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Abstract

In this thesis we investigate a particular source of divergence of perturbative expansions in
QCD which leads to divergent series that can at best be considered asymptotic. The asymptotic
behaviour these divergences are causing is related to contributions from small and large loop
momenta in perturbative calculations and manifests itself in poles of the corresponding Borel
transform which are termed infrared (IR) and ultraviolet (UV) renormalons, depending on the
momentum regions they are related to. Studies of renormalon divergences have become increasingly
important in high-energy physics to achieve an ever higher precision in theoretical predictions. In
this context we review the QCD description of hadronic 7 decays and summarize what is known
about ultraviolet and infrared renormalons. In particular we analyze the close connection between
IR renormalons and non-perturbative power corrections in QCD and discuss how IR renormalons
lead to ambiguities in the definition of the Borel integral. Furthermore we present another approach
to deal with renormalon divergences and show how the introduction of an additional scale R can be
used to improve the poor convergence behaviour of perturbative series suffering from renormalon
ambiguities. From the solution of renormalization group equations with respect to the scale R, the
so-called R-evolution equations, we deduce an analytic all-order expression for the Borel transform
of perturbative series that can be used as a test for renormalon ambiguities. As a practical
application we study the Borel transform of the Adler function in the context of the large-5y
approximation.

Zusammenfassung

In dieser Arbeit wird eine bestimmte Art von Divergenzen betrachtet, welche in perturbativen
Entwicklungen in QCD auftreten und zu divergenten Reihen fithren, die bestenfalls asymptotisch
sind. Das asymptotische Verhalten dieser Reihen wird sowohl von Bereichen mit niedrigen als auch
von Bereichen mit hohen Impulsen in Schleifenintegralen verursacht und spiegelt sich in Form von
Singularitdten in der entsprechenden Boreltransformierten wider, welche als Renormalons bezeich-
net werden. In Abhéangigkeit von ihrem Ursprung von Bereichen mit niedrigen oder hohen Im-
pulsen, wird dabei zwischen infraroten (IR) bzw. ultravioletten (UV) Renormalons unterschieden.
Genaue Untersuchungen dieser Renormalon Divergenzen werden zunehmend bedeutender, um the-
oretische Vorhersagen in der Hochenergie-Physik zu verbessern. In diesem Zusammenhang betra-
chten wir zunichst hadronische 7 Zerfille und geben einen allgemeinen Uberblick iiber ultravio-
lette (UV) sowie infrarote (IR) Renormalons. Im Speziellen diskutieren wir die enge Verkniipfung
zwischen IR Renormalons und nicht-perturbativen Powerkorrekturen in QCD und zeigen, dass
IR Renormalons zu einer Ambiguitét in der Definition des Borel-Integrals fithren. Des Weiteren
présentieren wir einen alternativen Ansatz, um Renormalon Divergenzen zu behandeln und zeigen
wie mit Hilfe einer zuséatzlichen Skala R das schlechte Konvergenzverhalten von Stérungsreihen
verbessert werden kann. Die Losung von Renormierungsgruppen-Gleichungen beziiglich dieser
neuen Skala R, welche R-evolution Gleichungen genannt werden, liefert einen analytischen Aus-
druck fiir die Boreltransformierte von Storungsreihen, die zum Testen von Renormalon Ambi-
guitdten verwendet werden kann. Als Anwendungsbeispiel betrachten wir die Boreltransformierte
der Adlerfunktion in der Large-8y Naherung.
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Chapter 1

Introduction

It is a well-known fact that perturbative expansions in quantum field theory, and in particular
in Quantum Chromodynamics (QCD), lead to divergent series for which one expects a factorial
growth of the perturbative coefficients at high orders. An important source of divergence, which
is directly related to small and large momentum behaviour in loop integrals, is referred to as
renormalons and was investigated for the first time in the 1970s [1, 2, 3]. Ever since, studies of
renormalons and large-order behaviour in perturbation series have become indispensable in high-
energy physics, especially because theoretical predictions of fundamental parameters require an
ever increasing precision in order to test the internal consistency of the Standard Model and find
physics that goes beyond it.

In this context one of the central quantities of QCD is the strong coupling constant ag and over
the last decades major efforts, ranging from analyses of event shapes in e*e™ annihilation (see e.g.
[4, 5, 6, 7]) to lattice QCD (e.g. [8, 9, 10, 11]), have been made to improve its determination. The
probably most important low-energy extraction of the strong coupling is provided by investiga-
tions of hadronic 7 decays. Due to the mass m, = 1.78 GeV of the 7 lepton the strong coupling
as(M;) at the 7 mass scale is on the one side small enough such that perturbative expansions
still converge, but on the other side large enough that the 7 hadronic width R, is sensitive to
it [12]. Besides, non-perturbative contributions to R; turn out to be rather small which makes
an accurate theoretical prediction in the context of perturbation theory possible. At present the
largest source of theoretical uncertainty in the determination of ag from 7 decays is related to the
apparent discrepancy between different approaches used to improve the perturbative expansion of
the 7 decay rate by means of the renormalisation group. The two most commonly employed tech-
niques, known as fized-order (FOPT) and contour-improved perturbation theory (CIPT), lead to
significant numerical differences and many studies have been motivated by the necessity to resolve
this issue [13, 14, 15]. Detailed investigations [16] indicate that the preference for either FOPT or
CIPT depends primarily on the assumptions made on the models used to predict the large-order
behaviour of the perturbative series of R.

Associated with these higher-order models are renormalons, which dominate the large-order
behaviour and therefore play a crucial role. In order to deal with factorially divergent series related
to renormalons it proves to be very useful to perform a Borel transformation. The Borel transform
then encodes the information on the divergent behaviour in form of singularities that lie on the real
axis in the complex Borel plane. It is actually these poles in the Borel transform along with the
associated large order behaviour of the perturbative series which are called renormalons. Depend-
ing on their physical origin it is possible to separate renormalons into two different classes. Those
related to the short-distance behaviour of QCD appear on the negative real axis and are termed
ultraviolet (UV) renormalons, while the ones associated with long-distance physics are located on
the positive real axis and are referred to as infrared (IR) renormalons.

IR renormalons represent a fundamental problem in the computation of the inverse Borel trans-
form (see eq. (3.5)), which will be discussed in detail in chapter 3. This inverse transformation
involves an integral over the positive real Borel axis (=Borel integral) and due to the IR renor-
malon poles, one is forced to regulate the integral in some way. The resulting ambiguities in the



definition of the Borel integral are related to non-perturbative power corrections (cf. eq. (3.22)).
To remove these ambiguities higher-dimensional operator corrections (QCD condensates) which
arise in the framework of the operator product expansion (OPE) need to be considered.

The OPE is an important instrument for QCD predictions that separates short- and long
distance physics into perturbatively computable Wilson coefficients and non-perturbative matrix
elements of operators. As explained in section 3.3.1, the operator expansion is usually realised in
the common MS-scheme which is useful for multiloop calculations and preserves important prop-
erties, such as gauge and Lorentz invariance. In this scheme the Wilson coefficients do not suffer
from explicit IR divergences but contain contributions from arbitrary small loop momenta and are
therefore still IR sensitive. This sensitivity is reflected by IR renormalon divergences which lead
to factorial growth of the perturbative Wilson coefficients (cf. (4.2)). These IR renormalons may
cause poor convergence and are compensated by corresponding instabilities (UV renormalons) in
the matrix elements of higher dimensional operators in the OPE. To avoid the problem of renor-
malon cancellations between different terms in the MS-OPE, it is useful to switch to a scheme
that involves explicit renormalon subtractions but retains the powerful computational properties
of MS [17]. Associated with such a scheme is typically an additional cut-off scale R below which
the renormalon contribution is subtracted. Treating the scale R as continuous variable leads to
the definition of a new renormalisation group equation, the so-called R-evolution equation, that
resums, at the same time, the asymptotic renormalon series and large logarithms in the difference
of two subtractions at scales Ry and R; in a renormalon free way. Moreover, we will see that
the general solution of this equation yields an analytic expression for the Borel transform of the
perturbative series that carries the information on a specific renormalon pole. As a byproduct we
also obtain an analytic result for the normalization of the singular terms in the Borel transform.
This expression for the normalization, called the renormalon sum rule, can in principle be applied
to any perturbative series as a probe for renormalon ambiguities.

In order to demonstrate the usefulness of R-evolution and the renormalon sum rule we apply
it to the Adler function which represents the central quantity in the perturbative description of
hadronic 7 decays. In addition, we prove that the solution of the R-evolution equation recovers an
anlaytic expression for the Borel transform that matches exactly the ansatz for a physical model
of the Adler function derived in [14]. The model for the Borel transform given there is based on
common renormalisation group methods and allows one to predict the position and strength of the
renormalon pole, but not its residue. As we will see, the renormalon sum rule resolves this issue
and can, in principle, be used to gain additional information about the residues of renormalon poles.

This work is organized as follows: In chapter 2 we give an overview of hadronic 7 decays. Chap-
ter 3 provides an in-depth introduction to renormalons and Borel summation. In this section we
discuss the simple example of the Adler function and investigate how renormalons emerge in loop
calculations. Moreover we establish the connection between IR renormalons, ambiguities of the
Borel integral and higher-dimensional operator corrections in the OPE. Chapter 4 is dedicated to
R-evolution and the renormalon sum rule. We first discuss the implications of the R-evolution
equation and then derive the analytic expressions for the Borel transform and the renormalon
sum rule for a given perturbative series. The application of R-evolution to the Adler function in
the context of the large-By approximation is then presented in chapter 5 and, finally, chapter 6
summarises our findings.



Chapter 2

Hadronic 7 Decays

Due to the fact that the 7 is the only lepton heavy enough to also decay into hadrons, hadronic
7 decays provide an ideal tool for precision tests of QCD and its fundamental quantities at low
energies. One of the most important parameters in this respect is the strong coupling constant ag
which can be determined very accurately from investigations of the 7 hadronic width

I’ (t— — hadrons v; (7))
L(r- e e ()

R, = (2.1)

Theoretically, it is possible to divide R, into contributions from non-strange (ud) and strange (us)
quark currents, which can be further resolved into vector (V') and axial-vector (A) contributions.
Since experimentally a separation of the strange decays into vector and axial-vector contributions is
not feasible due to the lack of data for the Cabibbo-suppressed sector, it is convenient to decompose
R; in the following form [12]

R; = RT,V + RT,A + RT,Sa (22)

where R; g denotes the strange hadronic width. In general, the contribution from non-strange
decays is given by [12, 14, 18]

Rrvia = TSEW“/ud’? 1+ mw + 00 + ) 51(Ld7)V/A]. (2.3)
D>2

In this decomposition Sgw and dmw comprise electroweak corrections, 5O contains the pertur-
bative QCD corrections to R; neglecting quark masses and 51(5)‘// , includes leading quark mass
effects as well as corrections from higher dimensional terms in the operator product expansion

(OPE) for current-current correlation functions. In this work we will mainly focus on the latter

two corrections, () and 52) electroweak corrections will not be covered. For a complete and

ud,V/A’
detailed discussion of all contributions to the 7 hadronic width, see [12].

2.1 Theoretical Framework for the Prediction of R

Starting point for the analysis of the 7 hadronic width is the two-point correlation function of

vector and axial-vector currents, J ;/ {;4(:1:) = [@;7u(75)a@] (), of massless quarks [14]:
A . igx A A A
L @) = i fave @ T @I O 19 = @ - P L@ 2

Here, |Q2) denotes the full physical vacuum and the indices i,j characterize the relevant quark
flavours up, down and strange. The hadronic width R, can be written as an integral of the
spectral functions p(s) oc ImII(s) over the invariant mass-squared s = ¢? of the final state hadrons



12, 13),

- 12w7:j< 83>Q<1+2mT>ImH (s), (2.5)
0

where the correlator I1-(s) is given by
(s) = [Vual? [H’L‘{d(s) + Hﬁd,(s)] + | Vi ? [Hz‘js(s) + Hfs(s)] : (2.6)

Exploiting the fact that IT1-(s) is analytic in the entire complex s-plane except for the positive real
axis, eq. (2.5) can be transformed by means of Cauchy’s theorem into a contour integral running
counter-clockwise around the circle |s| = m2 [14]:

. ds s\ 5
Isl=m2

For a systematic calculation of the hadronic 7 decay rate, it is furthermore convenient to introduce
the so-called Adler function [19]

dIl(s)
ds ’

D(s) = 4ms (2.8)
which, in contrast to the correlators II(s), is a physical quantity as it is RG invariant [14]. In terms
of the Adler function R, is given by [13]

3i [ d
Rr=—22 ¢ L1 —2)31 +2) D(m3z), (2.9)
2 T
|z|=1

with the dimensionless integration variable x = s/m2. Eq. (2.9) is especially useful for the evalua-
tion of the 7 hadronic width because at the energy scale s = m2 non-perturbative effects in QCD
are expected to be small (i.e. Aqcp < m,) and hence a series expansion in the framework of the
operator product expansion can be applied. The OPE allows to perform a systematic separation
of perturbative and non-perturbative contributions to D(s) into a series in inverse powers of s. As
will be explained in more detail later in this work, this concept is closely connected to renormalon
divergences in perturbation series in QCD.

Due to the factor (1 — )3 in the integrand of eq. (2.9), uncertainties in the OPE of the Adler
function associated with contributions from the region near the positive real axis are strongly sup-
pressed and the expansion can be regarded to be well-behaved along the complex contour.

The dominant contribution to the 7 hadronic width is related to the purely perturbative QCD
corrections 8 in the chiral limit. In this limit vector and axial-vector correlation functions co-
incide and we therefore only need to consider the vector correlator II'(s) in the massless case.
Starting from the general structure [13],

v (s) = i ni:lcnklnkl( ) (2.10)

n=0 =

the Adler function can be expressed in the form [13]

i ni:lkcnklnk 1( S), (2.11)



where we define a, = os(n)/m with p being the renormalisation scale. The logarithms emerging

in the above expression can be resummed with the choice p? = —s = Q?, yielding! [13]:
N oo
D(Q*) =55 > enrah. (2.12)
n=0

Thus, we see that only the coefficients ¢, 1 are independent and all other coefficients ¢, j with k > 2
can be expressed in terms of QCD S-function coefficients and the ¢, ; by means of renormalisation
group arguments. (For further details see [14].)

Since 2008 analytic results for the coefficients of the Adler function up to O(aZ?) have been
available [20]. In the MS-scheme for N. = 3 they read (see e.g. [20, 21, 22, 23]):

coq =c1,1 =1, (2.13)
365 11 2
6271 _ﬁ — 11C3 - <12 - 3C3>Nf = 1.64,
87029 1103 . = 275 7847 262 . 25 151 19
= T (R R 2N s - DG | N2 =637
L7088 L BTG (216 g & 9<5) f+(162 27<3) ! :
_ 144930499 _ 5693495 . 545 5 65945 7315
L= T90736 864 2 8 37 288 0 48
13044007 12205 , 29675 665
( T i0ses o1z @0 T gy Gt 72<7> Ny
1045381 40655 . 5 ., 260 )
- 2R -2 N
< 15552 864 T g% T o7 <5> /
6131 203 5
S T G | NE = 49.08.
< 5832 T 324 T 18C5> j=49.08

The numerical results in (2.13) are given for Ny = 3. There also exist estimates for the next six-
loop coefficient ¢5; that employ methods such as fastest apparent convergence (FAC) or principle
of minimal sensitivity (PMS) [20, 24]. For Ny = 3 the estimate used in [14] is given by:

Cs51 = 283 + 142 (2.14)

2.1.1 Fixed-Order vs. Contour-Improved Perturbation Theory

One of the most important theoretical uncertainties in the prediction of the hadronic 7 decay rate
is related to different possibilities of performing renormalisaton group improvements of the per-
turbative correction §(°). In this section we compare the two most widely used techniques, namely
fixed-order (FOPT) and contour-improved perturbation theory (CIPT), which in comparison to
scale variations of the individual series seemingly lead to significantly different results.

Starting from eq. (2.9) and inserting the series expansion for D(s) given in eq. (2.11), the
perturbative QCD corrections can be expressed in the following form [14]

o) n+1

n 1 dz M2z
60 =3 kens y{ — (-2’ (L4 o) 1<;ﬂ> (2.15)
n=0 k=1

|z[=1

where the additional contribution coming from the axial-vector correlator has already been included
and N, = 3 was used. In fixed-order perturbation theory the perturbative series in eq. (2.15) is
resummed with the choice p? = m?2, yielding [13]

[e%¢) n+1
o0 = D oaln Y keng Jioa (2.16)
n=0 k=1

!Note that the series expansion in powers of as/m will only be used in this introductory chapter on hadronic 7
decays in order to be consistent with the notation used in the literature. In chapter 5 the Adler function series will
be expanded in powers of as/(4m). The corresponding coefficients a, (see eq. (5.1)) are related to the coefficients
Cn,1 In (2.12) via ¢p,1 = an/4™.



Comparing this expansion with eq. (2.15) it is an easy task to derive the form of the contour
integrals Jg:
1 dx
Jp = 3 ~ (1—2)*(1+2)Inf(—2). (2.17)
|z|=1

Details on how to solve these integrals analytically are given in [14].
In contrast to FOPT, contour-improved perturbation theory sums the logarithms appearing in
eq. (2.15) by setting u? = —M2x, which leads to [14, 13]

08 = e JE(M), (2.18)
n=0
with J2(m2) defined by
1 dz as(—m2z)\"
a2y = (1 —2)3 AN sl
Jy(mz) = 57 . (1—2)°(1+2) < - ) . (2.19)
|z|=1

Thus, we see that in CIPT the running coupling effects are resummed along the integration con-
tour leading to an expansion for 5801) in which each perturbative order n only depends on a single
coefficient ¢y, 1, while FOPT performs a systematic expansion in powers of the strong coupling at

the 7 mass scale.

With these characterizations in mind we can now compare the numerical results for §(°) obtained
from employing the two approaches. Using the known corrections up to O(a?) of eq. (2.13) for
Ny =3 and ag(m,) = 0.3186 (corresponding to as(Mz) = 0.1184), we find [15]

5% = 0.1959 + 0.0063,

(2.20)

5%) = 0.1814 +0.0033,
where the given uncertainty is obtained from comparing the result for (%) using the known coef-
ficients with an approximation including the estimate c5;1 = 283 of the O(a2) contribution. As
can be seen, the CIPT result is considerably below the FOPT sum, which requires the strong
coupling oy to be larger in order to reproduce the experimental data for the 7 hadronic width?.
This behaviour is also reflected in Fig. 2.1, where the well-known PDG plot for the extraction
of ag from hadronic 7 decays is shown. The thin dashed line and the yellow band represent the
pre-average value of aS(M%) from studies which employ both, FOPT and CIPT, whereas the thick
dashed line and grey-shaded band indicate the world-average value which includes determinations
of the strong coupling from other sub-fields, such as lattice QCD and deep-inelastic lepton-nucleon
scattering (DIS). Comparing the individual results of the different groups one can see a dominance
of CIPT approaches because most values for ag are on the high side of the world average.

Investigating the single contributions to §(®) at each perturbative order up to O(a2) (see [14]),
the CIPT series shows a faster convergence than FOPT and, therefore, CIPT is typically consid-
ered to be the method of choice. This argument, however, has to be taken with a grain of salt,
since studies of the contour integrals (2.19) (see Fig.1 in [14]) show that the numerical values
for J%(m2) are positive up to the sixth order and become progressively smaller before they turn
negative around n ~ 7. Consequently, the CIPT series is always found to approach its minimal
term around the seventh order, before the asymptotic behaviour? sets in (see Figs. 2.2 and 2.3 in
the next section). Thus, the faster convergence to its minimal term does not necessarily indicate

*Note that this argument only holds, if the higher dimensional operator terms in (2.3) are the same for both
approaches.
3The concept of asymptotic series will be explained in chapter 3.
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Fig. 2.1: Extraction of as(M2) from hadronic 7-decays. The thin dashed line and
the yellow band represent the pre-average value of as(M%) from studies which employ
both, FOPT and CIPT. The thick dashed line and grey-shaded band indicate the
world-average value which includes determinations of the strong coupling from other
sub-fields, such as lattice QCD. (Tanabashi et al. [26], p. 154)

that CIPT provides the better approximation to the ‘true’ result for the resummed perturbative
series.

Up to now, the discrepancy between FOPT and CIPT (if treated as a theoretical uncertainty,
see [25]) has developed into the largest numerical uncertainty of the g determination from hadronic
7 decays and much effort has been expended to resolve this issue. An important question in this
respect concerns the behaviour of the series (51(% and 58)1) when higher-order perturbative coef-
ficients are added. Intensive investigations [16] suggest that the preference for either FOPT or
CIPT depends predominantly on the assumptions made for the higher-order contributions in the
perturbative series.

2.2 Higher-Order Models

In order to gain some insight into the features favouring FOPT or CIPT we briefly present two
different models for the higher-order terms in the perturbative expansion of §(?). The first one, the
so-called large-fy approximation, can be considered as a toy model for the entire Adler function
series and gives a first glance at the problems related to renormalons which dictate the large-order
behaviour in perturbative series. This approximation will be analysed in much more detail later
on.

The second model we discuss here is based on a physically motivated ansatz and represents
the central model that will be important throughout this work. The study of R-evolution and
the renormalon sum rule in the subsequent sections is to a great extent intended to gain more
information on the higher-order contributions to the Adler function and, thus, to 6(9) based on
this physical model.

The following discussion of higher-order models (and especially of the physical model) is based
on the work by Beneke and Jamin from 2008 [14].

2.2.1 The Large-3, Approximation

We first have a look at the implications of the large-3y approximation* on the perturbative ex-
pansion of (). Since the concepts introduced in the following will be explained at length in
the introductory section on renormalons and Borel summation, we want to keep the discussion of
this model brief and just outline the main features of the higher-order terms in this approximation.

The basic problem one has to face when dealing with higher-order models is related to the fact

4The origin of the term “large-8o” approximation will be discussed in section 3.2.1. For now, it suffices to know
that in the large-fBo approximation only the contributions with the highest power of Ny in the coefficients c,,1 are
considered and Ny is replaced by —3/2 (0.



that perturbative series in QCD are typically divergent and can at best be considered asymptotic.
In order to quantify the large-order behaviour of factorially divergent series, which we most often
encounter, it is useful to perform a so-called Borel transformation. In contrast to other models, in
the large-5y approximation a closed analytic result for the Borel transform of the Adler function
and R is available and the coefficients ¢, 1 can in principle be deduced to all orders in perturbation
theory (see e.g. [16, 27, 28, 29]).

In connection with Borel transformation in the large-5y approximation, one often defines the
reduced Adler function D by [14]

D(s)=1+D(s) =1+ i T as(v/5)" L, (2.21)

where the relation between the coefficients of D(s) and ﬁ(s) is given by ¢,,1 = 7"r,—1. The Borel
transform of the reduced Adler function is defined as:

00 u”
= E Typ—. (2.22)
n!
n=0

To recover an expression for the perturbative series B(s), we can perform the Borel integral (inverse
Borel transformation)

o0

D(ag) = égg /dueggz: B[D](u), (2.23)

Where Bo denotes the first term in the QCD S-function (see appendix C. 1). If this integral exists,
. if the Borel transform B[D](u) has no singularities for u > 0, D(s) is called Borel-summable
and D(as) is considered to be the ‘true’ result for the perturbative series of the reduced Adler
function D(s) [27].
Computing a certain set of diagrams, the so-called bubble-chain diagrams (see Fig. 3.1), the
Borel transform of the Adler function in the large-f3y approximation takes the form [28]:

~ 32eCUi 1Fk

BID)(w) = 5= 5= T (2.24)

k:2

Here, C denotes a scheme-dependent constant which has the value C' = —5/3 in the MS-scheme.
Exploiting eq. (2.24), the perturbative coefficients r,, and ¢, 1, respectively, can be recovered by
simply Taylor expanding B[D](u) in the variable u and afterwards evaluating the Borel integral
(2.23) term by term.

When we look at the expression for the Borel transform given in eq. (2.24), we see that
B[D](u) has singularities at positive and negative integer values of u (except for u = 0,1) that
encode the information on the divergent behaviour of ﬁ(s) These singularities can be viewed as
manifestation of the asymptotic behaviour of the perturbative series and are referred to as infrared
(IR) and ultraviolet (UV) renormalons, since they are related to small and large momentum
regions in loop integrals. More specifically, IR renormalons are located at the positive real axis
in the complex Borel plane and are closely connected to higher dimensional terms in the operator
product expansion, whereas the UV renormalons appear on the negative real Borel axis with
the leading UV renormalon at ©« = —1 dominating the characteristic sign-alternating large-order
behaviour of the perturbative series.

We now recall the definition of the Borel integral given in eq. (2.23). Due to the IR renormalon
poles at u > 0, the integral cannot be performed and we are forced to regulate the integral, e.g. by
deforming the integration contour into the complex plane which introduces an arbitrary ambiguity
in the definition of ﬁ(a). From the point of view that the regulation procedure of the Borel
integral is not unique, the question concerning the different possibilities to quantify this ambiguity
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Fig. 2.2: Graphical representation of the results for (0 at ag(m,) = 0.34 in the

large-3y approximation. The plot shows the partial sums for 51(% (black circles) and

51(% (grey circles) as a function of the order n. The horizontal line denotes the principal
value of the Borel integral and the shaded region provides an estimate of the ambiguity.

(M. Beneke and M. Jamin [14], p. 13)

arises. One frequently used method is the principle value prescription of the Borel integral and
then simply takes the imaginary part of the result as an estimate for the ambiguity. In this sense
the ‘true’ result for the perturbative series of the Adler function is expected to be consistent with
the principal value of the Borel integral within an error band defined by the ambiguity of the
integral. However, from the point of view of an arbitrary deformation of the integration contour, it
is not so clear how well the Borel integral in connection with a principle value prescription actually
quantifies the ambiguities related to IR renormalon singularities and the question remains whether
there are alternative ways to approximate these ambiguities. This issue is one the questions that
we want to address in this work and represents in part our motivation to apply the concept of
R-evolution to hadronic T-decays.

Returning to our discussion on the discrepancy between FOPT and CIPT, we can now calculate §()
in the large-fy approximation employing the perturbative coefficients deduced from eq. (2.24). The

results for 51(% and (5((301) are depicted in Fig. 2.2 which shows the partial sums of the perturbative

series® as a function of the order n. The FOPT sum 6%% is given by the full black circles, while the

grey circles represent 58)1). The solid straight line marks the principle value of the Borel integral
obtained by using the well-known theorem (C.40),

1 _ pv(a1u> +imd(a—u), (2.25)

a—u=*tie —
and the shaded band provides an estimate of the ambiguity given by the imaginary part of eq.
(2.25)5. Analytic results for the calculation of the Borel integral can be found in appendix C.5.
If we start from the assumption that the ‘true’ result of the perturbative series is approximated
reasonably well by the Borel sum, Fig. 2.2 shows that in the large-fy approximation the FOPT
series smoothly approaches the value of the Borel integral before, eventually, the leading UV
renormalon at u = —1 takes over and the sign-alternating divergent behaviour of the series sets
in. CIPT, on the contrary, suffers from a much earlier onset of the divergent behaviour and
therefore does not represent a good approximation. A more detailed investigation [14] reveals
large cancellations between the Adler function series and additional contributions coming from the

5Note that for the calculation in the large-f8y approximation the running of as at the one-loop order has been
used in egs. (2.16) and (2.18).

SThe authors in [14] argue that the size of the ambiguity divided by = is of the order of the higher-dimensional
corrections in the OPE. Thus, the shaded band in Fig. 2.2 is given by the imaginary part of eq. (2.25) divided by .



integration along the contour in eq. (2.15). However, in [14] it is argued that these cancellations
are missed by CIPT causing the poor convergence behaviour in the large-3y approximation.

2.2.2 Physical Model for the Adler Function

The second model we want to present is a physically motivated ansatz for the Borel transform of
the Adler function series proposed by Beneke and Jamin in [14]. This model includes the exactly
known coefficients up to O(a?) and comprises general features of renormalon singularities learned
from the large-By approximation and other toy models. The ansatz relies on the fact that the
renormalon pole structure in the Borel transform needs to be modified when the running of aj is
implemented at higher-loop orders. In the case of the large-3y approximation, where a one-loop
running coupling is used, the Borel transform (2.24) only consists of simple and double poles, but
as soon as higher terms of the QCD [-function are incorporated in the running effects, the pole
structure must be adapted in order to include the possibility of branch cuts.

To derive the appropriate structure for the IR renormalon singularities, one can exploit the
close connection between IR renormalons and power-suppressed terms in the OPE which will be
discussed extensively in the next sections. For now, the crucial point is that from the comparison of
the scaling behaviour of a specific term in the OPE with the energy dependence of the ambiguity
of the Borel integral, one can predict the structure of the renormalon singularity causing this
ambiguity.

Starting point for the derivation of the IR renormalon pole structure, is a generic expression
of a term in the OPE of the Adler function [14]

(1)
(Og) Zou T o0 1 2 (Oq)
COd(aQ)W = [ag] Po C'(Od) + C(Od)aQ + C(Od)aé 4+ ... 07
where Oy denotes an operator of dimension d and ag = «s(Q)/7. Skipping the details given in
[14], the renormalon pole whose ambiguity matches the energy dependence of the term in eq. (2.26)
is found to be” (p > 0):

(2.26)

B[DIR](u)—Cﬂ;{[l—l—gl(p—u)—i—i)g(p—u)Q—i- } (2.27)
! b | .

Here, d]I[,R is the residue of the pole and the following definitions have been used [14]

p= d y = p@ _ 20,
2’ 8 B’
~ 4(b ~ 16(by + b
b — (b1 —1:61) L 6( 22:1— 11 +¢9) (2.28)
Boy By (¥ —1)
with:
M W U Y A
1_8/381 0r~2), 2—2 64531 0 M1 P2 0 M3)s
cy) cy)
Cl1 — W’ Cy = C(O) . (229)
Od Od
’y(old) denotes the leading order anomalous dimension of the operator O defined by:
d 1 2 3
g 0al) = =10,() Oalye) = = |7 @ +95) i, + 16 | Oalp) (2.30)

"The structure of the renormalon pole given by eqs. (2.27) - (2.30) will be compared to our R-evolution approach
in section 4.3. There we show that using R-evolution one can reproduce eq. (2.27) and furthermore determine the
residue d* by means of the so-called renormalon sum rule (see eq. (4.47)).
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From the point of view of eq. (2.23), UV renormalons are Borel summable, since they lie on the
negative real axis in the complex plane and do not obstruct the naive calculation of the Borel
integral. Nevertheless, this does not at all mean that the existence of UV renormalons is irrelevant
on physical grounds. They indicate profound physics and are connected to the addition of higher
dimensional operators in the context of the Standard Model Effective Field Theory (SMEFT). UV
renormalons will be discussed in more detail in section 3.4.

In order to deduce an expression for UV renormalon singularities similar to the one in eq. (2.27),
it is useful to change the sign of the coupling ag and consider a Borel-like integral ranging from
zero to minus infinity [30]. In that way, the UV poles on the negative real axis lead to ambiguities
which again can be linked to higher-dimensional operators. As a result, one obtains an expression
for the Borel transform of UV renormalon singularities that resembles eq. (2.27)

B[DUV}(U):L L+b1(p+u) +ba(p+u)’ + (2:31)
? (p+u)t ) |

where p > 0 and the appearing parameters are given by:

)

275 _ - L
v = —ﬁ% b2 by=by,  by=b (2.32)
0 BO
Here, fy(él) denotes the leading order anomalous dimension of the higher dimensional SMEFT op-
Odq
erator Oy corresponding to the UV renormalon at u = —p.

With these expressions for the renormalon singularities at hand, it is now possible to construct
a physically motivated model for the Adler function that reproduces the analytically known coeffi-
cients and allows us to compare the higher-order contributions to the perturbative series in FOPT
and CIPT based on the full QCD OPE.

From investigations of the large-3p approximation and the fact that in the MS-scheme the
exact coefficients (2.13) of the Adler function display a fixed-sign behaviour we conclude that the
low and intermediate orders of the perturbative series are governed by IR renormalons, while the
UV renormalons dictate the sign-alternating behaviour at large orders. Thus, it was argued in [14]
that it is reasonable to incorporate at least the two leading IR renormalons at u = 2,3 as well
as the leading UV singularity at « = —1 in the model to reproduce the exactly known low-order
coefficients and to sufficiently characterise the large-order behaviour.

Taking these considerations into account, the authors in [14] proposed the following ansatz for
a physical model of the Adler function:

~

B[D](u) = B[D{"V)(u) + B[D}"(u) + BID{|(u) + do + dy u, (2.33)

where the first three terms for the renormalon poles are obtained from egs. (2.27) and (2.31).
This ansatz depends on five independent parameters, the residues for the renormalons, d}w, ng
and ng, plus two additional polynomial coefficients, dy and dy. The parameters are fixed in such
a way that the perturbative expansion of the model matches the exactly known coefficients ¢, 1,
including the estimate for the six-loop coefficient cs 1 in (2.14). The error of this estimate has been
neglected in the matching procedure. The five parameters of the model (2.33) are found to be [14]:

o dYV =-156-1072, d¥*=3.16, dit = —13.5, (2.34)
e dy=0.781, dy =7.66-1073.

