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Abstract

We consider the renormalization of operator matrix elements for exclusive hard scattering pro-
cesses in the chiral limit in the MS-scheme. For such processes, mixing with total derivative
operators has to be taken into account. By analyzing the renormalization structure of the operators
in the chiral limit, we construct a consistency relation between the elements of the corresponding
anomalous dimension matrices, which determine the scale-dependence of non-forward parton dis-
tributions. This relation, which is valid to all orders in the strong coupling o, then forms the basis
for an algorithm to reconstruct the off-diagonal elements of such matrices. We apply the algorithm
to multiple cases. In the limit of a large number of quark flavors n ¢, we determine the anomalous
dimension matrices for Wilson operators to fifth order in the strong coupling. In the same approx-
imation, the anomalous dimensions for the transversity operators are presented to fourth order.
Finally, we also apply the algorithm to obtain some low-N results for the Wilson operators in full
QCD to fifth order in 0.

Zusammenfassung

Wir betrachten die Renormierung von Operatormatrixelementen fiir exklusive harte Streuprozesse
im chiralen Limit im MS-Schema. Fiir solche Prozesse muss die Mischung mit totalen Ableitungs-
operatoren beriicksichtigt werden. Durch die Analyse der Renormierungsstruktur der Opera-
toren im chiralen Limit konstruieren wir eine Konsistenzrelation zwischen den Elementen der
entsprechenden Matrizen der anomalen Dimension, die die Skalenabhingigkeit von nicht-vorwirts
gerichteten Partonverteilungen bestimmen. Diese Beziehung, die fiir alle Ordnungen der starken
Kopplung o giiltig ist, bildet dann die Grundlage fiir einen Algorithmus zur Rekonstruktion der
Nebendiagonalelemente solcher Matrizen. Wir wenden den Algorithmus auf mehrere Fille an. Im
Grenzfall einer groBen Anzahl von Quark-Flavors n, bestimmen wir die anomalen Dimensions-
matrizen fiir Wilson-Operatoren bis zur fiinften Ordnung der starken Kopplung. In der gleichen
Niherung werden die anomalen Dimensionen fiir die Transversaloperatoren bis zur vierten Ord-
nung dargestellt. Schlieflich verwenden wir diesen Algorithmus um einige Ergebnisse fiir niedrige
N fiir die Wilson-Operatoren in der vollstandigen QCD bis zur fiinften Ordnung in 0. zu erhalten.
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Introduction

An interesting open question in modern particle physics is how the properties of hadrons, like pro-
tons and neutrons, are determined by the properties of their constituents, namely the quarks and
gluons (or partons, collectively). For example, while the spin of the proton is a well-measured
quantity, it is as-of-yet not clear how to theoretically describe this in terms of the angular momenta
of quarks and gluons. See e.g. the recent reviews [1-4] on this so-called proton spin puzzle. At
the experimental level, one can gain some insight by performing scattering experiments at high
energies. This way, one can probe the inner structure of the hadrons. Depending on the kinematics
of the scattering process at hand, different properties of the hadronic structure can be extracted.
One of the determining characteristics is whether the process is inclusive or exclusive, i.e. whether
we simply sum over all final states or identify certain final-state particles.

An important quantity available in scattering experiments is the cross-section. For inclusive
processes, this cross-section can be written as a convolution between a hard scattering kernel and a
forward distribution function. The hard kernel is typically some partonic sub-cross-section, which
can be calculated within the framework of perturbation theory. The forward distribution however
is non-perturbative. It encodes information about parton distributions within the proton and can
be described in terms of one kinematical parameter, e.g. the momentum fraction of the struck par-
ton. Such forward distributions typically have a simple probabilistic interpretation. For example,
the standard parton distribution functions (PDFs), accessible in inclusive deep-inelastic scattering
(ep — eX), represent the probability of finding a parton within the proton with a certain momen-
tum. These PDFs characterize the longitudinal hadron structure and have been studied e.g. by
data collected from the HERA experiment [5, 6]. They will also be central objects to be studied
by the future Electron Ion Collider [7, 8]. The transverse structure of hadrons can be studied by
considering e.g. polarized Drell-Yan processes [9-13]. The corresponding forward distribution is
the so-called transversity distribution function (TDF). In a transversely polarized hadron, it rep-
resents the difference in probabilities of finding a parton polarized in the same direction as the
hadronic spin and finding one polarized in the opposite direction. Formally, distributions such as
PDFs and TDFs are defined as forward hadronic matrix elements of composite operators. These
operators are composed out of the fundamental fields of quantum chromodynamics (QCD), i.e.
quarks and gluons. Because of this, the scale-dependence of the distributions is determined by the
scale-dependence of these operators, which is set by their anomalous dimensions. Such anoma-
lous dimensions can be calculated perturbatively in the strong coupling o; by renormalizing the
corresponding forward partonic matrix elements of the operators.

In exclusive processes, at least one particle in the final state is explicitly identified. Examples
include deeply-virtual Compton scattering (ep — epYy) and vector meson production (B — evp).
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This means that there will be a non-zero momentum transfer to the target, which complicates parts
of the analysis. The hadron structure is again characterized by distributions. This time, however,
these distributions are non-forward. As a consequence, they do not have a simple probabilistic
interpretation and we need more than one kinematical parameter to describe them. The additional
ones are then related to the non-zero momentum transfer to the target. Two types of off-forward
distributions are particularly important. The first are the generalized parton distributions (GPDs),
accessible e.g. in deeply-virtual Compton scattering. They characterize transverse distributions of
partons within hadrons. Furthermore, they also allow for the determination of the contributions
of partonic angular momentum to the total hadronic spin [14]. The second are the so-called dis-
tribution amplitudes (DAs). These are related to vacuum-to-hadron transitions and are accessible
e.g. in p-meson production. Extensive reviews of the description of hadron structure in terms of
GPDs and DAs can be found e.g. in [14, 15]. At the formal level, GPDs and DAs are related to
off-forward hadronic matrix elements of composite operators, meaning that the initial and final
hadron have different momenta. The scale-dependence of the distributions is once again set by
the anomalous dimensions of the relevant operators. Contrary to the inclusive case, these are now
determined by renormalizing off-forward partonic matrix elements, i.e. the initial and final parton
have unequal momenta. Furthermore, because of the non-zero momentum transfer, the operators
can now mix under renormalization with total derivative operators. This implies that one has to
deal with anomalous dimension or mixing matrices. Moreover, one has to choose a basis for the
additional operators in order for the discussion to be non-ambiguous.

In this work, our main focus is on the anomalous dimensions in off-forward kinematics. These
have been studied for a long time, by different groups using different methods and different opera-
tor bases. For explicitness, let us discuss the situation for the flavor non-singlet Wilson operators.
For such operators, the three-loop evolution kernel is known [16]. The computation exploited
conformal symmetry [17] of the QCD Lagrangian which was first utilized in pioneering work for
the two-loop radiative corrections [18, 19]. In D =4 — 2¢ dimensions and adopting the modified
minimal subtraction (MS) scheme conformal symmetry in QCD is exact for a specific number of
quark flavors n s at the critical coupling. In the physical four-dimensional theory the renormaliza-
tion group equations then inherit a conformal symmetry such that the generators of the conformal
transformations and the evolution kernel commute [20]. Consistency relations following from the
conformal algebra allow one to restore the L-loop triangular mixing matrix for the off-forward
anomalous dimensions from the L-loop forward anomalous dimensions and an (L — 1)-loop result
for a so-called conformal anomaly [16, 21, 22].

Additional calculations exist that do not employ conformal symmetry. The one-loop anoma-
lous dimension matrix was derived in the MS renormalization scheme in [23, 24]. This compu-
tation employed a different operator basis than the one used in the conformal one. Finally, there
also exist fixed moment calculations of non-singlet quark operator matrix elements (OMEs) at
three-loop order. These were performed in the MS-scheme as well as in alternative ones, such
as the regularization invariant (RI) scheme, which are suitable for a direct application to hadronic
structure studies using lattice QCD [25, 26]. The operator basis chosen in these works differs from
those introduced above.

As the three branches of literature described above use different operator bases, direct com-
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parisons of the results are not possible. The goals of this thesis are now two-fold. The first is to
derive a new method to calculate the operator anomalous dimensions, which is based purely on the
renormalization structure of the operators in a specific basis. The second goal of this work is to
construct transformation formulae between the possible operator bases. This way, we can connect
as-of-yet unrelated results in the literature, which provides valuable cross-checks.

Outline of the thesis

The first three chapters of this work will provide some theoretical background. Chapter 1 provides
an overview of relevant concepts in quantum field theory (QFT) and QCD. The first part of this
chapter reviews basic concepts of QCD, after which we discuss some general aspects of renor-
malization. The last part of Chapter 1 deals with the operator product expansion (OPE), which is
important in the study of hard scattering processes. The second chapter of this work briefly summa-
rizes some important properties of two such processes, namely inclusive deep-inelastic scattering
(DIS) and exclusive deeply-virtual Compton scattering (DVCS). In Chapter 3, we give an overview
of important mathematical concepts. After introducing a number of special functions, which fre-
quently show up in QFT calculations, we discuss the concept of the binomial transform. This is a
type of transformation which acts on sequences, and will be of importance in later chapters. The
final section of Chapter 3 deals with the evaluation of finite sums. After reviewing telescoping
algorithms, we discuss the explicit calculation of certain types of single and double sums.

In Chapter 4, we discuss the renormalization of flavor non-singlet spin-N operators in the MS-
scheme in two kinematic regimes. First we review the renormalization in forward kinematics,
which is relevant for the analysis of inclusive processes. This allows one to extract the forward op-
erator anomalous dimensions, which determine the scale-dependence of forward distributions like
the PDF. Second we give an overview of the renormalization in the non-forward regime, which is
important for the operator analysis of exclusive processes. As in this case the operators can mix
with total derivative ones, we first need to choose a basis for the additional operators. Several
options will be discussed. After this, we pick a specific basis and implement the renormalization.
A detailed analysis will reveal useful relations between the operators, and in turn between their
anomalous dimensions. This ultimately leads to a consistency relation between the anomalous
dimensions, which forms the basis for a novel algorithm to construct the full off-forward mixing
matrices. These mixing matrices characterize the scale-dependence of non-forward parton distri-
butions like the GPD. Applications of this algorithm are discussed in the next two chapters. In
Chapter 5, we present the mixing matrices for Wilson operators. In the limit of a large number
of quark flavors, we construct these matrices to fifth order in the strong coupling o;. Beyond this
limit, the second order mixing matrix is presented in the limit of a large number of colors, and
low-N results to fifth order in o in full QCD are derived. Chapter 6 discusses the determination
of the mixing matrix for the transversity operators, in the limit of a large number of quark flavors,
to fourth order in the strong coupling. Some recent progress, which is part of ongoing research, is
collected in Chapter 7 and we present a general conclusion and outlook in Chapter 8.

13
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Chapter 1

Overview of QCD, renormalization and the
OPE

Introduction

This chapter contains three main parts. The first one discusses some basic elements of quantum
chromodynamics, the non-Abelian gauge theory describing the strong interaction. After giving a
qualitative introduction, we introduce the QCD Lagrangian and study its symmetries. Finally, we
discuss the concept of factorization, which is of vital importance for the theoretical description of
scattering processes involving hadrons.

The second part of the chapter discusses general aspects of renormalization. After arguing why
it is necessary to regularize and renormalize quantities in quantum field theories, we discuss the
concept and some examples of renormalization schemes. These are important to give a consistent
physical definition of parameters such as masses and interaction strengths. Next we introduce the
renormalization group, along with the concept of QFT beta-functions and anomalous dimensions.
Finally, we say a few things about the renormalization of composite operators, which are important
quantities in the description of hadron structure.

In the third and final part of this chapter we take a look at the OPE by Wilson, and apply it
to the product of two electromagnetic currents. This is relevant for the calculation of hadronic
scattering cross sections.

1.1 QCD

1.1.1 Qualitative introduction

The strong interaction, which binds quarks and gluons inside the nucleon, is very successfully
described by QCD, which is a non-Abelian quantum gauge theory based on SU(3). Before the
advent of QCD, the strong interaction was described in terms of the so-called parton model [27].
Here, one assumes that protons are composed of non-interacting particles called partons. While
the parton model correctly predicts certain properties of hard scattering processes, like the scaling
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behaviour of structure functions, there are important deviations which cannot be explained within
the model. It is one of the great successes of QCD to solve the issues of the parton model in a
consistent way!.

The fundamental charge of QCD is called the color charge, which affects both quarks and glu-
ons. The fact that also the gauge bosons are charged, and hence can have self-interactions, is a
consequence of the non-Abelian nature of the theory. In contrast, gauge bosons in Abelian models
do not have such self-interactions, as is well known for e.g. the photon. These self-interactions are
vital for the property of asymptotic freedom, which all non-Abelian gauge theories enjoy [28, 29].
Asymptotic freedom implies that the interaction strength tends to zero for increasing energies. As
such, we can use perturbation theory to calculate physical quantities such as cross-sections at high
energies. The low-energy regime, however, is fundamentally non-perturbative, meaning that other
methods have to be called upon to make meaningful predictions. One successful framework for
such non-perturbative calculations is lattice gauge theory, which is based on the discretization of
spacetime.

An important example of a non-perturbative effect in QCD is confinement, which states that
color-charged particles (quarks and gluons) cannot be isolated. Instead, the strong interaction
works such that, when trying to separate two quarks, it is energetically more favorable to create
quark-anti-quark pairs which in turn form bound states with the initial partons. Hence, quarks will
always be bound up into colorless hadrons, either as mesons (quark-anti-quark pairs) or baryons
(bound states with three quarks). More exotic types of hadrons, such as bound states of five quarks,
are also possible [30] and have recently been confirmed to exist by the LHCb experiment [31].

1.1.2 The QCD Lagrangian

To study any quantum field theory, we need to specify the field content and the interactions between
the fields. This is neatly summarized in the Lagrange density?. The first ingredient for writing
down the Lagrange density of full QCD is the Lagrangian of a pure Yang-Mills interaction coupled
to fermionic matter

1 — .
Loym = =5 T By P + Y (i — my)yy. .1y
f

Here \r represents a quark of flavor f and Fyy is the gluon field strength defined as
Fay = 0uAS — OvAl + g5 [ AVAS,. (1.2)

The trace in Eq.(1.1) is with respect to the SU(3).o10r generators, and we have left the sum over the
color degrees of freedom of the quarks implicit (y = v;, i = 1,2,3). The covariant derivative is
defined as

D, =0, —igA,. (1.3)
Here and in the following, we will usually suppress the color indices of the gluon fields
(A,u)ij EAZ(TG),‘J‘ —>A‘u. (1.4)

'In the next chapter, we give a more detailed description of the parton model, its successes and its failures.
2As is custom in high-energy physics, we will use the terms Lagrange density and Lagrangian interchangeably.
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The generators of SU(3)¢o1or are written as Tl;’ where i and j run from one to three (corresponding
to the fundamental representation) and a from one to eight (corresponding to the adjoint repre-
sentation). These matrices form a basis for the 3 x 3 Hermitean matrices and constitute a Lie
algebra

[T, T%) = ifeere, (1.5)

¢ are the totally anti-symmetric structure constants, and we use the normalization
1
Tr(TT?) = Tpd™ = 58“1’. (1.6)

This implies that the gluonic part of Eq.(1.1) can also be written as

1
Lgluon = _ZF/?VF MV (1.7)
Instead of g;, we will often use
2
_ &
o, == 1.8
- (1.8)
> a=5 (1.9)
T 4n '

for the strong coupling constant.

In many applications it is useful to consider an arbitrary color gauge group SU(N,) instead of
the physical SU(3)color- N then represents the number of colors. The reason for doing this is that
practical calculations simplify in the so-called leading-color limit, N, — oo. This is also called
the planar limit, as it entails discarding all non-planar Feynman diagrams (i.e. diagrams with line
crossings) in a perturbative calculation. In this more general case, the fundamental representation is
N.-dimensional and the adjoint one (ch — 1)-dimensional. A common choice for the normalization
of the structure constants is

Zfacdfbcd _ Ncsab. (110)
c,d

The quadratic Casimir operators for SU(N,), which correspond to the (most common) color factors
in QCD calculations, are generally defined as

TTE = Cy(R)1 (1.11)

for some representation R. Specifically, we have

N2 -1
Cr=—= 1.12
T (1.12)
for the fundamental representation and
Cy =N, (1.13)

for the adjoint one. In the following, we assume to be working with this more general gauge group

unless stated otherwise>.

3The more general SU(N,) model will still be referred to as QCD though.
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Feynman rules

The QCD Feynman rules can be derived using the standard path integral approach. We do not
derive them here, but just list them for completeness*. See e.g. [33] for more details.

I 2
v,b\QQQPQ,QJL/#,a :_F(p 8uv—§pupv)5ab

Hma = lgS’YuTg

pc =g f g™ (k—p)P +8™ (p—q)* + g (q—k)"]

v,b

4The Feynman diagrams were drawn using TIKZ-FEYNMAN [32].
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psa

v,b
p,c
c,d
= —igy [fPfele (gPg" — g'°g"P)
+ facefbde (g,uvgpc ycgvp)

— 8
+ fadefbce (g,uvgpc . g,upgvc)]

For the three-gluon vertex, we assumed all momenta to be incoming. The factor & in the
expression for the gluon propagator is the arbitrary covariant gauge parameter. Note that in the
literature one often uses 1 — & in the definition of the propagator. In our conventions, the Feynman
gauge corresponds to & = 0. For the quark propagator, we have given the expressions for the
massive and massless cases.

Gauge fixing and ghosts

As is well known, in order to properly define the propagator of a gauge boson, the gauge has to
be fixed. The reason for this is that, if we want to determine the propagator of a spin-one gauge
boson, we have to solve the following momentum-space equation

(—KP gy + Ky )AH = Uy (1.14)

with Jy some external current to which the gauge field couples. To determine the propagator, we
now would have to take the inverse of —kzgyv + kyky. However, this operator is actually non-
invertible, as one of its eigenvalues is zero. The origin of the problem can be traced back to gauge
invariance. Under the gauge transformation

Ay — Ay +9,0(x), (1.15)

with ou(x) an arbitrary scalar function, physical quantities remain unchanged. As such, different
values of A, lead to the same current J,,. The way to solve this issue is by selecting a particular
gauge. This is done by adding a Lagrange multiplier to the Lagrangian density corresponding to
the condition we want to impose. For example, if we want to use the Lorenz condition,

J-A=0, (1.16)

we add the following gauge-fixing piece to the Lagrangian

1
Loauge = —z—é(a-A)z. (1.17)
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In Abelian models like quantum electrodynamics (QED), this is enough to solve the issue unam-
biguously. However, more work has to be done to obtain a consistent non-Abelian model. The
problem is that the gauge-fixing condition makes it possible for the longitudinal component of the
gluon field (9 - A), which is unphysical, to interact with the transverse one, which is physical’. So,
we need to get rid of these unphysical contributions. A consistent way of doing this was found by
Fadeev and Popov in the late sixties [34]. The basic idea is to add fictitious fields to the Lagrangian
called ghosts. These are anti-commuting, colored scalar fields which transform under the adjoint
representation of SU(N,). Every time a gluon loop appears in a Feynman diagram, one also has to
include the same diagram with the gluons replaced by ghosts. This leads to an exact cancellation of
the unphysical longitudinal components of the gluons. The Fadeev-Popov ghost part of the QCD
Lagrangian can be written as

Lohost = -Nn“d-D*nm° (1.18)
with  and N the ghost fields. We also need two additional Feynman rules describing the ghost

propagator and the ghost-ghost-gluon vertex. These are

i6ab
b-— - ---a = ,
P p>+ie

\ -
A0 b = —gsf P

Note that vertices with more than one occurrence of M or M cannot appear because of their
anti-commuting nature. The complete Lagrangian density of QCD is now

LQCD = LmyMm + Lgauge + Lghost- (1-19)

It should be noted that introducing additional non-physical ghosts is only necessary when working
in a covariant gauge. When using physical gauges, like the class of axial gauges, there is no
possibility for the non-physical components of the gluon field to propagate, and hence there is
no need to introduce ghosts. However, the downside is that the form of the gluon propagator
is usually more complicated in such gauges. For this reason, we will always employ a general
covariant gauge, including ghosts when necessary.

3This does not happen in QED because of the Abelian equations of motion, which tell us that the unphysical
components of the photon field obey a free field equation.
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1.1.3 Symmetries

QCD possesses a number of interesting symmetries, which we now briefly discuss. In this section
we work with physical QCD, based on SU(3)cc10r- Obviously, before choosing a particular gauge,
the QCD Lagrangian is invariant under SU(3)o1or gauge transformations. It is this gauge sym-
metry which determines the interactions of the fields, as we saw in the previous section. Being a
relativistic quantum field theory, QCD also enjoys invariance under Poincaré transformations (col-
lection of Lorentz transformations and translations) and under the combined discrete symmetries
CPT (charge conjugation, parity and time reversal). However, it is not necessary for the theory to
be separately invariant under such discrete symmetries. To see this, consider the effect of adding
the so-called O-term to the Lagrangian

2
g ~
Lﬁ - 964—;2F/~NFIUV (120)
with F*V the dual field strength
. 1
F* = ES“VPGFPG. (1.21)

As this additional term obeys all the continuous symmetries mentioned above, we can (and should)
incorporate it into the QCD Lagrangian. Its inclusion does not influence the classical equations
of motion, nor does it have any perturbative effects. The reason for this is that we can write the
O-term as a total derivative. Written as a color trace we have

Tr FyF* =9 K (1.22)
with

2
K" = 2¢"POTy (AvapAc - %AVAPAG> (1.23)
the Chern-Simons current.

This additional term does not obey all the discrete symmetries. Particularly, it breaks T, P and
CP. The physical effect of this term is to give an electric dipole moment (EDM) to the neutron.
Remember that electric dipole moments are sensitive probes for P-violation. To see this, recall that
the Hamiltonian of a non-relativistic spin-$ particle in an electromagnetic field is given by

B-S E-S
N N

Now, as the electric field is a vector while the magnetic field and the spin are axial vectors, we
have

P(E-S)=—E-S§, (1.25)

P(B-S)=B-S. (1.26)
From this it follows that the electric dipole moment d characterizes P-violation. The experimental
upper limit for the neutron EDM is®

dpeutron < 2.9-1072% ¢ cm (1.27)

®For a recent overview of general considerations of EDMs, see e.g. [35].
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which in turn requires 0 to obey’
6] < 10710, (1.28)

There is no a priori reason to expect 0 to be this small, and the issue has been dubbed the strong
CP-problem. A possible solution was offered by Peccei and Quinn in 1977 [37]. They proposed
to introduce a novel scalar field which is charged under a new global U(1) symmetry, now called
Peccei-Quinn (PQ) symmetry. It is also assumed that this U(1) symmetry is anomalous. The
scalar field is then supposed to undergo spontaneous symmetry breaking, similarly to the Brout-
Englert-Higgs (BEH) field. The associated pseudo-Goldstone boson is called the axion a. After
the symmetry is broken, the remaining Lagrangian contains the following two terms

gz - a
Lo o By 9—1—)(]7 . (1.29)

We recognize the first term as the one associated to the strong CP-problem. The second one appears
because of the assumption that the PQ symmetry is anomalous. The constant 7 in this term is
related to the PQ charge of the quarks, while f, is the decay constant of the axion. Analogously to
the BEH field, the vacuum expectation value of the axion is non-vanishing. Instead we have

0
() =12, (1.30)

X

One can then perform a redefinition of the axion field
a—a+(a) (1.31)

to cancel the 0 parameter, hence solving the strong CP-problem dynamically. While this procedure
is very promising from a theoretical standpoint, the axion is yet to be observed®. Experiments all
over the globe are searching for this elusive particle, including MADMAX [38, 39] and ALPS
I1[40,41] at DESY.

Let us now zoom in on the quark sector of the model,

Ly =) V(i —ms)yy. (1.32)
f
It is easy to see that Ly is invariant under a global U(1) symmetry
Y — ey (1.33)
with associated Noether current |
ip =391V (1.34)

7In this discussion, we implicitly assumed the quarks to be massless. Otherwise, the physical ® parameter receives
contributions from the quark mass matrix. An in-depth discussion of this subject is outside the scope of this text, see
e.g. [36] for a more accurate treatment.

81ts interaction strength with standard model particles would be very small. While this makes observing it chal-
lenging, it also makes it a good candidate for dark matter.
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This corresponds to the baryon number, which is conserved in the standard model”. It is an exam-
ple of a so-called accidental symmetry, originating from the fact that we do not include operators
in the Lagrangian of dimension larger than four. There are no new interactions associated to such
accidental symmetries.

Let us now assume that the three lightest quark flavors are actually exactly massless, i.e.
my, =mg=my;=0. (1.35)
Defining

u
g=|d (1.36)
S

the Lagrangian describing the quark sector of QCD, for these three flavors, reduces to

L, =qilpq (1.37)
and enjoys an additional SU(3) symmetry
u u
d| —=Uld]|. (1.38)
s s

This is called flavor symmetry, denoted by SU(3)s. Here U represents an arbitrary SU(3) matrix. In
reality, the masses of the up- and down-quark are pretty similar (m,,my; ~ 1 MeV) while the mass
of the strange quark is about two orders of magnitude larger, m; ~ 100 MeV. Hence a better ap-
proximation would be to only assume the up- and down-quarks to be massless. The corresponding
symmetry group is SU(2)s and SU(2)y C SU(3)s. This is known as isospin. It can also be viewed
as a symmetry relating the proton and the neutron, in that they can be regarded as two states of one
particle dubbed the nucleon. Isospin then allows one to distinguish these two states.

Finally, we consider chiral symmetry. For this, we introduce the two chiral projection operators

1+
Pryy = 275 (1.39)
obeying
Py, =P
R/L — TR/Ls
PR/LPL/RZO' (140)
We then form right- and left-handed quarks as
YR = PRW?

°Conservation of baryon number implies that the proton is stable. Conversely, if the conservation law is violated
the proton could decay, which is possible according to certain models looking for beyond the standard model physics.
An example of this is the class of grand unified theories.
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v = PLy. (1.41)

Rewriting the quark kinetic term of the QCD Lagrangian in terms of yx and Yy yields

Vil = Girilbyr + i1, (1.42)

which implies that the QCD interactions conserve chirality. Conversely, the left- and right-handed
components mix for the mass term,

My Yy = my Y YR + myWRYL. (1.43)
We now introduce the so-called chiral transformation, which acts on the quark fields as

Y — My, (1.44)
Y — e, (1.45)

It is straightforward to see that this transformation leaves the kinetic term invariant, while the mass
term transforms as

My WY — my e 5y, (1.46)

Hence we only have exact chiral symmetry if all quarks are massless. The Noether current associ-
ated with chiral symmetry is

i =Vrysv. (1.47)

Since the symmetry only holds exactly in the massless limit, the axial current jﬁ is only conserved
in this limit,
Ay = 2imyPysy. (1.48)

In QCD, chiral symmetry is spontaneously broken. As per the Goldstone theorem [42, 43], we
then expect the appearance of massless (Goldstone) bosons. With chiral symmetry only being an
approximate symmetry in the real world, these bosons obtain a relatively low mass, and can be
identified with the pions.

