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1 Introduction

Quantum Chromodynamics (QCD) has been established as the theory of the strong in-
teraction and explains the properties of hadrons, such as the proton or the neutron, in
particular at short distances. Hadrons are composite objects and made up of quarks and
antiquarks, which are bound together by the exchange of gluons, the gauge field of the
strong force. The corresponding charge is called color, leading to a SU(3). gauge theory.
This is analogous to the electric charge, which induces the U(1) gauge group of electro-
magnetism.

The path to the discovery of QCD started in the 1960ies. By that time, a large
amount of hadrons had been observed in cosmic ray and accelerator experiments. Hadrons
are strongly interacting particles which occur as mesons (spin = 0, 1) or baryons
(spin = 1/2, 3/2). In the early 1960ies investigations were undertaken to classify all
hadrons, based on their properties such as flavor— and spin quantum numbers and masses.
In 1964, M. Gell-Mann, [1], and G. Zweig, [2], proposed the quark model as a mathemat-
ical description for these hadrons. Three fractionally charged quark flavors, up (u), down
(d) and strange (s), known as valence quarks, were sufficient to describe the quantum
numbers of the hadron spectrum which had been discovered by then. Baryons are thus
considered as bound states of three quarks and mesons of a quark-antiquark pair. Assum-
ing an approximate SU(3) flavor symmetry, “the eightfold way”, [3-5], mass formulas for
hadrons built on the basis of quark states could be derived. A great success for the quark
model was marked by the prediction of the mass of the {2~-baryon before it was finally
observed, [6]. In the same year, Giirsey and Radicati, [7], introduced spin into the model
and proposed a larger SU(6) spin— fiavor = SU(2)spin @ SU(3) fravor symmetry. This allowed
the unification of the mass formulas for the spin—1/2 and spin—3/2 baryons and provided
the tool to calculate the ratio of the magnetic moments of the proton and the neutron to
be ~ —3/2, which is in agreement with experiment within 3%, [8,9]. However, this theory
required the quarks that gave the correct low-lying baryons to be in a symmetric state
under permutations, which contradicts the spin—statistics theorem, [10], since quarks have
to be fermions. Greenberg, [11], resolved this contradiction by introducing a “symmetric
quark model”. It allows quarks to have a new hidden three—valued charge, called color,
which is expressed in terms of parafermi statistics. Finally, in 1965, Nambu, [12], and
Han and Nambu, [13], proposed a new symmetry, SU(3)co0r, Which makes the hidden
three—valued charge degree of freedom explicit and is equivalent to Greenberg’s descrip-
tion. Since there was no explicit experimental evidence of this new degree of freedom, the
assumption was made that all physical bound states must be color-neutral, [12-14].

The possibility to study the substructure of nucleons arose at the end of the 1960ies
with the advent of the Stanford Linear Accelerator SLAC, [15]. This facility allowed to
perform deeply inelastic lepton-nucleon scattering (DIS) experiments at much higher res-
olutions than previously possible. The cross section can be parametrized quite generally
in terms of several structure functions F; of the nucleon, [16]. These were measured for
the proton by the SLAC-MIT experiments and depend both on the energy transfer v and
the 4-momentum transfer ¢> = —Q? from the lepton to the nucleon in the nucleon’s rest
frame. In the Bjorken limit, {Q? v — oo, Q*/v = fixed}, [17], it was found that the
structure functions depend on the ratio of Q* and v only, F;(v,Q?) = F;(Q?/v). This
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phenomenon was called scaling, [18] cf. also [19], and had been predicted by Bjorken
in his field theoretic analysis based on current algebra, [17]. As the relevant parame-
ter in the deep-inelastic limit he introduced the Bjorken-scaling variable x = Q?/2Muv,
where M is the mass of the nucleon. After scaling was discovered, R. Feynman gave
a phenomenological explanation for this behavior of the structure functions within the
parton model, [20-22]. According to this model, the proton consists of several point-like
constituents, the partons. His assumption was that during the interaction time - which
is very short since high energies are involved - these partons behave as free particles
off which the electrons scatter elastically. Therefore, the total cross section is just the
incoherent sum of the individual electron-parton cross-sections, weighted by the prob-
ability to find the particular parton inside the proton. The latter is described by the
parton density f;(z). It denotes the probability to find parton i in the proton, carrying
the fraction z of the total proton momentum P. In the limit considered by Feynman,
z becomes equal to x, giving an explanation for scaling. This is a direct consequence
of the rigid correlation Mv = ¢.P, as observed in experiment. Even more important
for the acceptance of the quark parton model was the observation that the Callan-Gross
relation, [23], holds, namely that the longitudinal structure function Fj vanishes in the
situation of strict scaling. This experimental result favored the idea of the proton con-
taining spin—1/2, point-like constituents and ruled out different approaches, such as the
algebra of fields, [24], or explanations assuming vector-meson dominance, [25]. Finally,
Bjorken and Paschos, [26], linked the parton model to the group theoretic approach by
identifying quarks and partons.

Today QCD forms one part of the Standard Model of elementary particle physics, sup-
plementing the electroweak SUL(2) x Uy (1) sector, which had been proposed by S. Wein-
berg in 1967, [27], extending earlier work by S. Glashow, [28], cf. also [29], for the leptonic
sector. This theory was proved to be renormalizable by G. t'Hooft and M. Veltman in
1972, [30], see also [31], if anomalies are canceled, [32,33], requiring an appropriate repre-
sentation for all fermions. G. t” Hooft also proved renormalization for massless Yang-Mills
theories, [34]. These gauge theories had first been studied by C.N. Yang and R.L. Mills
in 1954, [35], and have the distinctive property that their gauge group is non-abelian,
leading to interactions between the gauge—bosons, [14], contrary to the case of Quan-
tum Electrodynamics. In 1972/73, M. Gell-Mann, H. Fritzsch and H. Leutwyler, [36], cf.
also [12], proposed to gauge color which led to an extension of the Standard Model to
SUL(2) x Uy (1) x SU(3), including the strongly interacting sector. The dynamical theory
of quarks and gluons, Quantum Chromodynamics, is thus a massless Yang-Mills theory
which describes the interaction of different quark flavors via massless gluons. Among the
semi-simple compact Lie-groups, SU(3). turns out to be the only possible gauge group
for this theory, cf. [37,38]. In 1973, D. Gross and F. Wilczek, [39], and H. Politzer, [40],
proved by a 1-loop calculation that Quantum Chromodynamics is an asymptotically free
gauge theory, cf. also [41], which allows to perform perturbative calculations for processes
at large enough scales. There, the strong coupling constant becomes a sufficiently small
perturbative parameter.

In the beginning, QCD was not an experimentally well-established theory, which was
mainly due to its non—perturbative nature. The large value of the strong coupling con-
stant over a wide energy range prevents one from using perturbation theory. In the
course of performing precision tests of QCD, the operator product expansion near the



light—cone, the light—cone expansion (LCE), [42], proved to be important. By applying
it to deep—inelastic processes, one facilitates a separation of hadronic bound state effects
and the short distance effects. This is possible, since the cross sections of deeply inelastic
processes receive contributions from two different resolution scales p2. One is the short
distance region, where perturbative techniques can be applied. The other describes the
long distance region. Here bound state effects are essential and a perturbative treatment
is not possible due to the large coupling involved. By means of the LCE, the two energy
scales of the process are associated with two different quantities: the Wilson coefficients
and the hadronic operator matrix elements or parton densities. The former contain the
large scale contributions and can therefore be calculated perturbatively, whereas the lat-
ter describe the low scale behavior and are quantities which have to be extracted from
experimental data or can be calculated by applying rigorous non—perturbative methods.
Using the LCE, one may derive Feynman’s parton model and show the equivalence of the
approaches by Feynman and Bjorken in the twist-2 approximation, [43]. The LCE also
allows to go beyond the naive partonic description, which is formulated in the renormal-
ization group improved parton model. Shortly after the formulation of QCD, logarithmic
scaling violations of the deep inelastic cross section where observed, [44], which had to be
expected since QCD is not an essentially free field theory, neither is it conformally invari-
ant, [45]. The theoretical explanation involves the calculation of higher order corrections
to the Wilson coefficients as well as to the anomalous dimensions of the composite oper-
ators emerging in the LCE, [46], and predicts the correct logarithmic Q? dependence of
the structure functions. In fact, the prediction of scaling violations is one of the strongest
experimental evidences for QCD.

Thus deeply inelastic scattering played a crucial role in formulating and testing QCD
as the theory governing the dynamics of quark systems. Its two most important prop-
erties are the confinement postulate - all physical states have to be color singlets - and
asymptotic freedom - the strength of the interaction becomes weaker at higher scales, i.e.
at shorter distances, cf. e.g. [37,47-56].

An important step toward completing the Standard Model were the observations of the
three heavy quarks charm (c), bottom (b) and top (t). In 1974, two narrow resonances,
called U and ¥, were observed at SLAC in e™e™ collisions at 3.1 GeV and 3.7 GeV, respec-
tively, [57]. At the same time another resonance called J was discovered in proton-proton
collisions at BNL, [58], which turned out to be the same particle. Its existence could not be
explained in terms of the three known quark flavors and was interpreted as a meson con-
sisting of a new quark, the charm quark. This was an important success of the Standard
Model since the existence of the charm had been postulated before, [59]. It is necessary
to cancel anomalies for the 2nd family as well as for the GIM—mechanism, [60], in order to
explain the absence of flavor changing neutral currents. With its mass of m, ~ 1.3 GeV it
is much heavier than the light quarks, m, ~ 2 MeV ;my ~ 5 MeV ,m, =~ 104 MeV, [61],
and heavier than the nucleons. In later experiments, two other heavy quarks were de-
tected. In 1977, the Y (= bb) resonance was observed at FERMILAB, [62], and interpreted
as a bound state of the even heavier bottom quark, with m;, ~ 4.2 GeV, [61]. Ultimately,
the quark picture was completed in case of three fermionic families by the discovery of
the heaviest quark, the top-quark, in pp collisions at the TEVATRON in 1995, [63]. Its
mass is given by roughly m; ~ 171 GeV, [61]. Due to their large masses, heavy quarks
cannot be considered as constituents of hadrons at rest or bound in atomic nuclei. They
are rather excited in high energy experiments and may form short-lived hadrons, with the
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exception of the top-quark, which decays before it can form a bound state.

The theoretical calculation in this thesis relates to the production of heavy quarks
in unpolarized deeply inelastic scattering via single photon exchange. In this case, the
double differential scattering cross-section can be expressed in terms of the structure
functions Fy(z, Q?) and Fp(x,Q?). Throughout the last forty years, many DIS experi-
ments have been performed, [44,64-74]. The proton was probed to shortest distances at
the Hadron-Elektron-Ring-Anlage HERA at DESY in Hamburg, [75-79]. In these experi-
ments, a large amount of data has been acquired, and in the case of HERA it is still being
processed, especially for those of the last running period, which was also devoted to the
measurement of Fy(x,Q?), [80]. Up to now, the structure function Fy(z, Q%) is measured
in a wide kinematic region, [61], whereas Fy(x, Q%) was mainly measured in fixed target
experiments, [81], and determined in the region of large v, [82]. In the analysis of DIS
data, the contributions of heavy quarks play an important role, cf. e.g. [83-87]. One
finds that the scaling violations of the heavy quark contributions differ significantly from
those of the light partons in a rather wide range starting from lower values of Q2. This
demands a detailed description. Additionally, it turns out that the heavy quark contri-
butions to the structure functions may amount up to 25-35%, especially in the small-x
region, [85,86,88,89], which requires a more precise theoretical evaluation of these terms.

Due to the kinematic range of HERA and the previous DIS experiments, charm is pro-
duced much more abundantly and gives a higher contribution to the cross section than
bottom, [86]. Therefore we subsequently limit our discussion to one species of a heavy
quark. Intrinsic heavy quark production is not considered, since data from HERA show
that this production mechanism hardly gives any contribution, cf. [90,91]. The need for
considering heavy quark production has several aspects. One of them is to obtain a better
description of heavy flavor production and its contribution to the structure functions of
the nucleon. On the other hand, increasing our knowledge on the perturbative part of
deep-inelastic processes allows for a more precise determination of the QCD-scale Aqcp
and the strong coupling constant «y, as well as of the parton—densities from experimental
data. For the former, sufficient knowledge of the NNLO massive corrections in DIS is
required to control the theory—errors on the level of the experimental accuracy and be-
low, [92-100]. The parton distribution functions are process independent quantities and
can be used to describe not only deeply inelastic scattering, but also a large variety of scat-
tering events at (anti—)proton—proton colliders such as the TEVATRON at FERMILAB, and
the Large-Hadron—Collider (LHC) at CERN, [87]. Heavy quark production is well suited
to extract the gluon density since at leading order (LO) only the photon—gluon fusion pro-
cess contributes to the cross section, [101,102]. Next-to-leading order (NLO) calculations,
as performed in Refs. [103], showed that this process is still dominant, although now other
processes contribute, too. The gluon density plays a special role, since it carries roughly
50 % of the proton momentum, as data from FERMILAB and CERN showed already in the
1970ies, [104]. Improved knowledge on the gluon distribution G(z, @?) is also necessary
to describe gluon-initiated processes at the TEVATRON and at the LHC. The study of
heavy quark production will also help to further understand the small-x behavior of the
structure functions, showing a steep rise, which is mainly attributed to properties of the
gluon density.



The perturbatively calculable contributions to the DIS cross section are the Wilson
coefficients. In case of light flavors only, these are denoted by C(4 ¢),2.1)(, Q*/1*) ! and at
present they are known up to the third order in the strong coupling constant, [105-115].
Including massive quarks into the analysis, the corresponding terms are known exactly
at NLO. The LO terms have been derived in the late seventies, [101,102], and the NLO
corrections semi—analytically in z—space in the mid-90ies, [103]. A fast numerical im-
plementation was given in [116]. In order to describe DIS at the level of twist 7 = 2,
also the anomalous dimensions of the local composite operators emerging in the LCE are
needed. These have to be combined with the Wilson coefficients and describe, e.g., the
scaling violations of the structure functions and parton densities, [46]. This description
is equivalent to the picture in z—space in terms of the splitting functions, [117]. The
unpolarized anomalous dimensions are known up to NNLO 2. At leading, [46], and at
next—to-leading—order level, [119-123], they have been known for a long time and were
confirmed several times. The NNLO anomalous dimension were calculated by Vermaseren
et. al. First, the fixed moments were calculated in Refs. [111,112,114] and the complete
result was obtained in Refs. [124,125].

The main parts of this thesis are the extension of the description of the contributions
of heavy quark mass—effects to the deep—inelastic Wilson coefficients to NNLO. In course
of that, we also obtain a first independent calculation of fixed moments of the fermionic
parts of the NNLO anomalous dimensions given in Refs. [111,112] before.

The calculation of the 3-loop heavy flavor Wilson coefficients in the whole Q? region
is currently not within reach. However, as noticed in Ref. [126], a very precise description
of the heavy flavor Wilson coefficients contributing to the structure function Fy(x, Q?) at
NLO is obtained for Q* 2 10 m), disregarding the power corrections oc (mg/Q*)*, k > 1. If
one considers the charm quark, this covers an important region for deep—inelastic physics
at HERA. In this limit, the massive Wilson coefficients factorize into universal massive
operator matrix elements (OMEs) A;;(z, u*/mg,) and the light flavor Wilson coefficients
Cla.9),2.0) (T, Q?/p?). The former are process independent quantities and describe all quark
mass effects. They are given by matrix elements of the leading twist local composite op-
erators O; between partonic states j (i,7 = ¢, g), including quark masses. The process
dependence is described by the massless Wilson coefficients. This factorization has been
applied in Ref. [127] to obtain the asymptotic limit for F©(z, Q%) at NNLO. However, un-
like the case for Fs°, the asymptotic result in this case is only valid for much higher values
@Q* 2800 mg, outside the kinematic domain at HERA for this quantity. An analytic result
for the NLO quarkonic massive operator matrix elements A,; needed for the description of
the structure functions at this order was derived in Ref. [126] and confirmed in Ref. [128].
A related application of the massive OMEs concerns the formulation of a variable flavor
number scheme (VFNS) to describe parton densities of massive quarks at sufficiently high
scales. This procedure has been described in detail in Ref. [129], where the remaining
gluonic massive OMEs Ay; were calculated up to 2-loop order, thereby giving a full NLO
description. This calculation was confirmed and extended in [130].

In this work, fixed moments of all contributing massive OMEs at the 3—loop level are
calculated and presented, which is a new result, [131-134]. The OMEs are then matched

Lg=quark, g=gluon
2In Ref. [118], the 2nd moment of the 4-loop NS anomalous dimension was calculated.
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with the corresponding known O(a?) light flavor Wilson coefficients to obtain the heavy
flavor Wilson coefficients in the limit Q? > m?, which leads to a precise description for
Q?/m?Z 10 in case of Fy(x,Q?). It is now possible to calculate all logarithmic contribu-
tions oc In(Q?/m?)* to the massive Wilson coefficients in the asymptotic region for general
values of the Mellin variable N. This applies as well for a large part of the constant term,
where also the O(g) contributions at the 2-loop level occur. The first calculation of the
latter for all-N forms a part of this thesis, too, [130,131,133,135-137]. Thus only the
constant terms of the unrenormalized 3-loop results are at present only known for fixed
moments. Since the OMEs are given by the twist 7 = 2 composite operators between
on-shell partonic states, also fixed moments of the fermionic contributions to the NNLO
unpolarized anomalous are obtained, which are thereby confirmed for the first time in an
independent calculation, [131-134].

A more technical aspect of this thesis is the study of the mathematical structure of
single scale quantities in renormalizable quantum field theories, [138-141]. One finds that
the known results for a large number of different hard scattering processes are most simply
expressed in terms of nested harmonic sums, cf. [142,143]. This holds at least up to 3-
loop order for massless Yang—Mills theories, cf. [95,115,124,125,138, 144,145, including
the 3-loop Wilson coefficients and anomalous dimensions. By studying properties of
harmonic sums, one may thus obtain significant simplifications, [121], since they obey
algebraic, [146], and structural relations, [147,148]. Performing the calculation in Mellin—
space one is naturally led to harmonic sums, which is an approach we thoroughly adopt
in our calculation. In course of this, new types of infinite sums occur if compared to
massless calculations. In the latter case, summation algorithms such as presented in
Refs. [143,149,150] may be used to calculate the respective sums. The new sums which
emerge were calculated using the recent summation package Sigma, [151-154], written in
MATHEMATICA, which opens up completely new possibilities in symbolic summation and
has been tested extensively through this work, [139].

For fixed values of N, single scale quantities reduce to zero—scale quantities, which
can be expressed by rational numbers and certain special numbers as multiple zeta values
(MZVs), [155,156], and related quantities. Zero scale problems are much easier to calcu-
late than single scale problems. By working in Mellin—space, single scale quantities are
discrete and one can seek a description in terms of difference equations. One may think
of an automated reconstruction of the all-/NV relation out of a finite number of Mellin
moments given in analytic form. This is possible for recurrent quantities. At least up
to 3-loop order, presumably to even higher orders, single scale quantities belong to this
class. In this work, [140,141], we report on a general algorithm for this purpose, which we
applied to a problem being currently one of the most sophisticated ones: the determina-
tion of the anomalous dimensions and Wilson coefficients to 3—loop order for unpolarized
deeply-inelastic scattering, [115,124,125].

The thesis is based on the publications Refs. [130,134,137,141], the conference con-
tributions [131-133, 135,136, 138-140, 157, 158] and the papers in preparation [159, 160].
It is organized as follows. Deeply inelastic scattering within the parton model, the LCE
and how one obtains improved results using the renormalization group are described in
Section 2. Section 3 is devoted to the production mechanisms of heavy quarks and their
contributions to the cross section. We also discuss the framework of obtaining the heavy
flavor Wilson coefficients using massive OMEs in the asymptotic limit Q2 > sz and com-

10



ment on the different schemes one may apply to treat heavy quark production, [130,134].
The massive operator matrix elements are considered in Section 4 and we describe in detail
the renormalization of these objects to 3-loop order, cf. [130-134,137]. Section 5 contains
transformation formulas between the different renormalization schemes. We clarify an
apparent inconsistency which we find in the renormalization of the massive contributions
to the NLO Wilson coefficients given in Refs. [103] and the massive OMEs as presented
in Refs. [126,129]. This is due to the renormalization scheme chosen, cf. Ref. [130,134].
In Section 6 the calculation and the results for the 2-loop massive operator matrix ele-
ments up to O(e) in dimensional regularization are presented. This confirms the results
of Ref. [129], cf. [130]. The O(¢e) terms are new results and are needed for renormalization
at O(a?), cf. [130,131,133,135-137]. We describe the calculation using hypergeometric
functions to set up infinite sums containing the parameter N as well. These sums are
solved using the summation package Sigma, cf. [137,139]. All sums can then be expressed
in terms of nested harmonic sums. The same structure is expected for the 3-loop terms, of
which we calculate fixed moments (N = 2,...,10(14)) using the programs QGRAF, [161],
FORM, [162,163], and MATAD, [164] in Section 7, cf. [131-134]. Thus we confirm the cor-
responding moments of the fermionic contributions to all unpolarized 3-loop anomalous
dimensions which have been calculated before in Refs. [111,112,114,124,125]. In Section 8
we calculate the asymptotic heavy flavor Wilson coefficients for the polarized structure
function g (z, Q%) to O(a?) following Ref. [165] and compare them with the results given
there. We newly present the terms of O(a2e) which contribute to the polarized massive
OMEs at O(a?) through renormalization, [157-159]. One may also consider the local
flavor non-singlet tensor operator for transversity, [166]. This is done in Section 9. We
derive the corresponding massive OMEs for general values of N up to O(a?e) and for
the fixed moments N = 1...13 at O(a?), [160]. A calculation keeping the full N depen-
dence has not been performed yet. In Section 10 we describe several steps which have
been undertaken in this direction so far. This involves the calculation of several non—
trivial 3—loop scalar integrals for all N and the description of a technique to reconstruct
the complete result starting from a fixed number of moments, cf. [140, 141]. Section 11
contains the conclusions. Our conventions are summarized in Appendix A. The set of
Feynman-rules used, in particular for the composite operators, is given in Appendix B.
In Appendix C we summarize properties of special functions which frequently occurred
in this work. Appendix D contains examples of different types of infinite sums which had
to be computed in the present calculation. The main results are shown in Appendices E—-
G: various anomalous dimensions and the constant contributions of the different massive
OME:s for fixed values of N at O(a?). All Figures in this work have been drawn using
Axodraw, [167].
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2 Deeply Inelastic Scattering

Deep—inelastic scattering experiments provide one of the cleanest possibilities to probe
the space-like short distance structure of hadrons through the reactions

N — IF+X
z/l(ﬁl)N — Z:F ‘|‘X
l:FN — yl(ﬁl) —|—X s

with [ = e, p, v = Ve, N = p,d or a nucleus, and X the inclusive hadronic final state.
The 4-momentum transfers ¢> = —@Q? involved are at least of the order of Q? > 4 GeV?
and one may resolve spatial scales of approximately 1/ \/@ . The different deep inelastic
charged— and neutral current reactions offer complementary sensitivity to unfold the quark
flavor and gluonic structure of the nucleons. Furthermore, polarized lepton scattering off
polarized targets is studied in order to investigate the spin structure of the nucleons.

The electron—proton experiments performed at SLAC in 1968, [15, 18], cf. also [19],
and at DESY, [168], found the famous scaling behavior of the structure functions which
had been predicted by Bjorken before, [17]. These measurements led to the creation
of the parton model, [20,21,26]. Several years later, after a series of experiments had
confirmed its main predictions, the partons were identified with the quarks, anti-quarks
and gluons as real quantum fields, which are confined inside hadrons. Being formerly
merely mathematical objects, [1,2], they became essential building blocks of the Standard
Model of elementary particle physics, besides the leptons and the electroweak gauge fields,
thereby solving the anomaly-problem, [32,33].

In the following years, more studies were undertaken at higher energies, such as the
electron—proton/neutron scattering experiments at SLAC, [64]. Muons were used as probes
of the nucleons by EMC, [65], BCDMS, [66], and NMC, [67], at the SPS, [169], at CERN, as
well as by the E26—, [44,170], CHIO—, [68], and E665—, [69], collaborations at FERMILAB.
For a general review of = N-scattering, see [171]. The latter experiments were augmented
by several high energy neutrino scattering experiments by the CHARM- and CDHSW-
collaborations, [70,71,172], and the WA21/25-experiments, [72,173], at the SPS, and
by the CCFR-collaboration, [73,174], at FERMILAB. Further results on neutrinos were
reported in Refs. [74], cf. also [175]. The data of these experiments confirmed QCD as the
theory describing the strong interactions within hadrons, most notably by the observation
of logarithmic scaling violations of the structure functions at higher energies and lower
values of x, which had been precisely predicted by theoretical calculations, [46].

All these experiments had in common that they were fixed target experi-
ments and therefore could only probe a limited region of phase space, up to
r > 1073, @Q* < 500GeV?Z The first electron—proton collider experiments became
possible with the advent of the HERA facility, which began operating in the beginning
of the 1990ies at DESY, [75]. This allowed measurements at much larger values of Q*
and at far smaller values of = than before, z > 107%, Q? < 20000GeV?. The physics
potential for the deep—inelastic experiments at HERA was studied during a series of work-
shops, see [176-180]. HERA collected a vast amount of data until its shutdown in 2007,
a part of which is still being analyzed, reaching unprecedented experimental precisions
below the level of 1 %. Two general purpose experiments to study inclusive and various
semi-inclusive unpolarized deep—inelastic reactions, H1, [76], and ZEUS, [77], were per-
formed. Both experiments measured the structure functions Fyr(z,Q?) as well as the
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heavy quark contributions to these structure functions to high precision. The theoretical
calculations in this thesis are important for the analysis and understanding of the latter,
as will be outlined in Section 3. The HERMES-experiment, [78|, studied scattering of
polarized electrons and positrons off polarized gas-targets. HERA-B, [79], was dedicated
to the study of CP—violations in the B—sector.

In the following, we give a brief introduction into the theory of DIS and the theoretical
tools which are used to predict the properties of structure functions, such as asymptotic
scaling and scaling violations. In Section 2.1, we discuss the kinematics of the DIS process
and derive the cross section for unpolarized electromagnetic electron-proton scattering.
In Section 2.2, we give a description of the naive parton model, which was employed to
explain the results obtained at SLAC and gave a first correct qualitative prediction of the
observed experimental data. A rigorous treatment of DIS can be obtained by applying
the light—cone expansion to the forward Compton amplitude, [42], which is described in
Section 2.3. This is equivalent to the QCD—improved parton model at the level of twist 7 =
2, cf. e.g. [37,38,54,181]. One obtains evolution equations for the structure functions and
the parton densities with respect to the mass scales considered. The evolution is governed
by the splitting functions, [117], or the anomalous dimensions, [46], cf. Section 2.4.

2.1 Kinematics and Cross Section

The schematic diagram for the Born cross section of DIS is shown in Figure 1 for single
gauge boson exchange. A lepton with momentum [ scatters off a nucleon of mass M

l/

. =)

Figure 1: Schematic graph of deeply inelastic scattering for single boson exchange.

and momentum P via the exchange of a virtual vector boson with momentum ¢. The
momenta of the outgoing lepton and the set of hadrons are given by " and Pr, respec-
tively. Here F' can consist of any combination of hadronic final states allowed by quantum
number conservation. We consider inclusive final states and thus all the hadronic states
contributing to F' are summed over. The kinematics of the process can be measured from
the scattered lepton or the hadronic final states, cf. e.g. [182-184], depending on the re-
spective experiment. The virtual vector boson has space-like momentum with a virtuality

Q2
Q@ = ¢, q=1-1. (24)

13



There are two additional independent kinematic variables for which we choose

s = (P+1)?, (2.5)

W? = (P+q)*=P;. (2.6)

Here, s is the total cms energy squared and W denotes the invariant mass of the hadronic
final state. In order to describe the process, one usually refers to Bjorken’s scaling variable

x, the inelasticity y, and the total energy transfer v of the lepton to the nucleon in the
nucleon’s rest frame, [185]. They are defined by

Pg  W?+Q— M

_ _ 2.
v i i : (2.7)
—q? 2 2
r = L ¢ = ¢ : (2.8)
2P.q 2Mv W2+ Q?— M?
_ Pq  2Mv W2+ Q? — M? (2.9)
VS Pl T s T T s '

where lepton masses are disregarded. In general, the virtual vector boson exchanged can
be a v, Z or W*-boson with the in— and outgoing lepton, respectively, being an electron,
muon or neutrino. In the following, we consider only unpolarized neutral current charged
lepton—nucleon scattering. In addition, we will disregard weak gauge boson effects caused
by the exchange of a Z—boson. This is justified as long as the virtuality is not too large,
i.e. Q> <500 GeV? cf. [186]. We assume the QED- and electroweak radiative corrections
to have been carried out, [183,184,187].

The kinematic region of DIS is limited by a series of conditions. The hadronic mass
obeys

W2 > M?. (2.10)
Furthermore,
v>0, 0<y<1l,s>M". (2.11)

From (2.10) follows the kinematic region for Bjorken-z via
1
WZ:(P+q)2:M2—Q2<1——>2M2 — 0<zr<1. (212)
T

Note that © = 1 describes the elastic process, while the inelastic region is defined by z < 1.
Additional kinematic constraints follow from the design parameters of the accelerator,
[188]. In the case of HERA, these were 820(920) GeV for the proton beam and 27.5 GeV
for the electron beam, resulting in a cms—energy /s of 300.3(319) GeV 3. This additionally
imposes kinematic constraints which follow from

Q* = wy(s—M?), (2.13)
correlating s and Q2. For the kinematics at HERA, this implies

Q* < sz~ 10°z . (2.14)

3During the final running period of HERA, low—energy measurements were carried out with E, =
460 (575) GeV in order to extract the longitudinal structure function Fy,(z,Q?), [80].
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In order to calculate the cross section of deeply inelastic ep—scattering, one considers
the tree-level transition matrix element for the electromagnetic current. It is given by,

cf. e.g. [37,38,54],
1
My, = e2ﬂ(l’,n’)v“U(l,n)?<PF | " (0) [ Po) (2.15)

Here, the spin of the charged lepton or nucleon is denoted by n(n’) and o, respectively.
The state vectors of the initial-state nucleons and the hadronic final state are | P, o)
and | Pp). The Dirac-matrices are denoted by +, and bi-spinors by u, see Appendix A.
Further e is the electric unit charge and ng(g ) the quarkonic part of the electromagnetic
current operator, which is self-adjoint :

THE) = Ju(8) - (2.16)
In QCD, it is given by
OGRS IRNOIRVATIOR (2.17)
If

where W¢(€) denotes the quark field of flavor f. For three light flavors, A*™ is given by the
following combination of Gell-Mann matrices of the flavor group SU(3) fiavor, cf. [189,190],

em 1 3 1 8

AT = 5 ()\flavor + ﬁ)\flavor) : (218>

According to standard definitions, [37,38,54,191], the differential inclusive cross section
is then given by

do 1

f— = —————— 2m)4 0N (Pp + 1 — P — )| Mp|* . 2.19

"dr T 32(2m)3(1.P) ,,;F( EAR N (219)

Inserting the transition matrix element (2.15) into the relation for the scattering cross

section (2.19), one notices that the trace over the leptonic states forms a separate tensor,

L#v. Similarly, the hadronic tensor W, is obtained,

L) = 2 [a )| [a@, oyt m] (2:20)

01
1
Wila, P) = = > (2m)'6"(Pe —q = P)(P,o | J(0) | Pp)(Pp | J7"(0) | P,o) .
o, F
(2.21)
Thus one arrives at the following relation for the cross section
d 1 o? 1 2
R - =& ey (2.22)

OBy T 4APIQ* M 9(s — M?) QA o

where o denotes the fine-structure constant, see Appendix A. The leptonic tensor in (2.22)
can be easily computed in the context of the Standard Model,

2
L, = Trjy"~"] =4 <lul,// + 1,0, — %gm,) . (2.23)
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This is not the case for the hadronic tensor, which contains non—perturbative hadronic con-
tributions due to long-distance effects. To calculate these effects a priori, non-perturbative
QCD calculations have to be performed, as in QCD lattice simulations. During the last
years these calculations were performed with increasing systematic and numerical accu-
racy, cf. e.g. [192,193].

The general structure of the hadronic tensor can be fixed using S—matrix theory and
the global symmetries of the process. In order to obtain a form suitable for the subsequent
calculations, one rewrites Eq. (2.21) as, cf. [38,194],

Wnla.P) = -3 [ dieespliag) (P | L) J5"(0) | P)

- 5 / d'€ expligf)(P | T2 (€), JS(0)] | P) . (2.24)

Here, the following notation for the spin-average is introduced in Eq. (2.24)

%Z(P,U|X\P,U>E(P\X\P>. (2.25)

Further, [a, b] denotes the commutator of a and b. Using symmetry and conservation laws,
the hadronic tensor can be decomposed into different scalar structure functions and thus
be stripped of its Lorentz—structure. In the most general case, including polarization, there
are 14 independent structure functions, [195,196], which contain all information on the
structure of the proton. However, in the case considered here, only two structure functions
contribute. One uses Lorentz— and time-reversal invariance, [42], and additionally the
fact that the electromagnetic current is conserved. This enforces electromagnetic gauge
invariance for the hadronic tensor,

W =0, (2.26)

The leptonic tensor (2.23) is symmetric and thus W, can be taken to be symmetric as
well, since all antisymmetric parts are canceled in the contraction. By making a general
ansatz for the hadronic tensor using these properties, one obtains

1 Auly
W},LV(q7P) = % (guu + 522 ) FL(‘TvQQ)
2z WP, + P, @
+ @ (P,upu + #2—1'” - 4_1:29/u/ FQ(ajv QQ) . (227>

The dimensionless structure functions Fy(z, Q*) and Fr(z, @*) depend on two variables,
Bjorken-z and Q?, contrary to the case of elastic scattering, in which only one variable,
e.g. (%, determines the cross section. Due to hermiticity of the hadronic tensor, the
structure functions are real. The decomposition (2.27) of the hadronic tensor leads to the
differential cross section of unpolarized DIS in case of single photon exchange

do 2ma’

d:z:dy = m{ |:1 -+ (1 - y)Q] FQ(.T, Q2> - y2FL(x7 Q2)} . (228)

A third structure function, Fy(z, Q?),

Fi(z, Q%) = 21 F(x.Q) ~ Fo(x.Q")] | (2.29)

xz
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which is often found in the literature, is not independent of the previous ones.
For completeness, we finally give the full Born cross section for the neutral current,
including the exchange of Z-bosons, cf. [184]. Not neglecting the lepton mass m, it is

given by
d?oxe 2o’ M? m? 9 M?
= 2(1—y) — 2oy— + (1 -2 ) (1 + 422~
dxdy ryQ? (1 —y)— 2y $ +( Q2> ( i Q2>

2

Y ]B(%Qz) + 2y(2 —y)Fs(a, QZ)} : (2.30)

"1+ Rz, Q?)
Here, R(x,Q?) denotes the ratio

R(z,Q%) = Z—; = (1 + 4:102]5—22)

and the effective structure functions F(z, Q?), [ = 1...3 are represented by the structure
functions Fj, G; and H; via

f2<I,Q2) -1

20F(z, Q%) 231

Fro(x, Q%) = Fia(z,Q%) +2|Qc| (ve + Mae) X(Q%)Gra(z, Q%)
+ 4 (07 + a? + 2 vea.) X2 (Q%) Hio(z, Q%) | (2.32)

o F3(2,Q%) = -2 Sign(Qe){lQel (ac + Ave) x(Q*)2Gs(, Q)

+ [2vee + A (02 + @) \A(Q¥)xHs(z, Q%) ¢ . (2.33)
Here, (). = —1, a. = 1 in case of electrons and
A = Esign(Q.) , (2.34)
ve = 1—4sin?@L (2.35)
G M2 Q2
= £—2 : 2.36
= @@ 1 (239

with £ the electron polarization, 6§ the effective weak mixing angle, G,, the Fermi constant
and M, the Z—boson mass.

2.2 The Parton Model

The structure functions (2.27) depend on two kinematic variables, x and @Q?. Based on
an analysis using current algebra, Bjorken predicted scaling of the structure functions,
cf. [17],

lim For)(z,Q%) = For)(z) . (2.37)

{Q2, v} — oo, z=const.

This means that in the Bjorken limit {Q?, v } — oo, with z fixed, the structure functions
depend on the ratio Q?/v only. Soon after this prediction, approximate scaling was
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observed experimentally in electron-proton collisions at SLAC (1968), [18], cf. also [19] *.
Similar to the a—particle scattering experiments by Rutherford in 1911, [197], the cross
section remained large at high momentum transfer Q?, a behavior which is known from
point—like targets. This was found in contradiction to the expectation that the cross
section should decrease rapidly with increasing ()2, since the size of the proton had been
determined to be about 107'% cm with a smooth charge distribution, [198]. However,
only in rare cases a single proton was detected in the final state, instead it consisted of
a large number of hadrons. A proposal by Feynman contained the correct ansatz. To
account for the observations, he introduced the parton model, [20,21], cf. also [22,26,37,
54,181]. He assumed the proton as an extended object, consisting of several point-like
particles, the partons. They are bound together by their mutual interaction and behave
like free particles during the interaction with the highly virtual photon in the Bjorken-
limit 5. One arrives at the picture of the proton being “frozen” while the scattering takes
place. The electron scatters elastically off the partons and this process does not interfere
with the other partonic states, the “spectators”. The DIS cross section is then given
by the incoherent sum over the individual virtual electron—parton cross sections. Since
no information on the particular proton structure is known, Feynman described parton ¢
by the parton distribution function (PDF) f;(z). It gives the probability to find parton
¢ in the “frozen” proton, carrying the fraction z of its momentum. Figure 2 shows a
schematic picture of the parton model in Born approximation. The in— and outgoing
parton momenta are denoted by p and p’, respectively.

l/

zP

3
I

:

—————
spectators

Figure 2: Deeply inelastic electron-proton scattering in the parton model.

Similar to the scaling variable x, one defines the partonic scaling variable T,

_ @
T= o (2.38)

It plays the same role as the Bjorken-variable, but for the partonic sub-process. In the

4The results obtained at DESY, [168], pointed in the same direction, but were less decisive, because
not as large values of Q2 as at SLAC could be reached.
5 Asymptotic freedom, which was discovered later, is instrumental for this property.
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collinear parton model ¢, which is applied throughout this thesis, p = zP holds, i.e., the
momentum of the partons is taken to be collinear to the proton momentum. From (2.38)
one obtains

TZ=1 . (2.39)

Feynman’s original parton model, referred to as the naive parton model, neglects the mass
of the partons and enforces the strict correlation

qgp @
5 (M ~ W) : (2.40)

due to the experimentally observed scaling behavior, which leads to z = x. The naive parton
model then assumes, in accordance with the quark hypothesis, [1,2,26], that the proton is
made up of three valence quarks, two up and one down type, cf. e.g. [5]. This conclusion
was generally accepted only several years after the introduction of the parton model, when
various experiments had verified its predictions.

