions is respected, expanding in v and vy in a chosen order breaks this
Symmetry.

To conclude, we found that the calculation of the massive form factors in the limit
5> m? by means of the method of regions provides useful data in light of developing
a factorization framework for scattering amplitudes beyond leading power. It gave us
the additional opportunity to test features of the region expansion of complete form
factors, giving new perspectives with respect to cases where the method is applied to

single integrals.



Chapter 8.

Next-to-leading power jet functions

This chapter is based on forthcoming work [4].

In the previous chapter, we discussed the first step in verifying the NLP factorization
formula of Eq. (6.19): the expansion by momentum regions of the two-loop massive
QED form factors up to NLP. As discussed at the end of Sec. 6.2.4, we aim to verify
the factorization formula in its “bare” form, i.e., before reshuffling soft and collinear
singularities into soft and eikonal jet functions. In this form, the factorization formula,

accurate up to NLP, can be written as

Vip(prop2) = Jp @ HY ;@ Jp+ Jpy @ HY @ Jp+ Jpy @ HY o @ Jp,

v fy
1 _ _ 12 _
) 1% _ K _ K __
+Ip@HY o @Jp, + Sy @ HY o @Jp, + Jp® HY o0 @ g . (8.1)

where we used that in its bare form, the soft function becomes trivial, i.e. S =1 as
corrections consist of scaleless integrals. From another point of view, we can also see
that the soft function is trivial up to two loops, as all soft regions for the massive form

factors vanish up to this order.

With the results of the previous chapter at hand, we are now ready to propose
operator matrix definitions for the jet functions, and in particular verify them by
comparing to the various momentum regions as summarised in Sec. 7.3. Note that in
this chapter we will mainly consider the first two lines of Eq. (8.1). For the complete
factorization at NLP one also needs the jet functions of the last line. However, given
the symmetry between the ¢ and ¢ regions of the form factors it is sufficient to check
the factorization formula already by focussing on the first two lines of Eq. (8.1). It
is straightforward to extend the results of this chapter to include operator matrix
definitions for Jf, ., and Jzf; as well. Furthermore, we want to emphasize that although
we verify the proposed jet functions with the process v* — f f, they are in fact universal
and can be used for other processes as well. The process dependence resides in the

hard functions.

This chapter is structured as follows. In Sec. 8.1, we extend the one loop fac-
torization — already discussed at LP in Sec. 6.2.3 — up to NLP. This affords us the

opportunity to set up the necessary notation for this chapter and discuss the first

201
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NLP jet function Jy,. Next in Sec. 8.2, we propose operator matrix definitions for the
various NLP jet functions. In particular, we consider their perturbative expansion up
to two loops. Besides the jet functions, we will also give an effective diagrammatic
interpretation to the corresponding hard functions. In Sec. 8.3, we verify the proposed
jet functions by comparing with the momentum regions obtained in the previous
chapter. We will see that there is a strong relation between the jet functions and the
different regions on a diagram by diagram basis. As a result, we can often compare
results diagram by diagram. We finish in Sec. 8.4 with a discussion of various subtleties

we encountered.

8.1. One loop factorization up to NLP

Recall the LP jet functions J; and Jf, defined in Egs. (6.50) and (6.51) respectively,

and computed in Sec. 6.2.3 up to one loop. We repeat the result for completeness:

A =i, 0= (L) w0 H2T (122 ). s

and

B0 =) e = (1) HET (14 2 ). (89)

We already verified these jet functions up to LP by comparing the factorized expression
(1) (0),1 (0)
Jp'® Hf,f ® Jf (8.4)

with the c-region of the vertex function V*(py,ps), where we used H](c?}’” = —ieeg Y.

In this chapter we are mainly interested in the NLP factorization, i.e. order \?
(or equivalently m?). The projection of Eq. (8.4) onto F} up to NLP is given by

<N2>6{€12+§+4+C2+m2[i+4]+O(6)+O()\4)}, (8.5)

m2 2 3

where we performed the expansion in ¢ and A. Similarly, we can project onto F5,

which yields

€

(“2)6{”# {_ 4 8] +0(e) + (9()\4)} . (8.6)
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Comparing to F; and F5 in the c-region, Egs. (6.41) and (6.44) respectively, we notice
that the NLP contributions do not match. This was to be expected as according to

Eq. (8.1), we expect new jet functions to appear at this order in the power expansion.

8.1.1. Jg, jet function

For the one loop form factors, only the (fv)-jet function can contribute at NLP as
the other jet functions only start contributing from two-loop onwards. We therefore
expect that up to NLP, the one loop c-region of the vertex function V*(py, p2) — or
equivalently that of F} and F5 — is reproduced by the factorized expression
(1) (0), (0) (1) o 770)p (0)

J; ®Hf7f— ®Jf +Jf7®Hf%f®Jf . (8.7)
Let us make the following remarks about the second term. First of all, we can be more
specific and write

Jpy = va(pl —(,0), and Hy ;= H;fff(pl — 4, p2,0), (8.8)

where the arguments in the jet function denote the momenta flowing through the
fermion and photon leg respectively. In the hard function, the arguments denote the
shift in outgoing fermion momenta, as well as the additional momentum ¢ for the
collinear photon emission. We want the jet and hard function to depend only on the
large momentum component ¢ of ¢. However, since Jy, starts to contribute at order
A, and we want the NLP factorization formula to be accurate up to order A?, we need
to keep the subleading transverse momentum ¢ . Thus, we can Taylor expand the

hard function in the transverse momentum

o
HE o =bops €)= HE o =02, )00 | g B (=2 O] +O(Y)
=

= HEL d(pi— 0 p2 ) + CTHYY o (i —LF p2, 7). (8.9)

Now, by defining a jet function J¢s, that absorbs the £9, we can write the second
term of Eq. (8.7) as

1) o O, (D) — (O )
[va o HOP I © Hfa%f-] ®J!

Py
= /0 et {J}ﬂ,,(ple*,ﬁ)H}ijf-(plﬁ,pz,ﬁ)

1 o 0
T f o o (1= C5 CVHE (01— o, ) [T (8.10)
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where we expanded the ®-product, which besides spinor contractions now also includes
contractions of the Lorentz indices carried by the photon leg, as well as a convolution
over its large momentum component. Notice that due to the extra factor £, the Jra,

has a power counting that starts at order \2.

The jet functions Jy, and Jfs, were already derived in [25] from a generic
amplitude, assuming the validity of the factorized picture of above. An operator
matrix definition for these jet functions was however not given. Let us do that here
and verify that our operator matrix definition both reproduces the result of [25] as
well as the c-region of Fy and F» up to NLP. We define the (fv)-jet function as

T ) = [ 58 T | B0, 0,00)] AL (n)l0), (811)

— 00

with [179]
Al (y) = Wy, (00,y) (iD*Wy (y,00)) (8.12)

where D#* = 0* —ie ey A* is understood to act at the spacetime point y. A few remarks
are in order. First of all, we notice that the part in square brackets in Eq. (8.11) is
the same as for the jet function Jy defined in Eq. (6.50). This mimicks the fermion
coupling of these jet functions with the hard function. Similar, the additional insertion
of A (§ny) in the definition of Jg, can be understood as the photon coupling to
the hard part. Second, we notice that this definition of J¢, is gauge invariant, since
both the factor inside the square brackets and A% (§n+) in Eq. (8.11) are individually
gauge invariant. Finally, for the complete factorization at NLP we also need the jet
function J ﬁ(pg,ﬁ_) in opposite direction, which now depends on the momentum po
and the large momentum component ¢~ of the photon which is ¢-collinear to f. We
will consider its operator matrix definition in Sec. 8.2.2 and for now only test the
factorization of the c-region as the ¢-region is exactly the same due to the symmetry

of the form factors.

In Feynman gauge, expanding Eq. (8.11) at leading order in perturbation theory,
one finds two terms that contribute

g (pl —k+ m)
k2[(k = p1)? —m?]

" —F+m)kH
—ic*u(py) / M) o (; <_ ;1)2 - mQ])[m ok —nil). (313)
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e p1—€

(a) (b)

Figure 8.1.: In (a), we show the diagrammatic representation of the jet function qu)'
Fig. (b) shows the diagram used to calculate the leading order hard function

© ©
Hizy) and Hgo).

This jet function is shown in Fig. 8.1 (a), where the black dot on the vertex of the

photon with the Wilson line is translated into

g

L
_ <gzw ~ ”Lk ) S(nk—nit). (8.14)

1

The one-loop contribution J}}Y)” (p1,£7) was already calculated in [25] in axial gauge.
Here we work in Feynman gauge; the results should of course be the same as the
operator matrix definition, Eq. (8.11), is gauge invariant. Indeed, a straightforward

calculation yields

2 .78\ € 2 _pH
5 n) = (58 ) r@uton et (—vu”j )

m2

m

AZ [1 (0(1—z) — (1=2e)' 2) 1y, — 4x26(1—z)p2_”} } , (8.15)

s |1—e

which is in agreement with the result presented in [25]. Two remarks about this result
can be made. First, as discussed earlier and made explicit in Eq. (8.10), we still
need to perform an integral over the large momentum component ¢+, when the jet
function is convoluted with the hard function. In calculating Eq. (8.15), we made the
change of variables x = ¢* /p] and subsequently removed a factor of 1/p} in the above
expression because of the variable change in the measure. We will therefore perform
the convolution integral over z, instead of ¢T. Second, a priori the z-integration
appears to be over the whole range (—o00, 00), but in fact it is restricted to 0 < & < 1.
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To see this, consider one of the scalar integrals needed to calculate Eq. (8.15):

/ de—di=2¢, 1 (8.16)
@m)d  [2zpf—+ 2 +in] 21 — 2)0—pf — 2 +am? —in] ’

We notice that if the two poles in £~ lie on the same side of the integration contour
the integral over ¢~ vanishes, as it can be closed at infinity in such a way that no
singularities are ecnlosed by the integration contour. A brief analysis shows that only
if 0 < x < 1, the poles in ¢~ are on different sides of the integration contour.

The jet function Jyp, at one loop is given by multiplying the integrands in
Eq. (8.13) by k9. The result reads

2 ve \ € T 2—2e¢
(u e ) T

(1)MU u g Ho o g — 1
J m2 2(1—¢) u(p1) [mm +71 <§,¢2p1 2 )] (8.17)

foy (pl, -T) =

In order to find the hard functions we consider the diagram in Fig. 8.1 (b), where the
dashed line represents the photon that has to be connected to the (fv)-jet function.
The full amplitude reads

i(—p,—L+m)

i7(0)pp _
Hy (p1, P2, £) = e (172—|-€)2—7712’y (8.18)
Performing the Taylor expansion as we did in Eq. (8.9), we obtain
© =0 _ —te -t
HO @) = om0, =~ (pQ +apt - m) ", (8.19)
and
0 -~ —ie
0 o 0 o
font @) = g Byl 012, O(a,00) o~ ma Y (B20)

where we suppressed the arguments of the hard functions, except for their dependence

on xr.

8.1.2. Verifying the one loop factorization

With the ( f~)-jet computed, we are now able to verify the factorized expression Eq. (8.7)
by comparing to the c-expansion of the one loop form factors. It is straightforward to
compute the final x-integral of

1
(1) (0)up (0)
/0 dz Jg.) ,(p1, @) H, % (z) I (p2) . (8.21)
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and project onto Fy and F5. This yields

<£>e{@2{22}+@(6)+o@\4)} (8.22)

S €

for I} and for Fy we obtain

EOT IR S

In a similar manner, we compute the convolution integral of

1
&) (0)pupo (0)
/0 dx Ty, po (D1, @) H 500 (2) T3 (p2) (8.24)

which only contributes to F; at NLP:

(M2 ){nj [1 +3} +O(€)+O(A4)}- (8.25)

m2

Upon summing all contributions Eqs (8.5), (8.22) and (8.25), we obtain for F;

<u2)6{€12+§+4+42+m2 [1+5]+0(e)+0(xl)}. (8.26)

m2 2 3

Similarly, we obtain for F5

<u2)e{”§2{_2_8]+0(e)+0(A4)}, (8.27)

m?2 H €

where we summed the contributions of Eq. (8.6) and (8.23). This is indeed in agreement
with the c-region of the one loop form factors as computed in Eqs. (6.41) and (6.44)
respectively.

8.2. Jet functions up to NLP

So far, we gave operator matrix definitions for the jet functions Jy, J§ and Jg, and
successfully verified them up to NLP by comparing to the momentum regions of the
one loop form factors. We are now ready to discuss the full NLP factorization formula
Eq. (8.1) and also define operator matrix definitions for the remaining (fv7)- and
(fff)-jet functions. As said before, the (fyv)- and (fff)-jet functions appear for the
first time at two loops, and to verify their operator matrix definitions we can compare
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with the momentum regions of the two-loop massive form factors. Before we do so, a
few remarks are in order.