Another important property of chiral symmetry is that it is anomalous. While at the classical
level the axial current is conserved (assuming exactly massless quarks), the quantum current has a
non-vanishing divergence given by

2
- ja= %n STeF P (1.49)
with ny the number of massless quark flavors. The anomaly, known as the chiral or Adler-Bell-
Jackiw (ABJ) anomaly, is generated at the one-loop level by triangle diagrams, see Fig.1.1. Note
that it is only present for the flavor singlet axial current, i.e. if the quark fields in Eq.(1.47) are of
the same flavor. Adler and Bardeen showed in the late sixties that the ABJ anomaly is one-loop
exact, i.e. it does not receive additional radiative corrections [44].
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Figure 1.1: Triangle diagram that generates the ABJ anomaly. Note that there is also a second diagram
with all fermion arrows reversed. The cross represents an insertion of the axial current operator.

1.1.4 Note on factorization

QCD enjoys the property of factorization, which signifies a decoupling of high- and low-energy
properties of scattering processes'’. As a simple illustration, consider the creation of a photon
from a pp-collision, cf. Fig.1.2. The cross section for this process can be written as

olp(p1)p(p2) = 7'l
- / dry / 002 ¥ fpsg (21,123 s (2,126 1g (01 p1 )T (22) — 7]
a.q

=Y f,(ut)® fy (uF)8laqd —v'] (1.50)
a9

where in the second line we introduced a more compact representation in terms of convolutions.
6 represents the hard scattering subprocess of a quark-anti-quark pair going into a virtual pho-
ton ¥* and can be calculated using perturbation theory. The function f, representing the PDF, is
non-perturbative and depends on the factorization scale ur'!. It represents the probability to find
a quark or gluon carrying a certain fraction of the momentum of the parent hadron. We discuss
PDFs in more detail in the next chapter in the context of deep-inelastic scattering. At the level
of Feynman diagrams, factorization is a consequence of general diagrams having subgraphs with
large (perturbative) or low (PDFs) virtuality. One then factorizes the low virtuality parts. The
corrections to this procedure scale as inverse powers of the hard scale.

Instead of working with the convolutions in Eq.(1.50), it is often more convenient to work with
the Mellin moments of the corresponding quantities. The Mellin moment of some function f(x) is
defined as

M[f](N) z/oldxwlf(x). (1.51)

10Gee e. g. [45] and references therein.
"For simplicity, we have suppressed here the dependence of the PDF on the renormalization scale .
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P1

P2

Figure 1.2: Sketch of the production of a photon during a pp-collision. S denotes the non-perturbative
region, characterized by the PDF, and H the perturbative one. The latter represents the hard partonic
subprocess. The diagram was drawn using FEYNMF [46].

The advantage of working in Mellin N-space is that convolutions, such as those appearing in
Eq.(1.50), turn into products

M[fi® f2](N) = M[fi](N) - M[f2](N), (1.52)

which are easier to handle.

1.2 Renormalization

This part of the chapter is dedicated to renormalization. After discussing some generalities, we
review the renormalization of non-abelian gauge theories and the renormalization of composite
operators.

1.2.1 Quantum corrections and infinities

To set the stage, we consider a one-loop self-energy diagram for some scalar particle of mass m.



As the momentum k running through the loop is arbitrary, we have to integrate over all possible
k-values. Hence
o / d*k
(k2 —m? +ie)((k+ p)? — m2 + ig)
where we ignore any possible prefactors. For large values of k this becomes, using polar coordi-

nates, .
koo [ k’dk  dk
I _— e % oo, 1.54
5 /0 = /0 k (1.54)

We see that our simple one-loop diagram diverges for large energies, and it is said to have a UV-
divergence. This would naively imply that whatever model it originated from has no physical
meaning. Fortunately, this type of issue can be solved by the process of renormalization. The
basic idea of renormalization is to absorb the infinities associated to quantum corrections in the
parameters of the theory. In light of this, a theory is called renormalizable if this can be done
consistently and using a finite number of parameters. In a non-renormalizable theory, one would
need an infinite amount of parameters in order to get rid of all divergences'?. We then distinguish
between bare parameters, which are those that appear in the initial expression for the Lagrangian
and are divergent (and hence non-physical) and renormalized parameters, which are finite. Suppose
for example that our model contains some parameter ¢. Multiplicative renormalization then entails

o
o = (1 + K‘b)q) = Zy0. (1.55)
Here and in the following, bare quantities will be denoted with superscript b. 3¢ represents the
counterterm to ¢, which is how the divergent terms are absorbed in order to make ¢ finite. Zy is
called the renormalization factor or Z-factor of ¢. When the parameter represents some field of the

model, it is common to use the square root of the Z-factor, e.g. for some fermion field y we would

have
v =2 (1.56)

This way the corresponding propagator, which consists of two fields, only has one power of Z;.
As an aside, note that it is not actually strictly necessary to renormalize the fields if we are only
interested in making physical observables, like S-matrix elements, finite. However, the advantage
is that field renormalizations also render the Green’s functions of the theory UV-finite.

(1.53)

1.2.2 Regularization

Before implementing the renormalization, one first has to regularize the model. The purpose of
regularization is to transform the divergent integrals, which are mathematically ill-defined, into
finite well-defined ones. This is done by introducing a regulator, which is to be removed after
renormalization is completed. There is no unique way of doing this, but physical observables
should be independent of the regulator. A physically intuitive method for regulating loop integrals
is the introduction of a high-energy cut-off A,

oo A
/ dk = / dr. (1.57)
0 0

2This does not mean that non-renormalizable theories have no predictive power, as can be seen within the frame-
work of effective field theories.
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After renormalization the limit A — oo is taken. In practical calculations, one often chooses not to
regularize using such a cut-off as it breaks certain symmetries like Lorentz and gauge invariance.
Nowadays, regularization is often done using a method called dimensional regularization or dim-
reg for short [47—50]'3. Dimreg is based on the observation that the divergences in loop integrals
are often only present in four dimensions, and disappear for lower values of the spacetime dimen-
sion. The central idea of dimreg is then to analytically continue the spacetime dimension from
four to D = 4 — 2¢, with € a small positive constant'#. The divergences are then translated into
terms proportional to 1 /€, and after renormalization one takes the limit € — 0. While physically
less intuitive, dimreg keeps Lorentz and gauge invariance intact. If our model contains some di-
mensionless coupling parameter @, it is often preferable to keep this coupling dimensionless, also
in D dimensions. To achieve this, we introduce an arbitrary mass-parameter u and redefine

o — 1*fa (1.58)

in the D-dimensional theory. As u is arbitrary, it does not have a direct physical interpretation.

1.2.3 Renormalization schemes

The process of renormalization has two main goals. The first is to absorb infinities coming from
quantum corrections into the bare free parameters of the model, rendering it finite. The second is
to give a physical meaning to these parameters. Within perturbation theory this has to be repeated
order per order. In practice this can be a bit tricky, as the procedure is not unique. The ambiguity
arises from the freedom to choose how to deal with finite terms of loop integrals. While the
counterterms are enough to fix all the divergent parts, one can choose what to do with the finite
pieces. Different choices then amount to different renormalization schemes. To illustrate this, let
us assume we have some parameter ¢ with a counterterm of the form

50 = a—gl—l—a280+0(8). (1.59)

The terms proportional to € vanish when we send D — 4, and the 1/¢ piece is independent of the
renormalization scheme. Hence, the only ambiguity is in how we choose to deal with the terms
proportional to €°. For the sake of argument, assume the parameter under consideration to be a
mass. One possible renormalization scheme is then the on-shell scheme, which fixes the finite
terms by positing the physical mass to correspond to the pole of the corresponding propagator. If
we are to use the on-shell scheme, it has to be checked whether or not there exists an on-shell
definition (or if one makes sense). This is not of any concern in QED, but it is an issue in QCD
because of the non-existence of free quarks. Alternatively one can use the minimal subtraction
(MS) scheme, which nullifies the finite piece in the counterterm

SOMS — “—81 (1.60)

In the modified minimal subtraction (MS) scheme, one also subtracts the Euler-Mascheroni con-
stant Yg and a factor of In47w, which commonly appear in the calculation of loop integrals

SOMS — %—7E+1n4n. (1.61)

13 An in-depth discussion of all the nitty-gritty details of dimensional regularization is beyond the scope of this text.
A good overview is provided in e.g. chapter 4 of [51].
4Incidentally, dimreg can also deal with infrared divergences by choosing € to be a small negative number.
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An advantage of the MS-scheme is that it is mass-independent, meaning that the renormalization
factors do not depend on any of the masses in the model. The price we pay is that renormalized
quantities will depend on the arbitrary energy scale u, called the renormalization scale. This de-
pendence is called the running of the quantity at hand. So, in QCD, we speak of running masses
m(u?) and the running coupling ois(u?). This means that these parameters are not constant, but that
they, due to loop-induced quantum corrections, depend on the energy scale of the process under
consideration.

As a final remark we want to emphasize that, while choosing a renormalization scheme boils
down to giving a definite physical definition of the parameters in the Lagrangian, it is possible
to relate a quantity calculated in scheme A to the same quantity calculated in scheme B. This is
of vital importance for the comparison of theoretical predictions with experimental data, and for
comparing quantities renormalized on the lattice to the corresponding quantities renormalized in
the continuum limit.

1.2.4 The renormalization group
Since the parameter u is completely arbitrary, physical observables should not depend on it. Hence

d

2

—0=0 1.62
% 42 (1.62)
with ® some observable (e.g. an S-matrix element). This invariance under a change of u constitutes
the so-called renormalization group (RG). Another realization of the RG is the following. Assume
we have some bare quantity I’ which depends on some bare coupling a” (e.g. aé’ in QCD). The
corresponding renormalized function is then

ZT(a(1?), 1) =T"(a). (1.63)

Since the bare quantity on the right-hand side is independent of the renormalization scale, chang-

ing u to ¢’ should not affect the left-hand side. This leads to the so-called Callan-Symanzik equa-
tion [52, 53]

2D L a0 0 1,dz

H ou? H ouda  Z  du?

The physical content of this equation is that a change in the renormalization scale is accompanied

by a change of the parameters of the model, in a way such that physical observables remain the

same'>. We now introduce the RG parameters

T(a(’),m(u?), 1) = 0. (1.64)

5
uzﬁ = B(a), (1.65)

1 ,dZ
7 Zd_,uz =7(a), (1.66)

5The distant cousin of Laplace’s demon, having access to all-order results, would see no change when the scale u
was changed. Mere humans, however, usually have to work order per order in perturbation theory, in which case there
will be residual effects under such changes. These changes are always one order higher than the considered one; e.g.
in a calculation at order a there will be a residual of order a?.
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which are characteristic for the model under consideration, and do not depend on specific physical
observables. B(a) is called the beta-function of the model, and encodes how the coupling varies
when the energy scale is changed. Hence, it gives us a way of determining when the model can
be handled using perturbation theory (small coupling), and when non-perturbative effects become
important (large coupling). The B-function can be expanded in powers of the coupling

B(a) = —ea—Poa® —--- = —ea+ B4 (1.67)

We assumed here to be working in dimensional regularization with D = 4 — 2¢. Of note is that the
D-dimensional B-function already starts running at order a, while in the physical four-dimensional
spacetime it starts running at order a”>. As the beta-function is measurable'® (as the comparison
of the values of the coupling strength at different energy scales), it should not depend on the
gauge parameter. If the interaction strength is not scale-dependent, 3(a) = 0, the model under
consideration is said to be conformal'’. Let us now briefly compare the properties of the beta-
function in QED and QCD. In QED, we write the expansion of the D-dimensional beta-function

as
BEL(4,) = —a.(e+BL P ac+...) (1.68)
with o
e
— € 1.69
de an ( )
and o, the fine-structure constant. The one-loop coefficient is
4
0 =3y (1.70)

Since ny is positive, BOQED < 0, meaning that the coupling strength increases with increasing energy
scale. So, we expect the low-energy regime to be well-described by perturbation theory, while for
high energies non-perturbative effects have to be taken into account. At some finite value of the
energy, the coupling strength of QED blows up. This is called the Landau pole of QED, denoted
by Aqep, and its value is

Agep ~ 10%*°GeV. (1.71)

At this energy scale, perturbation theory completely breaks down.

In QCD, the beta-function is expanded in the strong coupling as

BUPL (4,) = —ay(e+ B Pas + BEPa? + X Pl +...). (1.72)
Its one-loop coefficient is
11 2
D 3 Ca—3nr (1.73)

16For this, one needs to consider a process which is sensitive to the coupling. For QCD, examples include hadronic
decays of the Z-boson and electron-positron annihilation into hadrons.

7Note that renormalization also introduces a scale in such conformal models. This phenomenon is called dimen-
sional transmutation, and it tells us that generically quantum corrections break conformal invariance. A small number
of models is able to retain conformal invariance even after inclusion of quantum corrections. A well-known example
is AL = 4 super-Yang-Mills theory.
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With Cy =3 and ny =6, BOQCD > 0, which implies that the coupling strength decreases for increas-
ing energies. This phenomenon is called asymptotic freedom. Hence at high energies, perturbation
theory provides an accurate tool to describe the strong interaction in terms of quarks and glu-
ons. Conversely, the low-energy regime is dominated by non-perturbative physics. The scale at
which perturbation theory breaks down is the Landau pole of QCD, Aqcp, which is of the or-
der of 2 - 10> MeV. The coefficients of the QCD beta-function are known up to five-loop order
[28, 29, 54-60]. For further use, we also quote here the two- and three-loop coefficients

34 10
pP — 3 ~2C—2Crn;— 3 Cany. (1.74)
2857 205 1415 11 79
QCD _ >
2 =g CA +Cgny— 13 —CrCany — 52 CAnf—l— 9 Cpnf+ 54CAnf (1.75)

The function v, defined in Eq.(1.66), is called the anomalous dimension of I' and encodes the
behaviour I" when changing the energy scale. Like the beta-function, it is a perturbative function,
i.e. we can write

v=afO +a2y 4 (1.76)

1.2.5 Renormalization in QCD

Let us now focus on the MS-scheme, which is the scheme we will use for the remainder of this
text, in dimensional regularization. In this renormalization scheme, the Z-factors do not depend
on any dimensionful parameters and can be written as a series in the coupling constant and inverse
powers of €

Z=8r et )@ y & (1.77)

i leJ

We introduced here the object dr e Which is one if I" has non-trivial tree-level contributions and
zero otherwise. In general, the Z-factors can also depend on the gauge parameter &. Hence the
definition of the anomalous dimensions in the MS-scheme can be rewritten as

dz dz
Yo=BZ"' —+&nZ (1.78)
g’
In QCD, 73 is the anomalous dimension of the gluon field which renormalizes as
Al =/ Z3A". (1.79)
Also the strong coupling a, has to be renormalized
ab = Za;. (1.80)

The %—poles of Z, correspond to the expansion parameters of the QCD beta-function, cf. Eq.(1.72).
When using a general covariant gauge, the gauge parameter & has to be renormalized as well. As
the gauge parameter appears through the gluon propagator, it renormalizes with the same Z-factor
as the gluon, i.e.

(1-8)p=2Z3(1-8). (1.81)
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When combining Eq.(1.78) with the series expansions of the Z-factors and anomalous dimensions,
it can be used to derive the explicit expressions for z;; in Eq.(1.77) in terms of RG parameters. For
example, the quark wave function renormalization constant,

Vo = V2y, (1.82)

can be easily derived. Up to order ag we find
1 0 1
2 _1+—Y( )+2£{ [( Bo) —Yg)(l—ﬁ)gzn]JrYé)}

e °—§B) g Byl

- —vé B — g1 (1= £)(1 - B)gan — (1 &)~ Bolgon ] (183)

1
o B0 o) Bk (0 e

— Evé )(1 —&)(28g22 +g221)] +Y§2)

——

Here the quantities g; j are defined via
i+1

Zé Soji (1.84)

with o0 = 2 for quarks and o0 = 3 for gluons. The QCD anomalous dimensions are well-known and,
up to order ag’, their coefficients read

W =ECr —Cr, (1.85)
3 17 5 1
{1 =2CF = 5 CrCatCrny+ SECkCa— ZéchcA, (1.86)
YZ - 2C CFCA (12C3 4 CFCA C3 144
3 1301 5 371
— EClz;nf + 7 CFCAnf — §Can é CFC2 <— —C_,3 — —>
17 69 5
+ 5 CrCany —g? ( G+ 32> CrC3 + 1—6§3CFC§ (1.87)
for quarks and
0 S 2 1
20, —Cne+ s 1.
Y0 =3C—5np+5Ca8, (1.88)
23 5 15
Y =7 Gk~ 2nyCr — SCang + 5 CRE - —CA§2 (1.89)
2 _ 4051 5 5
- C% —CrC 12
7 ( 83 24 +nrCp —CpCang C3+36
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36 9 9

9 127 3 27
Al — e 212 2l _e2es( 2 2/
A< 8C3 16)+”f i | —&°Cy 16C3+16

7 33
1.
+558°G (1.90)

875 11 19
—nsC3 ( —9G3+ —) + —n3Cp 4+ —n7Cy

-

for gluons.

1.2.6 Renormalization of local composite operators

In particle physics, local composite operators (LCOs) and their matrix elements have an important
role to play. By a local composite operator, we mean a product of fields and their derivatives,
all of which are evaluated at the same spacetime point. A particularly important example is the
electromagnetic current

J(x) = () ¥w(x). (1.91)
In the following, the argument x will usually be omitted. We will mainly be interested in gauge
invariant LCOs, although it is not hard to imagine non-gauge invariant ones. Examples in non-
Abelian gauge theories include LCOs involving ghost fields or partial derivatives acting on the
gauge field. There are multiple ways LCOs appear in the context of particle physics. One is in the
calculation of cross-sections of processes like deep-inelastic scattering and deeply-virtual Comp-
ton scattering, which will be discussed in the next chapter. LCOs can also be used to study hadron
structure, i.e. to determine how the properties of quarks and gluons influence hadronic properties
like spin, mass, etc.

A priori, one might expect that renormalizing the fundamental fields appearing in the La-
grangian would be enough to also render the matrix elements of LCOs finite. Unfortunately, this
is not the case. Instead, we need to introduce a separate renormalization for the operators as well.
So, if we have some bare operator O, we have to renormalize it as

0=27,[0). (1.92)

When renormalizing LCOs, we leave out the superscript b for bare operators and put square brack-
ets around the renormalized ones. The scale-dependence of LCOs is determined by their anoma-
lous dimension

d
——[0] =v[0]. 1.93
which in turn can be extracted from the Z-factor as
_1 dZp
=z . 1.94

At order ak, the L-loop anomalous dimension can be read off from the 1/e-pole of the Z-factor as
ot
Zo~ fsy(H) .. (1.95)
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The higher-order poles in € of the Z-factor are completely determined in terms of lower-order RG-
parameters. A particularly straightforward example is the renormalization of conserved currents,
like e.g. the electromagnetic one in Eq.(1.91). Because it is conserved, d,,j* = 0, it does not receive
any quantum corrections. This implies that its anomalous dimension vanishes to all orders, such
that

F=1 (1.96)

A complication that can arise when renormalizing composite operators is the issue of operator
mixing. This becomes relevant when there are multiple operators of the same dimension'® carrying
the same quantum numbers. The renormalization then goes as

0=Y Zoo|0], (1.97)
Ol

where the renormalization factors Zp will now depend on the anomalous dimensions of all rele-
vant operators. The diagonal elements, Zpp, start with 1 x a® while the off-diagonal elements only
start at O(a), i.e.

Zool = 6070/ + 0(61) (198)

A consistent study now requires one to choose a basis for the operators. In doing so, it is important
to make sure that the basis is complete, and that all operators are independent of one another. This
can be tricky because of the use of equations of motion or integration by parts when the operators
contain derivatives. One way to check the completeness of the selected basis is by analyzing the
Lorentz structure of Green’s functions, as different operators may lead to different Lorentz struc-
tures by their Feynman rules. The full renormalization of all operators is most conveniently written
as a matrix equation. For example, if we have two operators Oy and O, their renormalization is

written as
O Zn Zn\ (0]
= 1.99
(02) (ZZI Zzz) <[Oz] (1.99)
where we abbreviate Zo,»oj by Z;j. The matrix of Z-factors, which we will denote by 7, is often
called the mixing matrix. We can now also define the anomalous dimension matrix (ADM) by

generalizing Eq.(1.94):

. d .
77! 7. 1.100
dlInp? ( )

¥

Because of this relation between § and Z, we will also use the term mixing matrix when referring
to the ADM.

The way to calculate such operator anomalous dimensions in practice is by calculating matrix
elements of the operator, e.g. by inserting it into a quark or gluon two-point function. The di-
vergences in these bare matrix elements can then be related to the anomalous dimensions using
Eq.(1.92) or Eq.(1.97). This will be discussed in more detail in a later chapter, when we discuss
the operators relevant for the analysis of scattering of a lepton off a proton.

18When operators are built out of massive fields, they can also mix with lower-dimensional operators under renor-
malization. The mismatch of the dimension is then fixed by introducing the mass parameter raised to the appropriate
power. In this work, we do not consider this case.
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1.3 Operator products

Having summarized the basic elements of QCD, renormalization and local operators, we now turn
to the topic of evaluating products of local operators. These are relevant for the analysis of hard
scattering processes. Specifically, suppose we have two local operators O; and O,. The question
we want answered is how to evaluate the time-ordered product 7 O;(x)O0,(y) when x — y. The
situation is problematic when x = y, as then the operator product is ill-defined. The solution, called
the operator product expansion, was found by Wilson in the late sixties [61], and later proven in
perturbation theory by Zimmerman [62]. The main idea of the OPE is that a time-ordered product
of two local operators can be expanded in a series of regular (i.e. finite) local operators. These
operators are multiplied by functions, called Wilson coefficients, encoding the singularity of the
operator product as x — y

lim T 0y (x) Os(y) = iCn(x—y)On <’ﬂ> (1.101)

=y n=0 2

In order for both sides of the relation to be consistent, the quantum numbers of the O, have to
correspond to those of Oy 0». Furthermore, if the operators on the left-hand side are invariant under
some gauge transformations, the operators on the right should also be invariant. For simplicity but
without loss of generality, we can set y = 0. The simplest example of such an expansion is the
time-ordered product of two scalar fields, 7 ¢(x)$(0). A straightforward application of Wick’s
theorem gives

To(x)0(0) = 0(x)0(0)+ : 9(x)0(0) : (1.102)

where : ¢(x)0(0) : denotes the normal-ordered product. The Wick contraction of two fields just
corresponds to the propagator

0(x)0(0) = (0] T0(x)0(0)]0), (1.103)

such that the first term in Eq.(1.102) is singular as x — 0. So the Wilson coefficient here is just the
propagator while the operator is the identity. In the second term, the Wilson coefficient is simply
one, multiplied by the normal product which is regular when x — 0.

In practical calculations, one often prefers to work in momentum space, in which case the OPE
becomes

/ d*x e 0y(x) 02(0) = Y Culq) 0,(0). (1.104)
n=0
An important application of the OPE is to the product of two currents'?,

T j(x)7"(0) = TWIP Y017 w(0)), (1.105)

which is a basic building block in the analysis of hard scattering processes like DIS. In the dis-
cussion that follows, we will work to leading order in the strong coupling o;. This simplifies the
analysis while still giving all the relevant operators in the expansion. Note that this means that the

9This discussion is heavily influenced by [63].
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quarks are effectively free. This approximation is known as the parton model, and we will discuss
this in some detail in the next chapter. To lighten the notation, we also omit the time-ordering
operator 7. As in our simple example in Eq.(1.102), we can apply Wick’s theorem to the product
of currents. Focusing on the most singular terms in the limit of x — 0 we have

()77(0) ~: PP WETON W) : + : G W) FO)W(0) : (1.106)

As it will be easier to draw conclusions from a momentum expansion, we now perform a Fourier
transformation. Furthermore, as both term in Eq.(1.106) give similar results, we focus on the first
one. So we have

i(id+4) |

Garar! Yy(0) ;. (1.107)

[ e @R O w0): =gy

This is of course just the quark propagator with momentum p + ¢, where p is the momentum
through the quark line (and identified as id) and ¢ comes from the Fourier transform. With an
application to hard scattering processes in mind, we now assume that ¢ is much larger than all
other scales. Assuming the momentum ¢ to be spacelike, which it will be in DIS, we expand the
denominator in Eq.(1.107) for Q> = —¢” > p?. This is just a simple application of the geometric
series
—1 -1 1
02 —2ig-0+0> (2 _2@3_—62

2i a 9
Q2 Z ( 4 ) . (1.108)

In the limit p? /Q? < 1, we can ignore terms coming from 92 /Q? such that the expansion simplifies

to "
—1 —1.& (2ig-9
- = — — | . (1.109)
Q2—2ZQ'8—|—82 QZ%( Q2 >

Hence the product of currents becomes

F)14(0) = QQW’ (id+ gy Z (2’q a) V. (1.110)

More simplifications can be introduced if we assume the hard scattering to only include the elec-
tromagnetic interaction. In this case, the interaction should be parity conserving and the hadronic
tensor, giving rise to the product of currents, should be symmetric in its Lorentz indices. Hence,
we can symmetrize Eq.(1.110) to give

J(x)j%(0) = é—;W[ZY‘(iBV) —g"q| io <2igz'a> V. (1.111)

We have discarded a term proportional to gy on account of the Dirac equation. Now recall the
ingredients of the Wilson OPE. On the one hand, we have the Wilson coefficients, which are
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c-functions incorporating the short-distance physics. On the other hand, we have the operators,
which are assumed to be regular. With Q? providing a hard scale, it follows from Eq.(1.111) that
the Wilson coefficients should be of the form

n
CH1-Hn

AR (1.112)

To extract the operators, we note that these are expected to be gauge invariant. Hence, any partial
derivative should be replaced by a covariant one. The operators are also expected to have n open
Lorentz indices. This means that they would have several components that transform differently
under Lorentz transformations. Furthermore, these components would behave differently under
renormalization. Fortunately, to a good approximation, we can focus on those operators that have
spin n, implying that they are fully symmetric in their Lorentz indices and traceless. This is because
operators of dimension d and spin s are suppressed by

| d—s | t
<@> = (@> . (1.113)

Here t = d — s is called the rwist of the operator [64]. So, the operators with the least amount of
suppression are the leading-twist ones, which are those with maximal spin. The lowest value of the
twist is two for the present case. Taking all of these considerations into account, the local operators
appearing in the expansion of two currents are the spin-N, twist-two quark operators®

Ouyoiw = STV, Dy - - - Dy . (1.114)

Here § denotes symmetrization of the Lorentz indices and subtraction of the traces, which is how
we select the leading-twist contributions; see e.g. [23] for more details.

We have focused our discussion on free-field quark contributions which are flavor singlet.
However, in the full form of the OPE of two electromagnetic currents, there will be two additional
contributions. The first is the set of spin-N twist-2 flavor non-singlet quark operators,

OL> v = SUAMY, Dyy ... Dy . (1.115)
A% represent the generators of the flavor group SU(ns) with n the number of active quark flavors.
The second is the set of spin-N twist-two gluon operators, which appear once we move away from
the free-field assumption (i.e. when working in full QCD instead of the parton model)

G _

Ouyuw :5FVMD,,2...D#N71FMNV, (1.116)
As discussed above, Fadeev-Popov ghost fields have to be introduced into non-Abelian gauge
theories to avoid propagation of non-physical components of the gauge fields. This implies that,

complementary to Eq.(1.116), we also have to take into account ghost operators. However, we
shall not need them in this work, and hence do not consider them any further.