In order to investigate the higher-order contributions to the perturbative series in FOPT and CIPT,
we can now use the ansatz (2.33) to determine the coefficients ¢, ; needed for the computation

of (5%0(% and 5(001), respectively. Numerical values for the first few coefficients of the Adler function
derived from the physical model can be found in [14].

Fig. 2.3 shows a graphical representation of the results for (5%(3 and (5&01). Like in the plot for
the large-f3y approximation (see Fig. 2.2), the full black circles represent the partial sums of the

11
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Fig. 2.3: Results for 69 at ag(m,) = 0.34 employing the physical model (2.33). The
plot shows the partial sums for 61(% (black circles) and 51(% (grey circles) as a function
of the order n. The horizontal line denotes the principal value of the Borel integral
and the shaded region provides an estimate of the ambiguity. (M. Beneke and M.

Jamin [14], p. 23)

FOPT series as a function of the perturbative order n and the grey circles give the corresponding
result for the CIPT series. The horizontal line denotes again the principal value of the Borel
integral and the shaded band provides an estimate for the complex ambiguity. As can be seen,
the qualitative behaviour of the FOPT and CIPT series resembles basically the outcome of our
analysis in the large-5y approximation. FOPT smoothly approaches the Borel sum with a later
onset of the sign-alternating divergence as compared to the large-3y case, while the CIPT series
always stays below the FOPT result. It was argued in [14] that using CIPT to extract the strong
coupling from comparison to the experimental data for R, would result in a too large value for ag
and we thus conclude that FOPT prevails in the physical model.

The model described in (2.33) is based on the central idea that the structure of a given renor-
malon pole can be related to associated higher-dimensional terms in the OPE by means of the
renormalisation group. In this way, the position and strength (i.e. the structure of the expo-
nent) of renormalon poles can be determined, whereas it is not possible to predict the residues.
Improving the form of the Borel transform used in physical models such as (2.33) is of utmost im-
portance to resolve the discrepancy between FOPT and CIPT. In this context the open question is
whether or not it is possible to gather more information on single renormalon poles. In particular,
we want to know if one can gain knowledge about the residues of the singularities without hav-
ing to rely on calculating bubble-chain diagrams in the large-3y approximation. Solving this issue
represents the main motivation to deal with R-evolution and the renormalon sum rule in this work.

Before we start with a more detailed introduction to renormalons, let us briefly review the questions
we want to address in the subsequent sections:

1. What can we tell about the ambiguities related to renormalon singularities?

e How well does the Borel integral quantify these ambiguities?

e Are there alternative ways to estimate the size of the ambiguities?

2. Is it possible to improve the form of the Borel transform used in physical models for the
Adler function?

e Can we gain more information on single renormalon poles?

e [s it possible to predict the residues, if one does not rely on the large-5y approximation?

12



Chapter 3

Renormalons and Borel Summation

This chapter is intended to give a detailed introduction to the notion of renormalons which provide
the basis for our discussion of R-evolution. Readers already familiar with the basic concepts
related to renormalon divergences, especially with the connection between (IR) renormalons and
non-perturbative power corrections in the OPE, may regard the following discussion as a brief
review and skim through this section quickly.

The analysis given below draws primarily upon the comprehensive review in [27].

3.1 Basic Concepts and Terminology

As long as the fundamental interactions in quantum field theories (QFT) are weak, a generic
observable F' can usually be expressed in terms of a series expansion in the interaction coupling «:

o0

Fla) =) cha™™. (3.1)

n=0

However, it is well-known that such series are divergent and the coefficients ¢, are typically expected
to grow factorially [27]

en R a"nInbZ, (3.2)
for some constants a,b, Z. A particular source causing this factorial growth in perturbative series
is generally referred to as renormalon divergence [1, 2, 3].

Due to the divergent behaviour of the perturbative expansion it is not at all obvious how the
series on the right-hand side of eq. (3.1) is related to the exact (‘true’) value of F' on the left-hand
side. From a mathematical point of view a divergent series can only be considered as a meaningful
approximation to F, if it is asymptotic in a region G of the (complex) a-plane in the sense that
27]

N
F(a) — Z cn o™ < Ky aNT2, (3.3)

n=0

for all « € G and some numbers K. For factorially divergent series these numbers most often
also grow with the order N (Ky o N!) and the best approximation to the exact value of F is
typically given when the perturbative series is truncated at its minimal term. Note, however, that
perturbative expansions in QFT can only be assumed to be at best asymptotic. Rigorous proofs
require a profound non-perturbative definition of observables which, in theories such as QCD, do
generally not exist.

3.1.1 Borel Summation

In order to study the large-order behaviour of asymptotic series, we need to find a suitable way
to deal with the divergences emerging in the perturbative expansion. As already mentioned in
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the discussion of the large-8y approximation in section 2.2.1, factorially divergent series are con-
veniently summed employing the Borel summation technique. Starting from a series expansion of
the form of eq. (3.1), we first consider the Borel transform defined as

o

_ Cnon

BIF|(t)=>_ e (3.4)
n=0

In this way, we introduce an equivalent series in the Borel variable ¢ which is much better behaved

than the original series due to the suppression factor 1/n!. If B[F](t) has no singularities for ¢t > 0

and does not increase too rapidly for ¢ — oo, we can recover a definition for the original divergent

series F'(«) by performing the Borel integral (inverse Borel transformation) [27]:
[o¢]
Fla) = / dte~ % BIF](1). (3.5)
0

If this integral exists, F'(c) is called Borel-summable and F(c) provides an expression for the sum
of the perturbative series.

To investigate the concept of Borel summation in more detail, let us consider an asymptotic
series similar to (3.2) with coefficients given by [27]

cn=Kd"T(1+n+b), (3.6)

where K, a and b denote some arbitrary (real) constants. Assuming that b > 0, the Borel transform
of this series takes the form [27]

T[1+ 0]

BIF](t) = KW,

(3.7)
and one can observe that the information on the divergent behaviour originally contained in the
I-function of eq. (3.6) is now encoded in the singularity at ¢ = 1/a of the Borel transform. As we
are going to see in the next section, it is exactly these poles in the Borel transform of perturbative
series that are referred to as renormalon divergences.

Besides this crucial aspect relating renormalons to singularities in the Borel plane, the illustra-
tive example (3.6) also reveals some other general features of the Borel summation method. First
of all, from the expression of the Borel transform in eq. (3.7) one notices that larger values of a,
i.e. faster diverging series, lead to poles closer to the origin of the Borel plane. These singularities
and the associated renormalons are thus regarded as the most severe ones’.

Furthermore, the sign of a has a large impact on the definition of the Borel integral (3.5). While
sign-alternating series (a < 0) yield singularities on the negative real axis in the Borel plane and
are therefore Borel-summable, fixed-sign series (a > 0) produce poles at positive ¢ and obstruct
the naive calculation of the Borel integral. In this case the integral needs to be regulated and can
for example still be performed by a deformation of the integration contour either above or below
the pole. The regulation procedure introduces an ambiguity in the definition of the inverse Borel
transform that is tightly connected to non-perturbative power corrections (cf. eq. (3.22)). The
concept of the ambiguity of the Borel integral will be discussed in much more detail in connection
with the operator product expansion (see section 3.3).

3.2 Bubble Chain Diagrams as a Probe for Renormalons

After the formal introduction to asymptotic series and Borel summation in the previous section,
we now want to investigate how renormalon divergences emerge in loop calculations and how they

LAt low orders the perturbative coefficients ¢, in (3.6) also depend on the size of the constant K. Hence, the
perturbative series can also be dominated at low orders by renormalon singularities farther away from the origin of
the Borel plane provided that K is sufficiently large.
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Fig. 3.1: Bubble chain diagrams for the calculation of the Adler function in the large-
Ny limit. The factor 2 in front of the second diagram takes into account an identical
contribution from the diagram in which the modified gluon propagator (=bubble
chain) is attached to the lower antiquark line of the ‘large’ quark loop.

are related to poles in the Borel transform of perturbative series. For this purpose consider once
again the Adler function D(p?) already discussed in chapter 2,

dII(p? ~ > "
D(p®) = 4n° d;(f; ) 1Bt =1+ > e C‘:) :
n=1

(3.8)

i / da & (QI T{J,77 @), (01} 19) = (bup — Pg) T (),
where J,Y / A(x) = [qvu(75)q](x) denotes a vector/axialvector current of massless quarks. In order to
study the large-order behaviour of the Adler function we cannot compute the entire perturbative
series, but have to restrict ourselves to a certain subset of diagrams that can be calculated to
all orders in perturbation theory. A very convenient choice in this respect is the set of so-called
bubble chain diagrams of massless quarks depicted in Fig. 3.1. In the context of QCD these
graphs represent the dominant contributions in the 1/Ny-expansion in the limit Ny — oo, where
Ny denotes the number of light quark flavours. To achieve an expansion in this limit, we define
a = osNg/m, and expand in the parameter 1/Ny with a held fixed. Even though this set of
quark bubble graphs is not the only set of diagrams contributing to renormalon divergences in
perturbative series, we still apply these diagrams as a reference probe for renormalons?, since they
are useful for explicit calculations.

When we look at the form of the bubble chain diagrams shown in Fig. 3.1, we notice that all
information on the order in ay is comprised in the number of quark bubble insertions into the
gluon line. Thus, the summation of these diagrams reduces effectively to the evaluation of a simple
two-loop diagram with a modified gluon propagator which contains the sum over any number of
fermion bubble insertions. This modified gluon propagator is generally referred to as bubble chain.
The only ingredient needed for the calculation of the bubble chain is the well-known result for the
renormalized quark loop (see appendix A)

) as N >
7(p?) = 67Tf In (_,up2€ C) , (3.9)

where C' denotes a scheme-dependent constant. In MS, the renormalization scheme that will be
used throughout this section, C = —5/3. Using this, the bubble chain in Landau gauge?® is given
in the handy form

i kk 1
DL (k) = =5 ( gy — L5 o 1
wk) = 130 (g" k2 >1+fr(k2) (3.10)

yab [— Qs N In ( e_C> ] ,

2Note that renormalons were originally discovered in bubble chain diagrams such as Fig. 3.1 [1, 2, 3].
3For the calculation of the diagrams in Fig. 3.1 Landau gauge proves to be very useful (see appendix A).

B —1 kuk,
TR0t \Im T T
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where the expression in the second line can be used to calculate the diagrams in Fig. 3.1. In

the following, however, we mainly focus on the derivation of the leading renormalon divergences
of the Adler function in the large-Ny approximation and therefore only sketch the bubble chain
computation here. An in-depth calculation along with an derivation of the Borel transformed
Adler function in this approximation can be found in Appendix A.

3.2.1 Calculating Bubble Chain Diagrams for the Adler Function

Starting from the diagrams in Fig. 3.1 and exploiting eq. (3.10) for the modified gluon propagator,
we first integrate over the momentum of the ‘large’ quark loop that encloses the bubble chain.
Introducing the dimensionless integration variable k2 = —k? /Q?% with Q% = —p?, the Adler function
(in the MS-scheme) is given by [27]

D= St [ 8 e U0 (2 )] )
= 0

k2 1

Here, the factor in the bracket arises from multiple insertions of renormalized fermion loops into the
bubble chain and the additional factor as = g?/(47) in front of the integral comes from attaching
the end points of the gluon propagator to the quark lines of the large fermion loop. The weight
function w(k?) describes the gluon momentum distribution and is found to be [31]:

20 & d 1 [ e/ 14 1
CL)(]{?Q): CF _1 /d?“elrlnk2< —+ar > (312)

(=1)° — -
2 ~ ds s2—1 r24+s2 1—ir

— 00

Setting ;2 = Q2, the integral receives large logarithmic enhancements from small (k2 < 1) and
large (k% > 1) momentum regions and we therefore only need to know the small and large mo-
mentum behaviour of w(k?) [27]:

T
; Cr 1 5 5 In k2 .
2 F 2 2
— P (i 2 Ik 1),
w(i?) 3M2<nk +6>+0( k4> (k> 1)

Proceeding with the large-order evaluation of eq. (3.11), we now split the integral at k% = ¢%/3 and
perform the integration for small and large momenta employing the expressions in eq. (3.13). We
finally obtain

> N \" N\ 11
D~ 3" o (Q) [e10/3 <— 12;) n!+e 53 <67f> n! <n + 6) ¥ ] (3.14)
n=0

where the first term comes from small momentum regions and the second one is due to the inte-
gration over large loop momenta. As one can see, the coefficients of the perturbative series exhibit
the expected factorial growth and the corresponding divergences causing this behaviour are known
as infrared (IR) and wultraviolet (UV) renormalons depending on the momentum region they are
related to. To be more precise, the result in eq. (3.14) represents the leading IR and UV renor-
malons, while the sub-dominant divergent behaviour caused by other renormalons is not shown
and only indicated by ellipses.

Despite its apparent usefulness for explicit calculations, the question remains whether the set of
bubble graphs provides a suitable approximation to renormalon divergences encountered in pertur-
bative expansions. In non-Abelian gauge theories, such as QCD, the Ny-terms coming from fermion
bubble diagrams only give a small contribution to the complete perturbative coefficients and other
contributions associated with non-Abelian diagrams, like gluon and ghost bubbles, are obviously
missed. The absence of gluon self-couplings in the large N;-limit has fundamental consequences,
since one loses the QCD property of asymptotic freedom [32]. In order to restore this property at
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least approximately and estimate the non-Abelian contribution to renormalon divergences, it was
suggested (see e.g. [16, 31]) to apply the replacement rule

Nf — — = (HCA — z f> = —§ﬁ0 (3.15)

to bubble chain calculations. This substitution, which is referred to as Naive Non-Abelianization
(NNA) [33], turns out to give a major contribution to perturbative coefficients in almost all cases
where a comparison with exact second order results is available and is thus expected to provide
a reasonable large-order approximation for qualitative studies of perturbative series [16]. This
observation along with the fact that fermion bubble graphs are much easier to evaluate than non-
Abelian diagrams explains why there only exist very few analyses that go beyond the computation
of bubble chains in this so-called large-8y approrimation.

Replacing Ny with the full QCD Sy-function (see appendix C.1), the Adler function (3.14) in
the large-By approximation is given by:

D~ g <O‘S(fww°>n+l [e10/3 <;)nn' +e7 %3 (=1)"n! <n + 161> +.. ] (3.16)

where the first contribution is again related to small loop momenta, whereas the second term arises
from large momentum regions. From the form of the Adler function in the large-3y approximation
we are now in the position to establish the connection between renormalon divergences and poles
in the Borel transform. Using eq. (3.4) and the terms shown in (3.16) the Borel transform of the
Adler function can be cast into the form,

B[D](u) ~ e10/32L _|_e_5/3<(1 —:u)2 _|_% (1;_“)) +..., (3.17)

where the modified Borel variable u = tfy/(4mr) was used. The first term in the above expression
exhibits a singularity at « = 2 and is associated with the leading IR renormalon divergence in
(3.16). The singularity at u = —1 in the second term, on the other hand, is related to the leading
UV renormalon divergence and consists of a simple as well as a double pole. More specifically, the
simple pole is connected to the n! contribution in the second term of eq. (3.16), while the double
pole leads to the (n+1)! growth of the coefficients and thus dominates. As can be seen, renormalon
divergences in perturbative series related to small and large loop momentum behaviour are indeed
connected to singularities in the corresponding Borel transform and in the following we will refer
to renormalons as poles in the Borel plane.

The form of the Adler function in eq. (3.16) also corroborates our previous findings that
poles closer to the origin of the Borel plane correspond to faster diverging series. The leading IR
renormalon divergence is suppressed by a factor (1/2)™ as compared to the leading UV renormalon
at u = —1 which therefore dominates the large-order behaviour of the Adler function. Furthermore
it now becomes obvious that UV renormalon poles located on the negative real Borel axis lead to
sign-alternating factorial divergences and IR renormalons at u > 0 are related to series displaying
a fixed-sign factorial growth.

Relying on the calculation of bubble chain diagrams, an analytic expression for the complete
Borel transform of the reduced Adler function D can be found [28] (see Appendix A for more
details):

R 32 —Cu @ k k
© Z (3.18)

B[D
(D] = (2 —u) 1 — )22’
k:2
where C' denotes the same scheme-dependent constant which also arises in eq. (3.9). Besides the
leading UV and IR renormalons, the Borel transform also contains subleading (simple and double)
renormalon poles at positive and negative integer values of u, except for ©v = 0,1. The absence of
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the u = 1 renormalon, as we are going to see in the next section, is related to the fact that there
is no dimension-2 operator in the OPE of the Adler function. The singularity at v = 0 is only
present in the Borel transform of the correlation function I1(Q?) (see [34]) and vanishes in the case
of the Adler function by taking the derivative with respect to Q2 in (3.8).

The NNA prescription (3.15) reveals another important aspect of renormalon divergences in the
context of the large-By approximation. When we go back to the expression of the renormalized
bubble chain given in eq. (3.10), the substitution of the Abelian N¢-terms with the full Sp-function
yields:

i Kok 1
D (k) = —— [ g — @ 1
w k) = a0 (g“ 2 )1 A7) (3.19)

#)es () ()]

Using this expression in the calculation of the diagrams in Fig. 3.1, the Adler function in the
MS-scheme is given by (compare with (3.11))

—1
= e (o

Oodfg? ; o(k Tak2 .
2 af(r(lzﬁ) = [ S i) an(ke (3.20)
0 0
_Zas dkj |: aS(Z_zBO 1 (kQQ _5/3>:|n’
0

where the coupling o (k: e/ 6) in the second term of the first line denotes the well-known one-loop
QCD running coupling defined by:

as(p) = a: (po) (I;O)ln< )

Hence, renormalons are closely connected to the concept of the running coupling and the set of
bubble chain diagrams is actually equivalent to the evaluation of corresponding two-loop diagrams
which use the one-loop running coupling at the vertices without any fermion bubble insertions into
the gluon propagator. From a physical point of view it is exactly these running coupling effects
in QCD which turn the small momentum behaviour in perturbative loop integrals into factorial
divergences. Moreover it is now clearly evident that the large-8y limit only provides a useful
approximation to the large-order behaviour of asymptotic series, if the contributions coming from
the one-loop running dominate at high orders.

In this context the question arises how the structure of renormalon divergences and especially
the positions of the poles on the real axis in the Borel plane change, when diagrams beyond the
large-f3y approximation are considered. The Borel transform (3.18) of the Adler function in the
large-8y approximation consists of an infinite sequence of simple and double poles, but in the
general case the renormalon pole structure will be much more complicated, involving cuts and
higher terms of the QCD p-function (see e.g. the physical model for the Adler function presented
in Chapter 2). Nevertheless, one can prove (see [27]) that the exact location of the renormalon
poles is already given by the large-3y approximation.

Another crucial point we need to mention here is that even though the bubble chain diagrams
in the large-fy approximation reproduce the correct positions for the renormalon poles, they do
not yield all singularities that should be present in the Borel transform. An important example in
this respect are instantons which are exponentially small effects in the 1/N;-expansion that lead to
singularities far away from the origin in the Borel plane and thus can usually be neglected when it
comes to the discussion of renormalons. A detailed review on instanton singularities can be found
e.g. in [35].

(3.21)
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3.3 Ambiguity of the Borel Integral

We have already alluded to the issue that the renormalon poles in the Borel transform have a
large impact on the definition of the Borel integral (3.5). Since UV renormalons are located on the
negative real axis in the Borel plane, they lie outside the integration range and the Borel integral
is well-defined. Even though UV renormalons are Borel-summable in this sense, they are not at
all irrelevant from a physical point of view. UV renormalons will be discussed in more detail in
section 3.4.

IR renormalons, on the other hand, obstruct the integration and we are forced to regulate the
integral in order to avoid the singularities. This introduces an ambiguity in the definition of the
Borel integral which e.g. can be quantified by deforming the integration contour either above or
below the pole. Thus, we can estimate the ambiguity caused by a generic IR renormalon pole at
u=p/2 (p > 0) in the Borel transform of the Adler function by a contour integration around the
singularity:

__Amu 1 __2n \P A P
AD(Qz) ~ % due ﬁ0i5<Q) m X (e BOSS(Q)) ~ <(2QCD> . (322)

u=p/2

Here, we used the definition of the intrinsic QCD scale, Aqcp, at the leading-logarithmic (LL) order
in the last equality (see appendix C.1). Since physical observables, such as the Adler function,
should not be affected by renormalon ambiguities, the result of eq. (3.22) indicates that additional
non-perturbative power corrections* need to be considered in an adequate, i.e. unambiguous,
definition of observables. This is a very crucial point we want to stress here: If QCD or any other
theory is supposed to be of physical relevance, perturbation theory must be incomplete and the
existence of IR (but also of UV) renormalons is just a reminder of this fact.

3.3.1 Infrared Renormalons and Operator Product Expansion

An important instrument to systematically incorporate non-perturbative effects in QCD calcula-
tions is the operator product expansion (OPE). The concept of the OPE was developed by Wilson
[36] who proposed to replace a product of local operators evaluated at different space-time points
that are close to each other by a linear combination of composite local operators:

lim A(z) B(y) = Z Ci(x —y) O4(x). (3.23)

T—Y

The sum on the right-hand side comprises all operators O; which carry the same quantum numbers
as the composite operator on the left-hand side and the complex-valued coefficient functions C; are
known as Wilson coefficients. Moreover one can associate mass dimensions d; with the operators
O; and the sum can generally be organized in terms of a series of increasing dimensions.

Strict proofs of the OPE are only valid in perturbation theory [37, 38, 39] and there are many
studies that investigate to which extent the operator expansion still holds when non-perturbative
effects are included [40, 41, 42]. In particular, it is shown in [40] that there exists a critical dimen-
sion at which non-perturbative effects lead to a breakdown of the OPE. Nevertheless, the operator
product expansion is an important tool for QCD predictions which allows us to separate short-
and long-distance physics into perturbatively computable Wilson coefficients and matrix elements
of operators that demand non-perturbative treatment.

Before we deal with the OPE of a generic observable, it is instructive to first consider the corre-
sponding expansion for the Adler function in order to study the deep connection between IR renor-
malon ambiguities and non-perturbative effects. To this end recall that according to its definition

“From the result of (3.22) we conclude that the power corrections (Aqcp/Q)P are given by exponential terms in
the strong coupling as. In this sense they are also purely non-perturbative, since these terms vanish trivially in a
perturbative expansion around o = 0. Furthermore note that even though power corrections are sometimes referred
to as exponentially small, they do not need to be small numerically.
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in eq. (3.8) the Adler function is basically given by the time-ordered product (0| T{J,(x)J,(0)T} |0)
of two quark currents J,. In the limit in which the currents are evaluated at the same point z,
we can apply the operator product expansion (3.23) and express the product of currents by means
of a sum over local operators. Since we are interested in the vacuum expectation value of the
Adler function, the possible set of operators appearing in the OPE can be restricted to the class
of gauge-invariant Lorentz scalars. It turns out that it is not possible to construct any operators
of dimension d = 1,2 which meet these requirements and thus the first contributions to the OPE
come from operators with dimension 3 and 4:

O3 = qq, Oy = G2,GoH. (3.24)

Here, GY;,, denotes the field strength tensor of the gluon field Aj, and the corresponding vacuum
expectation values of these operators, (2| qq |Q2) and ([ Gf;, G |(2), are called quark and gluon
condensate, respectively. Since the quark condensate violates the chiral symmetry, its associated
Wilson coefficient comes with an additional factor of the quark mass m and the OPE of the Adler
function receives non-perturbative contributions from operators starting effectively at dimension

d = 4. Neglecting higher dimensional terms, the expansion of the Adler function reads

A2 _ A6

D(Q?) = Co(@%, i1 + Coa(@?, u)W + @ m T80 1 o( 22 (325)
where we introduced the notation (©2| O |Q) = (O). Note that the first term in the expansion is
related to the unit operator, whose corresponding Wilson coefficient Cy comprises the purely per-
turbative contributions to the Adler function. In the large-3y approximation Cy can be computed
from the bubble chain diagrams in Fig. 3.1. In the massless case the quark condensate vanishes
and we conclude that the dominant non-perturbative effects in the definition of the Adler function
arise from the gluon condensate.

The contribution of the gluon condensate can be linked to the leading IR renormalon at uw = 2
[27]. Starting from the observation that IR renormalons are related to small loop-momentum re-
gions, the low-energy physics is described by a local operator, since the large external scale () can
be contracted to a single point with respect to the small momentum fluctuations. In addition,
the Adler function is a Lorentz scalar and since no external hadrons exist, we need to compute
vacuum expectation values. We also know that the dominant sequence of IR renormalons is due
to a single soft gluon line in Fig. 3.1 which constrains the local operator to consist of low energy
gauge fields A, attached to one local space-time point. Taking into account that gauge invariance
rules out terms of the form Ay A", the lowest dimensional operator consistent with these con-
straints (in the limit of vanishing quark masses) is found to be the dimension-4 gluon condensate
Q|GG Q) ~ AéCD. This completes the connection between IR renormalons and higher
dimensional terms in the operator product expansion we wished to establish. As is evident from
eq. (3.22), the gluon condensate is precisely of the order of the ambiguity related to the leading
u = 2 IR renormalon,

AD(Q?) ~ <A%CD>47 (3.26)

such that the Adler function is defined unambiguously in the sum of (3.25) up to power suppressed
contributions of order O(A%CD /Q%). In a similar fashion the dimension-6-operators in the OPE
of the Adler function compensate the ambiguities caused by the IR renormalon at v = 3 and in
the most general case an IR renormalon singularity located at u = p/2 > 0 in the Borel plane is
related to non-perturbative matrix elements (Q| O, [Q2) ~ AgCD of p-dimensional operators®. Fur-
thermore, it now becomes obvious how the missing of an v = 1 renormalon in the Borel transform
of the Adler function is associated with the absence of a dimension-2-operator in the OPE, and
later on we will also see that the simple pole structure of the u = 2 renormalon results from the

5To our knowledge the connection between IR renormalons and higher dimensional terms in the operator product
expansion was noted for the first time by Parisi [43].
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vanishing anomalous dimension of the gluon condensate in the large-3y approximation.

Before generalizing our previous findings to a generic observable a few comments need to be
made. From the estimation in (3.22) we have seen that renormalon ambiguities are related to two
different scales which typically involve a large, perturbative scale @ (e.g. a momentum transfer or
mass) and Aqcp, the scale at which perturbation theory breaks down. As indicated in eq. (3.25),
the Wilsonian OPE introduces a factorization scale p separating these two scales in such a way
that Aqep < i < @ and performs a consistent expansion in powers of Aqcp/@ for contributions
from loop momenta k& < u. The coefficient functions are perturbatively computable and only
contain contributions k ~ @ > p, while the small momentum region k ~ Aqcp < g is inherent to
the non-perturbative matrix elements. Therefore, the Wilson coefficient Cjy, comprising the purely
perturbative result for the Adler function, does not contain any IR renormalons in this picture
and could in principle be defined unambiguously since UV renormalons are Borel summable any-
way. However, since implementing a suitable real momentum cut-off u and preserving important
features, such as gauge symmetry and Lorentz invariance, at the same time is hard to achieve in
calculations beyond the one-loop order, one usually uses dimensional regularization in connection
with the MS-scheme in perturbative computations. In dimensional regularization the renormal-
ization scale is introduced to realise the factorization in the OPE. In contrast to the Wilsonian
picture, loop integrations are still performed over all momenta k, resulting in Wilson coefficients
that are still IR sensitive and thus incorporate contributions from arbitrary small momenta. This
in turn leads to IR renormalon divergences which manifest themselves in the factorial growth
of the perturbative coefficients in Cy. In the MS-OPE the convergence behaviour of the Adler
function gets improved by the addition of non-perturbative effects related to matrix elements of
higher-dimensional operators. The cancellation of the renormalon ambiguities in Cy with the cor-
responding instabilities in the matrix elements can be traced back to the fact that the MS-OPE
does not provide a strict separation of momentum scales.

Note that the coefficient functions of higher dimensional terms in the OPE (e.g. Cgq, Cyq
in (3.25)) in principle also contain IR renormalon series causing subleading divergent behaviour.
Since there exists no consistent way of treating these renormalons (and since they are subleading
compared to the most important ones in Cj), we do not consider any renormalon divergences in
coefficient functions other than Cy here.

The convergence of the Wilson coefficients in the Adler function and other physical observables
obviously depends a lot on an appropriate scheme choice. As we are going to discuss in the next
chapter, switching to a scheme that expresses observables in terms of perturbative series that are
less IR sensitive will in general improve the convergence. The definition of such schemes typ-
ically requires an additional infrared scale R, below which the problematic fluctuations due to
IR renormalons are subtracted. Similar to the case of the conventional renormalization scale p,
we can also study the renormalization group evolution with respect to the new scale R. This
so-called R-evolution leads to corresponding RGEs which sum at the same time the asymptotic
renormalon series and potential large logarithms in the difference of two subtractions defined at
widely separated scales. Furthermore we will see that the solutions of these R-evolution equations
yield expressions for a “renormalon sum rule” method that can be used as a probe for the exis-
tence of renormalons without relying on the calculation of bubble chain diagrams in the large-53g
approximation. This renormalon sum rule provides the possibility to gain information on specific
renormalons in perturbative series and allows us to address the second question raised at the end
of chapter 2. Besides, the solution of the R-evolution equation is directly linked to Borel-type
integrals and, hence, represents an alternative method to quantify the size and the structure of
renormalon ambiguities.

Continuing with our discussion we now turn to the OPE of a generic observable ¢. Assuming
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this observable to be dimensionless, its MS-OPE exhibits the general structure®,

(Oi(p))
Qr

o(Q) =Co(Q) + > _ Ci(Q,p) .. (3.27)

where C denotes the purely perturbative contributions to o in the MS-scheme and the first
non-vanishing non-perturbative matrix elements arise from operators with equal dimension p.
According to our previous analysis of the Adler function, these matrix elements compensate the
ambiguity caused by u = p/2 renormalons in C. To facilitate the subsequent discussion, the set of
dimension p operator matrix elements and their associated Wilson coefficients have been combined
into the vectors (O(u)) and CT in the second line.

In the following we are interested in investigating more closely the scale dependence of generic
OPE correction terms due to operators of equal dimension p,

P

a(Q) = Co(Q) + gop +..., (3.28)

Fg = CT(1) (O(p))-
In the expression for the correction term F}) the renormalization scale p is shown explicitly, while

the dependence on other momentum scales is implicit. Since physical observables are independent
of the renormalization scale, they satisfy a homogeneous RGE and we thus have,

d
dlnp

(60 0y ) =0, (3.20)

which immediately leads to

i €70 ) = ~Cn0) | 5 (00 (3:30)
Defining
dliu O(n) = —yolas(1)] O(n), (3.31)

with the anomalous dimension matrix vo expanded in the form (as = ag/7)

Yolas(m)] =15 as + 452 + ..., (3.32)

the RGE for the Wilson coefficients is found to be:

L ) = B lasm)C ). (3.33)

dlnp

n order in a sui xpression for it i nvenien n n rator is in
In order to obtain a suitable expression for FZ, it is convenient to change to an operator basis

which the leading-order anomalous dimension matrix is diagonal. Upon diagonalizing 'y(()l ) by a

matrix V' consisting of the eigenvectors of ’y(l),

'y(Dl) = V_lfy(Ol)V, (3.34)

where the diagonal elements of 'yg) are now given by the eigenvalues of 7(01 ), the generic OPE term

(3.28) can be rewritten in the following way,

b = CT(w) (O()) = C7(w) VV={3 (1)) = () (Op (1), (3.35)

5To simplify the notation in the following discussion, only a generic set of correction terms associated with u = p/2
IR renormalons is displayed in the OPE (3.27). If Cy suffers from a series of IR renormalons for different p values,
an appropriate sum over p is implied.
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with

(Op(n) = V=H{O(u), (3.36)
Cp(u) = VT C(p).

The corresponding leading order RGEs are given by:

d = _ =
dlnMOD(u)— Tp as(1) Op(p), (3.37)
d = (1) 5

iy P =D Tas(p) Cp(p).

The leading logarithmic (LL) solution can be parameterized as

CT (1) Upw (. 1) (Op (1)), (3.38)

which yields an RGE for the renormalization group evolution matrix Upy, (i, p') at the LL order
( 1) — dlag[ (1)])

/ (1) /
dlnp,ULL(”’“) —diag[7p’] as(i) Urr (i, ). (3.39)

Exploiting the one-loop running of the strong coupling as (see eq. (C.1)), the LL solution eventually
takes the form:

U i) = diag[(gjg)))% /50], Uin (o p) = 1. (3.40)

For the generalisation to the next-to-leading order, we proceed similar to the LL case and define

g:= V*1'y(02 )V, which, in contrast to 'yg), is not diagonal in general. The RGE for the evolution

matrix Unpr (g, #/) in the next-to-leading logarithmic approximation is given by:

d .1
o Usta ) = = ding 5] ) + 9 200)| O o). (3.41)
This differential equation can be solved by using the ansatz,

UNiL (s 1) = [+ as(p)S] U (p, ) [1 — as(p) 5], (3.42)

which after a short calculation leads to the following expression for the elements of the matrix S:

. B1 (1) cij 1 gij
S = EL Wi 5ii Z. . (3.43)
460 (DA gyj2) (D — 4D — gy /2)
Br ()i cij g"
=——=p 67+ —,
265 7 (Bo/2+ 5" = 45"

Details on the calculation of S have been relegated to appendix C.2 and can also be found in [44, 45].