First of all, the factorization formula Eq. (8.1) can be expanded as

V]\l;Lp(pLPQ)
= Jy(p1) H; (p1,p2) Jf(P2)

R
Py

+/ d£+|: plvé )H;'L,Yf(phpQ?g )+Jf8’y(p17€ )H}La,yf(pl7p27€ ):|Jf(p2)
[ d£+/ db7 Jp (o1 6V HY. o (prpa. 664 65) T, (o, £3)

p
+/ dfi"_ dé? |:Jf’)”)’(p17£1 76 ) f,y,yf(phpQ?gl 76 )
0

+Jfff(p17£17£ ) ffff(p17p27€17€ ) (p?)

123
+Jf(p1>/ A0 [HY L (01,02, 0) Ty (920 €7) + Yy (01,2,07) o (02, 0]
0

+Jf P1 / de df |: (p17p27£17€ )nyy(p2a€1_7£2_)
+H}L,fff<pl7p2>€17)€27)Jfff(p27€;7£5) ) (828)

where we made the convolution integral over large momentum components between
the various jet and hard functions explicit (notice that spinor and Lorentz indices are
still suppressed, we make these explicit below). We already saw in Sec. 8.1.1 how the
convolution integral over Jy, and H ;:% F— now the second line in Eq. (8.28) — was
derived. The other convolution integrals in Eq. (8.28) can be derived in a similar way.
Notice however that for the jet functions Jy,, and Jys the convolution integral is
over two large momentum components Ef and €2+, which are the large momentum
components of the c-collinear photons and fermions respectively. Similarly, we need to
integrate over two components ¢ and ¢, for the jet functions Jg,., and Jgz. Finally,
we notice that the (fy7)- and (fff)-jet functions are already of order A%, so there is
no need to expand further in transverse momentum, i.e. up to NLP there is need for a

jet function Jys4 etc.

The second remark we want to make is that altough the two-loop massive form
factors have more regions compared to one-loop, we can still compare region per region

with the factorization formula. To be precise, the cc-region can be compared with the
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following factorized expression:

©H)

(2) (0) (2) (0) (2) (0) (2)
J; ®Hf,f+‘]f'y®Hf%f+‘] QH, -+J HET

(0)
fy v f T @ Jf ’ (8.29)

where besides the jet functions Jy.,. and J; not considered so far, we also need the
two-loop expansion of J; and J¢,. In Eq. (8.29), and also in what follows below, we
keep Jra often implicit as it should be understood as the next order in the expansion
of Jy¢,. The cc-region can be compared with:

(0) (0) (2 (0) (2 (0)
Jp' ® Hf,f’®‘]f -l—Hf— ®Jf +H

(2) (0) (2)
S y Ifry ® Jf'w + Hf,fff ® Jg } ) (8.30)

1.

For the ch and ¢h regions, we need to expand the hard function as well as one of the
jet functions to one-loop while keeping the other jet function at tree level. That is, we
can compare the ch-region with

W) o ) 4 1) o @) )
[Jf OH p+Jp @ va,f} I (8:31)

and the ch-region can be compared with
(0) 1) 1) 1) 1)

1 e e ) v e )], (8.32)
For the comparison with the cé-region, we need the hard functions at tree level and
the jet functions expanded up to one-loop:

(1) (0) 1) (1) (0) 1
Jf ®Hf,f®‘]f —i—va ®Hf77f®Jf

(1) (0) 1) (1) (0) 1)
+J; ®Hf,f«,®Jf~,+Jf'y®Hf%fy®Jf‘7' (8.33)
We notice that this is another test for the one-loop J¢ and J¢, functions already
computed in Secs. 6.2.3 and 8.1.1 respectively. The final region to compare with is
the hh-region, for which we need the hard function expanded up to two loops while

keeping the jet functions at tree level. This should therefore be reproduced by
JO e H® & JO . (8.34)

However, as the hard functions are matching conditions we notice that H](f} can be
immediately picked to be the hh-region. There is therefore no need to consider this

region again in this chapter.

As already remarked in the introduction of this chapter, we can keep our discussion
consise due to the symmetry between the ¢ and ¢ regions of the form factors. To be

precise, if we can show that the factorized expression Eq. (8.29) indeed reproduces the



210 Next-to-leading power jet functions

{
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Figure 8.2.: Diagrams contributing to Jy at two-loops.

ce-region, we know that it is also possible to factorize the ¢é-region.! Similarly, it is
sufficient to show the factorization of the ch-region. We now consider the jet and hard
functions needed for Eqs. (8.29), (8.31) and (8.33). It is straightforward to extend the
results to Eqgs. (8.30) and (8.32) as well.

8.2.1. J; jet

In Sec. 6.2.3, we already defined the following operator matrix definitions for the jet

functions J; and Jf:

Jy (pl) = <p1 ‘&(0) Wn+ (Oa OO) |O> ) Jf(pQ) = <p2‘Wn7 (OO, O) ¢(0) |0> : (835)

In particular, we verified their one-loop contribution — shown in Fig. 6.5 — by comparing
to the momentum regions of the one-loop form factor. In order to verify that these
definitions also work at two loops, we consider the expansion up to O(e?). In Fig. 8.2,
we show the six 1PI contributions to J; (one can draw similar diagrams for J7), where
one notices the similarity with the full two-loop diagrams (a), (b), (d), (e), (g) and (h)

respectively. As an example, the integral expression of the ladder diagram, Fig. 8.2 (c),

n the previous chapter, we saw that the symmetry between cc and & is broken due to the needed
rapidity regulators. However, as we will discuss in Sec. 8.4 it is still enough to focus on the
factorization of the cc-region.
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Pl Pl
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Figure 8.3.: Diagrammatic expressions that correspond with the tree level and one-loop
hard functions of H }‘ 7

is given by:

i(p, — ¥y +m) y i(p, — Ky +m)
(p1 = k1)2 = m?2 " (p1 — ko)? — m?
" —i —i —infl —in’

ki (k2 — k1)? [ng k] [ny ko]’

ceta(p) | dkadra)y,

(8.36)

and similar integral expressions can be derived for the other diagrams shown in Fig. 8.2.

Next, we consider the H ]ﬁ” - hard function. The tree level hard function was already
given in Eq. (6.62). It corresponds with the tree level diagram shown in Fig. 8.3 (a).
To verify the factorization formula up to two-loops, i.e. reproduce the ch-region, we
will also need the hard function at one loop. It can be extracted from the diagram
shown in Fig. 8.3 (b), where the one-loop diagram should be computed in the hard
momentum limit with the method of regions. Notice that in the computation of
these hard functions, we do not include spinors for the external fermions as these are

included in J¢ and Jy.

8.2.2. Jy, jet

We already considered the operator matrix definition for J¢, in the previous section,

but let us repeat the definition for completeness:

JJ,‘JJ’Y(phéJ’_) = / %e

— 00

—il(§ny) (p1] [&(O)WTH (0, OO)] ‘Aﬁ+ (€n+)10), (8.37)
with

AZJr (y) = Wn+ (OO, y) (Z.D“WnJr (y, OO)) . (838)
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Figure 8.4.: Two-loop contributions to Jy.

()

Similarly, the jet function Jf, can be defined as

Th (pa, ) = /_ ) %6_”(5“)@2\ [Wa_(00,0)0(0)] AL_(§n-)l0).  (8.39)

The one-loop contribution to Jy, and Jys, were already computed in Eq. (8.15)
and (8.17) respectively. Similarly, one computes the one-loop contribution to J Ty

which yields

2

)6 r(e){mx1—2€ (—7“ + %:pé> (8.40)

w
2
3 [1 — (6(1—2) — (1 —2e)z' %) W”pr —4z7%(1 — ac)pf“} } v(p2),

1 B eVE
J}(?,Y)u(p%m) = ( m2
_m 1

and

2 v\ € r ~2—2¢ 2 2
(Vpo N 2 (e)x o o +
Jtoy (p2,T) = < 3 ) m 20— 9 [xni +79 <§p1 ph — " )| v(p2). (8.41)

where we defined the momentum fraction z = ¢~ /p, .

In Fig. 8.4, we show the two-loop contributions to J¢, (one can draw similar
diagrams for Jf. ), where we used the Feynman rule defined in Eq. (8.14) to draw the
diagrams. For example, the integral expression for the diagram shown in Fig. 8.4 (c)
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p1— £

p1—£

(2) (b) (©)

p1 — 4

(d) (e) ()

Figure 8.5.: In (a), we show the diagram that correspond with the tree-level hard function

H;:)f In (b)-(f), we show the diagrams that corresponds to the hard function

(1)
Hf%f'

is given by

i(p, — ki +m) — n’ kY
4,4 - 1 - pp ™M
ekl [ldnllaiab { P (g T
i(p, — ks +m) —i—ing
7 (p1 - k2)2 —m? k‘% n+k2 '

) S(nyki —nat)

(8.42)

Again, we notice the strong correspondence with the full two-loop diagrams (a), (b),
(d), (e), (g) and (h) respectively.
The tree level hard function H (© )” ” was derived in Eq. (8.19), as well as the hard

function H](%)“;—U in Eq. (8.20). Slmllarly to the case of the (f)-jet function, in order
to be accurate up to two loop and reproduce the ch-region up to NLP, we also need
the one-loop hard functions H (1 “ ? and H' o “ ?‘7 Due to the additional emission of
a photon from the hard functlon the one loop hard function can be extracted from
the five diagrams shown in Fig. 8.5. The dashed line represents the c-collinear photon
that is to be connected to the Jy, jet function. These diagrams are again computed
using the method of regions, where the loop momentum has hard scaling and we take

the momentum ¢ to be c-collinear. In order to be accurate up to NLP, the diagrams
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v

S 0

(a) (b) (c)

Figure 8.6.: Diagrammatic expressions that correspond with the tree-level hard function

v’

need to be computed up to O(A), as the jet function Jy, starts at order O(\). For

example, consider one of the propagators of the diagram shown in Fig. 8.5 (f):

%7lfp +m kftJr*[L*p_‘i’m 2kl 'EL 2
(k — E—p;)Q—mQ - (k_g+_p2—2)2 (1 T =t —py )2 +O(A )) ., (843)

where we expanded according to hard momentum scaling for £ and c-collinear scaling
H(l)upo

for ¢. For H (MEe - one evaluates the relevant propagators at £ = 0, while for Fomf

fy.f
one takes the derivative with respect to £ .

Finally, to reproduce the cé-region, we also need the hard function H)(”?y) = This
hard function can be derived from the three diagrams shown in Fig. 8.6. For example,
the diagram shown in (a) yields the following part of the hard function:

Hi(_PQ—/l +m) pi(_%—tl‘f'[z‘f'm) -
(p2 + £1)* —m? 7 (—p2 — b1 + £2)? — mZ’Y O(\0)
Py by,
x§ z(1—1z)8

iey

= —Z'efy'u 7+ O()\) s (844)

where we expanded according to c-scaling for £1 and é-scaling for /5 and with x = Ef / pf
and T = {5 /p; .

8.2.3. Jsyy jet

For the (f~v)-jet function, we want to have an additional photon going out of the jet,
compared to the (f~)-jet function. We therefore define J¢,., as

TE (p1, 6, 6) / déy / A2 ity (eany) y—ita(Eans)
Y ’ ’

- [w«nm (0, oo)] A2 (€ )AL (Em,)[0).  (8.45)
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(a) (b) (c)

Figure 8.7.: Diagrams (a) and (b) show the two-loop contributions to Jy. In (c) we show
the leading order hard function for H ;). All momenta are flowing from left
to right.

Notice that this jet function is again made of gauge invariant building blocks and is
therefore gauge invariant itself. Furthermore, there are now two large momentum
components that are not integrated over, namely Ef and @L. The leading order
perturbative contribution to this jet function starts at two loops and the contributing
diagrams are shown in Fig. 8.7 (a) and (b). We notice the similarities with diagrams
(d) and (h) and, in fact, we will see in the next section that they only contribute to the
ce-region of these diagrams. This is to be expected, since these are the only diagrams

where two photon propagators can connect to the hard vertex.

The lowest order hard function can be derived from the diagram shown in
Fig. 8.7 (¢). That is, by keeping the hard momentum fractions, we obtain

iy~ —fotm) i(—p,—f1+m)
(p2 + €1 + €2)% —m? K (pa + £1)2 — m? v o) (8.46)
Py, + @tz)pl ps + xfﬁ 4O

(z14x2)8 18

H{ (@1, w9) = ey

= —jey!

(),

where z; = 6}' / pf, j =1,2. Note that we only had to expand the hard function up to

order O(\?) since the corresponding jet function is already at O()\?) accuracy.