20Because of the second term in Eq.(1.107) only operators with N even end up contributing to the DIS expansion.
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Chapter 2

Scattering experiments

Introduction

If we want to further our understanding of proton structure, we need to perform scattering experi-
ments at energies which are high enough such that the internal degrees of freedom can be resolved.
At the LHC, this is done by scattering two proton beams off each other. Since protons are not
elementary particles but are composed of quarks and gluons, which feel the strong interaction,
starting of with two hadronic states leads to a complicated collection of particles in the detector,
which has to be disentangled. A cleaner way of looking inside the proton is by scattering elemen-
tary particles, like electrons, off protons. In this chapter, we consider two such processes, namely
deep-inelastic scattering and deeply-virtual Compton scattering. Both processes are well-studied
and involve probing the proton using the electromagnetic interaction.

In the first part of the chapter, we provide a basic overview of DIS. We start by defining the
kinematics of the process, after which we review the calculation of the inclusive cross-section us-
ing the OPE. Next, we make a small detour and consider a comparison with the parton model.
Historically, the parton model was introduced before the advent of QCD. It assumes the proton to
be composed of non-interacting fermions. While it makes some accurate predictions, we will see
that deviations arise between parton model predictions and experimental data. The great success
of QCD is that it is able to explain away all these discrepancies. Finally, the matrix elements of the
operators arising from the OPE are used to define the standard PDFs, whose the scale-dependence
is related to that of the operators. As we saw in the previous chapter, the scale-dependence of
composite operators is determined by their anomalous dimensions which can be calculated pertur-
batively in the strong coupling o;. As most of the content of this chapter can be found in standard
QFT textbooks, e.g. [33, 36, 65], an attempt is made to keep the discussion relatively brief.

The second part of the chapter deals with a non-forward extension of DIS, namely DVCS. This
is an exclusive process. As such, it gives access to non-forward (off-diagonal) parton distributions,
which are not accessible in inclusive processes. The knowledge gained by these new distributions
is of vital importance for our understanding of hadronic structure. After defining the process and
its kinematics, we argue that the same operators as those in DIS appear in the study of DVCS. As
before, a connection is made between these operators and non-perturbative functions describing
the inner proton structure, which this time are the GPDs. The content of this part is mostly based
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Figure 2.1: Sketch of the DIS process, where the proton structure is probed by a high-energy photon. For
inclusive DIS, we sum over all hadronic final states, collectively denoted by I'. The diagram was drawn
using FEYNMF [46].

on the review [14] and the original paper by Ji [66].

2.1 Deep-inelastic scattering

2.1.1 Kinematics

In DIS,
ep—ep,

an electron is scattered off a proton at high energy, see e.g. Fig.2.1. The proton structure is then
probed by the exchanged virtual gauge boson, which we will assume to be a photon'. The spacelike
momentum of this virtual photon will be denoted by ¢ and corresponds to the electron momentum
transfer, k — k’. Note that this quantity is experimentally observable; all that needs to be done is
measure the momentum and energy of the final-state electron. We will also assume the virtuality
to be large, i.e. Q*> = —g? is large”. This implies that it is able to probe the partonic structure of
the proton and hence provide insight into how its properties emerge from those of the constituent
quarks and gluons. If the center-of-mass energy of the process is much greater than the proton mass
my, ~ 1 GeV, the proton breaks apart, leading to a shower of hadrons ending up in the detector. In
this case we have Mr = plz— > my, which leads to the requirement 0% < 2(p-q). In inclusive
DIS, one is not interested in the specific hadrons appearing in the final state and they are simply
summed. We denote this generic collection of hadronic final states by I.

To describe the DIS process, we need to introduce two invariants (i.e. Lorentz invariant quan-
tities). One obvious choice is the virtuality Q. For the second variable one could e.g. choose

pPq @2.1)
mp

v

In the rest frame of the proton, v corresponds to the energy difference between the initial and final
/ . o, .
state electrons, E — E . In practice though, it is more common to use

QZ

2vm,,

x (2.2)

'Tt could also be a Z- or W-boson, where in the latter case the final-state electron should be replaced by a final-state
neutrino.
ZNote that for a real photon Q> = 0.



instead of v. This is the so-called Bjorken-x variable. For physical processes one has 0 < x <1,
where x = 1 corresponds to elastic scattering. In the parton model, it corresponds to the fraction of
the proton’s momentum carried by the struck parton.

As the proton is probed by a (virtual) photon, the relevant interaction is simply the electromag-
netic one, i.e.

Lint = ej'uA,u (2.3)
with A, the photon field and j* the standard electromagnetic current
=)0y (24)
f

We sum over all fermions ¢ of flavor f and charge Qy.

2.1.2 The inclusive cross-section

To study inclusive DIS in practise, we need to determine its cross-section, opys. A straightforward
calculation shows that the differential cross-section can be written as
2 4
Popis _ alE'
dQdE’  Q*E "

wH (2.5)

with o, the fine-structure constant. The tensors appearing on the right-hand side are the leptonic
tensor, Ly, and the hadronic one, W*V. They encode different properties of the process. In order
for the representation of the cross-section as a factorized quantity to be valid, we implicitly as-
sumed to be working in the Bjorken limit, i.e. Q?,v — oo while x remains constant.

The leptonic tensor L,y encodes information about the polarization of the initial and final state
electrons and of the off-shell photon. With the kinematics as in Fig.(2.1), one can easily convince
oneself that it is given by

1 .
L,uv = ETr[k/'Y,uk'Yv] = 2[k;/1kv + k(/ky — 8uv (k/ ) k) T 1€vap koch] . (2.6)

For unpolarized scattering, the last term in Eq.(2.6) is absent. The hadronic tensor W*¥ rep-
resents the purely hadronic part of the process, Y*p — I'. It contains useful information about the

structure of the proton, encoded in its form factors and structure functions. The amplitude of this
sub-process can be shown to be proportional to the matrix element of the electromagnetic current,

M(Y'p—T)~ (Tl julp). 2.7)

The hadronic tensor, written in momentum space, is then

W= [ &5 (pux)iv(0) ). 8)
in which we used the completeness relation

; IT) (| = 1. (2.9)
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Using general arguments (e.g. Lorentz covariance), one can write down the generic form of the
hadronic tensor in terms of structure functions. The spin-independent part is

quq 1 p-q P-q
W,i; =-W (g,uv + 5—2\}> + sz (p,, + ?q,,> (Pv + ?QV> (2.10)

p

and the spin-dependent one

i
Wi = —&wiod" , @2.11)

p

V B
s° <G1 + —G2> — % p°G,
mp mp

with s the proton spin vector. Note that the spin-independent hadronic tensor is symmetric in its
Lorentz indices, while the spin-dependent one is anti-symmetric. This was to be expected, as Wlf\,
corresponds to the purely electromagnetic part of the interaction, which is parity conserving. W4
on the other hand is obtained from polarized scattering, coming from the weak interaction which
is parity violating. The structure functions W; and G; depend in general on the two invariants Q>
and x. If we ignore the mass of the electron, which we can do at the high energies we consider
here, the terms proportional to g, drop out once contracted with the leptonic tensor. To see this,
consider first the terms in the hadronic tensor which are proportional to g,gy. Contacting with L,
and using momentum conservation to write ¢ = k — k’ this leads to

4| (k- k') — ;]

which vanishes in the limit of m, — 0. A similar conclusion holds for the terms of the form p,qy
which give

(K- p) — (k- p)].
Eq.(2.8) implies that the calculation of the hadronic tensor for inclusive DIS is equivalent to the
calculation of a matrix element of a product of two electromagnetic currents, which can be dealt
with using the OPE, cf. Section 1.3. There we derived that this product can be written as a sum of
spin-N, twist-two quark operators

Ouy.ooy = SV Dy - - . Dy, (2.12)

where § selects the twist-two components. Note however that there is a small caveat in this dis-
cussion. The expansion we derived in Chapter 1 was for the time-ordered product of two currents.
However, the product appearing in the hadronic tensor is not time-ordered. Fortunately this does
not prove to be an issue. We can simply apply the optical theorem to relate the rate of Y'p — I' to
the imaginary part of the forward scattering rate of y*p — y*p. Specifically we have

Wiy =21Im T, (2.13)
with
To=i / d*x e (p| T i, (x) jv (0) ). 2.14)

The product of currents in this final equation does allow for an application of the OPE as explained
in Chapter 1.

The final step in the calculation of the inclusive DIS cross-section is to sandwich the operators
in Eq.(2.12) between two proton states,

(P! Oy |P) ~ MN(Q) Ppiy -+ Py - (2.15)
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The parton model

Before continuing with our main discussion, we want to briefly comment on the so-called parton
model, historically first introduced by Feynman in the late sixties [27]. We still consider the
scattering of an electron off a proton in the Bjorken limit, but now assume that the proton (and
all other hadrons for that matter) are simply built up from free, non-interacting partons. The
expansion of the hadronic tensor in terms of structure functions, Eq.(2.10), remains valid in this
simplified model. For convenience, we also introduce the reduced structure functions defined as

Fl (X, Qz) = Wl (X, Q2)7
Fa(x,0%) = > Wa(x, 0%). (2.16)
p

The Fj structure function is also called the transverse structure function, while the combination
Fi=F—2xF; (Q* — ) (2.17)

is the longitudinal one. They describe the absorption of transversly and longitudinally polarized
virtual photons, respectively. Rewriting the decomposition of the (spin-independent) hadronic
tensor in terms of the structure functions F; gives

1 ) )
WS, = —F (gw + qg—%) + P (py + %qu) (pv n %%) . (2.18)

Within the parton model, these structure functions F; can be written in terms of the parton distri-
bution functions f;(x), which can be interpreted to give the probability to find a parton of type g
inside the proton with momentum xp (0 < x < 1). We omit writing here the dependence of the
PDFs on the factorization scale ur. The F; structure function then becomes

F(x,0%) =xY 0l f,(x). (2.19)
q

Important to note here is that this only involves electrically charged partons within the proton.
Hence we only take into account quarks and anti-quarks, which are assumed to be non-interacting,
and ignore gluons. The Fj structure function can be directly related to the F> one using the so-called
Callan-Gross relation [67]

P (x,0%) = 2xFy (x,0?), (2.20)

which expresses that the partons are spin-1/2 fermions. Experimental data on this is shown in
Fig.2.2. For x 2 0.2, we see that the data nicely follow the Callan-Gross relation. However, for
lower values of x, discrepancies appear, which the parton model cannot explain. The solution to
this conundrum presents itself when combining the parton model with perturbative QCD, leading
to the QCD-improved parton model. Within this framework, the low-x behaviour of the structure
functions is dominated by gluonic contributions.

Written in terms of the longitudinal structure function F7, the Callan-Gross relation is simply

the statement that F;, exactly vanishes in the parton model, which we can interpret as the inability
of the spin-1/2 partons to absorb longitudinally polarized virtual photons. When considering the
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Figure 2.2: Historical plot demonstrating the Callan-Gross relation. Figure taken from [68, 69].

QCD-improved model, higher-order corrections break the Callan-Gross relation, i.e. F7 # O start-
ing from order 0.

The structure functions F; have yet another remarkable property. Namely, in the Bjorken limit,
they actually become independent of Q?, i.e.

2 o0
Fi(x,0%) =5 Fi(). 2.21)
x fixed
This behaviour is called Bjorken scaling [70]. Some historical measurements that demonstrate this
scaling behaviour are shown in Fig.2.3. It demonstrates that the electron scatters off point-like
partons within the proton?.

At low and high values of the Bjorken variable, the scaling behaviour of the structure func-
tions break downs and logarithmic corrections in Q? become important. These corrections can be
calculated explicitly within the QCD-improved parton model.

2.1.3 Parton distribution functions

The parton distribution functions are non-perturbative functions characterizing long-range physical
effects. They are universal, in the sense that they do not depend on the process under consideration,

31f the scattering was instead off an extended object, there would be an additional Q*>-dependent form factor.
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Figure 2.3: Historical plot demonstrating Bjorken scaling in DIS data. Figure taken from [71].

and encode the longitudinal momentum and polarization carried by partons within fast-moving
hadrons. They can be related to the hadronic matrix elements in Eq.(2.15) as [36]

f) =1y

nn

Im M,

x}’l

(2.22)

Non-perturbative techniques have to be employed for their determination, see e.g. [72, 73] and [74—
79] for recent progress in lattice QCD. It is also possible to extract them directly from experiment,
see e.g. [80]. PDFs have been studied in detail using data gathered by the HERA collider [5, 6], and
they are one of the central objects to be studied by the planned Electron Ion Collider (EIC) [7, 8].
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pT(p)
Figure 2.4: Sketch of the DVCS process, where the proton structure is probed by a high-energy virtual pho-
ton, which is accompanied by the production of a real photon. The diagram was drawn using FEYNMF [46].

Scale-dependence

Besides the PDFs themselves, it is also important to understand how changing the energy scale
(say of the experiment) affects the PDFs. The PDF scale-dependence is neatly summarized in the
well known DGLAP equation [81-83]

df,(x, 1 lq
%ﬁfﬁ)z | e (Ga). (2.23)

P,y represent the QCD splitting functions. Because of the direct relation between PDFs and local
spin-N operators, cf. Eq.(2.22), the scale-dependence of PDFs is related to the scale-dependence of
the operators, the latter being determined by the operator anomalous dimension, cf. Eq.(1.93). For
practical purposes we focus on the flavor non-singlet quark operators, cf. Eq.(1.115). The operator
anomalous dimension enters the DGLAP equation through the splitting function. Specifically, the
two quantities are related through a Mellin transformation

1
Tns(N) = — /0 doex™ 1Py (x). (2.24)

The explicit calculation of operator anomalous dimensions will be discussed in detail in Chapter 4.

2.2 Deeply-virtual Compton scattering

2.2.1 Kinematics

As was the case for DIS, the DVCS process,

ep—epy,

involves studying the structure of the proton by scattering a high-energy electron off it. However,
different from DIS, we also take into account the production of a real photon 7. This implies that
there has to be a non-zero momentum transfer to the target proton, see Fig.2.4. Another difference
with DIS is that the nucleon survives the process, i.e. it is not broken apart.

Because of the non-zero momentum transfer, we need to introduce more invariants to fully
describe DVCS. In total, four such invariants are needed:
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The Mandelstam variable 7, which corresponds to the invariant momentum transfer
t=(p—p'), (2.25)

« the photon virtuality, 0> = —¢?, which is again assumed to be large,
* the momentum-fraction x carried by the struck parton and

* the average hadron momentum

1
X=5P +p'). (2.26)

2.2.2 Cross-section

As before we assume the proton structure to be probed by the electromagnetic interaction, cf. Eq.(2.3).
In the Bjorken limit, the DVCS cross-section also factorizes into a leptonic part and a hadronic one.
As the expressions for the corresponding leptonic and hadronic tensors are considerably more com-
plex than in the DIS case, and since we do not actually need their exact forms in the following, we
do not quote them here. Instead, we refer the interested reader to [66]. Here we will just give a
brief overview of some of the similarities and differences with the analysis of DIS.

* The hadronic tensor can again be written as a matrix element of a time-ordered product of
electromagnetic currents

T =i / a7 (/| T, () 4 (0) ) 2.27)

Note that now the initial and final states do not have the same momentum, and that both the
momentum of the virtual photon and of the real one (g') appear in the expression. As the
same operator product appears as in DIS, the same spin-N operators, and their anomalous
dimensions, have to be considered. The difference with DIS is that these now have to be
considered in off-forward kinematics, i.e. between states of unequal momenta. This implies
that also operators with external total derivatives can contribute.

* At the end of the calculation, the unpolarized Compton amplitude is written in terms of two
off-forward distributions denoted by H and E, depending on the Dirac structure. These are
the GPDs and can be interpreted as matrix elements of quark operators. Using lightcone
coordinates, cf. Appendix A, we have [14, 66]

N (P |(=2/2)v"w(z/2) |p) ~ H(x,%,0)¥(p" )Y w(p) (2.28)

21
v(p)

ictVA,
2m,,

+E(x, 1) (p')
+ higher twist

where as before we focus on the leading-twist contributions. The variable A is defined such
that
t =A% (2.29)
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Note that the operator appearing in Eq.(2.28) is non-local. It is always possible to relate such
a non-local operator to local ones by means of a Taylor expansion,
m_k

Otiz1.2) = X A WC)(D )"t D)y 230)

)

see e.g. [16]. Here n is an arbitrary light-like vector.

2.2.3 Properties of GPDs

While the standard PDFs only depend on one kinematic variable, namely x, the off-forward GPDs
depend on three such variables, with the additional two being related to the non-zero momentum
transfer. It can be shown that in the forward limit, where p = p’ (and assuming the initial- and
final state protons to have the same helicity), the GPDs reduce to the forward distributions, e.g.
H(x,0,0) = f,(x) for x > 0 [14]. Another difference between PDFs and GPDs is their interpreta-
tion. As diagonal (i.e. forward) matrix elements, PDFs have a simple probabilistic interpretation.
However, since GPDs correspond to non-diagonal (non-forward) matrix elements, this no longer
works. Instead, GPDs reflect the inferference between nucleon amplitudes with different parton
configurations. This implies that they form important probes for momentum correlations between
partons in the proton [14, 84].

While the finite momentum transfer to the target is dominated by its longitudinal component,
it is possible for a small transverse component to appear as well. Information about the transverse
structure of the proton will then also be encoded in the GPDs. When combined with the longi-
tudinal information, GPDs hence create the possibility for a fully three-dimensional description
of proton (or more generally hadron) structure. See e.g. [85] for more details about this exciting
application and [86] for an overview of recent progress.

Moments and local operators

Instead of considering the matrix elements themselves, it is also interesting to study the effect of
integrating the GPDs over (powers of) x, i.e. calculating their Mellin moments. These moments
turn out to be extremely valuable, as they are related to form factors of local quark operators. In
the simplest case we just consider

1 1
/ dxH(x,y,1) and / v E (x,0.1).
1 -1

These are nothing more than the Dirac and Pauli form factors for the standard electromagnetic
current

1
[ dxHGn =Rl (2.31)

1
[ B0 =B (2.32)
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defined as
iGHA,
2my,

(P [WO)Fw(0)[p) = a(p') | Fi(e)¥' + Fa(t) u(p). (2.33)
In the same fashion, the higher moments of GPDs are related to form factors of operators with
additional covariant derivatives [14]. These are exactly the local spin-N, twist-two operators that
also appeared in the analysis of DIS, cf. Eq.(2.12).

Scale-dependence

Like PDFs, GPDs are non-perturbative quantities, meaning that they have to be calculated on the
lattice or extracted from experiments. But, as we have just seen, also GPDs are related to spin-NV
twist-two operators, which implies that their scale-dependence will once again be determined by
the scale-dependence of the operators. For example, for the scale-dependence of the generalized
distribution H we have

A2 1 xt) = |/ dyV (x, y)H (y,X,1)- (2.34)

This is the so-called ERBL evolution equation [87-90]. The evolution kernel V (x,y) is a general-
ization of the splitting function in the forward limit. As such, it can be related to a Mellin transform
of operator anomalous dimensions [91]

/ AoV V(x, ) Z Wik, (2.35)

Here Yy x denote the elements of the anomalous dimension matrix . They represent the mixing
into total derivative operators, which is relevant for off-forward kinematics. The renormalization
of the spin-N operators and the extraction of the corresponding anomalous dimensions, both in
forward and off-forward kinematics, will be discussed in detail in Chapter 4.
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Chapter 3

Mathematical background

Introduction

Before continuing with our main discussion, we first give an overview of mathematical concepts
and special functions which will be necessary in the coming chapters. The first section deals with
special functions. Here we review the definitions and some properties of harmonic sums, the Euler-
Gamma functions and Gegenbauer polynomials. After this, we introduce the binomial transform,
which is a special type of transformation acting on sequences. Finally, we review useful concepts
and algorithms for the evaluation of finite sums.

3.1 Special functions

3.1.1 Harmonic sums

Harmonic sums at argument N can be defined recursively as [92, 93]

el
:l: l
senl) = 3 0,
i=1
N i
+1 )
Sim17m27"'amd (N) = Z (lml) Sm2v"'7md (l> (3'1)
i=1

An associated quantity is the weight w of harmonic sums, which is

w= Z|ml| (3.2)

We will also use the concept of weight when dealing with denominators in N. Specifically, we
associate a weight ® to denominators of the form

1
(N + o)

The harmonic numbers, S1(N), are known to diverge in the limit of large N. We have

(0 e N). (3.3)

1
S1(N) E>1nN+yE+0<N> (3.4)
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with g the Euler-Mascheroni constant, Yg ~ 0.577. The higher-weight harmonic sums are finite
in the limit of large N and correspond to the Riemann-zeta function

=) 0 (3.5)

3.1.2 Euler-Gamma and polygamma functions

The Euler-Gamma function I'(z) can be considered to be the analytical continuation of the factorial
to complex numbers. It obeys [94]

2L(z) =T(z+1) (3.6)
and has isolated poles for z € Z~. As such, we can define an analytic continuation of binomial
coefficients as follows N LN 1

_ W+1l) (3.7)
r I'r+1)I(N—r+1)

The Gamma function also has an integral representation,
I(z) = / de e, (3.8)
0

which is valid for Re(z) > 0. When the argument is a half-integer number, the Gamma function
obeys

F<N+ l) _ ELZNAQ!!\/E (neN). (3.9)

2

Important associated functions are the polygamma functions, which are the logarithmic derivatives

of the Gamma function
dm+l

ym = Wlnr(z). (3.10)

When the polygamma functions are evaluated in an argument N € Ny, they are related to the
harmonic sums. We have
YON) =~y +S1(N-1) (3.11)

and
YO N) = (—1)"m! Gt = Sir (V= 1)] (m>0). (3.12)

The Gamma function often shows up in QFT calculations. This is because, when calculating
loop integrals in dimensional regularization, it is a natural object to appear. For example, in D
dimensions, the area of the unit-sphere is

2TCD/2

/QD: o7 (3.13)

In dimensional regularization, the poles as € — 0 are usually incorporated in the appearing Gamma
functions. A typical example of this is

2-D)2
®Pr 1 1 Tr@2-p/p2)(1
/ QP2+ A2 (4m)P2 T(2) (Z) (3.14)
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which is singular for D — 4. Hence we need to know how the Gamma function behaves near z = 0.
We have

De) = 1 — 7+ O(e). (3.15)
3.1.3 Gegenbauer polynomials

Gegenbauer polynomials can be defined in terms of the hypergeometric function > F; as [94]

2 11
CK(Z)=%2F1<—N,N+2v;V+§;§—§) (3.16)
with
y=x(x—1)...(x=N+1) (3.17)

the rising factorial or Pochhammer symbol. Recall that the generalized hypergeometric function is
defined as (@) () )
> (ay);...(ay);i 7
Fy(a,....am;by,....bp32) =) —F———. (3.18)
" n( " " ) i;()(bl)i---<bn)il!
In the case of a negative first argument, as in Eq.(3.16), the series does not go all the way to infinity.
Instead we have

N .
oFi(-Nomia2) = Y1 (] ) (3.19

i=0 i) (a)i
This then allows one to write down a series representation of the Gegenbauer polynomials in terms
of the Gamma function

r(v+1/2)i(_1>, T(2v+N+1) (1 z)l (3.20)
Il ' '

Ci(2) = Tv) A~ (N—IDIT(v+12+0\2" 2

In a QFT context, they appear naturally when analyzing composite operators in the presence of
conformal symmetry. Particularly important are then the Gegenbauer polynomial with v =3/2,
relevant for the description of quark operators

N
3/2 1 (N (N+l+2)!<l Z)l
- —1 ~ (-2 21
v @) = 2N 1:0( ) (z) (+10! \27 2 3-21)
and the one with v = 5/2 for the description of gluon operators
N !
5/2 1 (NN (N+1+4)! /1 1
C = — —1 — | z—=z] . 3.22
v 12N!l§6( ) (z) (+2)r \2 2° (:22)

3.2 The binomial transform

Suppose we have some sequence {ay }. Its binomial transform by is then defined as [95]

X (N
b= <k)ak. (3.23)

k=0
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The inverse transformation is

N N
ay = Z(—I)N_k<k>bk. (3.24)

k=0
To see this, we can substitute Eq.(3.23) into Eq.(3.24)

i(—l)N—k <]Z)bk: ZZV:(—I)N_" Cj) j; (’J‘>a, (3.25)

k=0 k=0

Next we change the order of summation in the right-hand side

i(_l)N_k(]Z)bk: i(—l)N(i{)aJé(—l)k(i__D (3.26)

k=0 j=0

(1)) = () (=) aa

Changing now the summation indices k — k— j and j — N — j we find

ﬁ‘, (=N (Z) by = %, (—1)/ (Ij) w,—é(—l)"(i) : (3.28)

k=0 j=0

in which we used the identity

Finally using that
J .
Y (1) (lfc) =350 (3.29)
k=0
we obtain the required result. |

The so-called symmetric binomial transform is also quite common. It is defined as

N N
=Y (] ) (3.30)
k=0
with inversion
Al N
ay = Z(—l)k<k)bk. (3.31)
k=0

A variant with k — k — 1 is also used sometimes. These equations imply that the (symmetric)
binomial transform is a type of conjugation; applying the transformation twice is equivalent to the
identity transformation. The binomial transform is also closely connected to the finite difference
operator Aay = ay+1 —an. We have

—NNa:N—kNa. .
(1% =} (-1) (k>k (3.32)

This can be easily shown by induction. The base case N = 0 trivially gives ag = ag. Let us then
assume that Eq.(3.32) is true for some N € N. For N + 1 the left-hand side is

N
AN Tlag = A(AVag) = Y (-1)VF (ZZ) (ars1 — ax). (3.33)
k=0
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The right-hand side is

N+1
N+1
Y (—1)N+1—k( + )ak. (3.34)
k=0 k
Using the identity
N N-—1 N—1
()= () () 639
we can rewrite this as
N+1 N+1
(N 4« N
Y (—DNH k<k)ak—|— Y (—pN! k(k 1)ak. (3.36)
k=0 k=0 o
Next we shift the summation index in the second sum by one, giving
N+1 N N N
Z(—l)N+1—’<(k)ak+ ) (—1)N—’<(k)ak+1. (3.37)
k=0 k=—1
Noting now that the first sum vanishes for k = N 4 1 and the second one for k = —1 this reduces to
N
(N
Y (—1)Y k<k)(ak+1—ak). (3.38)
k=0
This concludes the proof. [

Sequences with the property
N N
Z(_l)k<k)ak:aN (3.39)

are called invariant or self-conjugate sequences. For example, using the symmetric binomial trans-
Si(N)
(N+1)

form with the sign factor (—1)**!, the sequence { } is self-conjugate.