Let us consider a simple example, which reproduces the naive parton model at LO and
incorporates already some aspects of the improved parton model. The latter allows virtual
quark states (sea-quarks) and gluons as partons as well. In the QCD—-improved parton
model, cf. [37,54,181], besides the d-distribution, (2.40), a function W; (7, @*) contributes
to the hadronic tensor. It is called partonic tensor and given by the hadronic tensor, Eq.
(2.24), replacing the hadronic states by partonic states i. The basic assumption is that the
hadronic tensor can be factorized into the PDFs and the partonic tensor, cf. e.g. [51,203].
The PDFs are non-perturbative quantities and have to be extracted from experiment,
whereas the partonic tensors are calculable perturbatively. A more detailed discussion of
this using the LCE is given in Section 2.3. The hadronic tensor reads, cf. [56],

Wuy(x,QQ):ﬁz /0 i /0 a7 (i(2) + () Wi (7, Q¥)b(a — =) . (2.41)

Here, the number of partons and their respective type are not yet specified and we have
included the corresponding PDF of the respective anti-parton, denoted by f;(z). Let us
assume that the electromagnetic parton current takes the simple form

G| (7)) = —ie@ya (2.42)
similar to the leptonic current, (2.15). Here e; is the electric charge of parton i. At LO

one finds

2me?

Wi, (7,Q%) = qf}gf5(1 —7)| 20,0}, + Pl + g — gwq-p"] - (2.43)

The é-distribution in (2.43), together with the d-distribution in (2.41), just reproduces
Feynman’s assumption of the naive parton model, z = x. Substitution of (2.43) into
the general expression for the hadronic tensor (2.27) and projecting onto the structure
functions yields

FL(xaQQ) = 07
Fy(z,Q%) = xzef(fi(x)Jrfz(l’))- (2.44)

This result, at LO, is the same as in the naive parton model. It predicts

SFor other parton models, as the covariant parton model, cf. [199-202].
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e the Callan-Gross relation, cf. [23],
FL(zaQQ) :F2($7Q2)_2$F1($ac22> =0. (245)

e the structure functions are scale-independent.

These findings were a success of the parton model, since they reproduced the general
behavior of the data as observed by the MIT/SLAC experiments.

Finally, we present for completeness the remaining structure functions G5 and Hs 3
at the Born level for the complete neutral current, cf. Eq. (2.30),

Ga(2,Q%) = $Z|6ilvi(fi(x)+f{'(x))v (2.46)
Hy(z, Q%) = IZ v} +a?) (fi(z) + fi(z)), (2.47)
2Gy(r,Q%) = xzi:|ei|ai filz) = fi(x), (2.48)
e, @) = w3 g () = ). (2.49)
with a; = 1 and
v; = 1—4e;|sin® L (2.50)

2.2.1 Validity of the Parton Model

The validity of the parton picture can be justified by considering an impulse approximation
of the scattering process as seen from a certain class of reference frames, in which the
proton momentum is taken to be very large (Py-frames). Two things happen to the
proton when combining this limit with the Bjorken—limit: The internal interactions of its
partons are time dilated, and it is Lorentz contracted in the direction of the collision. As
the cms energy increases, the parton lifetimes are lengthened and the time it takes the
electron to interact with the proton is shortened. Therefore the condition for the validity
of the parton model is given by, cf. [26,204],

Tint

<1. (2.51)
Tife

Here 7, denotes the interaction time and 7y the average life time of a parton. If (2.51)
holds, the proton will be in a single virtual state characterized by a certain number of
partons during the entire interaction time. This justifies the assumption that parton ¢
carries a definite momentum fraction z;, 0 < z; < 1, of the proton in the cms. This parton
model is also referred to as collinear parton model, since the proton is assumed to consist
out of a stream of partons with parallel momenta. Further ) . z; = 1 holds. In order
to derive the fraction of times in (2.51), one aligns the coordinate system parallel to the
proton’s momentum. Thus one obtains in the limit P? > M?, [205],

M2
P = («/P§+M2;O,0,P3) ~ (P3+ AR :0,0 Pg) : (2.52)
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The photon momentum can be parametrized by

q= (q0a g3, JL) ) (253)

where ¢, denotes its transverse momentum with respect to the proton. By choosing
the cms of the initial states as reference and requiring that M and ¢* approach a limit
independent of P53 as P; — o0, one finds for the characteristic interaction time scale, using
an (approximate) time—energy uncertainty relation,

1 4P3I
CE @0 259
The life time of the individual partons is estimated accordingly to be inversely proportional
to the energy fluctuations of the partons around the average energy E

1

o ™ —=————— . 2.
Tife ZZ Ez _ ( 55)

Here E; denote the energies of the individual partons. After introducing the two-
momentum k& ; of the partons perpendicular to the direction of motion of the proton
as given in (2.52), a simple calculation yields, cf. [205],

T 20 (ZM_ M?) , (2.56)

Tlife Q*(1 —z) y Zi
where m; denotes the mass of the i-th parton. This expression is independent of P;. The
above procedure allows therefore to estimate the probability of deeply inelastic scattering
to occur independently of the large momentum of the proton. Accordingly, we consider
now the case of two partons with momentum fractions x and 1—x and equal perpendicular
momentum, neglecting all masses. One obtains

Tt i : (2.57)
Tife  Q*(1 —x)?

This example leads to the conclusion, that deeply inelastic scattering probes single partons
if the virtuality of the photon is much larger than the transverse momenta squared of the
partons and Bjorken-z is neither close to one nor zero. In the latter case, P; would be
the large momentum to be considered. If one does not neglect the quark masses, one has
to adjust this picture, as will be described in Section 3.3.

2.3 The Light—Cone Expansion

In quantum field theory one usually considers time-ordered products, denoted by T, rather
than a commutator as it appears in the hadronic tensor in Eq. (2.24). The hadronic tensor
can be expressed as the imaginary part of the forward Compton amplitude for virtual
gauge boson-nucleon scattering, 7),,(q, P). The optical theorem, depicted graphically in
Figure 3, yields

1
Wala,P) = —Im Tu(a, P) (259)

21



where the Compton amplitude is given by, cf. [189],

Tu(a.P) = i [ &€ expligt)(P | T1(6).0) | P) (2.50)

1

Figure 3: Schematic picture of the optical theorem.

By applying the same invariance and conservation conditions as for the hadronic ten-
sor, the Compton amplitude can be expressed in the unpolarized case by two amplitudes
Tr(z,Q?%) and Ty(z,Q?). Tt is then given by

1 Audv
T,uu(Qa P) = % (g;w + ﬁ) TL(JI, Q2)
2z q.P, + P,  Q
+ @ (Pp,PV + W — @guy TQ(ZL‘, Q2) . (260)

Using translation invariance, one can show that (2.59) is crossing symmetric under
qg — —q, cf. [195,206],

T.uu(qa P) = THV<_Q7 P) ) (261)

with ¢ — —¢ being equivalent to v,z — (—v), (—z). The corresponding relations for the
amplitudes are then obtained by considering (2.60)

Tow(r, Q%) = Ton(-z,Q% . (2.62)

By (2.58) these amplitudes relate to the structure functions F and F» as

1
F(Q,L)(.T,QQ) = ;Im T(27L)(£L',Q2). (263)

Another general property of the Compton amplitude is that T, and 75 are real analytic
functions of x at fixed @2, cf. [50], i.e.

Ton (", Q%) = Thp(r.Q%) . (2.64)

Using this description one can perform the LCE, [42], or the cut—vertex method in the
time-like case, [207-209], respectively, and derive general properties of the moments of
the structure functions as will be shown in the subsequent Section. A technical aspect
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which has been proved very useful is to work in Mellin space rather than in x—space. The
Nth Mellin moment of a function f is defined through the integral

M]f](N) E/O dz 2NV f(2) . (2.65)

This transform diagonalizes the Mellin—convolution f ® ¢ of two functions f, g

f ®g](z / dzl/ dzy 0(z — z122) f(21)g(22) . (2.66)

The convolution (2.66) decomposes into a simple product of the Mellin-transforms of the
two functions,

M[f ® g](N) = M[f](N)M[g](N) . (2.67)

In Egs. (2.65, 2.67), N is taken to be an integer. However, later on one may perform an
analytic continuation to arbitrary complex values of N, [210]. Note that it is enough to
know all even or odd integer moments — as is the case for inclusive DIS — of the functions
f, g to perform an analytic continuation to arbitrary complex values N € C, [211]. Then
Eq. (2.66) can be obtained from the relation for the moments, (2.67), by an inverse Mellin—
transform. Hence in this case the z— and N—space description are equivalent, which we
will frequently use later on.

2.3.1 Light—Cone Dominance

It can be shown that in the Bjorken limit, Q% — oo, v — oo, z fixed, the hadronic tensor
is dominated by its contribution near the light—cone, i.e. by the values of the integrand in
(2.24) at €2 =~ 0, cf. [42]. This can be understood by considering the infinite momentum
frame, see Section 2.2.1,

P = (Pg, 0, 0, Pg) y (268)
_ (Y. 20 Y
¢ = (3 V@ 055) (2:69)

According to the Riemann—Lebesgue theorem, the integral in (2.24) is dominated by the
region where ¢.£ ~ 0 due to the rapidly oscillating exponential exp(iq.£), [37]. One can
now rewrite the dot product as, cf. [190],

Q

@~ PN+ E) + o+ PN~ E) - (2.71)

¢:£ = 5(

and infer that the condition ¢.£ ~ 0 in the Bjorken-limit is equivalent to

1 1
£O:I:£3o<ﬁ, §1o<$, (2.72)

which results in

52

%
o

(2.73)
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called light—cone dominance: for DIS in the Bjorken-limit the dominant contribution to
the hadronic tensor W,, (¢, P) and the Compton Amplitude comes from the region where
£ =~0.

This property allows to apply the LCE of the current—current correlation in Eq. (2.24)
and for the time ordered product in Eq. (2.59), respectively. In the latter case it reads
for scalar currents, cf. [42],

lim TJ(€), J(0) o > Crr (€ 12), - £un OLE N (0, 1?) | (2.74)

20
&= i,N,T

The O; (&, u?) are local operators which are finite as £ — 0. The singularities which
appear for the product of two operators as their arguments become equal are shifted
to the c-number coefficients 6277(52, u?), the Wilson coefficients, and can therefore be
treated separately. In Eq. (2.74), p? is the factorization scale describing at which point
the separation between the perturbative and non—perturbative contributions takes place.
The summation index ¢ runs over the set of allowed operators in the model, while the
sum over N extends to infinity. Dimensional analysis shows that the degree of divergence

of the functions 52[7 as €2 — 0 is given by

IV 1 —7/24d

Here, d; denotes the canonical dimension of the current J(£) and 7 is the twist of the
local operator O (¢, p?), which is defined by, cf. [43],

r=Do—N . (2.76)

Do is the canonical (mass) dimension of O}L*" (¢, ?) and N is called its spin. From
(2.75) one can infer that the most singular coefficients are those related to the operators
of lowest twist, i.e. in the case of the LCE of the electromagnetic current (2.17), twist
7 = 2. The contributions due to higher twist operators are suppressed by factors of
(72 /Q*)*, with T a typical hadronic mass scale of O(1 GeV). In a wide range of phase—
space it is thus sufficient to consider the leading twist contributions only, which we will
do in the following and omit the index 7.

2.3.2 A Simple Example

In this Section, we consider a simple example of the LCE applied to the Compton am-
plitude and its relation to the hadronic tensor, neglecting all Lorentz—indices and model
dependence, cf. Ref. [38,106]. The generalization to the case of QCD is straightforward
and hence we will already make some physical arguments which apply in both cases. The
scalar expressions corresponding to the hadronic tensor and the Compton amplitude are
given by

W @) = o [ dcemlae)(P | 17©.J0) | P) (2.77)
T(@.Q) = i [ expliag)(P | TIOI0) | P) (2.78)
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Eq. (2.78) can be evaluated in the limit £€2 — 0 for twist 7 = 2 by using the LCE given
in Eq. (2.74), where for brevity only one local operator is considered. The coefficient
functions in momentum space are defined as

[eptia 660" @) = () teane(%) . @1

The nucleon states act on the composite operators only and the corresponding matrix
elements can be expressed as

(P | OM=rx(0,12) | P) = AN< )P’“ .PHN 4 trace terms. (2.80)
2

The trace terms in the above equation can be neglected, because due to dimensional
counting they would give contributions of the order 1/Q?, 1/v and hence are irrelevant
in the Bjorken—limit. Thus the Compton amplitude reads, cf. e.g. [38,54],

(2, Q) = 2 Z CN< ) <P§>x’N,x':é (2.81)

=0,2,4,.. H

In (2.81) only the even moments contribute. This is a consequence of crossing symmetry,
Eq. (2.62), and holds as well in the general case of unpolarized DIS for single photon
exchange. In other cases the projection is onto the odd moments. Depending on the type
of the observable the series may start at different initial values, cf. e.g. [195,196]. The sum
in Eq. (2.81) is convergent in the unphysical region z > 1 and an analytic continuation
to the physical region 0 < x < 1 has to be performed. Here, one of the assumptions is
that scattering amplitudes are analytic in the complex plane except at values of kinematic
variables allowing intermediate states to be on mass—shell. This general feature has been
proved to all orders in perturbation theory, [212,213]. In QCD, it is justified on grounds of
the parton model. When v > Q?/2M, i.e. 0 < z < 1, the virtual photon-proton system
can produce a physical hadronic intermediate state, so the To 1y(z, Q%) and T'(z, Q?),
respectively, have cuts along the positive (negative) real z-axis starting from 1(—1) and
poles at v = Q*/2M (x = 1,—1). The discontinuity along the cut is then just given
by (2.58). The Compton amplitude can be further analyzed by applying (subtracted)
dispersion relations, cf. [195,196]. Equivalently, one can divide both sides of Eq. (2.81)
by '™ and integrate along the path shown in Figure 4, cf. [38, 56].

Figure 4: Integration contour in the complex x’-plane.

25



For the left-hand side of (2.81) one obtains

1 T / 2 2 00 d / 1
dI/M — _/ fnlmT(.T,, Q2) — 2/ d.’L’ .Tm_2”7(x7 Q2> , (282)
1 T 0

211 '™ T

where the optical theorem, (2.58), and crossing symmetry, (2.62) have been used. The
right—hand side of (2.81) yields

> M (H)av (D) far s (L) (D) ew

1
_~ 2 2 2
i
N=024,.. K © K

Thus from Eqgs. (2.82) and (2.83) one obtains for the moments of the scalar hadronic
tensor defined in Eq. (2.77)

/Oldx DN (2, Q) = CN@?—;)AN(];—E). (2.84)

2.3.3 The Light—Cone Expansion applied to DIS

In order to derive the moment—decomposition of the structure functions one essentially
has to go through the same steps as in the previous Section. The LCE of the physical
forward Compton amplitude (2.59) at the level of twist 7 = 2 in the Bjorken-limit is
given by, cf. [48,106],

QZ
T (g, P) — § { [ngumgvuz + G Wz + JopQplpn — g;wqmquz} Ci2 <N7 ,u2>
i,N

—i—[gw, + %}qmquM (N, i—j) }q%,,,qmv (é)NUD | OM-BN (12) | P) .
(2.85)

Additionally to Section 2.3.2, the index i runs over the allowed operators which emerge
from the expansion of the product of two electromagnetic currents, Eq. (2.17). The
possible twist—2 operators are given by 7, [208],

O(':TSQ;MW#N = " 'Sy, Dy - - DuN%M — trace terms , (2.86)

O;mwwm\] = " 'Sy, Dy, - . Dy tb] — trace terms (2.87)

OS;M,...,W = QZ'N_QSSp[F;ZWDM2 . DMNAF;?/V&] — trace terms . (2.88)

Here, S denotes the symmetrization operator of the Lorentz indices 1, ... , uy. A, is the

flavor matrix of SU(ny) with ny light flavors, ¢ denotes the quark field, F, the gluon
field-strength tensor, and D, the covariant derivative. The indices ¢, ¢ represent the
quark— and gluon—operator, respectively. Sp in (2.88) is the color-trace and a the color
index in the adjoint representation, cf. Appendix A. The quark-fields carry color indices
in the fundamental representation, which have been suppressed. The classification of the

"Here we consider only the spin—averaged case for single photon exchange. Other operators contribute
for parity—violating processes, in the polarized case and for transversity, cf. Sections 8 and 9.
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composite operators (2.86-2.88) in terms of flavor singlet (S) and non-singlet (NS) refers
to their symmetry properties with respect to the flavor group SU(ns). The operator
in Eq. (2.86) belongs to the adjoint representation of SU(ny), whereas the operators in
Eqgs. (2.87, 2.88) are singlets under SU(ns). Neglecting the trace terms, one rewrites the
matrix element of the composite operators in terms of its Lorentz structure and the scalar
operator matrix elements, cf. [54,190],

P2

(PO | P) = AN

)P‘“...P“N . (2.89)

Eq. (2.85) then becomes

2 P., + Pg, @ Q?
Tw(q, P) = QZ{ —[PuPV‘FW—@QHV}Ci,z(Na?)

+%[g,w+%] Cir (N, g—j)}xjvllAi (N, %2) . (290)

Comparing Eq. (2.90) with the general Lorentz structure expected for the Compton ampli-
tude, Eq. (2.60), the relations of the scalar forward amplitudes to the Wilson coefficients
and nucleon matrix elements can be read off
1 Q>? p?
T(Q,L) (1'7 QQ) = 92 Z —[ENfl Ci,(Q,L) <N, F) Az <N, ?> . (291)
iN

Eq. (2.91) is of the same type as Eq. (2.81) and one thus obtains for the moments of the
structure functions

Fon(N,Q*) = M[Fgu(z,Q*)](N) (2.92)
Q2 P2
= Z:Ci,(Q,L)<ﬁ7N>Ai<?;N>- (2.93)

The above equations have already been written in Mellin space, which we will always do
from now on, if not indicated otherwise. Eqs. (2.91, 2.93), together with the general struc-
ture of the Compton amplitude, Egs. (2.60, 2.90), and the hadronic tensor, Eq. (2.27), are
the basic equations for theoretical or phenomenological analysis of DIS in the kinematic
regions where higher twist effects can be safely disregarded. Note that the generalization
of these equations to electroweak or polarized interactions is straightforward by includ-
ing additional operators and Wilson coefficients. In order to interpret Egs. (2.91, 2.93),
one uses the fact that the Wilson coefficients Cj (2 1) are independent of the proton state.
This is obvious since the wave function of the proton only enters into the definition of the
operator matrix elements, cf. Eq. (2.89). In order to calculate the Wilson coefficients,
the proton state has therefore to be replaced by a suitably chosen quark or gluon state ¢
with momentum p. The corresponding partonic tensor is denoted by wa(q, p), cf. below
Eq. (2.40), with scalar amplitudes .7-"(1'27 L) (1,Q?%). Here 7 is the partonic scaling variable
defined in Eq. (2.38). The LCE of the electromagnetic current does not change and the
replacement only affects the operator matrix elements. The forward Compton amplitude
for photon—quark (gluon) scattering corresponding to wa(q, p) can be calculated order
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by order in perturbation theory, provided the scale ? is large enough for the strong
coupling constant to be small. In the same manner, the contributing operator matrix
elements with external partons may be evaluated. Finally, one can read off the Wilson
coefficients from the partonic equivalent of Eq. (2.91) 8. By identifying the nucleon OMEs
(2.89) with the PDFs, one obtains the QCD improved parton model. At LO it coincides
with the naive parton model, which we described in Section 2.2, as can be inferred from
the discussion below Eq. (2.41). The improved parton model states that in the Bjorken
limit at the level of twist 7 = 2 the unpolarized nucleon structure functions F;(z,Q?)
are obtained in Mellin space as products of the universal parton densities f;(N, u?) with
process—dependent Wilson coefficients C; (o 1) (N, Q*/1?)

2

Fior)(N,Q?) Zo (N, )fl(Nu) (2.94)

to all orders in perturbation theory. This property is also formulated in the factorization
theorems, [203], cf. also [51], where it is essential that an inclusive, infrared-safe cross sec-
tion is considered, [214]. We have not yet dealt with the question of how renormalization
is being performed. However, we have already introduced the scale p? into the right—hand
side of Eq. (2.94). This scale is called factorization scale. It describes a mass scale at
which the separation of the structure functions into the perturbative hard scattering coef-
ficients Cj (2,1 and the non-perturbative parton densities f; can be performed. This choice
is arbitrary at large enough scales and the physical structure functions do not depend on
it. This independence is used in turn to establish the corresponding renormalization group
equation, [215,216], which describes the scale-evolution of the Wilson coefficients, parton
densities and structure functions w.r.t. to u? and Q% cf. Refs. [37,48,54,217-219] and
Section 2.4.

These evolution equations then predict scaling violations and are used to analyze
experimental data in order to unfold the twist—2 parton distributions at some scale Q2
together with the QCD-scale Aqcep, cf. [217,220,221].

Before finishing this Section, we describe the quantities appearing in Eq. (2.94) in
detail. Starting from the operators defined in Eqs. (2.86)—(2.88), three types of parton
densities are expected. Since the question how heavy quarks are treated in this framework
will be discussed in Section 3, we write the following equations for n; light flavors in
massless QCD. The gluon density is denoted by G(ns, N, ) and multiplies the gluonic
Wilson coefficients Cy (2,1)(nys, N, Q*/1?), which describe the interaction of a gluon with
a photon and emerge for the first time at O(ay). Each quark and its anti-quark have a
parton density, denoted by f g (ns, N,u?). These are grouped together into the flavor
singlet combination Y(ns, N, u?) and a non-singlet combination Ag(ng, N, u?) as follows

nf

g, Nop®) = 3 filng Now?) + filng, V)| (2.95)

=1

1
Ak<nf7N7 ,LL2) = fk(nf7 N7 :uz) + fE(nf7N7 :U’2) - n_fz(nf7N7 MQ) : (296)

8Due to the optical theorem, one may also obtain the Wilson coefficients by calculating the inclusive
hard scattering cross sections of a virtual photon with a quark(gluon) using the standard Feynman-rules
and phase—space kinematics.
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The distributions multiply the quarkonic Wilson coefficients C’qs’(N25L)(n £ N, Q*/u?), which
describe the hard scattering of a photon with a light quark. The complete factorization
formula for the structure functions is then given by

! Q
F(Q,L)<nf7N>Q2):n_fZei E(nfaN,U)C (2L)< N7F>
k=1
2

Q
+ G(nfa N’ M2>C§,(2,L) (nfv N, F)

Q2
+ ank(nf7N7:u2)C¢'1\f(SZ,L) (nvauﬁ> .
(2.97)

Note, that one usually splits the quarkonic S contributions into a NS and pure-singlet
(PS) part via S = PS + NS. The perturbative expansions of the Wilson coefficients read

o (e D) = S aicly (n 8. %) (299
i=1

OB (nr . 5) = S akcly (n v %) (2.99)
=2

s, <nf,N,%2> - 52+Z ZC“)”S( Ng—j) (2.100)

where as = o, /(4m) and
0o = 1for F, and 6, = 0 for I}, . (2.101)

These terms are at present known up to O(a?). The O(as) terms have been calculated
in Refs. [105-107] and the O(a?) contributions by various groups in Refs. [108,109]. The
O(a?) terms have first been calculated for fixed moments in Refs. [110-112,114] and the
complete result for all N has been obtained in Refs. [115] °

2.4 RGE-improved Parton Model and Anomalous Dimensions

In the following, we present a derivation of the RGEs for the Wilson coefficients, and
subsequently, the evolution equations for the parton densities. When calculating scat-
tering cross sections in quantum field theories, they usually contain divergences of dif-
ferent origin. The infrared and collinear singularities are connected to the limit of soft—
and collinear radiation, respectively. Due to the Bloch—Nordsieck theorem, [223], it is
known that the infrared divergences cancel between virtual and bremsstrahlung contribu-
tions. The structure functions are inclusive quantities. Therefore, all final state collinear
(mass) singularities cancel as well, which is formulated in the Lee—Kinoshita—Nauenberg
theorem, [224]. Thus in case of the Wilson coefficients, only the initial state collinear
divergences of the external light partons and the ultraviolet divergences remain. The

9Recently, the O(a?) Wilson coefficient for the structure function zF3(x,Q?) was calculated in
Ref. [222].
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latter are connected to the large scale behavior and are renormalized by a redefinition of
the parameters of the theory, as the coupling constant, the masses, the fields, and the
composite operators, [225,226]. This introduces a renormalization scale p,., which forms
the subtraction point for renormalization. The scale which appears in the factorization
formulas (2.94, 2.97) is denoted by py and called factorization scale, cf. [51,203]. Its
origin lies in the arbitrariness of the point at which short— and long—distance effects are
separated and is connected to the redefinition of the bare parton densities by absorbing
the initial state collinear singularities of the Wilson coefficients into them. Note, that
one usually adopts dimensional regularization to regularize the infinities in perturbative
calculations, cf. Section 4, which causes another scale i to appear. It is associated to
the mass dimension of the coupling constant in D # 4 dimensions. In principle all these
three scales have to be treated separately, but we will set them equal in the subsequent
analysis, (1 = 1, = [if.

The renormalization group equations are obtained using the argument that all these
scales are arbitrary and therefore physical quantities do not alter when changing these
scales, [215,216,225,226]. One therefore defines the total derivative w.r.t. to p?

0 0 0
2y — 2 2 _ 2 2
D(p”) = n o + Blas(p >)aas(ﬂ2) Yo (s (p2”))m )am(ﬂg)- (2.102)
Here the f—function and the anomalous dimension of the mass, v,,, are given by
_ das(1?)
Bla(p?) = p? T (2.103)
2 2
2y pe Om(p”)
= _ 104
’Ym(as(:u ))) m(lug) alug ) (2 0 )

cf. Sections 4.3, 4.4. The derivatives have to be performed keeping the bare quantities
as, m fixed. Additionally, we work in Feynman—gauge and therefore the gauge—parameter
is not present in Eq. (2.102). In the following we will consider only one mass m. The
composite operators (2.86)—(2.88) are renormalized introducing operator Z—factors

NS _ NS/ 2\ ANS
Oq,r;/ﬂ,...,u]v 7 Z (M )OQJ‘;ML...,MN ) (2105)
S S(,,2\AS .
Oi?#la---,#N = ZZ](IM )Oj;p,l,...,;LN y 1 =4,39, (2106)

where in the singlet case mixing occurs since these operators carry the same quantum
numbers. The anomalous dimensions of the operators are defined by

_ 0

Yoo = HZ 1’N5(u2)a—MZNS(M2), (2.107)
_ 0

G = Hl ) g 2 (2.108)

We begin by considering the partonic structure functions calculated with external fields [.
Here we would like to point out that we calculate matrix elements of currents, operators,
etc. and not vacuum expectation values of time—ordered products with the external fields
included. The anomalous dimensions of the latter therefore do not contribute, [190], and

they are parts of the anomalous dimensions of the composite operators, respectively. The
RGE reads

D(p?) Flory(N, Q%) = 0. (2.109)
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On the partonic level, Eq. (2.93) takes the form
QZ
Floy (N, Q%) ZOJ@L( 210 1) (2.110)

From the operator renormalization constants of the O;, Eqs. (2.105, 2.106), the following
RGE is derived for the matrix elements, [48],

S (D0 65+ 55) 01 0,6 1) = 0, (2.111)
J
where we write the S and NS case in one equation for brevity and we remind the reader

that in the latter case, 4,7,/ = g only. Combining Eqs. (2.109, 2.110, 2.111), one can
determine the RGE for the Wilson coefficients. It reads

2

;(D(lﬂ) 0ij — %VZ’NS) Ci2.0) (N, %) = 0. (2.112)

The structure functions, which are observables, obey the same RGE as on the partonic
level

d
S Flay(N.Q%) =0. (2.113)

2 2\ _ .2
D(u )F(2,L)(N7Q ) =H 2

Using the factorization of the structure functions into Wilson coefficients and parton
densities, Egs. (2.94, 2.97), together with the RGE derived for the Wilson coefficients in
Eq. (2.112), one obtains from the above formula the QCD evolution equations for the
parton densities, cf. e.g. [37,48,54,217-219],

d
dlnu?fis,NS(nﬁN“u - __Z S.NS js NS (1, N, pi2) . (2.114)

Eq. (2.114) describes the change of the parton densities w.r.t. the scale . In the more
familiar matrix notation, these equations read

d (E(?”Lf,N, :u2)) — _1 (f)/qq PYQQ) (E(?”Lf,N, IUZ)) (2 115)
2 - 2 y .
dlan G’(nf,N,,u) 2 \Vga Vag G’(nf,N,,u)

Tl V) = =5y Vo) (2116)
where we have used the definition for the parton densities in Eqgs. (2.95, 2.96). The anoma-
lous dimensions in the above equations can be calculated order by order in perturbation
theory. At LO, [46], and NLO, [119-123], they have been known for a long time. The
NNLO anomalous dimension were calculated first for fixed moments in Refs. [111,112,114]
and the complete result for all moments has been obtained in Refs. [124,125] 1. As de-
scribed, the PDF's are non—perturbative quantities and have to be extracted at a certain
scale from experimental data using the factorization relation (2.94). If the scale p? is large
enough to apply perturbation theory, the evolution equations can be used to calculate the

10Note that from our convention in Eqs. (2.107, 2.108) follows a relative factor 2 between the anomalous
dimensions considered in this work compared to Refs. [124,125].
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PDF's at another perturbative scale, which provides a detailed QCD test comparing to
precision data. There are similar evolution equations for the structure functions and Wil-
son coefficients, cf. e.g. [37,48,54,217-219]. Different groups analyze the evolution of
the parton distribution functions based on precision data from deep—inelastic scattering
experiments and other hard scattering cross sections. Analyzes were performed by the
Dortmund group, [96,102,227-233], by Alekhin et. al., [97,234], Bliimlein et. al., [93,98],
the MSTW-, [235], QTEQ-, [236], and the NNPDF—collaborations, [237]. The PDFs de-
termined in this way can e.g. be used as input data for the pp collisions at the LHC,
since they are universal quantities and only relate to the structure of the proton and not
to the particular kind of scattering events considered. Apart from performing precision
analyzes of the PDFs, one can also use the evolution equations to determine a, more
precisely, [93,96-98,102,232-235].

The evolution equations (2.114, 2.115, 2.116) are written for moments only. The
representation in z—space is obtained by using (2.65, 2.66, 2.67) and is usually expressed
in terms of the splitting functions Pj;(x), [117]. At the level of twist-2 the latter are
connected to the anomalous dimensions by the Mellin—transform

7i;(N) = =M[P;](N) . (2.117)

The behavior of parton distribution functions in the small z region attracted special inter-
est due to possibly new dynamical contributions, such as Glauber-model based screening
corrections, [238], and the so-called BFKL contributions, a ‘leading singularity’ resum-
mation in the anomalous dimensions for all orders in the strong coupling constant, [239].
For both effects there is no evidence yet in the data both for Fy(z,Q?*) and Fy(z,Q?%),
beyond the known perturbative contributions to O(a2). This does not exclude that at
even smaller values of x contributions of this kind will be found. The BFKL contributions
were investigated on the basis of a consistent renormalization group treatment, together
with the fixed order contributions in Refs. [240,241]. One main characteristic, compar-
ing with the fixed order case, is that several sub-leading series, which are unknown, are
required to stabilize the results, see also [242]. This aspect also has to be studied within
the framework of recent approaches, [243].
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3 Heavy Quark Production in DIS

In the Standard Model, the charm, bottom and top quark are treated as heavy quarks, all
of which have a mass larger than the QCD-scale Aqcp(ny = 4) &~ 240 MeV, [93,96-98,
232,233,244]. The up, down and strange quark are usually treated as massless. Because
of confinement, the quarks can only be observed via the asymptotic states baryons and
mesons, in which they are contained. In the following, we concentrate on the inclusive
production of one species of a heavy quark, denoted by Q(Q), with mass m. In the
case of HERA kinematics, () = c¢. This is justified to a certain extent by the observation
that bottom quark contributions to DIS structure functions are much smaller, cf. [86] '*.
Since the ratio m?/mi ~ 1/10 is not small, there are regions in which both masses
are potentially important. The description of these effects is beyond the scope of the
formalism outlined below and of comparable order as the m?/Q? corrections. Top—quark
production in [£N scattering is usually treated as a semi-inclusive process, cf. [246,247].

Charmed mesons are more abundantly produced at HERA than baryons. D-mesons
are bound states of charm and lighter quarks, e.g. D, = Tc, Dy = dc etc. Furthermore
also c¢ resonances contribute, such as J/W, by the observation of which charm was dis-
covered, [57,58]. The charm contributions to the structure functions are determined in
experiment by tagging charm quarks in the final state, e.g. through the D—meson decay
channel D* — DY, — Krm,. In the case of DIS, the measured visible cross section is
then extrapolated to the full inclusive phase space using theoretical models if structure
functions are considered, [86,91,248-250].

Within the approach of this thesis, the main objective for studying heavy quark pro-
duction in DIS is to provide a framework allowing for more precise measurements of a
and of the parton densities and for a better description of the structure functions Fs°,
FP. The current world data for the nucleon structure functions £} ’d(x, QQ?) reached the
precision of a few per cent over a wide kinematic region. Both the measurements of the
heavy flavor contributions to the deep-inelastic structure functions, cf. [85,86,249], and
numerical studies, [89,251,252], based on the leading, [101,102], and next-to-leading or-
der heavy flavor Wilson coefficients, [103], show that the scaling violations of the light
and the heavy contributions to (2.97) exhibit a different behavior over a wide range of
@Q?. This is both due to the logarithmic contributions In*(Q?/m?) and power corrections
o (m?/Q?)k, k > 1. Moreover, in the region of smaller values of = the heavy flavor contri-
butions amount to 20-40%. Therefore, the precision measurement of the QCD parameter
Aqep, [92,93,96-99, 102,232, 233,244], and of the parton distribution functions in deeply
inelastic scattering requires the analysis at the level of the O(a?) corrections to control
the theory-errors at the level of the experimental accuracy and below, [92,96-99].

The precise value of Agcp, a fundamental parameter of the Standard Model, is of
central importance for the quantitative understanding of all strongly interacting processes.
Moreover, the possible unification of the gauge forces, [253], depends crucially on its value.
In recent non-singlet analyzes, [93,96, 98], errors for a,(M2) of O(1.5 %) were obtained,
partially extending the analysis effectively to N3LO. In the flavor singlet case the so
far unknown 3-loop heavy flavor Wilson coefficients do yet prevent a consistent 3—loop
analysis, [94,95,100]. Due to the large statistics in the lower z region, one may hope to
eventually improve the accuracy of a,(M%) beyond the above value.

T ikewise, for even higher scales the b—quark could be considered as the heavy quark with u,d, s, c
being effectively massless, cf. e.g. [245].
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Of similar importance is the detailed knowledge of the PDF's for all hadron-induced
processes, notably for the interpretation of all scattering cross sections measured at the
TEVATRON and the LHC. For example, the process of Higgs-boson production at the
LHC, cf. e.g. [254], depends on the gluon density and its accuracy is widely determined
by this distribution.

In Section 3.1, we describe the general framework of electroproduction of heavy quarks
in DIS within the fixed—flavor-number—scheme (FFNS), treating only the light quarks
and the gluon as constituents of the nucleon. In the following Section, 3.2, we out-
line the method, which we use to extract all but the power suppressed contributions
x (m?/Q**, k > 1 of the heavy flavor Wilson coefficients, [126]. The latter are equiva-
lent to the Wilson coefficients introduced in Section 2.3.3, including heavy quarks. Finally,
in Section 3.3 we comment on the possibility to define heavy quark parton densities within
a variable-flavor-number-scheme (VFNS), [129].

3.1 Electroproduction of Heavy Quarks

We study electroproduction of heavy quarks in unpolarized DIS via single photon ex-
change, cf. [101,102,255], at sufficiently large virtualities Q?, Q* > 5GeV 2. Here, one
can distinguish two possible production mechanisms for heavy quarks: extrinsic produc-
tion and intrinsic heavy quark excitation. In the latter case, one introduces a heavy quark
state in the nucleon wave function, i.e. the heavy quark is treated at the same level as
the light quarks in the factorization of the structure functions, cf. Egs. (2.97)-(2.100).
The LO contribution is then given by the flavor excitation process shown in Figure 5,

T+ RQ) — Q@) . (3.1)

Figure 5: LO intrinsic heavy quark production.

Several experimental and theoretical studies suggest that the intrinsic contribution to
the heavy flavor cross section is of the order of 1% or smaller, [90,91], and we will not
consider it any further.

120ne may however, also consider photoproduction of heavy quarks in ep collisions where Q% ~ 0,
which is a widely hadronic process, cf. [256,257], and especially important for the production of heavy
quark resonances, as e.g. the J/W¥.
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In extrinsic heavy flavor production, the heavy quarks are produced as final states
in virtual gauge boson scattering off massless partons. This description is also referred
to as the fixed flavor number scheme. At higher orders, one has to make the distinction
between whether one considers the complete inclusive structure functions or only those
heavy quark contributions, which can be determined in experiments by tagging the final
state heavy quarks. In the former case, virtual corrections containing heavy quark loops
have to be included into the theoretical calculation as well, cf. also Section 5.1.

We consider only twist-2 parton densities in the Bjorken limit. Therefore no transverse
momentum effects in the initial parton distributions will be allowed, since these contribu-
tions are related, in the kinematic sense, to higher twist operators. From the conditions
for the validity of the parton model, Egs. (2.51, 2.56), it follows that in the region of not
too small nor too large values of the Bjorken variable x, the partonic description holds for
massless partons. Evidently, iff Q*(1 —x)?/m? %1 no partonic description for a potential
heavy quark distribution can be obtained. The question under which circumstances one
may introduce a heavy flavor parton density will be further discussed in Section 3.3. In
a general kinematic region the parton densities in Eq. (2.97) are enforced to be massless
and the heavy quark mass effects are contained in the inclusive Wilson coefficients. These
are calculable perturbatively and denoted by

& mj ) . (3.2)

S,PS,NS
Ci,(Q,L) (Ta ny+1, E’ —
The argument ny + 1 denotes the presence of n; light and one heavy flavor. 7 is the
partonic scaling variable defined in Eq. (2.38) and we will present some of the following
equations in z—space rather than in Mellin space.