8.2.4. Jfff jet

The final jet function we consider in this thesis is the (fff)-jet function. The three
fermions can attach in two distinct ways to the hard function while conserving the
charge flow. As a result, we can consider two different operator matrix definitions for
the (fff)-jet function. It turns out that we need both definitions in order to find all
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(2) (b) (c)

Figure 8.8.: Diagrams (a) and (b) show the two-loop contributions to J}f} In (c) we show

the leading order hard function for H (1) All momenta are flowing from left

FIEF
to right.
_r _r
p1 p1
a a
b b
(& C
(a) (b) (c)

Figure 8.9.: Diagrams (a) and (b) show the two-loop contributions to J};;)‘ In (c) we show
the leading order hard function for H;;f>f’ (notice the different fermion flow
compared to H'") _shown in Fig. 8.8 (c)). All momenta are flowing from left

- P F
to right.

the contributions to the massive form factors. The definitions are

d d
Sttt ) = [ G [ e (847

<o, ooﬂ (oo ginsplens)|[Fenow(Ens. )] o),
and

d d
e = [ [ et )

o[ (o ow(oﬂ [¢<gln+>w<an+, )| [ dean )W (Eans,0) ).

Note that we will have multiple uncontracted spin indices after calculating these jet
functions in perturbation theory. As these spin indices have to be contracted in the

right way with the hard function, we take a bit more care and explicitly denote the

spin indices below. Both contributions J U and JUD start at two loops, and their

Irf IfF
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expressions read
T tf.63) = & / [k [dko] S(6F — K)o — k) (8.49)

{(ﬂ(plhpi(kl—km)) —i (i(—k2+m) i(pl—kl—%ﬁm))ba

k%—mg C(p1—k1)2 k%—mQ e (pl—kl—kg)Q—mQ

- <a(P1)7f' i(p,— ki —kytm) > —i (i(%ﬁm) i(%ﬁm))bc},

(pr—F1—kp)2—m2 ) (ki k)2 \ k2—m2 * k2—m?
and

{(mpmpi(%ﬁm))c(i(%ﬂmk2+m> l-(kﬁm)) »

ki —m? (1 =k —ka)2=m? " KF—m? ), (o1 —h1)?

_(u(pl)vpi(%ﬁ-m))b(i(—¢1+%1+k2+m) i(k1+m)> —i }

k3 —m? (p—h—ka)2—m? " K =m? ), (p1—h2)?

where a,b and ¢ denote the open spin indices.

We also need two hard functions for the different definitions of the (fff)-jet.

The lowest order hard function for J¢%)

7 can be derived from the diagram shown in

Fig. 8.8 (¢) and is given by

M . M_i(]ﬁz‘f‘lﬁ‘lz —m) —i
- oy )

(p2+L1+02)%2 —m? k p2+{1

)2 (’Yy)cd

= §(:Ulie—i?—)xg) (7/* [p2 + (z1 + $2)]Z)1+:| %) angll (V") eq + ON),

where z; = é;r /p{, j = 1,2. The spinor indices a, b and ¢ are contracted with the
open indices of the J ;(f]{))?
of Jy after convolution of the jet functions with this hard function. For the second jet

(1)
i

The left over index d will be contracted with the open index

function, we have a different hard function namely

(IT) (0)u .3 i(p, +L1 Lo +m) ) i ,
H s y2) = (= v " . 8.52
fff.f (Il 502) ( ZB) (FY (p2+£1 +£2)2_m27 b <p2+él)2 (FY ) d 000 ( )
— L Yo p— + (xl + xQ)p+ /_}ﬂu 1 (/_yl/) + O()\)
S(x1 + z2) 2 1 b 571 cd )

which one can derive from the diagram shown in Fig. 8.9 (c).
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8.3. Verifying results in different regions

The main purpose of this chapter is to check whether the operator matrix definitions
for the various NLP jet functions work, and thus that the factorization formula
Eq. (8.1) reproduces the results for the process v* — ff considered in this thesis.
We already verified in Secs. 6.2.3 and 8.1 that the one loop contribution indeed can
be factorized up to NLP. The recipe to check the NLP factorization formula at two
loops is the same: calculate the new jet functions up to two loops and compare
with the different momentum regions, presented in the previous chapter. However,
calculating the relevant jet functions up to two loops with their general momentum
fraction dependence is a task on its own, and with a complexity beyond that of the
calculation of the momentum regions of the previous chapter. Luckily, for the purpose
of checking the jet definitions, it suffices to do something one could call “reversed
factorization”. To give an example, we consider the (fv)-jet function at one loop. We
make the observation that the convolution of the jet function with the hard function
schematically takes the form

/ det Ty (et HPRP () = / et / (dk) T (K —kT)HDMP (), (8.53)
where J denotes the integrand of the jet function with the overall é-function extracted.
Because of the constraint given by the d-function, integrating over T yields a standard
two-loop integral over the full measure [dk|. Similarly, we can rewrite the convolution
of the other jet functions with their respective hard functions into standard two loop
integrals. Moreover, we find that the resulting integrals can be cast into the momentum
region expansions of the three topologies A, B and X. In other words, we can thus
validate the NLP factorization formula using all the tools developed in the previous
chapter, without first calculating the specific z-dependence of the jet function. We
leave it to future work to calculate all the relevant jet functions up to two loops with

a general momentum fraction dependence.

8.3.1. cc-region

We will now verify the jet functions by comparing our factorized expression to the
various momentum regions obtained in the previous chapter. Let us start with the
cc-region, which means we need to compare with

2 J9  (8.54)

JP e HO+ I o HO 172 o HO 4% e HO) ¢

f f%f frr ® fw f I IF.F



Next-to-leading power jet functions 219
Diagram Jy Jp~y Iy Jrir
71 1
(a) 3 2
7 7 7
(c)
Ii?
(e)
13
P -
P1
(f)
;i? b
£ % A
(8)
Ii?
vz m|
(dH(h)
I{I e / /'
r1 Pl pP1
02 -
(hy )
FE b

Table 8.1.: Summary of the jet functions contributing to the cc-region.
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where we suppressed the arguments of the various jet and hard functions. We already
noticed that the perturbative expansion of the jet function shows similarities with
the full QED diagrams. As a result, it is often not necessary to compare the full
factorized expression with the full sum of all cc-regions, but we can already compare
on a diagram by diagram basis. The results are summarised in Tab. 8.1, where in
the first column we listed the full QED diagrams that have a cc-region. The last
four columns list the diagrams contributing to the factorized expression Eq. (8.54)
—i.e. the diagrams in the perturbative expansion of J}2)7 J(fy), J? and J?) — that

fry i
reproduce the cc region of the full QED diagram(s). A few remarks are in order here.

First of all, we want to emphasize that the correct NLP result is only obtained
after one also takes the subleading contributions of J; and J¢, into account. This is
different compared to SCET, where one defines the jet function in such a way that

they have a homogeneous power counting.

Second, we notice that the ce-region of diagrams (a), (c), () and (g) is reproduced
by the jet functions J}Q) and Jﬁ). This can be understood due to the corresponding
reduced diagrams only having a fermion, or a fermion plus photon connection between

the hard vertex and the collinear subdiagram.

Furthermore, we notice that the ce-region of diagrams (d) and (h) is only reproduced
when taken together. Besides contributions from .J }2) and Jﬁ) we also get contributions

from J J(ci)v

draw a reduced diagram with a fermion and two photons connecting between the hard

. Again, we can understand the latter contribution as one is indeed able to

vertex and the collinear subdiagram.

Another subtlety concerns the rapidity divergences. We recall from the previous
chapter that rapidity divergences showed up in the cc-regions of diagrams (e)-(h). The
same divergences also showed up in the calculation of the factorized expression. As the
operator matrix definitions given for the various jet functions do not include a rapidity
regulator a priori, we added regulators after writing down the loop integrals by reversed
factorization. Because these integrals were matched exactly to the cc-expansion of one
of the three topologies A, B or X, we could pick the regulators in the same way as we
did for the region expansion discussed in the previous chapter. We discuss this point
further in Sec. 8.4.

Finally, we notice that Jﬁ} reproduces the cc-region of diagram (f) and the ec¢'-

region of diagram (h), where we recall from the previous chapter that in order to find
all regions for diagram (h), we had to define multiple momenta routings. We therefore
see that the jet functions give a clear separation between the cc and cc’-regions of
diagram (h). We come back to this point in Sec. 8.4. There are two more diagrams in
g2

= not listed in Tab. 8.1. However, they contribute to

the perturbative expansion of prs-
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the triangle diagrams shown in Fig. 7.2. As explained in Sec. 7.1.1, these diagrams

cancel each other by Furry’s theorem and can therefore be neglected.

8.3.2. ch-region

So far, we tested the NLP factorization formula sucessfully in situations where one
of the ingredients was expanded up to either one or two loops, but with the other
ingredients kept at tree level. A more stringent test is achieved when we take two
or more ingredients at higher loop. In this section we consider the ch-region which
should be compared with the factorized expression

o gW 4 g0 o gD ] g0
P erl il enl) e (8.55)

Let us start again at LP. From the results given in Sec. 7.3, we know that for the
ch-region the diagrams (b), (d), (f), (g) and (h) have a LP contribution. However, the

factorized expression gets only one contribution given by
1 1 0
e e s = ® ® v(pa) . (8.56)

Projecting onto Fj yields

(,ﬂ)ﬁ(,ﬁ)ﬁ{ 2 7 22 16¢G—180 12¢2 = 56(3

=) | - = - = — 152 + O(\?
m?2 et e 62+ 3¢ + 5 + 3 O,

—S

(8.57)

which agrees with the sum of all five diagrams (b), (d), (f), (g) and (h) that have a

LP contribution for the ch-region.

At NLP, we also get a contribution from

(1) (1) (0)
Jpy ®Hp ;@ J¢
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®u(p2)  (8.58)

We notice that these five contributions show a strong similarity with diagrams (b), (d),
(f), (g) and (h) respectively. However, there is no one-to-one relation like we had for
most of the diagrams in the cc-region. Instead, we have to take all diagrams together

before we can compare. To be precise, we project onto Fb, which gives

2N€ 7,2\ € 2
1 1 m 4 8  32¢3—56  320(3
L Tl-Z_= —2 .
<m2> <—§) § [ a et € 3 801 (8:59)

where we also included the contribution coming from Eq. (8.56). Similarly, we can get
the order O(\?) term of F}

8

P S) €2 3e
568¢2 322
n (3 G3

5 3

m2 -3

2N/ 2\ m? 4 2 20¢,—8  284(3 — 90y — 66
(H)(M)m{ +C2 n (3 C2

—92¢, +6/ . (8.60)

Using the region results of the previous chapter, one can check that this is the same
as the sum of all the ch-regions given by diagrams (b), (d), (f), (g) and (h).

8.3.3. cc-region

The final test for our NLP factorization formula is the comparison with the cé-region,
for which the factorized expression reads:

(1) (0) ) (1) (0) )
Jy ®Hf,f®‘]f +wa®an,,f®Jf

2JV 4 s e @Il (8.61)

(1) 0
T Jf ® H v . fy

(0)
Ffy
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As usual, we first discuss LP. From the results given in Sec. 7.3, we know that only

diagram (h) has a LP contribution for the cé-region. The factorized expression reads

Pl Pl
P1 p1

M) o 70 o 71 _
T oH e T = ® ® (8.62)

Projecting onto F} yields

2 2e
I 1 <2+12 12(2—2(34—96 7C2 C3 2
— —= 4120 ——= A .
<m2> Lﬁ S+ SR T 196 S8 480( +O(V), (3.63)

which agrees with the LP term of diagram (h).

The NLP contribution of the factorized expression Eq. (8.61) currently shows a
mismatch with the region analysis — that is, the sum of diagrams (f), (g) and (h). A
resolution to this issue appears imminent [4], and as such, we present only a brief
outline of the discrepancy below.

The mismatch between the region result and the factorized expression can be seen
from diagram (f):

el
p1
th
N P2
ko ~a

where the bold lines correspond with the hard lines. For clarity, we will work up to
order A\, meaning only the first three terms in Eq. (8.61) contribute. The hard lines
can be expanded as

ki—pytm itk pytm

(k1 +p2)? —m? (k1 — k2 + p2)? —m?
a3} — P, +m7p*k1 + ks — Pyt

2k - py 2ky - (—ka 4+ p2)~

g

+0(\?). (8.64)

While this expression already factorizes at the integrand level, it cannot be mapped

directly onto the factorization formula. The issue arises from the second propagator,



224 Next-to-leading power jet functions

which introduces a non-standard eikonal propagator:

1 s
T S T T e (8:65)

The hard propagator 1/[(—ks + p2) - p{'] does not correspond to any ingredient in one
of the jet or hard functions (while this propagator is part of H f~,f~> it only contributes
at order \? and, therefore, cannot explain the mismatch already observed at order \).
This analysis is based on a single diagram, so one might expect that the problematic
propagator cancels when summing over all relevent diagrams (f), (g) and (h). However,

such a cancellation does not occur.