Assume we have some polynomial f(x) of maximal degree N. Then the binomial transform of

flx—k)
y+k

(y# —N) (3.40)

can be calculated using Melzak’s formula [96, 97]

3 N\ f(x—k)  N!f(x+y)
k;o(_l)k(k) y+k  yy+1)...(v+N) (3.41)

For example, if f(x) =1 we find

N N\ 1 1/N+y\ !
—1’<< )—:—( ) : 3.42
O 550y (3.42)
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The binomial transform also has interesting properties for division by the discrete variable. As-
suming {by} is the transform of {ay} we have [95]

o (M a _ x (mt1)(m+2)...N
kgl(k>k+”_n;(7»+m)(7~+m+1)...(x+zv)bm~ (3.43)

For A = 0, 1 this reduces to
N N
N ay bm
— = — 3.44
L (05X a4
and N N
Y, )—=5—) bm (3.45)
= (k k+1 N+1 /=
This can be directly related to binomial transforms involving harmonic sums. Starting from

ﬁl(—nk—l (JZ) =1 (3.46)

and applying Eq.(3.44) we find

N
N\ 1
—k! — =S1(N). 3.47
LD ( k) L =Si) (3:47)
In turn, a second application of Eq.(3.44) leads to
N N\ 1
—1)kt — =581 1(N). 3.48
k;l( ) (k) i2 171( ) ( )
Eqs.(3.43) and (3.47) can be combined to obtain the following general expression
Al k) Y 1 2)...
= k)k+h = At+tm)(A+m+1)...(A+N)m

We can also consider multiplication with the discrete variable, which obeys [95]

N
Z (11\!) kKPa, = (NV)pr (p €N and N > p) (3.50)

k=0
with V the backward difference operator
Vak =day—adg—1. (351)

Finally, we consider the binomial transform of the product of two sequences. Assume we have
two sequences {ay} and {cy} with binomial transforms {by} and {dy} respectively. Then the
following identity holds [95]

Y (N N (N
) (k)akck: ) (m>di’"bN. (3.52)

k=0 m=0
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A useful consequence involving harmonic numbers is

N — m
Z(—l)k_'(]Z)Sl(k)ck:(—I)N_lS( )dy + Z #.

k=0

(3.53)

More relations involving binomial transforms can be found in [95] and in Appendices E and F
of [92].

3.3 Evaluating finite sums

The problem of evaluating finite sums will show up frequently in the course of this text. This
section gives an overview of some important concepts which will be useful. After briefly reviewing
the telescoping and creative telescoping algorithms, we comment on the use of the MATHEMATICA
package SIGMA [98, 99] to evaluate complicated sums. In the final section of this chapter we
discuss the evaluation of some single and double sums which will appear in later chapters.

3.3.1 Telescoping algorithms

The telescoping algorithm is a well-known method for evaluating finite sums. Suppose we want to
evaluate the following sum

N
Y k) (3.54)
k=a
with a, N € N and a < N. Now, if we can find a function g(N) such that
f(k) =Ag(k) =g(k+1) —g(k) (3.55)
then
N N N
Y flk)=Y gk+1)=) g(k)
k=a k=a k=a
=g(N+1)—g(a). (3.56)

The finite difference operator A is similar to the derivative operator in continuum calculus. As
such, the telescoping algorithm can be considered to be the discrete version of the fundamental
theorem of calculus,

d b
g=Df=1f= / drg(x) = £(b) — f(a). (3.57)

The telescoping function g(N) in Eq.(3.55) can be found by application of Gosper’s algorithm [100],
which is applicable if
g(N)
g(N—1)
is a rational function of N. The algorithm consists of three main steps. Say we want to calculate
the telescoping function for some sequence {ay}

(3.58)

ay = Ab(N). (3.59)
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It is assumed that {ay} is a hypergeometric sequence, that is

INHL _ 4(N) (3.60)
an

with g(N) a rational function of N. The steps of Gosper’s algorithm can then be summarized as
follows

1. Determine three functions f(x),g(x) and A(x) such that

fr+1) gl

9 = A D) (3-61)
and
ged[g(x),h(x+n)] =1 (n € Np). (3.62)
2. Solve the so-called Gosper equation,
f(x) =gyl +1) = h(x)y(x), (3.63)

for the polynomial y(x).

3. If such a polynomial solution does not exist, it means that the sum in question does not have
a hypergeometric closed form. Otherwise, the telescoping function is determined by

b
1) = Z00() (.64

where we introduced #(x) via
b(N)=t(N)a(N). (3.65)

More details can e.g. be found in [101].

Classical telescoping works when dealing with sequences that depend on one variable only.
When we want to determine a closed form for a summation of a sequence depending on two
variables, we can use the creative telescoping algorithm by Zeilberger [102]. The idea is similar
to that of classical telescoping. Suppose we want to calculate a closed form expression for the

summation
b

Y F(N.k)=S(N). (3.66)

k=a

The way to go about this is by attempting to find functions co(N),...,cs(N) and a function g(N, k)
such that

g(N,k+1)—g(N,k) =co(N)f(N,k)+...+cq(N)f(N+d,k). (3.67)
Summing both sides, and applying classical telescoping to the left-hand side, then gives
b b
g(N,b+1)—g(N,a) =co(N) Y F(N.k)+...+cqa(N) Y f(N+d,k). (3.68)
k=a k=a
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This leads to an inhomogeneous recursion relation for the original sum of the form
q(N) =co(N)S(N) + ... +c4(N)S(N +d). (3.69)

Typically, one starts this procedure at d = 0, which is equivalent to classical telescoping. The value
of d is then increased stepwise until a solution to Eq.(3.68) is found. The creative telescoping
algorithm can be applied when the sequence under consideration is holonomic. A sequence {ay }
is said to be holonomic if there exist polynomials po(x), ..., p,(x) such that the following recursion
relation is obeyed [101]

po(N)an+ p1(N)any1+ -+ pr(N)an+r =0 (N €N, p,(N) #0). (3.70)
For example, the harmonic numbers {S;(N)} form a holonomic sequence since
(N+1)S1(N) — (2N +3)S1 (N+ 1)+ (N+2)S; (N +2) = 0. 3.71)

More details on the summation algorithms reviewed here can e.g. be found in the excellent
books [103, 104].

3.3.2 Evaluating sums using SIGMA

The types of sums that will have to be evaluated throughout this text can be dealt with using the
MATHEMATICA package SIGMA [98, 99]. The workflow followed by SIGMA can be summarized
as follows

* When given a sum to evaluate, SIGMA will generate a recurrence for it using (creative)
telescoping, which it subsequently solves.

* In general, the obtained recurrences are inhomogeneous. The corresponding solution is then
the set of solutions for the homogeneous recurrence, supplemented by a particular solution.

* For the final closed-form expression of the summation problem at hand, SIGMA determines
that particular linear combination of the recurrence solutions that has the same initial values
as the given sum.

Let us see how this works in practice. In Chapter 4, a type of sum we will be interested in is
N—k
(N —k )
Z(—l)’( : )f(]+k). (3.72)
j=0 J

Here the function f contains harmonic sums and denominators in its arguments. In this example
we take

Si(N+1)
N)y=——~— "/ 3.73
F) == (3.73)
To simplify the input for SIGMA , we define
Nk=N —k. (3.74)
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First, we feed the sum to SIGMA using the SIGMASUM function. SIGMA also has built-in
functions for powers and binomials, namely SIGMAPOWER and SIGMABINOMIAL.

in[1] := sum = SigmaSum[SigmaPower[-1,j]*SigmaBinomial[NK,jIS[1,k+j+11/(k+j+1),{j,0,Nk}]

Nk i

(—1)° (g +S[L7+4])
Nk Jj

out[1] := ]);0 T+j+k

Next, we generate the corresponding recurrence using GENERATERE. The input required here
is the quantity for which we want to generate the recurrence, and the quantity in terms of which
the recurrence should be written.

in[2] := rec = GenerateRE[sum,NKk]

out[2] := {(1+Nk)?SUM[NK] + (—8 — 3k — 8Nk — 2kNk — 2Nk?) SUM[1 + Nk] + (3 + k + Nk)?SUM[2 + Nk] == 0}

We see that in this particular case, we find a homogeneous recurrence of second order. Next
we solve the recurrence using SOLVERECURRENCE. To simplify the output, we also use TOSPE-
CIALFUNCTION to transform products to factorials and Pochhammer symbols.

in[3] := solrec = SolveRecurrence[rec[[1]],SUM[NKk]]//ToSpecialFunction

NNk
Nk | o it mm
o Nk,
0ut[3] = {0, m} 5 0, (2+k)Nk 7{150}

Finally, we need to determine the appropriate linear combination of the solutions of the recur-
rence. This is done using FINDLINEARCOMBINATION.

in[4] := sol = FindLinearCombination[solrec,sum,2]//ToSpecialFunction

Nk: (%&) Nk (Y
(4] := Nki AU A U L Nkisjig
OUIH = 2Ny T TR HING | CT-RRHONG T (HRCHRINK

The output can be simplified further using SIGMAREDUCE, and the remaining sums can be
expressed in terms of harmonic numbers using the TOWER command. This leads to

in[5] := Sol = SigmaReduce[sol,Nk,Tower—{S[1,Nk],S[1,Nk+k]}]/.Nk—N-k

S[LN] , S[1.—k+N]
(7k+N)!*((I+k)](l+N)7—[l¥k]+ L ]>

out[5] := 0

Hence, we find that

(VRS EED (V=) |
j;o(—l)j( j) JAk+1 _(k+1)(k+2)N_k<N+1_Sl(N_k)+Sl(N)>- (3.75)
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3.3.3 Explicit single and double sums

In this section we discuss some explicit single and double sums that will be useful to us throughout
this work.

Single sums

As discussed above, the binomial transforms of some simple functions are

o))
s (Msoen-—5 (V") 679
2 (N a(y") e -sm-n - am
£ () smen=-5("3") TS -sol G

see also [95] and appendix F of [92]. Binomial transforms of higher powers of 1/(m+ j) can be
calculated using differentiation. For example, differentiating both sides of Eq.(3.79) with respect
to m we find

L ()

1 /N -1 (3.81)
B %( ;m> (52(m+N> —Sa(m+1)+[Si(m—1) _Sl(m+N)]2).
Binomial transforms of the form Sl (m € N*) can be evaluated using
i ( )S1(m+J) 1 (N+m)—1[S1(N+m)_SI(N)]' .
= i) m+j  m\ N

To apply this formula, we need to synchronize the harmonic sums, meaning that its argument
should match the denominator. For example

N AN\ Si(m+j) & (N [ Si(m+j+1) 1
Z(_l)j(j)m+j+lﬁZGl)](i)( mtj+ 1 _(m+j+1)2)' o

J=0

Note that the second sum is just of the type (3.79).
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Double sums

In Chapter 4 and beyond, we will be interested in double sums of the form

N N X N
Z<—1>"(k) )) <—1)’<l>f<l,j>- (3.84)
j=k I=j+1
Here f (I, j) represents a function consisting of harmonic sums and denominators in its arguments.
Generally, these sums can simply be computed using SIGMA . However, in certain cases the result
of the inner sum is already quite complicated, such that the full double sum becomes non-trivial.
In such cases, it is advisable to take a closer look at the structure of the summand f(/, j) to see
whether simplifications can be made. For example, consider functions of the form

£(l,j) = (f (l’jj))m (m € Npand [ # ). (3.85)
g(l, j) is either one or some (product of) harmonic sum(s) with unshifted argument(s)l. To evaluate
the sum Eq.(3.84) for such a function, we note that this function class closes on itself. By this we
mean that, after evaluating the double sum, we do not expect the appearance of shifted denomina-
tors. Furthermore, the weight of the result is limited by the weight of the summand. Hence, the
number of structures that can appear in the final answers is limited, and we can simply calculate
the sum for fixed (N, k)-values and then make a fit using an appropriate basis. This basis is simply
the set of functions of type Eq.(3.85), up to the appropriate weight. Let us, as an example, consider

the case )
f()) = % (3.86)
The inner sum is then
lil(—l)’(];])i‘l(i—;)? =S(N, ). (3.87)
=J

To feed this sum to SIGMA , we get rid of the j in the lower limit by shifting / — [ — j— 1 such
that

N Iy s /
: i (N +j+ 1\ Si1(N' —1+1)
S(N,j) =Y (—1)VHittd R 3.88
V.7) = X (=1) N Ty (3.88)

We have defined

N=N—-j—1 (3.89)
and introduced an additional shift, / — N’ —[. The SIGMA result is a complicated expression,
including terms such as

N o2
S
Z IO—M, (3.90)
i=1 !
which cannot be simplified further. Instead, if we apply the fitting method described above, we
quickly find
N NN -
J 1(N\S1(I—J) Sa(N —k)
(—1)"< ) (—1) ( ) = . (3.91)
]g( k l_;rl 1) (I—j)? N—k

By shifted arguments or denominators, we mean arguments or denominators of the type N + m or k + m with
m € Np.
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The basis used to obtain this result was
Si(N)  Si(k)  Si(N)* Si(k)* Sa(N) Sa(k) Si1(N)Si(k)
(N—k)Z’(N—k)27 N—k ' N—-k’'N—k’'N—k’ N—-—-k '
S1(N) Si(k) S1(N—k) Si(N—k)?> Sy(N—k) 1

3.92
N—k’'N—k’ (N—=k)2’ (N—k) > (N—k) " (N—k)¥ (3:92)
S1(N —k) 1 1
(N—k) "(N—k)2'N—k |
Another nice application is obtained by choosing
FUJ) = e (m>0) (3.93)
J) = . m . .
="
The fitting method allows us to derive the following all-m expression
N NN
N 1 Sim(N —k
Z(—l)"@ ) (—1>l<l) = 115 ; ) (3.94)
j=k I=j+1 (1=J) -
with
Slm(N—k)ESLl,m,l(N—k) (3.95)
—

m—1

and S;1 (N —k) = 1.

The fitting method seems to fail however for the following two sums we encounter in Chapter 5

Voo S (N Si()
Lo (/) e (1) (3.96)
and . N
k(7 (NN SiG)
£ <k),§+l( o (e G0

Let us consider the sum in Eq.(3.97) in some detail. Because of the appearance of S;(j), it is
simpler to first consider the inner sum over /, i.e.

i (—1)1(7> L (3.98)

I=j+1 (=j)2

This can be calculated using the standard SIGMA methods. While not giving the full result here,
we note that it includes

Ni o/
s

y St NN (3.99)
i=1

i
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for which no closed form is known. This implies that the final result of the full double sum will
include terms proportional to
N . Nj . .
J Si(i+))
—1)k -7 3.100
2 (=1 (k) ; l. (3.100)
which explains why the fitting method did not work in this case?. We can now try to continue
calculating the outer sum using SIGMA . Unfortunately, this does not work, as SIGMA is not able

to find a recursion when terms such as the one in Eq.(3.99) appear. So, we need to find a different
method for evaluating Eq.(3.97).

To gain some more insight into the problem, we consider the summation for fixed values of k
while leaving N arbitrary:

k ley:k( 1)k ()Zz (= )1(7) (LISI—(J]'.))Z

N—1 0-S;(N—1)

N-2 1-38(N-2)

=
|
(O8]
EN[9)]

— LE81(N—3)
B—BSIN—4)
N=5 15— 551N =5)
N-6 3322 2.5 (N-6)

It is clear that the harmonic number corresponds to S (k). Maybe less clear but easy to check

is that its coefficient corresponds to — 51 1(\,N X ' So we have
N NN .
J (NN Si(j) S1(k)S1(N —k)
(—1)"( ) (—1) ( )—.zF(N,k)— (3.101)
/;c k 1—%1 1) (1—j)? N—k

for some unknown function F(N,k) of N and k. We expect F to only depend on one argument,
namely N —k, i.e.

N . N . _
() £ () D o

Let us then consider the simpler case of k =0,

Z Z ( )(fl_(jizzF(N)- (3.103)

j=0Il=j+1

Note that we have encountered a similar non-reducible sum, Eq.(3.90), when trying to calculate the sum in
Eq.(3.87). However, as this non-reducible sum drops out in the final result, the fitting method works. Hence, the
break-down of this method points to the non-cancellation of such non-reducible sums.
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While the inner sum is still the same, the outer one is much easier to handle and can be calculated
with SIGMA , up to one small caveat. During the calculation, one encounters terms of the form

(3.104)

and

82N, j)
= 3.105
,ZOJ(N ) (3109

for some functions g; and g>. While the poles at j = 0 and j = N are known to be spurious,
SIGMA does not seem to interpret them as such and gives an “Infinite expression % encountered"
error. This is easily fixed by changing the summation limits as to exclude the spurious poles, and

then re-adding the (finite) limits,

(3.106)

Finally we have all we need to calculate Eq.(3.103). The result is
1

N2
[—(=1)VS|(N)>+25_2(N) — S1(N) + 51 (N)* + S2(N)]
—1)NS1(N)? +S_3(N) +25_21(N) — S2.1(N) +4S3(N)
v i (NS M S+ )
Nj;o( l)j( j )N R Y

i=1

F(N) = [2—2(=1)NS|(N) —S1(N)]

(3.107)

Remember that the expression for F(N) is valid for k = 0, and originates from F (N — k). Hence,
in order to calculate the full double sum in Eq.(3.97) we started with, all we have to do is take the
expression for F(N) we just calculated, replace N by N — k and substitute back into Eq.(3.102).
This finally leads to

RNTFANE SV AN T I N-k !
N o S e

I=j+1
—2(—1)NkSl(N—k)—Sl(N—k)]+ﬁ[—(—l)NkSl(N—k)2+ZS_2(N—k)
—S1(N—=k)+S1(N—k)>+S23(N = k)] + (= DN ES (N — k) +5_3(N — k) (3.108)
S1(k)S1(N —k)
N—k
N—k=1\ Si(j) " & 'si(+i)
Z ( )N k— i+1

J J i1

+285 2 1(N —k) = S21(N — k) +4S3(N — k)
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This expression was tested for a large set of (N, k)-values. Note that, in contrast to the other sums
discussed so far, negative-index harmonic sums appear in the final result. Let us now briefly discuss
the other double sum for which the fitting method did not work, Eq.(3.96). Again analyzing fixed
k-values while keeping N arbitrary, we find that the following rewriting holds

N : N _
L) L v ()t oo AR
j= =+

with F(N — k) exactly the same function as before. Hence we can immediately write down the
result:

NS ANE SN AN T () R Uy v 1

S (k)l:,2-+1< 0 () 0 = 4 - 20"
—2(—1)N_kSl(N—k)—Sl(N—k)]+ﬁ[—(—l)N_kSl(N—k)2+ZSZ(N—k)
—S1(N—=k)+S1(N—k)*+S23(N = k)] + (—1DNES (N — k) +5_3(N —k) (3.110)
+2S,271(N—k)—5271(N—k)—|-4S3(N—k _SI(N;*[SI_(]Z_I()

o N IN=k=1 S1() MR T S +H)

(v k)go( 1)1( j )N—k—j i+l

Again we tested this expression for a large set of (N, k)-values.

66



Chapter 4

Renormalization of non-singlet spin-N
operators

Introduction

In this chapter, we investigate the renormalization of the spin-N non-singlet quark operators ap-
pearing in the OPEs of DIS and DVCS. Throughout this chapter, we work in the leading-twist
approximation. As was discussed before, this works well at high energies, as higher-twist contri-
butions are suppressed by inverse powers of the hard scale. Furthermore, we explicitly assume all
quarks to be massless, i.e. we work in the chiral limit. Renormalizing the relevant operators will
give access to their anomalous dimensions, which characterize the scale-dependence of (general-
ized) parton distributions. As such, they form an important input parameter for past and future
experiments and lattice calculations.

While the operators relevant for the calculation of cross-sections in DIS and DVCS are the
same, there exist important differences at the level of their renormalization. These are a direct
consequence of the difference in kinematics between the two processes. In DIS, we need to con-
sider forward kinematics, meaning that there is no momentum transfer to the target proton. At
the level of the operator renormalization, the consequence of this is that the matrix elements to
be calculated involve operator vertices with zero momentum flow. In turn, this implies a simple
multiplicative renormalization, and the extraction of the anomalous dimensions is straightforward.
These anomalous dimensions then determine the scale-dependence of the PDF. In DVCS however,
the kinematics is off-forward. As we explicitly take into account the production of a real photon,
the momenta of the initial and final state proton necessarily differ. In this case, we have to consider
matrix elements that involve operator vertices with a non-zero momentum flow. This complicates
the extraction of the anomalous dimensions, as now the operators mix with total derivative opera-
tors. In this case, the anomalous dimensions are related to the scale-dependence of the off-forward
parton distributions, i.e. GPDs.

We first set up the notation for the operator matrix elements and discuss their calculation. Next
we review the renormalization of the operators in forward and off-forward kinematics. Because of
the operator mixing in the latter case, we first have to choose a particular operator basis. Several
options will be discussed. After this, we implement the operator renormalization in a specific
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basis and show that, in this basis, useful relations exist between the operators. These in turn lead
to a consistency relation between the corresponding anomalous dimensions, which can be used to
construct the mixing matrix when the forward anomalous dimensions and the bare matrix elements
of the relevant operators are known.

4.1 Calculation of operator matrix elements

To calculate the anomalous dimensions of the operators, we consider the following partonic Green’s
function

Ai; = (j(p1)|0i(p3)j(p2))- (4.1)

We focus our attention in this chapter on the Wilson flavor non-singlet quark operators OES.#N,

cf. Eq.(1.115). As such, we only need to take quarks as external fields, j = g. The general form of
the relevant Green’s function is then

(W(p1)|OR> L (P3)[W(p2)), 4.2)

of. Fig.4.1.

lpzs

P1 P2

Figure 4.1: General form of the Green’s functions to determine the operator anomalous dimensions.

As mentioned above, we will consider two kinematic regions, namely forward and off-forward
kinematics. In forward kinematics, relevant for DIS, we identify the momenta of the external
quarks such that there is no net momentum flow through the operator vertex. That is, in the forward
limit we consider the Green’s functions

(W(p1)|OR> . (O)W(—p1)). 4.3)

In off-forward kinematics, there should be a non-zero momentum flow through the operator vertex.
A priori, this requires us to consider the general three-point function depicted in Fig.4.1. However,
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we can simplify the calculation by nullifying one of the external momenta. This way, the three-
point functions effectively reduce to two-point ones'. The Green’s functions are then of the form

(W(P)I O 1y (=) [W(0)). (4.4)

In practical calculations, we contract the operators O}fls uy With a tensor constructed out of lightlike
vectors

Ov=A . AWVORS (4.5)

with A2 = 0. This has two advantages. The first is that it gets rid of all open Lorentz indices, which
simplifies the calculation of the loop integrals. The second is that this contraction automatically
projects out the leading-twist contributions. In this notation, the conserved vector current is repre-
sented by O.

The calculation of the Green’s functions in Egs.(4.3) and (4.4) is completely automated, and
follows a well-established workflow. First, the Feynman diagrams are generated using QGRAF [105].
QGRAF allows for the generation of topologies based on a given list of propagators and interaction
vertices. The propagators and vertices we use are the standard QCD ones, cf. Section 1.1.2, with
the addition of the relevant operator vertices. It should be noted that, while we deal exclusively
with quark operators, the operators can still have gluons attached to them. These come from the
covariant derivatives inside the operators and are necessarily connected to internal vertices. From
the perturbative expansion of the operators it is easy to see that, at the L-loop level, operator ver-
tices with at most L gluons have to be included. For example, at one-loop, we need to include two
operator vertices, cf. Fig.4.2.

) D9 7
‘(1 ® )_ ﬁx(A‘Dz)f\—]
P @ 2]
| N-2 : :
é _g{a_\le_u; Z [PQ'A)N_Z_““(_({'A_Pl _A)J]
J1=0

Pa
ag, M3

Figure 4.2: Operator vertices appearing at one loop, along with their Feynman rules [106]. All momenta
are taken to be incoming and q =Y ; p;.

In QGRAF, the operator vertices can be included by introducing an associated field, with the
requirement that this ‘operator field’ cannot appear as an internal line. Since in both kinematic
regimes under consideration the external quarks are off-shell, we in principle also have to include

'Two-point functions are easier to deal with than three-point ones, as they lead to simpler loop integrals. However,
working with the more general three-point functions would mean having access to the full result and its Lorentz
structure, which makes it easier to check completeness of the operator basis in the case of mixing.
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diagrams with self-energy corrections on the external legs. However, it is possible to discard such
diagrams and instead multiply the result with the quark wave function renormalization factor Z,
during renormalization. The advantage of this is that the remaining Feynman diagrams are one-
particle-irreducible.

When the diagrams are generated, the next step is to actually calculate them. There are many
packages and programs available for such calculations; we will employ the FORM [107, 108] pro-
gram FORCER [109]. FORCER allows for the efficient calculation of massless propagator-type
diagrams up to the four-loop level. It does this by reducing the loop integrals to a combina-
tion of master integrals within the framework of integration by parts (IBP). One of the reasons
FORCER is efficient is that it automatically tries to reduce topologies to simpler ones, like one-
loop integrals. Efficient solutions are known for these, and hence it is not necessary to explicitly
solve IBP equations. Another important property of FORCER is that it, like its three-loop cousin
MINCER [110, 111], works in the so-called G-scheme [112]. To explain this, we note that in both
programs the general solution of one-loop massless propagator-type diagrams is written in terms
of the G-function [113], which is defined in terms of the Euler-Gamma function as

[(a+B—6—D/2)[(D/2—a+n—oc)[(D/2—B+0)
T(a)C(B)C(D— o — P +n)

Here D = 4 — 2¢ denotes the spacetime dimension in dimensional regularization. In loop calcula-
tions, it is often convenient to then factor out a power of €G(1,1,0,0) per momentum integration.
In turn, this factor can be set to one by redefining the surface of the D-dimensional unit sphere. This
defines the G-scheme. At the end of the calculation, the results should then be transformed to a
renormalization scheme of choice. For us this will be the MS-scheme. Before we can use FORCER,
however, we first have to properly massage the output we get from QGRAF. This is done in a FORM
program called convdia, whose original form is due to P. Nogueira and J. Vermaseren [114, 115].
Its main duties can be summarized as follows.

G(a,B,n,0) ~ . (4.6)

« Identify the topologies of the diagrams and discard tadpoles?.

* When considering higher-order corrections, a large number of diagrams is obtained by in-
serting lower-loop propagators into a diagram. For example, at the two-loop level, diagrams
of the following type appear

Instead of calculating such diagrams from scratch, one can just insert the gluon propagator
to the appropriate order. This has the form of the standard gluon propagator, with the mo-

These lead to scaleless integrals and hence vanish in dimensional regularization.
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mentum in the denominator now being €-dependent (i.e. the expression is proportional to
k—%%). The recognition of this type of diagram is done in convdia.

* Determination of the color factor associated to each diagram. This is based on the algorithms
presented in [116].

Once all this is done, convdia collects diagrams with the same topology and color factor into
so-called meta-diagrams. This is done for computational efficiency. More details on the use of
FORM for the calculation of Feynman diagrams can be found in [115]. The handling of these
meta-diagrams is performed with the database program MINOS [117], which creates a database of
diagrams before the calculation and a database of computed integrals afterwards. The final step
of the process consists in substituting the Feynman rules and letting FORCER do its magic. We
perform all diagram calculations using a general covariant gauge . While this does increase the
complexity of the computations, it also provides us with a cross-check, as the operator anomalous
dimensions should be gauge-independent.