One may identify the massless flavor contributions in Eq. (3.2) and separate the Wilson
coefficients into a purely light part Cj o 1y, cf. Eq. (2.97), and a heavy part

2 2 2
S,PS,NS Q° m S,PS,NS Q
Cila.l) (ﬁnf+ 17727—“2) = Clan (ﬂnf’—uz)
Q2 S,PS,NS Q2 m?
+H>P3 (Tn +1, + LN 1, — )
i,(2,L) f 112 M2 i,(2,L) f 12 2
(3.3)

Here, we denote the heavy flavor Wilson coefficients by L;; and H; ;, respectively, de-
pending on whether the photon couples to a light (L) or heavy (H) quark line. From
this it follows that the light flavor Wilson coefficients C; ; depend on ny light flavors only,
whereas H; ; and L, ; may contain light flavors in addition to the heavy quark, indicated
by the argument n; + 1. The perturbative series of the heavy flavor Wilson coefficients
read

2 2 0 2 2
s Q m7\ _ i 170),5 Q> m
Hg (2.1 (T’ ny+1, el ﬁ) = D aiHyp, (77 ny+1, 2 F) ; (3.4)
=1
2 2 o0 2 2
PS Q° m*\ i 2r ()P Q> m
o (o e 155 05) = ety (e i) 6
1=2
2 2 2 2
S Q m _ ('L Q m
Lg,(27L) (T, ny+ 1, E’ F) = Za L (T, ny+1, ?, F) , (3.6)
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2 2 % 2 2
s Q" m7\ _ i7(0)s Q> m
Ly o) <7', ny+1, JERE > = 1222 ayLy 5 <7‘, ny+1, " §> : (3.7)

Note that we have not yet specified a scheme for treating a,, but one has to use the same
scheme when combining the above terms with the light flavor Wilson coefficients. At LO,
only the term Hy ; 1) contributes via the photon—gluon fusion process shown in Figure 6,

V+g— Q+Q. (3.8)

The LO Wilson coefficients corresponding to this process are given by, [101,102,255] 3

P }PF

Figure 6: LO extrinsic heavy quark production.

2 2
1 m? 4 1—
+ [—§+T—T +2rtar— )+ (122) ) 69)
2 2 1 —
H¢) G%) — 1675 |7 (1—T)v+2@7 m(HZ)] . (3.10)

The cms velocity v of the produced heavy quark pair is given by

4m?2T
v o= \/1—m. (3.11)

The LO heavy flavor contributions to the structure functions are then

2

5 Lz 1) T m
FS) (0. Q% m?) = ca, | —HJ'), ( QQ) G(ng,2,Q%) , a=1+4m*/Q? , (3.12)

where the integration boundaries follow from the kinematics of the process. Here eg
denotes the electric charge of the heavy quark.

13Eqs. (16), (17) in Ref. [130] contain misprints
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At O(a?), the terms H ; ?2,L) and L27(27L) contribute as well. They result from the
process

Y +q(@) — q(@ + X, (3.13)

where X = Q+Q in case of extrinsic heavy flavor production. The latter is of phenomeno-
logical relevance if the heavy quarks are detected in the final states, e.g. via the produced
D.~mesons in case () = c. For a complete inclusive analysis summing over all final states,
both light and heavy, one has to include radiative corrections containing virtual heavy
quark contributions as well. The term LS,(Z 1) can be split into a NS and a PS piece via

Ly on) = Lyery + Lotany: (3.14)

where the PS-term emerges for the first time at O(a?) and the NS-term at O(a?), re-
spectively. Finally, L3 L) contributes for the first time at O(a?) in case of heavy quarks

g7
in the final state but there is a O(a?) term involving radiative corrections, which will be
commented on in Section 5.1. The terms Hf()z )y H;Q()g’ LS) and LéQ()éNLS) have been calcu-

lated in z-space in the complete kinematic range in semi-analytic form in Refs. [103] 14,
considering heavy quarks in the final states only.

The heavy quark contribution to the structure functions Fio 1)(z,@*) for one heavy
quark of mass m and ny light flavors is then given by, cf. [129] and Eq. (2.97),

F(g,%)(xvnf + 17@27m2) =

% 2) rNs Q> m? 2 2
Zek Lq,(Q,L) (xunf+17ﬁ7?) ® [fk(x7u ,nf>+fE(SC,/,L 7nf)]
k=1

1 ps Q2 m? ,
+n_qu’(2’L) (xv”f + 1, m2’ ﬁ ® X(w, pu”,ny)

1 Q2 m?
+,n/_fL;(2,L) (LE, nf + 1’ ﬁ? F) ® G(I; /‘L2a nf)}

2 m2
+ 62@ H‘;?ZL) <x7nf + 17 %7 F) ® E(l'7u27nf)
2 m2
+Hgsv(2vL) (x’nf + 17 %a F) ® G(:EmuQanf)] , (315)

where the integration boundaries of the Mellin—convolutions follow from phase space kine-
matics, cf. Eq. (3.12).

3.2 Asymptotic Heavy Quark Coefficient Functions

An important part of the kinematic region in case of heavy flavor production in DIS
is located at larger values of Q?, cf. e.g. [247,258]. As has been shown in Ref. [126],
cf. also [129,259], the heavy flavor Wilson coefficients H;, ;, L;; factorize in the limit
Q? > m? into massive operator matrix elements A;; and the massless Wilson coefficients

14 A precise representation in Mellin space was given in [116].
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C;,j, if one heavy quark flavor and ny light flavors are considered. The massive OMEs
are process independent quantities and contain all the mass dependence except for the
power corrections o< (m?/Q?)*, k > 1. The process dependence is given by the light
flavor Wilson coefficients only. This allows the analytic calculation of the NLO heavy
flavor Wilson coefficients, [126,128]. Comparing these asymptotic expressions with the
exact LO and NLO results obtained in Refs. [101,102] and [103], respectively, one finds

that this approximation becomes valid in case of F2QQ for Q%/m?210. These scales are
sufficiently low and match with the region analyzed in deeply inelastic scattering for
precision measurements. In case of F' IC?Q, this approximation is only valid for Q*/m? Z 800,
[126]. For the latter case, the 3-loop corrections were calculated in Ref. [127]. This
difference is due to the emergence of terms oc (m?/Q?)In(m?/Q?), which vanish only
slowly in the limit Q*/m? — oo.

In order to derive the factorization formula, one considers the inclusive Wilson coef-
ficients CS ;-PS’NS, which have been defined in Eq. (3.2). After applying the LCE to the
partonic tensor, or the forward Compton amplitude, corresponding to the respective Wil-
son coefficients, one arrives at the factorization relation, cf. Eq. (2.93),

2 2
S,PS,NS,asymp Q m o
cps (N, np g ) _

2 2 2
ST AN (Vo 41, )RS (N + 1,5 ) < 0(5;) (310
Here p refers to the factorization scale between the heavy and light contributions in C;; and
‘asymp’ denotes the limit Q? > m? The C;; are precisely the light Wilson coefficients,
cf. Egs. (2.97)-(2.99), taken at ny + 1 flavors. This can be inferred from the fact that in
the LCE, Eq. (2.74), the Wilson coefficients describe the singularities for very large values
of @2, which can not depend on the presence of a quark mass. The mass dependence is
given by the OMEs A;;, cf. Egs. (2.80,2.89), between partonic states. Eq. (3.16) accounts
for all mass effects but corrections which are power suppressed, (m?/Q*)* k > 1. This
factorization is only valid if the heavy quark coefficient functions are defined in such a
way that all radiative corrections containing heavy quark loops are included. Otherwise,
(3.16), would not show the correct asymptotic @* behavior, [129].

An equivalent way of describing Eq. (3.16) is obtained by considering the calcula-
tion of the massless Wilson coefficients. Here, the initial state collinear singularities are
given by evaluating the massless OMEs between off—shell partons, leading to transition
functions I';;. The I';; are given in terms of the anomalous dimensions of the twist-2
operators and transfer the initial state singularities to the bare parton—densities due to
mass factorization, cf. e.g. [126,129]. In the case at hand, something similar happens:
The initial state collinear singularities are transferred to the parton densities except for
those which are regulated by the quark mass and described by the OMEs. Instead of
absorbing these terms into the parton densities as well, they are used to reconstruct the
asymptotic behavior of the heavy flavor Wilson coefficients. Here,

2 o]
S,NS m . ~SNS| . i 1(),5,NS
A <N’ et F) = (J1O7™j) = 655 + Z aSAEj) (3.17)

i=1

are the operator matrix elements of the local twist-2 operators being defined in Egs.
(2.86)—(2.88) between on—shell partonic states |j), j = ¢,g. As usual, the S contribution
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can be split into a NS and PS part via
s NS PS
Ap = Ay AL (3.18)

Due to the on-shell condition, all contributions but the O(a?) terms vanish ' if no heavy
quark is present in the virtual loops. This is due to the fact that integrals without scale
vanish in dimensional regularization, cf. Section 4.1. Hence only those terms with a mass
remain and these are referred to as massive OMEs. The calculation of these massive
OMEs is the main objective of this thesis. In case of the gluon operator, (2.88), the
contributing terms are denoted by Ay, o and Ay, o, where the perturbative series of the
former starts at O(a?) and the one of the latter at O(a?) '°®. For the quark operator,
one distinguishes whether the operator couples to a heavy or light quark. In the NS—
case, the operator by definition couples to the light quark. Thus there is only one term,
Ag'qu, Which contributes at O( 0). In the S and PS—case, two OMEs can be distinguished,
{Aqq 0’ qg Q} and {AQq, }, where in the former case the operator couples to a light
quark and in the latter case to a heavy quark. The terms Ay o emerge for the first time
at O(a?), AG; at O(a2) and A, at O(as).

In this Work we refer only to the even moments, cf. Section 2.3. In the non-singlet
case we will obtain, however, besides the NS* contributions for the even moments also
the NS~ terms, which correspond to the odd moments.

Eq. (3.16) can now be split into its parts by considering the different ny-terms. We
adopt the following notation for a function f(ny)

flng)

nf

fng) = (3.19)
This is necessary in order to separate the different types of contributions in Eq. (3.15),
weighted by the electric charges of the light and heavy flavors, respectively. Since we
concentrate on only the heavy flavor part, we define as well for later use

flng) = flng+1) = flng) (3.20)
with f(ns) = [f(ns)]. The following Eqs. (3.21)(3.25) are the same as Eqs. (2.31)(2.35)
in Ref. [129]. We present these terms here again, however, since Ref. [129] contains a
few inconsistencies regarding the f-description. Contrary to the latter reference, the
argument corresponding to the number of flavors stands for all flavors, light or heavy.
The separation for the NS—term is given by

2 2 2
NS Q NS Q" m
Coar) (Na ny, E> + Ly a,r) <N7 ng+1, e F)
2

Aqu<N ny+1, )ONQL)(N,an,%). (3.21)

Here and in the following, we omit the index ”asymp” to denote the asymptotic heavy
flavor Wilson coefficients, since no confusion is to be expected. For the remaining terms,

15Tn Ref. [111] use was made of this fact to calculate the massless Wilson coefficients without having
to calculate the massless OMEs.

The O(a?) term of Agg does not contain a heavy quark, but still remains in Eq. (3.16) because no
loops have to be calculated.
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we suppress for brevity the arguments N, Q?/u? and m?/u?, all of which can be inferred
from Egs. (3.3, 3.16). Additionally, we will suppress from now on the index S and label
only the NS and PS terms explicitly. The contributions to L; ; read

Cltony(ng) + L% p(ng+1) = AR, (np+ 1)+ AP o (ny + 1) + AGy (ny + 1)]

xnyCP py(ng + 1) + AP> o (ng + 1) 1y (ny + 1)
+qu,cz(nf + 1)y Cyony(ng +1)
(3.22)
Co20)(nf) + Loy (ng +1) = Aggqng +1)npCoon(ng +1)
+Ag0(ny + 1)02(52,@(”]” +1)

+ [Aqg,me +1) + AQg(nf + 1)}7%”0 (2,0) (nf +1).

(3.23)
The terms H; ; are given by
HES 1y +1) = AGS(ng + 1) [ O 1y (ng +1) + %y (ng + 1)
+ [AquS,Q<"f +1) + Ao (ny +1)|Coy 1) (g +1)
+Aga(ng + 1)Cyory(ng +1) (3.24)
Hg (2,1 (ny+1) = Agons+ 1)ég (2,0) (ny+1) + Aggo(ny + 1)C~YP%2 L)(nf +1)
+Aqy(ng + 1) [CN%, 1y (ng +1) + CF% 1y (ns +1)] (3.25)

Expanding the above equations up to O(a?), we obtain, using Egs. (3.19, 3.20), the heavy
flavor Wilson coefficients in the asymptotic limit :

[ 1 (2),NS (2),NS
LS s +1) = a2[ARN (s +1) & + COY ny)]

S

[ 4 (3),NS , N
+ _qu{Q (ny+1) 52+Aqq7Q *(ny+ 1)C G (g +1)

~(3),NS
+C (nf)] , (3.26)
PS
Ls,s(z,L) (ny+1) = a:s)’ A((]q)Q (ny+1) 6a + qu Q(”f) ”fC 2L)(”f +1)
~ (3),PS
+nfcq,(2,L) (nf)} ; (3.27)
~(1
LS,(Q,L) (ny+1) = QAQQ)Q(W + 1>nng§,()2,L)<”f +1)

3 1 ~(2
+al| AR g(ns +1) 62+ Aoy +1) 0GR, ) (ng + 1)
+Agg Q<nf +1) nfC 2L)(nf +1)

®3)
+ AG (g +1) 0 OO (g 1) 41 Cy o (ng)]  (328)

2),PS ~(2),PS
a0y +1) = ag[Ag; (n;+1) 6 + 057(>27L)(nf+1>}

b a[ AQ Sty 1) 4 Oy +1)
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2 ~(1 2),PS
Ay +1) Cply 1y (ng + 1) + Ay (ng +1) Ci5T (ny +1) |, (3.29)

HSoiy(np+1) = a,| AQ)(ng+1) &+ Cly (g +1)

)
(2L
T ai[Ag;(anr 1) 6 + AY)(ns + q(ZL(nf+1)

2L (ny + 1)]

+1)
+ AL (g +1) CO p(np + 1) +
1 C 2L (nf +1)
1)

(ny
+ Cl/3|:AS;<nf+ 1) 69 + A( o+
+ AD (g +1) C0y (g +
+ Agy(ny + D{CS s+ 1)+ CRT s+ 1)}

- A;;{Q(nf +1) 055,2()2,@(”]‘ +1)+ Cg,(2,L)(”f + 1)] -(3.30)
Note that J, has been defined in Eq. (2.101). The above equations include radiative
corrections due to heavy quark loops to the Wilson coefficients. Therefore, in order to
compare e.g. with the calculation in Refs. [103], these terms still have to be subtracted.
Since the light flavor Wilson coefficients were calculated in the MS-scheme, the same
scheme has to be used for the massive OMEs. It should also be thoroughly used for
renormalization to derive consistent results in QCD analyzes of deep-inelastic scattering
data and to be able to compare to other analyzes directly. This means that one has to take
special attendance of which scheme for the definition of a; was used. In Section 4.4 we will
describe a scheme for agz, to which one is naturally led in the course of renormalization.
We refer to this scheme as MOM-scheme and present the transformation formula to the
MS as well. How this affects the asymptotic heavy flavor Wilson coefficients is described
in Section 5.1, where we compare Eqgs. (3.26)—(3.30) to those presented in Ref. [126].

3.3 Heavy Quark Parton Densities

The FFNS forms a general starting point to describe and to calculate the heavy fla-
vor contributions to the DIS structure functions. Approaching higher values of Q?, one
may think of the heavy quark becoming effectively light and thus acquiring an own par-
ton density. Different variable flavor scheme treatments were considered in the past, cf.
e.g. [260]. Here we follow [129] to obtain a description in complete accordance with the
renormalization group in the MS-scheme. In the kinematic region in which the factor-
ization relation (3.16) holds, one may redefine the results obtained in the FFNS, which
allows for a partonic description at the level of (n; 4 1) flavors.

In the strict sense, only massless particles can be interpreted as partons in hard scatter-
ing processes since the lifetime of these quantum-fluctuations off the hadronic background
Tite o< 1/(K2 + sz) has to be large against the interaction time 7i,; oc 1/Q? in the infinite
momentum frame, [204], cf. also Section 2.2.1. In the massive case, Tjs is necessarily
finite and there exists a larger scale Q3 below which any partonic description fails. From
this it follows, that the heavy quark effects are genuinely described by the process depen-
dent Wilson coefficients. Since parton-densities are process independent quantities, only
process independent pieces out of the Wilson coefficients can be used to define them for
heavy quarks at all. Clearly this is impossible in the region close to threshold but requires
Q*/mg = r > 1, with 7210 in case of F5(z,Q?). For Fy(z,Q?) the corresponding ratio
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even turns out to be r 2800, [126,127,252]. Heavy flavor parton distributions can thus
be constructed only for scales pu? > mé. This is done under the further assumption that
for the other heavy flavors the masses mgq, form a hierarchy mg, < mg, < etc. Their
use in observables is restricted to a region, in which the power corrections can be safely
neglected. This range may strongly depend on the observable considered as the examples
of Iy and I}, show. Also in case of the structure functions associated to transverse virtual
gauge boson polarizations, like Fy(x, Q?), the factorization (3.16) only occurs far above
threshold, QF,, ~ 4mgx/(1 — ), and at even larger scales for Fi(z, Q).

In order to maintain the process independence of the parton distributions, we define
them for (ny+ 1) flavors from the light flavor parton distribution functions for n; flavors
together with the massive operator matrix elements. The following set of parton densities
is obtained in Mellin—space, [129] :

felng +1,N,p>,m?) + fp(ng + 1, N, p?>,m?) =
2

1
A (N» ny+1, @) [ fr(ng, Nop?) + fr(ng, N, p?)]

1 2

1 s 2

—A N l,— |-G N 3.31
oA (Mg 1,25 ) Gy Vo), (3.31)

fo(ng + 1, N, p*,m*) + fg(ns + 1, N, p?,m*) =
2
ol
Agz (N, ny+1, W) - Y(ng, N, u?)
2

ol
+Ag, (N, ny+ 1, ﬁ) -G(nyg, N, pi?) . (3.32)

The flavor singlet, non-singlet and gluon densities for (ny + 1) flavors are given by

S(ng+1,N,pu%,m?) =

NS > PS W
A (s 1.0 )+ 2 (ons 1.75)
2

+Agy (N, ny+1, %)] -Y(ny, N, 1%

2 2
+ |:AQQ7Q (anf+17 a ) +AQ9 (anf"i_lv%)} 'G(nf?N7N2> )

m?
(3.33)
Ak(nf + 17N7 u2,m2) = fk(nf + 17N7 u2,m2) + fE(nf + 17N7 ﬂ27m2)
- S(ng +1, N, 2, m? 34
nf+1 (nf+7 uuam)) (33)
2

G(nf+17N7M27m2) = qu,Q (N7nf+17%> .E(rnf?N’ILLZ)

w 2
Fo (N + 1LY - Gl ). (3.5)

Note, that the new parton densities depend on the renormalized heavy quark mass m? =

m?2(a%(u?)). As will be outlined in Sections 4, 5, the corresponding relations for the
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operator matrix elements depend on the mass—renormalization scheme. This has to be
taken into account in QCD-analyzes, in particular, m? cannot be chosen constant. The
quarkonic and gluonic operators obtained in the light—cone expansion can be normalized
arbitrarily. It is, however, convenient to chose the relative factor such, that the non-
perturbative nucleon-state expectation values, X(ny, N, u?) and G(ny, N, pu?), obey

S(ng, N =2,4%) + Gng, N = 2,p%) = 1 (3.36)
due to 4-momentum conservation. As a consequence, the OMEs fulfill the relations, [129],

ANS (N =2) + APS (N =2) + ADS(N = 2) + Ago(N=2) = 1, (3.37)
AqgﬁQ(N = 2) + AQQ(N = 2) + Agg,Q(N = 2) = 1. (3.38)

The above scenario can be easily followed up to 2-loop order. Also here diagrams con-
tribute which carry two different heavy quark flavors. At this level, the additional heavy
degree of freedom may be absorbed into the coupling constant and thus decoupled tem-
porarily. Beginning with 3-loop order the situation becomes more involved since there
are graphs in which two different heavy quark flavors occur in nested topologies, i.e., the
corresponding diagrams depend on the ratio p = m?/m? yielding power corrections in p.
There is no strong hierarchy between these two masses. The above picture, leading to
heavy flavor parton distributions whenever Q2 > m? will not hold anymore, since, in case
of the two-flavor graphs, one cannot decide immediately whether they belong to the ¢ or
the b—quark distribution. Hence, the partonic description can only be maintained within
a certain approximation by assuming p < 1.

Conversely, one may extend the kinematic regime for deep-inelastic scattering to define
the distribution functions (3.31)—(3.35) upon knowing the power corrections which occur
in the heavy flavor Wilson coefficients H; ; = H; j, L, ;. This is the case for 2-loop order.
We separate

Q2 m2 asym Q2 m2 ower Q2 m2
H; ; (I‘? ey F = Hmy Pz, e E + sz x — > (3.39)

7m27 ILL

7‘77

where H{Y™(z,Q%/m? m?/u?) denotes the part of the Wilson coefficient given in
Eq. (3.16). If one accounts for HYS" (z, @*/m?, m?/u?) in the fixed flavor number scheme,
Egs. (3.31)-(3.35) are still valid, but they do not necessarily yield the dominant contri-
butions in the region closer to threshold. There, the kinematics of heavy quarks is by far
not collinear, which is the main reason that a partonic description has to fail. Moreover,
relation Eq. (2.51) may be violated. In any case, it is not possible to use the partonic
description (3.31)—(3.35) alone for other hard processes in a kinematic domain with sig-
nificant power corrections.

For processes in the high p, region at the LHC, in which condition (2.51) is fulfilled and
the characteristic scale p? obeys p? > m?, one may use heavy flavor parton distributions
by proceeding as follows. In the region Q%210 m? the heavy flavor contributions to the
Fy(z,Q%)~world data are very well described by the asymptotic representation in the
FFNS. For large scales one can then form a variable flavor representation including one
heavy flavor distribution, [129]. This process can be iterated towards the next heavier
flavor, provided the universal representation holds and all power corrections can be safely
neglected. One has to take special care of the fact, that the matching scale in the coupling
constant, at which the transition ny — ny + 1 is to be performed, often differs rather
significantly from m, cf. [261].
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4 Renormalization of Composite Operator Matrix
Elements

Before renormalizing the massive OMEs, they have to be calculated applying a suitable
regularization scheme, for which we apply dimensional regularization in D = 4 + ¢ di-
mensions, see Section 4.1. The unrenormalized massive OMEs are then denoted by a
double-hat and are expanded into a perturbative series in the bare coupling constant

~

as ' via

5?2 2 2
Aij(%,a,zv) = o, + > al A, (%,s,N)
=1
> n2\le/2 20
= 0 —I—Zdi (%) Ay <m2 = MZ,&‘,N) : (4.1)
=1

The OMEs in Eq. (4.1) depend on ¢, the Mellin—Parameter N, the bare mass m and the
renormalization scale p = pg. Also the factorization scale pup will be identified with p in
the following. Note that in the last line of (4.1), the dependence on the ratio of the mass
and the renormalization scale was made explicit for each order in a,. The possible values
of the indices ij have been described in Section 3.2, below Eq. (3.17).

The factorization between the massive OMEs and the massless Wilson coefficients
(3.16) requires the external legs of the operator matrix elements to be on—shell,

p?=0, (4.2)

where p denotes the external momentum. Unlike in the massless case, where the scale
of the OMEs is set by an off shell momentum —p? < 0, in our framework the internal
heavy quark mass yields the scale. In the former case, one observes a mixing of the
physical OMEs with non—gauge invariant (NGI) operators, cf. [123,262], and contributions
originating in the violation of the equations of motion (EOM). Terms of this kind do not
contribute in the present case, as will be discussed in Section 4.2.

Renormalizing the OMEs then consists of four steps. First, mass and charge renormal-
ization have to performed. The former is done in the on—mass—shell-scheme and described
in Section 4.3. For the latter, we present the final result in the MS-scheme, but in an
intermediate step, we adopt an on—shell subtraction scheme (MOM-scheme) for the gluon
propagator, cf. Section 4.4. This is necessary to maintain condition (4.2), i.e., to keep the
external massless partons on—shell. Note, that there are other, differing MOM-schemes
used in the literature, cf. e.g. [263].

After mass and coupling constant renormalization, we denote the OMESs with a single
hat, 121” The remaining singularities are then connected to the composite operators and
the particle kinematics of the corresponding Feynman—diagrams. One can distinguish
between ultraviolet (UV) and collinear (C) divergences. In Section 4.5, we describe how
the former are renormalized via the operator Z—factors. The UV-finite OMEs are de-
noted by a bar, A;;. Finally, the C—divergences are removed via mass factorization, cf.
Section 4.6. The renormalized OMEs are then denoted by A;;. Section 4.7 contains the
general structure of the massive OMEs up to O(a?) in terms of renormalization constants
and lower order contributions.

1"We would like to remind the reader of the definition of the hat-symbol for a function f, Eq. (3.20),
which is not to be confused with the hat—symbol denoting unrenormalized quantities
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4.1 Regularization Scheme

When evaluating momentum integrals of Feynman diagrams in D = 4 dimensions, one
encounters singularities, which have to be regularized. A convenient method is to apply
D-dimensional regularization, [264,265]. The dimensionality of space-time is analyti-
cally continued to values D # 4, for which the corresponding integrals converge. After
performing a Wick rotation, integrals in Euclidean space of the form

/ dPk (k) 1 T(r+D/2)T(m—r—D/2) (R2yr+D/2-m (4.3)

(2m)P (k2 + R2)m — (4m)D/2 ['(D/2)T(m) ‘

are obtained. Note that within dimensional regularization, this integral vanishes if R = 0,
i.e. if it does not contain a scale, [226]. The properties of the I'—function in the complex
plane are well known, see Appendix C. Therefore one can analytically continue the right-
hand side of Eq. (4.3) from integer values of D to arbitrary complex values. In order
to recover the physical space-time dimension, we set D) = 4 + . The singularities can
now be isolated by expanding the I'-functions into Laurent-series around ¢ = 0. Note
that this method regularizes both UV- and C- singularities and one could in principle
distinguish their origins by a label, €7y, €¢, but we treat all singularities by a common
parameter ¢ in the following. Additionally, all other quantities have to be considered in D
dimensions. This applies for the metric tensor g,, and the Clifford-Algebra of y—matrices,
see Appendix A. Also the bare coupling constant gy, which is dimensionless in D = 4,
has to be continued to D dimensions. Due to this it acquires the dimension of mass,

gs,D = N_€/2gs ) (44)
which is described by a scale p corresponding to the renormalization scale in Eq. (4.1).
From now on, Eq. (4.4) is understood to have been applied and we set
g
(4m)?
Dimensional regularization has the advantage, unlike the Pauli—Villars regularization,
[266], that it obeys all physical requirements such as Lorentz-invariance, gauge invariance
and unitarity, [264,267]. Hence it is suitable to be applied in perturbative calculations in
quantum field theory including Yang—Mills fields.

Using dimensional regularization, the poles of the unrenormalized results appear as
terms 1/, where in the calculations in this thesis ¢ can run from 1 to the number of
loops. In order to remove these singularities, one has to perform renormalization and
mass factorization. To do this, a suitable scheme has to be chosen. The most commonly
used schemes in perturbation theory are the MS-scheme, [268], and the MS-scheme, [106],
to which we will refer in the following.

In the MS-scheme only the pole terms in ¢ are subtracted. More generally, the MS-
scheme makes use of the observation that 1/e—poles always appear in combination with
the spherical factor

= d, . (4.5)

3

(e —In(4m))] | (4.6)

which may be bracketed out for each loop order. Here vg denotes the Euler-Mascheroni
constant

S, = exp[

- ln(N)) ~ 0.577215664901 . . . . (4.7)

| =

N
e = Jim (Y

k=1
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By subtracting the poles in the form S./¢ in the MS-scheme, no terms containing
In” (47), ~v% will appear in the renormalized result, simplifying the expression. This is
due to the fact that for a k—loop calculation, one will always obtain the overall term

F( _k%> 7 ‘
U e(S4(5)). @

with ¢; being Riemann’s (-values, cf. Appendix C. In the following, we will always
assume that the MS-scheme is applied and set S, = 1.

4.2 Projectors

We consider the expectation values of the local operators (2.86)—(2.88) between partonic
states j

Gio=110i4)q - (4.9)

Here, 7,7 = ¢, g and the subscript () denotes the presence of one heavy quark. In case of
massless QCD, one has to take the external parton j of momentum p off-shell, p? < 0,
which implies that the OMEs derived from Eq. (4.9) are not gauge invariant. As has been
outlined in Ref. [269], they acquire unphysical parts which are due to the breakdown
of the equations of motion (EOM) and the mixing with additional non-gauge—invariant
(NGI) operators. The EOM terms may be dealt with by applying a suitable projection
operator to eliminate them, [269]. The NGI terms are more difficult to deal with, since
they affect the renormalization constants and one has to consider additional ghost— and
alien— OMEs, see [123,262,269,270] for details.

In the case of massive OMEs, these difficulties do not occur. The external particles

are massless and taken to be on—shell. Hence the equations of motion are not violated.
Additionally, the OMESs remain gauge invariant quantities, since the external states are
physical and therefore no mixing with NGI-operators occurs, [123,226,269, 270].
The computation of the Green’s functions will reveal trace terms which do not contribute
since the local operators are traceless and symmetric under the Lorentz group. It is
convenient to project these terms out from the beginning by contracting with an external
source term

JN = A,Ul"’A,UN . (410)

Here A, is a light-like vector, A? = 0. In this way, the Feynman-rules for composite
operators can be derived, cf. Appendix B. In addition, one has to amputate the external
field. Note that we nonetheless choose to renormalize the mass and the coupling multi-
plicative and include self-energy insertions containing massive lines on external legs into
our calculation. The Green’s functions in momentum space corresponding to the OMEs
with external gluons are then given by

' (0)G e’ () = ") IN(ALP) | Oguurnn | AL(P))e () | (4.11)
" (0)Goguwe’ ®) = ") IN(ALD) | Ogpurcun | A(R))ae” () (4.12)
' (0)Goue’ ) = ) In(ALP) | Ogurn | AL (D))o (1) - (4.13)

In Egs. (4.11-4.13), A, denote the external gluon fields with color index a, Lorentz index
p and momentum p. The polarization vector of the external gluon is given by €*(p). Note
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that in Eq. (4.11), the operator couples to the heavy quark. In Eqs. (4.12, 4.13) it couples
to a light quark or gluon, respectively, with the heavy quark still being present in virtual
loops.

In the flavor non-singlet case, there is only one term which reads

u(p, s)GZY Nulp,s) = JIn(Ti(p) | O | ¥ (p)) (4.14)

QT3 AN

with u(p, s), u(p, s) being the bi-spinors of the external massless quark and anti—quark,
respectively. The remaining Green’s functions with an outer quark are given by

E(p7S)Ggu(pv S) = JN<\I/,(]?) | OQle---HN | \Pj(p» ) (415)
u(p, )G gu(p,s) = IN(UiD) | Ogpryin | W (0))e (4.16)
u(p, 5)Gyqup,s) = In(UiD) | Ogpsuy | W (0))q - (4.17)

Note that in the quarkonic case the fields ¥, ¥ with color indices 7, j stand for the external
light quarks only. Further, we remind that the S— contributions are split up according to
Eq. (3.18), which is of relevance for Eq. (4.16).

The above tensors have the general form, cf. [126,269],

GAaniuu = ﬁQg(f—jﬁ,N)(S“b(A~p)N[—gW+M] ’

T (4.18)

N A~ 2
“vab _ A m- ab N | puAu + A,upu] .
Glow = Alg,Q<lu2 ,E, N>(5 (A-p) [ Juv + B — o , l=9,q, (4.19)
Gy = Agy (T2 V)0 ) (120)
Q Qq M27 ’ p ) .

i AT m2 ii B
Gz = qu(?,a,N)éj(Ap)N X, I=g4q, r=S NS, PS. (421)

N

Here, we have denoted the Green’s function with a hat to signify that the above equations
are written on the unrenormalized level. In order to simplify the evaluation, it is useful to
define projection operators which, applied to the Green’s function, yield the corresponding
OME. For outer gluons, one defines

P(l)GAab _ 5(117 g,UJ/ A —Néab 4.99
g TL@Qwmw T N2 | _ 2( ) L(Q),uv > (4.22)
A 0, 1 FAY 4+ p? AP\ -
2 ab _ ab —-N v p p ab
Pg( )GL(Q),,W - N2 1 _D — Q(A ‘p) <—9“ + A—-p>Gl’(Q)”W . (423)

The difference between the gluonic projectors, Eq. (4.22) and Eq. (4.23), can be traced
back to the fact that in the former case, the summation over indices p, v includes un-
physical transverse gluon states. These have to be compensated by adding diagrams with
external ghost lines, which is not the case when using the physical projector in Eq. (4.23).
In the case of external quarks there is only one projector which reads
5%

i 1 .
PGrlg = (A -p) T Gl - (424)
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In Egs. (4.22)—(4.24), N, denotes the number of colors, c¢f. Appendix A. The unrenor-
malized OMEs are then obtained by

52

N m re
Alg(?’ &N ) = PG m (4.25)

52

X m nid
th<7zyﬁgjv> = RGU, . (4.26)

The advantage of these projection operators is that one does not have to resort to compli-
cated tensorial reduction. In perturbation theory, the expressions in Eqs. (4.25, 4.26) can
then be evaluated order by order in the coupling constant by applying the Feynman-rules
given in Appendix B.

4.3 Renormalization of the Mass

In a first step, we perform mass renormalization. There are two traditional schemes for
mass renormalization: the on-shell-scheme and the MS-scheme. In the following, we will
apply the on—shell-scheme, defining the renormalized mass m as the pole of the quark
propagator. The differences to the MS-scheme will be discussed in Section 5. The bare
mass in Eq. (4.1) is replaced by the renormalized on-shell mass m via

e :z%mzmﬁ+@egf%mﬁwﬂ%;%mﬂ+m@y (4.27)

The constants in the above equation are given by '®

6 3
(5m(71) 0 1
= L4 5mg ) + 5m§ e, (4.29)
| 1/ 45 91
mg:C%Eﬁmﬁm@+wwwww%€@?@+?@
199 51
—44Tﬁ0w—%AhD-+Cb<—§———§C2+48hmmgz—l2@>
605 5
+Ca <—? + §C2 —241n(2)¢ + 6C3>
45 69
%—7}1P1f<7§-+-10<g> +—p@Z(75--14<5)] } (4.30)
(5m(*2) 5m(*1)
= 522 + j +5mg)) . (4.31)

Eq. (4.28) is easily obtained. In Eq. (4.30), ns denotes the number of light flavors and
N}, the number of heavy flavors, which we will set equal to N, = 1 from now on. The

pole contributions were given in Refs. [271,272], and the constant term was derived in
Refs. [273], cf. also [274]. In Eqgs. (4.29, 4.31), we have defined the expansion coefficients

18Note that there is a misprint in the double-pole term of Eq. (28) in Ref. [137].
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in ¢ of the corresponding quantities. After mass renormalization, the OMEs read up to

O(a?)

S

p*
~(2) 2 2\ ¢/2md 2
va2 |4y (Mpe) o (B) R0 A ()]
[ I m Iz
2(3) /2 2\¢/2md = 2
‘I’di Azg (m_2a€7N> +5m1(m2> m A <m27€aN>
It It dm It

2 2 2

i) iy (o) + T8 () e 1) (0 )|

(4.32)

4.4 Renormalization of the Coupling

Next, we consider charge renormalization. At this point it becomes important to define
in which scheme the strong coupling constant is renormalized, cf. Section 3.2. We briefly
summarize the main steps in the massless case for n; flavors in the MS—scheme. The bare

MS

coupling constant a, is expressed by the renormalized coupling ay > via

i = 2N (e mg)alS ()
= aS(2) [1+ 00 (n)alS (42 + 605 (n)al™ (17)] + O(l™) . (4:33)

The coefficients in Eq. (4.33) are, [39-41,275] and [276],

S 2
502?%(%) = gﬁo(”f) ; (4.34)
S 4 1
5a¥5(ns) = 50Rng) + Zfhi(ng) (4.35)
with
11 4
Bo(nyg) = 5 Ca— 3Ty, (4.36)
34 5
ﬁl(nf) = gCA —4 gCA + Cg TFTLf . (437)

From the above equations, one can determine the S—function, Eq. (2.103), which describes
the running of the strong coupling constant and leads to asymptotic freedom in case of
QCD, [39,40]. It can be calculated using the fact that the bare strong coupling constant
does not depend on the renormalization scale u. Using Eq. (4.4), one obtains

d&sD d N _ d 2 2 2 _
0 = D _ S = ————a (uD) 2%z, ng, < 4.38
_ € 2 o d 2
=0 = gas(p’) — 2as(u )mlnzg(&nﬁﬂ ) - (4.39)



Note that in Eq. (4.39) we have not specified a scheme yet and kept a possible p—
dependence for Z,, which is not present in case of the MS-scheme. From (4.39), one
can calculate the expansion coefficients of the S-function. Combining it with the re-
sult for Zg"s in Eqs. (4.34, 4.35), one obtains in the MS-scheme for n; light flavors,
cf. [39-41,275,276],

B (ng) = —Bo(ng)a™ — Bi(ng)a”s +O@@¥S) . (4.40)

Additionally, it follows

;lcllrsf(/;g) = %5“8(“2>—;ﬁkaf“(u2)- (4.41)

The factorization relation (3.16) strictly requires that the external massless particles are
on—shell. Massive loop corrections to the gluon propagator violate this condition, which
has to be enforced subtracting the corresponding corrections. These can be uniquely
absorbed into the strong coupling constant applying the background field method, [277], to
maintain the Slavnov-Taylor identities of QCD. We thus determine the coupling constant
renormalization in the MS-scheme as far as the light flavors and the gluon are concerned.
In addition, we make the choice that the heavy quark decouples in the running coupling
constant a,(p?) for p? < m? and thus from the renormalized OMEs. This implies the
requirement that 11z (0, m?) = 0, where Iy (p?, m?) is the contribution to the gluon self-
energy due to the heavy quark loops, [126]. Since this condition introduces higher order
terms in € into Z,, we left the MS-scheme. This new scheme is a MOM-scheme. After
mass renormalization in the on—shell-scheme via Eq. (4.27), we obtain for the heavy quark
contributions to the gluon self-energy in the background field formalism

I e (P 12 e 0,) = i(—p*g" + 0"P") Il ee(p®, m?, 1, €, )
X A - 2Bp0 fm3\e/2 G e\
HH,BF(OamZJ/’LQ?g?aS) = Qs - <_2) eXp<Z 7<_) )

€ W — 2
Nel1/ 20 32

+02(55) |2 (-5 TrCa = ATeCr) = TTeCa + 15T Cr

2 e\ 3 9

86 31 )
+5<_2_7TFCA - ITFCF - gCQTFCA - €2TFCF> s (442)

with
- 4
Boqg = Bolng)=—3TF . (4.43)

3

Note that Eq. (4.42) holds only up to order O(e), although we have partially included
higher orders in € in order to keep the expressions shorter. We have used the Feynman—
rules of the background field formalism as given in Ref. [190]. In the following, we define

e = () e (2 9(5)) (@41
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The renormalization constant of the background field Z, is related to Z, via
Za=177. (4.45)

The light flavor contributions to Z4, Z4;, can thus be determined by combining
Eqgs. (4.34, 4.35, 4.45). The heavy flavor part follows from the condition

My pe(0,m?) + Zan =0, (4.46)

which ensures that the on—shell gluon remains strictly massless. Thus we newly define
the renormalization constant of the strong coupling with n¢ light and one heavy flavor as

1

ZMM (e e 41, 42, m?) = 4.47
g (5 ny Ho,m ) (ZA,l +ZA,H)1/2 ( )
and obtain
MOM MOM 2
zZy° 2enp+1,p5m%) = 14 aVM(?) [g(ﬁo(nf) + ﬁO,Qf(e))]
MOM n 4
+al M (1) [@ + _2<50(nf) + Boof(e))”
1 rm?\e 2 1(2) MOM3
() (e r el + o) v 0@ @y
with
5 bt
b = Bilng) =—4 <§CA + CF) TF, (4.49)
big = _ETFC’A + 15TxCF (4.50)
86 31 5
B = ~TeCa— TTeCr =G ( ~TrCa+ TFOF) : (4.51)
The coefficients corresponding to Eq. (4.33) then read in the MOM-scheme
MO 206p(n 2/3,
saype = [P0y 2ha ) (4.52)
2 2 2
5ag/f;)M _ [ﬁl(:f) + ( ﬁ()(nf) 4 50’Qf(6)>
1 /m2\¢ 9 9
+E(u ) (51Q+551Q+561Q)}+0(5). (4.53)

Since the MS-scheme is commonly used, we transform our results back from the MOM-—
description into the MS-scheme, in order to be able to compare to other analyzes. This is
achieved by observing that the bare coupling does not change under this transformation
and one obtains the condition

72 I
25 (e,ny +1)al®(u?) = Zy O (e, ny + 1, 2, mP)ay M (1) (4.54)
The following relations hold :
- 2.,
@ = alS = fogn (T )al®
W
) 1 o(m’ m*\ o) | ws? s

+]82,n (?) ~ Big 1n(?) — [ L 0@, (4.55)
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or,

mg‘

= YoM 4 o (mg{?M — 8a5 (ny + 1)) + ayon? <5aMOM da5 (ny +1)
—26a"S (ns + 1)[5aMOM 5as (ny + 1)}) + O(akoMYy (4.56)

vice versa. Eq. (4.56) is valid to all orders in . Here, aM> = aMS(n; + 1). Applying
the on—shell-scheme for mass renormalization and the described MOM-scheme for the
renormalization of the coupling, one obtains as general formula for mass and coupling
constant renormalization up to O(a)"?)