Let us conclude with a short discussion of potential solutions. One possibility is to
. . 0) 77(0) (0) (0)
modify one or more of the hard functions H P H o H £y OT H Py However, any
modification must preserve the factorization for all other regions, placing strong con-
straints on allowable changes. Along similar lines, alternations to the jet functions J¢,
and J7, must not disrupt the factorization elsewhere. Furthermore, introducing new

jet functions might be necessary, but these too must respect factorization constraints.

At the time of writing, it appears that a proper treatment of fermionic self-energy
corrections on the external legs may provide the solution. The problematic propagator
1/[(—k2 + p2) - pf] seems to cancel when these self-energy contributions are taken into
account. To verify this, these self-energy contributions must be incorporated into both
the region analysis and the factorization formula Eq. (8.61). Note that no new jet-
and hard functions are needed as the self-energy contributions naturally appear in the
current operator matrix definitions of the jet functions. We will revisit this potential

solution in forthcoming work [4].

Ideally, the solution should have an intuitive interpretation in terms of diagrams
or the structures that are already part of the jet functions of above. While this is not
strictly required — since hard functions are merly matching functions — it would make
the factorization framework applicable to processes beyond those considered in this

thesis, see also the discussion around Eq. (8.66).

8.4. Discussion

In this chapter we proposed operator matrix elements for the various jet functions up
to NLP. It may be useful to elobarate on the results.

An important point in chapter 7 was that new momentum regions can emerge by
shifting loop momenta before applying the expansion by regions. When comparing

our factorization formula with the cc-region in Sec. 8.3.1, we noticed that the distinct
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cc and cc’ regions of diagram (h) were reproduced by different jet functions. This
observation suggests an alternative perspective: the factorization formula itself can
serve as a novel tool for identifying which momentum regions contribute.

A second point worth emphasizing is the universality of the jet functions. While
we verified these jet functions by comparing them to the one- and two-loop form
factors, it is important to note that they are not limited to this specific process. In

fact, a more universal factorization formula holds [25]:

M”|LP+NLP - (H‘U’) ®HS+ Z (H#) [J}v ®H}v + J}Bv ®H}6w} S
i=1

i=1 Nj#i

+Z (HJJJ‘>J}VV ®H}77S+Z (HJJJ‘>J}ff ®H}ffs
i=1 NjAi i=1 NjAi

o 50 (L 9#) 9 0 1 5, (5.6)
1<i<j<n Nk#ij

where the process dependence is captured by the hard functions — now labeled according
to the NLP jet functions they pair with. Demonstrating that the factorization formula
accurately reproduces the NLP contribution to the cé-region of the two-loop form
factors is crucial in establishing this universality.

Although reversed factorization provides a straightforward method for verifying
the factorization formula, calculating the momentum fraction dependence of the jet
functions is essential for applications such as resummation. One approach involves

rewriting the delta function 6(nyk — nyf) in terms of a cut propgator:

d0(nik —nil) =2py 6(2p, - k — x8)

:_%( ! _ ! ) (8.67)
2 \2py -k—xs5+1in  2py -k—x8—in

This reformulation allows the integrals to be evaluated using standard techniques,
such as IBP reductions and related methods [180, 181].

A key point in the previous chapter was the need for rapidity regulators for
topologies B and X. In this chapter, we added these regulators in a somewhat ad
hoc fashion — notably to both the hard functions and the jet functions — to reproduce
the results from the region analysis. While this approach suffices for verifying the
factorization formula, a more universal description for implementing rapidity regulators
is needed. This need can also be seen from the region analysis, where our choice of
rapidity regulators broke the ¢ and ¢ symmetry of the form factors in diagrams (e) and

(h). Ideally, the rapidity regulators should not break such symmetries. Developing a
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universal description for rapidity regulators is crucial, particularly for applying the
factorization formula to other processes where no momentum region results may be
available for comparison.

To conclude, we proposed operator matrix elements for the NLP jet functions and
verified them by comparing to the various momentum regions of the massive form
factors. We showed that the one-loop form factors can indeed be factorized up to NLP.
At two loops, the factorization formula successfully matched all regions except the
ce-region, which remains to be fully addressed. Current investigations — which will be
reported in [4] — provide strong confidence that the solution to this last challenge is
well within reach.



Chapter 9.

Summary and conclusion

The overall theme of this thesis was the concept of power corrections, which we
approached from two distinct perspectives: non-perturbative power corrections arising
from renormalons, and power corrections to the QED one- and two-loop massive
form factors. These were studied using the methods of resurgence and factorization

respectively. Let us now briefly summarize the main findings.

After an introduction to resurgence in chapter 2, we considered more formal
aspects of the subject in chapter 3. One of the main applications of resurgence is
the decoding of non-perturbative physics from asymptotic series, with large order
relations serving as a powerful tool for this purpose. We showed that these large order
relations themselves form resurgent transseries as well, and in particular we showed
that their resurgence structure is inherited from the original transseries. We discussed
the Stokes phenomenon for this transseries and the origin of the towers of singularities
that appear in the Borel plane. Furthermore, we discussed how one can consistently
resum the large order transseries. While large order relations are often analyzed in
the asymptotic limit, we showed that they are, in fact, exact. This property allows for
the precise resummation of the large order transseries and the exact determination of

the perturbative coefficients.

We then proceeded in chapter 4 with one of the key applications of resurgence:
renormalons. We briefly introduced the standard lore of renormalons and explained
how diagrams with multiple bubble chains can be computed using a convolution
integral in the Borel plane. Building on this, we then presented a novel method to
study renormalons using resurgence properties of this convolution integral, enabling the
calculation of non-perturbative renormalon effects that were previously very challenging
to do.

In chapter 5, we studied the renormalon contributions to the Adler function.
At leading order in the flavor expansion (O(1/Ny)) — using large order relations
and by studying Stokes’ automorphism — we constructed the complete resummed
two-parameter transseries expression. We then extended our analysis to the Adler
function at order O(1 /N]%) using the convolution method inroduced in chapter 4. For

the diagrams considered, this method enabled us to construct the entire transseries
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structure. In particular, we identified non-perturbative sectors and alien derivative
operators that establish the resurgence relations between these sectors. Furthermore,
we observed sectors that exhibit a mixing between UV and IR transmonomials.
Additionally, we uncovered a logarithmic type of non-perturbative power correction in

the coupling constant plane.

In chapter 6, we shifted our focus from resurgence to aspects of factorization. We
first reviewed the power counting formula for massive fermions in QED, that leads to
the factorization formula — accurate up to NLP — central to the last three chapters. To
verify this factorization formula, we introduced the method of expansion by momentum
regions and computed the momentum regions of the one-loop massive form factors
in QED. We demonstrated how the factorization formula up to LP was verified by

comparing to these momentum regions.

To test the NLP factorization formula, we explained that the momentum regions
of the two-loop form factors were required. Chapter 7 was dedicated to this, where we
categorized all contributions per region up to NLP. Besided providing the necessary
data to verify the factorization formula, we also had the opportunity to test aspects
of the region expansion and obtain new perspectives. In particular, we had to define
multiple momentum routings in order to uncover all momentum regions. Additionally,
we demonstrated how the rapidity divergences canceled in the sum of all regions and
subsequently validated our results by reproducing the form factors at NLP as known
in the literature. Altough new ultra-(anti-)collinear regions appear at two loops, we
showed that these regions cancel in the form factors, so that only the regions already
appearing at one loop contribute. This result brings confidence that an all-order

factorization can be achieved.

Finally, in chapter 8, we proposed operator matrix definitions for the various
NLP jet functions and verified them by comparing to the region results presented
in chapter 7. We showed that the momentum regions can be reproduced by these
operator matrix definitions. While there are some kinks still to be ironed out for the
cé-region, it appears [4] that this region also fits within the factorization framework. A
particularly interresting finding is that the different momentum routings — needed to
uncover all regions — can be distinguished by the fact that they correspond to different
jet functions. This can therefore also be viewed as a novel approach to identifying

new regions.

In conclusion, this thesis highlighted that the resurgence structure in physical
problems can be more intricate — and often more intriguing — than in a simplified toy
model setting where a bridge equation is available. As a result, many opportunities for
further research naturally arise. On the formal side, the transseries structure in the

absence of bridge equation can be studied. In applied contexts, resurgence techniques
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can address challenges in collider and particle physics, such as the determination
of non-perturbative effects to the top quark pole mass, or power corrections to the
hadronic tau lepton decay which is a key input to determinations of the strong coupling
constant. In the direction of factorization, the operator matrix definitions presented in
this thesis serve as a starting point for many interesting future investigations. These
include the possibility to resum large logarithms at NLP accuracy and the development
of radiative jet functions. The results presented in this thesis should meaningfully
contribute to these directions.



Appendix A.

Resurgence

A.1. n-Borel transforms

Consider an asymptotic power series
o0
pa) =3 pga?, (A1)
g=0

where compared to Eq. (2.1), we also included a constant term in «. Comparing
Eq. (2.6) and Eq. (2.7) of Example 2.1.1, we see that the difference between a pole and
a logarithmic branch cut in the Borel plane lies in an asymptotic coefficient growth
proportional to and g! and (g — 1)! respectively — or equivalently, in a different value
of 8 in Eq. (2.1). One can turn this observation around by defining different Borel

transforms.

We define the 0-Borel transform of the sequence ¢ as

&mwzzgﬂ. (A.2)
g=0 7"

The 0-Borel transform is a formal power series in the variable ¢. The 1-Borel transform
of ¢ is then defined to be the t-derivative of the 0-Borel transform:

Bilel(t) = ZBalel() = Y £t e, (43)

More generally, we define the n-Borel transform of ¢ to be

(oo}

Bulol(t)y =Y Lotn e (A4)

9=0 gt
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which can be viewed as the nth derivative of the 0-Borel transform of ¢. In fact, for

general real (or even complex) v, one may define
) = — T 97V A5
> NCEDESTLE (A.5)
g=0
which for v = n integer agrees with Eq. (A.4). It is then generally true that

SBIA®) = Buralel®). (A6)

When we start from a sequence that grows factorially as

Pn
A—(n+8)T

CF) = const + O (;) as g — 00 (A7)

for some nonzero complex constant, and some real choice of 3, then B1_g[p](t) has
a simple pole at t = A. Using Eq. (A.6), we see that similarly, for integer k£ > 1,
Bi_s[¢](t) has a pole of order k at t = A, and B_g[p|(t) has a logarithmic branch
point. To keep our formulas concise, we use these facts in this thesis to assume, without
too much loss of generality, that our functions in the Borel plane have only simple
poles and logarithmic branch points as their singularities, or occasionally even only
logarithmic branch points. We can always choose an appropriate n-Borel transform
such that this is the case. Extending the results of this thesis so that they also apply
to these cases is completely straightforward.

Once a v-Borel transform is analytically continued beyond the disk of convergence,

it can be mapped back to the Borel sum via
Sye(@) = o’ [ Bulalne Far, (A.8)
¥

where to ensure convergence, the contour 7 is a straight path starting at the origin
and approaching infinity in the half plane where R(¢/a) > 0. Note that the left hand
side of this equation is independent of v. This resummation constructs a function of «

which we can asymptotically expand again to retrieve the formal power series p(«).

The Borel transform (and its corresponding Borel sum) that we introduced in
chapter 2 and use in practice, will usually be the Borel transform B; as this is also the
Borel transform one encounters most often in the particle physics literature. However,
as discussed in chapter 3, it might be convenient to switch to another Borel transform

as some resurgence properties are easier to derive.
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A.2. Properties of Stirling transforms

Stirling numbers of the second kind can be defined as [72]

feigo@er e

They allow us to express the 0-Borel transform of the Stirling transform 1[)(g) defined
in Eq. (3.31) in terms of the 0-Borel transform of 1 («a):

c© oo k : ar L
ZZZW(.)W:B&W&—U. (A.10)
70 =0 =0 J

The n-Borel transform is then obtained by simply differentiating both sides n times

with respect to t. One finds for example

Bi[§](t) = e'Bi[v](e" — 1), (A.11)

which can also be obtained by explicitly computing B, [¢)] using (A.4) and (A.9), just as
we showed for the 0-Borel transform in (A.10). The 0-Borel transform of the rescaled
Stirling transform (3.33) is essentially obtained by repeating the computation (A.10),
only with aj, replaced by apA*, leading to

Bol¥(t) = Bo[ %] (A(e" = 1)) , (A.12)

which again can be differentiated with respect to t to obtain the corresponding n-Borel

transforms.