With these expressions for the evolution matrix at hand, we are now in the position to investigate
generic OPE contributions at the NLL level. The subsequent derivation will be a bit technical
including lots of redefinitions that may seem unnecessary at first sight. However, the notation
introduced below greatly facilitates the discussion of the IR (and UV) renormalon structure, es-
pecially in view of the R-evolution formalism developed in the next chapter.

Using the NLL solution for the evolution matrix, the term F}) of (3.28) in the OPE can be
rewritten in a form where all large logarithms involving the scales ) and Az are being resummed
at NLL:

Fg = C_:T(Q) Unpp(Q, Ar) (O (AIR)> (3.44)
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where we displayed explicitly the dependence on the large and low momentum scales with Ajg < Q.
Next, we exploit the ansatz (3.42), which yields:

25D

7 = (@)1 + a(@s]aing| () | diag (=) " [0 axld)3) GAn)

—E1(0) =(0c(Am))

a 2’Y(Dl)J/ﬁo
= Z Ci(Q) [6i5 + as(Q) Sij] ( S(Q)>

(O4(Amw))- (3.45)

C

Here, C] and <6C> defined in the first line denote the Wilson coefficients and matrix elements,
respectively, in the so-called renormalization group improved (RGI) scheme and the auxiliary con-
stant ¢ was introduced for later convenience. We emphasize that in the RGI-scheme the momentum
scales () and Ay are strictly separated in the sense that the coefficient functions C’C(Q) only de-
pend on the large scale Q, whereas (O.(A)) does only depend on Arg. In the following we assume
the coefficient functions in (3.45) to be renormalon free, that is we neglect all renormalons that
may be contained in C;(Q), while the non-perturbative matrix elements carry the pure O(AQCD)
renormalon. This will be important in the discussion of R-evolution in section 4.2.1.
Continuing with our analysis, we now decompose the Wilson coefficient C; in the form

CiQ) = a%(Q) Y " a2 (Q), (3.46)

n=0

where §; represents the lowest power in the strong coupling of the coefficient function C;. Thus,
the OPE term Fp can be further rewritten as follows

a 2’Y(D,]//J’o .
7= L QI + @+ ][6s + (@5 (D)™ oy ean

Cc

5, 2D)J/50 .
_Z<as V0 @)l (“Sf”)v &1 {03 (M)
d;
+ZCZ(O) <CLS(C@> as (
1,
8;+2v%),/Bo0 0i=0; Aj
E ) i (19) i
J
8;+2 (Dl’j/ﬁo A
SR (2) @) (¢ 2@ P8 s )| Ol
J

where we dropped terms of O(a2) in the expansion of the product of the square brackets in the
first line. In addition, we stress that the exponent ¢; — d; of as in the second part of the last line
can in principle take on any integer value greater than or equal to —d;, since §; > 0. In order to
recover a suitable expression for F?, we redefine the Wilson coefficients C; and leading powers §;
in the following way:

/0
)2 " 5 o (01 (A

542 (Dl,)j/ﬁo <
Fp=Y & (“(Q)> ! [1 +as(Q) &) + .. | ¢ (03 (Aw)). (3.48)

: c
J
The expression above is rearranged in such a way that the correction term as(Q) ég.l) within the

square brackets is truly O(os)-suppressed. In particular, note that depending on the values of d;
and d; in (3.48), the newly defined leading powers ¢; do not need to be identical with J;.
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3.4 Ultraviolet Renormalons

In contrast to IR renormalons, UV renormalons in QCD are Borel summable and cannot be
related to non-perturbative power corrections that arise in the framework of the operator product
expansion. For this reason UV renormalons are sometimes regarded to be less problematic than
their infrared counterparts and are often left aside in discussions. However, for some observables,
like the Adler function, UV renormalons are closest to the origin in the Borel plane and therefore
dominate the large-order behaviour, as can be seen from the sign-alternating factorial growth of
the perturbative coefficients.

There is a striking similarity between UV renormalons and UV renormalization first noted by
Parisi [46] who suggested that UV renormalons could be compensated by insertions of local higher-
dimensional operators’ into the Green functions from which the observable under consideration
is derived. Parisi’s conjecture is based on the observation that UV renormalons are connected
to the large momentum expansion of the integrands in loop calculations. In the computation of
bubble chain diagrams (see section 3.2) the Feynman integrand contains a large power of logarithms
In k2 /1% coming from multiple fermion loop insertions into the gluon line. Potential logarithmic
UV divergences in such computations are associated with integrations of terms like d*k/k* over
large loop momenta and are removed by counterterm insertions of operators of dimension four in
the renormalization procedure. The UV renormalons then arise from integrating large powers of
In k2 /1% in the remaining terms of the large momentum expansion of the Feynman integrand over
the ultraviolet region. To be more specific, the leading UV renormalon u = —1 follows from the
large-k behaviour of the d*k/k%-part and the subleading UV renormalons starting at u = —2 are
due to the remaining terms such as d*k/k®8. Similar to the removal of ordinary UV divergences by
means of local counterterms, UV renormalons can be compensated by insertions of local higher-
dimensional operators. In the particular case of the leading © = —1 renormalon we thus need to
consider an additional term in the Lagrangian,

0¥
AL = 3 9 21, (3.49)
i uv

containing all local operators Ogﬁ) of dimension six. This additional term signifies the missing
information from energy scales much larger than Q). In a similar fashion the subleading UV renor-
malon at u = —2 is related to local dimension-8 operators and, in general, a UV renormalon
singularity located at v = —p/2 (p > 0) in the Borel plane can be remedied by adding further
terms to the Lagrangian including local operators of dimension k& = p + 4. Most works in the
literature primarily deal with the leading UV renormalon and detailed discussions can be found
e.g. in [30, 47].

Due to their analogy to UV renormalization, UV renormalons can in some sense be regarded
universal, since once the coefficient functions C;, which contain short distance information from
scales Ayy > @, have been determined from Green functions for a specific process in a more UV
complete theory, the UV renormalons for all other processes can be treated in the same way.

In the following we want to investigate in more detail the structure of additional terms in the
Lagrangian needed to compensate the effects of UV renormalons located at u = —p/2 on the neg-
ative real Borel axis. Adopting the results from the discussion of IR renormalons in the previous
section, a generic Lagrangian term for operators of dimension k = p + 4 is given by®

AL = CT(Agy) Unin (Aov, @) 2 (3.50)

"Note that these higher-dimensional operators are considered local with respect to the scale Q.

8 Analogous to (3.27), only a generic Lagrangian term for operators associated with u = —p/2 UV renormalons is
displayed in (3.50). If Cy suffers form a series of UV renormalons for different p values, an appropriate sum over p
is implied.
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— 5 O 1+ an()Jaiag | (“200) ™ g (12) |1 - w@is) @),
uv
=CT(Auv) =0.(Q)
where Ayy denotes e.g. a BSM scale with Ayy > Q. In order to account for an u = —p/2 renor-

malon in the perturbative expansion of an observable o(Q)) we have to consider Green functions
for the SM/QCD process with a single insertion of the local operators O; contributing to o(Q).
Assuming that this calculation only involves a single scale @, the contribution from each insertion
of the operator O; can be generically written as,

Ro(0:(Q)) = Q7 aZ (Q) [, + a5(Q) ), + ... ]. (3.51)

Using this expression we can define (cf. eq. (3.28)),

D, UV
o(Q) = Co(Q) + AO{'ZV +..., (3.52)
with,
_ R —27p /50
F5* =3 Ces(hu) (“( ) (45 = as(Q) Sji] B (0:(Q)) (3.53)
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Here, the process-independent and universal coefficients C'C(AUV) compensate for O(Ag\é) uv
renormalons. Similar to the discussion of the OPE corrections in the last section, it is possible to
combine the terms in the last line such that one obtains an expression resembling the one in eq.
(3.48):
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&
Qg

291 5;
) 4/ Bot 0 L
[CI(J\Z,j + as(Q) Ej\zj]
Q

—2v5)/Bo+; /- (0:=0)
( )) J <CL5(Q)> céi_(sj aS(Q) Sji C(UO\Z i

C

1
’QVED?j

. N - 0 +9j
Fg,UV —. Z C(Sj Cc,j (AUV) Qp (aS(CQ)> E AEJO\Z y [1 + aS(Q) I(Jl\z,j 4+ ... ] . (354)
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The expression above is rearranged in the same fashion as the generic IR-OPE correction in

eq. (3.48) such that the first subleading term as(Q) M in the square brackets is truly O(as)-

UV7]
suppressed. We stress again that ¢; does not need to be equal to 9.

3.5 Renormalon Structure of a Generic Observable

After the rather elaborate notational setup in the previous two sections we briefly summarize and
combine our knowledge about IR and UV renormalons. From the form of the Borel integral (3.5)
we have seen that IR renormalons are associated with ambiguities in the definition of the perturba-
tive series C of a physical observable o(Q), which indicate that low momentum non-perturbative
corrections need to be considered?. These effects can be efficiently incorporated in the framework
of the operator product expansion by adding higher-dimensional terms in the form of operators
that are local with respect to momenta Az < @ (i.e. enconding interactions of Ajz-modes gener-
ated by the large scale @). In this formalism IR renormalon ambiguities in the perturbative series
of the coefficient Cy cancel with corresponding instabilities contained in vacuum matrix elements
of these local operators which constitute non-perturbative condensate contributions.

UV renormalons, on the other hand, are related to missing high momentum information, but are
Borel-summable and show remarkable similarities to ordinary renormalization of UV divergences.
They are linked to terms in the large momentum expansion of integrands in loop calculations and
can be compensated by insertions of higher-dimensional local operators into the Green function
contributing to a specific observable. These operators are local with respect to scales ) < Ayy,
i.e. they encode interactions of ()-modes generated by the large scale Ayy.

Combining our previous findings, one can write down an OPE-like expression for a dimension-
less observable (@) which compensates all IR and UV renormalon effects associated with power
suppressed contributions of order (Ar/Q)P and (Q/Ayv)?, respectively, that occur in the pertur-
bative calculation of o(Q):

RO’ (6UV(Q> M))

oo+ Ol (n) 5
Aty

TR (3.55)

Here, the coefficient function Cy comprises the purely perturbative contributions to o(Q). In gen-
eral, Cy suffers from an infinite series of IR and UV renormalons involving different p and p values,
so an appropriate sum over p and p is implied'C.

At this point an important comment concerning the generic IR and UV correction terms in
(3.55) is in order. In the IR case, as discussed in section 3.3.1, the Wilson coefficients can be
computed perturbatively, while the matrix elements need non-perturbative treatment. For UV
renormalon corrections, on the contrary, the role of Wilson coefficients and matrix elements is
interchanged and only the matrix elements are perturbatively accessible. The UV Wilson coeffi-
cients contain information from energy scales much larger than @) and are computable in a more
UV complete theory (BSM theories).

Exploiting the results of egs. (3.48) and (3.54), the OPE for ¢(Q) is given by:

o(Q) = [1 + i dna;‘(Q)} L Z <as(Q)> o SO+ ag(@) &) (08 + ...

=C5(Q)

9We assume that o(Q) involves only the single scale @ (i.e. Q is the scale of the measurement).

10Gtrictly speaking, the concept of the operator product expansion only applies to IR renormalons. However, in
order to simplify the discussion in the following chapter, we will refer to the expression (3.55) including corrections
for both, IR and UV renormalons, as the OPE for the observable o(Q).
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It is essential to recall how the renormalon cancellation takes place in the MS-OPE. Since ¢(Q) is
a physical observable, it must be renormalon free and hence certain cancellations happen between
different contributions in the OPE. In particular, IR and UV renormalons causing factorial growth
of the perturbative coefficients in Cy are compensated order-by-order in the oy expansion by cor-
responding instabilities in the process-independent and universal matrix elements (¢% O, ;)(A)

and coefficient functions ¢% C‘c,j (Auv), respectively. As already mentioned, these renormalon can-
cellations can be improved by switching to another scheme, called the MSR-scheme, that subtracts
the renormalon contributions form C¢(Q) due to IR and UV renormalons at the new scales R and
Ryy, respectively. Similar to the renormalization scale y in MS one can also consider RG equations
with respect to the new scales, R and Ry, which leads to the notion of R-evolution. This allows
to choose R and Ryy of order Q for the subtracted versions of Cy, called Co(Q, R, Ryy), which is
free of large logarithms involving the scales @), R and Ryy. Furthermore, large logarithms involving
the ratios R/Q and Q/Ryy can be summed systematically. The subtractions in the MSR-scheme
and the concept of R-evolution will be formulated in the next chapter.

Note that it is in principle possible to decompose the perturbative coefficients a,, into contri-
butions from the various renormalons Cy. Thus, we can write:

n = Y@t D5 + lngems (3.57)
psJ psJ

where the first part comprises the contributions due to IR renormalon poles at v = p/2 and the
second sum takes into account all UV renormalon singularities at positions v = —p/2. The last
term denotes a convergent remainder which includes all contributions to a, that do not arises from
renormalon poles. In practice, however, it turns out that we cannot define this splitting uniquely,
but only asymptotically.
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Chapter 4

R-evolution and the Renormalon Sum

Rule

In the previous section we discussed how large cancellations between the purely perturbative
coefficient Cy and higher-dimensional IR and UV correction terms in the OPE-like expression
(3.56) lead to a renormalon free description of a physical observable o((Q)). However, the numerical
cancellations at high orders in the perturbative expansion in ay expressed in the conventional MS-
scheme of the OPE is sometimes impractical for precise theoretical predictions of QCD observables
and it can be useful to employ schemes for the IR matrix elements <c‘sﬂ'OAc7j> and UV Wilson

coefficients ¢% C’c,j with explicit subtractions of low and high energy fluctuations involving new
cut-off scales R and Ryy. In this chapter we lay out the basic formalism for these schemes and
show in detail how the subtractions cancel the factorial growth due to IR and UV renormalon
divergences in Cy. Moreover, treating the parameters R and Ry, respectively, as continuous
variables yields a renormalization group equation [48], which connects subtractions at different
scales without introducing renormalons. We study the implications of the renormalization group
flow in R (and Ryy) and, in particular, present a detailed derivation of the so-called renormalon
sum rule which allows us to probe renormalons in perturbative series.

At the beginning of the next section 4.1 we focus only on the discussion of IR renormalons
to motivate the definition of the so-called MSR-scheme. UV renormalons will be included from
section 4.1.1 onwards.

4.1 The MSR-Scheme

We have already argued that using a rigid momentum cut-off in the Wilsonian OPE provides a very
intuitive physical picture for the factorization into coefficient functions and matrix elements, but
is hard to implement and preserve gauge symmetry and Lorentz invariance in calculations beyond
the one-loop order. Switching to the MS-scheme represents a convenient alternative which allows
us to perform loop calculations in a gauge and Lorentz invariant way. However, as mentioned
in section 3.3.1, MS calculations involve integrations over all loop momenta which results in the
known factorially divergent behaviour of the perturbative coefficients in Cyy caused by renormalon
poles. In the context of the MS-OPE these renormalon effects are compensated order-by-order in
the ay expansion by corresponding instabilities in the matrix elements.

In order to avoid the resulting large cancellations between C and higher-dimensional terms
in the OPE, one can employ appropriate schemes for the Wilson coefficient Cy and the non-
perturbative matrix elements that take explicit renormalon subtractions into account. Such
schemes usually depend on an additional momentum scale, denoted as R, at which the renor-
malon contributions are removed. To illustrate how these subtractions can generally be defined,
recall the expression for the Adler function in the MS-scheme quoted in section 3.2:

Co(Q, ) = 1+§:1cn <O‘7(T“))n (4.1)
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Cn = cp g 10" (u) .
R

From the computation of bubble chain diagrams (see eq. (3.16)) we see that renormalon singu-
larities give rise to factorial growth of the perturbative coefficients ¢, in (4.1). More precisely, the
large-order behaviour of the coefficients due to a renormalon located at u = p/2 in the Borel plane

is given by [17],[27]:
e (o

where the factor (u/Q)P arises at large n from the contribution of powers of In(x/Q) in the
coefficients ¢,,. A sensible definition of a scheme with explicit renormalon subtractions needs to
account for cancellations of this factorial growth order by order. In general, Cjy can be connected
to the corresponding coefficient function Cy(R) in a new R-scheme by a relation of the form [17]:

Co(Q) = Co(Q, R) +0Co(Q, R, ) (4.3)
= Co(Q,R) + ( ) Zb a”

Here, the perturbative series in 6Cy must have the same bad large-order behaviour as the series in
Co, i.e. bpy1~ (u/R)Pn![2B0/p]", such that the coefficients in Cy(Q, R) do not anymore exhibit
factorial growth for large n [17]:

e~ () - (B 2] 0[]

Thus, we see that the factor (R/Q)P introduced in the definition (4.3) causes power law dependence
of the series in 6Cy on the new cut-off scale which cancels exactly the contributions due to the
u = p/2 renormalon in Cy. The scheme change in Oy is associated with a corresponding scheme
change in the vacuum matrix elements and one can construct subtractions similar to those in eq.
(4.3) that compensate the instabilities in the definition of the matrix elements (see [17]).

So far the only constraint we put on the subtraction terms in the new R-scheme was related
to the fact that the coefficients b,, need to have the same large-order behaviour as the coefficients
in Cy. This leaves substantial freedom for the definition of the subtractions. For our analysis in
the following sections it is convenient to take the subtraction coefficients b,, to coincide with the
contributions @, in (3.57) due to the u = p/2 renormalon in the MS coefficient function Cy. The
scheme thus defined preserves the computational features of MS, like gauge and Lorentz invariance,
and is called the MSR-scheme.

4.1.1 MSR-OPE for a Generic Observable

Returning to the discussion in section 3.5, we can now avoid the problem of large cancellations
between C and higher-dimensional terms in the OPE for a dimensionless observable o(Q) by
switching to the MSR~scheme. Similar to (4.3) one can define subtractions for both the universal

low energy matrix elements <Oﬁ> and the high energy Wilson coefficients C’gyz
N
A . N SR\~ ﬁ f5j oo
o (BOUR) = (HOY + 1 (" )) O Tl (45
n=1
5 S 27(1) A
& C%(Ryy) O q R D5 x
° [\7% uv — Af) »J 4 Rf) ( (CUV)> (CUVJ(RUV Z j’r}Z g RUV) (46)
uv uv uv =

From the discussion at the end of the previous chapter (below eq. (3.55)) recall that in the IR
OPE correction terms the Wilson coefficients are perturbatively computable, while in the UV case
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the matrix elements are perturbatively accessible. Therefore, in (4.5) the matrix element <ch 0?)
contains the pure O(AQCD) ambiguity which cancels against a corresponding ambiguity in the
series of the second term on the right-hand side, such that the MSR matrix element (csﬂ' OL(R)) is
ambiguity free.

In (4.6), on the other hand, the high energy Wilson coefficient i C’UV has a pure O(Ay ) am-
biguity! which is cancelled by an amblgulty of the same order in the second term on the right-hand

side. Since both (c 507 (R)) and ¢% CUV(RUV) do not contain an ambiguity, taking the derivative
with respect to R and Ryy yields perturbatlve series on the RHS of eqs. (4.5) and (4.6) that are also
ambiguity-free. This fact will be used in the derivation of the R-evolution equation in section 4.2.1.

Using the subtractions in (4.5) and (4.6) the OPE in the MSR-scheme takes the form:

+05 .
/(Q=Co@ AR+ > (“S“”) E5(Q) (IO (R)) + ... (4.7)

727(1).

9 CUV(RUV)]

— D +(§j R
LY <as<ccz)> T ey (Q) [ =
j uv

where the purely perturbative contributions in the Wilson coefficient Cy(Q, R, Ryv) are now given
by:

27(1)
— RP [ ag +5,C
Co(@. . Fin) =Co(@) = 3 g (260) i Z @ (R) — ... (48)
]' S
273). -
TR i (Q) & o
Z R%v (as RUV)) m nz:l J,n S(RUV)

Note that we need to treat IR and UV renormalons separately and therefore have to introduce
two additional momentum scales R and Ryy. Setting ¢ = 2/, for later convenience and defining
an = ap/4™ for the coefficients in (3.57) as well as a5 = as/4 = ag/(4m), the MSR coefficient
function Cy(Q, R, Ryy) can be rewritten in the following form,

Co(Q, R, Ryv) = (4.9)
(1)
_T0(Q Z{Qp <“S(§97350> o n+4dVa@Q) +...]
J
)
x RP < (273%) e [1+401)ES(R)—|— rlilaina;‘(}%)} -
W
—Z{Q” (aS(ST) B())_ o [1+485,a(Q) +...]
j o
A () e w7 S et | -

UV renormalons are Borel summable and therefore do not cause an ambiguity in the definition of the Borel
integral (3.5) — at least formally. In practice, however, a UV renormalon may be as severe as an IR renormalon.
So, in order to unify the discussion of IR and UV renormalons in this chapter, we will adopt the notion that UV
renormalons at u = /2 lead to ambiguities of O(Ay%).
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efpj

ties of O(AgCD) and O(AE@), respectively, which cancel the corresponding ambiguities in C(Q).
Moreover, we emphasize that in order to consistently implement all information needed to remove
the renormalon ambiguity at each order in the series expansion, we see from eq. (4.9) that the

coefficients ég-n)

Remember that the perturbative series 6, ;(R) and (Ryy) contain pure renormalon ambigui-

have in principle to be available to one order less than the perturbative coefficients
a, of Cp(Q). The anomalous dimensions, on the other hand, need to be known to the same order
as the coeflicients a,,.

As one can see, the subtractions for both the IR and UV renormalons look very much alike
and for the discussion in the subsequent sections it will be often convenient to consider a generic
form for the subtraction terms,

0pa(R) = —RP (0‘5(5350)& i a? @ (R), (4.12)
n=1

where IR and UV renormalons are distinguished by means of the exponent « and the sign of p:

278) 5
i 4. IR (p>0
a={ B Y »=>0) (4.13)

Dbi 5 UV (p=—p<0).

4.2 Renormalization Group Evolution in R —
The R-Evolution

Remember that the scales R and Ryy in eq. (4.8) were introduced in order to remove the renor-
malons from the MS perturbative series Cp(Q) and therefore give it a well-defined, i.e. unambigu-
ous meaning. However, we have not yet talked about proper choices for the scales in the OPE (4.7)
which are mainly constrained by the potential occurrence of large logarithms. First considering the
IR-OPE terms, the low energy matrix elements (OZ(R)) require R > Aqcp, that is a value close
to the Landau pole but where perturbation theory is still valid. On the contrary, the perturbative
calculation of the Wilson coefficient Cy(Q, R) demands R ~ (. Thus, we conclude that no choice
for R avoids large logarithms in both, Cy(Q, R) and the higher-dimensional matrix elements.

The very same is true for the UV renormalon correction terms in eq. (4.7). Here, the universal
high-energy Wilson coefficients C’ (RUV) require Ryyv ~ Ayy > @ and once again we cannot find
appropriate values for Ryy that minimize the logarithms in Cy(Q, Ryy) and Cg}’(RUV) at the same
time.

In the MS-OPE a similar problem arises already with respect to the renormalization scale p
and is avoided by performing an RGE in the scale p which sums large logarithms between widely
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separated scales. In the case of the MSR-OPE we can use a similar approach and consider a
renormalization group equation in the variable R. The corresponding RG evolution? connecting
subtractions at different values for R is known as R-evolution [48].

4.2.1 R-Evolution Setup

In order to motivate the R-evolution equation for Cy(Q, R, Ryv), we first consider the expression
for the coefficient function at R = Ryyv = Q:

Co(@Q,Q,Q) = ZZ“M a; ZZaM ar o (4.14)

Jj n=1 j n=l1

Comparing this result to eq. (3.57), where the coefficients of Co(Q) were split into contributions
from the various renormalon poles, we see that Cy(Q,Q,Q) = ), nrem G (Q) describes a con-
vergent series®. Thus, starting from this series we can now define an evolution in the scales R and
Ryv in the following way,

Q
d
Co(@: A, Avv) = Co(Q. Q. Q) ~ /dlnRMOO(Q R, Ruy) — ... (4.15)
A
? d
- / dIn Ryv m CO(Q,R, RUV) -
Auv

(1)

144; Q
_C’O(Q,Q,Q)+Z{$ < (Q)ﬁ‘)) e [1+48 a(Q)+.. }/dlanldRa (R)}+...
J

2w
A
27(1).

—"Dij 4§, Q
5 S 0 ~ _ d
+Z {Qp(a (;i)%) 5 (144 Sv)] (Q)+...]/dlnRUvdlnRU HH,YJ(RUV)}
J

Auv

where in the second equality we used the fact that Cp(Q) is independent of R. Note that the scale
A must at least satisfy A 2 Aqcp such that perturbation theory still converges and Ayy can be of
order the scale where the more general underlying more UV-complete theory needs to be employed.

According to our previous definition of generic MSR subtraction terms in (4.12), the R-evolution
equation for C treating either a specific IR (p > 0) or UV (p < 0) renormalon then exhibits the
general form:

(B = R (“RW“) () (4.16)
_ (“S(Q ﬁo>“ gﬁagﬂ

where the coefficients of the R-anomalous dimension y%[as(R)] are given by (see Appendix C.3)

n—1

Y =pant1 —2) (a+n—j)Bjan ;. (4.17)
=0

2An RGE for R was formulated in the context of heavy quark physics in [49, 50], its implications were discussed
for the first time in [48].

3Strictly speaking, this statement is only true upon summing over all IR and UV renormalons on the RHS of eq.
(4.14) (cf. (3.57)). Note that this sum is only implied in (4.14) and not written explicitly.
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In the discussion of the subtraction terms (4.5) and (4.6) in section 4.1.1 we argued that the

perturbative series 6, o(R) contains a pure renormalon ambiguity of (’)(AgCD) or O(AyY), respec-

tively, which drops out after taking the derivative in eq. (4.16). Thus, v%[as(R)] is by construction
free from the u = p/2 renormalon. This fact actually provides the most crucial feature of the
R-evolution equation: Its solution sums at the same time the asymptotic renormalon series and
large logarithms that arise in the difference of two subtractions at widely separated scales in a way
avoiding the (’)(AgCD /UV) renormalon [51]. Due to its power law dependence on R, the solution
of the R-evolution equation is fundamentally different from common RGEs which only have loga-
rithmic scale dependence.

Up to now we have considered generic IR and UV subtraction terms in the definition of the
MSR Wilson coefficient Cy(Q, R, Ryv) in (4.9). In practice, usually only one or a few renormalons
are relevant in explicit calculations. We therefore assume in the following, for simplicity, that
the perturbative series in Co(Q) is dominated by contributions of a single renormalon located at
u = p/2 in the Borel plane. The generalization to several renormalons (either at the same location
u = p/2 or at different locations) is straightforward.

4.2.2 Connection to the Borel Integral

There is a deep connection between the solution of the R-evolution equation and the Borel integral
(3.5) which we want to briefly discuss here. To illustrate this relation it is instructive to consider
the leading logarithmic (LL) solution of eq. (4.16) which is obtained from calculations in the large-
Bo approximation. In this approximation the perturbative series in the R-anomalous dimension

reduces exactly to a single non-vanishing term v%[as(R)] = v§'@s(R). Furthermore, assuming
a = 0 for simplicity* we obtain
d as(R)
——0,0(R = A8 RP (2 4.18
[dlnR bl )] LL ’ < Am )j (4.18)

and the solution of the R-evolution equation connecting subtractions at the two scales Ry and Ry
is given by:

In Ry
as(R
[6p.0(R1) = 6p0(Ro)]; 1 = = / dln R R? <4(7T)> (4.19)
In Ry

Exploiting the QCD p-function at the LL level together with the LL relation for Aqcp, that is
AIQLCD = Rexp[—27/(Boas(R))], the integration on the right-hand side can be expressed as an
integral over as(R):

Oés(Rl)
Y dag 2mp
(ool ~ o)l = 5% [ 52 (M) e (420)
2 Bo Qs
CVS(I'ZO)
Next, changing the integration variable to
27
t=——", 4.21
(& BO ( )
we can further rewrite the integral,
R “ d
Y t _
[Bp0(Ra) — Bpo(Ro)] . = —5 5 (Men)” / Letr (4.22)
to

R o] )
Y0 (ALL \P / dt _, / dt _t}
=——(A —e P — —e Pl
3.y (Haco) [to t not

4The value o = 0 corresponds e.g. to an operator with vanishing leading order anomalous dimension, whose

associated Wilson coefficient starts at order af (cf. (4.13)).
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where the integration limits are defined as t; = —27/(Boas(R;)). In the second line we split the
integral into a difference of two terms for reasons that will become evident soon. Each of the two
pieces is itself ill-defined, since for Ry 1 > Aqcp we have o1 < 0 and one is forced to integrate
over the Landau singularity at the point ¢ = 0 (which encodes the information on the renormalon
ambiguity) to the limit ¢ — oo, which corresponds to as(p — 0). However, these ambiguities
cancel in the difference of the two integrals such that 6,,;(R1) — 0, j(Ro) remains renormalon free.

In order to complete the connection to the Borel integral we finally switch to the Borel vari-
able u = —p(t/t; — 1)/2 and use the relation for AIQ%D mentioned above in both integrals. A
straightforward calculation yields:

R o0 2u 2u
Y i 1 7 1 __dmu
otm) =l = 35 [ () g - () g™ G
2 2
0

where the right-hand side represents the Borel integral over the difference of two Borel transforms
of the u = p/2 renormalon contribution in the large-fy approximation.

Eq. (4.23) proves that R-evolution and the concept of Borel integration are closely related.
Furthermore, R-evolution between two perturbative scales and Borel integration over the difference
of Borel transforms sum the same logarithms. However, from a conceptual point of view one may
argue ([51]) that R-evolution is more natural in the sense that it can be applied to any perturbative
series without requiring additional approximations, while the Borel integral method relies on the
knowledge of explicit expressions for the Borel transform which is often hard to achieve.

An important implication of the connection between R-evolution and the Borel integral sheds
light on the first question raised at the end of chapter 2. We already know that IR renormalons
in QCD inevitably lead to imaginary ambiguities in the definition of the Borel integral and the
relation (4.23) suggests that these ambiguities may also be quantified by means of the R-evolution
equation. Now consider one restores the ambiguity on the left-hand side of eq. (4.22) by taking
the limit®,

R](I)I_I)IO to = o0. (4.24)
Upon changing to the Borel variable u, the second Borel transform on the right-hand side of eq.
(4.23) vanishes in the limit® Ry — 0 and we are left with the usual Borel integral over a single
Borel transform?. Using the relations (4.15) and (4.16) we thus obtain,

_ 1 y __Amu
CO(Q) = _@ B}f—rio [ep,O(Q) - Qp,O(RO)]LL - /dUB[Qa :u] (u) € BOD‘S(‘L% (425)
0
with
R 2u 1
Bl =35 (5) 5 (4.26)

The sign ~ in (4.25) implies that the right-hand side only contains the v = p/2 IR renormalon
contribution of Cy as indicated in (4.14). An IR renormalon in the Borel transform obstructs the
naive calculation of the integral and the resulting ambiguity can be related to the solution of the
R-evolution equation in the limit Ry — 0. Note, however, that taking this limit is problematic
since it pushes the perturbative running of the strong coupling as(Rp) into a momentum region

®Note that the limit in (4.24) is consistent with the one-loop running coupling as(R) = 27/(8o In(R/Aqcp)).
The limit is also valid when higher orders of the QCD [-function are included.

5The limit in R is related to a corresponding limit in w. Taking the limit Ry — O forces us to integrate over the
Landau singularity at ¢ = 0. Using the substitution u = —p(t/¢; — 1)/2 this translates to an integration over the
renormalon pole at u = p/2 in the Borel integral.

"In this section we only discuss the connection between R-evolution and Borel integration in the large-3o approx-
imation. In appendix C.6 we relate the general solution of the R-evolution equation (see section 4.3.1) to the Borel
integral.
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where it does not apply anymore. The ambiguity arises from integrating over the Landau pole at
Ry = Aqcp. However, R-evolution requires Ry 2 Aqcp in order to stay within the perturbative
regime. Thus, we can in principle use small variations in the lower limit Ry close to, but larger than
Aqcp, to estimate the value of the Borel integral and quantify the size of its ambiguity. Typically
one exploits the principal value prescription to evaluate the Borel integral and takes the imaginary
part as an estimate for the ambiguity, but eq. (4.25) reveals that R-evolution provides an useful
alternative to this procedure. We discuss this issue in much more detail in the next chapter where
we investigate the implications of R-evolution on the Adler function in the large-3y approximation.