In the discussion above, we explicitly assumed to be working in Mellin N-space, cf. Sec-
tion 1.1.4. In the leading-twist approximation, the Mellin moment N of the operators just corre-
sponds to their Lorentz spin. The results from the procedure above are then fixed moments of the
bare OME under consideration. In particular, this means that the operator anomalous dimensions
will also be written as a function of the Mellin moment N. Note that the corresponding variable in
momentum space would be the momentum fraction x carried by the struck parton. In the case of
off-forward kinematics, an additional parameter will be necessary. We will generically denote this
new parameter by k, and in N-space it counts the number of total derivatives acting on the operator.
A possible corresponding momentum variable is the skewedness, which gives a measure for the
momentum transfer to the target.

When the Feynman diagram computation is completed, we need to implement the renormaliza-
tion in order to render the matrix elements finite and to extract the anomalous dimensions. We will
employ the MS-renormalization scheme. First, the bare interaction strength and gauge parameter
have to be replaced by their renormalized versions, cf. Eqs.(1.80) and (1.81). Next, the operator
renormalization has to be implemented. This will be the topic of the remainder of this chapter.

It will be useful to have a running example throughout this chapter to illustrate the calculations
and concepts we introduce. The one-loop calculation provides a natural candidate to this end.
Hence, before moving on to the operator renormalization, let us briefly consider the calculation of
the one-loop matrix elements. The relevant Feynman diagrams are shown in Fig.4.3. In the case
of forward kinematics the result for the bare matrix element is

asCr

V()] ONO)(—p1)) = 1+ (4SI<N> e —4+&> foo @D

The dots represent finite terms and higher-order corrections. Note the appearance of the gauge
parameter &.
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P1 P2 P P2

Figure 4.3: One-loop Feynman diagrams. In the forward limit, po = — p1, and one should include the second
diagram with the gluon closing on the other quark line. In the off-forward limit we set pp = 0. As explained
before, diagrams with self-energy corrections on the external lines are not included. The Feynman diagrams
were drawn using TIKZ-FEYNMAN [32].

In off-forward kinematics, with p = 0, we find

asCF

(W(p1)|On(=p1)[W(0)) =

2
(ZSI(N)—N—H—2+§>+... 4.8)

4.2 Operator renormalization I: Forward limit
In the forward limit, the operators simply renormalize multiplicatively

On+1 = Z2ZN N[On+1]. 4.9

Renormalized operators are written with square brackets. As explained above, we include the
quark wave function renormalization factor to account for the self-energy corrections on the off-
shell external lines. The derivation of the renormalization factors in terms of anomalous dimen-
sions and the QCD beta-function follows the same procedure as described in Chapter 1. Up to
order a? we find?

s a |1
w1+ 210+ Sl ol 1 |

SR
+gf€{32(yf(v1\’ Bo) (Vv — 2Bo) Y n + 5 (3Y1(VN—2BO) (4.10)

2
- gﬁwf%ﬂvﬁ%}'

3Comparing with Eq.(2.24), we have yns(N) = YN—1,N—1-
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A special case of Eq.(4.9) occurs when N =0,
0O = ZQZ()Q[O]]. “4.11)

Since Oy is simply the conserved vector current, O = \Tf?»“//ﬁ\u, it is finite to all orders in as, i.€.
Z(),o =1 and
01 = 2,[0y]. 4.12)

In general, the application of the renormalization equation Eq.(4.9) to the one-loop bare OME in
Eq.(4.7) leads to

2 2
Yo =Cr (451(N)+—+—_3>' 4.13)

N+1 N+2

Note that the dependence on the gauge parameter & has dropped out, as expected. Beyond one-
loop order, quite a lot is known about these forward anomalous dimensions. Up to the three-loop
level, they are completely determined, see [118—121]. At four loops, there exist complete results
in the limit of large ny [122, 123] and some low fixed moments in full QCD [124-126]. Fixed
moments, up to N = 16, are also known for a general gauge theory SU(N,) in the planar limit
(N, — o) [106]. Finally, even at the five-loop level there is partial information available concern-
ing the large-ny limit* [122] and low fixed moments [127].

Because of this relatively large set of known moments in forward kinematics, some general
statements can be made about the anomalous dimensions at L loops. The basic building blocks of
the L-loop anomalous dimension are harmonic sums and denominators of weight up tow =2L—1.
A more detailed analysis reveals that there is also a relation between the structure of the expression
and the color factor and powers of ny multiplying it. In particular, if we have some term pro-
portional to powers of Cr and C4, the maximum weight of the multiplying factor will be 2L — 1.
However, for every factor of ny, the maximal weight reduces with one, down to weight L for the
leading-n s terms. The maximal weight also reduces in the presence of the Riemann-zeta function
Cu; to 2L —n — 1 in general and to L — n for the leading-n; terms. The reason for these sim-
plifications in the leading-ny limit is that, when considering a Feynman diagram expansion, the
leading-n s terms originate from those L-loop diagrams that have the maximal amount of one-loop
insertions.

As the anomalous dimension in Mellin space is a function of harmonic sums, the corresponding
splitting function in x-space, cf. Eq.(2.24), can be written in terms of harmonic polylogarithms
(HPLs). These are recursively defined as [128]

Hy(x) =Inx, Hyi(x)=FIn(lFx) (4.14)
L In"x ifmj =0
Hm ..m =" 4.1
ey (¥) { Jo 9z fin, (2)Hmy...m,, (z) otherwise .15)
1 1
fo(x) = o fr1(x) = T=x (4.16)

“In fact, [122] presents the all-order result for the anomalous dimensions in the large-n £ limit.
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Figure 4.4: The one-loop splitting function on a normal scale and on a logarithmic one. We have introduced
a normalization of ﬁ.

For example at one-loop order, the splitting function is given by

PO (x) =2Cr

1+x* 3
(- j;‘)+ +28(1 —x)] . (.17)

The plus-prescription for some test function f(x) is defined as

! fx) v fx)—f(1)
/de(l_—m:/o arFHE (4.18)

It cancels the divergence at x = 1 if f(1) is sufficiently smooth. This x = 1 divergence of the
splitting function is associated to soft gluon emissions. The x-space behaviour of the splitting
function is depicted in Fig.4.4.

4.3 Operator renormalization II: Off-forward limit

We now discuss the operator renormalization for off-forward kinematics. As mentioned before,
this allows for the possibility of mixing with total derivative operators. A consequence of this
mixing is that now we have to consider anomalous dimension matrices. Hence, before we can
discuss the actual renormalization, we first have to choose an appropriate basis for the additional
operators. Several options exist in the literature, and we will discuss three of them in some detail.
The first, which is predominantly used in calculations that involve conformal symmetry [16, 19,
87], is based on an expansion of the operators in terms of Gegenbauer polynomials. The other two
bases select the operators based on the number of (total) derivatives, and are commonly used to
connect continuum quantities to lattice ones for non-perturbative studies, see e.g. [25, 72].
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4.3.1 Operator bases
The Gegenbauer basis

We start our discussion by introducing renormalized non-local light-ray operators [O]. These act
as generating functions for local operators as [16]

mk -

Ol(z.22) = ¥ 2 () (D- A)"4(A- D) ()] (4.19)
Ltk

Here, A is an arbitrary light-like vector. For simplicity, the x-dependence will be omitted in the
following, writing O(z1,22) = O(0;z1,22). The evolution of these light-ray operators under RG-
flow can be written as

<y23#2 4 B(as)da, + H (as)> [0](z1,22) = 0 (4.20)

with u the renormalization scale and # (as) the so-called evolution operator. This is an integral
operator, which acts on the light-cone coordinates of the fields [129]

H(a)[Ol(er22) = [ doc [ apates B[O e, @

with z{, = z1 (1 — &) + z20.. k(0 B) represents the evolution kernel, the moments of which corre-
spond to the anomalous dimensions of the local operators in Eq.(4.19),

1 1
o= [ do [ a1 -a-B)h(a.p). (4.22)
0 0
N represents the total number of covariant derivatives appearing in the operator.

The non-local light-ray operators in Eq.(4.19) can be expanded in a basis of local operators in
terms of the Gegenbauer polynomials, see e.g. [19, 87]

G . 320(D-A—A-D
Vi = (A-0)"P(x)ACY <B~A+A-a y(x)

Here, k > N is the total number of derivatives, and we use the superscript G to emphasize that
the operators belong to the Gegenbauer basis. Expanding the Gegenbauer polynomial with the
differential operators then gives, cf. Eq.(3.21)

k3200 =00 L (NI (k-1 k—l—j(y \I+)
©a ) (5252) = o LV () S L(, )@ e

(4.24)

with k > N, such that the local operators become

N k=l /g _ o
0 1Z(—l)l(N)MZ(k.l)u—f<x>A<D-A>klJ<A-D>’+fw<x>. 425)

Nk — Anry
K O2N! 5 [ (I+1)! AN,
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The evolution equation for the renormalized operators [O]g 4 1s

N
(199,2+ Blas)a, ) [0,) = 2 (4.26)

The mixing of the operators manifests itself in the appearance of the sum on the right-hand side.

The mixing matrix>, denoted by 4y 1, is triangular in the Gegenbauer basis, y]% ;=0 if j > N.
Furthermore, its diagonal elements correspond to the forward anomalous dimensions, Yy y. Note
that Yy y do not depend on the chosen basis for total derivative operators. Hence we can simply
write

Yo N = TN 4.27)

in any basis for derivative operators ‘B. The Gegenbauer mixing matrix is currently known com-
pletely up to the three-loop level [16].

The total derivative basis

Another approach is to identify the operators by counting powers of derivatives. To this end we
write

OF, = (8-0){ (A- D)"Y A(A- D)y}, (4.28)

see e.g. [130, 131]. Here we have already selected the leading-twist contributions by contracting
all Lorentz indices with light-like A. The indices p, ¢ and r count the powers of the respective
derivatives, and the superscript D denotes that the operators are written in the total derivative
basis. Because of the chiral limit, the partial derivatives act as

D D
Op q,r Op l,g+1,r + Opfl,q,rJrl' (429)

This defines a recursion for the bare operators, which is solved by
o P
Opgr = Z (l)007p+q irtic (4.30)
i=0

Another consequence of the chiral limit is that left and right derivative operators renormalize with
the same renormalization constants

N
D D
OcoN = Y ZVn i[Ot jon—jl;
j=0

N
D D
j=0

(4.31)

Note that these statements do not hold beyond the chiral limit, as in that case left- and right-handed
fermions obey different equations of motion. This would lead to corrections proportional to the

>We denote the elements of the ADM for spin-(N -+ 1) operators as Vv« and the matrix itself as Yy,1.
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quark masses. As usual, the operator anomalous dimensions are derived from the renormalization
factors as o
dZjx

D D \—1
(Zn.1) dlng?

—(Zn ;

(4.32)

The mixing matrix is also triangular in the total derivative basis (y%;_k = 0 if k£ > N), with the di-
agonal elements being the standard forward anomalous dimensions. When considering the actual
renormalization in the following sections, we will mainly use this basis for the derivative operators.

It is possible to relate the operator bases introduced so far. For this, we first note that Eq.(4.19)

can be written as
m_k

bape
Olz1,22) = Z lv kz' OO mk (4.33)
m,k T
Using Eqgs.(4.23), (4.24) and (4.30) this becomes
N
g 1 LN\ (N+14+2)! 5
Oyx= 2—]\,!;{)(—1) ( / ) Wok—l,o,l' (4.34)

The evolution equation for the operators [Og > Eq.(4.26), then leads to a relation between the
mixing matrices in the two bases

N N i
G 106 1 N\ (N+1+2)!

RN T 5 1 4.
]ZZOYN,J[ J,N] AN 120( ) (l) (+1) Z ()N 14701 J] (4.35)

where we have also used the renormalization equation Eq.(4.31). Using Eq.(4.34) for renormalized
operators this becomes

o [y AN\ G+I1+2)!
j§YN71<2—j,ZZ()(—1)l(l)W[oﬁ_m@

N (4.36)
1 N\ (N+j+2
b () e
Upon comparing the coefficients of the operators [O]%’,)_ 1.0.)» we finally find
N ( | N . " J
(J+2)! 6 1 N\ (N+j+2)! D
(= =—"w,= LV ) LY (4.37)
E) jro N!jg i) G+ ;0 /"
To get the expression on the left-hand side, we evaluated the sum
j N
N\ (G+1+2)! .
D)) = (1) (+2)!. 4.38
Y0 () G = G @39)

Note that this is not a relation between specific elements of the ADMs in both bases. E.g., it is
not enough to know yzg o to determine Y%)o- It can, however, be used as a consistency condition
and cross-check. By the first point we mean that, if the ADM is known in one basis, we can use
Eq.(4.37) to constrain its functional form in the other basis. This type of consistency check allows
us to connect previously unrelated results in the literature.
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The Geyer basis

The third and final basis for derivative operators we discuss is due to B. Geyer and friends [23, 24].
The local operators are defined as

Oy = WAD + D)V (D - D)ty (4.39)
with N and k odd. The contraction with an arbitrary light-like vector A is understood, i.e.
D=A"D, (4.40)
with A = 0.

The ADM in this basis shares the same properties as those in the previous two bases, i.e. it
is triangular and its diagonal elements are the forward anomalous dimensions. As we did for the
Gegenbauer basis, we want to relate the operators, and correspondingly their anomalous dimen-
sions, in the Geyer basis to those in the total derivative one. To accomplish this we first use®

k
O ik = (— Z ( ) i (4.41)

which can be derived in the same way as Eq. (4.30). It is then straightforward to see that, for k =0,
the operators defined above correspond to total derivatives of the vector current, i.e.

G D
Oyo = ONoo- (4.42)

For arbitrary k-values, we can apply the binomial theorem (twice) together with Eq.(4.41). This
leads to the following relation between the bare operators

eyer N=k k N—k k i+ 7
Vi ZO 2 (- ( > (J) zzé(_l)l(l 1]) OB—10- (4.43)
i=0 j= =

The corresponding relation for the renormalized operators reads

ever N—k k . N—k k i+j l‘l‘] Nl
- E (T O () E o
i=0 j=0 17 =0 m=0

(4.44)

< 3 0 ()08 onon )

In the following, we focus on diagonal operators Oge]\zer, the evolution equation for which is

2 d OGeyer o Al 1— (_ ) Geyer OGeyer 4.45
HagOvn = Y W [ ] (4.45)
H k=0

®Note that there is a factor of (—1)/ missing in Eq.(2.25) in [132].
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with N odd. Furthermore, specializing to the one-loop case’ we find, using Eq. (4.44) for k = N,

"= (=1) _Geyer
’YNN—}_ZT)’Y](\}/,]}, .(0) — N 1221 ( )YIO() (446)

for odd N. A similar relation can be derived for even values of N, corresponding to the anomalous
dimensions of odd-spin operators,

N-1 ‘
(0) 1+ (=1)7 Geyer,(0) _ N [ 2(0)
]:
These are the sought-after relations between the Geyer and total derivative bases.

4.3.2 Renormalization in the total derivative basis

Having discussed some possible bases for total derivative operators, we are now in a position to
actually implement the operator renormalization in off-forward kinematics. This is important for
operator analyses of hard exclusive processes. The corresponding anomalous dimensions charac-
terize the scale-dependence of the generalized parton distributions. Throughout this section, we
will employ the total derivative basis.

The renormalization of the spin-(N + 1) operator obeys
O = 22 (Zu O]+ ZRy 1 [00F) + -+ + ZRo[3" O7)) (4.48)

such that, for the full set of spin-(N + 1) operators, we now find a matrix equation

O]\%@l ZNN Zzzr),Nfl i]i\ll),o [OJ\%@J

a0 0 Zyan-1 - Z 0

Nl=zn| T AN N-1,0 | _N] : (4.49)
N oP 0 0 w1 Caxerd

Note that the n X n bottom-right submatrix is equivalent to the complete mixing matrix for the
renormalization of spin-n operators. For example, the bottom-right 2 x 2 submatrix is

Ziy Z{
1A 4.
<0 1 (4.50)

which exactly corresponds to the mixing matrix for the spin-two operators {07,007}

The derivation of the renormalization factors in terms of the RG-parameters is similar to the
forward case, with some important differences. As before, the basis for this is the formal definition
of the anomalous dimensions in terms of the Z-factors, cf. Eq.(4.32). However, this is now a matrix
equation, such that the calculation requires us to determine the inverse matrix of renormalization

"The higher-order anomalous dimensions in the Geyer basis have not been calculated.
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factors. It is helpful to consider a simple example before tackling the general problem. As such,
we focus on the renormalization of the spin-two operators,

O@ Zi1 Zla) 0 [Oz ]
(ao@) ( 0 007])° (>0
The equation to solve is then

0z2
Zi ((1) —Zzﬁ’o) (aazjgl ai;(’) _ (781 Y:)Q?O) . 4.52)
1,1 1,1 0 0

Substituting the relevant expansions, up to O(af ), itis straightforward to solve this matrix equation.
The results are

2
as 0y a;[l, (o

Ziy =1 +;Y§,f t o [g(vﬁ,f Bo)i) + 1. f] +3e [282 2831

~3Bo( D2+ (1) + 2—8[—2m§?£ — 2P0y} + 3+ v< ’ (4.53)

2 3

as o) as[l, (o D,0) D1 a;
ZIQ,)O :EYLO( )+£ [E(Yﬂ —Bo)my 0( )‘Hﬁ,o( )] 3e [282[ BoYl 0

—3Bov i+ (DT + [—213171,(3 ) 2oy

+ 29 A O v )} . (4.54)

As expected, Eq.(4.53) agrees with the previously derived result for the Z-factors in the forward
limit, cf. Eq.(4.10). One can relatively easily repeat this exercise for higher moments. The only
difference is that the matrix equations become bigger and more tedious to solve. In general we
find, up to O(ag),

as ? 1 N—1
Z% = 2 + 2—{<v N+ =B+ g X ’vﬁ”#vﬁ,’,ﬁ”}
i=k+
@) 2000 3, (00,0 (0, & 00,00
+é S_QBO’YNJ( —8—250 Yvi (vn+Yer) + Z Wi Vik
i=k+1

(4.55)
2, 20 2, D1
EZZZYNI Yu] ]k _EﬁlyN,lg)_EﬁOYN,lE)

i=k j=

1 D

+822YN1 zk()—'—’YNl()'sz())—i_z’Yng)}

i=1

with k # N. The operator mixing manifests itself in the appearance of sums of anomalous dimen-

sions, starting at O(a?).

Let us now take a look at what happens at one-loop order. Recall that in Section 4.1 we
calculated the bare OME to be

asCr

(W(p1) | Ow(—p1)[F(0)) = 1+ (251 I —— 2+a) (4.56)

N+1
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In the forward limit, this was enough to fix the one-loop anomalous dimension for all values of
N, cf. Eq.(4.13). This is not the case however in the off-forward limit because of mixing. For
simplicity, we start with the spin-two operators, cf. Eq.(4.51). The singular part of the one-loop

OME is
asCF 1
= . 4.57
a0 a»

According to Eq.(4.48), this has to match
2:(211[0F) + 21071 (4.58)

At the one-loop level, the renormalized operators can just be replaced by one, [O] = 1. Hence we
find

a,Cr [ 1 0 0 D,(0
- (§+§> =5+ 1. (4.59)

With yg)) =Cp(&—1)and yg(’)f = 8/3CF this leads to

4
Yo = -3Cr. (4.60)

A similar calculation for the spin-three operators yields

) , ,D,0)

+%o =—2CF. (4.61)

D,
V2.1
. . , D,(0) D,(0) .
So, we do not seem to have enough information to disentangle y, ;" from v, ;. Obviously the

situation gets worse for higher-spin operators. We will see in the next section that this issue can be
resolved because of relations between the anomalous dimensions in the total derivative basis.

4.3.3 Constraints on the anomalous dimensions

As we saw in the previous section, a naive implementation of the renormalization in off-forward
kinematics is not enough to disentangle the anomalous dimensions. In this section, we discuss
certain relations that exist between the operators in the total derivative basis, which lead to cor-
responding relations between the anomalous dimensions. This will culminate in an algorithm to
construct the full (N,k) dependence of the anomalous dimensions, with the required input being
the bare matrix elements of the operators without total derivatives and the forward anomalous di-
mensions. As before, we will use the one-loop calculations as a running example throughout this
section.

Successive application of Eq.(4.29) to Oﬁ 0.0 allows us to derive the following relation between
bare operators
D Ny TAPY:)
Opno— (=D Y (=1) (J) Oion—; =0. (4.62)
j=0
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Upon using the renormalization equations, Eq.(4.31), this leads to a connection between the renor-
malized operators

égc [(—l)k (]JC) ZI%),j —(=1) <];]> ka] [Olg/)—k,o,k] =0. (4.63)

Now, since the coefficient of [Ozg/)—ko k] has to vanish for each value of k, this is equivalent to a
relation between the renormalization constants

vk Z[ <>ZN] (_1)1'(N,)sz} ~0 (4.64)

J

which in turn implies a relation between the anomalous dimensions

VK : Z [ ( )yN,] (—1)/ @)y}?,{} —0. (4.65)

This is a general statement, valid to all orders in a;.

We can now discover useful dependencies between the anomalous dimensions by choosing
specific values for k in Eq.(4.65). Consider for example k = N — 1. In the mixing matrix, this
corresponds to the next-to-diagonal (NTD) elements {71@0,7?1,...,7]%) ~_1}- From our general
relation, it follows that these NTD elements can be dire7ctly related to the forward anomalous
dimensions®

N
YI%J).,N—I = E(’YN—I,N—I —YINN)- (4.66)
At one-loop order, using the expression for the forward anomalous dimensions Eq.(4.13), we find
D0) _ 1
YNNI = 2CF (m - 1) . (4.67)
D,(0)

This reproduces the value for y; ;" * we calculated in the previous section. For the spin-three sector,
it gives
D,(0 3
) = ~3Cr. (4.68)
Combined with the condition we found for the renormalization of spin-three operators at one loop,
Eq.(4.61), this leads to
D,(0 1
7270( = _ECF- (4.69)
Hence with the inclusion of the relation for the NTD elements, we are able to fix the one-loop
spin-three mixing matrix completely. It is not enough however to fix the matrices for higher spins.
For example, at spin-four we end up with

13
Y;",)i(o) +Y§? (3(0) = _ECF~ (4.70)

8This relation was pointed out to us for low-N operators by J. Gracey in a private correspondence.
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Another interesting choice for k in Eq.(4.65) is k = 0,

M=

(N
[y,f’{j—(—nf(j)yfo] 0. @.71)

j=0

With a bit of algebra we can rewrite this as

o= YL X (1) (N)v?-?o] - (472)

i=0 j=1 J

Hence, for moment N, we can write 71%7)0 in terms of ng o (M < N) and the sum of the elements in
the N-th row of the mixing matrix. N(;W, from the renormalization equation, Eq.(4.48), it can be
seen that this sum is related to the 1/e-pole of the bare’ matrix element of O]%) +1- We will denote
this by B(N + 1). Hence we have

o= [sovr- X -0V @73)

= J

Using now that the binomial transform acts as a conjugation, cf. Section 3.2, we can rewrite this
as

N /N

o= L1/ (7 ) B0+ ), @.74)

i=0 !
This relation implies that, whenever we are able to calculate the bare matrix elements of Oy
(which does not have total derivatives acting on it), we can use these to recursively determine the
last column of the mixing matrix. We again emphasize that this is an all-order statement. Although
one might expect similar relations to hold for different values of &, this unfortunately is not the case,
since for k 7 0 the corresponding expression does not involve the sum of the anomalous dimensions
by itself, but instead a weighted version of this. For example, the kK = 1 relation involves

Al D
Y i (4.75)
i=0

which we cannot relate to the bare OME:s.

Let us again apply our findings to the one-loop case. At this order, the singular part of the bare
matrix elements corresponds to

N
Y 4 = BO N4 1) 4. (4.76)
i=0
Comparing with Eq.(4.56) then leads to

QS(O)(N+1):CF<251(N+1)—NL+2—1>. (4.77)

But the bare coupling constant and gauge parameter should already be replaced by their renormalized versions.
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Hence, according to Eq.(4.74), the last column of the mixing matrix is determined by
N
(N 2
yfv)’(go):CFZ(—l)’( ) (251(i+1)—,——1>. (4.78)
’ = i i+2
These sums are easily evaluated using the results of Chapter 3, and we find

1
e =2Cr <N—+2 - N) . (4.79)

This agrees with the previously found expressions in the spin-two and spin-three sectors. Further-
more for the spin-four sector it implies

'Y37(’) = _BCF (4.80)
and hence, cf. Eq.(4.70),
3
vi? i(o) = _§CF~ (4.81)

So, with the relations we derived for the elements in the NTD and the last column, we can com-
pletely fix the one-loop mixing matrix of spin-four operators. Of course, this statement is also valid
beyond one-loop. Starting from the spin-five sector, there is not enough information to disentangle
the anomalous dimensions.

Before continuing with our discussion, we want to mention that Eq.(4.71) can be used to derive
an alternative relation between the anomalous dimensions in the Gegenbauer and total derivative
bases. For, if we substitute Eq.(4.71) into Eq.(4.37) we obtain

N ; N . j .
Y (-1 Ux2ie — Ly iy (N) w Y (1) (f)vz@o (4.82)

. N, -
Jj! J N!J.:O J

Let us now have a closer look at the general consequences of Eq.(4.74). Because the binomial
transform works as a conjugation, we have

é(—lv (]]V) Yio= ]i()(—l)f (]]V) g(—l)f (f) Bi+1)=BN+1)  (483)

and hence

N
B(N+1) = Z(—l)f(N>ny. (4.84)

=0 J

This is just Eq.(4.65) for k = 0, see Eq.(4.71). Using this conjugation, we can repeat what we did
for k = 0 in the previous section for arbitrary k. The result is

Wk = g(—wl (],v) i(—l)"(i) v (4.85)

J=k
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It will be useful to split off the diagonal piece of the mixing matrix, since this is known (at least in
certain limits as discussed above)

Yzav),k = (Z) I\Ek(— 1)j (N ]_ k) Yjtk,j+k

j=0

1) 200 0)

I=j+1

(4.86)
Y

This is a very powerful relation. The only assumption made in its derivation was that we work in
the chiral limit. In this limit, the relation is a direct consequence of the renormalization structure of
the operators. This means that it can be used as an order-independent consistency check. Namely,
if the mixing matrix in the total derivative basis has been obtained using some different method, its
elements have to obey Eq.(4.86). Alternatively, it can be used to construct the full mixing matrix.
To explicitly see this, let us put all the terms on the same side

B ()L (Y - pe () £ e (D=0 e

Now, assuming we know the forward anomalous dimensions, we can, at least in principle, calculate
the first sum. Then, based on the structure of the result, we can construct an Ansatz for the off-
diagonal elements. The self-consistency of this Ansatz can then be checked by substituting it back
into Eq.(4.87). The next-to-diagonal and the last column elements serve as boundary conditions
in this procedure. This leads to the following 4-step algorithm for the determination of the mixing
matrix:

1. Starting from the diagonal elements and the bare OMEs in Eq.(4.56), determine the all-N
expressions for the elements in the NTD and last column of the mixing matrix.