A.3. Stokes phenomenon for gamma functions

In the example of the quartic partition function in Sec. 3.3, the Borel transform
B[ZM] (2(e! — 1)) induces a Stokes phenomenon as we cross the imaginary t-axis. In
order to derive the exact form of this Stokes phenomenon, we start from the exact

large order relation as it holds for positive g:

Bz (3ot — 1)) oot — 2T (4 +1)
/OB[Zl]<2( 1)) dt = S, 39T (g + DTG T 12 (A.13)

Our goal is then to derive the Stokes phenomenon that the gamma functions on the

right hand side of this expression undergo and combine them into a Stokes phenomenon
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for the whole expression. To this end, we use Binet’s Log Gamma formula,

1 1 1 e #

log T'(2) = (Z _ ;) log(2) — =+ %log(%r) + /Ooo (2 o et1>

C(2)

dt, (A.14)

for (=) > 0. This expression consists of singular and constant terms (as 1/z — 0)
that we collect in the function C(z), and 1/z corrections which are resummed using
Borel-Laplace resummation. Let us first shift the argument by one:

<71 1 1 e\ _,,
10gF(Z+1)—C(Z+1)+/O ((2_t+et—1) t)e dt. (A15)

In the latter term we interpret the integrand as a 1-Borel transform of some formal
power series F'(z):

Bi[F](t) = (; - % + et1_1> <. (A.16)

By shifting and rescaling the argument we straightforwardly find that

logT'(z+1) = C(z+1)+ /OOO Bi[F) (t)e *dt,
logT'(2z+1) = C(2z2+1)+ /OOO %Bl[F] (;) e*tht’
log (42 +1) = C(dz+1) + /OOO iBl[F] (i) o= dt . (A17)

The large z expansion of the function C(z) has a finite radius of convergence and
will therefore not contribute to any Stokes phenomenon that the large z expansion of
logT'(cz + 1) undergoes. Let

B0 = 51 (1) (A.18)

then each B;[F,](t) has simple poles located at t = 2winm, with residue 1/(27im), for
all nonzero integers m. When we move the contour of integration across the imaginary
t-axis — as depicted in Fig. A.1 for F; — we therefore pick up poles which lead to the
discontinuity

disc_z F, = —log (1- eQ“i”g) . (A.19)
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C; G

-~

Figure A.1.: The Stokes phenomenon of F;

Note that the contour of integration runs along an angle —6 in the lower half plane in
order to keep e~ 9! real and exponentially suppressed. The Stokes automorphism on

the product of gamma functions then acts as

2627rig

S zeft o (1o T
2 1 +e4mg

> ef1 2 (A.20)
This Stokes jump is independent of the Borel transform that we chose. Taking the
above jump into account in Eq. (A.13) and now using the 0-Borel transform that we
use throughout the paper, we find that after the Stokes transition, i.e. for g in the left
half of the complex plane, it becomes

/0 T Bz ) (2(et - 1)> e 9tdt
_ <1 262“’) /O_ioo_eBo[ZU)] (2(&-1)) e oldt. (A21)

B 1+ e471'ig

This implements the Stokes phenomenon that we use in Sec. 3.3 to analytically continue
the exact large order relation, Eqs. (3.90)-(3.92), when § < 6 < 2T
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Resurgence analysis of the Adler
function at O(1/N73)

B.1. Master integrals

In this appendix we discuss the master scalar integrals we used in the calculation of the
diagrams considered in chapter 5. The diagrams given in Figs. 5.1a, 5.7a, 5.7b and 5.7c
can be computed using standard one-loop techniques and the one-loop massless master
integral

d
112 ng) = (o2 [ 2 :
) i7Td/2 (7]{32)“1 (k. _ q)2n2

F(n12 — g) F(g — nl) F(g — ng)
F(d — n12) F(nl) F(ng)

(B.1)

with d the number of space-time dimensions. We have adopted the following notation:
the superscripts for an integral 1) indicate the number of loops and the number of
propagators. The prefactor ensures that the result is independent of (—¢?) and we do
not get factors of m. Furthermore, we introduced the shorthand notation nis = ny +ns

with its natural extension to the cases with more indices.

For the calculation of the diagrams in Figs. 5.1b and 5.7d, we need to consider the

massless two loop two-point function

(2,5
139 (ny,ng, n3,n4,n5)

= (_q2)7l12345—d/ ddkl ddk2 1 (B.Q)
2 T2 (R (R (R (R (R

where k3 = ko — q, ks = k1 — ¢ and k5 = k1 — ko. A general representation for the
massless two-point function with arbitrary powers n; of the propagators can be found

in [182]. For a historical overview of this integral, see [183]. For the diagram with one
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bubble chain, given in Fig. 5.1b, we need the result for
I®9(1,1,1,1,u+1). (B.3)

We should mention here that we can work in d = 4 dimensions, as the UV and IR
divergences are regulated by the power v in the propagator. This integral was first
solved using IBP relations and the method of uniqueness in [184], and the result in
d = 4 dimensions reads

R CO R CORTI ORI C|

with 1) (2) = % log'(2) the trigamma function.

For the diagram in Fig. 5.7d with two bubble chains, we need the two-loop master
integral

19 (1 ug +1,1,1,up +1). (B.5)

This master was computed in [185, 186] for three arbitrary powers using IBP relations.
The result reads’

[@9(a,8,1,1,7) _ 112 (a,9+1)
12 (1,8 + 1) d—3

S(g—a 1,8-1,%4a-0-2,6— 5) (@ f)

(B.6)

withd=a+ 8+~ — %. The function S encapsulates all symmetries of this integral
and is given by:
Yl —c)=—y(e) 1 b+e

Slabied) = =g e e

F(a+¢,—b,—c,b+d) (B.7)

where 1(2) = L logI'(z) is the digamma function and

L1+ o)1+ + )T +dT(1+a+ b+ c+d)
F(l+a+cl(1+a+dT(1+b+c)L(1+b+d)

H(a,b,c,d) =

F(a,b,c,d) = il—i—c))(()nd) =3F(—a,—-b,1;1+¢,14+d;1)—1. (B.9)

n=1

n [186], the integral is denoted by I4(c, 8,7, 9).
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We have used this result to calculate the expansion of IA(275)(1, us+1,1,1,up + 1) in uy
and uz. After the expansion, one still needs to carry out the infinite sum in Eq. (B.9).
In order to perform the sums, we made use of the package Summer [187], which itself
relies on FORM [188, 189|. The first few terms read

T2 (1 up+1,1,1,u1+1) = 6¢3 + 5C5 (3u? + Buyug + 2u3)

525
—6¢2 (u%uz + ulug) + C7u1u2 + O(ul,u2> (B.10)

Notice that in the limit ug — 0 and u; — u, one recovers the expansion of Eq. (B.4)
around u = 0. For the calculation of the full diagram, we want to take the convolution
integral, Eq. (4.19), to get the Borel transform in terms of u = uy + us. As

/u duy v (u —up)" = %um*’”rl (B.11)

0 ! (m+n+1)! ’ '

we see that if we want the Borel transform up to order m 4+ n + 1, we need all terms
where the powers of u; and us add up to m + n. We have added the expansion in
terms of u; and ug of f(2’5)(1,uQ +1,1,1,u; + 1) up to combined order m +n = 18
in a separate file that is available from the authors upon request. The result can be

expressed in terms of regular zeta values and multiple-zeta values (MZVs) defined as

1
Gy ma,.imy = Z Jmi me g (B.12)

1 1 2
i1 >ip>.. >0y >0 1 2 k

for positive integers m;. The number of indices of the sums is called the depth and
the sum of the powers, i.e. my + ... + my, the weight. Of course, MZVs of depth one
are just the regular zeta values. The Summer package contains all sums up to weight
nine. In order to express the sums of higher weight in terms of MZVs, we made use of
the tables in the multiple zeta value data-mine up to the maximal available weight 22

[117]. To give an example, at order ujus one finds

111 7,21

4533—2 Z Z 3 (B.13)

11=1 11—1 21—1

which in the data file are denoted by z5z3z3, with similar notations for sums of
higher depth. In general, at higher orders in w; and us, the weight increases and
one also finds MZVs of larger depth. For numerical values of these MZVs, up to 100
decimal places, we have used the EZ-Face calculator [190] that can still be found at
http://wayback.cecm.sfu.ca/cgi-bin/EZFace/zetaform.cgi and checked its output up
to several decimal places.
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B.2. Diagram momentum integrals
Recall the definition of the Adler function (4.1)

dIT(Q?)
2y 422
where TI(Q?) is related to the correlation function of two vector currents j, = ¥y,

of massless quarks,

(—i)/d%e_iqm<0|T{J'u($)ju(0)}|0> = (auav — N d®) Q) , (B.15)
and where Q% = —¢2. In order to extract II(Q?), one can use
nkv
—_ B.1

as the projector for II(Q?). At order 1/Ny, this yields the following integral expression
for the diagram of Fig. 5.1a,

Bl (Q*)](u) = i

A 2(,,2¢\2 ddk ddk
((d)—(l'l;Q)2 /(2ﬂ)ld (ZW)ZB[O‘DPU(ICQ)](”)

Fio (B —ky) K (i — )]
t nL - N B.17
) rb k%%(/ﬁ “h)? k%% (k1 —q)? (B17)
where the Borel transform of the bubble chain, B[aD?? (k2)](u), is given in Eq. (4.18).
After performing the spinor trace, Eq. (B.17) can be written in terms of the master

integral of Eq. (B.1). Likewise, for the diagram of Fig. 5.1b we get

T 2(,,2¢\2 d 1 d 9
BI@))(0) = i T [t G BaD (ko)) )

uk1 kz (%2 - ﬁ) (kl - ﬁ)]
o {” B8 ks — )2 7 (h — q)2 )

(B.18)

which after the fermion trace has been performed, reduces to the master integrals of
Egs. (B.1) and (B.4).

Let us consider the diagrams of Fig. 5.7 studied in Sec. 5.2 at order 1/NJ%. For
the diagram of Fig. 5.7a, the loop integral reads

.(47T)4(u2€)3/ddk1 ddk2 ddkg B[aD”U(h—kS)](ul) (B.19)

B[Ha(Q2)](ulau2):_l d—1)Q? (2m)d (27)d (27)d
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%1 k3 ik, Ky Ky (%1*@]

X B[OéDaB(k’lfkg)] (Ug)tr '}/ k2 ka'-Yg ]{/’2 Yo kQ’Yﬂ kQFY/L (k _q)

After the spinor trace has been performed, the remaining integrals reduce to the master
of Eq. (B.1). Likewise, the diagrams of Figs. 5.7b and 5.7¢ read

BT, (Q?)] (u1, uz2)
i (4#)4(M26)3/ ddk‘l ddkg ddk‘3
(d-1)Q* J (2m)® (2m)* (2m)?
K ks K Bi—d)  (Ba—)  (Fi—d)
xtr[ kQ'kag'YakaY#(k q)Q'Yoz(kz_q)Q’Yﬁ(kl_q)Q )

BlaD (ky —k3)] (u1) B[aD (ki —ks)] (uz)

(B.20)

and

BIL(@)](u1, u2)
4 (2€)4 d d d
_i(?d)(l/;Q)Q | oy ot BLoD G =) )8 LD ) )

xtr{v ﬁé%ﬁimﬁgwﬁi aié ”M’ (B.21)

which reduce to the same master integral of Eq. (B.1). Finally, we studied the diagram
of Fig. 5.7d which reads

B14(Q%)](u1, uz)
_Wm)(u)? / Ak, dlky dlks
T d-0Q? ] 2n)d2n)d (2n)d

Wby ha—Hs) Ky K (Bi—d)  (Ka—4)
. tr{ kz% (ko — k3)? 275 kQ%k?W (k1 — Q)Q% (k2 —q)?

BlaD?? (ki —ks)] (u1)B[aD (k3)] (u2)

(B.22)

This diagram can be written in terms of the master integrals of Egs. (B.1) and (B.6)
where the latter master integral requires the most computational effort. See App. B.1
for the details of this computation. We refer to App. B.3 for a brief discussion on the
remaining diagrams at order 1 /NJ%

B.3. Remaining O(1/N7}) diagrams

In Sec. 5.2, we considered a subset of the diagrams at order 1 /NJ? in the flavour
expansion. In this appendix, we briefly discuss the current status of the remaining
diagrams at order 1/N?, given in Fig. B.1. Notice that these are the abelian diagrams

and we did not present the diagrams with non-abelian self interactions of the gauge field.
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P02

(c)
GEO :
5 H
(e) (f) (2)

Figure B.1.: Diagrams at order I/N? in the flavour expansion that are not computed in
this thesis.

As explained at the end of Sec. 4.1.2, one uses the process of naive non-abelianization,
i.e. replace Byr by fo, to model the non-abelian effects.