4.3 Renormalon Sum Rule

Another striking feature of the R-evolution equation is provided by the fact that its solution can
be used to find an analytic expression for the Borel transform of any perturbative series which
encodes exactly the information on a particular renormalon pole at w = p/2. Since this Borel
transform only focuses on a single renormalon, the normalization of its singluar and non-analytic
terms is characteristic for the “strength” of the u = p/2 renormalon. It turns out that the solution
of the R-evolution equation provides an analytic expressions for this normalization in terms of the
coefficients of the R-evolution equation (and thus of the original series). This analytic expression
can be employed as a probe for the existence of renormalons in any perturbative series and is called
the renormalon sum rule.

The sum rule was first studied for the u = 1/2 renormalon in the pole mass of heavy quarks
in the letter [48] and details on the derivation can be found in [51]. A more general result for
arbitrary IR poles at u = p/2 is given in [52], where the anomalous dimension of the operators
in the OPE is not incorporated and the Wilson coefficients are assumed to start at tree-level. In
this section we review the derivation of the renormalon sum rule for the IR case including the
anomalous dimension and extend the discussion to also comprise UV renormalons.

4.3.1 General Solution of the R-Evolution Equation

Starting point for the derivation of an analytic expression for the Borel transform of the perturba-
tive series 6, o is the general solution of the R-evolution equation (4.16) which we want to discuss
in the following. Integrating on both sides of the equation yields:

R1 e «@
6y a(R1) — Oy a(Ro) = — / dR RP~" +a,(R)| <M> (4.27)

Ro 27
= N [ A1) e (),
to

where

Z'yn < 250t>n+1. (4.28)

The function G(t) is given in (C.5) in the appendix. In the second line of eq. (4.27) we switched
to the integration variable t = —27/(fpcs) defined in (4.21) and used the result for Aqcp derived
from the RGE for the strong coupling as given in appendix C.1. In order to simplify the general
solution we rewrite
. e S(P)
VR[] b(t) e~ COP = =tp (_g)=brp Z T (4.29)

)

where explicit expressions for the first few coefficients S,gp
Next, inserting eq. (4.29) into eq. (4.27) we find,

can be found in (C.25) in appendix C.4.

Bpa(R1) — Opa(Ro) = QCDZS / dt (—t)-o—biph-1 o=t (4.30)
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0o . thp .
— AE)CD Z S’(CP) pa+b1p+k/ ! dt (7t)—cx—b1p—k—1 et
k=0 top

Finally, splitting the integral above in the same fashion as we did in eq. (4.22), we can exploit the
definition of the incomplete gamma function,

F(s,t):/ dra*te™, (4.31)
t

along with the standard phase convention (—1) = ¢~ to obtain the following all-order expression
for the solution of the R-evolution equation:

Op,a(R1) = Op,a(Ro) = (4.32)

im(bip+k+a)
p) € P P
e ZS P {P(—bﬂ? —k—a, tip)—T(-bip—k—aqa, top)}'

Before we proceed with the derivation of the renormalon sum rule, let us take a closer look at
the analytic properties of the result (4.32). Returning to the integral in (4.30) and recalling the
definition of the substitution variable, t = —27/(Byas(R)), we have that ¢ = 0 for R = Agcp and
to,1 < 0 for Rg1 > Aqcp. Since the integrand has a singularity at the point ¢ = 0, the integral
is well-defined as long as the integration range lies outside the singular region and therefore the
difference 0, o (R1) —0p.o(Rp) is renormalon free provided that Ry > Aqcp. In eq. (4.32), however,
we rewrote the integral in terms of the difference of two incomplete gamma functions I'(s, t), each
having a cut for ¢ < 0. The ambiguities these cuts® are causing cancel for each k in the sum and,
thus, the difference 0, o (R1) — 6p,o(Ro) remains free of the u = p/2 renormalon.

4.3.2 Analytic Borel Transform and Sum Rule for IR Renormalons

We first discuss the derivation of the sum rule for IR renormalons and deal with the sum rule for
the UV case in the next section. In order to obtain an analytic expression for the Borel transform
carrying the information on an O(AQCD) renormalon we need to restore the renormalon ambiguity
in the solution of the R-evolution equation by again taking the limit,
lim ¢y = oo, 4.33
Rp—0 0 ( )

n (4.32). In this limiting procedure the second incomplete gamma function in eq. (4.32) vanishes.
Using the relations (4.15) and (4.16) we thus obtain,

To(Q) ~ _c;p (—t0)® [1+ 460 a(Q) + 1662 a2(Q) +...] [0pa(Q) — bpa(0)],  (434)

with
0yl @) — Opa0) = Ny ZS mblﬁ“f D(bip—k—otap)  (435)

and
to = _50025(62)' (4.36)

The sign ~ in (4.34) again implies that the right-hand side only contains the u = p/2 IR renormalon
contribution of Cy as indicated in (4.14) with « given by (4.13). The ambiguity contained in the

8Note that the incomplete gamma functions in eq. (4.32) only have a cut when dealing with IR renormalons, since
p > 0 and to,1p < 0 in this case. In the derivation of the general solution for UV renormalons (p < 0 and to,1p > 0),
the integral in eq. (4.30) is split into two well-defined pieces such that the resulting gamma functions do not exhibit
any cuts. This actually reflects the fact that UV renormalons are Borel summable and do not lead to ambiguities
(compare eq. (4.25)).
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perturbative series in 6, o(Q) — 6p,«(0) is now visible through the cut in the remaining incomplete
gamma functions for top < 0. As one can see, the sum in & in the all-order result (4.35) provides
systematically a reordering of the terms in the series ), o(Q) — 0,.(0) related to the O(AQCD)
renormalon ambiguity into leading and subleading contributions. This important feature represents
the reason why the solution of the R-evolution equation allows one to find an analytic expression
for the Borel transform focusing on a particular renormalon pole.

We proceed with an asymptotic expansion of the incomplete gamma function according to

o (1 -
D(s,t) 720 ot 51 § : mlffm)) (4.37)
— S

which together with eq. (C.9) yields?:

ep,oc(Q) - ap,a(o) = (4.38)

_ Qp eG(tQ)p e~ tap (7tQ)—51p Z S]S;p) F(l + bl]{ +k+a+ ’I?’L) (775 )—1—m—k—a p—l—m.
0 Il +bip+k+a)

Using the definition (see appendix C.4)
P o=tp (—g)~bip — Z g (4.39)
we can further rewrite this result in the following form:
0p.0(Q) = 0p,(0) = (4.40)

- I'(1+bip+k+a+m) —m—k—a—l —1—
— _Qp g(p (P) —t m a P m
lz_:’ kzo mzo T(14bip+k+a) ()

To obtain the Borel transform related to the u = p/2 renormalon (and the corresponding « value)
one must convert eq. (4.34) into the Borel space. The leading term (i.e. neglecting the 4 ¢ a,(Q)
and 16 ¢ @2(Q) terms in (4.34)) has the form:

—C;p (—10)* (pa(Q) — Bpa(0)) = (4.41)

> T(1+bp+k+a+m kel —1—m
:Zgl(p) Z p )(—tQ) 1 k=l jy=1-m
= k=0  m=0 T(1+bip+k+a)

Performing the Borel transform of this series amounts to the substitution (—to) ™"t — 2 (2u)"/T'(n+
1). This replacement emerges from our definition of the (inverse) Borel transform which leads to

the rule:
n+1 n
<aif 0) N ﬁ (4.42)
The Borel transform of eq. (4.41) is therefore given by
Bo(w) = B[ = g5 (~10)" ((Q) = ()| ) = (1.3
-9 i @) gl(l') P(1+bip+k+a+m) (2u)mHRH p=1om

k,m,1=0 * P(1+bip+k+a)T(1+m+k+1)

» 2F1( k4 bipta+L1+k+1; )

=2 S
kgo pI(1+Ek+1) (

2U)k+l,

9Eq. (4.37) represents an asymptotic expansion and therefore the imaginary part originating from the cut in the
incomplete gamma function must not occur on the right-hand side of eq. (4.38).
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where in the last line we used
E:p b e s (2u) ™R+ — (4.44)
L1+ bip+k+a)D(L+m+k+1)
2F1(1,k+b1p+a+1;1_’_k+l;2?u)
- pT(1+k+1)

(2u)k+l'

Finally exploiting the following relation for hypergeometric functions

b—1 ()T +a—b)z'0
— 9 F1(1,a;2 —b;1—
poa-peiibaZta-bil =)+ —pore e

oF1(1,a50;2) = (4.45)

the Borel transform can be written in the form:

I+ bp+a—1)__; Y o0
Poja Z T )1+b1p+a z) g—bip—at+l | Zgz(p) Ql(p) (u), (4.46)
- 1=0

2

with the normalization

o S(p) pk+31p+a

e k . , (4.47)
#/2 kzof(l—i-k—i-lnp—i-a)

and

2F1 1 1—|—k‘+b1p—|—0& 2+b1p+a—l 1—*>

— g®) P’ (9 )kt .
22 p(l—bip—a—-1DT(k+1) (2u) (4.48)

I+k—1 . P I+k—j—1
(1 — J ,
__QZS(p) Z —i—]—i—a:&—bm l)p. (2u).
= T+a+bip+k)I(G+1)

The Borel transform (4.46) is divided into two different parts. The first one represents the sin-
gular terms which are related to the O(AgCD) renormalon ambiguity. The ambiguity caused by
these non-analytic contributions can be easily checked by calculating the imaginary part of the
corresponding Borel integral. Using

. T(1+bip+a—1)_ 4.,
By () = Bolu)| e = PoA S g7 TOTPEE A b ()
1=0 (5 —u) Foptas
the ambiguity is given by:
oo .
Im[/ du e*'Qu Bglng(u)] = (4.50)
0
b peatl ] e?tQu
1P— —
=Im [P /QZgl (1+bip+a—1)2 /0 du . 1+I§1p+a—l] =
(5 —w)
ePtQ ( ¢ b1p+a (p - _ te% (—t el AQCD P
p/2 Q Zg ) =TTy Q) Q :
1=0

The details of the calculation have been relegated to appendix C.5. As one can see, the ambigu-
ity is consistent with (4.34) and the starting equations (3.56) where ((2/80)% O%) contains a pure
O(AgCD) renormalon ambiguity. Since the functions S,(f ) in the normalization P;‘/Q involve the
coefficients fy,f of the R-anomalous dimension which in turn contain the perturbatively computable
coefficients, it is possible to apply eq. (4.47) to any perturbative series as a probe for a u = p/2
renormalon and therefore the normalization Ppo‘/2 was called the renormalon sum rule by the au-

thors in [48]. (In [48] only the case p =1, o = 0 was treated.)
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An important issue in connection with the analytic Borel transform (4.46) concerns the conver-
gence of the renormalon sum rule. As we are going to discuss in section 5.2, Ppo‘/2 only converges, if
the variables p and « correspond to the strongest renormalon contained in the perturbative series.
The dominant renormalon is given by smallest p (i.e. renormalon is located closest to the origin of
the Borel plane) and largest a value.

The physical significance of the second term in the Borel transform (4.46) can be explained
by looking at egs. (4.43) and (4.44). In (4.44) we performed the sum over m and then used the
relation (4.45) to split the Borel transform into a singular part By ®(u) containing the renormalon
sum rule and another term involving the function Ql(p ) in (4.48). In contrast to eq. (4.44), which
represents a series in u starting at order u**!, Bging (u) generates a series already starting at O(1).
Thus, the singular part of the Borel transform encodes additional information that is not contained
in the original perturbative series. It turns out that the second part of the Borel transform!® (4.46)
precisely removes these terms, i.e. it represents a series that terminates beyond order u*T'=1 (see
also appendix C.6).

Eq. (4.46) is quite remarkable, since it demonstrates that starting from a perturbative series
that is supposed to suffer from an O(AgCD) renormalon ambiguity, one can use the general solu-
tion of the R-evolution equation to derive an analytic expression for the Borel transform of this
series that does not rely on any simplifying model, like e.g. the calculation of fermion bubble
diagrams. For this reason the renormalon sum rule provides a very useful tool to gain informa-
tion on specific renormalons and allows us to tackle the questions raised at the end of chapter
2. In order to illustrate its capability to probe (the dominant) renormalons in perturbative se-
ries, we apply the sum rule to the Adler function in the large-(5y approximation in the next chapter.

Before we proceed, a few more comments are in order. First, we emphasize that eq. (4.46) does not
represent the exact Borel transform, since it only encodes the information on a single renormalon
pole located at u = p/2 in the complex Borel plane. In order to test for other poles we need to study
the solutions of the R-evolution equation with different powers p of R and different parameters'!
«. Remember that the parameter « involves the leading order anomalous dimension of a specific
operator in the OPE and the leading power in «g of the corresponding Wilson coefficient. Thus,
changing its value corresponds to calculating the contribution associated with another operator of
dimension d = p. Furthermore, we usually only know very few perturbative coefficients for most
realistic cases, that is eq. (4.47) represents the all-order result and applying the truncated series,

W(NPLL) o
P = _ :
p/2 (1 +k+bip+a)

S}gp) pkz+l31p+a

(4.51)

provides an estimate with an uncertainty. From a mathematical point of view renormalons are
connected to asymptotic high-order behaviour and strict proofs are very rare. However, the more
coefficients of a perturbative series are known, the more precise becomes the renormalon sum rule.

To complete the discussion of the sum rule for IR renormalons, let us briefly check that the
singular part of the analytic Borel transform (4.46) is consistent with the expression (2.27) in
section 2.2.2 obtained previously by the authors in [14]. Our main concern is to improve the form
of the Borel transform used in physical models for the Adler function and therefore it should be
possible to reproduce the results given in section 2.2.2. For this purpose we rearrange the singular
terms in our analytic Borel transform in the following way:

o .
sing, \ _ pa o TA+bipta—1)_ 5., 0
By = Fyjy ) o Fhprat 2
=0 (5-u)

(4.52)

19Note that the second line in (4.48) indeed represents the series expansion of B8 (u) up to O(u**+'~1).

YWe stress that it is possible to have various renormalon poles of different order located at the same position
in the Borel plane. For example the Borel transform of the Adler function in the large-3y approximation contains
an infinite series of simple and double IR renormalons singularities for positive integer values u > 3 (see section
3.2). We stress again that the renormalon sum rule Pgys can only be used to probe a single renormalon whose pole
structure is characterized by a specific parameter a.
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o0

o ) T(1+bp+a—I 9l gP)
- ;‘/22 bip aF(1+b1p+a)Z ( 1P ) 115 l
— (d+bip+a) (%—u) +bipta—

N© 9 ) o 2
e s () (3]
(8 —w)ttrrrel (bip+a)\2 (b1p+a>(61p+a—1>

where N a/2 denotes an alternative normalization of the singular terms given by:

N&y = Py 27T (1 4 bip + a). (4.53)

Comparing eq. (4.52) with the corresponding expression (2.27), one immediately deduces!?,

.5 B 27,
Yy=bpta=p__5— = — 05, 4.54
! 232 Bo ! (4.54)

which is consistent with the findings in section 2.2.2 up to the additional factor 3j that describes

the leading power in oy of the Wilson coefficient for the operator O;. (In [14] it was assumed that

Sj = 0.) Exploiting the explicit expressions for the functions b and g(p )

and C.4, we obtain

given in appendix C.1

4b

g
20 _ P (2 gig) =

Gw+a) 2607 B 459
. 195 = P (02p — bs)
(hp+a)(bp+a—-1) FEF-1)2
16 1 ? R B (1>
S IGoDR |2 _1)50[ (850 (87 - ﬁoﬁz)) 6450 (B — 280 81 B2 + 5 B3) TR

which agrees with the first terms of the coefficients by and by in the Borel transform (2.27) (with
the Wilson coefficient correction terms ¢; and ¢y set to zero). In order to reproduce the remaining
parts of b; and by we need to consider the subleading parts in (4.34) involving the term 4 ¢(M) @, (Q)
and beyond. Using the solution of the R-evolution equation given in eq. (4.40), the series we have
to deal with exhibit the generic form:

_C;p<—tq)aas<@( 2(Q) = 0pa(0)) = (255) () (@) — Opa(0)) = (4.56)
S (p) = I'( 1+b1p+k—|—a+m) (—ty) - k—i-n
— (260)” lzggl z::S mz::O ey e

Except for the prefactor (28y) " the above expression is identical with eq. (4.52) if one substitutes
[ +n — [. Thus, upon Borel transforming the series in (4.56) and repeating the manipulations
we performed in the derivation of the analytic Borel transform (4.46), the Borel transform for the
subleading terms can be written as:

Bn(u) = B[ - @ (280) 7" (=ta)* ™" (6p.a(Q) = Op.a(0))] (u) = (4.57)

Carnpe = T tbhpta—l-n)_ 5. 0, = () )
= (280) " Pyyy ) 9" (8 ) ot 7Pt 4 (260) " ) g7 QLY
=0 5 = u =

12We emphasize that the Borel transform in section 2.2.2 has the form B(u) o = “)1+'y [1+ O(p — u)], while the

analytic expression for the Borel transform derived in this chapter refers to a slightly different notation, BS™(u) oc
W [1+ O(p/2 — u)]. Hence, we need to substitute p/2 — p in order to relate the results of this section to
those in 2.2.2.
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with

0o l+n+k—1 . ~ I+ndk—j—1
r(1 bip— 1 — j .
My = 23 s 3y Hotitatbhp=lizn)p (2u). (4.58)
7 k=0 =0 Fl+a+bip+k)I(G+1)

We can once again check the ambiguity associated with the non-analytic terms contained in (4.57)
by calculating the imaginary part of the inverse Borel transformation. Defining

; ra b —l— i
BE"S(u) = B, (u)| (260)" P, /QZ B O L2 0) g hpastan (4 50)

singular T
8 (% u) 1+bip+a—I
we find:
m .
Im{/ du et Bfing(“)] = (4.60)
0
— oo QtR”LL
:Im[ 260)~" P /22 1+b1p+a l n)/ du e ; ]
2-bip—atltn 0 p _ \l+bipta—i-n
(2 u)
b « N —t=n o' o =n A CD P
=0

which is again consistent with (3.56).

For the purpose of comparing eq. (4.57) with the corresponding expression given in (2.27), it
is again helpful to rewrite the singular Borel transform using the alternative normalization N ;‘/2
defined in (4.53):

. L1+ blp +a—1— Dyp—
BE"5(u) = (260) " P, Zgl PRI ") g-hipatian (4.61)
§ — U

> b I n—n _(p)
~bip— A L(1+bp+a—I—n 2l gy
= P2, 27O (14 bypta) Y (L+bip- ) 1013 o
=  T(l+bip+a) (B — y) thptortor

l—i-blp—i—a l—n) 1

« l

p/2 2 BO 1+l3 +a—l—n.
> N

For the first subleading contribution (including the coefficient ég-l)) we therefore have,

. i . b1p+a l) 1
4\ Boing () — 40 ‘1) § : 4.62

o0 Do [1 1 (pu>
T (g U G 2
(p) 2
—1—3 = 91 (p—u) —i—...],
Bo (bip + ) (bip + o — 1) \ 2

where the terms in the square brackets are indeed found to agree with the corresponding terms in
the coefficients b; and b of (2.27):

4 4 é§1>

1 J

[ ] = — 4.63
Bo (bip+a)  Bov (463)
2 1M g 2 4dMbyp 2Dy (5 o) = 16" by

o — ~ =~ —_ — = = p— = = 7~‘
Bo (bip+a)(bip+a—1) LoAGF—-1) BFHE-1) . 57 (7 —1)
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The next subleading contribution is given by:

] / 0 F l+b1p—|—a) (% . u)b1p+a—l—1
N 2
= —Rr16¢ 2/2 [12 . 1 (p - u> ¥ } (4.64)
(B —u)thrte By (bip+a) (ip+a—1)\2

with,
1 16 16
B2 (31p+a)(31p+a— 1) B BiAv (v —1)

As one can see, the expression for the analytic Borel transform derived from the general solution
of the R-evolution equation is fully consistent with the one in section 2.2.2. However, the Borel
transform (2.27) is based on the fact that the renormalisation group can be used to connect the pole
structure of renormalon singularities to the leading order anomalous dimensions of the associated
operators in the OPE. This allows one to determine the position and strength of renormalon poles,
while the overall norm (i.e. the “weight” of this renormalon) cannot be predicted.

Our explicit derivation of the Borel transform from the solution of the R-evolution equation
resolves this problem as it explicitly derives the norm as well. It is just the term N;‘/Q (or P;‘/Q,

(4.65)

respectively) and can be computed directly from the renormalon sum rule which, as shown above,
is equivalent to the term d},R in (2.27). Hence, R-evolution can, in principle, be applied in order
to calculate the norm of renormalon singularities (and non-analytic terms) and allows us to gain
knowledge about the Borel transform which is unaccessible using common RG methods.

4.3.3 Analytic Borel Transform and Sum Rule for UV Renormalons

We now turn to the discussion of the renormalon sum rule for the UV case. Even though UV
renormalons are Borel summable and thus do not cause any ambiguities at the formal level, we
can still use R-evolution to find an analytic sum rule which can be used as a probe for UV
renormalons in perturbative series. Furthermore, taking the derivative with respect to Ryy in eq.
(4.11) removes the sign-alternating divergent behaviour, leading to a renormalon-free R-evolution
equation. The subsequent derivation is very similar to the one in the previous section for the IR

case, except for the fact that we now have p = —p < 0, since UV renormalons in QCD are located
on the negative real Borel axis. In addition we also have to adjust the parameter o according to
eq. (4.13).

To obtain an analytic Borel transform encoding the information on a specific UV renormalon
pole we once again need to restore the renormalon in the general solution of the R-evolution
equation. This time, however, we must consider the limit Ry — oo which implies t9 — —oc. Using
the relations (4.15) and (4.16) we thus obtain!3

Co(Q) = —Q (—t0) [1 + 41 a(Q) + 16 2R 2(Q) + ... ] [#pa(Q) = Opa(0)],  (4.66)
where
t “
0p.a(Q) — Op.(c0 / dt (=)~ hp=k=lo=tp (4.67)
QCD k=0
Z s / dt! (¢) o~ bip—h=1 o= (=P}
QCD k=0
b1p+k+a /OO dt eft tfafinpfkfl.
QCD =0 —ptq

13Since both variables p and § will be used in the following derivation we stress again that p = —p < 0 for UV
renormalons.
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(p)

The formula for the terms S,” is the same as for IR renormalons and is given in eq. (C.25). In the
second line we changed to the integration variable ' = —t. Rewriting the result above in terms of
incomplete gamma functions, we obtain,

1 . .
(@) = (o) = ST 8P (—p)P D (<byp — o — k, —ptl) (4.68)
QCD k=0
- : .
v S (=p) P D (<bip — o — k, pta),
QCD k=0

which is analogous to the expression in eq. (4.32). Note that the incomplete gamma functions in
the sum over £ do not exhibit any cuts, since tqp > 0. This reflects the fact that UV renormalons
do not cause ambiguities in the definition of the Borel integral. Next, we asymptotically expand
the incomplete gamma function according to (4.37) and exploit eq. (C.9). This yields:

Op,a(Q) — Op,alo0) = (4.69)
_ i oG(tQ)p o—top (_tQ)flAnp Z g®) P+ bl]z_}— ktatm) (—tq) trmk-ay=l-m
QP 2yt T+ bip+k+a)

(p)

Finally using eq. (4.39) for the coefficients g;"’ the solution of the R-evolution equation can be
cast into the form:

pa(Q) = Opa(o0) = (4.70)

(p) Z 1 + blp +k+a+ ’I?’L) (—t )—1—m—k—a—l p—l—m'
T(1+bip+k+a) °

=0 m=0

The further steps follow exactly the derivation of the IR renormalon sum rule in the previous
section. First, taking into account the factor (—¢)~“ for the leading term (4.12), we can apply the
substitution rule (—t;)™"" ! — 2(2u)"/T(n+1) to perform the Borel transform of the perturbative

series —Qﬁ(—tQ)a(ep,a(Q) - 92?701(00)):

By = B[~ Q7 (~tq)" (0pa(Q) = Op,a(00))] (u) = (4.71)

> (14 bp+k
-9 Z S,(f) (p) A( +bhip+k+a+m) (2u)mHH - 1m.
ke, m,1=0 Fl+bp+k+a)T(1+m+Ek+1)

Exploiting the relations (4.44) and (4.45) the analytic Borel transform can be written as:

o0

UV Lo DA +bipta—10) 5o 0 () H®).uv
Hot = P;/Z l—O( e lp( p—i— )1+b1p+a z2 " ++ngQp (w), (4.72)

where the renormalon sum rule for the UV renormalons is now given by:

o0 Si(gp) (_1)k+1 (_p)k+l§1p+a

Py

- (4.73)
= LT+Ek+bip+a)

Except for the sign of p and the additional sign-alternating factor (—1)¥*! the UV renormalon
sum rule coincides with the corresponding expression for IR renormalons given by eq. (4.47).

The functions gp )"V in the second part of the Borel transform (4.72) are found to be:
k-1 , 2 I+k—j—1
I bip—1)(— J ;
(p UV 225(17 Z 1)l+k—j—1 ( +J +a+A1p ) ( p) (2u)j' (4.74)
= Fl+a+bip+k)T(j+1)

Similar to the IR case these terms remove the additional information encoded in the singular part
of the Borel transform (4.72) that is not contained in the original perturbative series.
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Analogous to the consistency check we did in the previous section it is also important in the
UV case to test whether the singular part of eq. (4.72) is in agreement with the Borel transform
(2.31) for UV renormalons given in section 2.2.2. To that end it is again useful to rewrite the
singular terms in the analytic Borel transform,

) F(l-i—blp-i-a 1)

9-bip—atl (4.75)
)1+b1p+a l

oo
By u) = Py (<1
1=0 ( 2+

oo

N Z(_z)lg(p) F(l-{-i)lp-f—a—l) 1

p/2 =0 ! r(+ 51;0 + ) (7 g + u)1+l31p+a—z

N¢,, uv 2 (p) 4 (p) 2
= P2 [1—Agl(—p+u>+ - 92 <—p—|—u> +]
(=2 +u) L+biptor (bip+a)\ 2 (bip+a)(ip+a—1)\ 2

, UV (p) > (p) ~ 2
_ [1_ 29, (p+u>+ Y <P+u) +]
(Z 4 u)'0PFe (—bip + ) \2 (—b1p +a) (—b1p +a — 1) \2

where the alternative normalization N:‘/’; V'is given by:

NS = PrdY 27T (1 bip + ). (4.76)
The last line in eq. (4.75) (where we used p = —p) matches exactly the alternative form of the
Borel transform (4.52) for IR renormalons derived in the previous section except for the alternating
sign behaviour of the terms in the square brackets due to the factor (—1)!. The same distinction
between IR and UV renormalons was found in section 2.2.2 which proves the consistency of eq.
(4.75) and the results given there.

The subleading contributions containing information on the Wilson coefficients of the associated
operators take the form,

BV (u) = B[ = QP (—1q)* @l (Q) (0p.a(Q) — Opa(c0))](u) = (4.77)
el b —1 2 UV
= (2B0)~ p/2 Z Hn ((1 - 1p;+‘;‘1p+a - r)L gThpTarhn 4 + (260)~ Z 9 Q(p )
where:
Q™ (u) = (4.78)
z+n+k 1 ' F(l fita +3 - n) (_ )l+n+k—j—1 )
_ _ I4+n+k—j—1 1P p j
QZS ]Z% b I(1+a+bip+k)D(+1) (2u)°.

The singular terms in (4.77) are given by,

Bﬁv,smg(u) = B;Ljv(u)}singular = (479)
oo ~
Fl+bip+a—1l—mn)_ 4.,
= (260)" pa/QUV Zgl(l’) (,1)l+n e 9—bip—a+iin
=0 ( - %’ + u)

Na UVZ ol B g )l+n (1+b1pj—a—l—n) 1 A _
F(1+b1p+a) ( . g n U) 1+bip+a—Il—n

and also agree with the findings in section 2.2.2:

A(1
o 2 Thipta—1) (—1)F14aY
Bo T(1+bip+a) (=2 g q)leret

o 4 é’gl) BFV,sing NOA , UV Z

vt (4.80)
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Bo (bip+a)(bip+a—1)\ 2

~(2)
i —1-1 16 ¢;
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NO[ ,UV 1 1 9
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The consistency check completes our introduction to the concepts of R-evolution and the renor-
malon sum rule. As a practical application we use the methods developed here to analyze the Adler
function in the large-By approximation in the following chapter. In particular, we will show that
the renormalon sum rule can indeed be employed as a powerful tool to probe renormalon poles.
In appendix D, we additionally verify that the pole structure of our analytic expression for the
Borel transform agrees with the structure of the dimension-4 gluon condensate and the dimension-
6 four quark operator corrections found in the literature. Furthermore we also demonstrate how
the leading order results for the coefficient functions of the gluon and four quark condensates
can be obtained from asymptotic expansions of the diagrams in Fig. 3.1 in the context of the
expansion-by-region method.
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Chapter 5

Applications of R-Evolution in the
Large-5) Approximation

So far we have seen how switching to appropriate schemes for IR matrix elements (OZ> and UV
Wilson coefficients (i’g}’ (see egs. (4.5) and (4.6)) that account for explicit renormalon subtractions
involving additional scales R and Ryy, respectively, can avoid large cancellations between Cy and
higher-dimensional terms in the OPE for a physical observable o(Q). Furthermore we discussed
the RG evolution for the scales R and Ry and looked at important features of the R-evolution
equation that allow us to address the questions raised in chapter 2. In this chapter we study the
Adler function in the large-5y approximation in order to investigate the applications of R-evolution
in more detail. More specifically, we illustrate that the relation (4.25) can be used as an alternative
method to estimate IR renormalon ambiguities and demonstrate how the renormalon sum rule (see
eq. (4.47)) can be employed to probe specific renormalons in the perturbative expansion of the
Adler function. The reason why we choose to work in the large-3y approximation is simply given
by the fact that in this approximation a closed analytic expression for the Borel transform of the
Adler function is known which allows us to test very easily to which extent the methods based on
R-evolution are consistent with the known exact results.

5.1 Adler Function in the Large-3, Approximation

Before we deal with the applications of R-evolution, let us briefly review the most important results
for the Adler function in the large-fy approximation which we already discussed in section 3.2.
In order to be consistent with the notation used in the previous chapter, we express the Adler
function in the following way"

D(p?) = 4x? p? dl;[i;gz) 1+D(p*) =1+ Z an, (as> . (5.1)

Computing the set of bubble chain diagrams in Fig. 3.1 an analytic result for its Borel transform
can be found [28]:

~ 32 e O & Fk
B|D|(u , 5.2
D), = k§2: T 52)
where Q? = —p? and C denotes a scheme-dependent constant which takes the value C = —5 / 3 in

the MS scheme. Using this convention for the Borel transform the reduced Adler function D is
given by the inverse Borel transformation (3.5),
o0 o0
~ 47.(. _ 47ruC ~
D(ag) = dte of B[D]( ) = B— due foos B[D](u), (5.3)
0
0

0

Note that we used a different notation for the Adler function series in chapter 2. The expansion coeflicients cy 1
(see eq. (2.12) in section 2.1) are related to the coefficients a, in (5.1) via ¢n,1 = an/4".
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n ‘ an u=—1 u =2 u=—-2
1 4 1.1752 112.13 -0.0436
2 24.904 -13.599 504.57 0.2319
3 1005.5 299.18 4541.1 -2.408
4 6356.9 -9546.5 6.1305 - 10* 36.842
5| 8.0674-10° 3.9655 - 10° | 1.1035 - 10° -741.18
6 | —8.1567-10% | —2.0224-107 | 2.4829 - 107 18432
7| 1.6150-10° 1.2206 - 10° | 6.7037-10% | —5.4506 - 10°
8 | —7.0623 - 1010 | —8.4997-10™° | 2.1117- 10 | 1.8662 - 107

Table 5.1: Perturbative coefficients of the Adler function in the large Sy approxima-
tion. The results have been calculated in the MS-scheme for pu? = —p? and N F=3
light quark flavours. The last three columns show the breakdown of a, into the con-
tributions a}, from the leading renormalon poles (see eq. (5.6)). The results for the
UV renormalons contain the combined contributions from simple and double poles.

where the modified Borel variable u = tfy/(47) is used in the second equality and af denotes the
strong coupling in the scheme specified by the constant C. The relation between ozsc for arbitrary

C and the MS coupling & = af=78 g given by:
c Qs
ag = =50 /5 . (5.4)
1- a47€ (3 + C)

According to eq. (5.2) the Borel transform of the Adler function consists of an infinite series of
renormalon poles located at positive (IR) and negative (UV) integer values of u, except for u = 0, 1.
We already know that the u = 1 renormalon is absent, since it would correspond to a dimension-
2 operator in the OPE of the Adler function. The singularity at « = 0, on the other hand, is
only present in the Borel transform of the RG-scale dependent correlation function IT(Q?) (see
[34]) and vanishes in the case of the Adler function by taking the derivative with respect to @? in
(5.1). All UV and IR renormalons are double poles apart from the IR pole at v = 2 which is simple
due to the vanishing anomalous dimension of the gluon condensate in the large-3y approximation.