A — MOM MOM?2 m?*\ /2 d 0 MOM AR
Aij = b +a; A + a; A + omi(— ) m——A; +dai M A
u )

dm

+a MOM3

:B»

MOM MOM 2) m? 8/2 d
A v oar A v 250 (A +5m1(ug> m— )

m2\¢/2  d (2 m2\ ¢ d 2 (
om? rm?\e RENENCY
55 Ga) mea e | (457

where we have suppressed the dependence on m, € and N in the arguments

4.5 Operator Renormalization

The renormalization of the UV singularities of the composite operators is being performed
introducing the corresponding Z;;-factors, which have been defined in Egs. (2.105, 2.106).
We consider first only n; massless flavors, cf. [269], and do then include subsequently one
heavy quark. In the former case, renormalization proceeds in the MS-scheme via

2 2
_p _— _ _p -
Ag‘j(F,ays,nJc,N) = qul’NS( MS , Ny, €, N)ANS<7,GE/IS,TLJC,5, N) s (458)
2 _ P R
Ai]’(M—IZ,CLQ/IS,TLf,N) = Zill(a';/ls7nf7ng)Alj<M_€7a2A57nf7€7N) Y i?jIQ7g7
(4.59)

with p a space—like momentum. As is well known, operator mixing occurs in the singlet
case, Eq. (4.59). As mentioned before, we neglected all terms being associated to EOM
and NGI parts, since they do not contribute in the renormalization of the massive on—shell
operator matrix elements. The NS and PS contributions are separated via

-1 _ -1,PS —1,NS
Z = Z P+ 7 N (4.60)
Ay = AR+ AW . (4.61)

9Here we corrected a typographical error in [137], Eq. (48).
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The anomalous dimensions 7;; of the operators are defined in Egs. (2.107, 2.108) and can
be expanded in a perturbative series as follows

v @ ng, N Z M DSPNS (g, N (4.62)

v

Here, the PS contribution starts at O(a?). In the following, we do not write the depen-
dence on the Mellin—variable NV for the OMEs, the operator Z—factors and the anomalous
dimensions explicitly. Further, we will suppress the dependence on ¢ for unrenormalized
quantities and Z-factors. From Egs. (2.107, 2.108), one can determine the relation be-
tween the anomalous dimensions and the Z—factors order by order in perturbation theory.

3
In the general case, one finds up to O(aMs")

(0)
Zi(a™ np) = 6,4+ a5 4 S 11 (0 )+ 6y ©@) + L
ig\tg HTUf - i c s E 277,[ ,ylj Py 2 P)/z]

e 1 /1 0 0 4 0
+ay® {€3<6%§ 0+ Bor P + 585
Ll o, Lom, 2,0, 2, ), %
+€ <6%l Yyt 3'77,1 Yyt gﬂo%j + gﬁl%j > + 3 (- (4.63)
The NS and PS Z-factors are given by 2°
(0),NS
R w21 /1 ) 1
ZNS( 2/|s ng) = 1+ as qq8 +aVs { (2%5(]) NS Jr6ﬂy(o Ns> +2_€%§é),ms

wes | 1 /1 4
JrcLg/ls{ (67‘5‘1)'\'5 +67(0)NS +§6§%§2),Ns)

1 /1 2 1
45 (GUINADIS £ 2B DN 2By 4 }

2
(4.64)
PS, MS ows?) 1 o, L _aps wms3) 11 o) o)
qu (as ’nf) = G {2 2759)7511)—’_2_6%511) +ag §<§%§q)7§g)7§q)
I 1 /1
) 0)~,(0) 0)~,(1)
+67th ’75(19 7gq + Bo %gg Taq ) + = (3%19 Taq
1 (0) L o (1),PS 1),PS ”ch)PS
+6%§g)79q + 2%(1(1)%1!1)7 + ﬁ 7( & ) + 3z . (4.65)

All quantities in Eqs. (4.63)—(4.65) refer to ny light flavors and renormalize the massless
off-shell OMEs given in Eqs. (4.58, 4.59).

In the next step, we consider an additional heavy quark with mass m. We keep
the external momentum artificially off-shell for the moment, in order to deal with the
UV-singularities only. For the additional massive quark, one has to account for the

20In Eq. (4.65) we corrected typographical errors contained in Eq. (34), [137].
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renormalization of the coupling constant we defined in Eqs. (4.52, 4.53). The Z—factors
including one massive quark are then obtained by taking Eqs. (4.63)-(4.65) at (ny + 1)
flavors and performing the scheme transformation given in (4.56). The emergence of

6a¥OM in Z;; is due to the finite mass effects and cancels singularities which emerge for

real radiation and virtual processes at p> — 0. Thus one obtains up to O(a MOM3)

S S 2

(0)
Zigl(agqoM’nf + 17M2) — (5ij — gMoM 7@; + CLMOMQ [é <_17i(j) Sa MOMfyZ(j)>

1 /1 o (o 0
"‘g (5%‘(1 )’Yl(j) + 50%'(j)>

1 1
+ CLISWOMB) [6 ( 3713 5a§4?M%g)

1 1
5CLMSM7U)> < ﬁo%j + 25@M0M507(0) + 551%'(]('))

1 1 4
0 1 0
"‘5@24?1\4%1 )VZ(J) + g%(l )Vl(j) + 6%& )%(j)> + 23 <_§6§%‘(j)

1
—Bor ) — 6%3 )%(k)vi,»?)) ; (4.66)

and

(0),NS 1,1
Zq—ql,NS(aMOM ny+1,p ) - 11— aZ/IOM ’queg + a§10M2 [g (_é,yé;)y S _ 5QZA?M7(§q) NS)

+€—12 (BN + %7&2)"\'52)
=00y NN — daySM ) S) + l? (L—Lﬁwé? "

+25aMOMﬁ quq >+ §ﬁ1%§q + ;’Vtgq) NS%E}J) i

QI ONS) 1 2 (2 s

2 1 3
— B, 7(0) NS 6%52)”\'5 )] : (4.67)

3qq

1,1
+ a1;10M3 [g (——7(2)”\]5

_ 1 1 1 /1
Z P (0N ny + 1,07 = ayoM? [5( 27§§)’PS>+ (27512)V§2)>

1 1 1 /1
3
aIg{OM [5 ( 37(13”35 oa M?M,}/(g!l]) PS> e2 (67(52)75(]‘11)

1 1
43U + AU + S0P + D)

1 1 o o 1
+g<_§7§g)7ggq)%§q) 67511)7(59)799 Po 7619 79(1))] :

(4.68)

The above equations are given for ny 4 1 flavors. One re-derives the expressions for ny
light flavors by setting (n; + 1) =: ny and da}'™ = §aMS. As a next step, we split the
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OMEs into a part involving only light flavors and the heavy flavor part

2
+AZ(Wm® 2, YN g+ 1) (4.69)

In (4.69, 4.70), the light flavor part depends on aMS, since the prescrlptlon adopted for
coupling constant renormalization only applies to the massive part. A denotes any
massive OME we consider. The correct UV-renormalization prescription for the massive
contribution is obtained by subtracting from Eq. (4.69) the terms applying to the light
part only :

AQ(p m?, u?,aM np+1) = Z;(adM ny+1,pu )AQ(p m?, 1%, a¥M ny + 1)

S S Y

2@ g+ 1,18) Ay (22 )

2
JE— ~ _p —_—
2 @S, g i) Ay () (4.70)
where
Z7 =0+ atzt (4.71)
k=1

In the limit p? = 0, integrals without a scale vanish within dimensional regularization.
Hence for the light flavor OMEs only the term ¢;; remains and one obtains the UV-finite
massive OMEs after expanding in a,

2
AQ(F,Q?OM ny+ 1) = aISVIOM <A§]1-)’Q(m ) + Z_1 () (nf +1,pu ) Zjl(l)(nf)>

vy v

a m2 _ _
+ayio? <A<2.)’Q<F) + 2P0+ 1,2 = 2P (ny)

—1,1) 2y 2(0.Q (M
+ 7, (nf—i-l,,u)Akj’ (F)

1’(3)(

3 ny)

3 A (3 7Q m _1’ 3 .
— A m2
+ 2" D (ny+ 1, )A(Q)Q<M )+ Zi Py +1,13)A()¢ (ﬁ)) (4.72)

The Z-factors at ny + 1 flavors refer to Eqgs. (4.66)-(4.68), whereas those at ny flavors
correspond to the massless case.

4.6 Mass Factorization

Finally, we have to remove the collinear singularities contained in A,;, which emerge in
the limit p? = 0. They are absorbed into the parton distribution functions and are not
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present in case of the off—shell massless OMEs. As a generic renormalization formula,
generalizing Eqgs. (4.58, 4.59), one finds

Ay = ZyAuTy (4.73)

The renormalized operator matrix elements are obtained by
m2

A9 ot 1) (T )
If all quarks were massless, the identity, [126],
Ly =2Z;". (4.75)

would hold. However, due to the presence of a heavy quark (), the transition functions
['(ns) refer only to massless sub-graphs. Hence the I'-factors contribute up to O(a?) only
and do not involve the special scheme adopted for the renormalization of the coupling.

Due to Eq. (4.75), they can be read off from Eqs. (4.63)—(4.65). The renormalized
operator matrix elements are then given by:

m2
AQ <— ag ™ ng + 1>

2 %s
L

2
aglOM (Az(jl),Q(m_2> + Zi;L(l)Olf + 1) . Zigl’(l)(nf)>

L

. m? _ _ . m
—i—afoM2 <AZ(~J2»)’Q (?> + Zijl’@) (np+1)—Z,. L@ (ng) + Zikl’(l)(nf + 1)A,($.)’Q (—)

—1,(1 —1,(2 2 —1,(2
- 2"V ()|, “<nf>+[A£RQ(M )+z Oy +1) = 2P (ny)

L(1) ng 1(1),Q —1,(1) Mom4y .
20+ 1A (%) <>>+o< ) (176)

From (4.76) it is obvious that the renormalization of Ag to O(a?) requires the 1-loop
terms up to O(e?) and the 2-loop terms up to O(e), cf. [126,128-130,137]. These terms
are calculated in Section 6. Finally, we transform the coupling constant back into the
MS-scheme by using Eq. (4.55). We do not give the explicit formula here, but present
the individual renormalized OMESs after this transformation in the next Section as per-
turbative series in aMS

2 2
AQ(E,ays,nf—l—l) = §U—|—CLM5AQ <7;2,77/f+1) MS AQ (2)(Iu nf+1>

. 2 _
+a75° A2 (3)<u g+ 1) + 0(a"s") . (4.77)
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As stated in Section 3, one has to use the same scheme when combining the massive OMEs
with the massless Wilson coefficients in the factorization formula (3.16). The effects
of the transformation between the MOM- and MS-scheme are discussed in Section 5.
The subscript () was introduced in this Section to make the distinction between the
massless and massive OMEs explicit and will be dropped from now on, since no confusion
is expected. Comparing Eqs. (4.76) and (4.77), one notices that the term ¢;; is not
present in the former because it was subtracted together with the light flavor contributions.
However, as one infers from Eq. (3.16) and the discussion below, this term is necessary
when calculating the massive Wilson coefficients in the asymptotic limit and we therefore
have re-introduced it into Eq. (4.77).

4.7 General Structure of the Massive Operator Matrix Ele-
ments

In the following, we present the general structure of the unrenormalized and renormalized
massive operator matrix elements for the specific partonic channels. The former are
expressed as a Laurent—series in ¢ via

(L,k)

20 2 m2\ le/2 > ;s
A, (?,g,N) - (&) X (4.78)

K k=0

Additionally, we set

a%’l) = agé) : agf“l) = El(-;) ,ete. . (4.79)
The pole terms can all be expressed by known renormalization constants and lower order
contributions to the massive OMESs, which provides us with a strong check on our calcu-
lation. In particular, the complete NLO anomalous dimensions, as well as their Tr—terms
at NNLO, contribute at O(a?). The moments of the O(°)-terms of the unrenormalized

OMEs at the 3-loop level, aS), are a new result of this thesis and will be calculated in
Section 7, cf. [134]. The O(e) terms at the 2-loop level, 55]2-), contribute to the non—
logarithmic part of the renormalized 3-loop OMEs and are calculated for general values
of N in Section 6, cf. [130,137]. The pole terms and the O(e°) terms, ag), at 2-loop
have been calculated for the first time in Refs. [126,129]. The terms involving the quark
operator, (2.86, 2.87), were confirmed in [128] and the terms involving the gluon oper-

ator (2.88) by the present work, cf. [130]. In order to keep up with the notation used
in [126,129], we define the 2-loop terms ag), EEJQ-) after performing mass renormalization
in the on—shell-scheme. This we do not apply for the 3-loop terms. We choose to calcu-
late one—particle reducible diagrams and therefore have to include external self-energies
containing massive quarks into our calculation. Before presenting the operator matrix
elements up to three loops, we first summarize the necessary self-energy contributions in
the next Section. The remaining Sections, (4.7.2)—(4.7.6), contain the general structure
of the unrenormalized and renormalized massive OMEs up to 3-loops. In these Sections,
we always proceed as follows: From Eqs. (4.57, 4.76), one predicts the pole terms of the
respective unrenormalized OMEs by demanding that these terms have to cancel through
renormalization. The unrenormalized expressions are then renormalized in the MOM-
scheme. Finally, Eq. (4.55) is applied and the renormalized massive OMEs are presented
in the MS-scheme.
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4.7.1 Self-energy contributions

The gluon and quark self-energy contributions due to heavy quark lines are given by

ﬂzlz)/(p27 mZa ,UQa ds) = iéab [_g;wp2 + pupy} ﬂ(p2, mQ, u2, ds) , (480)

0’ m* i a,) = W’ m?, i), (4.81)

zA:ij<pZ7Th271u27&5) = Z 5%’3‘1/2(192777%27/127@) 9 (482)

S mE ptas) = Y aFS®(p? m?, p?) . (4.83)
k=2

Note, that the quark self-energy contributions start at 2-loop order. These self—energies
are easily calculated using MATAD, [164], cf. Section 7. The expansion coefficients for
p? = 0 of Egs. (4.82, 4.83) are needed for the calculation of the gluonic and quarkonic
OMES, respectively. The contributions to the gluon vacuum polarization for general gauge
parameter £ are

10(0.52) = 1(25) /2< exp@%(g)i)), (48
2
F

10(015) = (%) (~ea+ Homcrsen} e} - o) - oo
te {CA (% G- 9) Cr (—% - 342) }) O, (4.85)

) (0, TZ_j> _ TF(%>36/2 (%{—%TFOA (2nf n ) + 0A<164 —5)}
+€—12{? (Ca = 6Cr )nsTr + % (35C — 48C ) T + 2—’;‘ (~7s1

712 1[4
+63§) n —CACF} n g{ﬁ (CA(—101 — 18(y) — 62Cp)nfTF

3181 G, G
T

—g) + CACF<16C3 . @) Ml } + nfTF{C’A<56C3 I

32240‘3,3) <__C2_%>} TF{CA<_%C3 _CQ 6438661)

1969 781
5 T 0

+3<CA( 37 — 18C,) —800) F+CA< 12¢5 + —<2
7

+CF( (s — —CQ 218)} + 01{484 — 27Cs +

42799 3577

3588 __<3€ _@5 432

1957
12

§} +C’ACF{—8B4+36§4 — (3
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—CQ 106133} { G+ 29&}) +0O(e) , (4.86)

and for the quark selffenergy,

R ~ 2
z@)(o,%) = TFC’F ) { { ﬂ }+O( ), (4.87)
. 52 2
Z<3>(0,%) _ TFC’F<%>3 ( SCa{l— €} + {392TF(nf+2) OA< 0+4§>
—2@}%{3‘2%@ r2)+Cufa+ o8 - e - Deh - 260F}
4. 674 604 1879
+"fTF{3<2+8_1}+TF{ C2+8_1} { CS__@ 162

+= Cs§ - g@ﬁ - ﬂg} - OF{ 8(3 — G2 — @}) +0(e) , (4.88)

see also [263,278]. In Eq. (4.86) the constant

2 13 1
B, = —4C21n2(2)+—1n4(2)—?§4+16Li4<§> ~ —1.762800093...  (4.89)

3
appears due to genuine massive effects, cf. [279-282].

4.7.2 Aqu
The lowest non—trivial NS—contribution is of O(&2)
Agqu:Q = 1+ 2A(QQ + Z)Aq?;)cgls + O(a;l) : (4'90>

The expansion coefficients are obtained in the MOM-scheme from the bare quantities,
using Eqs. (4.57, 4.76). After mass— and coupling constant renormalization, the OMEs
are given by

Al MM = ARRPN 2, N 1) = 2, N gy (4.91)
A((]?;?gls,MOM _ A((]z)’é\ls,MOM_i_Z ,(3),N (nf+1) Zq ,(3), NS( f)
+Z;11,(1),Ns(nf + 1)A((1q?,6|2\|5,MOM 1 [Aéq?,clz\IS,MOM
FZ DN (1) = Z NS (g [T D (g) . (492)

From (4.57, 4.76, 4.91, 4.92), one predicts the pole terms of the unrenormalized OME. At
second and third order they read

(BMNS e (Bogrid | Vi | @Ns | _(@Ns
A(I‘LQ = (?) < 52 + 25 + qq Q + qq Q g ) (493)
~(3),NS M2\ 3¢/2 4%&?50@ 1 2%(1 ﬁOQ 47(1) NS
Aqq,Q = (?) {_T <ﬁo + 260,@) + 6_2 3 3 [ﬁo + BO,Q}
26170 - L( 0™
G —20my o nll) |+ | G — a0 [0+ Bua] + B
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7(52)@050,@{2
+T

~1) 4 NS
— 25m§0)ﬁ 7Q’}/(§g) 5m§ 1)7(%) ) —{—aéq)Q } . (4.94)

Note, that we have already used the general structure of the unrenormalized lower order
OME in the evaluation of the O(a?) term, as we will always do in the following. Using
Egs. (4.57, 4.91, 4.92), one can renormalize the above expressions. In addition, we finally
transform back to the MS-scheme using Eq. (4.55). Thus one obtains the renormalized
expansion coefficients of Eq. (4.90)

(0)

(2),NS,MS Bo Q%q 2 7qq @Ns  0,07aq
AQ‘LQ - 4 In (Mg ) < ) Ao — —4 CQ , (495)
A(3),NS,WS . Vfgg)ﬂo,Q /6 26 1 _2 1 ) NSﬂ (1) NS ﬁ ﬂ

a9,Q -6 0+ 2P0, ) In 112 +7 A qu 0,Q — 0+ Do,

m? 1.
+/1 Q’Y(O)} In? (F> t3 {%53) <4aéq o — GRs )(ﬁo + 5o.q)

©) 4D m*\ | )ns @ Y Bobools
+f>/qq Bva hl(M ) +40,qu (ﬁo +ﬁ 7Q) ’yqq ﬁ T

(1),NS

_ Taa 50 QC2 ( )N

+2(5m1 ﬁOQ’yqq +5m1 fyqq NS—|—25m - qu

+¢g? (4.96)
Note that in the NS—case, one is generically provided with even and odd moments due to
a Ward—identity relating the results in the polarized and unpolarized case. The former
refer to the anomalous dimensions 7('1\'(15’* and the latter to yg‘qsv_, respectively, as given in
Egs. (3.5, 3.7) and Eqgs. (3.6, 3.8) in Ref. [124]. The relations above also apply to other
twist—2 non-singlet massive OMEs, as to transversity, for which the 2- and 3-loop heavy
flavor corrections are given in Section 9, cf. also [160].

4.7.3 AQq and Aqu

There are two different PS—contributions, cf. the discussion below Eq. 3.18,

AR = 2A(2)’PS a2 AP 1 0(al) | (4.97)
PS
Ao = Aqq Q "+ 0(al) . (4.98)

Separating these contributions is not straightforward, since the generic renormalization
formula for operator renormalization and mass factorization, Eq. (4.76), applies to the
sum of these terms only. At O(a?), this problem does not occur and renormalization
proceeds in the MOM-scheme via

(2),PS,MmO . 2(2),PS,m0 —1,(2),PS —1,(2),PS
AQq = AQq T qu1 ? (nf +1) - qu1 . (nf)

e
H[AG 4 20 g 4 1) = Z 0 )| Tt Ony) . (4.99)

The unrenormalized expression is given by

2 ~(0) (0) 4~ (1),PS

- (2)PS PN
Ay, = (?) ( 7‘1;;9‘1 +7";5 +alrPS +al) e ) (4.100)
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The renormalized result in the MS—scheme reads
~(0) _(0) m2 ~(1),P m2 ~(0)_(0)

(2),PSMS ng Vgq n2 qu (2),PS | Vag Vgq

The corresponding renormalization relation at third order is given by

(3)7PS,MOM (3),PS,MmOM ),PS, MOM 7 (3),PS,moM —1,(3),PS
AQq Aqu _A Aqu +Z ) (ns+1)

— 7~ 1,(3),PS (nf) + qul’(l)(nf + 1)A8; PS. oM + Zq_gL( )(n + ]')Aéq)CI;OM

qq

2 (1), -1, -1, -1, 2),PS,
A 2 1) 25 5 + A

- - A 2 ’ -
+ qul,( WPS(ns4+1) — Z,, LR)PS f)] qul’(l)(nf) + [A( JMOM quL(z)(nf +1)

qq
= ZMO(ng) + Zg Dlng + DAGN + 2D (g + 1AL S T D)
(4.102)

Taking into account the structure of the UV— and collinear singularities of the contributing
Feynman—diagrams, these two contributions can be separated. For the bare quantities we
obtain

+(3),PS 2N 3¢/2
Ao = <ﬁ>

44 (1),PS

[ﬁo + 50,@}

6e3

%2)752) 0 0 1
10 =40+ 660+ 16500 | + 5 (

0)4(1)  £(0) ~(2),PS 2 (2),PS
7 gl 7, N 1 ¥
gq3 e % [275(@) qu ] + 5m %5?75?) + z (—qq3 —ny—

2 2 2),PS 7 7 <2
+7t§g) ;q)Q 75(111) o 4<50+60’Q)Q(Q(§ qg - [7 qu +660]

16
~ 3),PS
+omi”3 g — omi ”nﬁé)’PS) +ag, ] , (4.103)
2(3),PS m2\3/2 [ 290750 oo . 1 (o wyps ~(0)2(1
Awa = 1y <?> 323 + 322 27561)’ Po + Vég)véq)
2(2),PS ~(0)_(0) (3),PS
L Vg ~(0),(2) Yag Vaq B0,qC2 Q4q,Q
2 (T T Yag Qgq.Q ~ 4 + ng |- (4.104)
The renormalized terms in the MS-scheme are given by
(3),PS.MS %2)752) m?y 1 PS
AQq’ ’ - 48 Vggg) o ’qu + 650 + 1600 N <F> + g _4&‘%)’ (ﬁo + 50,@)

2
2(0) [ 2(1 1 0) 2 (1 2 (M 2) PS 2(2),PS
+7{§g) <’Yéq) - 75()) - V!Sq)%gg)} In (F) 16 {87( s — 8NV gq

2),PS
_SQGE»?; (60 + 50 Q) + 87619 gq, Q 879q ) 7qg ng)c (Vgg - 7(52)

m2
+650+850,Q)}1 <u )+4(ﬁo+5oQ) PS4 4072 _ 5073

Vel e G ©) _ (0) A9 ved Co (1) 2,(0) < (1),PS
+—48 <”y Yeq T Gﬁo) + — 16 Omy " Ygq qu + 5m1 Yod
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-1 PS
+2(5m§ )aézg + 22; . (4.105)

(3),PSMS ”qu ’ng 50 Q1.3 1 (1),PS (0) 2 m?
Aqq,Q = nf{ 12 In <M ) +3 R <47qq Boq + ’ng ’qu ) In? <§>
1/ ~@2.,ps . 9 m?
+Z (2711(1 + %(12) {QCL;q)vQ - 7{52)@3,@@}> hl(ﬁ)
(0)=(2) %gg)%g)ﬁo,cg@ A5 P00t (3),PS 4106
~Vag Y94, + 12 4 + q,Q - ( ) )

4.7.4 AQg and Aqg,Q

The OME A, is the most complex expression. As in the PS—case, there are two different
contributions

Ag, = a Ag; + aQA(QQ; + a?’AS; +O(al) . (4.107)
Ago = @AY, +0(al). (4.108)
In the MOM-scheme the 1- and 2-loop contributions obey the following relations
Agy ™t = AN+ 2,V ng 1) = 2,0 V() (4.109)
A(QQ;,MOM _ AS;,MOM + Z 2)(nf 4 1) 1(2)( )+ Zq— (1 )(nf + 1)A;g)CEIOM
2,0 (ng + DAGM 4 [Aégé’MOM + 2, Oy +1)
~Z O ()| Tt O (ng) (4.110)
The unrenormalized terms are given by
(0 NeAg) S Gy
i - () e(S4)). o
;@) a4 0 Vi = 26mi Vg
Tor = (2 [FE Gt 20 ) - B2
(0) £.(0) 4a8 Bo.gCe ( ~(0) Hag Bo.gCe
—0my ey — — 5 +€(an 5m1 Yeg = T) . (4.112)

Note that we have already made the one—particle reducible contributions to Eq. (4.112)
explicit, which are given by the LO-term multiplied with the 1-loop gluon—self energy,
cf. Eq. (4.84). Furthermore, Eq. (4.112) already contains terms in the O(g°) and O(e)
expressions which result from mass renormalization. At this stage of the renormalization
procedure they should not be present, however, we have included them here in order to
have the same notation as in Refs. [126,129] at the 2-loop level. The renormalized terms
then become in the MS-scheme

ADMS is' (™ (4.113)
Qg - 2 ,U2 ’ :
_ ~(0) m2 ~ (1) 2
@.MS e |_(0 7(19 m
Ao = 8 lvég) Vea +260+460Q] In* <,u ) In <M2)
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b2+ WG (00405 (1114)

The generic renormalization relation at the 3-loop level is given by

,MOM+A(3),MOM :A(3),M0M+A(3) MOM+Z 1(3)<n +1) Z_17(3)(nf)

q9,Q Qg q9,Q
+ Z O (g + DADS + 25 (g + DALY + Z, MO (g + 1) AG)
+ Zq—qL(l)(nf + 1)1482]71\/101\/1 i |:A£2;,MOM n Zq_gl’(l)(nf 1)

a9

= 2,0 | P ng) + {A”)’M“‘ + 2, Oy 1) = 2, 0ny)

+ Z O (ng + 1)AGNM 4+ 2 D (0 + 1)A§J5‘OM} bW (ny)

Qq qq qg

+ [A(Q),NS,MOM + Zq—ql,(?),NS(nf + 1) . Z—ql,(2),NS(nf)] Fq—gl,(l)(nf) ) (4.115)

q9,Q q

n [A(Q),PS,MOM . Zq—ql,( 1PS(ny 1) — Z 1,2 )Ps(nf)]F‘lf(l)(nf)

Similar to the PS—case, the different contributions can be separated and one obtains the
following unrenormalized results

~(3)
AQg

~(3)
AqgQ

(0)

3e/2 A
<?> [6‘193 ((n T 1)7§f1)759) + %Sq) [’Véq) 2752) — 6060 — 850,@] + 863

1 (.
+28060,000 + 2482 5 + 1Y [7;9 + 60 + 1460@}) + 3 (75;) [2752) — 270

~8fh — 100] + 340 [34) 71— 20} + 0N 5 250D <ol 25
~(2) 2(2)

1 gl
—20 Q} + 66m|” 732) [Vég) 7(52) + 300 + 560@}) + - (7% _ nf%

+(0)
) [, (2),P (2) {0 _ ~(0) _ _ Yag' 2 [_(0) f o (0)
+7¢§ [ Ag9.Q — NfQq ] T g [qu Yog — 400 450@} T 16 [799 {2%1(1
—5g = 600 + 250@} — (g + 1A% + 752){ 19+ Gﬁo} - 863

5m(*1)
+4Boaf + 2485 o] + T2 | =233 + 30m{ V4 + 20m{”4() |

(4.116)

+5m50)'3’<§g) [Vég) qu) + 206 + 450 Q] - 5m2 '7q9)> - ag’;

m2 3e/2 7() 1 ,.AY(O)
(35" (58 2ol - +2a) )+ 5 (B sy

Yig B 1 (A
1),PS ~(1),NS “ag F0,Q ag 2 (0) ], (2) (2),NS
+7¢5 27t§q) + 4ﬁ17Q] 3 > + e (T + 7159) [agg,Q ~ Ogq,Q
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16 nf
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The renormalized expressions are

_ ~(0)
3),MS 7
Ag™ = {<n + DDA + 79 (19 = 299 + 660 + 1480,0) + 12 (110

2y 1
600 — 800, ) + 862 + 2800000 + 24@0Q} In® <u )+3 {7;? (ﬁg) 2O

_4/60 - 650 Q) + <’Ygg - ﬁyg(]g) + (1 )Véé) s + f)/(gq) + fqu - zﬂl
L (2) 2 (2) (2)
m A ¥ a
_m)} (%) + {qg — e+ (1) = — 460~ 460o)

+(0) +(0)
TYag ([ (2) (2),PS Yag G2 0 0 0
_'_7 (agg,Q — fAgq ) ™ 16 <_(nf - 1)Véq)7<§g) - 7( ) [271511) 7559) — 60

m? .
~60.0] — 4601260 + 3] + 2T |12 + 65 + 400 ) } (") + a6y (747

. (0)
PS (2 Yag G3
_f)/qq + 450 + 45 Q) + 7(59) (n a((Q; aég),Q) + qig <(nf + 1)7(5(1)738)

_'_7559) [7559) - 27qq + 6060 — 200 Q] + VCEq) [’qu 650] + 850 — 4500 .Q
4 Bate A9 . .
2405 ) + L o TS (5 5ONS NS 50085 1 95,

8 16
(=1)

+26 Q) +

5m 0 0
— (2%, — m} )vqg>+5m )50 (%Sq) YD — 26, — 4ﬁo,Q>

+omy4Q + af) . (4.118)
_ ~ (0) 2
3),M5 0! 3/M 1.
AEIQ%Q = ny [ :; {75(7(1)7619 + ﬁoQ(%SS) 7(52) + 2@3) } In (F) + §{2’Y¢§;)ﬁog
F4O (5PS _ 5NS | 2() 4 95 2 (™ Y BN OYC)
Yag' \ Vaq Yaqg 79 LQ 112 2 Tag T Yag' \ Y99,

2(0) 2
NS g m
o2 ) - B (a0 + 2o -y +2]) (1)

(1608 + 9 | -246m{” — 8om{” — Gy — 9Gafnc] )

+

8

~(0)
22N —(2) (2) Yag (0) 5,(0) 0) _ (0
+7¢§9) ( q9,Q Qg9,Q ﬁl@) TR (7911 ’ng + 2600 ’yéy /qu + 260

48
<2 a(3)Q
T (m,g A5 + 2%?60,@) + %] : (4.119)

4.75 Ayo
The gg—contributions start at O(ag),

Agg = aA2 o +a3A%  +0(al) . (4.120)
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The renormalization formulas in the MOM-scheme read
AL ARINON 4 7oL (g 4+ 1) — 2,1 (ny)
1 ’ 4
+<A;g)5’lOM —|—Z 1(1)(nf +1) — Z 1(1)( f))rgql (1) : (4.121)
(3)s (3 -1, -1, -1, 1(2),
qu gOM - qu)gOM + qu ® )(nf + 1) - qul ® )(”f) + Zgg1 m("f + 1)Aéq761;0M
+Z 0 (g 4 1) A@ oM |:A(1)7MOM + 2,20 (ny 4+ 1)

1“( DT @) + [ADS + 22Oy +1)
(nfﬂ D) + [ADG + 2 D ng +1)
Ong) + Zyy O (ng + 1) A )™
+7, 1<1>( +1)Al <1> MOM]F LW () | (4.122)

while the unrenormalized expressions are

2@ m*\ | 2600 (o %gq) @ . @)
qu,Q = <?> [ &2 ’Y!Sq) +5- %2 + Qgq,Q + Qgq,Q% | » (4‘123)
~(3) M2\ 3¢/2 7“
Ay = (p) { P93 + [ =280 + 1080 + 24600 o
L{ o A% 0) 752) (NS | ~(1PS _ ~(1)
+; ngq ﬂO,Q + — 3 |:Pygg - ’yqq 450 - 6&0 Q] 3 [’qu ’ + P)/qq ’ - r)/gg

+(2)

_ {4
+251,Q} — 46m| ”ﬁomé‘?) +2 ( ;q +al), [’Yég) V5 = 600.q — 450]

o[ @NS | (PSS (2 0) A(1) ng G © 0
+7( )[ A4q,Q +aQq ggQ] +7( )ﬁl + ) [ng 7q9)+ﬁ Q(Pytgq)

— +1080)| — om{ V3P 45m§°)ﬁom§2)> - af,q)Q} (4.124)

The contributions to the renormalized operator matrix element are given by

_ m2 ~ (1) m2 (0)
@ms _ Do cﬂgq 2 vgq @ B0V
AQQ»Q o 2 In ( ) In < ) + agq,Q - 92 CQ ) (4125)
_ (0)
@MS  _ Tgqg 0 0
qu,Q - 24 {Véq)’yég) + (PYéq) - ’Yég) + 105 + 245 Q)ﬂo Q} ( >

1 ) )
+3 {6%51}50,@ 30 (99 = A — 48 — 6000) + 79 (SN + 3

2 1
—’3’5%7) + 251,@) } In® <%> + §{ (2) + 4a (

0)( (2N (2),ps _ () (1) 0
_660:(»?) + 47§q)< Q4q,Q + aQq Agg0 T > T fygq <ng %Sg) + |:7(§q)

YD — A0 — 48,
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m2
—799 + 12080, + 1050] Bo Q) } ( e ) - aéq)Q (7(52) 7572) + 405 + 6ﬂ07Q>

_(2)  —(2)PS  _(2)\NS ©0) 2(2) ’qu G © 0
+’7§<1)< Ug9.Q ~0Q¢  ~ Qgq.Q > g )ﬁlQ 24 <7gq 7qg) - [’Yéq)

0
— 75(79)

3754 Bo.oCo
+1050] 50@) — 0022 | 95m{TMa®, + 6mP4Y + 45m) Go,01 @ + 0, .

8
(4.126)
4.7.6 Agyyg
The gg-contributions start at O(a?),
Ao = 1+a, AV, +a2A% o+ a2 AP, +0(al) . (4.127)
The corresponding renormalization formulas read in the MOM-scheme
Apo™ = Ae™ 4 2, Vo 1) = 2,0 (ny) (4.128)
AR ARINON | 7oL (g + 1) — 2,1 (ny)
+ 250 (g + 1)A§g)goM + qul’“)(nf + 1) Ag)MON
1 ? -4 ) -4
+ A( SO L 7D (g 1) — Z,) <1>(nf)]rg; D(ny) (4.129)
@), A3, -1, D,
Agg,gOM - Agg gOM + Z (3)(nf + 1) Z : (3)< f) + Zggl( )(nf + 1)‘499 gOM
+2; 14 )(nf + 1)Agg)g°M +Z, 1’(2)(71 + 1)AG)MON
D+ 1)A Q£“M+[A$3““+Z Oy +1)
(nf)] Dng) + [ADE + 2, P g+ 1)
Dng) + Z,,H D lng + 1) Ag," "
+Z 1( )(nf + I)A;g)gw} F—l (1)(nf)
2), _ _ _
+ [A;q{gOM T 2Oy +1) = 2O () [T D) (4.130)
The general structure of the unrenormalized 1-loop result is then given by
A N2 () 0 e
Agg,Q - (F) <_ +aggQ +5aggQ +5 a/ggQ . (4131)

One obtains

~(1) M2\ /2 2ﬁ0@ e CZ e\
Ao = (?) <_?> exp (2; 7(§> > : (4.132)
Using Eq. (4.132), the 2-loop term is given by
2(2) m2vel| 1 . ,3/( ) + 45m(—1)50
Ao = (Ga) | g0 + 2a(0ly) 20+ 4io) } + =

55 o€
+al o +20m{” Bog + 3 oo + s[ o T 20m{" g + = } . (4.133)
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Again, we have made explicit one—particle reducible contributions and terms stemming
from mass renormalization in order to refer to the notation of Refs. [126,129], cf. the
discussion below (4.112). The 3-loop contribution becomes

~(3)
Agg,Q

m2 38/2 1 ,Y( ),y( )
2759 Bog 4500 [ 52 2
—T’ [260 + 7ﬁ0,Q] — 37 [260 + 7ﬁ0,QﬁO + 660,@2]

L (g o] L YeNg  As
w2z (5 - n = 03]+ g - S 480 + T

203, 27(0)51, —1)
+TQ [’Vé? + 61+ ﬁl,Qi| + %Q + m} [ A — 260 g7

+(2)
1(~ N
—1085¢ — 650@%]) + g <—§g — 2(200 + 300.0)ajyq — Ay tgrg

+7éq)an + 61 Q7 gg _'_ 799 - 7§q) + 2(2nf + 1)@),@ + Gﬁo}

16
—l—ﬁOZQCz [7;52){2% — Boo} + 465 — 280,080 — 123; Q]

+5m( b [—35m§_1)ﬂO,Q — 25M§0)ﬁ0,Q %ﬂ +5m(0)[ ’7&2)’75(;2)

The renormalized results are

(1),MS
Agg,Q

(2),Ms
Agg,Q -

(3),Ms
Agg,Q -

~2949 30,0 — 460,060 — 862 Q] +26my Vg, > +aly (4.134)
mQ
—Bo.oln (_2) ’ (4.135)
1
n2 m? 75(19) m?
260, (799) + 260) +7948) + 8674 (—2> In ( )
Iz 2 p?
C
X [2BOQ<vgg + 250) +fygq)m§g)} +al?y (4.136)

1
I {%Sq)%ﬁg) (745 =745 — 680 — 460 — 10500 ) — 4(7(0) [ 260 + Thoc]

m? 1 .
+437 + 1450,000 + 1253,@) ﬁo,Q} In’ (§> +3 3 {vég’ (’Yg(,(l]) + (1 - ”f)%g(l;))
15045 + 4985 Bo.o — 445 [Bo + 280.0] + 4[61 + BrolBoe
(0) m> 1) e (2) 2(0)
2755 010 </~L ) 16 8Vgg — 8N1gy ey — 16%9 Q<2ﬁ0 +300.0)
879y + 899800 + /D40 G (1D — 1) + 68 + dngfog + 66n0)

2

+480,0G (119) + 260 ) (260 + 360 } ln(%) +2(260 + 3600)a 2,
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0)=(2) (2) | Dsa Vag )¢ 0
+nf7c§2) éq)Q 7s(Jq)OLQg ﬁlQ gg 4—8<7 Vég) 212ny 4 1]5o,q

—650> o QCS <[5 0.Q — 2ﬁoh§2’ +2[B0 + 650,0] B0, — 4@%)
S R 5 (-1
’716<2 (7531 X 75(};)) Bo QCQ < 27(1) 26, — 251,62) n m4 (8 g)Q

+246m” Go.q + 8omy! ﬁo,Q + (200,05 + 9C25§Q> + 6m{” <ﬁ07Q5m§0) + %é)>

+om{” (vég)vgq + 260,079 + 460,05 + 863 Q) —26m{ B0 +aly . (4137)
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5 Representation in Different Renormalization
Schemes

As outlined in Section 4, there are different obvious possibilities to choose a scheme for the
renormalization of the mass and the coupling constant. Concerning the coupling constant,
we intermediately worked in a MOM-scheme, which derives from the condition that the
external gluon lines have to be kept on-shell. In the end, we transformed back to the
MS-description via. Eq. (4.55), since this is the commonly used renormalization scheme.
If masses are involved, it is useful to renormalize them in the on—mass—shell-scheme, as
it was done in the previous Section. In this scheme, one defines the renormalized mass m
as the pole of the quark propagator. In this Section, we present the relations required to
transform the renormalized results from Section 4.7 into the different, related schemes. In
Section 5.1, we show how these scheme transformations affect the NLO results. Denoting
the MS-mass by 7, there are in addition to the {a™®, m}scheme adopted in Section 4.7
the following schemes

{afOM, m} , {afOM, m} , {aL':TS, m} ) (5.1)

In case of mass renormalization in the MS-scheme, Eq. (4.27) becomes

m=2ZMm = m[l + a,6my + d?é%] +0(a?) . (5.2)
The corresponding coefficients read, [271],
6 st
0 = -Cp=9 (5.3)
£ 5
C C 10
5m2 = 8F (180}7 — 22CA + STF(TLf + 1)) + —F (50 —CA — ?Tp(nf + 1))
smt2  smiY
= 2 T (5.4)

g2 €
One notices that the following relations hold between the expansion coefficients in € of
the on—shell- and MS—terms

smi™Y = smi™Y, (5.5)
sms P = omi? (5.6)
sms™ = omSY = sm{TVomlY + 26mi? (By + Boo) - (5.7)

One has to be careful, since the choice of this scheme also affects the renormalization
constant of the coupling in the MOM-scheme. This is due to the fact that in Eq. (4.42)
mass renormalization had been performed in the on-shell-scheme. Going through the
same steps as in Eqs. (4.42)—(4.47), but using the MS-mass, we obtain for Z, in the
MOM-scheme.