The two bubble chain diagrams (a)-(d) of Fig. B.1 were considered in [98]. In
particular, these authors focused on the leading UV singularity because a full calculation
of these diagrams is not possible yet, as the corresponding master integrals are not
known. Notice that the results given are for the vacuum polarization (taking the
derivative with respect to @2, Eq. (5.2), yields the results for the Adler function). The

leading singularity found is?

log(1+ u)

Atu? (B.23)

which would imply the leading order growth of the perturbative coefficients to be
dp ~ (=1)"T'(n+ 2)(n +2). (B.24)

where v is the digamma function. At the level of the transseries, this translates to a

non-perturbative contribution of the form
- 1og( )ew . (B.25)

Recall that an exponential like this is typical for UV renormalons and grows expo-
nentially large when o — 0. Possible solutions were already discussed in Sec. 5.1.5:

either the transseries parameter in front of such a momomial vanishes, or as long as «

2The parameter u in [98] is defined with an opposite sign compared to the definition used in this
thesis. Here, we present the result in our conventions.
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has a definite value, an expression like this still makes sense. Furthermore, we notice
that the leading order growth of Eq. (B.24) is enhanced by a factor n compared to
leading order growth I'(n + 1)¥(n + 1) of the diagrams considered in Sec. 5.2. In order
to construct the transseries, and the relations between the non-perturbative sectors,
one either needs access to sufficient perturbative data of these diagrams, or one needs
the expansion of the Borel transform around the singularity at © = —1 as well as
expansions around other singular points in w. In particular, we recall from diagram
(d) discussed in Sec. 5.2, that for both procedures one has to compute a number of

coefficients that is at least in the double digits, which is a challenging task to perform.

In Figs. B.1le and B.1f, we show the so called nested diagrams, where the square
box denotes the LO (1/Ny) diagrams considered in Sec. 5.1, i.e.

MW 1 MW = +2 . (B.26)

A discussion of the singularity structure in the Borel plane of these diagrams can be
found in [116] (where again, the results given are for the vacuum polarization). Using
Borel Padé techniques, these authors showed that the singularities for the sum of these
two diagrams at u = 1 drops out (as expected by OPE arguments). Furthermore, they
were able to deduce that the singularities at « = 2 and u = —1 are branch points,
suggesting the presence of further asymptotic sectors. However, is was not possible to
compute sufficient perturbative data to determine the precise nature of these branch

points.

As far as we know, the diagram of Fig. B.1g has not been considered so far in the
literature, as it is a difficult diagram with three bubble chains and its corresponding

master integral is not known.

In order to compute the diagrams of Fig. B.1, one needs to compute difficult
skeleton diagrams (i.e. the diagrams where the bubble chains are replaced by the
analytic regularized propagators of Eq. (4.18)). In particular, this means that diagrams
(e) and (f) are two loop skeleton diagrams, diagram (a)-(d) are three loop skeleton
diagrams and diagram (g) is a four loop skeleton diagram. We expect that diagrams (d)
and (g) are the most challenging diagrams to compute as these, respectively, correspond
to three loop, non-planar master integrals with two analytic regularized propagators

and a four loop master integral with three analytic regularized propagators.



Appendix C.
Rapidity regulators

In this appendix, we consider the following one-loop integral

1 1 1
= /[dk] (k2 —m?] [(k + p1)?] [(k — p2)?]”

(C.1)

with p? = m? and study three different regulators that can be used to regulate the
rapidity divergences that show up once Eq. (C.1) is expanded in momentum regions.
Before we discuss these regulators, let us briefly discuss how rapidity divergences
appear. For reasons that will become clear in a moment, let us put the mass of the
first propagator in Eq. (C.1) to M? for now and consider the collinear expansion

1 1 1
B, = /[dk] (k2 = M?] [(k + p1)?] [=kTpy |
_ e m () [ rr (1 —a)7 (—mix 2)°
= /0 d (1—a2)~( +M?) (C.2)

where we performed the loop integral. One can obtain the remaining z-integral after
a standard Feynman parametrization. In the limit A2 — m? that we are interested

in, the remaining x-integral

/1 dea™t (1 —x)7% (C.3)
0

diverges for # — 0.! To be precise, we see that the dimensional regulator € does not
regulate all divergences present in the integral in Eq. (C.2). This so-called rapidity
divergence can be traced back to the fact that the eikonal propagator only contains
the &+ component and therefore new divergences may arise from the kT -integral as e

only regulates the transverse momentum component k .

n fact, the z-integral diverges for all M # 0.

242
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Eq. (C.2) also shows that in the limit M? — 0, the divergence of the remaining

z-integral

' —1—¢ —€ __ F(_E)F(l — 6)
/0 dx x (1—-2x) ~ TTa-20 (C4)

is fully regulated by € alone. In other words, the presence of rapidity divergences in a
Feynman integral is sensitive to propagator masses. This example therefore reflects
why topology A, being free of rapidity divergences, is so different from topology B
and X, which do have rapidity divergences.

C.1. Full result

To validate that rapidity regulators work, we need to calculate the full integral Eq. (C.1).
A straightforward calculation (using e.g. the Schwinger parameterisation followed by

one-fold Melin-Barnes integral) yields

R(full) _ 1e“7E LQ ‘ 1 4m? i 12 F(l - 2€)F(1 + 26)
m? s T?2(1—€e)'(1+¢)

(4r)? s
I'(—1—26)T(1 +¢) 3 s
T b hg e )
—s\ “T%(1—e)l(e) 3 s
+ (77”2,2) 2m2F(1—26) 2F1(1a1_€7§am) ) (05)

where we recall that s = (p1 +p2)? = 2m? + §+m*/5. In the small mass limit m? < 3,
we expand Eq. (C.5) up to NNLP as

' 1 m? 2m
R(full)‘ _ ! 4 “m2 (- _
NNLP  (47)2§ G2+ 2 § §

() e ()]} o0 o

This expansion can now be compared to the region expansion of Eq. (C.1).

2

C.2. Analytic regulator

As this is the regulator used throughout the main body of this thesis, we first discuss

the analytic regulator, which is implemented by raising the last propagator to a
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fractional power v such that Eq. (C.1) is rewritten as [161]

(ar) _ 1 1 ()"
rer = [ 2 =] [ & po)?) (06 — po) 77

(C.7)

For simplicity, we only consider the LP contribution in the remainder of this appendix.

The hard contribution is given by

_ / a L1 (72)"

[K2] k2 + k=py] [k2 — ktpy 1

_ (47:')% (”Z) LlQ - %2 + 0@ )] . (C.8)

R(a.r.)
h

We note there is no rapidity divergence in the hard region, so we can safely set v = 0
either at the beginning or at the end of the calculation. In the collinear region, we

have

R(a.r.)

. /[dk] k2 _lmz] [(k +1p1)2] [_k(f;;lw
- T (ﬁ) (f)yr(e)/old“”@ —a) T (C9)

Comparing to Eq. (C.3) we explicitly see how the power v regulates the rapidity

divergence in a similar manner as how e regulates the IR and UV divergences in

Eq. (C.4). Carrying out the integral over x yields

Similarly, after expanding Eq. (C.7) in the anti-collinear region, we obtain

R(a.r.)

Rar)

- / i —1m21 [klpr] (k —(Z)>]+
B <47:>2§ (51) (—lfn> [‘1 bt @W] - (Ca)

Note that the symmetry of the collinear and anti-collinear region gets broken due to

the fact that we added the analytic regulator to the last propagator only.? Here, we
remark that the natural overall scales for a hard or collinear loop are (u?/(—3))¢ and
(u%/m?)¢ respectively. However, with the analytic regulator, we get slightly different

2This is similar to diagram (e) as is discussed in Sec. 7.2.2: adding a power v in a symmetric way,
i.e. to both the second and third propagator, does not regulate the rapidity divergences.
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overall factors (fi%/3)” and (i?/(—m?))¥, see Egs. (C.10) and (C.11) respectively. This
is an effect of the usual Wick rotation to Euclidean space, which produces an additional
factor (—1)¥.

Other regions do not contribute. For example, the semi-hard region leads to a

scaleless integral and thus a vanishing contribution

_ 1 L @)
o /[dk] ] ] ko~ (C.12)

Now, after combining all contributing regions we find that

R(a.r.)

_ R(a.r.)
LP

R(ar)

+ R(a‘r.)
h

+ RGr)

c
2

- (47:)25 {% - %1112 ( nz )] +0(e), (C.13)

which is the same as the LP result in Eq. (C.6) and we notice that all rapidity

divergences have cancelled in the final result, as they should.

C.3. Modified analytic regulator

Instead of raising the power of a propagator by v, the analytic regulator can also be

used to modify the phase space measure as [164]

/ddké(kQ)G(kO) = /ddk5(k2)0(k0) <k“_>y : (C.14)

Here the amplitude itself does not need to be modified. This has the advantage that
fundamental properties such as gauge invariance and the eikonal form of the soft
and collinear emissions are maintained. The modified analytic regulator is therefore
convenient to construct factorization theorems to all orders. To this end, we can
modify the measure [dk] as follows [191]

/dk — /dk ( > , (C.15)
k+p2 +4i0T

and define

(m.a.r.) _ 1 1 1 ﬂQ v
R /[dk} (k2 —m2] [(k 4+ p1)?] [(k — p2)?] (—k+p2 n z’0+> . (C.16)
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Note that the chosen regulator on the right hand side of Eq. (C.15) leads to R(™-2)|, =
R@r)|,  Rmar)) — Rar)| and Rmar)| = R@1)|, - After a direct calculation
of R{™™™) we have

(m.ar)| 1 1 1 (ﬁ)2
)| = O e i T T AT T e
- EVE 2 € ~2 v 1—‘
i (%) (L) [P -re w20 - v+ 0w)
Comparing R™27)|, with R(®*)|” we find that
R(m.a.r.) - R(a.r.) = O(V) (018)

which means that this regulator is also sufficient to reproduce the result of Eq. (C.6).

C.4. dé-regulator

The final regulator we want to discuss is the so-called d-regulator [192]. It is imple-

mented by adding a small mass to the propagator denominators,

@) _ 1 1 1
RO = [ 5 T T 5 P 5 (C-19)

The §; are regulator parameters that are set to zero unless they are needed to regulate
any divergences. Following the discussion below Eq. (C.2), we see that we can
immediately put 6; = 0 from the beginning as Eq. (C.2) is divergent for all M # 0.
This means that the rapidity divergences have to be regulated by d5 and/or Js.

We recall from Sec. C.2 that the hard region is free of rapidity divergences, so &5
and 3 can be set to zero in this region as well, which reproduces Eq. (C.8)

R(a)‘h _ (4%')% (‘i)e [612 . % + (9(6)] . (C.20)

Next, we consider the collinear expansion

R®

1 1 1
. /[dk‘} (k2 —m2] [(k + p1)2 — 0a] [—kTp, — 03]
i 2eee'yE € 1 i .
— N(M)QF(A)/O dr (z—65/8) " (m?(1 — 2)2 + 6y2) © . (c.21)

S
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Comparing Eq. (C.21) to Eq. (C.3) we see that d3 regulates the rapidity divergence in
the remaining z-integral. Furthermore, we notice that ds is not needed to regulate the
divergence and can therefore be set to zero. Carrying out the remaining z-integral

and performing the e-expansion yields

= (47:)2§ (::;) [1 In (1 _ é) + 2L12(1%§3/§) + (9(6)] . (022)

Similarly for the anti-collinear region we now need to keep d5 to regulate the rapidity

R

divergence and can set 3 = 0. This yields

1 1 1
_ / 4] — R

(9)
f 2] et — 3] [(F — p2)]

(62 4> 03) . (C.23)

c

c

Next, we take the semi-hard expansion, where both d5 and d3 need to be kept to
regulate the rapidity divergences. Because of the mass-like terms do and ds, this does

not lead to a scaleless integral like for the analytic regulator, Eq. (C.12). We get

R®

1 1 1
sh /[dk] (k2 —m?2] [k=pi — o] [—k+py — 03] (C.24)

. 2 € 2 A
i 1 1 1 m*s Ca . 9203
= (477)2§ (7%2> |:62 + E In (— 5253) + 5 - L12 <1 + m2§ + 0(6) 5

where we performed the e-expansion.

Unfortunately, taking the h, ¢, ¢ and sh regions together does not reproduce
the LP part of the full result as given in Eq. (C.6) and in particular, the rapidity
divergences are not canceled. The reason is that the semi-hard region has overlap
with the collinear and anti-collinear regions. To be precise, taking the soft limit of the
collinear region, Eq. (C.21) yields

R®

(C.25)

1 1 1
= [ [dk =R |
o= W s e =

where we recognize the semi-hard region R(®)|,;, of Eq. (C.24). To get the full result,
we have to perform a so-called zero-bin subtraction where one subtracts the overlapping
semi-hard region from the collinear region. Similarly, for the anti-collinear region one

has to subtract

= R

c,0

R®) (C.26)

sh'
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Indeed, adding all regions together and including the zero-bin subtractions yields the
correct full result of Eq. (C.6)

R(é)’ :Rw)‘ L R®| L p®| _ p®
LP h c ¢ sh
7 1 2 m2
= 4G+ - In? (- ; 2
s 1 g (<75 v ot (©27)

where in the last line we were able to take the do — 0 and 63 — 0 limits as the rapidity

divergences cancel.