The perturbative coefficients of the Adler function in the large-3y approximation can be obtained
from Taylor expanding the Borel transform in the variable v and subsequently calculating the
Borel integral (5.3) term by term. Numerical values for the first few coefficients in the MS-scheme
are shown in the first column of Table 5.1. One can observe that the sign-alternating asymptotic
behaviour caused by the dominant u = —1 UV renormalon is delayed and sets in not until order
n ~ 6. Low and intermediate orders are governed by contributions from IR renormalon poles,
which are enhanced in the MS-scheme due to the exponential factor /3%, However, if we instead
choose to work in other schemes (e.g. C' = 0), we observe an earlier onset of the asymptotic be-
haviour.

In order to analyze in more detail how fast the asymptotic regime is reached it is sometimes
useful to separate the Borel transform (5.2) into contributions associated with individual renor-
malon poles (see appendix C.7). Focusing on the leading renormalons the decomposition of the
Borel transform in the MS-scheme is given by:

a1 Lo +e10/3 2
imgr 7 \9(1+u? 9 (1+u) T (2—u)
e 08 2 1 L1 N

202+u))

9 (24 u)?
The terms shown in the decomposition above arise from an expansion of the Borel transform
(5.2) with C = —5/3 about the locations of the individual renormalons at u = p/2. The first
contribution, for instance, represents the two singular terms in the series expansion at u = —1. In

(5.5)

™
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the following we refer to these singular terms as the contributions of the double and simple pole,
respectively, of the UV renormalon at u = —1. All other (non-singular) terms of the expansion at
u = —1 are only indicated and not shown explicitly in (5.5). In a similar fashion, the second and
the third term in (5.5) give the singular contributions of the renormalons at v = 2 and v = —2.

Taylor expanding each term in (5.5) and performing the Borel integral (5.3) we obtain the
contributions of the individual renormalons to the series coefficients a,,. This way we can find a
decomposition of the coefficients a,, similar to eq. (3.57):

an = Z alm 4 Z al"™V + a4 rem, (5.6)

Pir Pyv

where the first sum contains all singular contributions due to IR renormalons, while the second sum
accounts for UV poles. The last term represents a remainder which comprises all non-singular con-
tributions in (5.5). Numerical values for the contributions al, of the individual renormalons to the
perturbative coefficients a,, are shown in Table 5.1 and explicit expressions for the decomposition
n (5.6) (for the scheme C' = 0) can be found in appendix C.7.

5.2 Renormalon Sum Rule as a Probe for Renormalon Ambigui-
ties

The first feature of R-evolution we want to address here is the renormalon sum rule derived in sec-
tion 4.3. As already explained, the renormalon sum rule denotes the normalization of the singular
terms in the analytic Borel transform (4.46) that are characteristic for a particular renormalon
and is hence suited as a probe for renormalon ambiguities in perturbative series.

In general one can distinguish three different cases when the sum rule is applied to test for the
existence of a renormalon at u = p/2 with specific pole structure characterized by the parameter
a (see eq. (4.13)):

1. P;/Q converges to zero as we go to higher orders in perturbation theory. In this case the

corresponding (’)(AgCD) renormalon (characterized by the values of p and «) is absent but
higher order renormalons further away from the origin in the Borel plane might still be
present. Moreover it is also possible that another renormalon located at the same position
u = p/2 exists which is given by a smaller variable o/ < a.

2. Ppo‘/2 converges to a non-zero value. In this case we conclude that an (’)(AgCD) renormalon
ambiguity related to the value of « exists in the series.

3. Ppo‘/2 diverges which either suggests that an ambiguity of O(AQQCD) with ¢ < p is present (i.e.
in the Borel transform there is a renormalon pole closer to the origin of the Borel plane)
or indicates the existence of a second more dominant renormalon singularity located at the
same position with another pole structure specified by a parameter o/ > « that leads to a
faster factorial growth in the perturbative coefficients. (Compare e.g. the contributions of
the double and the simple pole at u = —1 in eq. (3.16).)

In order to elaborate on the capability of the sum rule for probing renormalon ambiguities we
apply it to the Adler function as an illustrative example in this section.

5.2.1 Analytic Borel Transform and Renormalon Sum Rule in the Large-/;
Approximation

Before we study the renormalon structure of the Adler function with the methods of R-evolution,
it is instructive to investigate the analytic Borel transform and the renormalon sum rule in the
context of the large-3y approximation. Since this approximation results from taking the large-Ny
limit and then replacing Ny — —3/2 fy, the coefficients by, (see eq. (C.8)) are suppressed by powers
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of 1/Ny and consequently vanish. In addition to the l;k also the functions gl(p ), with the exception

(p)

of g5’ =1, drop out and the analytic expression of the Borel transform (4.46) reduces to,

; I(1+a)27 Npra g
B3 (u) = P, = P (5.7)
B p/2,80 I+a I+a’
’ -0 (-
NI?/2750 - Ppa/ZHBO (1 + a) 2 a
. i 5,2 p) phta
P/2.Po (14 k+a)
for IR renormalons (p > 0) and,
o, UV
Being _ pa,uv L(l+a)27° _ Np/lﬁo 58
B ()= /2,60 p l+a P It+a? (5:8)
(=5 +u) (-5+u)
a, UV pa,uv —«
Npjzpo = Fpja,po T+ ) 277,
Py _ i S,ip) (—1)k+1 (—p)hta
p/2,fo = T(l+k+a)
for UV renormalons (p < 0). In both cases the functions S () simplify to:
R
s — Tk (5.9)

(Qﬂo)k-i—l’
Yo =pagr1 — 2 (a+ k) Bo a.

Note that if the renormalon sum rule in the large-3y approximation is applied to probe the series
of an exact renormalon, all coefficients of the R-anomalous dimension, except for 'y[]f, vanish
exactly. Consequently, ;/2 5o reduces to a single (non-zero) term which, according to point 2 in

the discussion at the beginning of section 5.2, indicates that an O(AQCD) renormalon characterized
by the value of « exists in the series.

Egs. (5.7) and (5.8) give the all-order result for the normalization N b72,5, ©f the renormalon
singularity at u = p/2. The corresponding result needed for the order-by-order study of the
convergence of the sum rule in the next section is given by?:

n (®)  k+a
a,(n) a,(n) —a —a Sk p
N =P I'(1 =TIY1 2 E -
(1+a)2 (1+a) HT(1+k+a)

p/2 p/2 (5.10)

n qlp) k+1 kta
a(n) _ po(n) —a o Sy (D) (<p)
NP/2,UV _PP/QUVF(1+Q)2 =I'(1+a)2 kzzo T(1+k+a)

As we see, the analytic Borel transform carrying the information on a specific renormalon has a
much simpler form in the large-3y approximation and reduces to a single term whose pole structure
is determined by the parameter « defined in (4.13). In the case of the Adler function « can take
on the values zero (simple pole) or one (double pole).

5.2.2 Probing the Leading Renormalon Divergence in the Adler Function

We already know that the Borel transform of the Adler function in the large-8y approximation
consists of an infinite series of simple and double poles at integer values of u (expect for u = 0,1)
and from the extensive analysis in chapter 3 we deduced that the most severe renormalon is the
one closest to the origin of the Borel plane. Moreover we have seen (cf. eq. (3.16)) that the fac-
torial growth at high orders in the perturbative coefficients of a series >, an(as/(47))" ! caused

2Since we only work in the large-8y approximation in this chapter, the subscript 8o will be dropped.
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Fig. 5.1: Application of the renormalon sum rule to probe the double pole at u = —1
in the Adler function series. Graphs (a)-(c) show the result of eq. (5.10) (blue curves)
for the values p = —2 and o = 1 as a function of the perturbative order n for the
three schemes C' = 7/10, C = 0 and C = —5/3 (MS-scheme). The red line denotes
the exact value of the norm determined from the Borel transform (5.2). Graph (d)
combines the plots (a)-(c) to illustrate the different convergence behaviour of the sum
rule for the various schemes.

by a double pole at u = p/2 is of the type a, ~ (n + 1)!(25p/p)", whereas simple poles lead to
an ~ n!(26p/p)". Thus the dominant renormalon divergence in the Adler function series is due to
the double pole at © = —1 in the Borel transform.

For the purpose of probing the leading renormalon of the Adler function we simply need to generate
its perturbative coefficients from the Borel transform (5.2) and insert them into the renormalon
sum rule (5.8) with the choice p = —2 and a = 1. A graphical representation of the results for
the application of the renormalon sum rule is given in Fig. 5.1. The blue curves in the plots show
the oder-by-order normalization Ni’l(?gv for the w = —1 double pole obtained from eq. (5.10) as a
function of the order n for three different schemes C' = 7/10, C = 0 and C = —5/3 (MS-scheme).
The solid red line in each plot marks the exact value for the norm? of the renormalon pole de-
termined from the known Borel transform expression given in eq. (5.2). In order to simplify the
comparison of the outcomes for the different schemes the exponential normalization factor e~ (=1
of the renormalon pole in the Borel transform (see e.g. (5.5)) has been removed in the final results.
Thus, the norm of the u = —1 double pole takes on the same value in all plots.

The blue curves in Fig. 5.1 show that the renormalon sum rule indeed converges to the ex-
pected value of the norm as we go to higher orders in perturbation theory. This proves that the
sum rule cannot only be employed to test whether a specific renormalon ambiguity is present, but

3We refer to norm of the u = —1 double pole as the over-all factor multiplying the singular structure (1 + u) 2
in the Borel transform. In this sense the norm of the double pole at u = —1 in the MS Borel transform (5.5) is e.g.
given by e=%/34/(97).
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also allows one to determine the overall norm of the corresponding pole in the Borel transform
at the same time. However, the convergence of the renormalon sum rule depends strongly on
the scheme choice for the Adler function series. While the blue curve approaches the exact value
rather fast within a small uncertainty band for schemes with a positive value for the constant C
(Fig. 5.1a), we see that the convergence gets worse and sets in later as we go to schemes charac-
terized by a negative value of C' (Fig. 5.1b and Fig. 5.1c). The observed convergence behaviour
of the renormalon sum rule is consistent with our findings in section 5.1. Since we are probing
the leading UV renormalon at u = —1 the exponential factor e~¢"(=1) multiplying the renormalon
pole in the Borel transform (5.2) supports its dominance already at low orders for schemes with
positive C, whereas schemes with negative C' enhance IR renormalons such that the effects due
to the leading UV renormalon are delayed. To illustrate the difference in the convergence for the
different schemes, the plots of Fig. 5.1a - Fig. 5.1c have been combined to a single graph in Fig.
5.1d. In contrast to the MS-scheme (C = —5/3), where the exact value is reached reasonably well
around order n ~ 10, the convergence in the scheme C' = 7/10 sets in much earlier and the norm
can already be predicted with the same accuracy around n ~ 5.

From our analysis one may suppose that it is possible to gradually improve the convergence of
the sum rule by choosing schemes with ever larger positive values of C. This, however, turns out
to be not the case, since increasing C' also enhances all other UV renormalons at u = p/2 < 0 (and
not just the leading one) due to the exponential factor e~ C¥. Therefore, in such schemes low and
intermediate orders are governed by strongly enhanced UV renormalons far away from the origin
of the Borel plane and consequently the dominant behaviour of the leading UV renormalon is only
observed at higher orders. The renormalon sum rule for the u = —1 double pole shows the fastest
convergence for the scheme with C' = 7/10.

Once the norm of the double pole at w = —1 has been determined, the leading renormalon in
the Adler function series can be removed from the Borel transform (5.2) and we can use the renor-
malon sum rule to test the next-to-leading renormalon, which corresponds to the simple pole at

u = —1. For this purpose we first need to generate the perturbative coefficients associated with
the u = —1 double pole from the analytic Borel transform expression,
) Nl,Uv
Bme(y) = —L 5.11
) = o (511)

and subtract them from the coefficients a,, of the full Adler function series obtained from the Borel
transform (5.2). The subtracted series can then be inserted into the renormalon sum rule (with
the values p = —2 and « = 0) to probe the simple pole at u = —1. The results are depicted in Fig.
5.2a and Fig. 5.2b. Similar to our previous analysis of the leading UV renormalon, we observe
that the norm* of the simple pole (red line) is approached faster in schemes with positive C' (Fig.
5.2a) as compared to schemes with negative C' (Fig. 5.2b).

At this point a short comment is in order. Even though the exponential factor e~ (1) of the
renormalon pole has once again been removed from the results of the sum rule calculation, the
norm of the simple pole for different schemes does not coincide in the plots. The reason for this
observation, which contradicts our findings in the investigation of the double pole, can be traced
back to the decomposition of the Borel transform (5.2) into contributions from individual renor-
malon poles (see e.g. eq. (5.5)). In order to obtain the contribution due to the UV renormalon at
u = —1, one needs to compute the corresponding Laurent series of the Borel transform about the
point u = —1. Since the simple pole is the second term in the expansion, it does not only have an
exponential factor e~ (=1 like the double pole but also receives an additional contribution linear
in C' coming from the first derivative of the factor e=“* in (5.2). Hence, the norm of the simple
pole in different schemes still does not coincide after the exponential factor has been accounted
for.

We want to stress again that the renormalon sum rule for the simple pole at © = —1 does

“We stress that the norm of the simple pole at u = —1 is given by the over-all factor multiplying the singular
term (14 u)~! in the Borel transform.
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Fig. 5.2: Application of the renormalon sum rule NE’I%)V (blue curves) to probe the
u = —1 simple pole in different schemes (graphs (a)-(c)). The red line denotes again
the exact value of the norm given by the Borel transform (5.2). In (a) and (b) the
contributions of the u = —1 double pole have been cancelled, whereas in (c) the sum

rule is applied to the complete Adler function series. In (d) the double pole is probed
after its contributions have been removed from the Adler function.

only converge to the exact value for the norm of the corresponding renormalon pole in the Borel
transform (5.2), if the contributions due to the dominant double pole have been removed from the
Adler function series. The situation, in which the sum rule for the simple pole is applied to the
complete Adler function series (including the contributions from the leading renormalon pole), is
depicted in Fig. 5.2c. In this case the renormalon sum rule diverges, as explained in point 3 of the
discussion at the beginning of section 5.2, since a more severe renormalon is present. To complete
the discussion of the u = —1 renormalon, let us also investigate what happens, if we eliminate the
double pole but still try to probe this renormalon using the sum rule. This situation is shown in
Fig. 5.2d, where the expected convergence to zero can be seen.

In order to probe the yet next-to leading renormalon ambiguity, which is the u = —2 double
pole, we would have to remove both the contributions of the u = —1 double and simple pole from
the perturbative series of the Adler function and repeat the entire procedure. This way it is in
principle possible to find a decomposition of the Borel transform into contributions from various
renormalon poles similar to the one given in eq. (5.5).

Finally, we briefly mention a subtlety of the renormalon sum rule that arises in situations where
the large-order behaviour of a perturbative series is governed by two renormalon poles with the
same pole structure (i.e. the same value of «) located equidistantly from the origin of the Borel
plane on the positive and negative real axis. In such cases it is not possible to tell which one is
the dominant renormalon. To illustrate this situation we consider a toy model (within the large-3
approximation) in which a series F' is generated by a Borel transform that consists of only two
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Fig. 5.3: Oscillation of the renormalon sum rule when applied to a perturbative series
generated by the Borel transform (5.12). The graph shows the oscillation for the case
buv = 2 and big = 5. The exact value of the norm for the IR renormalon (red line)
lies between the two accumulation points bigr + byy = 7 and big — byv = 3.

poles, a simple pole at © = —2 and another one at u = 2:

B[F](u) = ( ijrvu) + ( 2bi“u). (5.12)

If we compute the perturbative coefficients of the series F' and attempt to probe the ambiguity of

the IR renormalon, we observe an oscillation of the sum rule around the norm bz of the renormalon
pole. For the special case of byy = 2 and bz = 5 this oscillation behaviour is shown in Fig. 5.3,
where the two accumulation points are given by by + byy = 7 and by — byy = 3. For a series F'
generated by the Borel transform (5.12) one can analytically calculate the renormalon sum rule
(5.7) and prove that,

0,IR __ k o k
PQ,BO = kzzow _bIR+bUV+2bUVk§O(_1> ) (5.13)

which is consistent with the accumulation points in Fig. 5.3.

Even though this feature of the renormalon sum rule seems to limit its usefulness, we want to
emphasize that this situation is only encountered once the sub-leading renormalon ambiguities of
the simple poles at © = —2 and v = 2 are probed in the Adler function series. The study of the
leading u = —1 renormalon is not affected by this complication and the sum rule correctly predicts
the norm in this case as shown in Fig. 5.1.

5.3 Estimation of IR Renormalon Ambiguities

The second application of R-evolution we want to address is related to the connection between
the R-evolution equation and the Borel integral discussed in section 4.2.2. Assuming that the
perturbative series in Cp(Q) is dominated by contributions of a single renormalon we showed that
one can express the solution of the R-evolution equation in terms of a Borel integral over the
difference of two Borel transforms defined at distinct scales R; and Ry (see (4.23)). Moreover, we
also addressed an important implication of this connection when the lower scale is set to zero. In
this limit we found (see eq. (4.25)):

— 1 4w

Co(@) = g Jim, [6,0(Q) ~ Gpo(Fo)]yy, = [duBlQ ) 5507, (5.14)
0

which proves that the information on the ambiguity caused by an (IR) renormalon in the Borel
transform on the right-hand side can be related to the solution of the R-evolution equation for the
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corresponding perturbative series. Thus, R-evolution provides an alternative method to estimate
the size of renormalon ambiguities which is not based on the commonly used principle value pre-
scription of the Borel integral.

As eq. (5.14) indicates, the solution of the R-evolution equation only reduces exactly to the
definition of the Borel integral in the limit Ry — 0. However, in order to stay within the pertur-
bative regime we cannot integrate over the Landau pole Ry = Aqgcp in the R-evolution equation
and hence need to choose values Ry 2 Aqcp such that perturbation theory is still valid (i.e. the
perturbative prediction of R-evolution depends on the IR cutoff Ry). This suggests that using
small variations in the lower scale Ry close to Aqcp may allow one to find an estimate for the
value of the Borel integral and quantify the size of its ambiguity®.

5.3.1 Ambiguity of the © = 2 Renormalon in the Adler Function

In order to illustrate how R-evolution can be used to estimate renormalon ambiguities we want
to apply eq. (5.14) to the Adler function in the large-f3y approximation and compare the principle
value prescription of the Borel integral to the prediction of R-evolution. For this purpose let
us consider the contribution of the u = 2 IR renormalon in the decomposition of the MS Borel
transform (5.5):

u ~ 610/3 L .
BDIW| = (5.15)

Using this expression we can easily generate the series ) ab=*(as/(47))™ containing only the
contributions afl:4 due to the u = 2 simple pole in Adler function series. The generated series then
serves as a starting point for the R-dependent subtraction terms 040 in our R-evolution ansatz®
(cf. eq. (4.12)). Since we are working in the large-fy approximation this series reduces exactly to
a single term when taking the derivative to obtain the R-evolution equation’. We thus obtain,

[dliR 9470(3)] W —R'5g' (al(f )> (5.16)

which is consistent with the expression in eq. (4.18). Following the derivation in section 4.2.2 the
solution of the R-evolution equation is found to be,

R [ 0

Y, 4 dt _ dt _

[04,0(R1) - 04,0(R0):| Bo - _2%0’ (AaléD) |:/; 7 e a /t 7 e 4t:| (517)
0 1

R
— _Jo_ (pLL_\? [F(O _277'4> —F(O _27r4>]

25 (Aacr) " Boas(Ro) " Boas(Ry) )]
where the integration limits in the first line are defined as t; = —27/(Boas(R;)) and the LL re-
lation for Aqcp is given by AaLCD = Rexp[—27/(Boas(R))]. In the second line we adopted the
definition (4.31) to rewrite the result in terms of incomplete gamma functions. The information
on the renormalon ambiguity originally contained in the perturbative series 04 is now encoded in

the analytic structure of the appearing incomplete gamma functions and cancels in the difference
of eq. (5.17) such that 040(R1) — 04,0(Ro) becomes ambiguity-free.

Eq. (5.17) represents the desired expression for the solution of the R-evolution equation which

®Note that the variations in the IR cutoff lead to changes in the perturbation theory part, which in principle
need to be compensated by corresponding changes of the R-dependent condensates. The discussion of R-dependent
condensates is beyond the scope of this work.

5Since the v = 2 renormalon corresponds to a simple pole in the Borel transform, we have p = 4 and o = 0.

"Exploiting the analytic expressions (C.61) for the contributions of the various renormalons one can explicitly
check that the R-anomalous dimension for a perturbative series in the large-8y approximation generated by a
particular renormalon pole indeed collapses to a single non-vanishing term.
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can now be used to compute the Borel integral according to eq. (5.14):

D(QY) = ~ 7 Jim, [010(Q) ~baolRo)],,, = [QuBQwe 5@, (518)
0

where

BlQI(u) = 20 1 (5.19)
YT B u—2 '
The “~” sign in eq. (5.18) indicates that we do only consider the contribution of the u = 2
renormalon of the Adler function. Note again that taking the limit Ry — 0 reintroduces the
renormalon ambiguity once we integrate over the Landau pole at Ry = Aqcp. Therefore, varying
the lower limit Ry close to Aqcp in the perturbative regime provides an estimate for the Borel
integral and the corresponding ambiguity which is independent of the common principal value
prescription.

A graphical representation of this procedure is depicted in Fig. 5.4, which shows the solution
of the R-evolution equation (orange curves) as a function of Ry for the fixed scales p=0@Q =10 GeV
(Fig. 5.4a) and p = Q = 2GeV (Fig. 5.4b). The solid blue line in both graphs represents
the principle value result of the Borel integral and the blue-shaded bands provide an estimate of
the renormalon ambiguity given by the imaginary part of the principle value prescription. The
small peak in the orange curves at 0.5 GeV marks the position of the Landau pole and we see
that the solution of the R-evolution equation agrees with the principal value result in an analytic
continuation for scales Ry < Aqcp. In order to quantify the ambiguity of the Borel integral using
R-evolution we choose to vary the scale Ry in a narrow region between 0.8 GeV < Ry < 1.2 GeV
marked by the vertical red dashed lines. The resulting central value for the Borel integral is
represented by the solid black line and the surrounding red-shaded error band gives the R-evolution
estimate of the ambiguity.

Let us take a closer look at the graphs of Fig. 5.4 and compare the results of the principal
value and the R-evolution method. In Fig. 5.4a, showing the situation for a hard scale Q = 10
GeV, the central values for both approaches are found to be,

opy = 2.2939 + 0.0002 (5.20)
or = 2.2925 =+ 0.0007,

and we conclude that both procedures yield quite compatible results for the Borel integral and its
ambiguity. The relative deviation of the R-evolution central value og compared to the principal
value result amounts to Ao = 0.06 % in this case. Fig. 5.4b, on the other hand, depicts the
situation for @ = 2 GeV and yields:

opy = 5.89 £ 0.15 (5.21)
or = 4.99 + 0.46,

Here, we find a relative deviation Ao = 15 % which shows that the R-evolution prediction is now
significantly below the principal value result. In view of the determination of g from hadronic 7
decays the outcome of Fig. 5.4b is quite remarkable, since we see that for energy regions close to
7 mass scale M, = 1.78 GeV R-evolution represents an alternative method to compute the Borel
integral that differs considerably from the results of the common principal value prescription.
Therefore, using R-evolution in investigations of hadronic 7 decays could provide new insight
into the long-standing discussion of the discrepancy between FOPT and CIPT and consequently
improve the accuracy of the ay extraction from R..

5.4 Discussion

We conclude this chapter by summarizing the most important results. Our main goal was to in-
vestigate to what extend R-evolution can be used to address the questions raised in the discussion
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Fig. 5.4: Computation of the Borel integral (5.18) using R-evolution for fixed hard
scales Q = 10 GeV (a) and @ = 2 GeV (b). The orange curves represent the solution of
the R-evolution equation and the blue solid lines denote the principal value of the Borel
integral with an ambiguity estimation given by the blue-shaded region. The red dashed
lines mark the boundaries of the Ry variation between 0.8 GeV < Ry < 1.2GeV. The
resulting R-evolution central value and the corresponding ambiguity are given by the
black solid line and the red-shaded error band.

of higher order models for hadronic 7 decays at the end of chapter 2. For this purpose we studied
the Adler function in the large-5y approximation in which a simple analytic expression of its Borel
transform is known.
The first purpose of this chapter was to illustrate how R-evolution can be used to gain more in-
formation on specific renormalons in perturbative series. To that end we applied the renormalon
sum rule to the Adler function to demonstrate its capability to test renormalon ambiguities. In
particular, we probed the leading u = —1 renormalon and showed that the sum rule converged to
the expected value of the residue. In view of the renormalon models for the Adler function pre-
sented in section 2.2 this feature of R-evolution is very promising to lead to an improved ansatz for
physical models used in the determination of the strong coupling constant «s. The sum rule only
relies on the knowledge of the QCD S-function and the coefficients of the perturbative series and,
provided that the series coefficients are known to sufficiently high order, allows one to construct
a Borel transform focusing on a single renormalon pole without making any approximations. For
most realistic cases, e.g. the Adler function in full QCD, only a few perturbative coefficients are
available which currently makes the application of the renormalon sum rule quite challenging.
Second, we compared the solution of the R-evolution equation with the principal value predic-
tion for the Borel integral and in particular looked at the ambiguity caused by the leading u = 2
IR renormalon. The result of this comparison is shown in Fig. 5.4 and proves that R-evolution
coincides with the principle value prescription in the limit Ry — 0. However, for scales Ry 2 Aqcp
which are perturbatively accessible we see a considerable deviation between these two approaches
and the variation of the R-evolution solution in the region 0.8 GeV < Ry < 1.2 GeV leads to a new
central value for the Borel integral that is significantly below the principle value result. We stress
that for a full analysis one also needs to account for the R-dependent gluon condensate, but this is
beyond the scope of this thesis. Besides, one may argue that taking these variation limits is a com-
pletely arbitrary choice and choosing values more closely to Aqcp would result in central values
and corresponding ambiguities which are in better agreement with the principal value result. This
is a totally valid objection, but the point we want to make here is the following. Computing the
Borel integral by means of the principle value method and estimating the ambiguities by taking
the imaginary part is also an arbitrary choice. We commonly expect the ‘true’ result of the Adler
function series to be consistent with the principal value of the Borel integral within an error given
by its ambiguity. However, since the ambiguities arise from deformations of the integration contour
in the evaluation of the Borel integral, it is not at all obvious how well they are determined by
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the imaginary part of the principle value result. R-evolution provides an alternative possibility to
quantify the ambiguity of the Borel integral and clearly leads to different results. This, in turn,
sheds new light on the discussion of the mechanisms favouring FOPT or CIPT and also raises the
question how much the extraction of the strong coupling from hadronic 7 decays is affected, if one
does not rely on the principle value computation of the Borel integral.
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Chapter 6

Summary and Outlook

In this thesis we reviewed the basic problem of asymptotic series in QCD and studied a very
promising approach, called R-evolution, to deal with the implications related to a particular source
of divergence known as renormalons. Renormalon divergences have received increasing attention
over the last few decades, especially because it has been realised that they often reveal far-reaching
physics and indicate that non-perturbative effects need to be considered in order to define physical
theories unambiguously.

Starting out from an exact, i.e. non-perturbative, definition of physical observables in the
framework of the operator product expansion, we established the close connection between IR
renormalons and higher-dimensional operator terms in the OPE in chapter 3 and discussed how
the addition of these corrections account for renormalon ambiguities in the definition of the Borel
integral (3.22). UV renormalons, on the other hand, are Borel summable and hence do not cause
ambiguities — at least formally. Nevertheless, they also indicate the existence of profound UV
physics and can be accounted for by insertions of local higher-dimensional operators in the context
of the Standard Model Effective Field Theory (SMEFT).

In chapter 4 we derived the basic formalism for schemes with explicit renormalon subtractions
involving additional scales R and Ryy and discussed in detail the implications of the renormal-
ization group evolution when the parameter R is treated as a continuous variable. In particular,
we showed that the solution of the R-evolution equation leads to an analytic expression for the
Borel transform of a perturbative series that encodes the singular and non-analytic contributions
which are characteristic for a particular renormalon pole. For the normalization of the singular
renormalon terms we obtained an analytic sum rule which can be determined from the knowledge
of the series coefficients and the QCD S-function and does not rely on simplifying approximations
like the calculation of bubble chains. Therefore, the renormalon sum rule (4.47) can be applied
to any perturbative series and serves as a probe for renormalon ambiguities. Early works on this
topic [17, 48] focused primarily on the description of the leading u = 1/2 renormalon in the heavy
quark pole mass and an extension for arbitrary IR poles at u = p/2 was derived in [52] where,
however, the anomalous dimensions of the operators in the OPE are not considered and the Wilson
coefficients are assumed to start at tree-level. A major purpose of this thesis was to review the
derivation of the renormalon sum rule including operator anomalous dimensions and generalize it
to also comprise UV renormalons.

Our main motivation for dealing with renormalons and R-evolution was provided by investiga-
tions of hadronic 7 decays which enable the determination of the strong coupling constant oy at
low energies in a rather clean environment [12]. As discussed in chapter 2 the dominant source of
uncertainty resides in the significant numerical discrepancy between different ways to improve the
perturbative expansion through renormalization group methods, namely CIPT and FOPT. Since
the preference for either CIPT or FOPT depends primarily on higher-order perturbative QCD cor-
rections governed by renormalons, studies of adequate renormalon models for the Adler function
series have become increasingly important. A particular useful model, in which the perturbative
coefficients can be calculated to all orders in perturbation theory, is the large-£y approximation
based on the computation of bubble chain diagrams. In this approximation a simple analytic
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expression for the Borel transform of the Adler function is known which allows us to test the pre-
dictions of R-evolution. As an application of the renormalon sum rule, we investigated the Adler
function in chapter 5 and successfully quantified the residue of the leading ©« = —1 renormalon
pole. Moreover we were also able to prove the compatibility of the analytic Borel transform ex-
pression derived from the R-evolution equation with the renormalon model for the Adler function
given in [14] and showed that R-evolution provides an alternative method to estimate the size of
renormalon ambiguities in the Borel integral.

The results of chapter 5 suggest that R-evolution is indeed a promising approach capable of im-

proving the ansatz for physical models of the Adler function. However, an improved determination
of ag using R-evolution methods without any additional approximations is still hard to achieve,
since the renormalon sum rule is restricted to the series coefficients of the Adler function which
are currently known up to O (aé). With only four coefficients available the sum rule displays a
poor convergence behaviour and the prediction for the residues is unreliable.
Finally we want to stress again that the results for the analytic Borel transform and the renormalon
sum rule derived in this thesis are not restricted to the study of the Adler function in hadronic
7 decays but can also be applied to other fields to investigate renormalon divergences and are
therefore extremely powerful.
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Appendix A

Calculation of Bubble Chain
Diagrams

We provide a detailed computation of the Adler function in the flavour expansion up to order 1/Ny
in this part of the appendix. As already mentioned in section 3.2, the dominant contributions to
the Adler function in this expansion arise from bubble chain diagrams with any number of massless
quark bubble insertions into the internal gluon propagator (see Fig. A.1). All calculations in this
section will be done using dimensional regularization in d = 4 — 2¢ space-time dimensions.

Starting point for our analysis is the definition of the Adler function given in eq. (3.8). According
to this, we write

1. (p) = (pP"P” — guwp?) I(p?), (A.1)

where we can decompose the correlation function II(p?) at order 1/Ny in the form
1
2\ _ (n) n+1
II(p*) = N, E: II'"ae" ™, (A.2)

with a = asNy¢/m. The superscript (n) denotes the number of fermion bubble insertions into the
internal gluon line and the total number of loops in the corresponding diagrams is obviously given
by n 4+ 2. We begin with the simple fermion loop diagram needed for the renormalization of the
Adler function (see Fig. A.2). A straightforward calculation yields the well-known result (compare
[53]):

2\ —€ 2
e o (=) DR T A
ﬂ-l“/(p) (p p JuvP ) a <47T,LL2> F(4 — 26) . ( 3)
The renormalized quark loop is thus given by
2
~r 9y Os n o
#0%) = g2 Nyt (L0, (A4)

where C denotes a scheme-dependent constant. In MS, the renormalization scheme that will
be used throughout this section, C' = —5/3. Note, that the factor N;/(6m) corresponds to the
fermionic contribution of the one-loop QCD [-function (see Appendix C).