ZgﬁOMQ(E’nf +1, MQ’mQ) = 1+ afOM(Mg) [g(ﬁo(nf) + ﬁO,Qf(E))

a2 () [0 1 2y (ng) + oo @) + 2R 2om{ ) (e
1 /m?\¢
+E(ZL ) (51@ _|_gﬁ1Q + €26, Q)] + O(a¥oM?) | (5.8)
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where in the term f(e), cf. Eq. (4.44), the MS-mass has to be used. The coefficients
differing from the on—shell-scheme in the above equation are given by, cf. Egs. (4.50, 4.51)

Bio = Brg — 2B0.00m{ 7Y, (5.9)
—(1

3l = B =28 0om" (5.10)
B, = B - 5‘;@ (85 '+ oml” ’@). (5.11)

The transformation formulas between the different schemes follow from the condition that
the unrenormalized terms are equal.

In order to transform from the {aMS
inverse of Eq. (4.55)

MOM

m}—-scheme to the {a}°™, m}-scheme, the

S )

2

a>(m?) = ag’[OM[l—i—ﬁo’an(%)afOM

mg‘

2

{ﬁOan (M )+51Q1n(u >+BIQ} MOMﬂ (5.12)

is used. For the transformation to the {aMS, 7 }-scheme one obtains

S S sm{™  m? S
MSy _  =(,MS 1 (0) \ ™S
m(a;>) = m(ay>) (1 + {— 5 ln< e ) —omy }as

(5m§71) (1)) .2 (T 1 (0)
+{ L |26+ 2000 + 0m{ V| In? () + | —omi” (260 + 2600

pr/ o2

—35m§71)> + 6m§71) — 26mb } ln(; > + om!! [5m§71) — 200 — 250,62]

—9
+5m§0) [5m§_1) + 5m§0)] — 5m§0)}a2ﬂs ) ) (5.13)

Finally, the transformation to the {a}°™, m} is achieved via

=2

¥ (m?) = ay [1 +boq 1“(%;)@240““ + {53 oI’ (%)
+<617Q — Bogdm}” >ln<; ) + 81 — 26m” By, } MOM?} , (5.14)
and

_ (=1) 2
m(al;/IS> = m(alM) <1+{ 5m21 1n(m_> _(5m(0)} MOM

) (T L LT s
+{ 8 [Qﬁo — 2B, + 6m(1 )] In? <F> + B [—5m§ )<250 + 450,

2
?

—35m§‘”) +om{™Y —28ms } 1n( ) + om! [5m§‘” 26, — zﬁo,Q]
—|—5m§0) [5m§_1) + 5m§0)] — 5mé0) }CLISV[OMQ> ) (5.15)
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The expressions for the OMEs in different schemes are then obtained by inserting the
relations (5.12)—(5.15) into the general expression (4.77) and expanding in the coupling
constant.

5.1 Scheme Dependence at NLO

Finally, we would like to comment on how the factorization formulas for the heavy flavor
Wilson coefficients, (3.26)—(3.30), have to be applied to obtain a complete description.
Here, the renormalization of the coupling constant has to be carried out in the same way
for all quantities contributing. The general factorization formula (3.16) holds only for
completely inclusive quantities, including radiative corrections containing heavy quark
loops, [129].

One has to distinguish one-particle irreducible and reducible diagrams, which both
contribute in the calculation. We would like to remind the reader of the background of
this aspect. If one evaluates the heavy-quark Wilson coefficients, diagrams of the type
shown in Figure 7 may appear as well. Diagram (a) contains a virtual heavy quark loop
correction to the gluon propagator in the initial state and contributes to the terms L, ;
and H,;, respectively, depending on whether a light or heavy quark pair is produced in
the final state. Diagrams (b), (c) contribute to L)? and contain radiative corrections to
the gluon propagator due to heavy quarks as well. The latter diagrams contribute to
Flo,r)(z, Q%) in the inclusive case, but are absent in the semi-inclusive QQ-production
cross section. The same holds for diagram (a) if a gg—pair is produced. In Refs. [103], the

— Q)
a(9) \ ;( a(q)
— Q@) : 2( j -
Q@)
Q@)

(a) (b) (c)

Figure 7: O(a?) virtual heavy quark corrections.

coupling constant was renormalized in the MOM-scheme by absorbing the contributions
of diagram (a) into the coupling constant, as a consequence of which the term L, ; appears
for the first time at O(a?). This can be made explicit by considering the complete gluonic
Wilson coefficient up to O(a?), including one heavy quark, cf. Eqs. (3.28, 3.30),

Cyan)(nf) + Loy (ny +1) + Hy o) (ng + 1) = af® [ Agy™ b4 Cy o 1y (ns +1)

Ms2[ 4(2).MS (1),MS ~(1),NS
+a, AQg (52+AQg qu(Q’L)

+C2, | (ny + 1)] . (5.16)

9,

1),MS 1
(ng+1) + A% C;’()Q’L) (ny+1)
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The above equation is given in the MS-scheme, and the structure of the OMEs can be
inferred from Eqs. (4.113, 4.114). Here, diagram (a) gives a contribution, correspond-
ing exactly to the color factor T2. The transformation to the MOM-scheme for a, cf.
Egs. (4.55, 4.56), yields

1),MS 1
Cyany () + Loy (g + 1) + Hy oy (ng + 1) = a™ | A 65+ CL (g + 1)}
_ 2 _ __
2 2),MS m 1),MS 1),MS ~(1),NS
+ag [ A(Eg; o2+ fog 111(?)14&33 02 + A(Q; Cé,()Q,L) (ny+1)
i 2
1),MS 1 m 1 2)
+AQDNE O (g + 1) + fog 1n<ﬁ> Cy (g +1) + CZ, | (ny + 1)} (5.17)
By using the general structure of the renormalized OMEs, Eqs. (4.113, 4.114, 4.135), one
notices that all contributions due to diagram (a) cancel in the MOM-scheme, i.e., the
color factor T% does not occur at the 2-loop level. Thus the factorization formula reads

Cory(nf) + Loy (ng+1) + Hyory(ng +1) =
gMom [ AGMM 8y + O, 1y (g +1)

+a2/10M2|: AQg ),MOM 5, —|—A(1) ,MOM Cé,l()é!\},s)(nf + 1) +C!§,2()27L)(nf + 1):| _ (518)
Splitting up Eq. (5.18) into Hy,,; and L,;, one observes that L,,; vanishes at O(a?) and
the term H,; is the one calculated in Ref. [126]. This is the asymptotic expression of the
gluonic heavy flavor Wilson coefficient as Calculated in Refs. [103]. Note that the observed
cancellation was due to the fact that the term A s, Teceives only contributions from the
heavy quark loops of the gluon—self energy, Wthh also enters into the definition of the
MOM-scheme. It is not clear whether this can be achieved at the 3—-loop level as well, i.e.,
transforming the general inclusive factorization formula (3.16) in such a way that only
the contributions due to heavy flavors in the final state remain. Therefore one should
use these asymptotic expressions only for completely inclusive analyzes, where heavy and
light flavors are treated together. This approach has also been adopted in Ref. [129] for
the renormalization of the massive OMEs, which was performed in the MS-scheme and
not in the MOM-scheme, as previously in Ref. [126]. The radiative corrections in the
NS-—case can be treated in the same manner. Here the scheme transformation affects only
the light Wilson coefficients and not the OMEs at the 2-loop level. In the MS-scheme,
one obtains the following asymptotic expression up to O(a?) from Egs. (3.21, 3.26).

C(';f(sz ny(ng) + LN?ZL) (ny+1) =
v
1+a"SCCUN (ny + 1) +a® [A;f},g'w (g +1) &+ CO5 (s + 1)] .(5.19)

Transformation to the MOM-scheme yields

CN(SzL)(nf)+L Lny(ny+1) =

L+ a4+ 1) 4+ a2 [ADNN (g + 1) 6,

m? 1),NS 2),NS
+ Boo m(F)q; WS (g + 1)+ OO (g + 1)] (5.20)
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Note that Aé?g S, Eq. (4.95), is not affected by this scheme transformation. As is obvious
from Figure 7, the logarithmic term in Eq. (5.20) can therefore only be attributed to the
massless Wilson coefficient. Separating the light from the heavy part one obtains

2),NS,
Lq7327L)M°M(nf +1) =

2
2),NS, m 1),NS ~(2),NS
ADISNONM (1 1) 85+ Fog 1n(§)q§,gw<nf +1)+ CO S (ny) - (5.21)
This provides the same results as Eqs. (4.23)—(4.29) of Ref. [126]. These are the asymptotic
expressions of the NS heavy flavor Wilson coefficients from Refs. [103], where only the
case of QQQ)—production in the final state has been considered. Hence the logarithmic term
in Eq. (5.21) just cancels the contributions due to diagrams (b), (c¢) in Figure 7.
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6 Calculation of the Massive Operator Matrix Ele-
ments up to O(a?e)

The quarkonic 2-loop massive OMEs AQ o A and A o have been calculated for the
first time in Ref. [126] to construct asymptotlc expressmns for the NLO heavy flavor Wil-
son Coefﬁ(nents in the limit Q% > m?, cf. Section 3.2. The corresponding gluonic OMEs
Aéz o and qu o were calculated in Ref [129], where they were used within a VFENS de-
scription of heavy flavors in high—energy scattering processes, see Section 3.3. In these
calculations, the integration—by—parts technique, [283], has been applied to reduce the
number of propagators occurring in the momentum integrals. Subsequently, the integrals
were calculated in z—space, which led to a variety of multiple integrals of logarithms, par-
tially with complicated arguments. The final results were given in terms of polylogarithms
and Nielsen—integrals, see Appendix C.4. The quarkonic terms have been confirmed in
Ref. [128], cf. also [284], where a different approach was followed. The calculation was
performed in Mellin—/V space and by avoiding the integration—by—parts technique. Using
representations in terms of generalized hypergeometric functions, the integrals could be
expressed in terms of multiple finite and infinite sums with one free parameter, N. The
advantage of this approach is that the evaluation of these sums can be automatized us-
ing various techniques, simplifying the calculation. The final result is then obtained in
Mellin-space in terms of nested harmonic sums or Z-sums, cf. [142,143] and Appendix
C.4. An additional simplification was found since the final result, e.g., for Ag; can be
expressed in terms of two basic harmonic sums only, using algebraic, [146], and structural
relations, [147,148], between them. This is another example of an observation which
has been made for many different single scale quantities in high—energy physics, namely
that the Mellin—space representation is better suited to the problem than the z—space
representation.

As has been outlined in Section 4, the O(g)-terms of the unrenormalized 2-loop mas-
sive OMEs are needed in the renormalization of the 3—loop contributions. In this Section,
we calculate these terms based on the approach advocated in Ref. [128], which is a new
result, [130,137]. Additionally, we re—calculate the gluonic OMEs up to the constant
term in ¢ for the first time, cf. [129,130]. Example diagrams for each OME are shown in
Figure 8.

In Section 6.1, we explain how the integrals are obtained in terms of finite and infinite
sums using representations in terms of generalized hypergeometric functions, cf. [285,286]
and Appendix C.2. For the calculation of these sums we mainly used the MATHEMATICA—-
based program Sigma, [153, 154], which is discussed in Section 6.2. The results are pre-
sented in Section 6.3. Additionally, we make several remarks on the MOM-scheme, which
has to be adopted intermediately for the renormalization of the coupling constant, cf.
Section 4.4. In Section 6.4, different checks of the results are presented.

6.1 Representation in Terms of Hypergeometric Functions

All diagrams contributing to the massive OMEs are shown in Figures 1-4 in Ref. [126] and
in Figures 3,4 in Ref. [129], respectively. They represent 2—point functions with on—shell
external momentum p, p> = 0. They are expressed in two parameters, the heavy quark
mass m and the Mellin—parameter N. Since the mass can be factored out of the integrals,
the problem effectively contains a single scale. The parameter N represents the spin of
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e f R AP

(Qe) (g9, Q) (28.Q) (NS) (Qg, PS)

Figure 8: Examples for 2—loop diagrams contributing to the massive OMEs. Thick lines:
heavy quarks, curly lines: gluons, full lines: quarks.

the composite operators, (2.86)—(2.88), and enters the calculation via the Feynman-rules
for these objects, cf. Appendix B.

Since the external momentum does not appear in the final result, the corresponding
scalar integrals reduce to massive tadpoles if one sets N = 0. In order to explain our
method, we consider first the massive 2-loop tadpole shown in Figure 9, from which all
OME:s can be derived at this order, by attaching 2 outer legs and inserting the composite
operator in all possible ways, i.e., both on the lines and on the vertices.

%1 Vs

Figure 9: Basic 2—-loop massive tadpole

In Figure 9, the wavy line is massless and the full lines are massive. Here v; labels
the power of the propagator. We adopt the convention v; ; = v; + ... + v; etc. The
corresponding dimensionless momentum integral reads in Minkowski—space

//deldeg (dm)*(—1)"125~ ! (m?)¥ize— D 6.1)
A (R — w2} (8 — 1) (8 — ) |

where we have attached a factor (4m)*(—1)"»~! for convenience. Using standard
Feynman—parametrization and Eq. (4.3) for momentum integration, one obtains the fol-
lowing Feynman-—parameter integral

A l+a/2 v2(1 — vo3—3—¢e/2,,v3—1 1— vig—3—¢/2
I - F[V123 8] // ddy ( = z) y*'(1—-y) 7

Vi, Va, V3 ) (1_$y)V123 d—e

(6.2)

which belongs to the class of the hypergeometric function 3F» with argument z = 1, see
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Appendix C.2. Applying Eq. (C.19), one obtains

00 i g —4—€,24¢€/2 — vy, —2—¢€/2, —2_¢£/2
L = Sfexp(z C—,gz)r V123 ) +€/2 — vy, a3 /2,19 /
=2 ! — &, V1, V2, V3, V193 — 2 —€/2

x 3 F) (6.3)

V123—4—€,2+€/2—V2,1/3.1
V3,I/123—2—€/2 ’ ’

where we have used Eq. (4.8). The term v3 in the argument of the 3F5 cancels between
nominator and denominator and thus one can use Gauss’s theorem, Eq. (C.16), to write
the result in terms of ['-functions

I - T Vi3 —4—¢e,24¢e/2 =1y, —2—€/2 193 —2 —¢/2
t 1—€,2+6/2,V1,V3,I/123+1/2—4—6

S? exp (f: %é) .

- (6.4)

This calculation is of course trivial and Eq. (6.4) can be easily checked using MATAD,
cf. Ref. [164] and Section 7.2. Next, let us consider the case of arbitrary moments in
presence of the complete numerator structure. Since the final result contains the factor
(A.p)N, one cannot set p to zero anymore. This increases the number of propagators and
hence the number of Feynman-parameters in Eq. (6.2). Additionally, the terms (A.q)*
in the integral lead to polynomials in the Feynman—parameters to a symbolic power in
the integral, which can not be integrated trivially. Hence neither Eq. (C.19) nor Gauss’s
theorem can be applied anymore in the general case.

However, the structure of the integral in Eq. (6.2) does not change. For any diagram
deriving from the 2-loop tadpole, a general integral of the type

(1= 2)ye(1 —y
I, = CZ// dxdy (1x—xy /d21 /alzz x,Y, 21 . zz,N) (6.5)

is obtained. Here P is a rational function of x,y and possibly more parameters z;...z;.
N denotes the Mellin—parameter and occurs in some exponents. Note that operator
insertions with more than two legs give rise to additional finite sums in P, see Appendix
B. For fixed values of N, one can expand P and the integral I turns into a finite sum
over integrals of the type I;. The terms v; in these integrals might have been shifted by
integers, but after expanding in e, the one—fold infinite sum can be performed, e.g., using
the FORM-based code Summer, [143].

To illustrate the sophistication occurring once one keeps the complete dependence on
N in an example, we consider the scalar integral contributing to AQ shown in Figure 8.
After momentum integration, it reads

(Ap N— 21‘\ //// u)75/2 75/2(1 _ )5/271
I3 = dudzdyd
’ (4m)*+e(m?2)l—= uzym (1 —u+uz)=2(x—y)

<zyu + (1 — zu)) <(1 —u)r + uy) Nl] : (6.6)

where we have performed the finite sum already, which stems from the operator insertion.
Here and below, the Feynman-parameter integrals are carried out over the respective
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unit-cube. This integral is of the type of Eq. (6.5) and the term x — y in the denominator
cancels for fixed values of N. Due to the operator insertion on an internal vertex, it
is one of the more involved integrals in the 2-loop case. For almost all other integrals,
all but two parameters can be integrated automatically, leaving only a single infinite
sum of the type of Eq. (6.3) with N appearing in the parameters of the hypergeometric
function, cf. e.g. [128,284,287]. In order to render this example calculable, suitable
variable transformations, as, e.g., given in Ref. [270], are applied, [128,284]. Thus one
arrives at the following double sum

AT N 6 o o S o) FE TRV
o = it 2 g 2 () o)

J
DOPG+1-5  BO-51+5) [1-egj+1
TG+2-e)T(G+1+%) j Tl e2-5
S2APN T 1 o)
(i Gy U4 18 0@} o)

Note that in our approach no expansion in ¢ is needed until a sum-representation of
the kind of Eq. (6.7) is obtained. Having performed the momentum integrations, the
expressions of almost all diagrams were given in terms of single generalized hypergeometric
series 3F5 at z = 1, with possibly additional finite summations. These infinite sums could
then be safely expanded in ¢, leading to different kinds of sums depending on the Mellin—
parameter N. The summands are typically products of harmonic sums with different
arguments, weighted by summation parameters and contain hypergeometric terms 2!,
like binomials or Beta—function factors B(NV, i), cf. Eq. (C.9). Here i is a summation—
index. In the most difficult cases, double sums as in Eq. (6.7) or even triple sums were
obtained, which had to be treated accordingly. In general, these sums can be expressed in
terms of nested harmonic sums and (—values. Note that sums containing Beta—functions
with different arguments, e.g. B(i,i), B(N + 4,i), usually do not lead to harmonic
sums in the final result. Some of these sums can be performed by the existing packages
(143,149, 150]. However, there exists so far no automatic computer program to calculate
sums which contain Beta—function factors of the type B(N, i) and single harmonic sums
in the summand. These sums can be calculated applying analytic methods, as integral
representations, and general summation methods, as encoded in the Sigma package [151—
154]. In the next Section, we will present details on this.

Before finishing this Section, we give the result in terms of harmonic sums for the
double sum in Eq. (6.7) applying these summation methods. The O(g°) of Eq. (6.7) is
needed for the constant term agé, cf. Refs. [128,287]. The linear term in ¢ reads

1 AN+1, S 4
L) = |28t 28k S - o5

(6.8)

where we adopt the notation to take harmonic sums at argument N, if not stated other-
wise.

21 f(k) is hypergeometric in k iff f(k+1)/f(k) = g(k) for some fixed rational function g(k).
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6.2 Difference Equations and Infinite Summation

Single scale quantities in renormalizable quantum field theories are most simply repre-
sented in terms of nested harmonic sums, cf. [142,143] and Appendix C.4, which holds
at least up to 3-loop order for massless Yang—Mills theories and for a wide class of
different processes. This includes the anomalous dimensions and massless Wilson co-
efficients for unpolarized and polarized space- and time-like processes to 3—loop order,
the Wilson coefficients for the Drell-Yan process and pseudoscalar and scalar Higgs—
boson production in hadron scattering in the heavy quark mass limit, as well as the
soft- and virtual corrections to Bhabha scattering in the on—mass—shell-scheme to 2-loop
order, cf. [95,115,124, 125,138,144, 145]. The corresponding Feynman—parameter inte-
grals are such that nested harmonic sums appear in a natural way, working in Mellin
space, [147,148]. Single scale massive quantities at 2 loops, like the unpolarized and
polarized heavy-flavor Wilson coefficients in the region Q% > m? as considered in this
thesis, belong also to this class, [126-128, 157,160, 165,287-289]. Finite harmonic sums
obey algebraic, cf. [146], and structural relations, [147], which can be used to obtain
simplified expressions and both shorten the calculations and yield compact final results.
These representations have to be mapped to momentum-fraction space to use the respec-
tive quantities in experimental analyzes. This is obtained by an Mellin inverse transform
which requires the analytic continuation of the harmonic sums w.r.t. the Mellin index
N € C, [147,148,210].

Calculating the massive OMEs in Mellin space, new types of infinite sums occur if
compared to massless calculations. In the latter case, summation algorithms as Sum-
mer, [143], Nestedsums, [149], and Xsummer, [150], may be used to calculate the respec-
tive sums. Summer and Xsummer are based on FORM, while Nestedsums is based on
GiNaC, [290]. The new sums which emerge in [128,137,157,287-289] can be calculated in
different ways. In Ref. [128,157], we chose analytic methods and in the former reference
all sums are given which are needed to calculate the constant term of the massive OMEs.
Few of these sums can be calculated using general theorems, as Gauss’ theorem, (C.16),
Dixon’s theorem, [285], or summation tables in the literature, cf. [143,291].

In order to calculate the gluonic OMEs as well as the O(g)-terms, many new sums
had to be evaluated. For this we adopted a more systematic technique based on difference
equations, which are the discrete equivalent of differential equations, cf. [292]. This is a
promising approach, since it allowed us to obtain all sums needed automatically and it
may be applied to entirely different single—scale processes as well. It is based on applying
general summation algorithms in computer algebra. A first method is Gosper’s telescoping
algorithm, [293], for hypergeometric terms. For practical applications, Zeilberger’s exten-
sion of Gosper’s algorithm to creative telescoping, [294,295], can be considered as the
breakthrough in symbolic summation. The recent summation package Sigma, [151-154],
written in MATHEMATICA opens up completely new possibilities in symbolic summation.
Based on Karr’s II¥-difference fields, [296], and further refinements, [151,297], the pack-
age contains summation algorithms, [298], that allow to solve not only hypergeometric
sums, like Gosper’s and Zeilberger’s algorithms, but also sums involving indefinite nested
sums. In this algebraic setting, one can represent completely algorithmically indefinite
nested sums and products without introducing any algebraic relations between them.
Note that this general class of expressions covers as special cases the harmonic sums or
generalized nested harmonic sums, cf. [155,299-301]. Given such an optimal representa-
tion, by introducing as less sums as possible, various summation principles are available
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in Sigma. In this work, we applied the following strategy which has been generalized from
the hypergeometric case, [295,302], to the II3-field setting.

1. Given a definite sum that involves an extra parameter /N, we compute a recurrence
relation in N that is fulfilled by the input sum. The underlying difference field
algorithms exploit Zeilberger’s creative telescoping principle, [295,302].

2. Then we solve the derived recurrence in terms of the so-called d’Alembertian solu-
tions, [295,302]. Since this class covers the harmonic sums, we find all solutions in
terms of harmonic sums.

3. Taking the initial values of the original input sum, we can combine the solutions
found from step 2 in order to arrive at a closed representation in terms of harmonic
sums.

In the following, we give some examples on how Sigma works. A few typical sums we had
to calculate are listed in Appendix D and a complete set of sums needed to calculate the
2-Loop OMEs up to O(e) can be found in Appendix B of Refs. [128,137]. Note that in
this calculation also more well-known sums are occurring which can, e.g., be easily solved
using Summer.

6.2.1 The Sigma-Approach

As a first example we consider the sum

Ty (N) ; %Sm&w +1) . (6.9)

We treat the upper bound of the sum as a finite integer, i.e., we consider the truncated

version
a

Ti(a,N) = 2%51@)51(]\74'@7

i=1
for a € N. Given this sum as input, we apply Sigma’s creative telescoping algorithm and
find a recurrence for Ti(a, N) of the form

co(N)T(a,N)+...cq(N)T(a, N +d) = q(a, N) (6.10)

with order d = 4. Here, the ¢;(N) and ¢(a, N) are known functions of N and a. Finally,
we perform the limit a — co and we end up at the recurrence

~ N(N + 1)(N + 2)2{4N5 + 68N* + 455N3 + 1494N? + 2402N + 1510}T1(N)
— (N +1)(N +2)(N + 3){16N5 + 260N* + 1660N® + 5188N> + 7912N + 4699}
X Ty (N + 1)+ (N +2)(N +4)(2N + 5){4N6 + TAN® + 542N* + 1978 N? + 3680 N>
+ 3103N + 767}T1(N +2) + (N +4)(N + 5){16N6 + 276 N° + 1928 N* 4 6968 N>
+ 13716N2 + 13929N + 5707}T1(N +3) — (N +4)(N + 5N + 6){4N5 + 48N*

+223N3 4 49TN? + 527N + 211}T1(N +4) = Pi(N) + Po(N)Sy(N)
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where
Pi(N) = <32N18 + 1232N'7 + 21512N16 + 223472N1'° + 1514464 N + 6806114N "

+ 1866677T0ON'? + 15297623 Nt — 116877645N'° — 641458913 N° — 1826931522 N8
— 3507205291 N7 — 4825457477N° — 4839106893 N> — 3535231014 N*

— 1860247616 N? — 684064448 N? — 160164480N — 17395200)
J(N*(N +1)*(N +2)*(N + 3)*(N +4)(N +5))
and
Py(N) = —4((4N14 + 150N 4 2610N'2 + 27717N™ + 199197N'0 + 1017704 N?
+ 3786588 N® + 10355813 N7 4 20779613 N® + 30225025 N° + 31132328 N*
+ 21872237N? 4 9912442N? + 2672360N + 362400>
J(N?*(N +1)*(N +2)*(N + 3)(N +4)(N +5)) .

In the next step, we apply Sigma’s recurrence solver to the computed recurrence and find
the four linearly independent solutions
1 (=1~
hi(N)= ——. ho(N) =
N = 5 1) N(N +1)(N +2)’
ha(V) Sy (N) (1+ (N +1)S1(N))
’ N+2 N(N +1)2(N+2) ’

ha(N) = (=)

of the homogeneous version of the recurrence and the particular solution

2(—1)N
N 25 51(N)—35_3(N) =25 _5(N)S1(N) — (S1(N
p( ) N(N+1)(N+2) 2,1( ) 3( ) 2( ) 1( ) CQ 1( )
255(N) + ¢ S3(N) —¢3 Sa(N) — (o
—(3— ——>=| =2 — N
G N+1 N +2 Ntz )
2+7N+7N2+5N3+N4S (N)+22+7N+9N2+4N3+N4
N3(N+13(N+2) ' NA(N + 1)3(N +2)
of the recurrence itself. Finally, we look for constants cy, ..., cs such that

Tl(N) =C ]’LI(N> + o hg(N) + c3 hg(N) + ¢y h4(N) —i—p(N) .
The calculation of the necessary initial values for N = 0,1, 2,3 does not pose a problem
for Sigma and we conclude that ¢; = ¢o = ¢3 = ¢4 = 0. Hence the final result reads
2(—1)N
N(N 4+ 1)(N +2)

Ti(N) 25 21(N) = 35_3(IN) — 25_2(N)S1(N) — (25:1(N)

250N +G| SN =G SN =Gy

—G N+1 N +2 N +2
2+7N+7N2+5N3+N4S(N)+22+7N+9N2+4N3+N4
N3(N+13(N+2) ' NN + 1)3(N +2)

1(NV)

(6.11)
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Using more refined algorithms of Sigma, see e.g. [303], even a first order difference equation
can be obtained

(N +2)T7(N) — (N +3)T1(N +1)

_ o (DY (_ 3N +4 (§2+28_2(N)>—2{’3—25_3(N)—2C251(N)

N(N+2)\ (N+1)(N+2)
N6 4+ 8N5 + 31N* + 66 N3 + 88N? + 64N + 16
—451 5(N) | +
N3(N + 1)2(N + 2)3
Sy(N) — G N 2N5 + 5N* + 21N3 + 38N% 4+ 28N + 8
N +1 N4(N + 1)2(N + 2)? '

S1(N)

_l_

(6.12)

However, in deriving Eq. (6.12), use had to be made of further sums of less complexity,
which had to be calculated separately. As above, we can easily solve the recurrence and
obtain again the result (6.11). Here and in the following we applied various algebraic
relations between harmonic sums to obtain a simplification of our results, cf. [146].

6.2.2 Alternative Approaches
As a second example we consider the sum
= S%i+ N)
Ty(N) = Z_; =, (6.13)

which does not contain a Beta—function. In a first attempt, we proceed as in the first
example T7(N). The naive application of Sigma yields a fifth order difference equation,
which is clearly too complex for this sum. However, similar to the situation 77(N), Sigma
can reduce it to a third order relation which reads

To(N)(N + 1) = To(N + 1)(3N? + 10N +9)
+T5(N +2)(3N? + 14N + 17) — To(N + 3)(N + 3)?

 6N® 4+ 48N* + 143N? 4 186N2 + 81N — 12 Ly IN2 TN 47 5,(N)
(N +1)2(N +2)3(N + 3)? (N+1)(N+22N+3)""
—9NS — 24N® — 116N* — 288 N3 — 386 N2 — 264N — 72
Co . (6.14)

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

Solving this recurrence relation in terms of harmonic sums gives a closed form, see (6.20)
below. Still (6.14) represents a rather involved way to solve the problem. It is of advantage
to map the numerator S7(i+ NV) into a linear representation, which can be achieved using
Euler’s relation

S2(N) = 2S5,4(N) = Soq(N), a >0 . (6.15)

This is realized in Summer by the basis—command for general-type harmonic sums,

L) =3 25110 + N) = Sr(i + N)

72

(6.16)

i=1
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As outlined in Ref. [143], sums of this type can be evaluated by considering the difference

D) = T -Tli-) =23 MY o an

— J+1)
The solution is then obtained by summing (6.17) to

ZD2 + T5(0) . (6.18)

The sums in Eq. (6.17) are now calculable trivially or are of less complexity than the
original sum. In the case considered here, only the first sum on the left hand side is not
trivial. However, after partial fractioning, one can repeat the same procedure, resulting
into another difference equation, which is now easily solved. Thus using this technique, the
solution of Eq. (6.13) can be obtained by summing two first order difference equations
or solving a second order one. The above procedure is well known and some of the
summation—algorithms of Summer are based on it. As a consequence, infinite sums with
an arbitrary number of harmonic sums with the same argument can be performed using
this package. Note that sums containing harmonic sums with different arguments, see e.g
Eq. (6.21), can in principle be summed automatically using the same approach. However,
this feature is not yet built into Summer. A third way to obtain the sum (6.13) consists
of using integral representations for harmonic sums, [142]. One finds

e ([

i=1

2M[(M>+Lig(x)] (N +1)

11—z

1—2z

- (M[ln(w) LiQ(x)] (N+1)+ c;) . (6.19)

Here the Mellin—transform is defined in Eq. (2.65). Eq. (6.19) can then be easily calculated
since the corresponding Mellin—transforms are well-known, [142]. Either of these three
methods above lead to

17
T,(N) = 103 + 48, (N)Gs + SHN)G — S5(N)Go — 251 (N)Saa(N) — Saa(N) . (6:20)
As a third example we would like to evaluate the sum

Ty(N) = i i+ NS0 (6.21)

- 2
=1

Note that (6.21) is divergent. In order to treat this divergence, the symbol oy, cf.
Eq. (C.35), is used. The application of Sigma to this sum yields a fourth order difference
equation

(N +1)*(N +2)T5(N) — (N +2) (4N? + 15N + 15) To(N + 1)

+(2N +5) (BN? + 15N + 20) To(N +2) — (N +3) (4N? + 25N + 40) To(N + 3)

+(N + 3)(N +4)*To(N + 4)
_ ON°473N! 4 320N + 84N + G4SN + 215 6N+ 19N +9 )
(N 4+ 1)2(N +2)2(N + 3)? (N+1)(N+2)(N+3)" "7
(6.22)
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which can be solved. As in the foregoing example the better way to calculate the sum is
to first change S?(: + N) into a linear basis representation

(V) Z 2511(i+ N) — Sa(i+ N) $.) . (6.23)

, 1
=1

One may now calculate T3(N) using telescoping for the difference

: - - 51 +5)81(1) o~ Si(d)
D = T()-T5(—-1)=2) ——————F— — 6.24
5(5) 3(j) — T3(j — 1) Zl ) Z.Zli(iﬂ)? . (6.24)
with
N
T5(N) = Dy(j) + T5(0) . (6.25)
j=1
One finally obtains
143 35%(N) — Sy(N
n) = D4 D sse + N og () shw)
S2(N)  SHN
+ST(N)Sy(N) + S1(N)S5(N) — 21 )+ 151 ) (6.26)
6.3 Results
For the singlet contributions, we leave out an overall factor
_1\NV
# (6.27)

in the following. This factor emerges naturally in our calculation and is due to the fact that
in the light—cone expansion, only even values of N contribute to F, and Fp,, cf. Section 2.3.
Additionally, we do not choose a linear representation in terms of harmonic sums as was
done in Refs. [115,124,125], since these are non—minimal w.r.t. to the corresponding quasi—
shuffle algebra, [304]. Due to this a much smaller number of harmonic sums contributes.
Remainder terms can be expressed in polynomials P;(N). Single harmonic sums with
negative index are expressed in terms of the function G(N + 1), cf. Appendix C.4. For
completeness, we also give all pole terms and the constant terms of the quarkonic OMEs.
The latter have been obtained before in Refs. [126,128]. The pole terms can be expressed
via the LO—-, [46], and the fermionic parts of the NLO, [119-123], anomalous dimensions
and the 1-loop f—function, [39-41,275].

We first consider the matrix element AS;, which is the most complex of the 2-loop
OMESs. For the calculation we used the projector given in Eq. (4.22) and therefore have
to include diagrams with external ghost lines as well. The 1-loop result is straightforward
to calculate and has already been given in Egs. (4.111, 4.113). As explained in Section 4,
we perform the calculation accounting for 1-particle reducible diagrams. Hence the 1—
loop massive gluon self-energy term, Eq. (4.84), contributes. The unrenormalized 2-loop
OME is then given in terms of 1-particle irreducible and reducible contributions by

~(2) ~(2),1rT ~(1) . 5.2
A IO (o,m ) . (6.28)

AQg = AQQ — Qg F
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Using the techniques described in the previous Sections, the pole-terms predicted by
renormalization in Eq. (4.112) are obtained, which have been given in Refs. [126, 12§]
before. Here, the contributing 1-loop anomalous dimensions are

3N? + 3N + 2
O — 4CR{ 28, — 6.29
Tag F{ TNt (O (6.29)
N2+ N+2
0 — 8T 6.30
Tag FNINF (N +2)° (6.30)
2(N?*+ N +1)
O = 8Cu{ S, — -2 6.31
Tag A{ ! (N—1)N(N+1)(N+2)} bo (6:31)
and the 2-loop contribution reads
N2+ N+2 4 P
S = RCRTRS 2 Sy — 82 + —5, — -
as 4 F{ NN S S s w9
N2+ N+2
16C 4T, Sy + 87— 283 —
H6Ca F{N(N+1)(N+2) [S2+ 57 - 26" = ]
42N +3)S P, (6.32)
(N+1)2(N+2)2 (N—1DN3(N+13N+2)3 (" '
P, = 5NS 4+ 15N° 4+ 36N* +51N3 +25N% + 8N +4 |
P, = N?46N®+15N7 4+ 25N + 36N° 4 85N* + 128 N3
+104N? + 64N + 16 . (6.33)

These terms agree with the literature and provide a strong check on the calculation. The
constant term in ¢ in Eq. (4.112) is determined after mass renormalization, [126,128,284].