A= (N —k
(k) Z(—l)f< ; )v,-+k,]~+k. (4.88)

J=0

2. Next, calculate the sum

Based on the structure of the result, we can construct an Ansatz for the off-diagonal elements.

3. Calculate the double sum

i (-1)* (i) l_é](—l)’ (7)7?, (4.89)

Jj=k

of the Ansatz and collect everything into Eq.(4.87). This leads to a system of equations in
the unknown coefficients of the Ansatz. The system is furthermore subject to the condition
that the final result for 'y}g\? « Should reduce to the previously found expressions for k =N — 1
and k = 0. This ensures uhiqueness of the result.

4. If the system of equations can be solved consistently, we have found the final expression for
the elements of the mixing matrix. If not, there will be some remaining terms in Eq.(4.87).
We can then use the structure of these terms to adapt the Ansatz, leading us back to step 3.
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In the next chapters we will apply this algorithm to the calculation of the off-forward anomalous
dimensions of non-singlet quark operators.

So far we only considered flavor non-singlet Wilson operators, which appear in the OPEs of
DIS and DVCS. However, the concepts and methods introduced in this chapter do not actually
depend on the Dirac structure of the operators. That is, Eq.(4.87) is valid for the mixing of any
quark operator of the type

O =WYATDy, ...Dyyy (4.90)

into total derivative operators. This will be illustrated in Chapter 6, where we will calculate the
mixing matrix for the transversity operator, for which I' is identified with a commutator of two
Dirac matrices.
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Chapter 5

Anomalous dimensions of Wilson operators'

Introduction

We now apply the algorithm derived in the previous chapter to calculate the anomalous dimensions
of the non-singlet quark operators appearing in the OPE of DIS and DVCS. The anomalous dimen-
sions will be presented in the total derivative basis. When possible, these results will be connected
to results in the Gegenbauer and Geyer bases. For most of this chapter we work in the leading-n s
limit, ny — oo, which introduces some simplifications in the structure of the mixing matrix. In this
limit, we calculate the mixing matrix up to the five-loop level. Beyond the leading-n limit, we
present the two-loop mixing matrix in the leading-color limit. For the sake of explicitness, we will
always accompany the general expressions with the mixing matrix for spin-five operators. Finally,
we present fixed moments up to order @ in full QCD.

The calculations of the anomalous dimensions in off-forward kinematics have a long history.
In the Gegenbauer basis, the evolution kernel for the conformal calculation is known up to order
a’ [16-20]. The main bottleneck in this type of calculations is the determination of the conformal
anomaly. For the total derivative basis, only low fixed moment results up to order a’ were known
before the advent of the algorithm discussed in this text. These calculations were done in the MS-
scheme as well as in the regularization invariant (RI) scheme [25, 26]. The latter renormalization
scheme is well suited for direct comparisons with lattice results. Finally, in the Geyer basis, the
mixing matrix is known to order a; [23, 24].

5.1 The leading-n, limit

Before discussing the results, we want to briefly comment on the leading-n; limit. As was dis-
cussed in Section 4.2, the L-loop forward anomalous dimensions contain harmonic sums and de-
nominators up to weight 2L — 1. This maximum weight reduces to L for the leading-n; terms.
Moreover, the leading-ny part of the anomalous dimensions will only contain positive-index har-
monic sums. Negative-index sums are generated when the set of Feynman diagrams to be consid-
ered also contains non-planar ones, i.e. diagrams with line crossings. However, as the leading-ny
limit only considers diagrams with a maximum number of one-loop insertions, such non-planar

I The results of this chapter were originally presented in [132].
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diagrams are absent. Because of the form of the conjugation relation, Eq.(4.87), and its connec-
tion to the forward anomalous dimensions, we expect these simplifications to also hold for the
off-diagonal elements of the ADM. This implies two simplifications for the application of our
algorithm:

1. the number of possible structures in the off-diagonal part decreases considerably compared
to the generic case,

2. in the absence of negative-index harmonic sums, the complexity of the sums we need to
evaluate in Eq.(4.87) is greatly reduced.

5.2 One-loop anomalous dimensions

Let us first apply the algorithm to the one-loop OMEs. The corresponding expressions for the
elements in the NTD and the last column have already been determined in the previous chapter,
cf. Eqs.(4.67) and (4.79). For step two of the algorithm, we need to calculate

(]Z) Ni(_ 1y (N J_ k) 75'0+)k,j+k

Jj=0
M& i (N—k 2 2
=C —1)/ ) 451(j+k)+ - + - —35. 5.1
F<k)j§< )( j ){ R s T e } G-l
Using the expressions presented in Chapter 3 we find
M (N=K (0 —2(k+1) 2(k+2) 4
_1 J ) . :C — . 5.2
(k>j;0( )( J )Y’”‘”*" F\™N+2 TN+1 Nk ©2)

Based on this result, we can now posit an Ansatz for the off-diagonal part of the mixing matrix.
The simplest possibility is

Q):(O) _ ai ap as
Ik _CF<N+2+N+1+N—k> -3

with a; € Q. Next we calculate the double sum in Eq.(4.89) for this Ansatz, giving

1y (1) v ((N\ o)  [—2—-k 2+k
C_Fj;c(_l) (k> z:gh(_l) (l)yl’-" _al[N+1 +N+2]

a as

N+1 N-k

(5.4)

Substituting into the conjugation relation, Eq.(4.87), leads to

N+2+N—|—1+N—k

( ai a as )_ —2(k—|—1)+2(k—|—2) 4
\ N+2 N+1 N-—k
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—2—k 2+k} a as

+‘”[N+1 N2 TN+ N-k

(5.5)

Solving for the unknowns and matching to the NTD and last column finally yields?

2 2
Wi = Cr (m - m) - 56

Hence the mixing matrix for the spin-five operators is of the following form

91 _3 _2 _1 _1
15 3 3 3 6
o 17 s 3 _4
30 5 5 15
~D.(0
Wl =crlo o Z 3 | (5.7)
0 0 0 8 —3
0 0 0 0 0

This agrees with the fixed moments calculated in [25]. In the Gegenbauer basis, the one-loop
mixing matrix is simply diagonal [87, 133], i.e.

i =0. (5.8)

This means that at one-loop, the operators do not mix and hence simply renormalize multiplica-
tively. The spin-five mixing matrix is then

X0 0 0 0
o ¥ 0o o0 0
WS =clo o % o0 o 5:9)
0 0 o % o
o 0 0 0 ©

Combining this information with the expression in the total derivative basis, we have checked that
the consistency relation connecting both bases, cf. Eq.(4.82), holds. Finally, at the one-loop level,
we can also cross-check Eq.(5.6) with the corresponding expression in the Geyer basis. The result
in the Geyer basis is [23, 24]

G,(0) _ 1 k+1
Wi = 2 N2 TN | (5-10)

With our one-loop expression, the consistency relations for the Geyer basis, cf. Eqgs.(4.46) and
(4.47), are obeyed. For completeness, we also quote the mixing matrix for spin-five operators in

?Here and in the following, it is understood that Yv k implies k # N.
3The expression presented here has an additional factor of -2 compared to [23, 24]. This is a consequence of
different conventions used in defining the anomalous dimensions.
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this basis

oL _49 19 3 _4
15 15 15 5 15
o b7 3 _un B
3 10 10 30
~G,(0
A EE I A 11
0 0 0 8 —2
0 0 0 0 0

5.3 Two-loop anomalous dimensions

Beyond order ay in perturbation theory, also the mixing matrix in the Gegenbauer basis gets non-
trivial off-diagonal elements. The general expression is [16, 18]

. . A1 . .
#a) = 6 {19060, (319 (@) +Bla) ) + @it} G12)
Here [-, -] represents the usual matrix commutator. The quantity G is defined as
o M
G{M =——". 5.13
Mjye=—- .0 (5.13)

Finally we have

a(N,k):(N—k)(N+k+3), (5.14)
bN,k =— 2](8]\/7/( — 2(2]( + 3)191\17]( (5.15)

with O the discrete step-function,

(5.16)

1 if N—k>0andeven
ﬂN,k =
0 else.

The appearance of the step-function is a consequence of the fact that only CP-even operators are
considered in the Gegenbauer basis. The matrix W(ay) is the so-called conformal anomaly, and can
be calculated perturbatively in the strong coupling

wias) = agh® + a2V 4. (5.17)

It represents the fact that, for physical QCD, conformal symmetry is broken by quantum correc-
tions. If one is interested in the ADM at order ak, the conformal anomaly is only needed up to
ogder ak=1 [21]. Currently its analytic expression in Mellin (N, k)-space is known up to order
a; [22].

At two-loop order, the general expression Eq.(5.12) reduces to [16]

W=, 1
WG _M{ _2(21<+3)(Bo+Ey,ﬂ?k))ﬁlv,ﬁwf;’fk} (5.18)
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for the off-diagonal elements of the mixing matrix. Since we concentrate on the leading-ny con-
tributions, we only have to take into account the terms proportional to y. The corresponding
spin-five mixing matrix is then

—_
w

3% 0 w0 53
0 123720701 0 % 0
¥ — —ncr| 0 0o 45 o 3 (5.19)
0 0 o % 0
0 0 0o 0 0

Let us now discuss the application of our algorithm in the total derivative basis. The leading-ny
piece of the two-loop forward anomalous dimension is

%+%<Nil>_<Nil>2_%<N+rz>

1 \2 10
— ) —=SIN+ 1)+ 25 (N+1)].
+<N+2) FIWNFD 25N+ 1)

(5.20)

Applying Eq.(4.66) leads to the following expression for the elements of the NTD

o) 4 125 1 2 1 s
— _nC S — 5.21
IN-1= 31 F((N+2) 6Nt2 Nf1 2N 3) (5-21)

According to the renormalization pattern of the quark operators, Eq.(4.48), the 1/¢-pole of the bare
matrix elements should correspond to

%(3(1)(N+ 1)+y§”) (5.22)

where we recall that

Dnv+1) ZyN, (5.23)

A calculation of the leading-n Feynman diagrams gives

2 10 2 1 16N +1
BONE1) =25 (N+1)— —S;(N+1)—= _ 2. 5.24

Using Eq.(4.74) and the methods described in Chapter 3 we then find

(1) 4 1 1 4
L S (N+2) e SN+
.0 3<N+2 N1 |SVA) s SV
41 41 8 1 201
A v ° =22 5.25
T TR s e S ey (5.25)
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Next we calculate the sum of the diagonal elements, Eq.(4.88),

(e

J=0

:nfCF

4 1 1 4 1 14 11
2l )+ —— e (B
ﬂN+2y<+)+(N+nﬂ‘+)+3N+z( +
(5.26)
4 1 13 11

—&(N)]) Yams <§ L S1(k)— i (N)])] .

Based on this result, we choose the following basis for the off-diagonal elements

1 1 Si(N) Si(k) Si(N) Si(k) Si(N) S;(k)
(N+2)2 (N+1)2’ N+2'N+2'N+1'N+1"N—k’N—k’
(5.27)

1 1 1
N+2'N+1'N—k |’

The corresponding double sums can be evaluated using SIGMA . Solving the system of equations
following from the conjugation relation then leads to the following expression for the two-loop
anomalous dimensions

i = §nfCF{(Sl<N) -516) (753 =57

(5.28)
51 2 111 1
b - - }

AN—k N+1 3N+2 (N+2)?

We have tested the consistency of this expression with the Gegenbauer moments using Eq.(4.82).
Furthermore, we find agreement with the results for spin-two and -three operators presented in [25].
The spin-five ADM is

__ 7783 m 82 23 43
1350 10 135 90 540
0 _ 13271 362 13 106

2700 25 25 675

&D,(1) _ 415 53 13
64 32

0 0 0 —= 5

0 0 0 0 0

It is instructive to also express the Gegenbauer anomalous dimensions in terms of harmonic sums
and denominators. Such an expression can be easily found using our conjugation relation. As
we checked that our result in the total derivative basis is consistent with the Gegenbauer moments
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using Eq.(4.82), we can now use the same relation to write down the general (N, k) expression
in the Gegenbauer basis. The procedure is the following. First, we construct an Ansatz of the
appropriate weight. Then we can feed this Ansatz and the last column in the total derivative basis
to the consistency relation connecting both bases, Eq.(4.82). This fixes most, but not all, of the
unknown coefficients in the Ansatz. A unique expression is obtained by matching the result to a
low number of fixed moments, which can be calculated using Eq.(5.12). We find

nglgl) = galg\,cz)ﬁzv,k{ - 2(51(N) — S (k)>(2k+ 3)
’ (5.30)
1 1 1 1
_<2k+3)<N+1 +N+2>+4+k+—1_k+2}'

5.4 Three-loop anomalous dimensions

The Gegenbauer anomalous dimensions are again determined by Eq.(5.12). Explicitly we have
~ /1 ~ /1
$9:@) = G{ 591 ] <_?g,<0> n Bo) + 1§90 2O 1 {9 p) (E?g,m + Bl)
+[?g7(°>,w<1)]} . (5.31)

As mentioned above, the three-loop Mellin space expression for the conformal anomaly is cur-
rently not known. Moreover, in the literature only implicit expressions like Eq.(5.31) are given.
The expansions presented in this work in terms of harmonic sums are new.

As before, in the leading-n limit it suffices to take into account only the term proportional to
Bo. In terms of harmonic sums we then find

2
(2 32 nyCr 2
W = S k)ﬁN,k{—(Sl(N)—sl(k)> (2k+3)
+(s (N)—S(k)>(2k+3)<5— b1 )
: : 3 N+l Nt2
1 1 11 11
Si(N)—S k)<4 ———> 2% 3(—_ 2
+< 1(N) = S1(k) T +(2k+3) SN TT 2N L)
21_11)_Q+2+11_§1_11
6 N+2 2(N+22/ 3 " N+1 N+lk+1 6k+1 2(k+1)
2 1 1 51 1 1
- s 5 : 5.32
N2 N+2k+2+6k+2+2(k+2)2} (5.32)
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For the spin-five operators this implies

215621 0 10339 0 329
121500 12150 1350
384277 793
0 243000 0 810 0
~G(2) _ 2 2569 59
Wi =niCr| 0 0 -B8 0 2. (5.33)
204
0 0 0 ~Z4
0 0 0 0 0

Consider now the operators in the total derivative basis. The three-loop forward anomalous dimen-
sions are, in the leading-n s limit

8 2 10 1
Y](\Jz,)jv :§n§cCF (— —Sl(N) — —SZ(N) +2S3(N) +

3 3 (N+1)3
n 1 1 14 1 N 1 11 1 (5.34)
3(N+1)2 3N+1 (N+2)3 3 (N+2)? '
n 4 N 17
N+2 8 )
Applying Eq.(4.66) then leads to
D.(2 8 5 1 1 2 25 1
=—n%C — _=
N1 = gMreF <(N+2)3 2N TINFI? 6 (N+2)
(5.35)

111 19 1 +35 1 +1
6 N 3N+1 6N+2 3)

Next we determine the last column of the mixing matrix. From the calculation of the bare matrix
elements and Eq.(4.74) we find

) =§n2Cp 1 SiIN+1)  SiaV)  S1i(N)
NOT 9\ (N+2)3 T (N+2)2 T N+2 N
251(N+1) 1 1181 (N+2)

5.36
N+1 (N+2)2 3 N+2 (5.36)

SHIV) 5 14111
3 N 3N+1 3N+2 3N/

Using the remaining steps of our algorithm fixes the final form of the off-diagonal entries to be

Wi = gnffCF{(Sl(N) _Sl(k)>2<N_1+_2 = N1—k> +2(S1(N) —Sl(k)><5 !

3N —k
2 11 1 1 1 1
- 4 N) — k)( _ ) 5.37
TNTI 3N+2+(N+2)2>+(52() SONN 2 v @77
21 2% 1 . 4 08 2 1 02
3N—k 3N+1 (N+1)2 N+2 3 (N+2? (N+2)3[
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Hence for spin five we have

_ 215621 3131 1312 1181 4841
121500 8100 6075 8100 48600
0 384277 3947 734 4411
243000 10125 3375 30375
~D,(2 2

RY-de| o 0 RS B4
224 112

0 0 0 —3 M3

0 0 0 0 0

(5.38)

It was checked that the three-loop expressions presented here obey the consistency relation in
Eq.(4.82). Additionally, the results in the total derivative basis agree with the analytical calculation

of the spin-two matrix in [25] and a numerical calculation of the spin-three one in [26].

5.5 Four-loop anomalous dimensions

We begin our discussion in the total derivative basis. Starting at this order in perturbation theory,
factors of the Riemann-zeta function start contributing, cf. Eq.(3.5). In particular, at order a* we
expect {3 to appear. Now, since the zeta-function carries its own weight, the remaining factor
multiplying it will be of lower weight. At four loops, the leading-ny term has wpyax = 4, such
that the factor multiplying {3 in this approximation will only have wpn,x = 1. Hence, using our
algorithm the determination of such a term has the complexity of a one-loop calculation. We

quickly find
D,(3)
TN k
G

and for the spin-five operators

~D,(3

'YN:(5) c = n}CFC3

3

32

27

1456
405

o o O

nCris (

80
81
1256
405

0
0

95

1 1

N+2 N—k
_» 1
81 81
128 _l6
135 45
200 8
81 9
128

0 58

0 0

)

64
405

27

64
81

(5.39)

(5.40)



For the terms without {3 our algorithm yields

8 = e300 -56) ('3 - )+ (500500 (G

T i i
= SIN) = S1(K)) (Sa(N) = S2(k) ) (——
TNT 3N-|—2+(N—|—2)2>+< (V) = $1(0)) ($:0) — $2(8) <N+2
I L1131 2 4
- I Vs (s —siw) (- 2
V) AW =5i0) (35— SNFT (NF1ZE N2
I I 501 2 111

322 (N+2)3> * (SZ(N)_Sz(k>>(§N—k+N+1 T 3N+2

1 2 1 1 2 1 2
)+ 2 (sy(N) - Ss(k ) ( _ ) <
+(N+2)2)+3(3( ) =SWONNT2 vk Tav—r T
26 1 n 4 8 1 n 8 22 1 n 2
3(N+1)2 (N+1)3 3N+2 (N+2)2 3 (N+2)3 (N+2)4*[’
(5.41)
such that
10064827 154397 30097 18049 285967
10935000 729000 273375 243000 4374000
0 17813699 191989 32683 237557
21870000 911250 303750 2733750
~D,(3) _ 3 23587 2401 1477
Yv=s = nyCr 0 0 ~ 31992 11664 166d | - (5.42)
1024 512
0 0 0 —2187 2187
0 0 0 0 0

Let us now turn to the mixing matrix in the Gegenbauer basis. At this order in perturbation theory,
the Gegenbauer anomalous dimensions are not given in the literature. However, they can be cal-
culated in the same way as the lower-order ones. In particular, they are calculable in terms of the
one-loop beta function and the three-loop forward anomalous dimensions. Since these quantities
do not depend on {3, we can immediately conclude that

Wil =0 (5.43)
3

As in the total derivative basis, this parallels the one-loop expressions. For the spin-five operators
this means that we simply have

S0 0 0 0
o X o o0 o0
W =ncrl| o 0o W™ o o0 (5.44)
> o 0o 0o B o
0 0 0 0 0
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For the determination of the {3-independent terms as a function of harmonic sums we follow the
same procedure as in the previous sections, leading to

n3 F
Yz%}?) _ o e ﬁN,k{ - %<51(N) —Sl(k>)3(2k+3) + (Sl(N) —Sl(k>)2(2k+3)(§

: 27 a(N, k) 3
! : )+ (s1v) S(k)) (4+ ! 1 )+ (1)
N+1 N+2 ! ! k+1 k+2 :
111 1 111 1
—s k>2k 3(——— ) (SN
W) -3y v T a2 o) T OW)
S(k)>< 20, 4 , 2 1 51 Lo, 4
! 3 "N+1 N+1k+1 3k+1 (k+12 N+2
2 1 51 1 7 1 11
- 2 T (2 3(
N+2k+2+3k+2+(k+2)2) (2k+3) 3N+1 6(N+1)2
11 2 111 11 1 2
- - = - — (ss(v k))
SNT1P Ni2 6(N+t2? 2(Nt2)p 3 (S =8:0))) -5
22 15 1 1 1 1
AN+1 (N+1)2 " (N+1)2k+1 3N+1k+1 N+1(k+1)2
8 1,5 1 1 1 2 1, 2 1 1
3k+1 6kt 12 T2k+1)P B3N+2 (Nt2? (N+22kt2
NERER N P51 s 11
AN+2k+2 N+2(+2)?2  3k+2 6(k+2)2 2(k+2)3
(5.45)
and
_ 10064827 0 394793 0 65923
10935000 1093500 121500
0 —yfsoo0 O s O
.G,(3
WS =niCr 0 0 —2 0 I (5.46)
0 0 0 — 5 0
0 0 0 0 0

5.6 Discussion of the results in the total derivative basis

Having presented the leading-ny anomalous dimensions up to order a?, we can make some general
statements for the {-independent terms of the L-loop off-diagonal elements of the mixing matrix.
For this discussion it is convenient to define

2

ng

* The leading-ny anomalous dimensions are simple combinations of harmonic sums and de-
nominators. Denominators in k + m are absent, while the denominators in N come with the
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shifts m = 1,2, —k. The prefactors of the appearing structures are simple rational numbers,
which can be written as
a-2°
36‘
with a € Z and b, c € N. Furthermore, the maximum power of denominators in N iS wiax = L
while the maximum power of denominators in N — k is simply one.

(5.48)

Except for 7~ N ~—z» pure functions in N — k are absent. With a pure function we mean a structure
of the form ( )

f(N—k

—_ 5.49

A nice consequence of this is that, When considering k = N — 1, the only way a constant
can appear is through a denominator k in the full (N,k) expression. Explicitly, we can
identify

(04
o - constant in NTD <= N % in y]%,)’k. (5.50)
A similar reasoning applies to the 1lv term in Yz%l)o-

The prefactor of (V)L can be written as

N +2
2Crb5 " (5.51)
Starting at order a? a term of the form S;_{(N) — Sy (k) appears with prefactor

X0
Sl (> 1), (5.52)

Similarly we also find a term of the form [S1(N) — S1(k)]5~! with prefactor

by o0
2O (1), (5.53)

The prefactors of the differences [S1(N) — S;(k)]*, with 0 < oo < L — 1 can be determined as
a function of the prefactors of the [S1(N) — S1(k)]*~! terms in the (L — 1)-loop anomalous
dimension. Specifically we have

bo (1
aoyfjf 2 (0<a<L—1). (5.54)

[S1(N) =Sy (k)J!

This also works for products of differences of harmonic sums. For example, the prefactor
of [S2(N) —Sa2(k)][S1(N) — S1 (k)] at four loops corresponds to by times the prefactor of the
[S2(N) — S2(k)] term at three loops. It is likely that the prefactors of [Sq(N) — Su (k)] follow
a similar pattern. However, not enough information is available at this point to make strong
claims.
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* Finally, we can say something about denominators in N. If at the L-loop level the term

1
— =1,2 5.55
appears, then the (L + 1)-loop expression will contain the term
bo

From the above considerations it follows that, if the L-loop anomalous dimensions are known, we
can predict most of the structures and their prefactors appearing in the (L+ 1)-loop expression. The
small number of unknowns that remain can then be fixed using the consistency relation, Eq.(4.87).
As the leading-n terms of the forward anomalous dimensions are known to all orders in perturba-
tion theory, cf. [122], it is then, in principle, possible to reconstruct the full (N, k) dependence of
the -independent terms of the mixing matrix to all orders.

5.6.1 Application: Five-loop anomalous dimensions

To illustrate the discussion presented above, we calculate the {-independent part of the leading-n ¢
terms of the five-loop mixing matrix. To achieve this we also need the five-loop forward anomalous
dimension, which is presented in [ 122]. Following the steps described above, only six terms remain
whose prefactors are unknown. These are

1 1 1
N+2'N+1'N—k’

11 13 1 2 4 11 1 1
SH(N) =S (k)] (=—— — = S
5200 =00 (33—~ Nri TN TN 2 3 (N+2)2+(N+2)3)’
51 2 11 1 1
S3(N) = S3(K)](2— + —— — —
[S3(N) = S3( )]<3N—k+N+l 3 N+2+(N+2)2>’
1 1
S>(N) = $(K))* (——= — —— ] ». 5.57
S0 =007 (373 N_k)} (557)
Evaluating the consistency relation, Eq.(4.87), for (N, k)-pairs up to N = 4 we then find
pa 16, f1 - a1
Wk = 81”fCF{12<S1(N) Sl(k)) <N+2 N—k)
1 35 1 2 11 1 1
— (s, (N)=S$1(k)) (= S—
(s =510)) <3N—k+N+1 3 N+2+(N+2)2>
1 2 1 1
3 (5 =510) (820 = %:0) (775~ 7—F)
21 1 13 1 2 4
SI(N) =S8 (k)) (= S
HEw)=si0) Gy 3 Nt1 (N+1? Nt2

3122 T NP

11 1 1 >
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+< )(S )(5 1 n 2 11 1 n 1 >
2 3N—k N+1 3N+2 ' (N+2)2
+2( )(S $0) (573 5e)
3 3 N+2 N—k
+< )(2 26 4 8 1
3Nk N+l 3(Nt12 (Nt1P 3Nt2
8 2 1 1 2/ 1 1
“(s,(N)—s k) (———)
TNT22 3 (N+2)3+(N+2)4>+4< 2(N) =50 (§52 - v=k
11 13 1 4
S2(N) — Sa( (— —
H&W)-500) (373 Ntl (Nr1ZE N2
11 1 2 51 2
_— =(s5(v) -5 k><—— =
3 (N+2)2+(N+2)3)+3< W) =S 3yt v
11 1 1 1 1 1 2 1
— —(S4(N) =S k)<———) s
3 N+2+(N+2)2)+2< W) =Sz~ v=r) Tav=x
2.1 2 6 1 . 4 8 1 8
3N+1 (N+1)2 3 (N+1)3 (N+1* 3(N+2)2 (N+2)3
2 1 2
5.58
3 (N2 +(N+2)5} (5.58)
and
_ 562208549 8899139 1705289 2955389 15359729
984150000 65610000 24603750 65610000 393660000
0 ~ 990930013 11153243 1831571 12500059
1968300000 82012500 27337500 246037500
oD:(4) _ 4 259993 27955 15439
YN:5 _nfCF 0 0 " 629856 209952 209952 (559)
0 0 0 ~Toes 1ot
0 0 0 0 0

A suggestion for the prefactor of [Sy(N)

5 Lto—4
bo (g) 71(\57/:1)

[Sor—1 (N)=Sa—1(K)]

(v#0,1,L—1).

— Sq(k)] in the L-loop anomalous dimension is then*

(5.60)

¥ denotes that we only take into account the denominator structure and not the numerical prefactor

multiplying it.

5.7 Anomalous dimensions beyond the leading-7 ; limit

So far, we have focused our discussion on the anomalous dimensions in the leading-ny limit.
While this provides valuable checks of previous calculations, and extensions to higher orders in
perturbation theory, the results in this limit are not phenomenologically useful, at least not by

“There is a typo in [132]. Eq.(4.41) there should be replaced by Eq.(5.60) here.



themselves. However, our method is in no way limited to this approximation, as we will now
demonstrate. We present here two extensions. First, we present the two-loop mixing matrix in the

leading-color limit. Second, we present some low-N results in full QCD up to order a>.