C.5. Choosing a rapidity regulator

We found that all three regulators can be used to regulate the rapidity divergence that
shows up in the region expansion of the Feynman integral of Eq. (C.1). However, from
a calculation point of view, the d-regulator given in Sec. C.4 is the most complicated
one as it leads to additional scales in the integral. Furthermore, it introduces an
additional semi-hard region compared to the analytic and modified analytic regulators
as discussed in Secs. C.2 and C.3. Regarding the J-regulator, we showed that a
zero-bin subtraction was necessary to avoid double counting momentum regions, which

complicated the region analysis even further.

The analytic regulator and the modified analytic regulator are similar to each
other. Neither of them increase the number of scales present in the Feynman integral
and in case of the example discussed in this appendix, both lead to the same regions.
With the specific choice we made for the analytic and modified analytic regulator, the
only difference between the two at the integrand level comes from the anti-collinear
region, Eq. (C.17). As a result, due to the additional propagator, the calculation of
R(m'a‘r')|5 is more complex than R(a'r')|5. This additional complexity that arises from
the modified analytic regulator would make the two-loop calculation of the form factor
much more difficult as compared to when one would adopt the analytic regulator
instead. In this thesis, we therefore used the analytic regulator whenever rapidity

divergences showed up.



Appendix D.
Regions in topology X

As discussed in detail in Sec. 7.2, finding all momentum regions for a given Feynman
integral can be a subtle process. To supplement the discussion given in Sec. 7.2, we
provide in this appendix some details about the momentum region analysis for one
of the Feynman integrals needed in the calculation of diagram (h), which belongs to
topology X. Topology X in particular is difficult because of the complexity of the
integrals - we needed two different rapidity regulators and had to route the momenta
in three different ways in order to find all regions. The example we consider is

IV 1 o, which according to the momentum routing given in Eq. (7.3) reads

1

¥ = C I;/(l;,ly,ll’,lﬁiljil,o
N [ i
=G W22 163 (ke — p1)2 =m0 [(ky + k2 — p1)2 — m2] 1o
~2V9 ~2u5

2 Ha
D.1
) (k1 + p2)? — m2]1tv2 [(ky + kg + p2)? — m2|1 v’ (D-1)

where for convenience we factored out
C=——=. (D.2)

As discussed in Sec. 7.2.3, both regulators v1 and v, are needed to regulate the rapidity
divergences once Z¥ is expanded in different momentum regions. The full unexpanded
integral on the contrary is free of rapidity divergences and therefore v1 and v5 can be
set to zero, and the result can be found in Ref. [132, 170]. In order to compare with

the momentum region approach, we expand the full result in the small mass limit up
to NLP:

2\ 2e€ 2
1/1 1 37¢
X (L) | == (Zr3 4L LS LR — L — 2052
full | <m2> [ 6(3 + (2 +C3> 5 + 2 € 10
2
—T’; (417 — 8L +4() + O (e)| ,  (D.3)
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where we defined

L=In (-”22) . (D.4)

In the remainder of this appendix we first present in App. D.1 all the momentum
regions which contribute to the full result of Eq. (D.3) up to NLP. In App. D.2, we
then compare these regions to the output of the software package Asy.m, which uses a
geometric approach to reveal all the relevant regions for a given Feynman integral in
parameter space. We finish this appendix with a discussion on a method that can be

used to find all regions in momentum space.

D.1. Regions in momentum space

As we have shown in Sec. 7.2.3, there are 12 regions needed for the integrals of
topology X.!' To cover all these regions in momentum space, the region expansion
given by the momentum routing of Eq. (7.3) is not sufficient, and one also needs to
consider the routings as given in Egs. (7.9) and (7.10). In what follows, we will show
that indeed all three different momenta routings are needed in the region expansion of
I, Eq. (D.1), to get all the 12 regions that make up the full result of Eq. (D.3).

We first present all the eight different momentum regions given by the first
parameterisation of topology X defined by Eq. (7.3). Up to NLP we get

2\ 2¢ 2 2
1 66 83 1772 m?/ 3 6
¥ ‘ (= — 2 s =2 12 D.
hh (—s> l ate T3t T €2 e+9C2+ (D-5)
2\ 2€ ~9\ 2v2 2
3 1 216 1 Co G 1177C
IX _ H Ha _ 2 6¢a— 2
ce (m2> ( 3 8 2, T se e \% ) T3, T TR

2/71/2 10
+ = ( (+7) - 14¢2++21> (D.6)
S € Uy Vo

2e ~ v ~ v ~ 12 ~ vo [
(N (B (B a1
e m2 —m?2 H —m?2 H 4et S \ 25 2ug

1 (5, 1 1/3¢ 3G 17C\ G | 14¢s | 14¢s | 279¢3
+ €2 ( 4 1/11/2> + € <2V1 21/2+ 6 1/11/2+ 311 + 3vs + 40
m2/1/2 2 2 2 ]
+ — ((++4)—4(2++—4) (D.7)
S € \ Vo 1Z1 141 V2

INote that we can safely limit ourselves to the Feynman integrals with ny < 0 as only these are
needed in the computation of F; and F> for diagram (h).
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2N\€/ 2\ 2 2
1 " 8  8C 316¢; 1582 m?[—4 4 40
¥l = SR et 4Gy —
he (5) (m2) [364 e 9¢ 5 s \3e T ey
(D.8)
2N\ /,242\€ 2 2
I WS -1 5( 73 493¢; m 1 5 19
x| =2~ %2 T 2 Bt
cuc (m2) <m6) [2464 32 T8 80 T3 \3e2 T3 00T
(D.9)
Note that the LP of ZX|;;, can be found in [147, 193]. By symmetry, we have
¥ =1% (n o w), I " =1 . > and ¥ =1%| (D.10)

The second parameterisation of topology X, Eq. (7.9), gives two new regions: the
cc’-region and the é@-region. By defining?

1 X 1 JV1,V1,V2,V2
7" = 61 X:1,1,1,1,1,1,0 » (D.11)

the NLP results of these two new regions read

2¢ ~ V1 s ~9N V1 ~ 2v2
X (N (A it iz 29 1/3 1
cc’ m?2 —m? § —m?2 4et €3 125} 21/1
1 /7 1 1 83 7 473(¢2
Ll(Te 1) 16 86) 6 G 16 47
e\ 4 vy e \ 211 6 vy 31 Vo 40
2 1 2 1 2
+ 2 <—32+<——14>—<2—0——42)] (D.12)
S € € 121 V1 V2
» AN ENEY A Y
3 et e vy  2ug

2 ~ 2 ~
(N (BT (A
ce' m2 —m? —m?
1
€

+12(3<2+1+12>+ <3§2<2+41C3)
€ 140%]

V5 21 1y 3
(2 G 14¢s | 2¢3 | 59¢3
+ 1282 + V% 31 + Vo + 10
m2 [ 4 1 4 2 2 10
+A<2+<———4>+2C2_—+2> . (D.13)
S € € 12) V1 Vi V2

2Recall that the difference between 7'~ and ZX only arises in the momentum region expansion.
The unexpanded integrals are the same.
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Finally, to get the full NLP result, two more regions are needed and can be found
using the third parametersisation. Recalling Eq. (7.10), we define
1
INX = 5 I/lgcl;7lu,117,’/12,’1yi1,o- (D~14)
These last two missing momentum regions are the ch” and ¢h” regions and their

expressions are given by

2N\€ /,2\°€ 2
7 = (£ S A D.15
ch' <m2 —35 S €2 + ’ ( )
and by symmetry
=7 (D.16)
ch ch?!

Note that the ch” and ¢h” regions do not contribute at LP.

For notational simplicity, we denote ZX |. as ZX from now on. Combining all of
the above 12 regions, we obtain the result of the integral Eq. (D.1) up to NLP. That

is,
I8 AT+ X+ X X v TS 4 I 4 T T T T+ T
2\ 2€ 2
1/1 1 37
= % —— L2+ QL+ () — 5L+ GL? — (3L — 3
m e\ 3 2

10
2 4
_% <4L2 — 8L+ ?) +O(v1, u2,e)] . (D7)

which is the same as Eq. (D.3). We notice that all rapidity divergences have canceled.

D.2. Regions in parameter space

To find all the above 12 regions for ZX, we can also use the Mathematica package
Asy.m [144, 145], which implements a geometric approach to reveal the relevant regions
for a given Feynman integral and a given limit of momenta and masses. The program
relies on the so-called alpha-representation of Z% in Eq. (D.1), which can be written
in the following form

oo
.\ —2—2e—2171—2
IX:Cl/ [y} (ysya)"* (ysys)* A5 722 (mP Ay —s10 Ao —in)
0

(D.18)
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where y; are the so-called alpha parameters and

6
[dy) = [ dvid(1 = y1 = y2 — y3 — ya — v5 — vs) - (D.19)
=1

For notational convenience, we defined

§2H45ﬂ1111/1 ﬁ;lV26257E672i(V1+u2)77F(2 + 2+ 2uy + 2V2)
T2(1 + v1)L2(1 + va) :

Cy = (D.20)

and

Ar =yays(ys +ys) + ysy6(ys + Yo) + Y3 (ys + ys) + 1 (ys + ya)? + (v2 + y3) (Y5 + y6)°
+ y3ya(Ya +ys) + yaya(ys + ys) + V19 + v2ui

Az =y1y6(y3 + Ya) + yays(Ys + ¥s) + yoya(Ys + ¥e) ,

Az =ys5(ya +y6) + (Y2 + y3)(Ya +ys + y6) +y1(y2 + y3 +va + ve) - (D.21)

The package Asy.m formulates the expansion by regions of a Feynman integral by
studying the scaling of each alpha-parameter y;, as opposed to the method used in
this thesis where we defined the regions by studying the scaling behaviour of loop
momentum components. The two methods are closely related, as the scaling of each
parameter y; corresponds directly to the scale of the i-th denominator factor of the
original Feynman integral. To find the possible scalings of the parameters y; that lead
to non-vanishing integrals, Asy.m uses a geometrical method based on convex hulls
[144]. Using the package Asy.m for 7%, we get 12 regions listed as

R =({0,0,0,0,0,0},{0,0,0,0,2,2},{0,0,2,2,0,0},{0,0,0,2,0,2}, {0, —4, ~2,2,0,0},
{0,4,4,4,2,6},{0,-2,—2,0,—2, -2}, {0,2,0,0,0,2},{0,0,0, —2, 0,0},
{03 07 07 07 Oa 72}; {Oa 727 723 07 07 0}7 {Oa 27 27 23 07 2}) . (D22)

The j-th region of Z% is now denoted by the vector R;, which specifies the scales of
the alpha parameters. To be precise, one scales y; — yi)\Rj' with A < 1 and expands
Eq. (D.18) around A = 0. This yields the alpha representation of ZX in the j-th region
which we denote as IJX .

We have checked that the regions as listed by Asy.m lead to the same regions as we
found in momentum space and listed in App. D.1. For simplicity, we only calculated
the LP term of IJX , except for Zg¥ and Z7) as these start at NLP. We find that Z;{*-Z;5
are the same as 75, ZX, TX, IX, IX ., X, T'X,, T'oer, T oy, T oy, IS and T,

respectively.
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o
=
o

o

c, h

(b) (©)

Figure D.1.: We show diagram (h) including labels for the vertices and propagators in
Fig. D.1a. The vertices o and  are shown in Figs. D.1b and D.1lc with
possible momentum modes for each propagator when the loop momenta are
regarded as (anti-)collinear.

D.3. Finding regions in momentum space

We finish this appendix by presenting a method that can be used to find all the regions
in momentum space of a Feynman integral. In principle, we can use Asy.m to find the
scale of each propagator in a given region and then obtain the corresponding modes
of loop momenta. However, in our case, it is important to apply an independent
cross-check to find the regions in momentum space. To illustrate our method, we focus
again on the integral Z¥X, Eq. (D.1), and use the collinear-type region — which means

the loop momenta k; and ks are both collinear or anti-collinear — as an example.