In the next step we are going to calculate the two-loop contribution II(¥), i.e. the diagrams
depicted in Fig. A.1 without any insertion of fermion bubbles into the internal gluon line. A full
derivation of the two-loop calculation is given in Appendix B. Here we are only interested in stating
the final result:

—€ —p? —i0t\
® =~ Cr 1(6?2 ‘ eg - 2)6) < p47m20 ) ra-or 49

T(e) 17 ['(2) (2—2¢)%+4
.{[F(Q—Qe)} F(l—e)-(2—6+262)—r(3_36) ; }
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Fig. A.1: Fermion bubble diagrams that contribute to the leading term in the 1/N-
expansion of the Adler function.

Exploiting some well-known identities of the I'(z)-function, one can easily show that eq. (A.5) can
be rewritten in the form [53]

B Cu [ —p2\ > 3+2 [[(1—eT(e)?
o =—Cr rel <47w2> L@ =qf { 2 T[(2—26)T(4—2¢) (4.6)
[()T(—e)T(20) [(=3+2¢) T(2¢) [(=3+2¢)
I'(1 —3¢)T'(3¢) €
—2(1-2¢) (22— €?) F(_;%é(:ggg 2¢) }

The calculation of the bubble diagrams with an arbitrary number of fermion bubbles in the gluon
line is very tedious and, unfortunately, cannot be solved using ‘standard’ computational tricks
such as integration-by-parts techniques (IBP). As pointed out in [54], one runs into difficulties
when trying to calculate the third diagram in Fig. A.1, where the gluon is exchanged between
the upper fermion and the lower antifermion line, if there are subdivergences nested within the
internal gluon line. In such cases, the corresponding loop momentum integration involves two-loop
integrals of the form (see Appendix B)

1+n

) 4k ddq
1, me, d) = 27r  J/ WL = - k=g 7

where we used the notation [z]; = [z + i0T] and the non-integer exponent of the last propagator
arises from the insertion of n fermion loops into the gluon line. In order to calculate this integral
one can e.g. use the so-called Gegenbauer polynomial z-space technique [55] to reduce the occurring
loop momentum integrals to a form that can be expanded in the infinitesimal regulator e.

Applying Gegenbauer integration to our present problem of fermion bubble diagrams with at
least one insertion of a fermion loop in the gluon line (n > 1), yields the result [53]
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Fig. A.2: Fermion loop diagram needed for the renormalization of the Adler function
in the 1/N-expansion.

. N, 1 [ —p2\ ™ T(1+e)[L2-e) "
I ):‘CFan(mz) '{—2 T 20 } (A8)
l—e [T(1—e)? [(1 — € — ne)

3—-2 I(1+nal(3—3c—ne) —e(l+n)
: { (6 — 14e — 8ne + €2(4 + 10n + 4n?) + €* (4 + 3n + n?)) I'(—2 + ne + 2¢)

I'(1—e)
(2 — 2¢)
— (246 (n+1)ne* (2 —ne—3¢) F(1)

-[(2—ne—36)(1—n6—36)F(0)

+ (1 —ne —e€) (1 — ne) (n+1)n62F(2)}},

where the occurring function F(s) is given by [53]

T(m—s+3e+ne)T(k+2—2)T(m+k+1— s+ ne+ 2)
F(s) = A.
() ml B T(m+ k+2—e) (A.9)

1
'{(m+k—|—1—s+e+ne)(k+1—s+ne)
B 1 1
(m+k+1)(k+1+s—ne—2¢) ) T'(Be+ne—s)

For the purpose of analyzing the renormalization of the bubble diagrams, it is useful to study the
structure of eq. (A.8) in more detail. If we look at the second curly bracket, which involves all
terms containing the function F(s) (s = 0,1,2), and perform an expansion in €, we notice that this
bracket contributes only to O(e?). Thus, the divergent behaviour of the diagrams coming from
the integration over the loop momenta is completely incorporated in the first part of eq. (A.8) and
one can immediately see that the lowest order term in the Laurent series of II("™ is proportional to
1/e™1.1 Allowing for a normalization factor we can therefore rewrite eq. (A.8) in the form [28, 53]

N, 1 1
(n) — (1) ¢ . . . 2 /.2
II (V"Cr g 60 mra a1 G0/ ene), (A.10)
with
G/t ed=c(n+2) =Y Gi(0)(em+2), Gie)=> g (A.11)
j=0 i=0

where G(p?/u?,¢,8) is analytic near ¢ = § = 0. According to eq.(A.3), the counterterms for
the fermion loops in the bubble chain needed for the renormalization procedure are given by

!One would naively expect that the Laurent series of the regularized polarization function II(p*) starts at order
1/6"+2. Each fermion loop in the bubble chain gives a factor 1/e and the remaining loop integrations are supposed
to contribute 1/¢%. But since the 2-loop vacuum polarization graphs in Landau gauge only have simple poles in the
regularization parameter € (see eq. (A.6) and Appendix B), the lowest order term in the Laurent series is proportional
to 1/e™ T,
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—agNy/(6me) in the MS scheme. Furthermore, in order to properly subtract all subdivergences
we need to take a combinatorial factor into account which determines the number of ways, we
can choose k renormalized loops from the n available loops in the bubble chain. Combining the
previous results, we obtain the following expression [53, 34]

—(n " n n— 1 k
M ren =D <k> =" <—6€> (A.12)

k=0
_ n Ne = Gj(e) =~ (n j—1 k
7(_1) Cr 1672 - 6™ Z entl-j Z k (n +2- k) (_1) ’
§=0 k=0
where ﬁ(n) denotes the partially renormalized coefficient of the bubble diagrams at order a™**
part.ren y g

after subtraction of the subdivergences in the MS scheme. Since we are only interested in the finite
terms that do not vanish in the limit € — 0, we truncate the j-summation at j = n+ 1. Using the
astonishing fact that [53]

n

> (Z) (n+2—kY (=) =0  for1<j<n, (A.13)

k=0

eq. (A.12) is non-zero only for j = 0 and j = n + 1 and hence simplifies to

—(n) _ N (_1)71
Mpartren = (=1)" Cr 1672 - 6™ <(n +1)- (n+2)ent! Gole) +nt- Goia(e) ) - (A-14)
Now we can add the counterterm allowing for the subtraction of the whole diagrams and finally

take the limit € — 0. Applying eq. (A.11), the MS-renormalized coefficient is eventually given by
[28]

() Ne 1 (0) n
I, = —-1)"n!- G, : Al
ren. = CF 1672 - 6™ <(n +1)-(n+ 2)gn+1 + (E1 - Gra(0) (4.15)

As one can see, in order to determine the fully renormalized coefficients of the bubble diagrams
in Fig. A.1 we need to know only two terms of the n-loop generating function G(p*/u?, €, ne)
given in eq. (A.11). The relevant contributions come from Gg(€), which corresponds to an analytic
continuation to the zero-loops case of Fig. A.1, and G(p?/u?,0, ¢(n + 2)) which, as we are going to
see, is associated with the Borel limit € — 0 when ¢ = € (n + 2) is held fixed [56].

To identify the term G(p?/u?,¢,0) = Gy(e) it is once again useful to take a closer look at the
result of eq. (A.8), but this time in the limit ne — 0. Since we know from our analysis above that
Go(e) contributes to order 1/e"*!1 we need to extract the lowest order term of the Laurent series
of 1™, As it is evident from our observations concerning eq. (A.8), we thus have to investigate the
e-expansion of all terms involving the function F(s) (s = 0,1,2) defined in eq. (A.9). The crucial
point at this stage is to realize that even though the function F'(s) is given by an infinite double
series, just a very few terms of these series contribute to order 1/e"*! in eq. (A.8)2. Combining
the relevant terms, one obtains after a quite lengthy calculation [53, 28]

(14 €)(1 —2€)(3 —26)['(4 — 2¢)
92— )’ I3 —e)T'(1+e¢)

Go(e) = (A.16)

In contrast to Go(e), however, it is not possible to express G(p?/u?,0,€(n + 2)) entirely in terms
of simple I-functions. A full derivation of the analytic expression for G(p?/u?,0, e(n +2)) that, to
our knowledge, was first obtained by Broadhurst in 1993 [28] is far beyond the scope of this work
and we will therefore just sketch the key aspects of the derivation here. First of all, we need to

2In fact there are only four significant terms. The first one comes from F(1) when the running indices, k and m,
take on the values Kk = m = 0 and the other three are associated with F'(2) for the values (k,m)=(0,0),(1,0),(0,1).
The function F(0) does not contribute to the lowest order 1/e™*.
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remind ourselves of the fact that the major problem in calculating the bubble diagrams arises from
the graph, where the modified gluon line is exchanged between the fermion and the antifermion
line. The corresponding two-loop integral (see eq. (A.7)) involves a propagator with a non-integer
exponent which makes the calculation of the integral very challenging.

Over the last decades, many attempts have been made to find a suitable expansion for this
and other related integrals. One of the first techniques, developed to resolve this issue, was the
Gegenbauer integration technique [55] which we applied to derive the result given in eq. (A.8).
Exploiting the symmetries of the integral, Broadhurst, Gracey and Kreimer were able to set up a
recurrence relation and proved that the function G (p?/u?, €, §) could be reduced to a Saalschiitzian
3 Fy hypergeometric series [57]. Applying systematically various identities for hypergeometric series
one can show that it is possible to rewrite this Saalschiitzian 3F» series in the form [28, 27]

32 P> - >
G(p?/p?,0,0) = — ¢ (A.17)
g 3 ( 2 ) 2;2 1—6))

where C' is the same scheme-dependent constant that we already encountered in eq.(A.4). Re-
member, in the MS-scheme C' = —5/3. The significance of eq. (A.17) for the remainder of this
section is reflected by the fact that this expression for G(p?/u?,0,d) is consistent with the Borel
transform of the correlation function II(p?). To demonstrate this connection we need to consider
that all information on the order in @ = axN¢ /7 of the bubble diagrams is comprised in the number
of fermion loop insertions into the gluon line. Thus, instead of summing all different graphs at
order 1/Ny, we can look at the gluon propagator and first calculate the sum of n fermion bubble

insertions. The resulting effective propagator, which is usually called a bubble chain, has the form
[27, 34]

; ko k 1
D (k — = Suly 59 A18
k) = T (g“ k2 >1+fr(k2) (A-18)

>5abz[ Oéstl (N;e C>

where we have used Landau gauge and the renormalized fermion loop 7(k?) is given by eq. (A.4).
Now we can easily perform the Borel transformation, which according to eq. (3.4) is given by

n

)

—1
= e (o

27, 34]
ab —1i Euko\ an( 2472 o= u” o o\ 1"
Bldm as D) (k,u) = o ior (g,w— )0 (— N, Zon' (e (A.19)

—1 kuk, o[ 242 2 o
e — v — 5(1 _ 1
k2 140+ <9u 2 ) < N, exp |u In 2 e
—i kyky 242 2 u
- (e ) () ()
¢ _
4 5ab ) 247‘r2 ) o
T (k2 —i0*)2Hu (9wf’f - k:#k:y> <_Nf> (1e™@)"

In the expression above, we added a factor g? = 4may in the definition of our Borel transform, which
takes into account the vertices at the end points of our bubble chain when the gluon propagator
is attached to the large fermion loop of the diagrams in Fig. A.1. Eq.(A.19) describes the
Borel transform of the fully renormalized bubble chain, which is essentially identical with the
renormalization of the effective coupling in the exponent of the formula for the inverse Borel
transformation (see eq. (3.5)).

Up to now, we have only taken into account the fermionic part of the one loop QCD B-function
o« Ny/(6m), but did not consider the contribution coming from gluon and ghost bubbles. Thus,
to order 1/Ny in the flavour expansion QCD is not asymptotically free and essentially identical to
QED. Nevertheless, almost all cases in which exact higher order result are available suggest that
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we can recover the expected positions of UV and IR renormalons in QCD, once we substitute Ny
with the full value of §y [33]:

3(11 ., 2 3
Ny =2 (20a— 2Ny ) = =24 A2
£ 2<3CA 3 f) o7 (4.20)

Due to this substitution it is therefore possible to partly consider gluonic contributions attributed
to diagrams that are gauge-dependent and much harder to calculate exactly. This simple proce-
dure, which is usually referred to as Naive Non-Abelianization (NNA) or large-y approzimation,
is the main reason why we consider the fermion bubble diagrams in the first place.

If we replace the gluon propagator with the modified propagator

Bl au D) (k, ) = —— 0 K =k, ) (197 (u2e0)" A21
[WO‘S ;w]( au)_ (—kQ—iO+)2+u Guv uhy N (,u e ) . (A.21)

and calculate the sum of the diagrams in Fig. A.1, the Borel transformed correlation function to
order 1/Ny is found to be [34]

2 —u o]
B[I(p*,u) = ;’i <_22e0> doap Z 1 _’2)2)2, (A.22)

which confirms the expression given in eq. (A.17). As one can see, the Borel transform of the
correlation function exhibits an undesirable pole at v = 0, which is due to the fact that in the
derivation of eq. (A.22) we considered only the renormalization of the fermion loops in the bubble
chain, but did not incorporate the counterterm for the subtraction of the whole diagrams. In the
Appendix of Ref. [34] it is shown that a proper renormalization amounts to the cancellation of the
singularity at u = 0.

Alternatively, we can also take one derivative with respect to the external momentum p? to
remove this pole of the Borel transformed correlation function. Since the derivative of II(p?) with
respect to p? gives the Adler function (see eq. (3.8)), we immediately obtain an expression for the
Borel tranform of the Adler function in the large-5y approximation. [27, 56]

32 p? o > kL
B[D](pQ,u):?m<—M2eC> — 1_u22 k2 — (A.23)
R R e
_37r< w2 > 2‘“2(162—(1—1@)2)2'
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Appendix B

The Massless Two-Loop Two-Point
Function

In this appendix we calculate the massless two-loop two-point function, i.e. the two-loop contri-
bution T to the Adler function in the 1/N-expansion (see Fig. A.1), and verify the result of
eq. (A.5). In contrast to appendix A, however, we deal here with the similar QED calculation,
that is the exchanged gluon is replaced by a corresponding photon line. To obtain the result for
the QCD case one simply needs to account for the corresponding colour factor. All subsequent
results in this section will be derived using dimensional regularization in d = 4 — 2¢ space-time
dimensions.

Diagrams Containing a Self-energy Subgraph

We begin our analysis with the computation of the two diagrams depicted in the first row of
Fig. A.1. Since it makes no difference whether the photon (gluon) is attached to the fermion or
antifermion line of the loop, both diagrams yield exactly the same result. According to the usual
QED Feynman rules the amplitude M4" of either graph is given by

. vo_ 2 ~2¢ ddk (—1)TI' [’7“ Zk' (—ZE(%))Z%’)/VZ(%—I—?)]
MY = (i) /(277)d [k2 +i0%]) [(k + p)2 + i0F] ’

(B.1)

where 2(f) denotes the electron self-energy subgraph ( see Fig. B.1b), which can be calculated in
the following way:

. e [ dlg iR =i (9ped® — (1= E)qpdo)
20 = P [ G o
_ e [ [ QoAE—g) o 2(kg) (@1 E)
I /(QW)d{{(k—Q)Q]HQO e [(k — )%+ 173 }
= —e? 1% [Za(F) — (1 = ) Tup(K)].

(B.2)

In eq. (B.2) above, we introduced the abbreviation [p?]+ = [p?4i0*], which will be used throughout
this section. Before we proceed with the calculation of the electron self-energy, it is convenient to
consider a specific class of loop integrals that will often appear during our analysis of the massless
two-loop two-point function. The integrals of this class have the generic form
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Fig. B.1: Calculation of vacuum polarization at two-loops. (a) Two-loop diagram
containing a fermion self-energy subgraph. (b) Representation of the fermion self-
energy subgraph nested within the diagram depicted in (a).

2 _ [ d% 1 [ ad%k 1
o) = /(2”)‘1 K27 [(k—p)2] /(Qﬂd (K2 [(k + p)2]] B3
_ T(a+p) / dk /1 . (1— ) tght
~ T(@)T(B) J (2m) SR (L= @) + (2 = 2k p+ P+ i0+]H

L Takp-df) (-0 (1—2)o! ' P
~ T(@)r() '@wwﬂi/a%—ﬁxa—x>—m+Wﬂ%W2

(-1)* _ T(a+ 8- d/2)T(d/2 = a)T(d/2 §)
()7 (@) T(B)T(d—a — §) (4 — 0o Fi=072"

=1

where o and 8 can take on arbitrary positive integer numbers. For later convenience it is further-
more helpful to define

Z(p?, o, B,d
N(a, B,d) : = = (inJr)g/z)a,B (B.4)
(=D T(a+ B —d/2)T(d/2 - )T (d/2 — B)

~ ' (4myde T(@) (B T(d—a—p)

Another handy expression that will be used a lot in the following relates integrals of different
arguments with each other:

Zp*a+1,8,d) =Z(p*, o, B+1,d) = (B.5)
i(-1)%?  T(a+p—-d/2+1)(d/2—a—1)T(d/2—)
(4m)42 T(a+1)T(8)D(d—a—pB—1) (p?+i0F)at+f+1=d/2

_ (a+f—d/2) (d—a—F—1)
=200 B G e T i)

Since we are going to rewrite all subsequent results in terms of the integrals defined in eq. (B.3),
we will refer to this class of loop integrals as one-loop master integral.

Applying these definitions to the calculation of the electron self-energy, the first integral in eq. (B.2)
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yields

_ d?q (2—d)k—g)
Ea(k) - /(27r)d [(k — q)2]+ [q2]+ (B.6)
=(2-4d) [%Z(k2,1,1,d) _;;Z(k‘ZvlaLd)

k.2
_ k 2
= (2-d)5 - Z(K,1,1,d),

In order to sketch how this result can be derived, let us consider the following tensor integral which
occurs in the calculation of ¥, above:

diq q*
= 2T, (B.7)

An easy way to solve this integral is to perform a tensor reduction and decompose the loop
integral into scalar integrals. Since the result of the integral given in eq. (B.7) can only depend on
the momentum k, it has the Lorentz decomposition

dq ¢" B 2.
[ T P00 (B:2)

where B can be expressed through scalar integrals only. Contracting both sides with £, gives
dq q-k
k*By = / B.9
@) [ a7l [, ()
YE TN A
2 @2me [(k—q)?+ [¢®],

Neglecting all terms that lead to ’scaleless’ integrals we get

2 _1 ddq k? _} 2 2
8= [ oyt g, = 2 L (B-10)

and, thus, eq. (B.7) is given by

d?q q" 1 )
s @, ~ 2t AL (B.11)

The second integral of eq.(B.2), X,(F), can be solved in a similar fashion. A straightforward
calculation yields

[l 24k -G+ B
50 = [ (e g%l 2 (B12)
¢

=3 [k* Z(k*,2,1,d) — Z(k*,1,1,d)] .
Combining ¥, and ¥; and exploiting the relation (B.5), we obtain

K

—iS(}) = €2 ﬂQeﬁg(d— 2) Z(k*,1,1,d) = TR it £ f(e), (B.13)
with
_ 220 (d=2) 22 (d=2) i T(2-d/2) [[(d/2-DP
f(E) —62 2 5 . N(l, 1, d) — 62 Mz 5 . (47r)d/2 F(d — 2) . (B14)
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As one can see, the amplitude of the electron self-energy diagram depends a lot on the choice of the
gauge parameter £ and vanishes in Landau gauge (£ = 0). Consequently, all diagrams containing
Y(F) as subgraph are also identical to zero and do not need to be considered. This fact provides
the main reason for the usefulness of Landau gauge in the calculation of the massless two-loop
two-point function.

Even though it is now apparent why Landau gauge represents the most suitable gauge choice,
we will continue our analysis in general R¢-gauge and keep the gauge parameter arbitrary. As we
are going to see, due to gauge invariance the £-dependent terms cancel anyway in the sum of all
three diagrams that contribute to the massless two-loop two-point function.

Using the result of eq. (B.13), the amplitude M/" of the diagram depicted in Fig.B.1 is given
by

M — i e g/ A%k (=1 Tr [y KKK~ (F+p)] (B.15)

K232 [k + p)2)
d 2 pv wr (. .
:—262 2€f é— /dk kggd/2 g (k p)
(k2] [(k+ p)?]+
2 2€f )€ 4 /ddk: k:“p + pHkY + 2kHKY
6252 [k + p)2)+

where the simplifications of the Dirac structure have been carried out by means of the FeynCalc
Mathematica package [58],[59]. The easiest way to proceed is to decompose the tensor integrals
into scalar integrals as demonstrated in the calculation of the electron self-energy above. One
finally obtains:

d?k —k2gmv
= —g" Z(k*,2 —d/2,1,d) (B.16)
d —d g ) s Ly
o R (k4 p)2)-
d?k —(k - p) g* s
° / ( p)g :L[Z(k2,2—d/2,1,d)—pzz(k2,3—d/2,1,d)]
CrOT g (e )y 2
d% ktpY fp¥ Z(p*2—d/2,1,d
(K257 [(k +p)]+ p
d? ffy fp¥ Z(p*2—d/2,1,d
’ /(27T)d 2 3—d/§ 2. _p2p [Z(pz’?) —d/2Ld)+ . 2 / )] .
[R2]5 7 [(k 4+ p)]+ p
The last term in eq. (B.15) can be decomposed in the form
d'k kM kY , ,
/(27r)d [k2]3*d/2 (% +p)?] = ¢""p* Boo + p'p” B (B.17)
+ p)7l+

In order to determine the coefficients By and By; we need to contract both sides with g,, and
Pubv, respectively. After a short calculation, we get

d% il P 1 [Z(p%1—d/2,1,d)
[ B2 [+ )% (%) e (219

p2 Z(p273_ d/2a17d)
2

Z(p*,2 —d/2, 1,d)}

+

_Z(p272_d/2515d)

_l’_

pHp”
2
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Fig. B.2: Second diagram needed for the calculation of the two-loop vacuum polar-
ization function. This graph contains an overlapping divergence.

Putting all these results together, the amplitude M{" is given by

Z(p%,2 — d/2,1,d)

iMEY = —ie? i* fe) € -4 61 d)(4—d) (B.19)
{W (6d* — 22d + 16) — 2 (8d2—32d+24)}
:—zeﬂf*eg.gEZ:ZN(LLCJ)-Z(p2,2—d/2,1,d){(3d—8)g A(d— 3)p;p}

Diagram Containing a Vertex Subgraph

The calculation of the second diagram needed for the computation of the two-loop vacuum po-
larization function (see Fig.B.2) requires some more effort due to the fact that it contains an
overlapping divergence. In contrast to the previous section, where we were able to reduce a two-
loop diagram with a nested subdivergence to one-loop computations only, we now have to face the
problem that such a reduction is not always possible, since the internal photon line is common to
both subdivergences. Nevertheless, we will see that integration-by-parts (IBP) techniques prove
very helpful in this context to express the occurring loop momentum integrals in terms of the
one-loop integral defined in eq. (B.3).

The amplitude M4" of the diagram depicted in Fig. B.2 is given by

— eyt e [ [ 4K dd (=) Tr [y*i(k — p)7*ild — p) 7" ig7° ik]
WMy =) // { (CEDENCE e AN (B:20)
—i [gpo(k = @)* = (1 = &)(k — @)o(k — )] }
[(k — q)2)

Since the amplitude depends only on the external momentum p, we can make the following
ansatz consistent with Lorentz covariance:

iMEY = g"'p* A+ p'p” B, (B.21)

where the coefficients A and B can once again be expressed through scalar integrals only. In order
to determine these coefficients, it is appropriate to contract our ansatz with both g,, and p,p,:

o ML g, =p*(Ad+ B) (B.22)
o ML pup, = (p2)2 (A+ B). (B.23)
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Contraction with g,

We start our analysis with the computation of the contraction of the amplitude M5” with g,
The contracted amplitude is given by

i i oh d9k dd T [v* (F — ) (d — P) Y d 7o K]
Mg = // {[(k P (= o8 1 0 (b= 0, oY
(

g Tf[v“(%—p)(%—g)(g—zﬁ)v g (k=) ¥] }
[(k = )2+ [(a — p)?)+ [¢%]+ (K] [(k — )2
= 164 M4E [Ig,l - (1 - 5) Ig,Q] .

Calculation of I,

We will first concentrate on the calculation of the scalar integral

Ak dd Tr [y (k= p) 7" (4 — ) 00 K]
// [(k =)+ [(¢ — 2]+ %]+ K24 [(k — 92+ (B.25)

The numerator of this mtegral 1nvolves a trace over a product of eight y-matrices that can be
simplified in the following way

num(Zg,1) =Tr [Y* (K = p) 7" (4 — P) Y 47 K] (B.26)
—4(d-2){(d- )k (p-q-¢)

) [[d=4) ¢ +4(k-q) —4(p-q)]

) [4p- ) = (d = 9p*] — 4(k - 0)? },

where we again used FeynCalc to perform the simplifications [58],[59]. For the purpose of decom-
posing I, 1 into simpler integrals, it is convenient to rewrite the occurring scalar products using
the identities:

+(k
+(k

o k-g= % (k% +¢* — (k — q)°] (B.27)
o k-p= % (k% +p* — (k —p)?] (B.28)
. p-qzé[p2+q2—(q—p)2]- (B.29)

Replacing all scalar products in eq. (B.26) by the expressions given above yields

wm(ly) =4(d -2 {12 (g ) + 42 (6 )] (B.30)

d—38
+ (2)192 (k—a)*+ (k= a)* (¢ —p)*
2

+ k2 (k—q)* = [(k — )]

+ [P+ (k—a)? =k — (¢ —p)°]

+(k=p)? [p*+ (k=9 =¥ — (¢ -p)°]

+p? [(q—p)* — p* + K] }

Since the diagram depicted in Fig. B.2 is symmetric in both loop momenta, we see that the

structure of the numerator is invariant under the exchange of k and ¢, as well as under the
simultaneous exchange of k +» (k — p) and q +> (¢ — p). Exploiting this symmetry, we obtain

mum(ly,) =4 (d—2) {4 = ) (4= p)? ~ (1)’ (B.31)

) g2 (b g [k - 0)?)?

+4p% (- p)? — 2K @ + 4K (k- @)%},

+
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where the last two terms lead to vanishing integrals (’scaleless’ integrals) and do not contribute to
the final result. Considering the structure of the denominator, the integral I, ; is thus given by

4k dd (4—d)
fr=4(d=2) {// O = 7+ [T+ [k — 07+ (:32)
(d —8) ddk: dd P2
// =97+ [ — ) 180+ F0+
// 4%k dd (k —q)?
(5~ )7+ [(a — )8 170+ 0+
ddk dd 1
+ap // [k —p)s [ 205 [0k — 97

N
/ / d dd (r?)”
=)+ (g = p)?4 (@4 K2+ [(k — @)+

(d—8)p”

—4(d-2) {(4 — AT+ 10y = Ioy + 497 Igy — ()7 15, )

The first four two-loop integrals of the equation above can easily be reduce to one-loop integrals
of the form given in eq. (B.3). To demonstrate this decomposition consider the first integral Ig:

dk dd 1
. B.33
0= ] =P (s = s (B.53)
First performing the integration over the loop momentum ¢ gives
dk dd 1
B.34
5= [ m P [CEER (B.34)
ddk 1
- -Z(k%,1,1,d
| e )
d% 1
= "N(1,1,d)
/ ™) [(k - p)2)y 2T

= N(1,1,d) - Z(p*,2 — d/2,1,d),

where we made use of the definition introduced in eq.(B.4). The other integrals of eq.(B.32)
except for I7; can be solved in a similar fashion, yielding

2
o Iy =[Z2(0"1,1,d)] (B.35)
c 1 2
o Ig 1= _5 p2 [Z(p27 17 17d):| (B36)
o I{ =NQ,1.d)-Z(p*3—d/2,1,d). (B.37)

In order to sketch how the result for I, was derived, note that in the numerator, (k — q)?% =
k? 4+ ¢> — 2k - ¢, only the last term leads to a non-vanishing integral:

9 dd (k —q)?
// ~ o e =) [ T (B.38)
// ddk dd 9k q
=P (@ = [ s

- ddk Jot [ d ”
= 2/ @n [k — )7 7, / @)l [(a— s [ Br

Both integrals in the last line can then be decomposed according to eq. (B.8).
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Fig. B.3: Topology of the two-loop two-point function diagram depicted in Fig. B.2.

Integration-by-Parts Technique

In contrast to the integrals I, to Id g.1, it is not possible to reduce the last integral I ; to one-loop
computations, since I is associated with the case of an overlapping divergence.

Consider a generic two-loop integral of the form

9k d’g
,0,0,d) = ’ B.
tesasod = || G pr i o e

that corresponds to the graph given in Fig. B.3. If one of the exponents vanished, one would be
able to express eq. (B.39) in terms of nested one-loop integrals, which could then be solved by
means of the one-loop master integrals given in eq. (B.3).

To achieve such a reduction it is convenient to use integration-by-parts (IBP), where one exploits
the fact that in dimensional regularization the integral of a total derivative is zero, if the integrand
vanishes at the boundaries:

0
/ A%k o (k) =0, (B.40)

In the equation above F'(k) denotes an arbitrary function that depends on the loop momentum k.
Since in our case of the massless two-loop two-point function we are dealing with scalar integrals,
we contract the derivative with the momentum (k£ — ¢)* of the internal photon line. Thus, we

obtain
A% diq (k — q)* }:0 -
// Wa’f“{[( — 2% [(k = )27 (¢ — )2 2% (6] ' (B4

+

Performing the derivatives

0
0 —a —2«
o (k—q) I [(k—q)] "= (e (B.43)
-8 _ 1 (k=9q)?* - (g —p)°
G (Ut Bt { h=pP " (k=2 } -
o) - 1 2 — (k—q)?
® (k - Q)“m [k2] ’ - _6{ [k,2]5 -4 [k2]5+1q } (B45)
gives
A% ddq (k — q) } B
// (2m) ak“{ [(k — )21 [(k — )2 [(a — )2} (K25 [42)5, (349
8 -9

Tb

// ddk dd (d—2a —
[(k — )21 [(k— )2 [(a—p)27 (K2, [62)]
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dk dd 1
+5{// k— 22 [(k— 2P (- (K] (2]

// A%k dd 1 }
— )27 (k=27 (e — )2 (K2 (627

if
Ak dd 1
5
i {// (k— )25 [(k - p)21] [(a— )27 (B2 (027
// 4%k dd 1 }
(k= ¢)215" [(k—p)2] [(a— )27 15 02}

The integral in eq. (B.39) is therefore given by

I(a — 0,0,d)— 1 —1.8.0.d
I(a,/a’,%&a,d):m o 1’5+1,7(7d7f7203_5(f’65)+1,7 1,6,0,d)]

+5[I(a—1,6,’y,6+1,a,d) —I(a, B,7,0+ 1,0 — 1,d)]
(d—2a—p—9) '

(B.47)

Using this result for the computation of the diagram depicted in Fig. B.2, the two-loop integral
I7 | can be decomposed in the form

1(0, 2,1,1,1,d) 1(1,2,0,1,1,d)

(1,1,1,1,1,d) = (B.48)

€ =
9,1 —

q;

1(0,1,1,2,1,d) I(1,1,1,2,0,d)
+ d—4
2 [1(0,2,1,1,1,d) — I(1,2,0,1,1,d)]
d—4 ‘

In the last line we once again exploited the fact that the diagram is invariant under the exchange of
k and ¢, as well as under the simultaneous exchange of k <+ (k —p) and q <> (¢ — p). As indicated
above, both integrals in eq. (B.48) can be solved in terms of the one-loop master integrals given in
eq. (B.3):

d9 dd 1
0,2,1,1,1, d B.49
I // k=2 la—p7, ¥, (@), (B49)
—Zp,1,2 d) (p,l,l,d)
d9k dd 1
1,2,0,1,1,d) =
1a, /] ey =0, [k —pF. 1, 1),

= N( 1,1,d) Z(p 3—d/2,2,d).
Thus, we finally get

2
Ig,l = m{z(p2u 1727d) ’ Z(p27 L, 17d) - N(17 17d) ’ Z(p2’3 - d/2727d)} (BSO)
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Combining all previous results, the integral I, 1 is given by

I,1=4(d— 2){(4 —d)N(1,1,d) - Z(p*,2 — d/2,1,d) (B.51)
1
+§(d_8)p2 [Z(p2a2_d/2717d)]2
+ %pQ [Z(p?,2 - d/2,1,d))”
+4p*N(1,1,d) - Z(p*,3 — d/2,1,d)
- )" 2 ZGA1,2,d)- 20 1,1,d)

(d—4)

+(?)’

gy VL) 2G5 - d/2,2,d)}

=4(d - 2){(4 —d)N(,1,d)- Z(p*,2 — d/2,1,d)

2 (d—4)*+d

+p* [Z(p* 2 —d/2,1,d)] @ 1)

FPEN(LLd) - 2023 — dj2,1,d) ;2_460}

Calculation of I,

We now turn to the computation of the second scalar integral of the contracted amplitude:

// d’k ddq Tr[w"(lé P E—d) (=P vud K- g)k]‘
fo2 =)+ [(@ = p)?+ [a%]+ W)+ [(k — 9)2)3

Using FeynCalc to simplify the Dirac structure, the numerator of the integral becomes [58],[59]

(B.52)

num(Zg2) =Tr [ (K —p) (K — ) (d = p) 1ud (F — 4) K] (B.53)
=4(d-2{ ()" (b-a— ) + P[P (k- ) +2(k )’
+(k-p) (@ —2k-q+p-9) ]| + K[k -p—2p>+p-q)
+(k-q)0* =29 +2¢°)+2(p-q9)(p-q—k-p) — (q2)2]}.
In order to further reduce I, into simpler integrals, we can rewrite the scalar products in the
numerator by means of eqs. (B.27 - B.29):

mumn(ly) =2 (d = 2){k* [(q = p)?] + ¢* [(k = )*)" + (k)" (4 — (B.54)
+ () (k= p)® = k292 (qg — p)> — ¢ p*(k — p)?
+ k2 p (k= p)* + @ p*(q—p)* — K (¢ — p)?
— kK ¢*(k —p)* — k*(q—p)*(k —p)* — ¢*(¢ — p)*(k — p)*
— (k- q)*(a-p)° -k —q®— (k —p)2}-

Exploiting the symmetry of the diagram, we finally get

num(ly) =4 (d - 2){2 (k)" (¢ = p)* = K p2a — p)* = Kk — )*(a — p)? (B.55)

+ k2 p*(k —p)* — K ¢*(k — p)® — k(¢ — p)*(k — p)Q},
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where the last three terms give vanishing contributions. Taking the structure of the denominator
into account, the integral I, is given by

A% dd 2 k2
foa=4ld= 2{// o @ (k- (5:50)
// ddk dd p?
T T

/ / ddk dd 1
— )4 (2% [(k = )%,

— 4(d—2) {21;}2 o 1372 - ;72}.