5.7.1 Two-loop anomalous dimensions in the leading-color limit

The leading-color limit (N, — oo), while more general than the leading-ny one, is still somewhat
simpler than the generic QCD case. The simplicity associated with the leading-n limit manifests
itself in three ways: (1) only harmonic sums with positive indices appear, (2) because of the low
maximum weight, the number of structures that could potentially contribute is reduced and (3) if
we increase the order in ay by one, the maximum weight is also increased by one. In the leading-
color limit, point (1) remains true. However, now the structures will generically have weight 2L — 1
at L loops, and an increase in loop-order changes the maximum weight by more than one. Another
difference comes from the details of the operator renormalization. In the leading-n limit, the 1 /€~
pole of the bare OMEs was simply determined by the operator anomalous dimensions. However,
beyond this limit, the 1/¢e-pole can also get contributions from the finite (i.e. O(€°)) terms in the
one-loop matrix elements. As we will see below, this has no significant consequences for our al-
gorithm.

To illustrate this, we present here the two-loop mixing matrix in the leading-color approxima-
tion. The two-loop anomalous dimension can be decomposed as follows

(1)

D (1

D
Vv i
LC

(5.61)

ny SLC

The first term represents the leading-n ¢ piece discussed in the previous sections. The leading color

term, represented by y;‘?’,gl) , is proportional to CrN,/2 while the subleading one, yﬁ’,ﬁl) is

LC SLC
proportional to Cr / (2N, ). Hence in the limit N, — oo, the latter can be neglected. The leading-color

limit provides a good approximation to the full two-loop anomalous dimension. This is illustrated
in Fig.5.1, which compares the full two-loop forward anomalous dimension to the leading-color
limit in x-space. Hence, it is expected that also the leading-color mixing matrix provides a good
approximation to the full matrix, making it a useful limit to consider for phenomenological studies.
As already mentioned above, the 1/e-pole of the two-loop matrix elements gets contributions from
the finite O(&°) terms at one-loop. Collecting this in the quantity F (N) we find

4 +2S1(N)
(N+1)2 N+1

—S1(N)*>=38,(N) —NLHH). (5.62)

T(N)ZCF<

For completeness, we give here the pole-structure of the two-loop matrix elements in full QCD.
There are three distinct contributions: those proportional to Crny, to C% and CrCy. The first simply
corresponds to the leading-n s quantity discussed above. The other two are new and we have

)

L o) Yo o0 (0) :
) )y i TtV +) Yvi  +Oni | F(i+1) (5.63)
i=0 i=0

Ci
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Figure 5.1: x-space comparison between the full two-loop forward anomalous dimension and the leading-
color limit. We have employed the three-flavor scheme and included a normalization factor of ﬁ.

m - P
= N .‘-’%h_} 3 N-3—ji iz
C gAATA E E{pz'ﬂ-] T(g-A—p1-A)?
&, J1=0j2=0
L ) (r”-‘r‘”{_q ‘A —p1 -A— p3 ﬂ)ﬁ —j2
m P4 ) P
ag, f3 @y, [y —I—i‘m:‘“-‘{_f}"ﬂ —p1-A—py .51}1 13)

Figure 5.2: Feynman rule for the quark operator with two additional gluons, cf. [106]. The momenta are
taken to be incoming and q =Y ; p;.

for the 1/g-pole proportional to C2 and

L 20, .0 s 64
5 Z Wi tTh (5.64)
i=0 CFCA
for the pole proportional to CrCy4. They are related to the (sub)leading color pieces by
D,(1
Wil ~CP (5.65)
LC
and
D,(1 C
Wil  ~Cr (CF - 7A> . (5.66)
SLC

We also have a new operator vertex to take into account, namely the one with two gluons attached
to it, cf. Fig.5.2.
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We now concentrate on the leading-color limit. The forward anomalous dimension is

o CFNC

LC 2

43 4 1 [44

"6 WNTIP  (NFIp -5 8]

- N;—l—l [_ % _8S2(N)} (Ni2)3
(N+12)2 - T8 )] + s [ﬁ —85(V)|  (5:67)

Tv.N

* 3 N+2L 9

536 52
+ TSI (N)—16812(N) — ?SZ(N) —16S82.1(N)

+ 1683 (N)]

such that, using Eq.(4.66),

CFNC 4 8 4 8
= S1(N — — ) +5(N)(8———
) i )(N+2 (N+2)2+N)+ 2 )( N+2)

268 100 1 598 1 14 1 4

9 3 N+1T 9ONi2 3(Nt2? (Ni2p
16 1 2]

(5.68)

3N N2

Application of our algorithm then leads to

_ 4CFNC{ <SI(N)_Sl(k)>2
N—k

LC 2
M -5i0) (S50 -510) (55~ )

N+2 N—k
1 13 1 4 2 1 2 1
~(sy(v)—s k)(— -
(s -510) (3 Nk (N-Kk? Nilktl krIN—k
13 1 2 1 11
B . SI(N—k)—S k)(
3N+2 (N+2)2>+< V== (F7 T N1 es
11 1 1 1 1
- - — (S (N) =8 k><———>
kLIN+2 N+2+(N+2)2> () =528 Nt2 N—k
1 1 67 1 53 1 1
—285(k (———>————— -
2O\N 2" v=k) " ON=k o N1l (N+1)?2
1 L1t 1o 11 1 293 1 5 |
(N+1)2k+1 2N+1k+1 2k+1N+2 18 N+2 3(N+2)?

I SR 1)) } (5.69)

(N+2)3 (N+2)?
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For illustration, we quote the corresponding mixing matrix for spin-five operators

654173 2551 7999 1439 511

13500 216 1800 600 300

0 255313 12881 39133 2936

CoN 6000 1125 9000 1125

~D,(1) _ LFive 15085 1615 673
W=s| =72 | Y 0 2N v~ S v~ 0 G

640 320

0 0 0 57 —37

0 0 0 0 0

To mimic the discussion for the leading-ns part, we have written the expression in Eq.(5.69) in
terms of differences of harmonic sums. By comparing the expressions in both limits, we see two
differences for the anomalous dimensions. First, there is the appearance of denominators in k41 in
the leading-color expression. Second, we now also have higher powers of denominators in N — k.
A final useful property of the leading-color expression is that the coefficients of the highest-weight
terms are simple integers. This can be helpful when trying to determine higher-order expressions.

The algorithm should also be applicable to the subleading-color part of the anomalous dimen-
sions, which originates from non-planar Feynman diagrams. However, these non-planar diagrams
can generate harmonic sums with negative indices. This complicates the evaluation of the neces-
sary sums, and we leave this to future studies.

5.7.2 Spin-five ADM in full QCD

We now present the mixing matrix for spin-five operators,

Yaa Yis Yin Vi1 Yio
0 w3 'Yg?z 73??1 731?0
0 0 2 ¥ Yol (5.71)
0 0 0 vii Yy
0 0 0 0 0

in full QCD. This means that we identify C4 = 3 and Cr = 4/3. The expressions for a general
gauge group SU(N,) can be found in Appendix B. Before presenting the results, we review the
relevant identities used in their derivation.

Relevant identities

When the forward anomalous dimensions are known, the elements in the NTD can be directly
calculated from them, cf. Eq.(4.66). Furthermore, if the anomalous dimensions are known in the
Gegenbauer basis, we can use Eq.(4.82) to determine the elements of the last column in the total
derivative basis. For the discussion at hand, we need 'y%?o,'yg”o and 'yfo, which can be calculated as

D

1
Vo = 55 (150 + 6722 +30v)

=30
I
¥ = 13 (=31, — 1073 =907, + 21073
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1
Vi = o (1o 6% + 15vaa + 21077 — 840%, + 12607 ). (5.72)

Moreover we can use Eq.(4.71) to express y?l in terms of known quantities

Va1 =320~ 30— 2Y30— V32— V33- (5.73)

Unfortunately, at N = 5 not enough information is available to fix the full mixing matrix. In
particular, there is no way to disentangle yfl from yfz. Nevertheless, we can again use Eq.(4.71)
to derive a relation between the two

VoL +Yan =~ 0+ 6Y50 — 450 — Yis — Vaa- (5.74)

With this information available, we can calculate the complete spin-two mixing matrix to five-
loop order. The entry Yg)l in the spin-three matrix can also be determined to the same order.
When using the available fhree—loop anomalous dimensions in the Gegenbauer basis, cf. [16], the
total derivative mixing matrix for spin-four operators can be calculated to order a?. The relevant
expressions for the fixed-N forward anomalous dimensions can be found in [106, 124—126] (four
loops) and [127] (five loops). At order a>, we only have access to the leading-n f term of yfz. The

remaining terms will be collected in ?fz.

Results

Y4 = 8.08889a,+(98.1994 —7.68691ns)a>
+(1720.94 —279.180ny — 2.36621 n}) a;

+(31273.3 - 7626.41 ny +277.106 17 +4.53473n}) df + O(a;) (5.75)
Vi3 = —2.22222a,+ (—23.8255+2.26667n))a;

+(—410.760 +68.9025 n ¢ +0.515391 n7) a;

+(—6915.76 + 1844.48 ny — 76.8389 n} — 1.30057 n}) a3 + O(a3) (5.76)
v2, = —0.888889a,+ | —8.88778 +7 2|  +0.809877n; | a?
’ "~ IsLc

4 ~D,(2) 2\ .3 4

Y4y +0.287956n7 | a; + O(af) (5.77)

V2, = —0.444444q,+ | —4.46178 —y3V | +0.340741 ny | a2
’ " IsLc

+ ( —234.566+40.5252n; +0.194403 n - 7%”) @ +0(a?) (5.78)
Yoo = —0.222222a,+(—3.41128+0.106173nf)a;

+(—61.8523+7.90849 17 +0.132812n7) a} + O(ay) (5.79)

Y33 = 6.97778a,+ (86.2867 —6.55358n;) a>
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2.1

The values for y? i 2

+(1515.56 — 244.729ny — 2.10852n7) a;
+(27815.4 — 6704.17 ny +238.687 n} + 3.88444 n}) a! + O(a3)
—2.13333a,+ (—23.1028 +2.14519 1) a?

+(—405.973 +67.6368 n; +0.51977n%) a;
+(—=7071.4+1807.36 ny — 74.6209 n — 1.23872n7}) a} + O(a;)
~0.8a;+ (—8.66775+0.693333 1) a2

+(—142.057 +25.4966 17 +0.289975 n7) a; + O(ay)
—0.355556 a; + (—5.27039 +0.209383 nf) a?
+(—95.1612+12.9537 ny +0.193624 n7) a; + O(dy)
5.55556a5+ (70.8848 — 5.12346 ns) a2

+(1244.91—199.637ny — 1.762n7) a;

+(23101.2—5499.27 ny + 188.94 1% + 3.05863 n}) d
+(547791 — 147144 n; + 11176.3 07 + 77.4206 m} — 0.636764 n}) a;
+0(a%)

—2a5+ (—22.5556 +1.96296 ) a2

+(—385.466 +66.1992 n 7 +0.532922n%) a;
+(—6437.94+1751.72ny — 71.158n} — 1.1502n}) af

+(—147044 4 43307.7 ny — 3728.02 0% — 15.8471 n} 4 0.293057 n}) a;

+0(a))

—0.666667 a; + (—9.50617 +0.481481 ny) a?
+(—170.654 +24.8232n7 +0.3107 n7) a; + O(a})
3.55556 a5 + (48.3292 — 3.16049 1) a?

+(859.448 — 133.438 ny — 1.22908 n7) a;

+(16663.2 —3747.55n; + 117.781 % + 1.90843 n})
+(400747 — 103837 ny + 7448.29n7 + 61.5735 n} — 0.343707 n}) @)
+0(a%)

—1.77778 a5+ (—24.1646 +1.58025 n ) a?
+(—429.724+66.7191 ny +0.61454 n7) a;

+(—8331.61 + 1873.78 ny — 58.8907 n} — 0.954217 n}) a;

+(—200373 4 51918.3np — 3724.15n% — 30.7867 n} +0.171853 n}) a;

+0(a?)

() D,(2)

and v,

(5.80)

(5.81)

(5.82)

(5.83)

(5.84)

(5.85)

(5.86)

(5.87)

(5.88)

o at order ag’ can be compared with those presented in [26], where

the authors used numerical methods for their determination. We find agreement with their values
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(2) D,(2)

D . o o . .
of v, and vy, ;, in the latter case within the uncertainties of their numerical result®

Yo e —170.641(12) +24.822(2) ny +0.3107(1) 3. (5.89)
rer.

We remind the reader that the results presented here are written in the MS-scheme. When trans-
formed to the RI-scheme, they will be useful for hadronic structure studies in the framework of
lattice QCD.

>The numerical errors in the parentheses in Eq. (5.89) have been provided by the authors of [26] in private com-
munication.

107



108



Chapter 6

Anomalous dimensions of transversity
operators'

Introduction

Wilson operators, which we have discussed in previous chapters, are important in the study of
the longitudinal structure of hadrons. However, there is also the transverse hadron structure to
consider. This is less well-studied, both theoretically and phenomenologically. The transverse
hadronic structure can be analyzed by considering hadronic matrix elements of so-called transver-
sity operators, which are just the Wilson operators with the Dirac matrix replaced by a commutator
of two Dirac matrices. The matrix elements of these operators are again to be calculated non-
perturbatively, see e.g. [135-137] for recent progress in lattice QCD. They are related to the TDF
of partons inside hadrons. Assuming we have a transversely polarized hadron, the TDF represents
a measure of the difference in probabilities of finding a parton polarized parallel to the nucleon
spin and an oppositely polarized one. Such distributions are relevant for processes like polarized
Drell-Yan [9-13] and semi-inclusive deep-inelastic scattering [10, 138]. As was the case for PDFs,
the scale-dependence of the TDF is related to the anomalous dimensions of the corresponding op-
erators, which can be calculated in perturbation theory. The forward anomalous dimensions are
known to third order in the strong coupling [10, 121, 139-148]. A related non-forward distribution
is the so-called transverse distribution amplitude, which is related to vacuum-to-hadron transi-
tions. Contrary to PDFs and GPDs, such distribution amplitudes are obtained by sandwiching
the transversity operator between a hadronic state and the vacuum state. They are accessible in
vector-meson production processes and can be studied e.g. by analyzing data collected at BELLE
IT [149]. As was the case for GPDs, their scale-dependence is determined by the ERBL equation,
cf. Eq.(2.34). The corresponding off-forward anomalous dimension matrices are known to first
order in the strong coupling [10, 139—-141]. In momentum space, the evolution kernels were cal-
culated to two-loop order in [150, 151].

As mentioned in Chapter 4, the consistency relation between the anomalous dimensions in the
total derivative basis, cf. Eq.(4.87), does not depend on the Dirac structure of the corresponding
quark operators. As such, we can use the methods of Chapter 4 to determine the anomalous dimen-

IThe results of this chapter were originally presented in [134].
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sions of the transversity operator, including mixing with total derivative operators. For simplicity,
we focus our attention on the leading-n s approximation, which implies that we can follow the dis-
cussion presented in Section 5.6. The resulting anomalous dimensions will be presented to order
a‘s‘. However, as the leading-n s term of the forward transversity anomalous dimension is known to
all orders, cf. [145], it would be easy to push the calculation of the mixing matrix to higher orders
as well. We will also present the mixing matrices in the Gegenbauer basis. Fixed moments can be
calculated using Eq.(5.12). In turn, these fixed moments can be used to check our results in the
total derivative basis, cf. Eq.(4.82). If this consistency relation holds, it can subsequently be used
to derive the full (N, k)-dependence of the Gegenbauer ADMs. These results will also be presented
to fourth order in the strong coupling.

6.1 Transversity operators

The transversity operators are defined as
Oy = SWA%Gy, Dy, ... Dy, ¥ 6.1)
with |
G;UV == 5 [YH?YV] . (62)

As in previous chapters, we consider only leading-twist flavor non-singlet operators. When calcu-
lating the partonic matrix elements of these operators, we again contract with a tensor composed
of lightlike vectors, AV!...AYN and A> = 0. Contrary to the Wilson OMEs, there will be one un-
contracted Lorentz index left in the transversity matrix elements. This means that the analysis of
these objects becomes more complicated. However, as we only consider the leading-ny limit in
this chapter, we only need to calculate the one-loop OME:s to extract the corresponding anomalous
dimensions. The higher-order anomalous dimensions are then determined by implementing the
discussion of Section 5.6.

In off-forward kinematics, the operators in Eq.(6.1) mix with total-derivative ones. In the total
derivative basis, we write these additional operators generically as

OP: 1 =50 .. .0 (D" ... DV1g)A%c* (DM ... DMry) (6.3)
such that
D, T
kON—ZZNN 10 jon - (6.4)

The corresponding anomalous dlmensmns are

az?’
D, T D, T\—1 J.k
i =—(2Zy)) ding? (6.5)
In the Gegenbauer basis, the transversity operators are written as
T — 32 D-A—A-D
ng = (A-9)Y(x ) ¥, AlCy / <—)\|l(x) (6.6)
0 -A+A 9

and the corresponding off-diagonal entries of the mixing matrix can be calculated using Eq.(5.12).
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6.2 One-loop anomalous dimensions
At this order, we need to perform the calculation of the matrix elements of the operators in Eq.(6.1)
explicitly. The Feynman diagrams are exactly those that appear in the one-loop calculation of the

Wilson OMEs, cf. Fig.4.3. Likewise, the Feynman rules of the transversity operators correspond
to those of the Wilson operators with the replacement

A%%mﬁy (6.7)

Using PACKAGE-X in MATHEMATICA [152] we find

2
BTONL ) =Cp ——— +25/(N) -1 6.8
(N+1) FN+1+1() (6.8)
such that, applying Eq.(4.74),
DT,(0) _ 2 2
v,0 _CF<N+1 N>' (6.9)

The value of ylﬂ)(’)T’(o) agrees with a previous calculation in [25]. The one-loop forward anomalous
dimension was calculated in [10, 139-141] and reads

7,(0) 4
=Cr| —+451(N) -3 ]. 6.10
Tv.N F<N+1+ 1(N) ) (6.10)
Note that, contrary to the Wilson operators, the N = 1 transversity operator does not correspond
to a conserved current, such that y&o = (. The all-k expression can then be determined using the
conjugation relation in Eq.(4.87). The result is

D.T,(0) 2 2
_ _ , 6.11
Y = <N+1 N—k) (6.11)
For N =5 this implies that
2 .8 3 _4 _1
15 5 5 15 10
16 3 1 1
O 37 -3 -3 %
~D.T,(0
Yst( J=cr| o 0 L —3 —1 (6.12)
0 0 0 3 —1
0 0 0 0 1

The complete one-loop mixing matrix was also calculated in [10, 139-141] using different meth-
ods, and we find full agreement with these results. As mentioned in Chapter 5, the one-loop mixing
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matrix in the Gegenbauer basis is diagonal, such that

92

2 0 0 0 0
o % o o o0

whi%=crlo o B o o 6.13)
0 0 0 3 0
o 0 0 0 1

We have checked that Eq.(4.82) is obeyed.

6.3 'Two-loop anomalous dimensions
At two-loop order, the leading-n s term of the forward anomalous dimension reads [142-144]
() _ 8 3
IV N :§nfCF 3Sz(N—|—l)—SSl(N+1)—|—§ . (6.14)

We now follow the discussion of Section 5.6. The only difference with the Wilson anomalous
dimensions there is that now the maximal shift in the forward anomalous dimension is N + 1
instead of N + 2. This leads to

Q),T,(1)_4_1 1 B 11
g _3"fCF{(N+1)2+[Sl(N) Sl(k)]<N+1 N—k

ai ar
C
s F<N+l +N—k)

where aj,ay € Q are a priori unknown. They can be fixed however by using the consistency relation
in Eq.(4.87), and we find

(6.15)

4 1 1 :
i =§nfCF{W+ S <— _ —> (6.16)

(1)

The corresponding value for 'yl@(’)T’ agrees with the one in [25]. The N = 5 mixing matrix is then

_ 7981 352 73 106 23
135 225 150 675 900
0 _ 17 13 I
54 2 36 108
JT,(1) 113 32 5
0 0 0 -3 :
0 0 0 o -
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Fixed moments of the Gegenbauer mixing matrix can be computed using Eq.(5.12), and to two-
loop accuracy we find for N =5

<
N=
0
i
—_
=~

30 O 5 0 %
277 10
o -Z o -
¥ —ner |0 o - o 4 (6.18)
0 0 0o -3 0
13
0 0 0 o -

We checked that the two-loop result in the total derivative basis and the Gegenbauer moments are
consistent with one another?. As such, the relation in Eq.(4.82) can now be used to reconstruct the
full (N, k)-dependence of the Gegenbauer mixing matrix. We find

g1 _ 16 nyCrp 1 R .
Wi = = 3a<N,k>ﬁN,k{(3+2k)(Sl() Sl(k)—i—N_H P 2 5. (6.19)

6.4 Three-loop anomalous dimensions

The forward anomalous dimension at three-loop order was calculated in [145-147]. Its leading-n
term is

17 1 5
,Y]Q%) - 16n]2cCF (m — ﬁsl (N+1)— ﬁSz(N-i- 1)

(6.20)

1 1 1
TS+ - 18 (N+ 1)(N+2)>'

Of note is the appearance of a new structure, namely a weight-one denominator in N + 2. This has
to be accounted for when applying the method. We find

Yﬁ,kT,(Z) = gn%CF{ﬁ + [$2(N) = S2(K)] (ﬁ B ]ﬁ)
+[S1(N) — 81 (k)] ( : : ) + 251(N) = S1{4)

N+ (N+1)2
10
— —[51(
3 51) (
2
3

(6.21)
101
T3 (NF1)?
8

3N+1 N+2 N— k}

ZWhile only presenting the N = 5 Gegenbauer moments here, the consistency check was performed up to N = 50.
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and for N =5

_ 209297 52 2951 3511 2701
121500 125 13500 30375 81000

0 _ 7361 149 611 533

860 360 3240 9720
7D.T,(2) 2 301 94 25

ves - =mCr| 0 - -~ B S I (6.22)
23 7

0 0 0 —5 5

0 0 0 0 —1

We agree with [25] for the value of yf)éT’(z). The Gegenbauer ADM can again be calculated using
Eq.(5.12), and for N = 5 we find

W0 W0 &}
0 —B% 0 g

W —wier | o o =M o 2. (6.23)
0 0 0 -3 0
0 0 0 0o -1

Consistency between the Gegenbauer moments and the result in the total derivative basis was
explicitly checked. As before, we can then use Eq.(4.82) to derive the full (N, k)-dependence of
the off-diagonal elements of the Gegenbauer mixing matrix. The result is

l’l2
Yﬁf’(z) _ 39_2a(§vc,2) ﬁN7k{(3 +24) (251 (N)S1 (k) —2[S1.1(N) 4+ S1.1(k)] + [S2(N)

+Sg(k)]> — (342k) (251 (1\]/\)];191 (k) . (Ni 1)2> + (51 (N)=S1(k)  (6.24)

N 1 2 +9+10k 1 11 1 10
N+1)\k+1 3 (k+1)2 3 k+1 3|

6.5 Four-loop anomalous dimensions

Finally, we consider the mixing matrix to fourth order in the strong coupling. The corresponding
leading-n s forward anomalous dimension was calculated in [145]

7,3) 32 3 5 1 1
=== 1)—=8;(N+1)—= 1)—= 1
YN 27nfCF<S4(N+ ) 3S3( +1) 3Sz(N—|— ) 381(N+ )
11 11 5 1 5 1 131
+= = + + (6.25)

2(N+2)2 2(N+12 6N+2 6N+1 96

2(N+1)—§]).

+G3
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Application of our method then yields

1,3 _ 16 5 5 1 - |
_§(N+1)2_§N+1+N—|—2+§N—k>+<[SI(N)—51(]€)] +52(N)

11 5 1 5 1 1 1 1
_SZ(k)> <§(N+1)2 C6N+1 +8N—k) - (N-l—l _N—k> (6[51(N) (6.26)

1 1
—S1(k)]> + E[Sz(N) —S2(k)][S1(N) = S1(k)] + g[Sz(N) - Ss(k)]>
4 1 4 1 1 5 1 1 1
—= 5+ 5 + 5= 3 +=
3(N+1)2 "3N+1 ' (N+2)2 3N+2 3N—k
and
_ 9829939 12058 166537 249257 277787
10935000 50625 1215000 2733750 7290000
0 _ 341107 8123 40237 49891
437400 32400 291600 874800
~D.T,(3) _ 3 1340 575 212
Wwos = = nyCr 0 0 —2187 3187 3187 (6.27)
0 0 0 —- 5 i
0 0 0 0 =

for the {3-independent terms. The structure multiplying {3 in Eq.(6.25) has a maximum weight of
one. Hence using our algorithm, the determination of the {3-terms in the off-forward anomalous

dimensions is no more complex than a one-loop calculation. We find

D,T,(3) 32, 3 1 1
=G| —— — —— 6.28
Wk 275317 F<N+1 N—k (6.28)
and, for the spin-five mixing matrix,
472 128 _16  _ 64  _ 8
405 135 45 405 135
0 256 8 _8  _38
1 9 27 81
~DT,(3
Yst( = GmiCr | 0 0 B 8 P (6.29)
3 0 0 0 o ¢
0 0 0 0 L
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The corresponding mixing matrices in the Gegenbauer basis are

_ 9829939 0 22057 0 45311
10935000 60750 121500
341107 683
0 — 137400 0 1458 0
~G.T,(3
s = miCr 0 0 —B0 0 13¢ (6.30)
0 0 0 -5 0
0 0 0 0 =
and 1472
B2 0 0o 0 0
o ¥ 0o 0 0
~G.T,(3
WOl —tgadcrl 0 0 2! 0 0 (6.31)
. o o o0 M 9
0 0 o o £

The consistency check, Eq.(4.82), was again explicitly checked to hold. In turn this implies that

3
Gr.3) _ 64 nyCr 342 B - 3
W = 5 o O (850V) = 85(0) + 2181 (V) = 81 (0

+[S1(N) — 81 (k)]? <9+ 13—0k+ ki T 2(;121@) +[S1(N) = S1 (k)] (— 13_7

2
g it _ It
T Gr2 T3 NI TNk (NI

1 2 (11 1 1) 342k 11 1

22 1 2 227+10k 4 2(3+2k)) 632)

3+k+1_N+1

ThRF) T D+ N1 3 k1)

127410k 5 1  55-2k 1 1 1342 2}

T3 T 2k+1 6N+1 2kt2 2N+2 3

To conclude, we reiterate that the method used in this chapter can be easily applied to derive the
higher-order leading-n; anomalous dimensions as well. However, going beyond the leading-n
limit is more complicated. In the total derivative basis, this involves calculating the higher-order
matrix elements of the transversity operator in off-forward kinematics. In the Gegenbauer basis,
one would need to calculate the transversity conformal anomaly at two-loop order and beyond (the
one-loop transversity conformal anomaly corresponds to the one-loop Wilson one, cf. [19]). These
points are left for future studies.
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Chapter 7

Ongoing research

In this final chapter, we collect some recent research results, which are as-of-yet unpublished. In
the first section, we derive another consistency relation for the off-forward anomalous dimensions.
Contrary to before, this relation does not originate from physical considerations, but instead from
mathematical ones. The next section introduces a relation between the off-forward anomalous
dimensions for the gluon operator, which is valid to one-loop order. In the final section we consider
the renormalization of polarized flavor non-singlet quark operators in the leading-n limit.