3N +2

2
N2(N +2) 51

@ 4(N? + N +2) B @
o) = TFCF{3N<N+1>(N+2)(483 35,5, — S 651C2>+4

+4N4+17N3+ 17N? —5N—2S +2(3N2+3N+2)(N2+N+2)C
N2(N 4+ 1)2(N +2) ? N2(N + 1)2(N +2) ?
N*— N3 —20N% — 10N — 4 2Py
+4 Si+
N2(N +1)2(N +2) N4(N +1)4(N +2)
2(N? + N +2)
T, —24S_ " +1655 — 243 1 257
—9C>—16 N’-N-4 7N5+21N4+13N3+21N2+18N+16‘S
’ (N + 1)2(N +2)? (N — 1)N2(N + 1)2(N + 2)2 ?
_4N3+8N2+11N+2S2_ N4—2N3+5N2+2N+2<
N(N+12(N+2)2 "' "(N—1)N2(N+1)2(N+2)"°
4P, 4Ps
— 34
NV TP T (V= 1)N4(N+1)4(N+2)4} ’ (6.34)
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where the polynomials in Eq. (6.34) are given by
Py = 12N®+52N" 4 132N° + 216N° + 191N* + 54N° — 25N?

—20N — 4, (6.35)
Py = N°+4+8N°+23N*+54N? + 94N + 72N + 8, (6.36)
P; = 2N 4+ 20N" + 86N + 192N 4 199N® — N7 — 297N® — 495N

—514N* — 488N? — 416 N? — 176N — 32 . (6.37)

The newly calculated O(g) contribution to Ag;, [137], reads after mass renormalization

1
2

N2+ N+2

=(2)  _ 2
e = TFCF{N(N+1)(N+2) %

4
(1652,1,1 — 8851 — 8151 + 354 — 2551 —

N% —3N —2
N2(N +1)(N +2)
2 3N+2 _; 23N*+48N3443N? — 22N —38 3N +2
+ - 1 — 83 + 2—5281
3N2(N +2) 3 N2(N + 1)2(N +2) N2(N +2)

Sy . 2(N?+4 N +2)(3N2+3N +2) Py
ety MW N+ ¢ VN AN 1 2)
N* —5N® —32N? — 18N —4 ., ,2N° —2N*' — 1IN® — 19N — 44N — 12
N2(N +1)2(N +2) L N2(N +1)3(N +2) !
5N6 + 15N° + 36N* 4+ 51N3 + 25N + 8N + 4 P;
B N3(N +1)3(N + 2) G- N5(N 4+ 1)5(N + 2)

1 8
~$,57 = =St +26:5, - 2657 - gggsl) _g S

S

+4

N2 4+ N+2
N(N +1)(N +2)

2
+TFCA{ (165—2,1,1 — 45511 — 8531 —85_99 — 4531 — gﬂ”/

40 1 1

+98, — 165515 + 35183 +43"8, — 83’ S, + 553 —83'S? 4+ 5525, + 65;‘
N?24+ N -1

(N +1)2(N +2)

10 17
3 516 — 256 — 257G~ 418Gy — G3) -8 G5

4(N? — N — 4) 2N3+8N? + 11N +2
—48 "o 4 / = 3
(N+1)2(N+2)2( Soaa B —45S)) - 3 NN+ 12N +2)2 1
_§N5+10N4+9N3+3N2+7N+6S +8N4+2N3+7N2+22N+205’
3 (N—1)N2(N+12(N+22 °° (N + 1)3(N +2)3
+23N3 —12N? — 27N — 256 2 9N° — 10N* — 11N? 4+ 68N?% + 24N + 16
N(N+12(N+2)2 ' 3 (N — 1)N2(N + 1)2(N +2)2 ’
_ PsS, _ P1oS? n 2P;15,
(N=1)N3(N+13(N+2)3 N(N+1)3(N+2)2 N(N+1HN+2)*
. 2P9g2 . 2P12 (6 38)
(N —1)N3(N +1)3(N +2)2 (N —1)N3(N +1)5(N +2)5 [’ '

with the polynomials
Ps = 3N°®430N° +15N* — 64N? — 56 N? — 20N — 8, (6.39)

85



P, = 24N 4 136 N? + 395N8 + 704N7 + 739N® + 407N® + 87N*

+27N? + 45N? + 24N + 4 | (6.40)
Py = N?+21N®4+85N™ 4+ 105N° + 42N° + 290N* + 600N + 456 N>
+256N + 64 | (6.41)
Py = (N*+3N?+12N +4)(N° = N* +5N? + N +2) | (6.42)
Py = N°+6N°+7N*+4N®+ 18N + 16N — 8 , (6.43)
Py = 2N®+22N7 4+ 117N° + 386 N° + 7T59N* + 810N? + 396 N2
+72N + 32, (6.44)

Py, = AN +50N" 4+ 267N + 765N + 1183 N + 682N — 826 N*
—1858N® — 1116 N7 + 457NS + 1500N? + 2268 N* + 2400N3
+1392N? + 448N + 64 . (6.45)

Note that the terms oc (3 in Eq. (6.34) and o< (3 in Eq. (6.38) are only due to the
representation using the S —functions and are absent in representations using harmonic
sums. The results for the individual diagrams contributing to Ag; can be found up to
O(£") in Ref. [128] and at O(e) in Ref. [137].

Since harmonic sums appear in a wide variety of applications, it is interesting to study
the pattern in which they emerge. In Table 1, we list the harmonic sums contributing to
each individual diagram ?2. The 3-function and their derivatives can be traced back to

Table 1: Complexity of the results for the individual diagrams contributing to Ag;

[ Diagram [ S1 [ S2 [ Ss | Sa [ S_o [ S5 [ S—4 [ So1 | S—21 | S—22 [ S31 | S—s,1 | S2,1,1 | S—2,1.1 ||
A + ]+
B + |+ + ]+ + + +
c + |+
D + |+ |+ +
E + |+ |+ +
F + |+ |+ ]+ + +
G + |+ |+ +
H + |+ |+ +
1 I T + + + + + + + + +
J + |+
K + |+
L o+ + ]+ + + +
M + |+
N +l+ |+ |+ + + + + + + + + + +
o o+ |+ |+ + + +
P et + + +
s + |+
T + |+

the single non—alternating harmonic sums, allowing for half-integer arguments, cf. [142]
and Appendix C.4. Therefore, all single harmonic sums form an equivalence class being
represented by the sum S7, from which the other single harmonic sums are easily derived
through differentiation and half-integer relations Additionally, we have already made use
of the algebraic relations, [146], between harmonic sums in deriving Eqgs. (6.34, 6.38).
Moreover, the sums S_s9 and Ss; obey structural relations to other harmonic sums,
i.e., they lie in corresponding equivalence classes and may be obtained by either rational
argument relations and/or differentiation w.r.t. N. Reference to these equivalence classes
is useful since the representation of these sums for NV e C needs not to be derived newly,

22Cf. Ref. [126] for the labeling of the diagrams.
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except of straightforward differentiations. All functions involved are meromorphic, with
poles at the non—negative integers. Thus the O(g”)—term depends on two basic functions
only, S; and S_5; ?*. This has to be compared to the z—space representation used in
Ref. [126], in which 48 different functions were needed. As shown in [142], various of
these functions have Mellin transforms containing triple sums, which do not occur in
our approach even on the level of individual diagrams. Thus the method applied here
allowed to compactify the representation of the heavy flavor matrix elements and Wilson
coefficients significantly.
The O(e)-term consists of 6 basic functions only, which are given by

{Sla 527 S37 S47 5727 3737 574}7 52,17 572,17 573,17 52,1,17 572,1,1 ) (646>
S_99 :+ dependson S_yi, S_3;
Sg 1 . depends on 5271 .

The absence of harmonic sums containing {—1} as index was noted before for all other
classes of space— and time-like anomalous dimensions and Wilson coefficients, including
those for other hard processes having been calculated so far, cf. [95,144,145]. This can not
be seen if one applies the z—space representation or the linear representation in Mellin—
space, [109].

Analytic continuation, e.g., for S_,; proceeds via the equality,

M {IIIQT(?} (N +1) = GA(N +1) = (—1)N! {S_m(N) + §<3:| (6.47)

with similar representations for the remaining sums, [142] 2*.

As discussed in [127], the result for CLS; agrees with that in z—space given in Ref. [126].

However, there is a difference concerning the complete renormalized expression for Ag;.
This is due to the scheme-dependence for the renormalization of the coupling constant,
which has been described in Sections 4.4, 5.1 and emerges for the first time at O(a?).
Comparing Eq. (4.114) for the renormalized result in the MS-scheme for the coupling
constant with the transformation formula to the MOM-scheme, Eq. (5.12), this difference
is given by

A(2),7S . A(Z),MOM Azgg)l 2 m? 4
Qg - Qg _6@@7 I F . (6.48)

As an example, the second moment of the massive OME up to 2-loops reads in the
MS—scheme for coupling constant renormalization

e e 4 m? 2 22 16 16 m
MS _ MS MS 2
dag = o {_§TFIH<M2>}+% {TF[9CA_ 9CF_ 9TF} In <u2>

2

70 148 m 7 1352
+ Tp [—2—70,4 — 2—70F] ln<?> — §CATF + WCFTF} ; (6.49)

23The associated Mellin transform to this sum has been discussed in Ref. [121] first.
24Note that the argument of the Mellin-transform in Eq. (36), Ref. [127], should read (N + 1).
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and in the MOM-scheme

4 m? 2 22 16 o (M2
g = o gren(E) | p - Sorlw ()

70 148 m? 7 1352
+ Tf [—2—70,4 - 2—704 1H<F> - §CATF + 8—10FTF} : (6.50)

As one infers from the above formulas, this difference affects at the 2-loop level only
the double logarithmic term and stems from the treatment of the 1-particle-reducible
contributions. In Ref. [126], these contributions were absorbed into the coupling constant,
applying the MOM-scheme. This was motivated by the need to eliminate the virtual
contributions due to heavier quarks (b, t) and was also extended to the charm—quark,
thus adopting the same renormalization scheme as has been used in Refs. [103] for the
exact calculation of the heavy flavor contributions to the Wilson coefficients. Contrary,
in Ref. [129], the MS-description was applied and the strong coupling constant depends
on ny + 1 flavors, cf. the discussion in Section 5.1.

The remaining massive OMEs are less complex than the term AS; and depend only
on single harmonic sums, i.e. on only one basic function, S;. In the PS—case, the LO and
NLO anomalous dimensions

N2+ N +2
O — _4C 6.51
Taa FINCON(N+1)° (6.51)
5N° 4+ 32N* 4+ 49N3 4+ 38N? 4+ 28N + 8
P 16Oyt T T B SO (6.52)

(N —D)N3(N + 1)3(N + 2)°

contribute. The pole-terms are given by Eq. (4.100) and we obtain for the higher order
terms in €

AP _ CFTF{— ANZ + N +2)° (25 + G) AP }
Q1 (N = )N2(N +1)2(N +2) ' (N = L)N4(N + 3N +2)3 [’
(6.53)

P = N'9Y4+8NY4+29N® +49N" — 11N® — 131N° — 161N*
—160N?® — 168N? — 80N — 16 , (6.54)

5N3 +7N? +4N + 4)(N? + 5N + 2
CFTF{_Q( )( ) (252 + <2>

(N —1)N3(N 4+ 1)3(N + 2)?

B 4(N?+ N +2)%2 (353 + (3) 2P, (6.55)
BN—DNZ(N+1X(N+2)  (N- NN+ 1(N+2) [*

Py = 5NYM 4+ 62N + 252N + 374N8 — 400N°® 4+ 38N7 — 473N°
—682N* — 904N® — 592N? — 208N — 32 . (6.56)

Since the PS-OME emerges for the first time at O(a?), there is no difference between its
representation in the MOM— and the MS-scheme. The renormalized OME Ag;Ps is given
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in Eq. (4.101) and the second moment reads
WS T 16 m? 80. /m? 3
APSMS st )20 (5) - s m(55) — 44 CrTr+ 0@ . (657
Qq Qg 9 n Hz 97 n Iug rlp+ (as ) ( )

The flavor non-singlet NLO anomalous dimension is given by

B 3N2(N +1)2

4CFT, 40 3N* + 6N +47N? + 20N — 12
SNs %{852—351+ R ) } (6.58)

The unrenormalized OME is obtained from the 1-particle irreducible graphs and the
contributions of heavy quark loops to the quark self-energy. The latter is given at O(a?)
in Eq. (4.87). One obtains

~(2),NS ~(2),Ns irred -2 2
Awe = Aue -2 (O’F) . (6.59)

Our result is of the structure given in Eq. (4.93) and the higher order terms in ¢ read

aqu = 3 —853 — 8C251 + —SQ + 2 CQ — Sl

@nNns  Crlr 40 3N2 + 3N +2 224
3 N(N +1) 9

219NS 4 657N + 1193N* + 763N® — 40N2 — 48N + 72
+ , (6.60)

18N3(N 4 1)

ons  CiTy 8 112 . 3N% 4 6N 4+ 4TN2 4 20N — 12
— 45y + 455Cs — 281Gy + —2 8
Qa0 3 { 1+ 4550 3 13 + 9 2 + 6N2(N + 1)2 2
20 20, 636, _3N?43N 42 P
51— D, 205 4o 6.61
3 %1t = 3~ oS Iy S T aeNav i [ (60U

Ps = 1551N® + 6204N" + 15338N% + 17868 N + 8319N*
+944N? + 528 N? — 144N — 432 . (6.62)

The anomalous dimensions in Egs. (6.51, 6.52, 6.58) agree with the literature.
Egs. (6.53, 6.60), cf. Ref. [128], were first given in Ref. [126] and agree with the re-
sults presented there. Egs. (6.55, 6.61), [137], are new results of this thesis. As in the PS
case, the NS OME emerges for the first time at O(a?). The corresponding renormalized

OME qu),&'g\l > s given in Eq. (4.95) and the second moment reads

2

= =2 16 128 128 =3
gt = o0 (2) - () - e 0u). o

Note that the first moment of the NS-OME vanishes, even on the unrenormalized level
up to O(e). This provides a check on the results in Eqs. (6.60, 6.61), because this is
required by fermion number conservation.

At this point an additional comment on the difference between the MOM and the
MS-scheme is in order. The MOM-scheme was applied in Ref. [126] for two different
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purposes. The first one is described below Eq. (6.50). It was introduced to absorb the
contributions of one—particle reducible diagrams and heavier quarks into the definition
of the coupling constant. However, in case of Agg)], renormalization in the MOM-scheme

and the scheme transformation from the MOM-scheme to theEfscheme accidentally
commute. This means, that one could apply Eq. (4.110) in the MS—scheme, i.e., set

aM = §aMS(ny + 1) (6.64)

from the start and obtain Eq. (4.114) for the renormalized result. This is not the case
for A((IZ)”CS‘ > As mentioned earlier, the scheme transformation does not have an effect on
this term at 2-loop order. This means that Eq. (4.91) should yield the same renormalized
result in the MOM- and in the MS-scheme. However, in the latter case, the difference of
Z—factors does not contain the mass. Thus a term

x éln(f—j) , (6.65)

which stems from the expansion of the unrenormalized result in Eq. (4.93), can not be
subtracted. The reason for this is the following. As pointed out in Ref. [126], the term
fl(ﬁ)g > s only UV—divergent. However, this is only the case if one imposes the condition
that the heavy quark contributions to the gluon self-energy vanishes for on—shell momen-
tum of the gluon. This is exactly the condition we imposed for renormalization in the
MOM-scheme, cf. Section 4.4. Hence in this case, the additional divergences absorbed

into the coupling are of the collinear type, contrary to the term in AS;. By applying the

transformation back to the MS-scheme, we treat these two different terms in a concise
way. This is especially important at the three—loop level, since in this case both effects
are observed for all OMEs and the renormalization would not be possible if not applying
the MOM-scheme first.

Let us now turn to the gluonic OMEs Afg{@, A;Qq%Q, which are not needed for the
asymptotic 2-loop heavy flavor Wilson coefficients. They contribute, however, in the
VFNS—description of heavy flavor parton densities, cf. Ref. [129] and Section 3.3. The
1-loop term A;lg{Q has already been given in Eqs. (4.132, 4.135). In case of Aézg)’Q, the

part

" NS+ ANT 4+ 8NO + 6N — 3N* — 22N3 — 10N? — 8N — 8
— 8CpTr
99 (N—D)N3(N + 1)3(N +2)

3204T, 3N + 9N + 22N + 29N3 + 41N? + 28N + 6
+¢{—5Sl+ oA i - i +} (6.66)

9 (N —1)N2(N +1)%(N +2)

of the 2-loop anomalous dimension is additionally needed. As for Ag;, the massive parts
of the gluon self-energy contribute, Eqs. (4.84, 4.85). The unrenormalized OME at the
2-loop level is then given in terms of reducible and irreducible contributions via

~(2) ~@irred L) m2 . m2
_ (1 2
Ayo = Ao — Aol )<o, _u2> —11¢ ><0, _u2> . (6.67)
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In the unrenormalized result, we observe the same pole structure as predicted in

Eq. (4.133). The constant and O(e) contributions al? ) and 5;262 are

99,Q
@) 8 16(N? + N 4+ 1)¢ 56N + 47
= TpCy{ —5GS —4 S
“99.0 F A{ 5021 F 3AIN-O)N(N+1)(N+2) 27(N+1)""

2P
TN )NV + 1PN + 2)

A(N? + N +2)°G Pi7
+TFCF{ (N— DN (N + 12(N+2) (N — 1NN + 1)i(N + 2) } - (6.68)

o 8 20 16(N?+ N +1 2N +1
U = TFCA{_§<351 T es T 9(N — 1()N(N + 1)(137 + 2)43 T 1)52
sy 2328N4 + 256 N3 — 247TN? — 175N + 54 5
3(N +1) 81(N — 1)N(N +1)? !
. 4PsCo . P }
9N —1)N2(N 4+ 1)2(N +2)  81(N — 1)N*(N + 1)4(N +2)
{ 4(N? + N + 2)%¢3 PooCa
+TxCr +
3(N—-1)N2(N+12(N+2) (N—-1)N3(N+1)3(N+2)
P21
TN )NV + 15N +2) } ’ (6.69)
P = 15N®4+60N7 + 572N + 1470N° + 2135N*
+1794N? 4+ 722N? — 24N — 72 , (6.70)
Py = 15N 4+ 75N% + 112N% + 14N7 — 61N® + 107N° + 170N* 4 36 N3
—36N% — 32N — 16, (6.71)
Pg = 3N®4+9N° 4+ 22N* +29N3 + 41N? + 28N +6 , (6.72)
Py = 3N+ 15N 4+ 3316N® + 12778 N7 + 22951 N + 23815N° + 14212N*
+3556 N — 30N? 4 288N + 216 , (6.73)
Py = N®+4N"+8N®+6N° —3N* —22N? — 10N? —8N — 8, (6.74)
Py = 31N 4+ 186N 4 435N'0 4 438N — 123N® — 1170N" — 1527N°®
—654N° + 88N* — 136 N? — 96N — 32 . (6.75)

We agree with the result for aézg{Q given in [129], which is presented in Eq. (6.68). The

new term E;?,Q, Eq. (6.69), contributes to all OMEs Ag’) through renormalization. The
renormalized OME is then given by Eq. (4.136). Since this OME already emerges at LO,
the O(a?) term changes replacing the MOM- by the MS-scheme. The second moment in

the MS-scheme reads

2 2

s wis | 4 m T2 22 16 16 m
MS _ MS MS 2
Agg,Q = G {gTF hl(ﬁ)} + ag {TF [—5014 + §CF + gTF] In <?)
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148 2 1352 -
+ TF[ Ca+ 2—70F] 1n<’: ) 4L OATF - —CFTF} + O™ . (6.76)

In the MOM-scheme it is given by

2

4, (m? ) 22 16,7, ,(m
Avon aIS“OM{gTF ln<ﬁ>} + o {TF [~ 5 Cat 50| In (F>

70 148 2 1352
+ Tr[gCa+ - Cr| (%) + 5 C’ATF - —CFTF} O(a™?) (6.77)
The difference between the schemes reads
2
(2),MS (2),MOM 2 2 (T
AggQ - Agg,Q +50,Q In (?) : (6-78)

The need for applying intermediately the MOM-scheme for renormalization becomes ob-
vious again for the term AQZQ{Q. As in the NS—case, renormalization in the MS—scheme
for the coupling constant does not cancel all singularities. The remaining term is A ;LQ’

which emerges for the first time at O(a?) and the same result is obtained in the MS— and
MOM-schemes. The corresponding NLO anomalous dimension is given by

2CrT N2+ N+2 N3 +13N? + 27N + 16
7(%)_z&;F{_( +N+2)8  8N®*4+13N2+ +} (6.79)

B (N —=1)N(N +1) 3(N —1)N(N +1)2

Again, we obtain the pole terms as predicted in Eq. (4.123). The constant and O(e)

(2)

contributions Ugq 0 and @ a Q then read

4 N?4N+2
(2) — = 9 2

3 2 4L 97N + 1 P
88N3 + 13N2 + 27N + 16 8 » } (6.50)

9 (N—DN(N+12 "' 21 (N=1)N(N +1)3

2 N4+ N+2
—(2) . 4 _ _ @3 B
Tog = TFCF{Q(N_DN(N (7285~ 385 - 5 146 — 6625,

L 28N 4 18N? 4 27N 116 4 Py,
9 (N—-DN(N + 1) 27 (N —1)N(N + 1)?

e 1)4} / (681)

(242 + 5+ 52)

with
Py = 43N* 4+ 105N? + 224N? + 230N + 86 (6.82)
Py3 = 248N° +863N* 4 1927N? + 2582N? + 1820N + 496 . (6.83)
The second moment of the renormalized result, cf. Eq. (4.125), reads
2

B 32| om?y |, 208, om? | 236 7
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We agree with the result for ag])’Q given in [129], which is presented in (6.80).

Let us summarize so far. In this Section, we newly calculated the O(e) terms of the
(2)

99,Q’
Eq. (6.68), and a? | Eq. (6.80), which were given in Ref. [129] and find full agreement.

99,Q°
For completeness, we showed as well the terms aéfl)g S, ag;,Ps and ag;, which have been

calculated for the first time in Ref. [126] and were recalculated in Refs. [128,284]. The
latter terms contribute to the heavy flavor Wilson coefficients in deeply inelastic scattering
to the non power-suppressed contributions at O(a?). In the renormalization of the heavy
flavor Wilson coefficients to 3-loop order, all these terms contribute together with lower
order single pole terms. The O(a%e) contributions form parts of the constant terms of the
3-loop heavy flavor unpolarized operator matrix elements needed to describe the 3-loop
heavy flavor Wilson coefficients in the region Q? > m?.

The mathematical structure of our results is as follows. The terms dg) can be ex-
pressed in terms of polynomials of the basic nested harmonic sums up to weight w = 4
and derivatives thereof. They belong to the complexity-class of the general two-loop
Wilson coefficients or hard scattering cross sections in massless QED and QCD and are
described by six basic functions and their derivatives in Mellin space. Their analytic con-
tinuation to complex values of N is known in explicit form. The package Sigma, [151-154],
proved to be a useful tool to solve the sums occurring in the present problem and was
extended accordingly by its author.

2-loop massive OMEs. We additionally recalculated for the first time the terms a

6.4 Checks on the Calculation

There are several checks which we can use for our results. First of all, the terms up
to O(£") have been calculated in Refs. [126,129] and we agree with all unrenormalized
results. As described in Sections 6.1, 6.2, we keep the complete e~dependence until we
expand the summand of the finite or infinite sums, which serves as a consistency check
on the O(g) results.

Another test is provided by the sum rules in Eqgs. (3.37, 3.38) for N = 2, which are
fulfilled by the renormalized OMEs presented here and in Refs. [126,129]. These rules
are obeyed regardless of the renormalization scheme. We observe that they hold on the
unrenormalized level as well, even up to O(e).

For the term Ag;, we evaluated fixed moments of N for the contributing unrenormal-
ized diagrams using the Mellin0-Barnes method, [305-307], cf. also Appendix C.3. Here,
we used an extension of a method developed for massless propagators in Ref. [308] to
massive on—shell operator matrix elements, [158,287,289]. The Mellin—Barnes integrals
are then evaluated numerically using the package MB, [309]. Using this method, we cal-
culated the even moments N = 2,4,6,8 and agree with the corresponding fixed moments

of our all-N result 2. @)

For the first moment of the Abelian part of the unrenormalized term A, there exists
even another check. After analytic continuation from the even values of N to N e C is
performed, one may consider the limit N — 1. In this procedure the term (1+ (—1)")/2
equals to 1. At O(a?) the terms oc TrC4 contain 1/z contributions in momentum fraction
space and their first moment diverges. For the other contributions to the unrenormalized

25In Table 2 of Ref. [137], the moments N = 2 and N = 6 for the more difficult two—loop diagrams are
presented.
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operator matrix element, after mass renormalization to 2-loop order, the first moment
is related to the Abelian part of the transverse contribution to the gluon propagator
ITy (p?, m?)|,2—0, except the term o< T7 which results from wave function renormalization.
This was shown in [126] up to the constant term in €. One obtains

Iy (p%, m?) = a,TeIl\Y (p?, m?) + a2CrTRILY (P2, m?) + 0(&?) | (6.85)
with
1 ~(1),N=1
lim 11 (p?,m?) = -A .
Jlim 1Ty, (p*,m?) 5 Ay (6.86)
2), 2 9 1 ~(2),N=1
phTOH (p , T ) = 5 Qg |CF : (687)

Here, we extend the relation to the linear terms in €. For the first moment the double
pole contributions in ¢ vanish in Eq. (6. 87) We compare with the corresponding QED-
expression for the photon—propagator, H Wthh has been obtained in Ref. [310]. Due
to the transition from QED to QCD, the relatlve color factor at the 2-loop level has to
be adjusted to 1/4 = 1/(CrCy). After asymptotic expansion in m?/p?, the comparison
can be performed up to the linear term in . One obtains

1. 1 ;N=1 m\[8 e
lim — 11} V(1) — A - (= 24z 6.88
i IRt = g, (u) [3€+3<2] (6.89)
1oy 1 ;@nN=1 m2\° [ 4 31
lim —I1Y: — - A (M) 2 s (22
p%go p2 <p m) 2TFCF @9 ‘CF /J2 e + g 4 +<2 c

(6.89)

Additionally, we notice that the renormalized results do not anymore contain (,—terms.
The renormalized terms in Eqgs. (4.95, 4.101, 4.114, 4.125, 4.136) contain expressions pro-
portional to ¢, in the non-logarithmic contributions, which just cancel the corresponding
(o—terms in agj , cf. Egs. (6.34, 6.53, 6.60, 6.68, 6.80). For explicit examples of this
cancellation, one may compare the second moments of the renormalized OMEs presented
in Egs. (6.49, 6.50, 6.57, 6.63, 6.76, 6.77, 6.84). The latter provides no stringent test,
but is in accordance with general observations made in higher loop calculations, namely
that even (—values cancel for massless calculations in even dimensions in the renormalized
results if presented in the MS-scheme, [311]. In the present work, this observation holds
for the (s—terms in a single—scale massive calculation as well.

The most powerful test is provided by the FORM-based program MATAD, [164], which
we used to calculate fixed moments of the 2-loop OMEs up to O(g). The setup is the same
as in the 3-loop case and is explained in the next Section. At the 2-loop level we worked
in general R¢—gauges and explicitly observe the cancellation of the gauge parameter. For
the terms Ag;, A( ) we used both projection operators given in Eqs. (4.22, 4.23), which
serves as another Consistency check. In the singlet case, we calculated the even moments
N =2,4,...,12 and found full agreement with the results presented in this Section up to
O(e). The same holds in the non-singlet case, where we calculated the odd moments as
well, N =1,2,3,...,12.
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7 Calculation of Moments at O(ag)

In this Chapter, we describe the computation of the 3-loop corrections to the massive
operator matrix elements in detail, cf. [134]. Typical Feynman diagrams contributing
for the different processes are shown in Figure 10, where ® denotes the corresponding
composite operator insertions, cf. Appendix B. The generation of these diagrams with
the FORTRAN-based program QGRAF, [161], is described in Section 7.1 along with the
subsequent steps to prepare the input for the FORM-based program MATAD, [164]. The
latter allows the calculation of massive tadpole integrals in D dimensions up to three loops
and relies on the MINCER algorithm, [312,313]. The use of MATAD and the projection
onto fixed moments are explained in Section 7.2. Finally, we present our results for the
fixed moments of the 3-loop OMEs and the fermionic contributions to the anomalous
dimensions in Section 7.3. The calculation is mainly performed using FORM programs
while in a few cases codes have also been written in MAPLE.

NNV VNN

(NS) (PSH) (PS)) (qgnH) (9g1) (ga) (gg) ghost

Figure 10: Examples for 3—loop diagrams contributing to the massive operator matrix ele-
ments: NS - non-singlet, PSy - pure—singlet, singlet qgn,, gq, gg and ghost contributions.
Here the coupling of the gauge boson to a heavy or light fermion line is labeled by H and I,
respectively. Thick lines: heavy quarks, curly lines: gluons, full lines: quarks, dashed lines:
ghosts.

7.1 Generation of Diagrams

QGRAF is a quite general program to generate Feynman diagrams and allows to spec-
ify various kinds of particles and interactions. Our main issue is to generate diagrams
which contain composite operator insertions, cf. (2.86)—(2.88) and Appendix B, as spe-
cial vertices. To give an example, let us consider the contributions to AS;. Within the
light—cone expansion, Section 2.3, this term derives from the Born diagrams squared of
the photon-gluon fusion process shown in Figure 11, cf. Section 3.1 and Figure 6.

., s . RN iy

A A\ A A\ 4 A A\ A A\ 4

A ‘ o2 T

Figure 11: Diagrams contributing to H(l()2 1) via the optical theorem. Wavy lines: photons;

g7 b
curly lines: gluons; full lines: quarks.
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After expanding these diagrams with respect to the virtuality of the photon, the mass
effects are given by the diagrams in Figure 12. These are obtained by contracting the
lines between the external photons.

O QO (G

Figure 12: Diagrams contributing to AS;.

Thus, one may think of the operator insertion as being coupled to two external particles,
an incoming and an outgoing one, which carry the same momentum. Therefore, one
defines in the model file of QGRAF vertices which resemble the operator insertions in this
manner, using a scalar field ¢, which shall not propagate in order to ensure that there is
only one of these vertices for each diagram. For the quarkonic operators, one defines the
vertices

$+p+q+7+ng, 0<n<3, (7.1)

which is illustrated in Figure 13.

Figure 13: Generation of the operator insertion.

The same procedure can be used for the purely gluonic interactions and one defines in
this case

d+od+ng, 0<n<4. (7.2)

The Green’s functions we have to consider and their relation to the respective OMEs
were given in Egs. (4.18)—(4.21). The number of diagrams we obtain contributing to each
OME is shown in Table 7.1.

Term # Term # Term # Term #

(3) (3) (3),PS (3),PS
Ady 1358 A, o 140 Ay, 125 A 8

qq9,Q

Apia” 129 Aglg 89 Ay, 86

Table 2: Number of diagrams contributing to the 3—loop massive OMEs.
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The next step consists in rewriting the output provided by QGRAF in such a way, that the
Feynman rules given in Appendix B can be inserted. Thus, one has to introduce Lorentz
and color indices and align the fermion lines. Additionally, the integration momenta
have to be written in such a way that MATAD can handle them. For the latter step, all
information on the types of particles, the operator insertion and the external momentum
are irrelevant, leading to only two basic topologies to be considered at the 2-loop level,
which are shown in Figure 14.

P1

% P @Zb

P3

Figure 14: 2—-Loop topologies for MATAD, indicating labeling of momenta.

Note, that in the case at hand the topology on the right-hand side of Figure 14 always
yields zero after integration. At the 3-loop level, the master topology is given in Figure 15.

Y2
D2 Pe

P3

Figure 15: Master 3—loop topology for MATAD, indicating labeling of momenta.

From this topology, five types of diagrams are derived by shrinking various lines. These
diagrams are shown in Figure 16. Finally the projectors given in Eqs. (4.22, 4.24) are
applied to project onto the scalar massive OMEs. We only use the physical projector (4.23)
as a check for lower moments, since it causes a significant increase of the computation
time. To calculate the color factor of each diagram, we use the program provided in
Ref. [163] and for the calculation of fermion traces we use FORM. Up to this point,
all operations have been performed for general values of Mellin N and the dimensional
parameter €. The integrals do not contain any Lorentz or color indices anymore. In order
to use MATAD, one now has to assign to N a specific value. Additionally, the unphysical
momentum A has to be replaced by a suitable projector, which we define in the following
Section.
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Figure 16: Additional 3—loop topologies for MATAD.

\4

7.2 Calculation of Fixed 3—Loop Moments Using MATAD

We consider integrals of the type

1 )= [ [ s A @) )
m,ny...n;) = ) o (Algy)™ m) .
l p7 » 101 vl (27T)D (27T>D QI QJ 1 l7p7

(7.3)
Here p denotes the external momentum, p? = 0, m is the heavy quark mass, and A is a
light-like vector, A? = 0. The momenta ¢; are given by any linear combination of the

loop momenta k; and external momentum p. The exponents n; are integers or possibly
sums of integers, see the Feynman rules in Appendix B. Their sum is given by

XJ: ni=N . (7.4)

The function f in Eq. (7.3) contains propagators, of which at least one is massive, dot-
products of its arguments and powers of m. If one sets N = 0, (7.3) is given by

Iz(p7m,0~-0)=h(m)=/éﬁl)€;.../(d i f(ky .. ky,m) . (7.5)

2m)P

From p? = 0 it follows, that the result can not depend on p anymore. The above integral
is a massive tadpole integral and thus of the type MATAD can process. Additionally,
MATAD can calculate the integral up to a given order as a power series in p*/m?. Let us
return to the general integral given in Eq. (7.3). One notes, that for fixed moments of
N, each integral of this type splits up into one or more integrals of the same type with
the n; having fixed integer values. At this point, it is useful to recall that the auxiliary
vector A has only been introduced to get rid of the trace terms of the expectation values
of the composite operators and has no physical significance. By undoing the contraction
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with A, these trace terms appear again. Consider as an example

dPk, dPk 5
Li(p,m,2,1) = / oD / (2W)D(A.q1) (A.qgo)f(ky...ki,p,m) (7.6)

1 a k] d kl L L
(:ZW)D T (2 I)D qL,LMQl,p,gQQ,,ugf( 1---R, P, m) .

One notices that the way of distributing the indices in Eq. (7.7) is somewhat arbitrary,
since after the contraction with the totally symmetric tensor A#*A#2A#s only the com-
pletely symmetric part of the corresponding tensor integral contributes. This is made
explicit by distributing the indices among the ¢; in all possible ways and dividing by the
number of permutations one has used. Thus Eq. (7.7) is written as

M1 A\ H2 A\ M3 1 del del
[l<p7 m, 27 1) = AMARA g (271_)1) s W(QL/Lqu,quZM + Q1,M1Q1,,u3q2,u2

+q17H1 ql,u2q2,u3)f(k1 cee klvp; m) . (78)

Generally speaking, the symmetrization of the tensor resulting from

[T(aa)™ (7.9)

=1

can be achieved by shuffling indices, [142, 143, 146, 155, 301, 314], and dividing by the
number of terms. The shuffle product is given by

N S
e e

C (l{ll,...,]{Zl)u_’(k?g,...,kz)LL’...U_’(k[,...,k’[) , (710)
- N———

ni no ny

where C' is the normalization constant

-1
c-(, ") (711)
ny,...,ny

As an example, the symmetrization of

Q1,01 91,1292, 13 (712)

can be inferred from Eq. (7.8). After undoing the contraction with A in (7.3) and shuffling
the indices, one may make the following ansatz for the result of this integral, which follows
from the necessity of complete symmetry in the Lorentz indices

[N/2]+1

Jj—1 N
Ripypwy = A; (Hg{l@ku%q)( H p#l}) ‘ (7.13)
1 k=1

j= 1=2j—1

In the above equation, | | denotes the Gauss—bracket and {} symmetrization with respect
to the indices enclosed and dividing by the number of terms, as outlined above. The first
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few terms are then given by

Ry = 1, (7.14)

Ry = A (7.15)
R{;ﬂuz} = Alpulpuz + AquLug 3 (716)
R{mea} = Alpulpmpm + Azg{muzplm} : (7'17)

The scalars A; have in general different mass dimensions. By contracting again with A,
all trace terms vanish and one obtains

Li(p,m,ny...n;) = A" AR ) (7.18)
— AAp)Y (7.19)

and thus the coefficient A; in Eq. (7.13) gives the desired result. To obtain it, one
constructs a different projector, which is made up only of the external momentum p and
the metric tensor. By making a general ansatz for this projector, applying it to Eq. (7.13)
and demanding that the result shall be equal to Ay, the coefficients of the different Lorentz
structures can be determined. The projector reads

[N/2]+1 [N/2]—i+1

Moy = F(N) Z: cu,zv)( I1 g“—“)( rN[ %). (7.20)

2
=1 p k=2[N/2]—2i+3

For the overall pre-factors F'(N) and the coefficients C'(i, N), one has to distinguish be-
tween even and odd values of N,

N/240kt1/2 22k=N/2=321(N 4 1)[(D/2 + N/2 + k — 3/2)
I'(N/2 —k+3/2)T(2k)(D/2+ N/2 —1/2) ’

C*(k,N) = (-1)

(7.21)

. 23/2-N21(D /2 +1/2)
FUN) = DR D2 1) (722)
covn(e N) = (ke 2T A UED/2 L N2 =24K) oo

T(N/2—k+2)0(2k —1)0(D/2+ Nj2—1)

even o 217N/2F(D/2 + 1/2)
FERN) - = (D—-1I(N/2+DJ2—1/2) " (7.24)

The projector obeys the normalization condition

IL,, RN = Ay (7.25)
which implies
IO, . p"=1. (7.26)
7.27)
As an example for the above procedure, we consider the case N = 3,
Mopas = 75 1_ : (—39“1;173 U 4 (D + 2)%) . (7.28)
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Applying this term to (7.8) yields

1 dPky dPk;
I 2,1) = —2pq1.q2p.
l(pa m, 4, ) (D _ 1)]96 / (27T)D / (27T)D ( P q1-92p-1

—p*@p.qa + (D + 2)(q1.p)2q2.p>f(k’1 ok pom) (7.29)

Up to 3-loop integrals of the type (7.29) can be calculated by MATAD as a Taylor series
in p?/m?. Tt is important to keep p artificially off-shell until the end of the calculation.
By construction, the overall result will not contain any term oc 1/p?, since the integral
one starts with is free of such terms. Thus, at the end, these terms have to cancel. The
remaining constant term in p? is the desired result.