In contrast to the calculation of I,;, where we had to apply integration-by-parts to solve the
occurring integrals, I, o can easily be reduced to the one-loop master integrals defined in eq. (B.3)
without further knowledge. Following a similar approach as in the previous section, we obtain

o Iy=N(1,2,d)- Z(p*,2~d/2,1,d) (B.57)
o Iy=N(1,2,d) Z(p%,3 - d/2,1,d) (B.58)
o Iy=N(1,1,d)- Z(p*,2—d/2,1,d). (B.59)

Inserting these results back into eq. (B.56), the integral I, o takes the form

Lo = 4(d—2){2N(1,2,d)-Z(p2,2—d/2,1,d) (B.60)
_p2N(172’d)Z(p2’3_d/2517d)
_N(1’1>d) Z(p252_d/2717d)}

= 4(d—2)Z(p%2 —d/2,1, d){N(l, 2, d) ﬁ ~ N1, d)}

(d—2)°

= 4(d—2)Z(p*2—d/2,1,d)- N(1,1,d) i

Thus, we finally obtain the following expression for the contraction of the amplitude M5” with
Guv'

iMEY g = ie* 1[I, 1 — (1 — €)1, 2] (B.61)
4 dey (d—2) 2 2 5 (d—4)*+d
=11 U 4(d_4){[z(p71>17d)] p 9
2 (24 — 20d + 7d* — d3)

+ N(1,1,d) - Z(p*,2 — d/2,1,d) @1

+&(d—-22N(1,1,d) - Z(p*,2 — d/2,1, d)}

Contraction with p,p,

The computation of the second conditional equation (see eq.(B.23)) needed to determine the
coefficients A and B of our ansatz given in eq. (B.21), follows basically the same procedure as the
calculation we have done in the previous sections.
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The contraction of M4” with p,p, yields

adk dd Tr [p (k= )1 (4 — p) P40 K]

=it [ 0 {[(k P 0= e P B (e — a7 %)
_a-o TrW—p)(%—%)(g—z») q (k=) K }
(k= )L+ (g — PV (2] 2] [(k— 0?7

=ie @i [Ly — (1-€) Ipa].
where the numerators of both integrals, I, 1 and I,», involve a trace over a product of eight
y-matrices.
Calculation of I,

First, we deal with the calculation of the scalar integral

ddk dd Tr [p (K — )7 (¢ — p) pd o K]
= [[ iy e PR o PP 1 I P ol (B.63)

After performing the Dirac algebra and substituting all occurring scalar products with the identities
given in eq. (B.27 - B.29), the numerator takes the form

num(Zy,1) =Tr [p (K — p)7* (4 — p) pd 70 K]
=—2(d— 2){k2p2(q 02+ @2k —p)? — & [k —p)?’ (B.64)
~ K [(g- ) + 2Kk — )2 + k2 (g — p)?
— () (a—p)* = (6)° (k= p)* = (a = p)*(k — p)*(k — q)?
— Pk (k— @)’ + kK (k—q)*(q—p)° + ¢k —q)*(k — p)*
+q2(q—p)2(k—p)2+k2(k—p)g(q—p)2}-

Exploiting the fact that the diagram depicted in Fig. B.2 is symmetric in both loop momenta, the
numerator structure can be further simplified to

mumn(l,) = 4(d - 2){2 (k)° (¢ = p)? = K p2(a — p)* — 24> K*(k — p)’ (B.65)
+ @Rk - ) — K(a — p)(k - )%},

where the last three terms can be omitted, since they lead to vanishing integrals. Combining this
result for the numerator with the denominator of eq. (B.63), we obtain

dk dd 2 k2
fpa=a(d- 2{// — P [k — 07 [ (560)

// ddk; dd p?
[(k = p)?+ [(k = a)?]+ [¢*]+

—4(d=-2) 215, — 1 Igl} ,

where both integrals, I7, and I),, can be expressed in terms of one-loop master integrals. A

p 1
straightforward calculatlon yields
o It =N(1,1,d)-Z(p*.1—d/2,1,d) (B.67)
o I),=N(1,1,d)-Z(p*,2—d/2,1,d). (B.68)
Hence, I, is given by
Ly = 4(d=2)- N(L1,d) {2- Z(%, 1 = d/2,1,d) — p? 2%, 2 — d/2,1,d) }. (B.69)
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Calculation of I,
The second integral of eq. (B.62),

// d’ dd W PE-—DG—ppdk -9 K (B.70)
e =) (e =) @25 W) [(k — )27

can be calculated in exactly the same way. First performing some Dirac algebra, then rewriting all
scalar products and finally exploiting the symmetry of the diagram, the numerator of I, » becomes:

num(lp) =Tr [p (K —p) (K — ) (¢ — p) podt (K — ¢) K] (B.71)
—4{ (W) [(a=p)*]" = K2p?(a = p)*(k — 0)* = K2 *(k —p)*(a — p)* }.

Neglecting the last term, that gives a vanishing contribution and taking the denominator structure
into consideration, we get

dk dd k(g —p)”
Ips = B.7
’ {// o (s (=0T, (B.72)

// ddk‘ dd p2
— )4 (2% [(k = )%,

=4 [3,2—192]%),2} '

where the integrals, 1%, and I® 2, are given by

I p2
p2
o Ljp="32("2-d/2,1,d)[N(1,1,d) + N(1,2,d)] (B.73)
1
+§Z(p271_d/2717d)[N(171ad)_N(1a27d)]
o INy,=N(1,1,d) Z(p*2—d/2,1,d). (B.74)

Inserting these results back into eq. (B.72) yields
2
Lo=4 {2 Z(p*,2 —d/2,1,d)[N(1,2,d) — N(1,1,d)] (B.75)
1
+5 Z(p*,1—d/2,1,d)[N(1,1,d) — N(1,2,d)] }
We hence obtain the following expression for the contraction of M5 with p,p,:
iME pupy, = i€t 2 (L1 — (1= &) I,0] (B.76)
2
=ietptede {1’2 Z(p*,2 —d/2,1,d)[N(1,2,d) — N(1,1,d)]
1
+5 201 = d/2,1,d)[N(1,1,d) - N(l,zd)}}
4
=ie i S € p? 2(p%2 = d/2,1,d)[N(1,2,d) = N(1,1,d)].

Since the contraction with p,p, is explicitly {-dependent, eq. (B.76) has a major impact on the form
of the amplitude M4”. If we choose to work in Landau gauge (£ = 0), the contracted amplitude
vanishes which, according to the conditional eq. (B.23), implies that A = —B. Therefore, the
amplitude M4" is transversal in Landau gauge:

iME” = (¢"p* —p'p¥) A (for £ =0). (B.77)
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In the following, however, we will work in R¢-gauge and will not make a specific choice for the
value of the gauge parameter. Combining all previously obtained results for the contraction with
both, g, and p,p,, the conditional equations

1) My g, =p*(Ad+ B) (B.78)
2) MY pupy = (p2)2 (A+ B) (B.79)

provide a system of equations for the coefficients A and B. Solving this system, the coefficients
are given by

et e _ o
4= (dﬁi 1) Ej 2 '4{ (Z(p%,1,1,d)]” p* (d42)+d s
+N(1,1,d) - Z(p%,2 — d/2,1,d) 2(24 — Q(Zd_+4§d2 — &)
+EN(L,1,d) - Z(p?,2 — d/2,1,d) [(d_2)2 n (d;4)] }
B 4(?2>p_2d) -4 (B.81)

and the amplitude M5” finally takes the form

LoV _ YAV
iMEY =i et it (9“” - ppf ) '4(d_(i)(d2)_1){ [Z(p%,1,1,d)]* p° W (B.82)

2 (24 —20d + 7d* — d?)
(d—4) }

+N(1313d)Z(p272_d/2,17d)

. 4~4e4(d_2)
+E&ie i g(d_4)

: (3d—8)g“”—4(d—3)pugy .
{ =

N(1,1,d) - Z(p*,2 — d/2,1,d)

Sum of all Diagrams

If one compares the results of eq. (B.19) and eq. (B.82), the expected cancellation of the £-dependent
terms becomes obvious. Thus, in the sum of all three diagrams that contribute to the vacuum
polarization function at the two-loop level, the amplitudes M/"” of the two diagrams involving a
self-energy subgraph cancel exactly the £-dependent term of the amplitude M5” and we obtain

M =20MYT My (B.83)
sietpte (g o)y d22) 2 1 q g2 2 (A=Y +d
i€ fi (9 7 ) 4(d_4)(d_1) (Z(p*,1,1,d)]" p :
_ 2_ 3

d— o 2_Z' +\d—4
= it e (ghp? — php) - (di(zl) (dQE 3 (-p (47T())d )

r2-d/m2)]? (d—4)2+d P(4—d) (d—2)2+4
'{{F(d—2)} Ld/2=1)- 2 +2'r(3d/2—3) (d—4) }

[L(d/2 - 1))°

o2 ¢ 2 0T\ %
i 2= S () oy

. ) 1? PN A 0 (2 —26)2+4
{[r( )} P =€) @2=e+26) — 535 c }
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In the last line we used o = e2?/(47) and replaced the dimension d by d = 4 — 2¢. Note again
that all QED results we have derived in this appendix, are also valid in QCD (where the internal
photon line gets substituted with a gluon), if we consider the QCD colour factors. Therefore, we
see that eq. (B.83) is consistent with the expression for the two-loop contribution I of the Adler
function given in eq. (A.5), if we take into account the notation introduced in appendix A.
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Appendix C

QCD S-Function and Renormalon
Sum Rule Coeflicients

In this appendix we provide the details on important relations and coefficients needed for the
derivation of the renormalon sum rule described in section 4.3.

C.1 QCD p-Function

First, let us consider the RG equation for the strong coupling a in the MS-scheme for which we
use the convention:
n+1
) . (C.1)

The coefficients of the QCD S-function are currently known up to the five-loop term (4 [60] and,
in the notation used here, they read:

doyg
dInR = ﬁ[as( = _2as Zﬁn (

2
Bo=11— 2 Ny, (C.2)
38
fr=102— 2 Ny,
2857 5033 325
00 PO N, 4 22 N2
b= 8 T N
149753 1078361 6508 50065 6472 1093
= Ay — T ) N N?
B3 + 3564 (3 < 162 Cs) < 162 C3> 99 V1>
8157455 621885 88209
br=—1et 5 G- (4 — 288090 (s
336460813 4811164 33935 . 1358995
— — 3 4 G5 ) Ny
1944 81 6 27
25960913 , 698531 10526 381760
* ( 1944 ST 8T g 9 C5)Nf
630559 48722 1618 460
=26 ) N
+ < 532 oa3 BT gr T C"’) !
1205 152
N?
* <2916 <3> I

In numerical form the coefficients of the S-function are given by,

Bo ~11 — 0.6667 Ny, (C.3)
1~ 102 — 12.6667 N,
B ~21428.5 — 279.611 Ny + 6.0185 N7,
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B3 729243 — 6946.29 Ny 4 405.089 N7 + 1.4993 N},
f I f
B4 ~ 537148 — 186162 Ny + 17567.8 N7 — 231.278 N} — 1.8425 N}.

The general solution of the RGE can be written in the form [48],[51]:

In

Ry . A dog _ o o _ _
Rio B ag B[CYS] B /t1 @ b(t) a G(tO) G(tl)’ (04)

where we used «o; = ag(R;) and changed to the integration variable t = —27/(Byas) with t; =
—27/(Boey;) in the second equality. We find

G(t)=t+b1 — C.5
() + ln( ) ;(k—l)tk_lj ( )
b(t) =G'(t) = — .
()=C) =1+ % (C6)
k=1
where the first few coefficients are given by:
. B
bl - 2/827 (C?)
2 4ﬁ0 (ﬁl BOBQ)v
po_ 1 a3 >
by = —5 (87 — 2808182 + ByB3),
by = 165 5 (B — 38087 B2 + B35 + 2656183 — B a)-
0
Note that there also exists a recursion relation for the coefficients by, [51]):
22 nzﬁ1+1 B -1 (CS)
n+1 2BO Z+27 0o — 1. .
From eq. (C.4) we finally obtain the well-known definition of the scale Aqcp,
Rie®t) = Rpet) = Aqep, (C.9)

that allows us to determine an expression for AN by truncating the series G(t) after the k-term.
In particular, the LL expression for Aqcp is found to be:

27
AQep = Re'® = Re Foos@ (C.10)

C.2 OPE Corrections at NLO

In this part of the appendix we provide a detailed derivation of the NLL expression for the OPE
corrections,

Fo = CT(1) (O(n)), (C.11)

to a generic observable o due to operators of equal dimensions (see section 3.3.1). Starting from
the RGE for the evolution matrix Unpy (i, ¢) in the next-to-leading logarithmic approximation,

d o
dnn Unii(p, 1) = — |diag[7p)] as(p) + g a2(w) | Unre (. 1), (C.12)
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where the matrix ¢ is defined by
g =V 13V, (C.13)
it proves useful to make the following ansatz for the NLL solution:

UnL (s p) = [1+ as(1)S] Urn (p, 1) [1 = as(1) S| (C.14)
— 1 + ag()S] diag[ay()25 /%] M ().

Inserting this ansatz into eq. (C.12), we find:

dUnws (1) _ [11 4 as(,u)S] diag[wg) <— Bo 2y - Blai(u)) (as(10)) 72 /0~ 1] M)

dln Bo 2 8
#5(= B2 - ado) )i (0 ) | 31 (©15)
Neglecting all terms that go beyond the NLL level, we obtain:
) — — i) 1+ (S| ding[75) dinglen)78 /5] 2104 (c.16)
— - ding[)) a2() diaglan() /5] M (i)
0 62) 8 ding g ()27 /0] A1 (1)

— — diag[75)] as(u) [1+ as()S] diag[as ()20 /%] M ()
— ga2(n) diag|as(p)?T0 /%) M ()
a2 (dlag[ ] 5~ S diag[7V)] ) ding [as(1)275 /0] M (4
~ L diag[75)] a2 () ding[ag(u)*T0 /%] M ()
— 0 502 () diag[as(u)?T0 /%] M ()
+ g a2(n) diagas(u)?0 /%] M(Y),

where the first two lines in the last equality reproduce the NLL RG equation given in eq. (C.12),
while all other terms must vanish. This condition yields an defining equation for the matrix S,

diag[7)] S — S diag[74)'] — fﬁlodlag[ 79 - @ S+g=0, (C.17)
whose elements are therefore found to be:
. B1 (1) cij 1 gij
SY = ——yp 0¥ - A 3 . (C.18)
460 (157 =157 — Bo/2) %” 75— By/2)
B Wi i g"
= 5Vp 07 + —.
2 (B/2+ 75" = 75")

In the second line we exploited the fact that the first term in the definition of S¥ is symmetric
under exchange of indices 7 and j. Furthermore, note that in contrast to 'yg) the matrix ¢ will
not be diagonal in general. For more details on the derivation of the RG evolution matrix beyond

the leading order approximation see [44, 45].
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C.3 Derivation of the R-Anomalous Dimension

Exploiting the QCD S-function

dlflR ( in ) = ‘QZ@L <as )n”, (C.19)

it is an easy task to derive the expression (4.17) for the coefficients of the R-anomalous dimension
7o) given in section 4.2.1. Starting from a perturbation series of the form

Opa(R) = —RP <O‘S(§T)B°>a ian <a1(f)>n, (C.20)

its R-evolution equation is then given by

ﬁ 0, (R) = ﬁ { R (260)° g:l o <O‘S4(f)> W] (C.21)
R (280 [Zpan (as )) n+a . g:l(—Z)(a e, 2 5, <Oés4(f)> a+n+j+1}

_pp ( (273 50) [nz%p“nﬂ <a1(:f)> ntl N 2(2)(0[ k4D iﬁj (az(f)) k+j+2]
o (A [ (S8 Fn i (4
- (0" i:% panes - 27;2(1((1 fn ) gy (S

If we now define the R-anomalous dimension as

i OpalB) = R <OCS(§)50>avR[as(R)] _ _Rr <as(3)50>0‘ S .

dlnR " T

we see that the coefficients 7 are indeed given by

n—1

VB = pan —2Z(a+n—j)ﬂj An—j. (C.23)
j=0

C.4 Coefficients S,(Cp) and gl(p)

The coefficients S ,(Cp ) arise in the general solution of the R-evolution equation (4.32) and are defined
via the series:

. B 0 S(P
,YR[t] bt)e G(t)p tp Z tkk+1 (C.24)
k=0

The exact form of the S,(cp ) can be determined by expanding the left-hand side for large ¢ and
subsequently comparing the coefficients for the various powers of ¢t on both sides of the equation.
The first few coefficients read

St — 58, (C.25)
Sip) = f% (bl +pb2)
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S =38 — (b + pby) 37 + [(1 +pb)ba+ 5 (b ”’3)} 0"

Sép) =50 (1}1 +pl}2) 78 + [(1 +pl§1)62+ g(pi?z-HA)S)]:YF
9 2
NS AT Py P i Voo Pp| s
_ £ = 1+ = i’ 2
[p( 2b 5 b2>bg+< +2b1+ 5 b2>b3+3b4:|

~R %]z%
n = 7(2&))71“- (C.26)

where

(p)

The coefficients g, are defined by the series:

eGP e P (— ~bip _ Zg p) —t _l, (C.27)

and can be determined in a similar fashion as the functions S ,(Cp ). Up to O(af) the coefficients g(p )
are given by

a” =1, (C.28)

p
() _P( 72
92 5 pb; bg)
(») _ P =
9" =6 (P b3 — 3p by by + 2b4>

which is in agreement with the recursion relation [51]:

9n+1 ot 1]92 bit2 gn i gép) =1 (C.29)

C.5 Borel Integral

In this section we provide the details on the calculation of the Borel integral (= inverse Borel
transformation) of generic renormalon poles and also discuss the complex ambiguities associated
with IR renormalons.
We first consider the Borel transform of a generic UV-renormalon-type contribution of the
form:
B[D I C.30
[ UV](U) (§+u)1+77 ( . )

with p > 0 and v € R. The corresponding inverse transformation is given by the Borel integral,

® e2tu
Doy (as) = d2Y / L (C.31)
;o (Bt

where we introduced the variable t = —27/(Bpas) < 0 for convenience. Since the renormalon pole
lies outside the integration range, we can easily calculate the Borel integral using the substitution
r=—=2t(p/2 +u):

o

DUV as — d;gV/ du
0

1 — (C.32)
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=ds"e —th( 2t)7/dxe_$:n_1_

7t Y ~
— dy¥ e P (~24)7D(—, ~tp)

2 [ dn \? 2
:d@veﬂoas< ) r<_ , )
P Boos 7 Boas

We stress that —tp = 27p/(Boas) > 0 such that the Borel integral for UV renormalons is defined
unambiguously and does not lead to any ambiguities.

For the discussion of IR-renormalon-type contributions, we consider Borel integrals of the generic
form:

IR
dp

B[Dir](u) = (C.33)

(3-u)

where we now have p > 0 and v € R. In contrast to UV case, the integrand has a singularity at
u = p/2 as well as a corresponding branch cut for v > p/2 and we therefore need to move the
integration contour either above or below the cut. Equivalently, we can also shift the singularity
into the complex Borel plane by means of the ‘i’ prescription, i.e. p — p + ie. Forcing the
singularity into the lower half-plane (p = p — i€), which corresponds to taking the integration
contour above the cut, yields:

[e.9] o0

Dir(as) = d® / d e R / d e (C.34)
IR\Os) = u = U .
b (B —u—ie) s o(147) In (5-u—ic)
0
® 2tu 0 92— * 2tu 9 2
:d]IDR/du (p/H“ /du s p/H),
(-w) " —(w= )
0 0
where in the second integral of the last line we used:
In(xz £i€) =In|z| £ir for = <O0. (C.35)

The integrals in the second line of eq. (C.34) can be calculated similarly to eq. (C.32). We finally
obtain:

Din(as) = —dif ™ P (~21) T, ) (C.36)

o —z2me A\ 2mp
:_dIRem'ye Boas ( ) I‘(_ ,— )
P Boas v Boas

En(z) =2"'T(1 — n,z), (C.37)

Exploiting the identity,

one can also express this result in terms of the exponential integral E,(x):

2\7 _z2= 2
DIR(OtS) = —d;R <p> e Boo‘ps El_:,_'y( — 71'])) . (C.38)

Boos

Instead of pushing the singularity into the lower half-plane, we can also choose p = p + ie which is
equivalent to moving the contour below the cut. In this case the Borel integral is given by,

2w p
2\7 _2rp 2T p e Poos 4w\
Din(as) = —d® (2) e oo B 2 : C-39
1R (0s) P (p) € 1+7< ﬁoas> m L(1+7) (500@) ( )
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which differs from (C.38) only by the discontinuity of the branch cut.

In order to find an expression for the ambiguity caused by IR renormalons, one can easily compute
the imaginary part of eq. (C.38) or (C.39) and take the outcome as an estimate for the correspond-
ing ambiguity. For v = 1 we can also directly calculate the imaginary part of the Borel integral
using the well-known Sokhotski-Plemelj theorem:

. 1
lim .
e—0 T * 1€

_ Pv(D T im 8(). (C.40)

The ambiguity for arbitrary v € R is found to be:

o0

e2tu
o (5 —u)
T Gl L e <47T >7
= i - ™ 9
L(1+7) L(1+7) \Boas

where the positive sign refers to the case of moving the integration contour above the cut, while
the minus sign denotes the solution for moving the contour below the cut.

C.6 Relation between R-Evolution and Borel Integration

In this part of the appendix we establish the connection between R-evolution and the (inverse) Borel
integration by means of a variable transformation from the R-evolution variable t = —27/(asfp) to
the Borel parameter u. In the following we will only focus on IR renormalons, but similar relations
for UV renormalons can also be found.

Starting point for our derivation is the solution of the R-evolution equation given by (4.30) in
section 4.3.1:

Opa(R1) — Op.al QCDZS / dt (—t) b=kl o~tp (C.42)

Recall that in order to obtain an expression for the Borel transform carrying the information of
an O(AQCD) renormalon we need to restore the IR renormalon ambiguity in the solution of the
R-evolution equation by taking the limit,

lim tp = oo. (C.43)

Ro—0

Using the relations (4.15) and (4.16) we then obtained (tq = —27/(Boas(Q))),

Co(Q) ~ (—to)* [1+4eWa(Q) +16 P T2(Q) + ... ] [pa(Q) — 0.0 (0)], (C.44)

1
Qr
where the right-hand side only contains the u = p/2 renormalon contribution of Cy. According to

(C.42) the perturbative series of the leading term (i.e. neglecting the corrections ¢! and ¢ in
(C.44)) is given by,

_C;p (_tQ)a [ep,oz(Q) - ap,a(o)] = (0'45)

p ~
_ AQCD tQ Z S / dt —a—bip—k—1 e—tp

_ etQp Z Z gl(p)) S}gp) (_tQ)aJrlAnpfl /oo dt (_t)fafi)lpfkfl eftp’

1=0 k=0 tqQ
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where in the second equality (C.9) and (C.27) were used. The integral on the right-hand side
can now be written in the form of a Borel integral by changing the integration variable to the

u=—p(t/tq —1)/2:

1

_@ (_tQ)a [ep,a(Q) - gp,a(o)] = (C.46)
e —a—bip—k 7 2tqpu
— ) o(p) L \—l—k e“lQp
— ;kz:o g p)) S\P (p) (—tq) O/du = u)1+a+£1p+k.

Note that the upper limit of the integral is v = +o0, since tq < 0 for @) > Agcp. The remaining
task is to prove that the Borel transform on the right-hand side of (C.46) can be rewritten in terms
of the analytic Borel transform By(u) in eq. (4.46) of section 4.3.2. To that end we rearrange the
terms in the Borel integral using integration by parts,

o0

ik Qtqu
(—tq) /du - 1+7+k (C.4T)

0 2
Yk, N~k o N—l—k+1 F 2tqpu
:_<2> (—tq) +2( tq) /du e ~
) S B s B e TR o

where we introduced v = 04+51p to simplify the notation in the following. Repeating this procedure
for the Borel integral (I + k)-times yields:

o0

ik e2tqu B
D)
k - —I+1 _
_ <2>’Y+ (—tQ) -k gtk g v+ (—tQ) 1
p (v + k) p e
'Ho (v+k—1)
=
2l+k ° 2tqu
T z+k 1 . /d“ (& - 1+~,—z'
(y+k—1)0
i:O

The products in the denominators on the right-hand side can be conveniently organized in terms
of I-functions by multiplying the equation above with 1 =T'(y + k)/T'(y + k):

o0

2topu
-k e”’Q L(y+k)
(—tq) /du )T TR (C.49)
0 2
k —l+1
- _ <2>V+ Ty +k) (—to) ik — ... — btk <2>V T Lty -0) (—tq) !
P P1+~y+k) " ¢ p T(l+y+k) " °
1 oltk F(l4+~vy-1) /du e?tqpu
F(14+~v+k) ( _u)1+7—l
0 2
I+k —l+j : s u
= > ot <2>W " M(_t )~ _|_2l+k Il+~-1) /du e?tap
=1 P PL+y+k) - ° L(L+7+k) )
= 0
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Next, we rewrite the polynomial terms in (—tq)™" ~ aof (Q) as Borel integrals of polynomials in u
which amounts to the replacements (—tq) ™"~ r — 2 (2u "/T'(n+1) (see eq. (4.42) in section 4.3.2):

[e.e]
2tqopu
L \—l—k e”'Q Ly+k)
(~ta)* [ du TR (C.50)
0 2
00 I+k a4 . :_
— /duthQp’u, F(1+’}/—l) 2l+k _222l+k 7 <2>’Y B F(]+’y_l) (2u)j !
PA+y+E) (2 )t A p (145 +k) ()
0
Inserting this expression into eq. (C.46) finally yields,
1 [0}
~or (—ta)” [0pa(Q) — 0p.a(0)] = (C.51)
— /du e2tqru i S}i k+a+b1p Z g AChilhs b1p —!) 2_0‘_5”}“
/ o Nl+a+ blp —u) Ltatbip-1
l+k—1

T(14j+a+bp—1pthit
B WIS . —— ()’
P o TP+a+bip+k)I(G+1)

[e.e] 0o

— [ que2taru | poir F( a+ (;1]9 —1) 2—a—131p+l + i (p) Q(p)
N p/2 gl » 1+a+bip—1 9 i
0 =0 (5 —u) 1=0

)

which agrees precisely with the expression of the analytic Borel transform By(u) given in eq. (4.46)
in section 4.3.2. We stress that the second term of the Borel transform including the functions
Ql(p ) represents the the series expansion of the singular terms in the Borel transform up to order
uF+1=1 (see discussion in section 4.3.2 below eq. (4.50)).

For the subleading terms in (C.44) we have to consider series of the generic form,

o (—t0)*al(Q) [0p,a(Q) — Op,a(0)] = o (280) " (—tQ)* " [0pa(@) — 6pa(0)] = (C.52)
e ) o (2Y T [ . ear
= (260) lz:; kZ::O g Sy <p> (—ta) O/d (2 u) Ltotbipih’

Repeating the manipulations above with the substitution I — [ + n one obtains,

—C;p (260) " (—t0)™ " [0pa(Q) — pa(0)] = (C.53)

:/dUGZtqu Qﬁ Zs(p
0

ke+o+b 0
D a-+01p Zgl()r(1+a+b1p—l—n)2_a b1p+l+n

1+a+l§1p)l 0 (p_u)1+a+blp I=n

2
00 () I+n+k—1 . 2 ntk—i—
Yy sy T L,
= F'l+a+bip+k)I(j+1)
[ 1+a+b1p—l ) —ab ) )
2 u —n e a—b l+n

/due o (250 Pp/;RZ )1+a+blp l—n 2 e +Zglp Qlﬁl ’
0 (5 —u 1=0

which is also in line with the formluae for the analytic Borel transforms By, (u) in eq. (4.57).
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C.7 Perturbative Coefficients of the Adler Function in the Large-
By Approximation

In this part of the appendix we derive analytic expressions for the series coefficients of the Adler
function discussed in section 5.1. For the subsequent analysis the following notation will be used:

dII(p?) ~
2 2 _ 2
e D(p°) =4nm dIn p? =1+ D(p?),
~ ° asB n ° g\ ™ n
hd D(p2) = Zdn < 471'0) = Zan (E) = anp = ﬁo dn, (C54)
n=1 n=
D)= [ due 2% B[D)(u).

In the large-8y approximation the Borel transform of the Adler function can be written in the
closed form [28§]

N —u ] k
B[D](u) = ;’i ( eC) — Z a _%2)2, (C.55)

k::2

where C' denotes a scheme-dependent constant. (C'= —5/3 in the M S-scheme.) In the following
we will set 2 = —p? and work in the renormalization scheme in which the constant C' vanishes.
Using partial fraction decomposition one can separate the individual contributions of the various
renormalon poles and rewrite eq.(C.55) in the form:

B@mw_i{z (C.56)

gi 2k +1 L k
3 4k2 (k+1)2 (u+k—-1) (k+1)(u+k—1)2

2k —1 1 k
T o2 (ukl)_(k:l)(ukl)?] '

The sum over k includes all IR and UV renormalons except for the simple pole at u=2. For
later convenience it will be useful to further decompose this sum into two different parts, one
which contains the information on the IR renormalons and another one which comprises all UV
renormalons:

BID)(u) = 1{2 = (©57)

32 — —k+l T _9p 43 1 (—k+1)
T3 Z 4( l<:+1 [(—k+2)2 (u—k)+(—k+2)(u—k)2]

32°° DL 26-3 1 k—1
+3k234 [ —2)2(u—k)_(k—2)(u—k:)2]}'

From the two sums over k we can easily read off the coefficients of all simple and double poles
contained in the Borel transform. To obtain an analytic expression for the coefficients a,, of the
Adler function given in (C.54), we use the generalized binomial theorem to express the contributions
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of the renormalon poles in terms of infinite series:

BID)(u) = iZUN{;n (C.58)
n=0

32 o= (—1)7k+ 2%+3 1 (k+1) (n+1)
3]2_: 4(—k+1)2[_ (k122 kil (kt2) ko2 ]

32 n (- [2/.3—3 1 k-1 (n—l—l)]}
( .

324k -0 (k22 Il | (k—2) k2

Subsequently performing the inverse Borel transformation according to (C.54) yields,

. o0 Qs n+1
D(Q) = g‘ogn! (W) {21” (C.59)

32 (DU %43 1 (<k+1D) (1)
> itae |

* Rr 2 T (Cht2) kel

3 4~ 4(-k+1)
32 ()1 [2k-3 1 k—1 (n+1)
_Ek:34(k—1)2 [(k—2)2 it T (k—2) kn+2 }
R as(Q) B\ | 1
_50;(71—1)!< g 0> {in

_l’_

32 = (—1)7kH —2k+3 1 (—k+1) n
5 2 T | e E T s

32 n (-t [(%—3 1 k-1 n ]}

3 = d(k—1)? k—2)2k7+ (k —2) kntl

As one can see, it is possible to express the coefficients d,, of the Adler function in the following
form;

ap = ai:(l) + i [aﬁm»(l) + aﬁm»(?)] + 21: [aﬁuvy(l) + aﬁuv»@)]’ (C.60)

where the superscript in parentheses denotes simple (1) or double (2) poles. Recalling that a,, =
B¢ dn, the individual coefficients are found to be:

4 (n—1)!