7.1 A mathematics based relation for the anomalous dimen-
sions

Consider some sequence {a; } with associated sum

N
Ay = Zak. (7.1)
k=0

Then, according to Eq.(14) of [153], the following identity holds
N N—1
N—+1 N+s—1 N+s—1
Y (—1)* A= (=1)V Av+ Y (—DFH! it (7.2)
k=0 k N k=0 k

with s € C\Z~. We have introduced a shift in indices compared to [153] to start the summations
at zero. We can now apply Eq.(7.2) to the elements of the ADM. Identifying as usual

N
Y w,i=BN+1) (7.3)
j=0
we have
N N k N —1 N (N —1
L () B ot (VT ) s = S e (VT e 0
k=0 j=0 N =0 Jj—
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Assuming B(N + 1) and yy  to be known, we split off these quantities, leading to

N+s—1 N+s J
J— J /=0

(7.5)

(—1)Y (N;: 1) <£B(N+ 1) _yNW) :NZI(_l)j

J=0

The right-hand side of this identity depends only on the off-diagonal part of the ADM. With an
Ansatz, this then gives a system of equations different from the one we get from using the con-
sistency relation in Eq.(4.87). Furthermore, as the systems of equations for different s-values are
equivalent, we can stick to a particular value. The simplest case is s = 0 which gives

(=D (BOV+1) =) = N_i;<—1)f [(JJV__E )vN,; - (ZJV) éYN,i] . (7.6)

As a check, we consider the one-loop Wilson quantities in the total derivative basis. With

2
BON+1)=Cr|281/(N+1)— ———1 7.7
(N+1)=Cr(251(N+1) N2 (7.7)
and
(0) 2 2
=Cr|4S I (N)+ ——+——--3 7.8
YN,N F( 1( )+N—|—2+N+1 ) ( )
the left-hand side of Eq.(7.6) becomes
2(—1)NCrp | 1=51(N) — 2 ). (7.9)
N+2
The off-diagonal terms of the one-loop ADM are given by
D,(0) 1 1
=2Cr| ————|. 7.10
Nk F(N-I—Z N—k> (7.10)

Evaluating the corresponding sums on the right-hand side of Eq.(7.6) then exactly reproduces
Eq.(7.9). The relation was also explicitly checked to hold for the two-loop leading-color anomalous
dimensions, cf. Eq.(5.69).

7.2 A one-loop relation for gluon operators

We consider matrix elements of the spin-N twist-two gluon operator

Oy = SFyu Dy - Dy F, (7.11)

These operators will be contracted with a tensor of light-like A, which we denote as

A" . A'NFy Dy, ...Dyy F,Y = FD...DF (7.12)
N—-1
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for notational simplicity. Under renormalization, this operator mixes with the quark flavor singlet
operator of the same dimension, cf. Eq.(1.114). Moreover, in the case of off-forward kinematics,
there is also mixing with total derivative operators. Throughout this section, we work exclusively
in the total derivative basis. To avoid cluttering the notation too much, we omit the superscript D
on the anomalous dimensions. For explicitness, we consider the insertion of the gluon operator into
a quark two-point function. In this case, the odd-N matrix elements vanish in the forward limit.
This is because odd-N gluon operators can be written as a linear combination of total derivative
operators. For example, for the simple case of N = 3 we just have

FDF = 9F* — (DF)F (7.13)

and hence
2FDF = JF~. (7.14)

Note that this would work for any spin-N operator of the type
(field )D...D( field). (7.15)

The matrix elements of even-spin gluon operators are non-trivial and require an explicit calcu-
lation. Throughout this section, all such calculations are performed using PACKAGE-X. With no
contributions of self-energy corrections at one-loop order, the 1/e-pole of the bare OME corre-
sponds to the anomalous dimension in the forward limit. This gives

(0),gq 1 2 2
26| - — - = 7.16
N F ( N+2 N+1 N ( )

for odd N, as expected. The 1/¢-pole in the off-forward limit is

2 2 1

which should correspond to the sum of anomalous dimensions, with the argument appropriately
shifted

N
BN+1) =) . (7.18)
i=0
For N = 2 this gives
4
Yio™ = 3Cr. (7.19)

This is exactly what we would have expected from the relations in the non-singlet sector. However,
rather than assuming that these would generalize to gluon operators in the singlet sector, we follow
a different strategy. Eq.(7.14), as a relation at the operator level, is always valid. When considering
forward kinematics, it leads to the conclusion that the matrix elements of odd-N operators vanish.
In off-forward kinematics, it implies that for N = 3 we only have to take into account one of the
gluon operators, as the other one is not independent. For arbitrary odd N-values, it means that
we have (N —2) independent gluon operators. Inserting the gluon operator in a quark two-point
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function, we then have (N — 2) gluon operators mixing into N quark operators. For example, for
N = 3 we can replace the matrix equation

——

FDF 729 720 % [\If_'YD j

(52 )= (%5 20 2 lowow 720
=107 0%y

by one of the two rows only. Eq.(7.14) holds for bare gluon operators. Introducing the renormal-
ization then leads to a relation between the anomalous dimensions
(0).g | ,(0).g
0.e Y11 tVip 0), 0),
Yot = o ) . (7.21)

)

This relation only holds at one-loop order, where we can simply put all renormalized operators
equal to one!. As it is independent of the external legs of the matrix element, we do not spec-
ify them. An interesting feature of Eq.(7.21) is that it does not hold in the non-singlet sector.
This implies that we cannot simply take the relations between the anomalous dimensions in the
non-singlet sector and apply them to those of the gluon operators. Nevertheless, also the gluon
anomalous dimensions are not all independent. Generalizing Eq.(7.14) to arbitrary N we have

N—1
2FD"F -9 Y (-1)"(DN"'"'F)(D'F) =0 (N odd). (7.22)
i=0
For our purposes, it is more convenient to have operators with covariant derivatives only acting on
one field strength. It is straightforward to make this transformation, and we find
N-1 /N =1 o
2FDNF —9FDV'F — ¥ (—1) ( . >8N_’FD’F =0 (N odd). (7.23)
i=1 1=
This relation holds for bare operators. The corresponding one between the renormalized operators

gives a relation between the anomalous dimensions. Again we assume to work at one-loop order,
such that we can put [O] = 1. We then find

N+1 N N—1 i+1
0), 0), i(N—1 0),
2y Wik - ;)v(Nf,-g— Y (-1 ( - ) Zovﬁﬁli- =0 (N odd). (7.24)

i=1 l

Note that, while the last relation only holds for odd N-values, it does mix odd and even moments.
Our result Eq.(7.17) obeys this condition.

7.2.1 [Extension to even-N operators

Let us now see whether we find a similar condition between the anomalous dimensions when
starting from even-spin operators. A similar calculation as above shows that the following operator
identity holds

N-1 /N L
Y (—1)’(i)8N_’FD’F =0 (N even). (7.25)
i=0

! At higher orders, the finite pieces of the renormalized operators will give additional non-trivial contributions.
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This in turn leads to a relation between the anomalous dimensions

i+1

N (MY L0
Y (-1 (l> Y 7 =0 (N even). (7.26)
Jj=0

i=0

Our diagram result, Eq.(7.17), obeys this relation. Unfortunately, this does not actually seem to
contain new information about the anomalous dimensions. With the identification of Eq.(7.18) this
is equivalent to

CB(N+2)=(—1)VB(N+2) (N even) (7.27)

with N
CHN) = Z(—1)i<]j ) ). (7.28)

i=0

Recall that for the non-singlet quark operators, the transform of B was related to the last column,
CB(N+1)=1vy0 (non-singlet case). (7.29)

We could then define an adapted transformation C

N
ern =y -0 (7 ) o (1.30)

such that B is invariant when N is even

CB(N+2) = B(N+2). (7.31)

From our discussion in Chapter 3, we see that this corresponds to the inverse binomial transform,
cf. Eq.(3.24).

7.3 Renormalization of polarized non-singlet operators

7.3.1 Introduction

We consider the renormalization of polarized flavor non-singlet quark operators in the leading-n s
limit, including mixing with total derivative operators. The operators of interest are defined as

Oﬁ]...,ujv = Sw}ba’YleyleJQ . 'D/JN\II' (732)

In forward kinematics, the corresponding anomalous dimensions determine the scale-dependence
of the polarized PDFs through the DGLAP equation, cf. Eq.(2.23). These distributions can be stud-
ied by analyzing data from longitudinally polarized DIS experiments [154], collected e.g. by the
HERMES and COMPASS collaborations. See e.g. [155] and references therein. For the case of off-
forward kinematics, the corresponding mixing matrices characterize, through the ERBL equation
introduced in Eq.(2.34), the scale-dependence of polarized GPDs [14] and polarized distribution
amplitudes. An example of the latter is associated to the yy* — nt° transition [156—159], which has
been studied e.g. by analyzing data from the CLEO II detector [160]. These distributions form
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important ingredients to gain insight into the proton spin puzzle.

Let us briefly summarize the current knowledge about the polarized non-singlet anomalous di-
mensions. The forward anomalous dimensions are known to three-loop order [82, 161-167, 121]
in full QCD and to all orders in the leading-n limit [168, 169]. For off-forward kinematics, the
Gegenbauer evolution kernel was determined to three-loop order in [170]. Finally, the one-loop
anomalous dimensions were also calculated in the Geyer basis [23].

As is well known, care has to be taken when dealing with 75 in the framework of dimensional
regularization. The reason is that its standard definition involves the anti-symmetric tensor €,ypc,
which is a fundamentally four-dimensional object, i.e. it does not have a well-defined continuation
to D = 4 — 2¢ dimensions. A plethora of possible Y5 prescriptions has been developed over time,
see e.g. [171-176]. We employ here the so-called Larin scheme [176], in which one defines 7ys as

Y5 = %epvpc'Yu'YVYp'Yc- (7.33)

When dealing with massless quarks, this is equivalent to the ’t Hooft-Veltman scheme [171].
Within this scheme we have )
i

YuYs = 6 Evpa¥ VY° (7.34)

which means that the polarized operators can be written as

of = ém“lemvpcmwpyﬁ (A-D)V 1y (7.35)

As before, we have selected the leading-twist contributions by contracting with A*1 ... A"V for
A% =0.

An important consequence of the definition Eq.(7.33) is that 5 no longer anti-commutes with
D-dimensional Dirac matrices. This leads to a violation of the Ward identities. In particular, while
the non-singlet current O’f\ is conserved, its Z-factor in the MS-scheme is no longer equal to one.
Instead, some non-zero anomalous dimension is generated. The way to fix this is by introducing
an additional finite renormalization factor Zs. The renormalization of the polarized current then
follows

J= 0} =ZsZ,lJ]. (7.36)

The scale-dependence of the current is determined by its anomalous dimension

——J =y J 7.37
dln‘uz [ ] ’Y][ ] ( )
which in turn is determined from the renormalization factor as
1 dzy
=771 = 7.38
YJ J dlny2 ( )
The renormalization group equation for Eq.(7.36) is then
d
0 =" —(ZsZ0) + 1. (7.39)

du
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‘We can rewrite this as

0Z
0= B(as)a—as ~ZsWy o+ (7.40)
S
with )
dz
= —(z8,) ' 20 7.41

Note the difference in interpretation of the RG-parameters in Eq.(7.40). The anomalous dimension
v; determines the scale-dependence of the polarized current. As this is a conserved quantity, we
set Y7 = 0 to all orders in a;. The anomalous dimension 78,0 is extracted from the renormalization
of the matrix elements of J and is non-zero starting from order a2. This is caused by the violation
of the anti-commutativity of Y5 with the D-dimensional Dirac matrices. Using the perturbative
expansions

Zs=1+a,+ 22 + 200 + .. (7.42)
and
A,(0 A(1 A2
Yo =13 as + Vs @+l + ., (7.43)

we can determine the finite renormalization factor Zs order per order from Eq.(7.40). Because the
first term in Eq.(7.40) is multiplied by the beta-function, whose perturbative expansion starts at
order a2, we need to know the anomalous dimension 780 to order (L+ 1) to obtain Zs to L-loop
order. For example, at leading order, the equation to solve is

0
o B )
aj| ——=+Y%o | =0 (7.44)
0) :
1 +aszs
which leads to
2 = —4cp. (7.45)
Here we used that [177]
44 8
%y = 5 CrCa— 3nCr. (7.46)

The finite renormalization factor Zs is currently known to three-loop order [166].

7.3.2 One-loop anomalous dimensions

At the one-loop level, the operator matrix elements are easily calculated using e.g. PACKAGE-X in
MATHEMATICA. The Feynman rules are the same as those of the unpolarized non-singlet operators,
cf. [106], with the replacement

A= éA“euvpcyVypyG . (7.47)

Both in forward and off-forward kinematics, we then find that the anomalous dimensions corre-
spond to those of the unpolarized operators, i.e.

A,(0) 2 2
—Cr| 4 I 4
Ty CF< SI(N)+N+2+N—|—1 3) (7.48)
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and

D.A,0 2 2

Note that this implies that yg’éo) = (), as it should be.
In the following, we once again focus the leading-n ¢ limit in the total derivative basis. For the

calculation of the off-forward anomalous dimensions, we can then follow the same strategy as we
did in the determination of the transversity anomalous dimensions.

7.3.3 Higher-order anomalous dimensions

The leading-n s part of the two-loop forward anomalous dimensions is [163-165]

Ay 4 c 1+11< 1 ) ( 1 )2 11( 1 )
=—-n — _ — ) = [ — - —
W =3 g T3 \N ) T \Wr1) T3 \Nr2
+ (L)Z—ES (N+1)+25(N+1)
N+2) 37! 2 ‘

Note that this is exactly the same expression as for the unpolarized operators, cf. Eq.(5.20). Hence
also the off-diagonal part of the mixing matrix is the same as for the Wilson operators, i.e.

DA,1) 1 1 ) 5.1 . 2 11 1
3N—k N+1 3 N+2

Wi = g‘nch{ (5 -51®) (735~ 7=

1
+(N+2)2}'

Also at higher orders in o, the leading-ny terms of the forward polarized and unpolarized anoma-
lous dimensions coincide. As such, the off-forward mixing matrices in this limit are identical. This
implies that Eqs.(5.37), (5.39), (5.41) and (5.58) are valid for the three- to five-loop unpolarized
and polarized ADMs.

(7.50)
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Chapter 8

Conclusions and outlook

In this thesis, we considered the renormalization of non-singlet quark operators appearing in exclu-
sive hard scattering processes, allowing for mixing with total derivative operators. For a consistent
study of such mixing, a basis has to be chosen for the additional derivative operators. We have
discussed three options, which appeared in separate branches of the literature. The first one was
based on an expansion in terms of Gegenbauer polynomials, while the others were based on count-
ing derivatives. It was shown that, using appropriate transformations, the anomalous dimensions
in distinct bases can be related to one another. This connects previously unrelated branches of
the literature, and provides non-trivial cross-checks of the respective calculations. In the Gegen-
bauer basis, this lead to an independent check of the three-loop evolution kernel of the Wilsonian
non-singlet quark operators. In the Geyer basis, it provides a check of the one-loop anomalous
dimensions of the same operators. The expressions in terms of harmonic sums in the Gegenbauer
and total derivative bases presented in this thesis are new.

Moreover, by performing a detailed analysis of the renormalization structure of the operators
in the chiral limit, we have derived consistency relations between the off-forward anomalous di-
mensions in the total derivative basis. This allowed us to derive, in the leading-n limit, the Wilson
mixing matrices up to the five-loop level and the transversity matrices to four loops. Furthermore,
we have presented the mixing matrices for low-spin Wilson operators in full QCD. All these results
are presented in the MS-scheme. When transformed to the regularization-invariant scheme, they
will also be useful for the study of hadronic structure on the lattice.

The main algorithm presented in this thesis, i.e. the combination of consistency relations with
explicit Feynman diagram calculations, is nicely suited for automation using computer algebra
programs. Examples given in the text are the computation of Feynman graphs using FORCER in
FORM or PACKAGE-X in MATHEMATICA and symbolic summation using SIGMA .

As the consistency relation for the anomalous dimensions derived in this work is a direct conse-
quence of the renormalization structure of the operators, it should be straightforward to generalize
to other types of operators. A particularly interesting application of this type would be the deter-
mination of the mixing matrices for the flavor singlet operators in QCD. Besides the mixing with
total derivatives operators in off-forward kinematics, one would also have to take into account here
the mixing between same-dimension quark and gluon operators. Furthermore, there would also be
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contributions from equation of motion and non-gauge invariant operators. The long-term goal of
this would be to extend the calculation to the polarized singlet sector, where one also has to take
into account that (a) the spin-one current is anomalous and (b) an additional finite renormalization
factor has to be introduced because of the properties of the Dirac matrix ys. These aspects are left
for future studies.
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Appendix A

Conventions

In this appendix, we briefly summarize some of the conventions used in this thesis.
* Throughout this work we use natural units, i.e.i=c = 1.

* For the Minkowski spacetime metric, we use the mostly-minus convention

1 0 0 0
0 -1 0 0

w=2"=10 o -1 ol (A.1)
00 0 -1

* The totally anti-symmetric tensor is defined as

0 (if two indices are equal)
eMvPe — (]

(if uvpo = 0123) (A.2)
—1  (if uvpo = 1023).

* Certain calculations are most conveniently done using lightcone coordinates. For some four-

vector v = (v0,v!,v2)1?) these are defined as

vE =

(W +1?) (A.3)

G-

—

V= v). (A4)
Four-dimensional integration measures in turn are rewritten as

d*z =dztdzd’z. (A.5)
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Appendix B

SU(N,) Wilson anomalous dimensions

Here we present the off-diagonal elements of the spin-five Wilson mixing matrix for a general
gauge group SU (N,). Starting from the four-loop level, the following color factors contribute

d}a;dedszd (Nc2 + 6) (Nc2 — 1)
_ ’ (B.1)
Nr 48
debedgabed (N4 _6N2 4 18)(N2— 1) (B.2)
Ne 96N3 ’ |
dzbcd dzbcd N?(N? 4 36)
_ (B.3)
N 24

The subscripts F and A denote the fundamental and adjoint representation, and Nr = N, and Ny =
N? — 1 represent their dimensions. Hence in QCD d%°d4<d INp = 5/2, d#>dqd%<d INp =5/36
and d§b<dd4bed /N, = 135/8.

B.1 Two-loop anomalous dimensions

1y = —%CFCA + %Cﬁ + %nfcp , (B.4)
) = —% 24y SLC+%nfCF, (B.5)
i) = 5232359 FCa — %C}é + é—gnfcp 1) Lo (B.6)
Y = - 1903810CFCA + %c}é + ;%n Cr | (B.7)
o = —%CFCA + %Cﬁ + %nfcp : (B.8)
i = —%CFCA - %cﬁ n gnpr , (B.9)
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(1) 958 772 106

o = ~grsCrlat 335Gt grsniCr
w = —%CFCA n 196C,% n gznfCF,
o) = —%CFCA + ;CF + %nfCF .

B.2 Three-loop anomalous dimensions

6642011 2 2291861
o = CFCZ(——+§§3)+C%CA<———2§3>

194400 72000
(g 35) e (i + 55
563 (g~ 59) +76+ (51p).
o - B
20 - (B ) o5t
+Cp (352000020503 + %g) g 19274210603 i)
o3 (ST gt ) wnicr (B8 _qn®),
i = CFCA( 5747379680309 N Q@) +CFCa ( 111924(110000801 5_7C3>
o~ M B) e (o +35)
e (2233(1) N _C3> fC (j88:010>
61 - o) e 50
A ) )
— 11967877654 64 %) g <130914275>
i = G fz‘(_ 3524801(509 + ;_5C3> +CiCa ( - 310662601070207 N 22354 C3)

22052171 156 2351
3 —
( 1800000 | 25 2;3) oy CFCA(3375 3 C3)

132

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)



+nfC% <%—25—4C3) +n§rCF <%>, (B.19)
Boo = G ( N 33109337156 - %@ +CECa ( 12%143608060307 - 32756 C3>

+6 (= Saaoo00~ 75 &)+ 16 (grsg * 15%)

+nfC% (% — %Q) +n§rCF (%) , (B.20)
Vgi@) = CrCj ( - % + 3C3> +CFCa ( - % — 9C3>

+Cp (213712885 + 6C3) +nyCrCy (% + 12C3> +nCk (321549821 - 12§3>

+13Cr (%) , (B.21)
Yfé(z) = CrG; ( - % - 7€3) +C2Cy (55613895 + 21(;3)

+c3 (- % — 1483) +1/CrCy (% +4G) +n,C (?igg ~ats)

+n3Cr (%) : (B.22)
= o ( - % - %Cg,) +CiCa <% - 32§3) +C3 (% - %gs)

+nprCA<%+33—2C3> +nyCE (%—33—2@3) +nCr (%) (B.23)

B.3 Four-loop anomalous dimensions

O dgreddghed (368 ~ 2560 ‘- 992 Ca)
’ N 9 9 9
s St 1t
ch (M B, 22
e ( B 1;?238 B 6;10C5 N 322(:4 B 1585120C3>
c ( B 927118976 N 64310 G- 5;14110 Cs)

+nfd;’-”“]‘;;l%”cd (- 4;6 . 12980 - 5;2 )
engcrcq (20240208 200,
+nfCECy (828188774 - 120 s+ 2;2 Ca— 6334 §3)
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95456+@C _gc +1264C>
2187 3 3 * T gy B

3175+32C 64C>
729 T 3T 33

12472 32. 64 s /512 64
ket T _>Z B.24
2187 3413 C3> +”fCF( 81(:3)’ (B.24)

2187
dltfwad deCd < 481

Nr 9 23328
17141 5 /29201815 99 6967
T 164 e, — =
72 C3>+CFCA< 186624 T © 565+ 2C4 9 C3>

1128755 43153
A~ S10r — 340G — 3%+ =)

158393903 500

4

O 040G — Z 416085 — 104
(= Speegy + 24005 — G ) oy Ny + 16085 — 1048

9
223465 280 3403 3855247
2 oY . e 2
+”fCFCA( 2500 3 o 03t C3>+”fCFCA< 46656

1897 L/ 1549993 223
_ 2 _ PP 0 _ 22 )
+5TG - — §3)+nch( o+ 12005604 — G

9649 226 171745 226

2 22

- oo+ 12G - 220 (- Same — 1260+ 2203)
+nfCFCA< Toqa T128a— 5783 ) +n5CE( — a0 Cat =G
2401 __8C )
11664 97/

ddbedgabed . 292063 21184 12784
LA (- + T 0)
Np 900 15 15

1009689359 5552 176 136949C )
3

CrC3( — —
ter A( 7200000 45 T 25 % 3373

359381531 160 528 88256C )
3

24300000 T 3 5 25 T 1873
502421339 5248 352. 151912
3 JR— JE—
+CFCA< 7200000 T 15 T 25 %4 1125 C3>
4(9662914729 2432 366368 )

-+nfC%<——

+I’l§rCFCA ( —

+n§C%<—

5725127

+1380C5 — 624c3) +CrCl ( . 2305

33
‘—75C4%—

d?_bcd d%bcd ( 7 )

—208s

+n3Cr ( (B.25)

+c3ci (-

F\ 121500000 15 S+ 16875 &

dedgabed . 4193 1152 9328
i <— + G5 — C3>
Nr 90 5 75
19831099 1456 1792 235459
2 JR— —_—
+”fCFCA< 200500 15 5 25t 1ias Cf“)
367343971 1856 o\ 17924C )
25 7 125 *?

6075000
87346403 64 21352
+128C5_g§4_ C3)

1822500 375

2581429 64. 2032
2

o205 o,
+CrCal ~go7300 T3 T 75 O3

6850267
759375

+ny

64
+n fC%CA( -Gt

e ( _

2032

64C+ 191989 128 )
547 75 ’

— 3263

22
C (- 191989
e 911250 135

&) +nicr ( (B.26)
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2O dgbed gabed (_ 3138061 22840 - 315746 C3)

43 Np 5400 9 225
339793967 12896. 11. 451817
(- e 5y
34992000 27 B 3T 505 &

69304250621 9506 348659
2 ~2
_ 118, — )
+CFCA< 174960000 9 Cs+1164 675 &
170996951743 6488 . 22 62749 ‘ )
3

C;C — - =
ter A( 437400000 o &3 %t 30

(_ 652403846867 L 3184C B 1948762; )
3499200000 9 > 2025

. d;‘!’w’d,%bcd(_57823Jr832g —29552C>
P Ng 675 3 P 5 3
170258047 896 218. 9409
2 _ a
+nyCr CA( 1749600 9 3 1 43 C3>
2705226287 200. 214 85819
CiC — —
+nyCr A( 13740000 9 ST 3 % 673 C3>
o (_ 17459684723+400§ +4C _48094C>
f-F 437400000 3 P T3 g5 3
580649 40 3836
2
(- 0, )
+1CrCal ~ 45800 T3 S 135 &
210054821 40 3836 154397 80
22 3
c2( - 2rte e 200 C ~ ). B27
iy F( 21870000 3 > 135 C3>+”f F<729000 81C3> (B.27)
B.4 Five-loop anomalous dimensions
D4 debedqabed 141384 70400, 646480, 5456
L e i SR Ch e ¢
277760, 42176, dsbedqibed 7672 9520, 29200
_ c (2672
TRy C3)+ F™N, 81 9 Gt
352, 6032, 3008, debeddabed 11984 38528
352, _ c (- o8
3T 57 BT C3>+ F™Ng 81 g &
88160, 366752, 3200, o ( 266532611 89488
TG T R C3>+CF A 78732 T
167200, 1551104, 110960, 1294072, 37456,
TR 0T SR ¢ e @ g C3>
110112362 165928 61600 1820312, 85484
0203( _ _
TG\ Toes3 T 27 Gt Gy & ™
2057768, 35200, s o( 31670203 17600
_ 2 984
729 BT o7 €3>+CFCA< 6561 840G+ 6
_30848C . 114736C +501596C - 15488C2>
27 781 243 T g 3
40931372 17600 71120, 29920
cie (— 9968, — _
+CrCa 19633 + &7 5 Cs 77 Cs + o1 @
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243
401392, 6272,
729 9 9%)Mf Nr
_+10864OC %_256C 21856C 12544C )
g1 T g 4T gy 3T 3

dgbed gabed 103912 14560 35200 261440
(- + & — 6 + Gs
Np 81 9 27 81

2816 125696 7936 debed gabed 85376 17920
2000, _ _ . YF_F < _
C4 C C3> ngCr Nr 31 9

325 120 1 644 16 4096 24423290 19544
G — C3> nyCr Cfx <

81 Cs — 81 19683 27

92000C __694540C __137384C 4-2157154C 13904C )
81 *° 243 g1 * T T7p9 BT g o3

15291499 5600 . 6800 126272 57268
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