The above projectors are similar to the harmonic projectors used in the MINCER-
program, cf. [313,315]. These are, however, applied to the virtual forward Compton—
amplitude to determine the anomalous dimensions and the moments of the massless Wil-
son coefficients up to 3-loop order.

The calculation was performed in Feynman gauge in general. Part of the calculation
was carried out keeping the gauge parameter in R¢—gauges, in particular for the moments
N = 2,4 in the singlet case and for N = 1,2,3,4 in the non-singlet case, yielding
agreement with the results being obtained using Feynman—gauge. In addition, for the
moments N = 2,4 in the terms with external gluons, we applied the physical projector
in Eq. (4.23), which serves as another verification of our results. The computation of the
more complicated diagrams was performed on various 32/64 Gb machines using FORM
and for part of the calculation TFORM, [316], was used. The complete calculation required
about 250 CPU days.

7.3 Results

We calculated the unrenormalized operator matrix elements treating the 1PI-contributions
explicitly. They contribute to AS’;, A® - and A;?;?g' >. One obtains the following represen-

99,Q
tations
2(3) A(3),irr A(2),irr 52 2(1) . 72
AQQ - AQg B AQg e (0’ m_2> - AQQH(Z) (O, %)
H M
~(1) . M2\ . 52
A, 10 (0,20 (0,25 (7.30)
K o
2(3) 2@ m2 A(2),irr 2
3) (
99.Q 99:Q i (O’ F) — Aggo 11 )<07 F>
(1) . m2 A1) . N "2
2 1 1
—2A4,, ol1 >(0, M—) + Ay, oIl )<o, ﬁ>n< )<0, ?> . (731)
~(3),NS ~(3),NS,irr R M2
_ 3
Age = Awo - 3 (Oa F) (7.32)

The self-energies are given in Eqs. (4.84, 4.85, 4.86, 4.88). The calculation of the one-
particle irreducible 3-loop contributions is performed as described in the previous Sec-
tion 26. The amount of moments, which could be calculated, depended on the available

26Partial results of the calculation were presented in [131,132].

101



computer resources w.r.t. memory and computational time, as well as the possible par-

allelization using TFORM. Increasing the Mellin moment from N — N 4 2 demands

both a factor of 6-8 larger memor(y) and CPU time. We have calculated the even mo-
3

ments N = 2,...,10 for AB 4 and A®_ for AS’;’PS up to N = 12, and for

Qg» “799,Q’ 79,Q’
Ag?;?g S, Ag?g S, Aéi{Q up to N = 14. In the NS—case, we also calculated the odd moments

N =1,...,13, which correspond to the NS™—terms.

(7) Anomalous Dimensions :

The pole terms of the unrenormalized OMEs emerging in the calculation agree with
the general structure we presented in Eqs. (4.94, 4.103, 4.104, 4.116, 4.117, 4.124, 4.134).
Using lower order renormalization coefficients and the constant terms of the 2-loop results,
[126,128-130], allows to determine the fixed moments of the 2-loop anomalous dimensions
and the contributions o Tr of the 3-loop anomalous dimensions, cf. Appendix E. All
our results agree with the results of Refs. [111,112,124,125,317,318]. The anomalous
dimensions 7(53) and mﬁ)’PS are obtained completely. The present calculation is fully inde-
pendent both in the algorithms and codes compared to Refs. [111,112,124,125,318] and

thus provides a stringent check on these results.

(77) The constant terms az(.?)(N):

The constant terms at O(a?), cf. Eqs. (4.94, 4.103, 4.104, 4.116, 4.117, 4.124, 4.134),
are the new contributions to the non—logarithmic part of the 3—loop massive operator
matrix elements, which can not be constructed by other renormalization constants cal-
culated previously. They are given in Appendix F. All other contributions to the heavy
flavor Wilson coefficients in the region Q% > m? are known for general values of N, cf.
Sections 4.7 and 6. The functions al(?)(N ) still contain coefficients o< (5 and we will see
below, under which circumstances these terms will contribute to the heavy flavor contri-
butions to the deep—inelastic structure functions. The constant By, (4.89), emerges as in
other massive single-scale calculations, [279-282].

(7i7) Moments of the Constant Terms of the 3—loop Massive OMEs

The logarithmic terms of the renormalized 3-loop massive OMEs are determined by
known renormalization constants and lower order contributions to the massive OMEs.
They can be inferred from Eqs. (4.96, 4.105, 4.106, 4.118, 4.119, 4.126, 4.137). In the
following, we consider as examples the non—logarithmic contributions to the second mo-
ments of the renormalized massive OMEs. We refer to coupling constant renormalization
in the MS-scheme and compare the results performing the mass renormalization in the
on-shell-scheme (m) and the MS-scheme (7), cf. Section 5. For the matrix elements
with external gluons, we obtain :

MS 174055 88 29431
B)MS, 2 2 _ 2
Ay (W =m%2) = TrCy (m - 554 +72¢, — 591 C3)
18002 208 2186 64
+TFCFOA <_W + 784 — 104<4 + 9 Cg - §C2 + 64<2 ln(2)>
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8879 64 701
o9 354 +32¢4 — 8_1C3 + 802 — 128(y 111(2))

21586 3605 55672 889 128

+TrC? <—

2187 162 729

7054 704 22526 1024 64
—i—nfo;CA( ) + TLfT}%CF (—— + <3 - ECQ) . (733)

C 2187 gé?’ 729 81

s 174055 88 20431
AGMS (2 — 2 9) = TFC§< — —B4 + 720 — C3>

Qg 4374 9 324

123113 208 2330 8042 64
+1rCrCy <— + —B4 —104¢, + 9 §3> + TrC% <__ — —B,

729 9

3293 21586 ~ 3605 9340 889
+32¢ — C3> +T7Ca <—— + C3> +TiCr (—— + g@)

81 2187 162

7054 704 478 1024
+nfT}2;‘CA <_21_87 — g(g) + TLfT}%CF (@ -+ 31 Cg) . (734)

MS 64280 704 7382 1024
Ag?}gs(ﬁ =m?2) = nfowCA< - g(s) + nTpCr (— + C3> :

2187 729 81
(7.35)

S 174055 88 29431
B)MS, 2 9 o 2
Agg,Q (,u =m 72) = TFCA (-m + 384 - 72C4 + 3924 C?))

18002 208 2186
— 2B, 4+ 104¢, —
729 g Bat 10 G 9

+TFCFCA ( Cg + %4C2 - 64C2 111(2))

8879 64 701
w9 T+ 584 —32¢s + g(s — 80¢2 + 128¢, ln(2)>

21586 3605 55672 889 128
+T§0A< Cg) - OF( TR ?@)

+TrC? <

2187 162 729

57226 1408 20908 2048 64
+n;TeC 4 <—— + §3> + nfT§CF< — G+ —§2> . (7.36)

2187 81 729 81 3

99.Q 4374 9 324

123113 208 2330 8042 64
+TrCrCy (— — —B4 + 104(4 — 9 C3> + TFCIQ;‘ <— + —By4

™S 174055 88 29431
A(3)7MS<M2 — mQ’ 2) — TFC,24 (— —+ —B4 — 72C4 + <3>

729 9 729 9

3293 21586 3605 9340 889
—32¢ + C3> +T7Ca < C3> +T7Cr (— - 8_1<3)

81 2187 162 729
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57226 1408 6904 2048
+nTaCy (—m+ 1 43) +nTECr (%_ 2 ¢3> : (7.37)

Comparing the operator matrix elements in case of the on-shell-scheme and MS-
scheme, one notices that the terms In(2)(, and (, are absent in the latter. The (, terms,
which contribute to %(33')7 are canceled by other contributions through renormalization.
Although the present process is massive, this observation resembles the known result that
(o—terms do not contribute in space-like massless higher order calculations in even dimen-
sions, [311]. This behavior is found for all calculated moments. The occurring (4—terms
may partly cancel with those in the 3-loop light Wilson coefficients, [115]. Note, that
Eq. (7.35) is not sensitive to mass renormalization due to the structure of the contribut-
ing diagrams.

An additional check is provided by the sum rule (3.38), which is fulfilled in all renor-
malization schemes and also on the unrenormalized level.

Unlike the operator matrix elements with external gluons, the second moments of the
quarkonic OMEs emerge for the first time at O(a?). To 3-loop order, the renormalized
quarkonic OMEs do not contain terms o (5. Due to their simpler structure, mass renor-
malization in the on-shell-scheme does not give rise to terms o (5,1n(2)(s. Only the
rational contribution in the color factor oc TrC% turns out to be different compared to
the on-mass—shell-scheme and A:; ’g), (7.40), is not affected at all. This holds again for
all moments we calculated. The non-logarithmic contributions are given by

MS 830 64 1280
AGTME (2 = m?,2) = TpCpCy (— + B — 64G, + cg)

2187 9 27
95638 128 9536 53144 3584
+TpCh (— — —B4 + 64, — C3> +TECE ( §3)

729 9 81 2187 81

+nTeCp (_?;%172 + 12?@,) (7.38)
AGPSMS (12 2 2) = TuCpCy (% - %484 — 64, + fiogg)
108 T2 - B voic- 206, ) <t -
+nsTrCr (-% + 12?@) (7.39)
AN (2 = m?,2) = ngTECy (—%36; + 12?@,) (7.40)
A =t = et G- vic o %)
+TpCh <% - %54 +64¢, — %@)
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25024 1792 16336 1024
T2 — T2 —— . A1
+ FCF( 2187 81 §3> Tty FCF( 2187 81 <3> (7-41)

At(z?;),’cgl&m(ﬂg =m>2) = TrCpCy <— 1812;14 + %54 — 64¢4 + 4;1?6@,)
+TrCF (%2270 - %34 +64¢, — %Q)
0(87 . 1;3243,) 120 (% + 1g§4¢3) S
A =) = e it - e o - )
120 (- 4 B, s+ 1%
+T#Cr (—% + 1;22<3> +nT2CF (4%;2 —~ 12?@,) : (7.43)
ADNS (2 =7,2) = TeCrCa (1%;4 -, s 8§i’6¢3>
10 (-0 B, s+ T
aice( -0 TR ) i (Mt - R0 o

Finally, the sum rule (3.38) holds on the unrenormalized level, as well as for the renor-
malized expressions in all schemes considered.

FORM-codes for the constant terms ag’), Appendix F, and the corresponding moments
of the renormalized massive operator matrix elements, both for the mass renormalization
carried out in the on-shell- and MS-scheme, are attached to Ref. [134] and can be obtained
upon request. Phenomenological studies of the 3—loop heavy flavor Wilson coefficients in

the region Q% > m? will be given elsewhere, [319].
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8 Heavy Flavor Corrections to Polarized Deep-
Inelastic Scattering

The composition of the proton spin in terms of partonic degrees of freedom has attracted
much interest after the initial experimental finding, [320], that the polarization of the
three light quarks alone does not add to the required value 1/2. Subsequently, the po-
larized proton structure functions have been measured in great detail by various exper-
iments, [321] 2. To determine the different contributions to the nucleon spin, both the
flavor dependence as well as the contributions due to gluons and angular excitations at
virtualities Q? in the perturbative region have to be studied in more detail in the future.
As the nucleon spin contributions are related to the first moments of the respective dis-
tribution functions, it is desirable to measure to very small values of = at high energies,
cf. [177,179,325].

A detailed treatment of the flavor structure requires the inclusion of heavy flavor. As
in the unpolarized case, this contribution is driven by the gluon and sea—quark densities.
Exclusive data on charm—quark pair production in polarized deep—inelastic scattering are
available only in the region of very low photon virtualities at present, [326]. However,
the inclusive measurement of the structure functions g, (x, @*) and g»(z, Q*) contains the
heavy flavor contributions for hadronic masses W2 > (2m + M)?.

The polarized heavy flavor Wilson coefficients are known to first order in the whole
kinematic range, [327-329]. In these references, numerical illustrations for the LO con-
tributions were given as well, cf. also [202]. The polarized parton densities have been
extracted from deep-inelastic scattering data in [330-333]. Unlike the case for photo-
production, [334], the NLO Wilson coefficients have not been calculated for the whole
kinematic domain, but only in the region Q* > m?, [165], applying the same technique as
described in Section 3.2. As outlined in the same Section, the heavy flavor contributions
to the structure function Fy(x, Q?) are very well described by the asymptotic represen-
tation for Q%/m?210, i.e., Q*>222.5GeV?, in case of charm. A similar approximation
should hold in case of the polarized structure function g (z, Q?).

In this chapter, we re-calculate for the first time the heavy flavor contributions to the
longitudinally polarized structure function g;(z,@?) to O(a?) in the asymptotic region
Q? > m?, [165]. The corresponding contributions to the structure function g,(x, Q%)
can be obtained by using the Wandzura—Wilczek relation, [335], at the level of twist—2
operators, as has been shown in Refs. [195,200-202] within the covariant parton model.

In the polarized case, the twist-2 heavy flavor Wilson coefficients factorize in the limit
Q? > m? in the same way as in the unpolarized case, cf. Section 3.2 and [165]. The
corresponding light flavor Wilson coefficients were obtained in Ref. [336]. We proceed by
calculating the 2-loop polarized massive quarkonic OMEs, as has been done in Ref. [165].
Additionally, we newly calculate the O(g) terms of these objects, which will be needed to
evaluate the O(a?) corrections, cf. Section 4.

The calculation is performed in the same way as described in Section 6 and we therefore
only discuss aspects that are specific to the polarized case. The notation for the heavy
flavor Wilson coefficients is the same as in Eq. (3.2) and below, except that the index
(2, L) has to be replaced by (g1, g2). The polarized massive operator matrix elements are
denoted by AA;; and obey the same relations as in Sections 3 and 4, if one replaces the

2TFor theoretical surveys see [322-324].
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anomalous dimensions, cf. Eq. (2.107, 2.108), by their polarized counterparts, A-~;;.

The asymptotic heavy flavor corrections for polarized deeply inelastic scattering to
O(a?), [165], were calculated in a specific scheme for the treatment of 5 in dimensional
regularization. This was done in order to use the same scheme as has been applied in the
calculation of the massless Wilson coefficients in [336]. Here, we refer to the version prior
to an Erratum submitted in 2007, which connected the calculation to the MS-scheme. In
this chapter we would like to compare to the results given in Ref. [165], which requires to
apply the conventions used there.

In Section 8.1, we summarize main relations such as the differential cross sections
for polarized deeply inelastic scattering and the leading order heavy flavor corrections.
We give a brief outline on the representation of the asymptotic heavy flavor corrections
at NLO. In Sections (8.2.1)—(8.2.3), the contributions to the operator matrix elements

AAS]?’C'Q\' S, AAS; and AAE;I’(Q) are calculated up to the linear terms in .

8.1 Polarized Scattering Cross Sections

We consider the process of deeply inelastic longitudinally polarized charged lepton scat-
tering off longitudinally (L) or transversely (T polarized nucleons in case of single photon
exchange ?8. The differential scattering cross section is given by

Ao yo?
= LW, v
drdydd  Q* a

(8.1)

cf. [201,323]. Here, 6 is the azimuthal angle of the final state lepton. One may define an
asymmetry between the differential cross sections for opposite nucleon polarization

oy d3oy
_ LT LT (8.2)
dxdydf  dxdydd

A(‘Tv Y, 0)L,T

which projects onto the asymmetric part of both the leptonic and hadronic tensors, L;‘V
and W;f,‘j. The hadronic tensor is then expressed by two nucleon structure functions

A Qo A o o
4 ¢S 2y, ' (PgS7 — S.qP7) 2
W;uz = o P—.qgl(x’ Q ) + (Pq)2 92(1', Q ) : (83)
Here S denotes the nucleon’s spin vector
Sy = (0,0,0,M)
Sy = M(0,cos(f),sin(f),0) , (8.4)

with @ a fixed angle in the plane transverse to the nucleon beam. Euwre 18 the Levi-Civita
symbol. The asymmetries A(z,y,8) 7 read

2 2 2
A = | (20 - 220 ) 0w 47 @) L 69

_ 2 M2 M?2 _
Alw,y,0.0)r = —8%\/?\/% [1—y—“"ys }cosw—e)[ygl(x,@%

+2g2(2, Q%)) , (8.6)

28For the basic kinematics of DIS, see Section 2.1.
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where \ is the degree of polarization. In case of A(z,y)r, the azimuthal angle was inte-
grated out, since the differential cross section depends on it only through phase space.

The twist-2 heavy flavor contributions to the structure function g;(z,Q?) are cal-
culated using the collinear parton model. This is not possible in case of the structure
function go(x, Q?). As has been shown in Ref. [202], the Wandzura-Wilczek relation
holds for the gluonic heavy flavor contributions as well

Ld
7@, Q) = —gi (@ Q) + | g QY (8.7)

xT

from which g»(x, Q?) can be calculated for twist 7 = 2. At leading order the heavy flavor
corrections are known for the whole kinematic region, [327-329],

o @ mt) = 4 [ Cagy, (£50) 86ty @) (85)

and are of the same structure as in the unpolarized case, cf. Eq. (3.12). Here, AG is the
polarized gluon density. The LO heavy flavor Wilson coefficient then reads

H;};l( Qi) = 4Ty |v(3 — 4T)+(1—27)1n<;”>] : (8.9)

v
The support of Hgg,lg)l (1,m?/Q?) is T € [0,1/a]. As is well known, its first moment vanishes

1/a ) m2
/0 drHV (T@) =0, (8.10)

which has a phenomenological implication on the heavy flavor contributions to polarized
structure functions, resulting in an oscillatory profile, [202]. The unpolarized heavy flavor
Wilson coefficients, [103,126,128,135,136,287,289], do not obey a relation like (8.10) but
exhibit a rising behavior towards smaller values of x.

At asymptotic values Q% > m? one obtains

Hg}g;%< 2) = ATy {(3—47) (1—27)1H(Q21_T)} . (8.11)

T Q? m2 T

The factor in front of the logarithmic term In(Q?/m?) in (8.11) is the leading order
splitting function AP,,(7), [117,337] #,

APy(r)=8Tp [7? — (1 —7)°] =8Tp 21 — 1] . (8.12)

The sum-rule (8.10) also holds in the asymptotic case extending the range of integration

to 7€ [0,1],
2
/ drH{})# ( 2) =0. (8.13)
0 Q

Early calculations of the leading order polarized singlet splitting functions in Refs. [337] still contained
some errors.
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8.2 Polarized Massive Operator Matrix Elements

The asymptotic heavy flavor Wilson coefficients obey the same factorization relations in
the limit Q% > m? as in the unpolarized case, Eqs. (3.21)—(3.25), if one replaces all
quantities by their polarized counterparts.

The corresponding polarized twist—2 composite operators, cf. Egs. (2.86)—(2.88), are
given by

Nele— A,

Ot’z\{f;uh---,mv = " 'S5V Dy - - - DMNE@D] — trace terms , (8.14)

O«im,..-,;w = " 'S5V Dyy - - - Dypy ] — trace terms | (8.15)
1

OS?#L“-,HN = 2@'N_QSSp[§8“1aB7F§7D“2 ... DFN=UFRNT — trace terms . (8.16)

The Feynman rules needed are given in Appendix B. The polarized anomalous dimensions
of these operators are defined in the same way as in Egs. (2.107, 2.108), as is the case for
the polarized massive OMEs, cf. Eq. (3.17) and below.

In the subsequent investigation, we will follow Ref. [165] and calculate the quarkonic
heavy quark contributions to O(a?). The diagrams contributing to the corresponding
massive OMEs are the same as in the unpolarized case and are shown in Figures 1-4
in Ref. [126]. The formal factorization relations for the heavy flavor Wilson coefficients
can be inferred from Eqs. (3.26, 3.29, 3.30). Here, we perform the calculation in the
MOM-scheme, cf. Section 5.1, to account for heavy quarks in the final state only. The
same scheme has been adopted in Ref. [165]. Identifying x> = Q?, the heavy flavor Wilson
coefficients in the limit Q* > m? become, [165],

Q° QN
H{Y (E,N = ——qug In{ 55|+ o, (8.17)
Q° Q°

2
-5 [A%Jg +A7qg qgl} In (Q )

+ [AY9 — A4 125 ’Ay‘ég @ &2 +Aan} , (8.18)
Hé?;l’PS (%Z,N) = { éA (©0) Aygq In? (ZZ) — ;qué) PSIn (%Z)

+—M§2)§7~‘(’2) G+ EP)F* +Aag;7'°5} : (8.19)
g (L) = (o (£) - [hie s s ] ()

—}lﬁo,@@mg? + DN+ Ad? CQ'S} . (8.20)

c(kg) are the kth order non—logarithmic terms of the polarized coefficient functions. As has

been described in [165], the relations (8.18)—(8.20) hold if one uses the same scheme for
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the description of 75 in dimensional regularization for the massive OMEs and the light
flavor Wilson coefficients. This is the case for the massive OMEs as calculated in [165],
to which we refer, and the light flavor Wilson coefficients as calculated in Ref. [336].

(2),NS
8.2.1 AA%Q

The non-singlet operator matrix element AA(Q) N> has to be the same as in the unpolarized

case due to the Ward-Takahashi identity, [338] Since it is obtained as zero-momentum
insertion on a graph for the transition (p| — |p), one may write it equivalently in terms
of the momentum derivative of the self-energy. The latter is independent of the operator
insertion and yields therefore the same in case of A(A.p)V =1 and Avs(A.p)V~1. Hence,

AA((JZ’C';S reads, cf. Eq. (4.95),

AA N, — A N, —
qq, Q ( M2 qq, Q ILLQ
50,@7(0) m2 ﬁ(l),NS m2 2)NS 7(0)
— U6 799 4,2 — + 4 In F + aéq?Q — %ﬁog(z ,

(8.21)

where the constant term in € of the unrenormalized result, Eq. (4.93), is given in Eq. (6.60)
and the O(e)-term in Eq. (6.61).

(2)
8.2.2 AAQg

To calculate the OME AAg, up to O(a?), the Dirac-matrix 75 is represented in D = 4+¢
dimensions via, [165,264, 339,

Z’ v g
4&75 = ag,ul/poAu’y 'Vp'Y . (822)
The Levi-Civita symbol will be contracted later with a second Levi-Civita symbol emerg-
ing in the general expression for the Green’s function, cf. Eq. (4.18),
52

2 m a — o
AGQW = AAcgg(F’EyN)(? P(A )N e s %D (8.23)

by using the following relation in D—dimensions, [194],

Ewpee™ ™ = —Det[gl] | (8.24)

f=a, A1y, w=pvpo
In particular, anti-symmetry relations of the Levi-Civita tensor or the relation 72 = 1,
holding in four dimensions, are not used. The projector for the gluonic OME then reads
6 1

Adqg N2 —1(D—2)(D - 3)

(Ap) NI AGE  Ap, . (8.25)

In the following, we will present the results for the operator matrix element using the above
prescription for 5. This representation allows a direct comparison to Ref. [165] despite the
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fact that in this scheme even some of the anomalous dimensions are not those of the MS—
scheme. We will discuss operator matrix elements for which only mass renormalization
was carried out, cf. Section 4.3. Due to the crossing relations of the forward Compton
amplitude corresponding to the polarized case, only odd moments contribute. Therefore
the overall factor

1
3 [1-(-1)"], N € N, (8.26)
is implied in the following. To obtain the results in x—space the analytic continuation
to complex values of N can be performed starting from the odd integers. The O(ay)

calculation is straightforward

A(1) 2\ /211

m2\? 1 . _
— (F) [gm(gy+Aag;+mg;+smag;}+0(53>. (8.28)

The matrix element contains the leading order anomalous dimension A'Ayég),

2
m_ 1 .0 m
where
N -1
AYO) = QT 8.30
Yag FN(N+ 1) ( )

The leading order polarized Wilson coefficient cg(,a(),l reads, [329,336,340],

N-1 N-1
m — gy, N St 31
‘o0 NN+ 1) {S“L N ] (8:31)

The Mellin transform of Eq. (8.11) then yields the same expression as one obtains from
Eq. (8.17)

2 2
1),as moy L0 Q 1
HY: (N@> = {—gMég) In <ﬁ) +c;,;1] : (8.32)
for which the proportionality

2

H{-es (N, %) o (N —1) (8.33)

holds, leading to a vanishing first moment.
2(2)
At the 2-loop level, we express the operator matrix element A A, , after mass renor-

malization, in terms of anomalous dimensions, cf. [126,128,135,136, 287, 289], by

i m?\< | Adgy) 0 0 Ay 12) | AQ2)
Adg, = (ﬁ) 2—52{A%§q) — Ay - 260} = Ady) + Adgye
2 m2 €/2 52 83 ~(1)
“Zhoa() 142G+ =G | Adg, + O 8.34
gﬁo,Q<’u2) ( +8C2+24C3) 0s T O(E7) (8.34)
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The remaining LO anomalous dimensions are

3N? + 3N +2
A0 = —Cp| -85, +2 8.35
Yag G R T (8.35)
11N? + 11N + 24 8
AYO = —Cy| -85 +2 = : 8.36
Yo AT TN ) ) T (8.36)
The renormalized expression in the MOM-scheme is given by
~(0) 2 ~1(1) 2
1(2),MoM Agq 0 0 2 [T Yag m
AAE - = [Ayg(} — A0 — 250] In (F) + % (F)
0 0 '3/652) 1(2)
+ (Avgy = Avig +200) -G + Adg (8.37)

The LO anomalous dimensions which enter the double pole term in Eq. (8.34) and the
In?(m?/p?) term in Eq. (8.37), respectively, are scheme-independent. This is not the
case for the remaining terms, which depend on the particular scheme we adopted in
Eqgs. (8.24, 8.22) and are therefore denoted by a prime. The NLO anomalous dimension
we obtain is given by

N -1 N -1 N -1
AYD = T 16— G+ 16— 2 32—
% FCF( RS ) R V0 VRS Ty
+8(N — 1)(5N* 4+ 10N? + 8N? + TN + 2)
N3(N +1)3
N -1 N -1 N-1
TeCy| 32——f + 16— Sy + 16— 57
iF A( R A (I S TR
e N1 oS VNt AN 3N TN 2
N(N+1)?% N(N+1)? N3(N +1)3 ‘

(8.38)

It differs from the result in the MS-scheme, [341,342], by a finite renormalization. This is
due to the fact that we contracted the Levi—Civita symbols in D dimensions. The correct
NLO splitting function is obtained by

. . N-—1
AGL) = A + 64T Cr 7

VNI (8.39)

In an earlier version of Ref. [336], AFY was used as the anomalous dimension departing
from the MS scheme. Therefore, in Ref. [165] the finite renormalization (8.39), as the

corresponding one for cﬁl, [336], was not used for the calculation of AAS;. For the
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higher order terms in ¢ in Eq. (8.34) we obtain

A (2) — _T S _4 3 B 2
AQg FCF{BN(N+1)< Ss + 57 +3S15'2+651C2> NN TV T 2)
_4N4+ 17N? +43N2+33N+25 B 2(N_ 1)(3N2 +3N+2)C
N2(N+ 1)2<N—|—2) 2 N2<N—|— 1)2 2
_N3—2N2—22N—365+ 2P,
N(N+1)(N+2) 7" NYN + DN +2)
N -1 LlQ(ZL‘) " 5
=T 4eee——(12M N+1 85, — 3 —
FCA{ 3N(N+1)< {l—l—x}( +1) + 36" —85; — 57 — 9515,
N-1 N2 44N +5
—125,4" — 12 — — 16— 3'+14 2
S1 = 126G - 3G3) e e ek
TN® 4+ 24N? 4+ 15N — 16 (N — 1)(N +2)
Sy +8 G
N2(N 4+ 1)2(N +2) N2(N + 1)
N*+44N? — N? — 10N + 2 AP
S 5 - : , (8.40)
N(N +1)3(N +2) NN + 1)4(N +2)
N -1 4 1 1
AE/C(QZ) = TFCF{—N(N 1) <1652,1,1 — 8531 — 855151 + 354 — 55’35’1 — 553 _ ESf

SQ,1+ 3N?+3N -2
N2 " N2(N +1)(N +2)

8 2
—351Gs = S} + 2526, - 251242) —g (25251 + gsf)

3N* + 48N3 + 123N? 4+ 98N + 8 4(N —1)

+2 S + S1C2
3N2(N +1)2(2+N) N2(N +1)

2IN-DENP 3N +2) PsS, NP 6N — 22N 36

3 N2(N +1)2 TNS(N+1B3(N+2)  NAN+D(N+2) 1
L PG N'ANP-3NPHON 412 Ps

N3(N +1)3 N2(N 4+ 1)2(N +2) PUNS(N 4+ 1)5(N +2)
+TpCad N <16S 4Ss11 — 85 51— 8S 95 — 451 + 25"

FUA N(N n 1) -21,1 2,1,1 -3,1 —2,2 3,1 3

4 1 1
—16S 9,51 — 48"S) + 83'Sy + 83'S7 + 95, + 305351 + 553 + 55557 + 65;‘
10 17 N —1
/ 2 2 /" /
+4G 0" — 2¢252 — 2(257 — 35'1@, - ECQ) TNV TP (165—2,1 +46"7 — 164 S1>
_16N°+T7N?+8N -6 N 2(3N? — 13)5,5; 2(N? 4+ 4N +5) 4
3 N2(N+12(N+2)"° " N(N+12(N+2) B3N(N+12(N+2)""

88,  2(N —1)(9N +8) S(N?+3) PsSs
S (N4+1)2 3 N2(N+1)2 G = N(N+1)3B ~ N3(N +1)3(N +2)
N* 4+ 2N® —5N2 12N +2 _, 2P:(s 2Ps S,
~ N(N+1)3(N+2) LUN3(N 412 T N(N+ 14N +2)
2P,
- N3(N +1)5(N + 2)} ’ (8:41)
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with the polynomials

P, = 4N® 4 12N7 4 4NS - 32N° — 55 N* — 30N® — 3N? — 8N — 4 , (8.42)

Py = 2N® 4+ 10N7 4+ 22N°® 4 36 N° 4+ 20N* + 4N3 + 33N + 12N +4, (8.43)

Py = 3N°%430N°+ 107N* + 124N3 4 48N? 420N + 8 , (8.44)

Py = (N —1)(7TN* +14N3 + 4N? — 7N — 2) , (8.45)

P, = 8N4+ 24N% — 11N® — 160N7 — 311N® — 275N — 111N* — 7N?3
+11N% + 12N 4+ 4 |

Ps = N°®4 18N’ 4 63N* 4+ 84N? + 30N? — 64N — 16 ,

P, = NP —N'—4N3—-3N? —7N -2,

Py = 2N°+10N* +29N3 + 64N? + 67N + 8 ,

Py = 4N 4 22N? + 45N® 4 36N7 — 11N® — 15N° + 25 N* — 41 N3
—2IN? — 16N — 4 . (8.50)

The Mellin-transform in Eq. (8.40) is given in Eq. (6.47) in terms of harmonic sums. As
a check, we calculated several lower moments (N = 1...9) of each individual diagram
contributing to Ag; 30 using the Mellin-Barnes method, [287,309]. In Table 3, we present
the numerical results we obtain for the moments N = 3,7 of the individual diagrams.
We agree with the results obtained for general values of N. The contributions from the
individual diagrams are given in [159]. Our results up to O(g%), Eqgs. (8.34, 8.40), agree
with the results presented in [165], which we thereby confirm for the first time. Eq. (8.41)
is a new result.

In this calculation extensive, use was made of the representation of the Feynman-
parameter integrals in terms of generalized hypergeometric functions, cf. Section 6. The
infinite sums, which occur in the polarized calculation, are widely the same as in the
unpolarized case, [128,135,136,287,289]. The structure of the result for the higher order
terms in ¢ is completely the same as in the unpolarized case as well, see Eq. (6.34) and
the following discussion. Especially, the structural relations between the finite harmonic
sums, [138, 144,147, 148], allow to express Aa/gg) by only two basic Mellin transforms,
Sy and S_5;. This has to be compared to the 24 functions needed in Ref. [165] to
express the constant term in z—space. Thus we reached a more compact representation.
Adg? depends on the six sums S;(N), S101(N), S_31(N), S1211(N), after applying the
structural relations. The O(£°) term has the same complexity as the 2-loop anomalous
dimensions, whereas the complexity of the O(e) term corresponds to the level observed for
2-loop Wilson coefficients and other hard scattering processes which depend on a single
scale, cf. [95,145].

(2),PS
8.2.3 AAD)

The operator matrix element AAS;’PS is obtained from the diagrams shown in Figure 3 of
Ref. [126]. In this calculation, we did not adopt any specific scheme for 75, but calculated
the corresponding integrals without performing any traces or (anti)commuting ~s.

30These are shown in Figure 2 of Ref. [126].
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order 1/e2 1/e 1 € g?
A N=3 —0.22222 0.06481 —0.13343  —0.15367 —0.06208
N=7 —0.03061 0.00409 —0.01669  —0.01900  —0.00639
B N=3 4.44444 —1.07407 4.45579 0.515535 3.13754
N=7 5.46122 0.74491 6.09646 2.97092 5.35587
C N=3 1.33333 —8.14444 0.13303 —6.55515  —2.64601
N=7 0.85714 —5.12329 0.14342 —4.10768  —1.59526
D N=3 2.66666 —0.02222 2.19940 1.03927 1.69331
N=7 1.71428 0.85340 1.78773 1.56227 1.80130
E N=3 —2.66667 5 —2.27719 4.89957 0.73208
N=7 —1.71429 2.97857 —1.3471 2.83548 0.44608
F N=3 0 0.77777 —5.80092  —2.63560 —6.57334
N=7 0 1.40105 —3.54227  —0.78565  —3.72466
L N=3 —9.33333 0.25000 —8.83933  —3.25228  —6.84460
N=7 —6.73878 —1.86855 —7.09938 —4.56051 —6.501
M N=3 -0.22222 0.71296 —0.41198 0.69938 —0.11618
N=7 —0.03061 0.11324 —0.05861 0.11969 —0.01207
N N=3 —2.22222 1.26851 —1.37562 0.69748 —0.36030
N=7 319184 —-0.50674 —3.39832 —-1.7667  —2.97339

Table 3: Numerical values for moments of individual diagrams of AAQQ.

(2)

The result can then be represented in terms of three bi—spinor structures

Cl (6)
02 (5)

03 (8)

24

These are placed between the states (p|...|p), with

_ ALpTr{A W‘v”%}é&%ﬁu =3 +84M5 (8.51)
= Tr{éﬁv“’y”vp%}’mwp = 2447 (8.52)
- %TT{ZM;@“’W%}#’WYV- (8.53)

#lp) = molp) (8.54)

and myg the light quark mass. Therefore, the contribution due to Cs(e) vanishes in the
limit mo — 0. The results for C 2(¢) in the r.h.s. of Egs. (8.51, 8.52) can be obtained by
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applying the projector

-3
2(D —1)(D —2)(D — 3)

Tr[ s Ci] (8.55)

and performing the trace in D—dimensions using relations (8.22, 8.24). Note that the
result in 4-dimensions is recovered by setting ¢ = 0. One obtains from the truncated
2-loop Green’s function A Gg’q(z)

i (2) A(2)PS ij N-1
A Gy~ = AAy, Ays6Y(Ap) : (8.56)

the following result for the massive OME

2(2),PS o m?y\e 1 2(N—1) 1N®*+42N+1
Aoy s (E) CEB + 2>{_5_2 N2(N 1) & N3(N 1 1)°
(N —1)(C+25,)  4N3 —4N?2 —3N —1 (N® 42N +1)((o + 255)
2NN +1)2  2N4(N +1)* [ AN3(N +1)3
(N —1)(Cs+3S5)  N®—T7N*4+6N3 +7N2+4N +1
TNV T2 INS(N 1 1)5 | } +O() , (8.57)
where
_ Ci(e) - (N=1)+Ca(e) 3(N+2+¢)
¢e) = 8(N +2) —ﬁvs(jv+2)(3+e)
N-—1 2 g3
— 1+—3(N+2)<— +%—%)+O(54). (8.58)

Comparing our result, Eq. (8.57), to the result obtained in [165], one notices that there
the factor C'(¢) was calculated in 4-dimensions, i.e. C'(¢) = 1. Therefore, we do the same
and obtain

(0 0 ~(1),PS
_ A’Yﬁgg)A'Yéq) A’Yéq)

~(2),PS m2 e
_ Q2 (2),PS —(2),PS
AAg, = 52 <F> 52 + 9 +Aag, ~ + Aag, e
(8.59)
with
N +2
AV = 40— :
Voq CFN(N T (8.60)
C)PS (N +2)(N3+2N +1)
N -1 2 4N3 —4N? —3N —1
Aa@PS = C(IN=D(G+2%) 3 | (8.62)
a 2N2(N +1)2 2N4(N + 1)
As@Ps _ (N = DG +385) (N° +2N + 1)(Gy + 25)
@ 6N2(N + 1)2 AN3(N +1)3
N° —7N* 4+ 6N®+ TN? +4N + 1
INS(N 1 1) ' (8.63)
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Here, we agree up to O(e°) with Ref. [165] and Eq. (8.63) is a new result. Note, that
Eq. (8.61) is already the MS anomalous dimension as obtained in Refs. [341,342]. There-
fore any additional scheme dependence due to ~; can only be contained in the higher
order terms in €. As a comparison the anomalous dimension A%Ell) PS> Which is obtained

by calculating C(¢) in D dimensions, is related to the MS one by

16(N — 1)2
~(1),PS ~1(1),PS
The renormalized result becomes
~(0) A (0) 2 ~(1),PS 2 ~(0) A . (0)
(2),Ps AYgg Avgq o o (M Adgq m (2),Ps Adqg Avgq
AAQq = —Tln (—2) + ————1In (—2) —i—AaQq + TCQ .
v v
(8.65)

The results in this Section constitute a partial step towards the calculation of the asymp-
totic heavy flavor contributions at O(a?) in the MS-scheme, thereby going beyond the
results of Ref. [165]. The same holds for the O(a?c)-terms, which we calculated for the
first time, using the same description for 75 as has been done in [165]. The correct finite
renormalization to transform to the MS-scheme remains to be worked out and will be
presented elsewhere, [159].
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9 Heavy Flavor Contributions to Transversity

The transversity distribution Arf(z,Q?) is one of the three possible quarkonic twist-2
parton distributions besides the unpolarized and the longitudinally polarized quark dis-
tribution, f(z,Q?) and Af(z,Q?), respectively. Unlike the latter distribution functions,
it cannot be measured in inclusive deeply inelastic scattering in case of massless partons
since it is chirally odd. However, it can be extracted from semi-inclusive deep-inelastic
scattering (SIDIS) studying isolated meson production, [343,344], and in the Drell-Yan
process, [344-346], off transversely polarized targets 3. Measurements of the transversity
distribution in different polarized hard scattering processes are currently performed or in
preparation, [347]. In the past, phenomenological models for the transversity distribu-
tion were developed based on bag-like models, chiral models, light—cone models, spectator
models, and non-perturbative QCD calculations, cf. Section 8 of Ref. [166]. The main
characteristics of the transversity distributions are that they vanish by some power law
both at small and large values of Bjorken—x and exhibit a shifted bell-like shape. Recent
attempts to extract the distribution out of data were made in Refs. [348]. The moments
of the transversity distribution can be measured in lattice simulations, which help to
constrain it ab initio, where first results were given in Refs. [192,349]. From these investi-
gations there is evidence, that the up-quark distribution is positive while the down-quark
distribution is negative, with first moments between {0.85...1.0} and {—0.20...—0.24},
respectively. This is in qualitative agreement with phenomenological fits.