27(1) — n\" -/

®a, %o Bo =T
° aﬁIRv(l) — 4 32 B (~DFm 2k —3 (n—1)!

Bo 37 4k — 1)2 (ki —2)2  kn,
bma(2) 4 32 (—DF®r (ke —1) n!
Bo 370 Ak —1)% (kx —2) ki
4032 (—=1)~Fov kv +3 (n—1)!
" Bo 37 4(=kov +1)? (=kyv +2)2 k1,
@ 432 (=) Fovtl (ko 4+1) nl
Bo 3 A(—kuy +1)? (—kov +2) K

(C.61)
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Appendix D

OPE of the Adler Function

This last appendix is dedicated to a thorough investigation of the dimension-4 and dimension-
6 operator corrections in the OPE of the Adler function in the large-5y approximation. The
subsequent analysis is divided into two different sections. In the first one we collect the results
for the coefficient functions of the gluon and four-quark condensates distributed throughout the
literature and check whether the structure of these contributions in the OPE can be reproduced
by the analytic expression of the Borel transform derived in section 4.3. In particular, we want
to study which four-quark operators are connected to the simple and double pole structure of the
u = 3 renormalon in the large-fy Borel transform (3.18).

In the second part we present a detailed leading order computation of the coefficient functions
using the expansion-by-regions method.

D.1 Adler Function Revisited

The OPE of the Adler function and its connection with IR renormalons has been discussed ex-
tensively in section 3.3.1 and will not be reviewed in the following. Here, the important point to
remember is that the relevant quantity in the QCD analysis of hadronic 7 decays is given by the two-
point function of flavour non-diagonal vector and axial-vector currents, J,Y / A(a:) = [wy,(vs)d](x),
of massless quarks [61],

1% () = i/dx QT (@) 1A 0)T} ) = (quaw — ) 1A (6P). (D.1)

where |Q) denotes the full physical vacuum. In the Euclidean region (Q? = —¢? > 0), the concept
of the OPE then allows one to organize the scalar correlator IIY/4 in a series expansion in inverse
powers of Q? [61]:

7 . 7

<Oé?>4(“) Y (1, Q2) <022>6(“) T (D.2)
where (O) represents the vacuum matrix elements of the operators arising in the OPE. Both,
the coefficient functions and the local matrix elements, depend on the renormalization scale p,
while only the coefficient functions additionally depend on the momentum . In the chiral limit,
the contributions from vector and axial-vector currents coincide for the purely perturbative QCD
correction Cj as well as for the dimension-4 term, which in this case reduces to a single operator
given by the gluon condensate <waGa7"”). The coefficient functions of the gluon condensate and
other operators in the OPE of current-current correlators have been calculated at leading order
for the first time in [40] and computations beyond leading order can be found e.g. in [62, 63]:

" 4(Q%) = Coln, Q%) + Ci(p, Q%) +

Cy (04) = % [1 - % O‘S;Q)] (Zap,Gmm). (D.3)

Besides the gluon condensate, we are mainly interested in investigating the dimension-6 corrections
to (D.2), which consist of the three-gluon condensate ( fachwab’”p GP*) and a set of four-quark
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operators. However, since the three-gluon condensate does not contribute at leading order, we
will focus our study on the four-quark condensates only. The next-to-leading order results for
the coeflicient functions of the four-quark operators were calculated in [64] and for Ny = 3 light
flavours and N, = 3 colour degrees of freedom one obtains (in the MS-scheme) [65],

Cli (01 = —4na { (ig L5 L) (09 + [2 + (fg +2 L) ] (09) + (E 4 §L) (O

2 37 95 35 )

+ < 7 +27L)aS (Og) — <811 227 )as (07>} (D.4)

for the vector correlation function and,
Aji )i 8 9 55 5 1 2

2 37 95 35 )

TR e

for the axial-vector correlator. In egs. (D.4) and (D.5) we used as = as(p) /7, L = In p?/Q? and the
occurring operators define a subset of a complete basis needed for their one-loop renormalization’
[61]:

Oy = (H'yMT“dE’y“T“u) , Oy = (ﬂ’yudafy“u) ,
09 = (W ysTddytsTu) . 0% = (Tyuysddytysu)
O3 = (W, T u + dy, Td) Y (¢y"T"q),
q=u,d,s
O4 = (WyysT u + dyysTod) Y. (gy"ysT%)
q=u,d,s
Os5 = (uyuu +dyud) Y (@7"q),
q=u,d,s
Os = (wyysu+ dyysd) > (@ s49) (D-6)
q=u,d,s
O7= > (qwT%) > (7+*T%q),
q=u,d,s q'=u,d,s
Os= > (qvsT%) > (@y"sT),
q=u,d,s q'=u,d,s
Oy= > (qwe) > (@"d),
q=u,d,s q'=u,d,s
Ow= > @una) > @ywsd).
q=u,d,s q'=u,d,s

D.1.1 Analytic Borel Transform and Structure of the Coefficient Functions

Our main concern in this section will be to establish the connection between the higher-dimensional
operator contributions to the OPE of the Adler function and its Borel transform given by the
analytic R-evolution expression (4.46). More specifically, we want to study whether the general

!The discussion of the dimension-6 four quark operators in this section is based on [61], in which the leading
order anomalous dimension matrix is calculated and its influence on the pole structure of the corresponding u = 3
IR renormalon is studied.
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formula,

. 2 T +b -0 .
By (u) = —RY {P‘“R FORCRL AL I PR (D.7)

p/2 P ! (g . u) 14+bipt+a—1

allows one to reproduce the correct structure of the v = 2 and u = 3 renormalons provided that
the operator corrections (D.3) and (D.4) as well as the corresponding anomalous dimensions are
given. To that end, it is once again useful to consider the large-8y approximation of the Adler
function, where the pole structure of its Borel transform is completely known (see eq. (3.18)). In
particular, the Borel transform consists of a linear pole at v = 2 in this limit, whereas the u = 3
renormalon has both, a linear and a quadratic pole. The u = 2 singularity obviously corresponds
to the dimension-4 gluon condensate and the question arises which four-quark operators are con-
nected to pole structure of the u = 3 renormalon.

Before we proceed, let us reflect about the form of eq. (D.7) in the large-y approximation (see

(5.7));

l1+a)27®

. I‘(
sing o a,IR
ByE(u) = R poit UL (D.8)
(5 —u)
o by .
Bo a

From the simple and double pole structure of the Adler function Borel transform we can infer that
the parameter « is either zero or one. Therefore, since J; > 0, 2782 /Bo? needs to be either zero
or takes on negative integer values:
(1)
2'yD7 i
Bo

It is not at all obvious why we observe this behaviour in the large-3y limit, but the crucial point is
that we can predict these values because we know the pole structure of the renormalons in the Borel
transform. According to eq. (D.8) the pole structure of the singular terms in the Borel transform
is completely determined by the leading order anomalous dimensions of the operators in the OPE
and the leading powers in ag of the associated Wilson coefficients, but does not depend on the
purely perturbative coefficient Cjy. This is a remarkable fact: only the normalization of the singular
terms, i.e. the renormalon sum rule PI‘;‘/B, relies on the knowledge of the purely perturbative QCD
corrections, but as long as we are only interested in the pole structure of the Borel transform we do
not need to have any information on Cy. This is also in line with the assumptions on the physical
Borel model made in [14]. From the generic form of a term in the OPE and renormalisation group
arguments one can deduce the position and structure of an infrared renormalon pole correspond-
ing to an operator Oj, but it is not possible to predict the normalization (i.e. the residue) in this
way. R-evolution and the renormalon sum rule provide us a handy tool to determine these residues.

=0,-1,-2,-3... . (D.9)

Given the possible values of 5j and vg)j in the large-By approximation, we are now in the po-

sition to investigate the generic form of the corresponding terms in the OPE of the Adler function.
For this purpose consider the general expression (3.48) for an OPE contribution due to a set of
operators of equal dimension (as = ag/7),

Fo=)_ C’](,O) (aS(CQ)
J

2Recall that Sj gives the leading power in as of the coefficient function corresponding to the operator O; and

8j+2’787)j/ﬁ0 A(l) S .
) [1—1—(15(@) T4 | 7 (OL(A)), (D.10)

’y(Dl,)]. denotes the leading order anomalous dimension in the diagonal basis (see section 3.3.1 for more details).
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where ¢ denotes an arbitrary constant that will be irrelevant in the following®. The large-So
approximation of the Adler function is associated with the set of bubble chain diagrams which
contain any number of fermion bubble insertions into the internal gluon line (see Fig. 3.1). Thus,
assuming that the coefficient functions are given in the form (cf. eq. (3.46)),

N [e.9]

C1(Q) = a(Q) Y& a(Q), (D.11)

n=0

we can decompose the perturbative coefficients ég-n) according to,

& = pdy 4l Ny o1 N, (D.12)

where the contributions 74, with the largest power of N ¢ can be obtained from the calculation of

bubble chain diagrams. Inserting this decomposition into eq. (D.10) yields,

1+ as(Q) (r{O + r{le) ¥ ] A1 (O3 (A)), (D.13)

; as(Q) 8j+2’Y(Dl37'/50

Ro-yh(t) |

J
where, depending on the values of 3]- and 'y(Dl’)j, each term in the expansion will contribute to a
specific IR pole in the Borel transform of the Adler function. In particular, we find that terms
~ (asNy)™ contribute to simple poles, while terms of the form ~ (asN¢)" Ny give rise to a double
pole structure. Other contributions, such as as(asNy)™, will not lead to any singularities in the
Borel transform.

In order to make our analysis more concrete, let us eventually consider the coefficient functions of
the gluon condensate and the four-quark operators given in the previous section and check whether
our findings are consistent with these results.

Starting with the gluon condensate, we first take a closer look at its coefficient function given
in eq. (D.3). Since one power of ag is part of the matrix element, we have that daq = 0 in this case.
Moreover, we already know that the leading order anomalous dimension of the gluon condensate
vanishes in the large-f8y approximation (see [27]). Therefore, according to our expansion (D.13),
the coefficient function can be cast into the generic form,

04 ~ T00 ag(Q) 1+ aS(Q) (1"10 + T‘HNf) + ..., (D.14)

where the term ~ 719 as(Q) does not yield any singularities in the Borel transform, whereas the
second term ~ 711 as(Q)Ny contributes to a simple pole. This pole structure is precisely in line
with the known structure of the u = 2 renormalon in the Borel transform of the Adler function
given by eq. (3.18).

For the investigation of the pole structure of the u = 3 renormalon, we first need to deal with the
anomalous dimension matrix of the corresponding four-quark operators in (D.6). The calculation
of the anomalous dimension is quite standard and results can be found e.g. in [66, 67]. Here,
we follow primarily the discussion in [61] where the leading order anomalous dimension matrices
for the V + A and V — A cases have been studied. Since the vector and axial-vector current
contributions to Cy coincide, the purely perturbative QCD corrections in the V' — A case cancel
and consequently no renormalon ambiguity emerges. Hence, we are only interested in V + A and
for the closed set of operators (09,07, 03,04, Og, O7, 08,09, O19) the leading order anomalous

3In the derivation of the R-evolution equation in chapter 4 the constant ¢ was set to ¢ = 2/Bo.

96



dimension matrix for N. = 3 colours takes the form [61],

2 1
-1 2 -1 0 o0 0 0 0 0
3.0 2 0 0 0 0 00
N 8 5 2 2

0 0 F-% 1 3 3 0 00

2 113 1 2 1 1

2 -3 3% —1 3 ~—1 -1g33
W=lo o L o o0 0 0 0 o, (D.15)

2N 85 5 2

0 0 0 0o o0 =t-% 3 o Z

41 9 2

0 0 0 0 0 a9 2

0 0 0 0 0 2 300

0 0 0 0 0 4 0 0

where the operators 0% and O% are defined as [61]:

0% = 0% + 0%, 0% = 0} + 04 (D.16)

The anomalous dimension in the form (D.15) is especially convenient for our purposes, since the
explicit dependence on Ny allows us to easily connect to the large-fy approximation and address
the question which four-quark operators are connected to the simple and double pole structure of
the u = 3 renormalon.

If we take the large- N limit of (D.15) and use the replacement rule (3.15) to obtain the large-3y
result, only two entries of the anomalous dimension matrix remain on the diagonal corresponding
to the operators O3 and Oz, respectively:

WD = Do 2 = — gy, (D.17)

These two operators will be responsible for the pole structure in the Borel transform of the Adler
function. For the operator O3 we find 27(013) /Bo = —1 and since its coefficient function starts

at order oy (i.e. 6o, = 1), we can exploit the findings in (D.14) to argue that this operator is
connected to the simple pole at u = 3.

For Oy, on the other hand, we have 27(017) /Bo = —2 and looking at the generic form of its coefficient
function,
50,2
Co, ~ 130 as’T 1+ as (TIO + rLNf) +..., (D.18)

we expect 507 = 1 in order that the operator contributes to the double pole in the Borel transform.
However, from (D.4) we see that the coefficient function Cp, starts at O(a2) which only gives rise
to a simple pole structure.

At first sight the analytic Borel transform (D.8) seems to contradict the form of the four-quark
condensate corrections in the OPE of the Adler function, but going back to the very beginning of
the derivation of (D.8) the inconsistencies can easily be resolved. At the end of section 3.3.1 we
started out from a generic OPE term of the form,

Fo = C{ (), (D.19)

and argued to work in an operator basis in which the leading order anomalous dimension matrix
is diagonal,

75 =v{Pv. (D.20)
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2 M
(a) (b)

Fig. D.1: Exemplary leading order diagrams relevant for the computation of the
gluon condensate (a) and the four-quark operator Oz (b).

Here, fy(Dl) contains the eigenvalues of y(j) on its diagonal and the transformation matrix V is used

to construct the new operator basis:

Fo = C} (Os) = CLVV " (O) = C{ , (Os,p), (D.21)
(O6,0) = V" (Os),
Cip=ClV.

Solving the RGE (3.41) to resum the logarithms in Cg, the OPE term can then be cast into the
form of eq. (D.10). Thus, we see that the inconsistencies in our investigation of the four-quark

operators originated from the fact that we naively took the large-N; limit of ’ysrl) without first

changing to the diagonal basis. This is the crucial point: only the eigenvalues of 'ysrl), i.e. the
entries of the diagonal matrix *yg), enter in the analytic Borel transform (D.8), but we cannot
simply consider the large- Ny limit to achieve a diagonal form of the anomalous dimension matrix.
We need to do the diagonalization properly such that the structure of the coefficient functions in
the new basis is adjusted appropriately and only then we can take the large-N; limit.

If we consider once again the anomalous dimension matrix in (D.15) and perform the diagonal-
ization, we will find that the coefficient function of O7 receives additional contributions from other
operators, including O3 and Of, with the result that the operator combination in the diagonal
basis corresponding to the eigenvalue —f3y has a coefficient function starting at order as. This
then leads to the expected double pole structure of the u = 3 renormalon in the Borel transform
and, furthermore, shows that the dou?l)e pole contribution is connected to the off-diagonal entries

1

of the anomalous dimension matrix v ’.

At the end of this section, we want to discuss a subtle issue that arises in the investigation
of the dimension-4 and dimension-6 operator condensates and their coefficient functions. If we
compare the matrix elements we notice that in the case of the gluon condensate one power of ag
is part of the matrix element, whereas for the four-quark operators the information on the strong
coupling is completely contained in the coefficient functions. It seems there is some freedom in
the definition of the matrix elements and the question arises if it is possible to move powers of ag
between the condensates and their coefficient functions.

To resolve this issue, let us have a look at Fig. D.1 which shows the leading order diagrams for
the coefficient functions of the gluon condensate and the four-quark operator Os. In both graphs
the hard momentum ¢ enters through the left current and exits on the right-hand side without
passing through the gluon lines. Thus, the gluon lines are soft and it is reasonable to include the
corresponding factor of ag in the definition of the matrix element, as is done for the gluon conden-
sate. For the operator Os, on the other hand, the factor of ay is part of the coefficient function

4The O(as) contribution to this coefficient function will be actually proportional to 1/N; and would again vanish
in the limit Ny — oco. However, we can factor out this 1/Ny-dependence into the coefficient ¢© of (D.10) and in
the derivation of our analytic Borel transform expression this coefficient cancels (cf. eq. (4.9)).
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which seems to be inconsistent. In this case, however, the anomalous dimension matrix given by
(D.15) has exactly the appropriate form needed such that the Os-condensate correction in the OPE
is still in line with the u = 3 renormalon structure in the Borel transform of the Adler function.
Hence, depending on the definition of the matrix elements, the anomalous dimension matrix will
always be adjusted properly. So, if for example one power of ay was moved from the coefficient
functions of the four-quark operators into the matrix elements, the anomalous dimension matrix
would change accordingly in order to be still consistent with the renormalon structure of the Borel
transform.

D.2 Leading Order Computation of the Coefficient Functions

The second part of the appendix provides a detailed leading order computation of the coefficient
functions of the gluon condensate and some four-quark operators that belong to the complete basis
given in (D.6). As already mentioned, the leading order results for the operator expansion of vari-
ous currents can be found in [40] and [42], where diagrams like the ones in Fig. D.1 are calculated.
In this section we reflect upon these computations and show in detail how the coefficient functions
of the condensates can be obtained from an asymptotic expansion of the Feynman integrals related
to the leading order diagrams depicted in Fig. 3.1 (i.e. the diagrams with an exchange of a simple
gluon line).

To begin with, let us briefly review the operator product expansion of the Adler function and par-
ticularly discuss how the non-perturbative condensate corrections arise in this framework. Starting
point for the investigation of the OPE in section 3.3.1 is the vacuum polarization induced by T-
ordered products of vector and axial-vector currents. At large Q?, in the asymptotically free
regime, as(Q?) is numerically small and standard perturbation theory can be applied. As we move
to larger distances confinement effects become sizable and the asymptotic freedom starts to break
down. This breakdown is typically reflected by the appearance of non-vanishing vacuum expec-
tation values (condensates) of higher dimensional operators due to non-perturbative effects that
change the nature of the QCD vacuum?® [42]. The emergence of these matrix elements signals that
the free particle propagators are modified strongly at large distances. Therefore, the propagators
cannot be reliably described within perturbation theory and it is assumed that they are related
to soft non-perturbative fields in the vacuum. This observation is key to the understanding of the
computation in this section.

To become more concrete, let us consider the diagrams in Fig. D.2 and investigate how the
emergence of the gluon condensate is connected to soft gluon lines. First, assuming that all quark
and gluon lines carry a momentum of order ¢, the purely perturbative contributions to the vacuum
polarization function can be calculated by applying the usual Feynman rules. However, it is also
possible that the large momentum is carried only by the quark lines, while the gluon is soft. In
this case we run into problems, since the soft gluon line cannot be described any longer by the
perturbative form for its propagator. In order to account for the non-perturbative gluon fields we
need to introduce a new unknown parameter given by the vacuum matrix element of the gluon
condensate®. Diagramatically, this situation is shown on the right-hand side of Fig. D.2. The
crossed blob contains the hard quark lines and currents at short distances where everything is
computable, while the gluon line is soft and constrained to start and end at the same point. This
soft gluon line is then substituted by the gluon condensate. At this point the natural question
arises how we can make sure that only long-distance physics is contained in the definition of the
matrix element. To that end, we have to evaluate the gluon condensate in perturbation theory
and subtract this contribution from the perturbative calculation of the diagrams on the left-hand
side in Fig. D.2. How this is done in practice, will be shown in the computation below.

Returning to the problem of soft non-perturbative fields, we can also study how other oper-

®Note that these vacuum expectation values vanish per definition in standard perturbation theory.
%In connection with soft gluon lines, the gluon condensate represents the simplest expression compatible with
Lorentz and gauge invariance (see discussion in section 3.3.1).
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Fig. D.2: Momentum routing for the one-gluon exchange diagrams that gives rise
to the gluon condensate in the OPE of the Adler function. The crossed vertex in the
diagram on the right-hand side contains all hard quark lines and the currents and
only the gluon line with momentum k is soft. This soft gluon line is substituted by
the vacuum matrix element of the gluon condensate.

ator condensates in the OPE of the Adler function are characterized by different routings of the
large momentum ¢. In Fig. D.3, for instance, we consider the same diagrams with a single gluon
exchange, but this time we have two soft quark lines that will be related to the matrix element of
a four quark-operator.

In the following we are going to compute the diagrams for various momentum routings and
demonstrate how the coefficient functions for the resulting operator condensates can be obtained.

D.2.1 Gluon Condensate <%GZ,,G“’W>

Starting with the gluon condensate, we consider once again the diagrams in Fig. D.2. Since we
already know that the gluon condensate is connected to soft gluon fields, we choose the momentum
routing in such a way that only the momentum k of the gluon line is soft, while the other loop
momentum [ of the quark bubble is of the order of the large momentum ¢. Before we deal with
the calculation of these diagrams, let us first take a closer look at the perturbative expression for
the gluon condensate represented by the one-loop diagram on the right-hand side of Fig. D.2. In
d = 4 — 2¢ dimensions the T-ordered product corresponding to this graph is given by,

(G4,G¥") = (0] T{GS, (x) G (x)} |0) (D.22)
=2 [ (0] T{(9,A47) (2" A™")} |0) — (0] T{(9u A7) (9" A*)}|0) ]

B _2,/ d% [ dE*6% 6k kY 6o

T e k210t k2 + 0]
dek k2

=-2i(d—1)(N*>-1

Z(d )( c )/(27T)d [k?2 +’LO+]7

where we did not cancel the k2 in the numerator to emphasize that this factor is due to the
derivatives in the definition of the gluon field strength G,

Using this expression for the gluon condensate we can now compute the diagrams on the left-
hand side. For the amplitude of the first graph (a) we obtain,

W _ d?k ddz Te [y 1y (L+ Ky U+ E+d) v (L +8)]
MY =92 Cr Ca it d// 2 P P10+ B2 [0 + 07 [0+ %+ 07
—omiay (N2—1) it d//dk ddz Tr[v“lvp(lﬂé) VA E+ D)y (L +E)]

= amias (e Bl L [0+ 085 [+ 0y [+ k+ iy

(D.23)
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where we introduced the notation [p?]+ = [p? + 0] and used Cp = (N2 —1)/(2N,), Ca = N,
in the second line. Comparing the dimensions of the loop integrals in (D.22) and (D.23) in d = 4,
we find that the two expressions are not compatible with each other. While the gluon condensate
displays the expected four dimensional form, the dimensional analysis of (D.23) gives rise to a
dimension-2 operator condensate. Thus, in order to obtain the contribution corresponding to the
gluon condensate we need to expand the integrand in (D.23) in the soft gluon momentum and keep
only those terms which are bilinear in k. Performing this expansion generates all possible terms
containing two powers of k in the numerator and subsequently applying the substitution,

1
Kk kP — - g*PK?, (D.24)

allows us to factor out the perturbative expression for the gluon condensate in (D.22). In particular,
this reveals that the colour factor of the amplitude in (D.23) is not part of the coefficient function,
but is rather contained in the definition of the matrix element. Finally, we can perform the
integration over the loop momentum ! and in the limit d — 4 we obtain,

. v 1 qu qu 3 /1'2 1 s ~a ~a,uv
i s () e e o

where we already included the factor ag/7 in the definition of the matrix element. The very same
procedure can now be applied to the other two diagrams in Fig. D.2, leading to:

; 2
0 [ (6 AN (26, o)
.ZMb = (q2)2|: 79 <6+7+6h’1< q2>) 12(] guy ﬂ_G,u,yG 9

, 6 9 . (D.26)
IANMY ¢ qp v e 1 _& _ =2 <% a a,,ul/>
o M~ (q2)2 =\ +7+61In 7 150 9w - GG .
Adding the contributions of all three diagrams we eventually obtain,
2
H“V — M“V—{—M“V +M“V — (Qu ql/ q gﬂl/) <%Ga Ga,;tl/>’ (D27)
a b C 12 (q2)2 T pv

which is consistent with the transverse structure of the vacuum polarization tensor in (D.1) and
gives the correct leading order result for the coefficient function of the gluon condensate (see eq.
(D.3)).

D.2.2 Vector Octet Operator (Of)

Next, we want to study the coefficient function of the vector octet operator Of, = (ﬂwT“d E’y“T“u)
given in (D.6). For this purpose, we consider the diagrams depicted in Fig. D.3 where we now
have two soft quark lines that give rise to a four-quark condensate. Note that for the calculation
of the coefficient function we need to take into account all possible routes of the large momentum
g which lead to the same form of the matrix element represented by the diagram on the right-hand
side. In particular, this means that diagrams (a) and (b) are not equivalent topologically and both
need to be accounted for.

Following the logic of the investigation in the previous section, we first start with the pertur-
bative computation of the matrix element for Of, which, to lowest order, is given by:

(W, Td dy"T ) = (0| T{(uy,T*d) () (dy"T"u)(z)} |0) (D.28)
dk ddl (=1) Tr [if vy il v*]
‘””ﬁ L

—2(2- // d?k ddl ]k'[ﬁzh

In d = 4 this matrix element leads to a dimension-6 expression for the four-quark operator Of, and
in order to be compatible with this result on dimensional grounds, we again have to expand the
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Fig. D.3: Diagrams relevant for the leading order computation of the operator OY;.
One needs to take into account all momentum routes with two soft quark lines that
lead to the same form of the matrix element on the right-hand side.

propagators in the diagrams on the left-hand side in the soft quark momenta. This time, however,
we need to do the expansion consistently in both soft momenta, k and [, keeping only those terms
that are either linear in k£ and [ or bilinear in k or bilinear in . Of course, this step again generates
a lot of terms, but luckily, all contributions bilinear in k or [ cancel leaving only the terms linear
in both momenta’. Finally, we can perform the substitution,

1
k1P — 896“5 (k- 1), (D.29)

and factor out the definition of the matrix element given by (D.28) to obtain the contribution to

the coeflicient function. In contrast to the computation of the gluon condensate we do not need
to perform any loop integration here, since both integrals are part of the matrix element. In the
limit d — 4 the results for the four diagrams are then found to be:

o« iMM = dria, (zg’)’Q (09,

o iMI" = dria, (9‘2“)’2 (09,

o (ML = —4rmiag V)
¢%)’°
o iMY = —dmia I qg (O%) .
(¢%)
Adding all contributions finally yields,
v v (Q;L Qv — ng;w)
I = M + MY + MEY + MY = ~———————= (=81 o) (OF) (D.31)

3
(¢%)
which is consistent with the leading order contribution of the coefficient function given in (D.5).

D.2.3 Operator (Os)

The study of the operator Os is a bit more involved than the computations in the previous two
sections. First, note that the flavour sum of this four-quark operator is usually rewritten by means

"Note that these cancellations take place for all four diagrams separately.
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(b)

Fig. D.4: Possible routes of the large momentum ¢ that lead to the operator Os.
Only the diagram in which the gluon is exchanged between the upper antiquark and
lower quark line contributes in this case to the matrix element on the right-hand side.

of the equation of motion,

D, G + 9.y " (q"T%) =0 (D.32)
q
1 _
=03 =—— (E’yuTau + d’yMTad) D, G%YH,
Js
The resulting form of the operator is more suitable for the perturbative evaluation of its matrix

element. To lowest order, this matrix element is given by the two-loop graph on the right-hand
side of Fig. D.4 and yields:

(O3) = —— <QI T{(un, T + dy, T*d) () (D, G*) (@)} 1) (D.33)

™ ddl (=1) Tr [i7 v i (] + #) ] &2
=20k CA// e 2L [0 :k‘)zh [F2]+

—4(2— // dik ddl k2]k.[§2]+

It is not a coincidence that the perturbative expression for the matrix element of O3 agrees with
the one for O¢ in (D.28)8. If we do not apply the equation of motion (D.32) and directly compute
the matrix element for O3 given in its four-quark form, we obtain the two-loop graph depicted
in Fig. D.3. However, it is more convenient to use (D.33), since the form of the corresponding
diagram in Fig. D.4 allows us to specify the momentum routings of the two-loop vacuum polar-
ization diagrams that lead to the condensate corrections for O3. We find that only the diagram in
which the gluon is exchanged between the quark and the antiquark lines contributes in this case.
More specifically, we can distinguish two different routes of the large momentum ¢, shown on the
left-hand side of Fig. D.4, that give rise to the matrix element of Os.

In the following we will concentrate on the computation of diagram (a) to demonstrate how the
Wilson coeflicient can be extracted,

v_ aa [ [ A% ddl Te [y (L + k=) (= d)7v" [ ([ +F)]
WM = =10 O Cal // e (A [ e o

From the dimensional analysis of the matrix element (see second line in (D.33)) we can infer that
we need to keep all terms in the asymptotic expansion that give four additional powers of the
soft momenta® k and I. The enormous amount of terms this expansion is generating makes the
computation very cumbersome.

Next, we can start to rewrite the terms of order kI3, k?1%2 and k®1 by reducing the tensor
integrals over one of the loop momenta, e.g. k, to scalar ones. Since the (perturbative) matrix

(D.34)

8The additional factor 2 in the definition of (D.33) compared with (D.28) is due to the fact that the operator O3
contains the sum of the currents (wy,T*w) and (dv,T*d).

9We stress that one has to take into account all possible contributions in this expansion, i.e. all terms of order
E* k3L K212 kB and 14
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element of O3 is scaleless, we need to be careful about the decomposition and, in particular, are
not allowed to drop any scaleless terms that usually vanish in dimensional regularization. A long
but straightforward calculation, including also the terms of order k% and i*, then leads to,

iIMEY = (D.35)
—ig2CrCap* | 16(d 6d 4) // d’k ddl (k- 1) (9090 — ¢ gu)
BRCESY { ZHEN

32 (d® — 7d* + 6d ddk ddl 12 ququ
d(d+2) / / [
4 (d* —13d3 — 56d2 - 28d + 112) ddk ddl 2 ¢% g
d(d+2) (q // (k2] [1%]+

)

d+1 // 4k ddl -q)? [lul ¢ —(l~q) (v + gy — (- q) gu)]
(2] 4 [12]+ [(k + 1)2]+

where we already applied the substitutions (D.24) and (D.29) wherever possible. This result is
not yet in a suitable form and still contains undesired terms that we need to get rid of. For this
purpose we use a “dirty” trick. Consider for example a two-loop integral of the following form:

(- )(qu:k lk:gk: ky 0 q°
JJ et g e = e e e 030

To decompose this integral we have two possibilities. On the one hand we can start with the
integral over [ and use,

la 1 1
/ddl Pl ((k+ 12 2 k‘*/ddl 2 [k + 02, (D-37)
to rewrite (D.36) in the form,
i d; ) k-@kuk, 1 4o d (k-q)%k,k,
R e | e (= (D.33)

On the other hand, we can first consider the k-integral and decompose the tensor structure kgk,k,
according to the general ansatz:

ks kK
[ @ e < bl B+ G+ g+ gs) B (D:39)

Keeping all scaleless integrals in the evaluation of the coefficients B111 and Bggi one then finds,

dy. qd; (0 )(quk 4 ) (d+2)(L-q)%1,1,
[[owan Lo Dbk [ g [ el

3 (d - 2) (k = 12) (2(]# qv + q2 g,uu)
@ D@ R, L |

_'_

where we again applied (D.24) and (D.29) wherever possible. If the decomposition is done properly,
the right-hand sides of egs. (D.38) and (D.40) need to coincide which allows us to derive a handy
relation:

(@) luly 2 (Qquerq ) -~ .l)
[f @t g TR I RX ddl o, o4
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In a similar fashion one can also find other relations that can be used to rewrite the result in
(D.35),

° dr. 44 (l'q)glﬂq'/ _G(d_Q)QMQVQQ d dw
//d bt K24 [P (R + 02+ d(d+2) //d ke K24 [12]4
(-9°Lg _6(d-2)guq ¢ (P—k-1
o [fatkat e = s [kt o)

o ([atpat— C D 0w 6Wd=2gw (@) [0y g (C =1
//d w 2]+ 1]+ [(kl:r D4y d(d+2) //d hd (k2] [1%]+

Applying these identities to (D.35) then gives,

iM M = (D.43)
4(d—2)ig2 CpCa i <4+d 2 d)) // d%k ddz (k1) (g av — ¢° gu)
d(d+2) (¢?)° (k2] [12]+

e 4// A9 ddl (8ququ+(d—6)q guy)}

(k2] 4 [12)+

and in the limit d — 4 we obtain:

167 gs Cp Cy d?% d4 (k-1)
w
iMa o (@) (W4 // Gm TR P (D-44)

In the last step, we can finally account for the matrix element of O3 given in (D.33) which leads
to,

U Qv — 4° Guo)
9(g?)’
Diagram (b) can be calculated in the very same way and is found to yield an identical contribution.

Finally adding the results for both diagrams gives the correct leading order contribution for the
coefficient function of O3 (see (D.4)):

IMM = —idmag (

(Os). (D.45)

)
I = ME + ML = W 4 o <—3> (Os). (D.46)
q
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