Regardless of whether we perform expansion by region or not, the momentum
flowing into a vertex of a Feynman diagram is conserved. We can use this fact to
constrain the possible scales of the propagators connected to the same vertex. To
make this precise, we labeled the vertices and propagators of ZX in Fig. D.la. Vertex
a, shown again in Fig. D.1b, includes three lines with one of them being the external
fermion line with momentum p; which is regarded as the collinear momentum. At
present, we only focus on the collinear-type regions such that the momentum of
one of the remaining two lines should be collinear or anti-collinear. By momentum

conservation, the momentum of the third line is now fixed. That is, if the photon line —
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labeled by 2 — has momentum with collinear scaling, then by momentum conservation
the fermion line — labeled by 3 — has also collinear momentum. However, if the photon
line has anti-collinear scaling, then the momentum of the fermion line should be
hard.? The only case left for the collinear-type region is when the fermion line has
anti-collinear scaling, which leads to a hard momentum scaling for the photon line. In
Fig. D.1c, all possibilities are listed for vertex 5, which attaches to the fermion line

with momentum p,, regarded as the anti-collinear momentum.

We notice that once we determine the modes of the momenta that flow into the
vertices o and 3, the momentum scaling of every line in the diagram can be extracted.*
As discussed above, the momenta of the lines labelled 2 and 3 can have the modes cc,
ch and hc and the momenta of the lines labelled 1 and 5 can have modes ¢¢, ch and
he. Naively, we have 9 different configurations after considering these two vertices.

We divide these 9 configurations into 3 categories, which are given by

R{ = (écce, eche, cech, cchh) |
RS = (¢hee, heee, hhec)
RS = (cheh, hehe) . (D.23)

Each configuration, e.g. cccc in R, represents the momentum modes of the lines
labelled 1, 2, 3 and 5 respectively. Note that the regions determined by the configura-
tions in R{ can be given using the definition of Eq. (7.3), while those in RS can be given
using Eq. (7.9). We did not show the definitions of the propagators that can be used to
give the configurations in R§. The reason is that these two configurations in R§ only
give scaleless integrals and hence do not contribute. It is also straightforward to check
that the integrals in both configurations cchh and hhcc are scaleless. Finally, we find
5 contributing configurations, ¢ccé, ¢che, ccch, chee and heee which indeed correspond
to the ¢cc, ¢¢, ce, e’ and cc’ regions given in Sec. 7.3.3, respectively. In principle, one
can also choose vertices @ and p or 8 and p to analyze the possible collinear-type
regions in topology X. However, we did not find any additional collinear-type regions
that contributed up to NLP. The other regions in topology X, where the loop momenta

have hard or ultra-(anti-)collinear scaling, can be found following a similar procedure.

3Notice that hard here and h in the following refer to the scaling v/3(A%, A%, A1) as it is the sum of
collinear, which scales as v3(A?, A2, A1), and anti-collinear, which scales as v/5(A2, A%, \1). This
is slightly different compared to the hard mode defined in Eq. (6.35).

4In fact, one can also pick the vertices a and p or 3 and pu.
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Samenvatting

Fundamentele natuurkunde richt zich op het begrijpen van de fundamentele wetten
van de natuur. Binnen de deeltjesfysica heeft deze zoektocht geleid tot een krachtige
theorie, genaamd het Standaardmodel. Dit model beschrijft de kleinste deeltjes
van materie — bekend als elementaire deeltjes — die alles om ons heen vormen, van
atomen tot sterrenstelsels. Het Standaardmodel is meer dan alleen een opsomming
van deeltjes; het verklaart ook hoe deze deeltjes met elkaar interacteren. Het maken

van voorspellingen op basis van deze interacties is echter buitengewoon complex.

Om dit te vereenvoudigen, gebruiken natuurkundigen een methode genaamd
storingsrekening — ook wel perturbatietheorie genoemd. Deze methode begint met een
eenvoudiger systeem en voegt kleine correcties toe om complexere interacties mee te
nemen. Deze correcties vormen een reeks waarmee voorspellingen steeds nauwkeuriger

kunnen worden gemaakt.

Ondanks het succes van storingsrekening in de natuurkunde, heeft deze methode
een groot probleem: het leidt vaak tot wiskundige oneindigheden die voorspellingen
onmogelijk maken. Een van deze problemen, bekend als ultraviolet-oneindigheden,
wordt aangepakt via een proces genaamd renormalisatie. Dit proces verwijdert de
oneindigheden door de parameters van de onderliggende theorie aan te passen. Maar
zelfs na renormalisatie groeit de storingsreeks op een manier die het verkrijgen van
nauwkeurige resultaten bemoeilijkt. De reeks gaat zich gedragen als een divergente,
asymptotische reeks, waarbij de eerste termen de nauwkeurigheid verbeteren, maar

latere termen de nauwkeurigheid juist weer verminderen.

Dit probleem betekent niet dat storingsrekening nutteloos is. Wiskundigen hebben
een methode ontwikkeld genaamd resurgence, waarmee dergelijke asymptotische reeksen
kunnen worden omgezet in zinvolle functies. Resurgence laat zien dat de storingsreeks
alleen niet genoeg is, er ontbreken zogenoemde niet-perturbatieve effecten. Dit zijn
effecten die niet beschreven kunnen worden door de gebruikelijke storingsreeks, maar

wel cruciale informatie over het systeem bevatten.

In het eerste deel van dit proefschrift, hoofdstuk 2-5, onderzoeken we zowel formele
aspecten van resurgence als ook de praktische toepassingen ervan: renormalons.
Renormalons zijn niet-perturbatieve effecten die voorkomen in theorieén zoals het

Standaardmodel en worden vaak power corrections genoemd.

Om te beginnen, in hoofdstuk 2 en 3, bestuderen we zogenoemde grote-orde-relaties

met behulp van resurgence. Deze grote-orde-relaties laten zien hoe in de divergente
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storingsreeks niet-perturbatieve effecten verborgen zitten. Bovendien laten we zien
hoe deze niet-perturbative effecten uit de storingsreeks gedestilleerd kunnen worden.
Dit maakt het een belangrijk hulpmiddel voor natuurkundigen, aangezien zij vaak
alleen een directe manier hebben om de storingsreeks te berekenen, en geen andere

eenvoudige manier voor de niet-perturbatieve effecten.

In hoofdstuk 4 en 5 passen we deze methoden vervolgens toe om renormalons te
bestuderen. Met behulp van resurgence kunnen we de berekeningen van renormalon
effecten — effecten die vaak worden genegeerd — vereenvoudigen. We passen deze
technieken toe op de Adler-functie — een belangrijke functie in de deeltjesfysica — en
onderzoeken hoe renormalons hierop van invloed zijn. Door resurgence methoden te
gebruiken, kunnen we een nauwkeurige formule opstellen die deze niet-perturbatieve

renormalon effecten beschrijft.

In het tweede deel van dit proefschrift verschuift de focus naar een ander type power
correction door gebruik te maken van factorisatie. Factorisatie is een methode die een
complex proces — waarbij verschillende fysische schalen betrokken zijn — opsplitst in
eenvoudigere delen, die van een enkele schaal afhangen en afzonderlijk kunnen worden
berekend. Deze techniek is cruciaal voor het begrijpen van het gedrag van deeltjes in

hoogenergetische botsingen, zoals die in deeltjesversnellers.

In hoofdstuk 6-8 passen we factorisatie toe op een verstrooiingsproces waarbij een
foton vervalt in twee deeltjes met een relatief kleine massa. Met behulp van een techniek
genaamd expansie in momentumregio’s laten we zien hoe de factorisatieformule voor
dit proces op verschillende niveaus van precisie kan worden geverifieerd. Op leidende
orde van precisie, ook wel de leading power correctie genoemd, laten we zien hoe de
berekening van deze correcties kan worden opgesplitst in een procesafhankelijk deel,
het zogenoemde harde deel, en in universele functies genaamd jet functies. Het harde
deel in factorisatie beschrijft de interactie op korte afstand waarbij de fundamentele
deeltjes met elkaar botsen. Een jet functie beschrijft hoe een hoogenergetisch deeltje,
geproduceerd in een botsing, zich ontwikkelt tot een smalle bundel van deeltjes, een
jet. Omdat jet functies universeel zijn, kunnen ze in veel verschillende berekeningen
opnieuw worden gebruikt en hoeven ze slechts één keer te worden uitgerekend. Om de
precisie verder te verhogen, onderzoeken we ook de nezt-to-leading power correcties.
In het bijzonder laten we zien hoe nieuwe jet functies kunnen worden gedefinieerd om

deze next-to-leading power correcties nauwkeurig te beschrijven.

Kort samengevat gaat het onderzoek gepresenteerd in dit proefschrift over het
concept van "power corrections" — vandaar de titel van deze thesis — die ons kunnen
helpen de interacties tussen elementaire deeltjes beter te begrijpen en bovendien
nauwkeuriger te beschrijven. Dit gebeurt vanuit twee invalshoeken. Allereerst kijken

we naar power correcties die voortkomen uit niet-perturbatieve effecten, zoals in het
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geval van renormalons. Vervolgens bestuderen we power correcties in berekeningen
waarbij meerdere fysische schalen betrokken zijn. Deze twee onderwerpen worden

respectievelijk benaderd met behulp van de methoden van resurgence en factorisatie.



Summary

Fundamental physics focuses on understanding the fundamental laws of nature, and
in the realm of particle physics, this quest has led to a powerful theory called the
Standard Model. This model describes the smallest particles of matter — known as
elementary particles — which make up everything around us, from atoms to galaxies.
The Standard Model does more than list particles; it also explains how these particles

interact. However, making predictions based on these interactions is extremely complex.

To make things easier, physicists use a method called perturbation theory, which
simplifies the problem by starting with a simpler system and adding small corrections
to account for more complex interactions. These corrections form a series that allows

predictions to be made more precisely.

Despite its success in all areas of physics, perturbation theory faces a significant
problem: it often leads to mathematical infinities that make predictions impossible.
One of these issues, known as ultraviolet infinities, is handled through a process called
renormalization. This process removes the infinities by adjusting the parameters of
the underlying theory. However, even after renormalization, the mathematical series
still grows out of control in a way that makes it difficult to get accurate results. The
series begins to behave like a divergent, asymptotic series, where early terms improve

the accuracy, but later terms on the other hand worsen the accuracy.

This challenge does not mean that perturbation theory is useless. In fact, mathe-
maticians have developed a way to turn these divergent series into meaningful functions
through a method called resurgence. Resurgence indicates that the perturbative series
is not enough, there are non-perturbative effects missing. These effects cannot be
described by the usual perturbative series, but can provide crucial information about

the system.

In the first part of this thesis, chapters 2-5, we explore formal aspects of resur-
gence as well as one of the more practical applications of resurgence: renormalons.
Renormalons are non-perturbative effects that appear in theories like the Standard

Model and are often referred to as power corrections.

First, in chapters 2 and 3, we study so-called large-order relations with resur-
gence. These large-order relations show how in the divergent perturbative series,
non-perturbative effects are hidden. In particular, we show how these non-perturbative

effects can be obtained using the perturbative series alone. This makes it a valuable
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tool for physicists, as they often only have a way to calculate the perturbative series,

and no direct simple way to calculate the non-perturbative effects.

Then, these methods are applied to study renormalons in chapters 4 and 5. Using
resurgence, we are able to simplify how we calculate renormalon effects, which are
parts of calculations that often get ignored. We apply these techniques to the Adler
function, a key quantity in particle physics, and look at how renormalons affect it. By
using resurgence methods, we are able to build an accurate formula that describes

these non-perturbative renormalon effects.

The second part of the thesis shifts focus to another type of power correction in
particle physics using factorization. Factorization is a method that separates a complex
process — in which multiple physical scales are involved — into simpler parts, each of
which depend on a single scale and can be calculated independently. This technique is
crucial for understanding the behavior of particles in high-energy collisions, such as

those in particle accelerators.

In chapters 6-8, we apply factorization to the study of a scattering process in which
a photon decays into a pair of particles with a relatively small mass. Using a tool called
expansion by momentum regions, we show how the factorization formula for this process
can be verified at different levels of precision. At leading order of precission, also
called the leading power correction, we show how the calculation of these corrections
can be factorized into a process dependent part, the so-called hard part, and into
universal functions called jet functions. The hard part in factorization represents the
short-distance, high-energy interaction where the fundamental particles scatter off
each other. A jet function describes how a highly energetic particle, produced in a
collision, transforms into a narrow spray of particles called a jet. Furthermore, being
universal, the jet functions can be reused for many different processes and therefore
only need to be calculated once. To go even further, and increase the precision, we
also explore the next-to-leading power corrections. In particular, we show how new jet

functions can be defined to accurately describe the next-to-leading power corrections.

In summary, this thesis explores the idea of "power corrections" — hence the title
of this thesis — which help in our understanding of particle interactions and describe
their behavior more accurately. First, it delves into power corrections that come from
non-perturbative effects, like renormalons, and second, it examines power corrections
in calculations that involve multiple physical scales. These two topics are approached

using methods known as resurgence and factorization respectively.
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