Some of the processes which have been proposed to measure transversity contain &, —
and higher twist effects, cf. [166]. We will limit our considerations to the class of purely
twist—2 contributions, for which the formalism to calculate the heavy flavor corrections
is established, cf. Section 3. As for the unpolarized flavor non—singlet contributions, we
apply the factorization relation of the heavy flavor Wilson coefficient (3.21) in the region
Q? > m?.

As physical processes one may consider the SIDIS process IN — I'h+ X off transversely
polarized targets in which the transverse momentum of the produced final state hadron
h is integrated. The differential scattering cross section in case of single photon exchange
reads

3o 4 , [1 , - ;
drdydz — 1yQ? ;:qeil"{ﬂl +(1—-vy) ]E(x,Q )Di(z, Q%)

—(1 = y)[SL||ShL]cos (¢s+¢sh)ATﬂ(%Q2)ATDz‘(Z,Q2)} - (91

Here, in addition to the Bjorken variables x and y, the fragmentation variable z occurs.
S| and Sj, are the transverse spin vectors of the incoming nucleon N and the measured
hadron h. The angles ¢gg, are measured in the plane perpendicular to the 7*N (z-)
axis between the x-axis and the respective vector. The transversity distribution can be
obtained from Eq. (9.1) for a transversely polarized hadron h by measuring its polarization.

31For a review see Ref. [166].
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The functions Fj, f)i, ArF;, ArD; are given by

Fi(x, Q%) Ci(x, Q%) ® fi(z, Q%) (9.2)
Di(2,Q%) = Ci(2,Q%) @ Di(z,Q%) (9.3)
ArF(x, QQ) = ATCi<£L‘,Q2)®ATfi(£L‘,Q2) (9.4)
ArDi(2,Q%) = ArCi(z,Q% @ ArDy(z,Q?) . (9.5)

Here, D;, ArD; are the fragmentation functions and C~z~, ArC;, A7C; are the corresponding
space- and time-like Wilson coefficients. The functions C; are the Wilson coefficients as
have been considered in the unpolarized case, cf. Sections 2 and 3. The Wilson coefficient
for transversity, ArC;(z, Q?), contains light— and heavy flavor contributions, cf. Eq. (3.3),

ArCi(z, Q%) = ArCi(z, Q%) + ArHy(z, Q%) . (9.6)

A7C; denotes the light flavor transversity Wilson coefficient and ApH;(z,Q?) the heavy
flavor part. We dropped arguments of the type ny, m?, p? for brevity, since they can all
be inferred from the discussion in Section 3.

Eq. (9.1) holds for spin—1/2 hadrons in the final state, but the transversity distribution
may also be measured in the leptoproduction process of spin-1 hadrons, [350]. In this
case, the Py -integrated Born cross section reads

3o Ao’

drdydz = 2y Q? sin (¢s + ¢s,.) [SL||Scr|(1 — Z e; a:ATF (x Q ) zlLT(Z Q ).
1=q,q

(9.7)

Here, the polarization state of a spin—1 particle is described by a tensor with five inde-
pendent components, [351]. ¢ denotes the azimuthal angle of Sy, with

Sl = /(8207 + (S2,)? . 9.5)

PAIGJ, r7r(2,Q%) is a T- and chirally odd twist-2 fragmentation function at vanishing & .
The process (9.7) has the advantage that the transverse polarization of the produced
hadron can be measured from its decay products.

The transversity distribution can also be measured in the transversely polarized Drell—
Yan process, see Refs. [352-354]. However, the SIDIS processes have the advantage that
in high luminosity experiments the heavy flavor contributions can be tagged like in deep-
inelastic scattering. This is not the case for the Drell-Yan process, where the heavy flavor
effects appear as inclusive radiative corrections in the Wilson coefficients only.

The same argument as in Section 3.2 can be applied to obtain the heavy flavor Wilson
coefficients for transversity in the asymptotic limit ? > m?. Since transversity is a NS
quantity, the relation is the same as in the unpolarized NS case and reads up to O(a?),
cf. Eq. (3.26),

ApHMM(np 1) = a2 [ATA(Q)’NS(n +1) + ArCP (ny)
+ a [ATAij';S( +1) + Ar AL (ng + DAFCD (ny + 1)

+A7CH (ng) | (9.9)
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. 2,3),NS . : :
The operator matrix elements ATA((H c; are — as in the unpolarized case — universal

and account for all mass contributions but power corrections. The respective asymptotic
heavy flavor Wilson coefficients are obtained in combination with the light flavor process—
dependent Wilson coefficients 32. In the following, we will concentrate on the calculation
of the massive operator matrix elements. The twist-2 local operator in case of transversity
has a different Lorentz—structure compared to Eqs. (2.86)—(2.88) and is given by

— Ay
O;iﬂihm#N = VIS[pot DI D“Ngw] — trace terms , (9.10)
with 6" = (i/2) [v,77, — 747 and the definition of the massive operator matrix element
is the same as in Section 3.2. Since (9.10) denotes a twist—2 flavor non—singlet operator,
it does not mix with other operators. After multiplying with the external source Jy,
cf. Eq. (4.10) and below, the Green’s function in momentum space corresponding to the
transversity operator between quarkonic states is given by

(p, $)GETEN N u(p,s) = Jn(Tilp) |OIRNS, | W(p)g . (9.11)

M7Q7Q ST L s UN
It relates to the unrenormalized transversity OME via

A QNS n?
(i TRNS 5i;(A - p)N! (Apa“pATAquQ (%7 £, N) + 1 AY + copt + e3P

1,q,Q
FesApAT + CSMpN) . (9.12)

The Feynman rules for the operators multiplied with the external source are given in
Appendix B. The projection onto the massive OME is found to be

aNS 2 104 Ny N
A A <_’ ,N) _ {T HCAITRNSY A Aid TRINS
T4%4q,Q 112 € AN.(A.p)2(D —2) rApp @ ] pTrlp 1,4,Q ]
—i—iA.pTr[aﬂpp”GAZ’;g’Ns]} : (9.13)

Renormalization for transversity proceeds in the same manner as in the NS—case. The
structure of the unrenormalized expressions at the 2— and 3-loop level are the same as
shown in Eqs. (4.93, 4.94), if one inserts the respective transversity anomalous dimensions.
The expansion coefficients of the renormalized OME then read up to O(a2) in the MS-
scheme, cf. Egs. (4.95, 4.96),

A ARNSMS 50,@’752)’TR1 2 m_2 ’?éé)’TRl 22 ORL 50,Q’Y§2)’TR
T4%4q,Q - 4 n 112 + 2 1 112 Uaq,Q — 4 C2 5
(9.14)
_ (0),TR 2
3),NS,MS v fo, m 1
ATAt(zq),Q = - 6 . <50 + 2ﬂ0,@> In® <F) + 1{2%(;31)’“50,@

32 Apparently, the light flavor Wilson coefficients for SIDIS were not yet calculated even at O(as),
although this calculation and the corresponding soft-exponentiation should be straightforward. For the
transversely polarized Drell-Yan process the O(as) light flavor Wilson coefficients were given in [353] and
higher order terms due to soft resummation were derived in [354].
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Yaq 5050,@(3 7(5(11) 50,@(2
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+4a¢(1q?Q (o + foa) — Iqu)ﬁl Q

4
25mY 0. TR 1 5 @4M.TR | 95, (=1 ().T (3),TR 915
+20m1 Bo,QVgq " 0T Tgg +m1 qu+qu' (9.15)
Here, fy,gk) TR, {k = 0,1,2}, denote the transversity quark anomalous dimensions at

O(a**1) and aqqquR,dg)g R are the constant and O(e) terms of the massive operator
matrix element at 2— and 3-loop order, respectively, cf. the discussion in Section 4. At
LO the transversity anomalous dimension was calculated in [345,355,356] 23, and at NLO
in [353,358] 34. At three-loop order the moments N = 1...8 are known, [360].

The 2-loop calculation for all N proceeds in the same way as described in Section 6. We
also calculated the unprojected Green’s function to check the projector (9.13). Fixed mo-
ments at the 2— and 3-loop level were calculated using MATAD as described in Section 7.
From the pole terms of the unrenormalized 2-loop OMEs, the leading and next-to-leading

: : 0), TR ~(1),TR . .
order anomalous dimensions mgq) and mgq) can be determined. We obtain

TR =20r [-3+ 48], (9.16)
and
32 3
&éé),TR — §CFTF [382 — 551+ §:| , (917)
confirming earlier results, [353,358]. The finite and O(e) contributions are given by
2
AR _ op ) 8g 40, 224 8 1. .  (24+T3N+T3N7)
Uy FF{ 33+9 2 27+3C2 1+ 20+ SN (N + 1) ,
(9.18)

656 112
az(ztzz?gR = CFTF{— [8_1 +—C2~|- C3} S1+ [27 + 3 Cz} Sy — —53

4 1 2
-5, + = Z
+3 4+6<2+3C3+

(—144 — 48 N 4 757 N? + 1034 N3 + 517 N'*)
216N2 (N +1)° '

(9.19)
The renormalized 2-loop massive OME (9.14) reads

MS 8 2 80 2 16 2
i - o[ S () [ Bt Befu(3)

224 24 + 73N + T3N?2 }

8 ., 40
28—y — 2
3% T g o St 18N (N + 1) (9:20)

27

33The small  limit of the LO anomalous dimension was calculated in [357].
34For calculations in the non-forward case, see [356,359)].
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Using MATAD, we calculated the moments N = 1...13 at O(a?) and O(a?). At the
2-loop level, we find complete agreement with the results presented in Eqs. (9.16)-
(9.19). At O(a?), we also obtain 33 TR  which can be compared to the Tp-terms in
the calculation [360] for N = 1...8. This is the first re-calculation of these terms and
we find agreement. For the moments N = 9...13 this contribution to the transversity
anomalous dimension is calculated for the first time. We list the anomalous dimensions
in Appendix G. There, also the constant contributions ag‘z?’TR are given for N =1...13,
which is a new result. Furthermore, we obtain in the 3-loop calculation the moments
N = 1...13 of the complete 2-loop anomalous dimensions. These are in accordance with
Refs. [353,358].

Finally, we show as examples the first moments of the MS-renormalized O(a?) massive
transversity OME. Unlike the case for the vector current, the first moment does not vanish,

since there is no conservation law to enforce this.

S 16 44 m? 104
(3),NS,MS o 3

—@CA + gCF) In? <22> + [—%”fTF - %TF + <—@ - 16@) Ca

9 3 2 81 3 31
+<16C3 n ?)CF ln<ZL—22) n (—% + 12—25(3)Tan
+<—§B4 4 24¢, — ?cg + %)CF} , (9.21)

Ap ADNSMS 9y CFTF{ (1—96TF(1 —ny) + %@Q ln?’(TZ—;) + (—%4@
m2) [ 196 92

+8TF> 1112<E + [~ Te = T + (—48C3 _ %) Ca+ (48g3
2

) (25) (26~ 21 (2 ),
4133 310

533
—72(4 + 8By + 7(’3> Ca+ (—16B4 + =t 72¢ — ?CS)CF} . (9.22)

The structure of the result and the contributing numbers are the same as in the unpo-
larized case, cf. Eq. (7.41). We checked the moments N = 1...4 keeping the complete
dependence on the gauge—parameter £ and find that it cancels in the final result. Again,
we observe that the massive OMEs do not depend on (5, cf. Section 7.3.

Since the light flavor Wilson coefficients for the processes from which the transversity
distribution can be extracted are not known to 2— and 3-loop order, phenomenological
studies on the effect of the heavy flavor contributions cannot yet be performed. However,
the results of this Section can be used in comparisons with upcoming lattice simulations
with (24+141)-dynamical fermions including the charm quark. More details on this cal-
culation are given in [160].
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10 First Steps Towards a Calculation of Ag’) for all
Moments.

In Section 7, we described how the various massive OMEs are calculated for fixed integer
values of the Mellin variable N at 3-loop order using MATAD. The ultimate goal is to
calculate these quantities for general values of V. So far no massive single scale calculation
at O(a?) has been performed. In the following we would like to present some first results
and a general method, which may be of use in later work calculating the general N—
dependence of the massive OMEs AS).

In Section 10.1, we solve, as an example, a 3—loop ladder graph contributing to Ag’;
for general values of N by direct integration, avoiding the integration—by—parts method.
In Section 10.2, Ref. [140,141], we discuss a general algorithm which allows to determine
from a sufficiently large but finite number of moments for a recurrent quantity its general
N-dependence. This algorithm has been successfully applied in [141] to reconstruct the
3-loop anomalous dimensions, [124,125], and massless 3-loop Wilson coefficients, [115],
from their moments. These are the largest single scale quantities known at the moment
and are well suited to demonstrate the power of this formalism. Similarly, one may apply
this method to new problems of smaller size which emerge in course of the calculation of
the OMEs AS’) for general values of N.

10.1 Results for all-N Using Generalized Hypergeometric
Functions

In Section 6.1, we showed that there is only one basic 2-loop massive tadpole which
needs to be considered. From it, all diagrams contributing to the massive 2-loop OMEs
can be derived by attaching external quark—, gluon— and ghost-lines, respectively, and
including one operator insertion according to the Feynman rules given in Appendix B.
The corresponding parameter—integrals are then all of the same structure, Eq. (6.5). If
one knows a method to calculate the basic topology for arbitrary integer powers of the
propagators, the calculation of the 2—loop OMEs is straightforward for fixed values of N.
In the general case, we arrived at infinite sums containing the parameter N. To calculate
these sums, additional tools are needed, e.g. the program Sigma, cf. Section 6.2.

(a) (b) (¢) (d)

Figure 17: Basic 3—loop topologies. Straight lines: quarks, curly lines: gluons.
The gluon loop in (a) can also be replaced by a ghost loop.
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We would like to follow the same approach in the 3-loop case. Here, five basic topologies
need to considered, which are shown in Figures 17, 18. Diagram (a) and (b) — if one of
the quark loops corresponds to a massless quark — can be reduced to 2-loop integrals,
because the massless loop can be integrated trivially. For the remaining terms, this is not
the case. Diagrams (c) and (d) are the most complex topologies, the former giving rise to
the number By, Eq. (4.89), whereas the latter yields single (—values up to weight 4, cf.
e.g. [279]. Diagram (b) — if both quarks are massive — and (e) are ladder topologies and
of less complexity. Let us, as an example, consider diagram (e).

Vg

(e)

Figure 18: 3—loop ladder graph

Our notation is the same as in Section 6.1. The scalar D—-dimensional integral corre-
sponding to diagram (e) reads for arbitrary exponents of the propagators

/// qudele Z'(_1)V12345 (mZ)u1234573D/2(47T)3D/2

() (27 (k= 17 = m?)( = m?)s((q = 1P = w2 (@)
(10.1)

Again, we have attached suitable normalization factors for convenience. After loop—by—
loop integration of the momenta k,q,! (in this order) using Feynman-parameters, one
obtains after a few steps the following parameter integral

Vi,V2,V3,V4, V5

Tezfl

1 1 _3_5/2+V12 —3—5/2+V45 va—1
1— — 3
/ dwy . .. / dwy (1 —wy — w2)w1 Wo ( wy — wy)
0 0 (

w3 Wy anr—6—
1+ w, + ws V124 —6=8</2
1-— W3 1-— W4y

V12345 — 6 — 35/2]

1+5/2 1/1(1 —w

1+€/2—y2 1-‘1—8/2—1/5
XWs ) Wy (1

— ws Qe (10.2)

The 6-function enforces wy + we < 1. In order to perform the {w;, ws} integration, one
considers

1 1
/ dwl/ dwy 0(1 — wy — wq)w 117 wgl 1(1 — Wy — wg)c’b’b"l(l —wixr — way) °
0 0
(10.3)
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The parameters a, b, V', ¢ shall be such that this integral is convergent. It can be expressed
in terms of the Appell function Fy via, [285] °,

b, b” c—b— b/- 00 (a)m+n(b)n(bl)m
b=1r D a"y" 10.4
L ¢ 4 m,n=0 (1)m(1)”(6)m+n ( )

The parameters x, y correspond to w3 /(1 —ws3) and wy/(1—w,) in Eq. (10.2), respectively.
Hence the integral over these variables would yield a divergent sum. Therefore one uses
the following analytic continuation relation for F, [285],

x Y

Fila; b,V e; ———, ——
1[@, 9 ucax_lay_l

J=(1—-2)1—y)Flc—abb;cz,y] . (10.6)

Finally one arrives at an infinite double sum

T, = T
Vo, Vy, —4 — € + V12345
" i r 24+m+e/2—v,24+n+¢e/2— v
= | 1+m 1424 m+e/2,24+n+¢e/2
X(2+8/2)n+m(—2—5/2+V12)m(—2—8/2+V45)n
(—4 — € + 112345 ntm .

—2—€/24v19,—2 —€/2 4+ vg5,—6 — 3¢/2 + 7/12345]

(10.7)

Here, we have adopted the notation for the I'function defined in (C.8) and (a), is
Pochhammer’s symbol, Eq. (C.14). As one expects, Eq. (10.7) is symmetric w.r.t. ex-
changes of the indices {v1, 1n} < {v4,v5}. For any values of v; of the type v; = a; + bse,
with a; € N, b; € C, the Laurent—series in € of Eq. (10.7) can be calculated using e.g.
Summer, [143]. We have checked Eq. (10.7) for various values of the v; using MATAD, cf.
Section 7.2.

Next, let us consider the diagram shown in Figure 19, which contributes to Ag’g and
derives from diagram (e). We treat the case where all exponents of the propagators are
equal to one.

Figure 19: Example 3-loop graph

35Note that Eq. (8.2.2) of Ref. [285] contains typos.
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Including the factor i(m?)?=3¢/2(47)3P/2 and integrating ¢, k,[ (in this order), we obtain

1 w_E/Qw_€/2(1 — W — w2)
I, = F(2—35/2)/ dw; (1 — wy — w) : 1—2103 1—wy
; (Lt g 2 4 g L= ayeser
Ws Wy

><w§1+€/2(1 N w3)5/2w4—1+€/2<1 B w4)5/2
x (1 — wsw; — wewy — (1 —wy; — wy)wr)™ (10.8)
where all parameters w ...w; have to be integrated from 0...1. As in the 2-loop case,
(6.5), one observes that the integral-kernel given by the corresponding massive tadpole
integral (10.2) is multiplied with a polynomial containing various integration parameters
to the power N. The same holds true for the remaining 3-loop diagrams. Hence, if a
general sum representation for the corresponding tadpoles integrals is known and one
knows how to evaluate the corresponding sums, at least fixed moments of the 3-loop
massive OMEs can be calculated right away. The presence of the polynomial to the
power N (which may also involve a finite sum, cf. the Feynman-rules in Appendix B,)
complicates the calculation further. One has to find a suitable way to deal with this
situation, which depends on the integral considered. For I.,, we split it up into several
finite sums, rendering the integrals calculable in the same way as for T.. We obtain
. —T(2 - 3¢/2) 5 {
(N+1)(N+2)(N+3) Rt
B34+ N\ (t—e/D)m(2+ N +¢/2)nim(3—t+ N —¢/2),
Z( t ) (4+N—5)n+m

t=1
t,t—e/2,1+m+¢e/2,14+n+¢/2,3—t+N,3—t+N —¢/2
44+ N -, 1+m,14+nl+t+m+e/2,4—t+n+ N+¢e/2

~ Ni’i <s> (3 + N> (1T /D s /Dl = = 2/2),

r s (148 —€)nim

xI'

s=1 r=1

xI'

rr—e/2,s—r,1+m+¢e/2,1+n+¢e/2,s—r—¢c/2 ]}
l+m,l+nl4r4+m+e/2,1+s—r+n+e/2,1+s—¢
(10.9)
After expanding in €, the summation can be performed using Sigma and the summation
techniques explained in Section 6.2. The result reads
Lo _ANEDS 44 2500 1 {
(N +1)2(N +2) (N+2)(N+3) (N+1)(N+2)(N+3)

Si* 4(N +1)S; — 4N 5N +6
—2(3N +5)S51 — 2 + o 52,1+2((2N+3)51+ o )53
9+4N _, TN +11 5N 5.5 2(3N +5)9,*
1 Sy +(2(N+1)(N+2)+N+151 251 >SQ+(N—|—1)(N+2)
N N 42N +3)S1 (2N +3)S, 2N +3
N+17" T (N+1)2(N +2) 2 (N +13(N +2)
+0(e) , (10.10)
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which agrees with the fixed moments N = 1...10 obtained using MATAD, cf. Section
7.2.

We have shown that in principle one can be apply similar techniques as on the 2-loop
level, Section 6.1, to calculate the massive 3-loop OMEs considering only the five basic
topologies. In this approach the integration-by-parts method is not used. We have given
the necessary formulas for one non—trivial topology (e) and showed for on of the cases
there how the calculation proceeds keeping the all-N dependence. In order to obtain
complete results for the massive OMEs, suitable integral representations for diagrams
(b), (c) and (d) of Figure 17 have to be derived first. This will allow for a calculation of
fixed moments not relying on MATAD. Next, an automatization of the step from (10.8)
to (10.9) has to be found in order to obtain sums which can be handled e.g. by Sigma.
The latter step is not trivial, since it depends on the respective diagram and the flow of
the outer momentum p through it.

10.2 Reconstructing General-IN Relations
from a Finite Number of Mellin-Moments

Higher order calculations in Quantum Field Theories easily become tedious due to the
large number of terms emerging and the sophisticated form of the contributing Feynman
parameter integrals. This applies already to zero scale and single scale quantities. Even
more this is the case for problems containing at least two scales. While in the latter case
the mathematical structure of the solution of the Feynman integrals is widely unknown,
it is explored to a certain extent for zero- and single scale quantities. Zero scale quantities
emerge as the expansion coefficients of the running couplings and masses, as fixed moments
of splitting functions, etc.. They can be expressed by rational numbers and certain special
numbers as multiple zeta-values (MZVs), [155,156] and related quantities.

Single scale quantities depend on a scale z which may be given as a ratio of Lorentz
invariants s'/s in the respective physical problem. One may perform a Mellin transform
over z, Eq. (2.65). All subsequent calculations are then carried out in Mellin space and
one assumes N € N, N > 0. By this transformation, the problem at hand becomes
discrete and one may seek a description in terms of difference equations, [292]. Zero
scale problems are obtained from single scale problems treating N as a fixed integer or
considering the limit N — oo.

A main question concerning zero scale quantities is: Do the corresponding Feynman
integrals always lead to MZVs? In the lower orders this is the case. However, starting
at some order, even for single-mass problems, other special numbers will occur, [281,
361]. Since one has to known the respective basis completely, this makes it difficult to
use methods like PSLQ), [362], to determine the analytic structure of the corresponding
terms even if one may calculate them numerically at high enough precision. Zero scale
problems are much easier to calculate than single scale problems. In some analogy to the
determination of the analytic structure in zero scale problems through integer relations
over a known basis (PSLQ) one may think of an automated reconstruction of the all-V
relation out of a finite number of Mellin moments given in analytic form. This is possible
for recurrent quantities. At least up to 3-loop order, presumably even to higher orders,
single scale quantities belong to this class. Here we report on a general algorithm for this
purpose, which we applied to the problem being currently the most sophisticated one: the
anomalous dimensions and massless Wilson coefficients to 3-loop order for unpolarized
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DIS, [115,124,125]. Details of our calculation are given in Refs. [140,141].

10.2.1 Single Scale Feynman Integrals as Recurrent Quantities

For a large variety of massless problems single scale Feynman integrals can be represented
as polynomials in the ring formed by the nested harmonic sums, cf. Appendix C.4, and
the MZVs (4, .4, which we set equal to the o—values defined in Eq. (C.35). Rational
functions in N and harmonic sums obey recurrence relations. Thus, due to closure proper-
ties, [363,364], also any polynomial expression in such terms is a solution of a recurrence.
Consider as an example the recursion

_ sign(a)Vt!

F(N +1) = F(N) = 5" (10.11)

It is solved by the harmonic sum S,(/N). Corresponding difference equations hold for
harmonic sums of deeper nestedness. Feynman integrals can often be decomposed into a
combination containing terms of the form

1 N—-1 _ 1 1 _ \N-1 _ 1
/ d25 " HA(2), / A2 Ty (10.12)
0 1—-2 0 1+2

with Hz(z) being a harmonic polylogarithm, [314]. This structure also leads to recur-
rences, [365]. Therefore, it is very likely that single scale Feynman diagrams do always
obey difference equations.

10.2.2 Establishing and Solving Recurrences

Suppose we are given a finite array of rational numbers,

qi, 42, --., 4K ,

which are the first terms of an infinite sequence F(N), i.e., F(1) = ¢, F(2) = ¢q, etc. Let
us assume that F'(N) represents a physical quantity and satisfies a recurrence of type

i(i Ci,kNi>F(N +k)=0, (10.13)

k=

which we would like to deduce from the given numbers ¢,,. In a strict sense, this is not
possible without knowing how the sequence continues for N > K. One thing we can do is
to determine the recurrence equations satisfied by the data we are given. Any recurrence
for F'(N) must certainly be among those.

To find the recurrence equations of F(NN) valid for the first terms, the simplest way
to proceed is by making an ansatz with undetermined coefficients. Let us fix an order [ €
N and a degree d € N and consider the generic recurrence (10.13), where the ¢; are
unknown. For each specific choice N = 1,2,..., K — [, we can evaluate the ansatz,
because we know all the values of F'(N + k) in this range, and we obtain a system of K —1
homogeneous linear equations for (I 4+ 1)(d + 1) unknowns ¢; ;.

If K—1> (I+1)(d+ 1), this system is under-determined and is thus guaranteed
to have nontrivial solutions. All these solutions will be valid recurrences for F(N) for
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N =1,..., K —1, but they will most typically fail to hold beyond. If, on the other hand,
K —1<(l+1)(d+1), then the system is overdetermined and nontrivial solutions are not
to be expected. But at least recurrence equations valid for all N, if there are any, must
appear among the solutions. We therefore expect in this case that the solution set will
precisely consist of the recurrences of F'(IN) of order [ and degree d valid for all N.

As an example, let us consider the contribution to the gluon splitting function o< C'4
at leading order, P}S)(N). The first 20 terms, starting with N = 3, of the sequence F'(N)
are

14 21 181 83 4129 319 26186 18421 752327 71203 811637 128911 29321129
5° 5 357 14> 630° 45° 3465 2310 ° 90090 ° 8190 ° 90090 > 13860 ° 3063060 °’
2508266 292886261 7045513 611259269 1561447 4862237357 988808455

255255 © 29099070 7 684684 ' 58198140 > 145860 ' 446185740 * 89237148 °

Making an ansatz for a recurrence of order 3 with polynomial coefficients of degree 3 leads
to an overdetermined homogeneous linear system with 16 unknowns and 17 equations.
Despite of being overdetermined and dense, this system has two linearly independent
solutions. Using bounds for the absolute value of determinants depending on the size of
a matrix and the bit size of its coefficients, one can very roughly estimate the probability
for this to happen “by coincidence” to about 107%. And in fact, it did not happen by
coincidence. The solutions to the system correspond to the two recurrence equations

(TN? 4+ 113N? + 494N + 592) F(N) — (12N + 233N? + 1289N + 2156) F(N + 1)
+ (3N? + 118 N? + 1021 N + 2476)F (N + 2) + (2N? +2N? — 226N — 912) F(N + 3)
=0 (10.14)

and

(AN? + 64N? + 278N + 332)F(N) — (TN? + 134N? + 735N + 1222)F(N + 1)
+ (2N? 4+ 7TIN? + 595N + 1418) F(N + 2) + (N* — N? — 138N — 528)F(N + 3)
=0, (10.15)

which both are valid for all N > 1. If we had found that the linear system did not
have a nontrivial solution, then we could have concluded that the sequence F'(N) would
definitely (i.e. without any uncertainty) not satisfy a recurrence of order 3 and degree 3.
It might then still have satisfied recurrences with larger order or degree, but more terms
of the sequence had to be known for detecting those.

The method of determining (potential) recurrence equations for sequences as just de-
scribed is not new. It is known to the experimental mathematics community as automated
guessing and is frequently applied in the study of combinatorial sequences. Standard
software packages for generating functions such as gfun [363] for MAPLE or Generating-
Functions.m [364] for MATHEMATICA provide functions which take as input a finite array
of numbers, thought of as the first terms of some infinite sequence, and produce as output
recurrence equations that are, with high probability, satisfied by the infinite sequence.

These packages apply the method described above more or less literally, and this is
perfectly sufficient for small examples. But if thousands of terms of a sequence are needed,
there is no way to solve the linear systems using rational number arithmetic. Even worse,
already for medium sized problems from our collection, the size of the linear system
exceeds by far typical memory capacities of 16-64Gb. Let us consider as an example the
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difference equation associated to the contribution of the color factor C% for the 3-loop
Wilson coefficient C’Q(f)’q) in unpolarized deeply inelastic scattering. 11 Tbh of memory would
be required to establish (10.13) in a naive way. Therefore refined methods have to be
applied. We use arithmetic in finite fields together with Chinese remaindering, [366], which
reduces the storage requirements to a few Gb of memory. The linear system approximately
minimizes for [ ~ d. If one finds more than one recurrence the different recurrences are
joined to reduce [ to a minimal value. It seems to be a general phenomenon that the
recurrence of minimal order is that with the smallest integer coefficients, cf. also [367].
For even larger problems than those dealt with in the present analysis, a series of further
technical improvements may be carried out, [368].

For the solution of the recurrence low orders are clearly preferred. It is solved in depth-
optimal TIY fields, [152,153, 296,369, 370]; here we apply advanced symbolic summation
methods as: efficient recurrence solvers and refined telescoping algorithms. They are
available in the summation package Sigma, [153,154].

The solutions are found as linear combinations of rational terms in /N combined with
functions, which cannot be further reduced in the II¥ fields. In the present application
they turn out to be nested harmonic sums, cf. Appendix C.4. Other or higher order
applications may lead to sums of different type as well, which are uniquely found by the
present algorithm.

10.2.3 Determination of the 3-Loop Anomalous Dimensions
and Wilson Coefficients

We apply the method to determine the unpolarized anomalous dimensions and massless
Wilson coefficients to 3—loop order. Here we apply the above method to the contributions
stemming from a single color/(;-factor. These are 186 terms. As input we use the respec-
tive Mellin moments, which were calculated by a MAPLE-code based on the harmonic
sum representation calculated in Refs. [115,124,125]. We need very high moments and
calculate the input recursively. As an example, let us illustrate the size of the moments
for the C%-contribution to the Wilson coefficient C’é?q). The highest moment required is
N = 5114. Tt cannot be calculated simply using Summer, [143], and we used a recursive
algorithm in MAPLE for it.

The corresponding difference equations (10.13) are determined by a recurrence finder.
Furthermore, the order of the difference equation is reduced to the smallest value possible.
The difference equations are then solved order by order using the summation package
Sigma. For the C3-term in C’g, the recurrence was established after 20.7 days of CPU
time. Here 4h were required for the modular prediction of the dimension of the system, 5.8
days were spent on solving modular linear systems, and 11 days for the modular operator
GCDs. The Chinese remainder method and rational reconstruction took 3.8 days. 140
word size primes were needed. As output one obtains a recurrence of 31 Mb, which is
of order 35 and degree 938, with a largest integer of 1227 digits. The recurrence was
solved by Sigma after 5.9 days. We reached a compactification from 289 harmonic sums
needed in [115,124,125] to 58 harmonic sums. The determination of the 3-loop anomalous
dimensions is a much smaller problem. Here the computation takes only about 18 h for
the complete result.

For the three most complicated cases, establishing and solving of the difference equa-
tions took 3 + 1 weeks each, requiring < 10Gb on a 2 GHz processor. This led to an
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overall computation time of about sixteen weeks.

In the final representation, we account for algebraic reduction, [146]. For this task
we used the package HarmonicSums, [371], which complements the functionality of Sigma.
One observes that different color factor contributions lead to the same, or nearly the
same, amount of sums for a given quantity. This points to the fact that the amount
of sums contributing, after the algebraic reduction has been carried out, is governed by
topology rather than the field- and color structures involved. The linear harmonic sum
representations used in [115,124,125] require many more sums than in the representation
reached by the present analysis. A further reduction can be obtained using the structural
relations, which leads to maximally 35 different sums up to the level of the 3-loop Wilson
coefficients, [147,148,365]. It is not unlikely that the present method can be applied to
single scale problems in even higher orders. As has been found before in [126-128, 137,
138,145,259,365,372,373], representing a large number of 2- and 3-loop processes in terms
of harmonic sums, the basis elements emerging are always the same.

In practice no method does yet exist to calculate such a high number of moments ab
initio as required for the determination of the all-N formulas in the 3-loop case. On
the other hand, a proof of existence has been delivered of a quite general and powerful
automatic difference-equation solver, standing rather demanding tests. It opens up good
prospects for the development of even more powerful methods, which can be applied in
establishing and solving difference equations for single scale quantities such as the classes
of Feynman—parameter integrals contributing to the massive operator matrix elements for
general values of N.

131



11 Conclusions

In this thesis, we extended the description of the contributions of a single heavy quark
to the unpolarized Wilson coefficients C(S PiNS to O(a?). In upcoming precision analyzes
of deep—inelastic data, this will allow more precise determinations of parton distribution
functions and of the strong coupling constant. We applied a factorization relation for the
complete inclusive heavy flavor Wilson coefficients, which holds in the limit Q% > 10m?
in case of Fy(z,Q?), [126], at the level of twist-2. It relates the asymptotic heavy flavor
Wilson coefficients to a convolution of the corresponding light flavor Wilson coefficients,
which are known up to O(a?), [115], and describe all process dependence, with the mas-
sive operator matrix elements. The latter are process independent quantities and describe
all mass—dependent contributions but the power—suppressed terms ((m?/Q%)%, k > 1).
They are obtained from the unpolarized twist—2 local composite operators stemming from
the light—cone expansion of the electromagnetic current between on-shell partonic states,
including virtual heavy quark lines. The first calculation of fixed moments of all 3-loop
massive OMEs is the main result of this thesis.

In Section 3.2, we applied the factorization formula at the O(a?)-level. It holds for
the inclusive heavy flavor Wilson coefficients, including radiative corrections due to heavy
quark loops. In order to describe the production of heavy quarks in the final states only,
further assumptions have to be made. This description succeeded at the 2—loop level in
Ref. [126] because of the possible comparison with the exact calculation in Refs. [103]
and since the contributing virtual heavy flavor corrections are easily identified, cf. Sec-
tion 5.1. At O(a?) this is not possible anymore and only the inclusive description should
be used, as has been done in Ref. [129] in order to derive heavy flavor parton densities.
These are obtained as convolutions of the light flavor densities with the massive OMEs,
cf. Section 3.3.

In Section 4, we derived and presented in detail the renormalization of the massive
operator matrix elements up to O(a?). This led to an intermediary representation in a
defined MOM-scheme to maintain the partonic description required for the factorization
of the heavy flavor Wilson coefficients into OMEs and the light flavor Wilson coefficients.
Finally, we applied the MS-scheme for coupling constant renormalization in order to refer
to the inclusive heavy flavor Wilson coefficients and to be able to combine our results
with the light flavor Wilson coefficients, which have been calculated in the same scheme.
For mass renormalization we chose the on—mass—shell-scheme and provided in Section 5
all necessary formulas to transform between the MOM— and the on—shell-scheme, respec-
tively, and the MS-scheme.

For renormalization at O(a?), all O(a?) massive OMEs Ag,, AQq, Aqq o Age.0s Agaq
are needed up to O(e) in dimensional regularization. In Section 6, we newly calculated
all the corresponding O(e) contributions in Mellin space for general values of N. This
involved a first re—calculation of the complete terms A 5.0 and qu o» in which we agree
with the literature, [129]. We made use of the representatmn of the Feynman-parameter
integrals in terms of generalized hypergeometric functions. The O(e)—expansion led to
new infinite sums which had to be solved by analytic and algebraic methods. The results
can be expressed in terms of polynomials of the basic nested harmonic sums up to weight
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w = 4 and derivatives thereof. They belong to the complexity-class of the general two-
loop Wilson coefficients or hard scattering cross sections in massless QED and QCD and
are described by six basic functions and their derivatives in Mellin space. The package
Sigma, [151-154], proved to be a useful tool to solve the sums occurring in the present
problem, leading to extensions of this code by the author.

The main part of the thesis was the calculation of fixed moments of all 3-loop massive
operator matrix elements Aqg, A, Ay, Areos Ao Ageos Aggs cf. Section 7.
These are needed to describe the asymptotic heavy flavor Wilson coefficients at O(a?) and
to derive massive quark—distributions at the same level, [129]. We developed computer
algebra codes which allow based on QGRAF, [161], the automatic generation of 3-loop
Feynman diagrams with local operator insertions. These were then projected onto massive
tadpole diagrams for fixed values of the Mellin variable N. For the final calculation of
the diagrams, use was made of the FORM—-code MATAD, [164]. The representation of the
massive OMEs is available for general values of /V in analytic form, apart from the constant
terms az(-?) of the unrenormalized 3-loop OMEs. This is achieved by combining our general
expressions for the renormalized results, the all-N results up to O(a?c) and results given
in the literature. A number of fixed Mellin moments of the terms ag) were calculated,
reaching up to N = 10,12, 14, depending on the complexity of the corresponding operator
matrix element. The computation required about 250 CPU days on 32/64 Gb—machines.

Through the renormalization of the massive OMEs, the corresponding moments of
the complete 2-loop anomalous dimensions and the Tr—terms of the 3-loop anomalous
dimensions were obtained, as were the moments of the complete anomalous dimensions
7(52)’% and 7(53), in which we agree with the literature. This provides a first independent
check of the moments of the fermionic contributions to the 3—loop anomalous dimensions,

which have been obtained in Refs. [111,112].

In Section 8, we presented results on the effects of heavy quarks in polarized deep—
inelastic scattering, using essentially the same description as in the unpolarized case. We
worked in the scheme for -5 in dimensional regularization used in Ref. [165] and could
confirm the results given there for the 2-loop massive OMEs AAE?Z and AAg,. Addition-
ally, we newly presented the O(e) contributions of these terms.

We calculated the 2—-loop massive OMEs of transversity for all-N and the 3-loop terms
for the moments N =1,...,13 in Section 9. This calculation is not yet of phenomenolog-
ical use, since the corresponding light flavor Wilson coefficients have not been calculated
so far. However, these results could be obtained by making only minor changes to the
computer programs written for the unpolarized case. We confirmed for the first time the
moments N = 1,...,8 of the fermionic contributions to the 3-loop transversity anoma-
lous dimension obtained in Refs. [360]. Our results can, however, be used in comparison
with lattice calculations.

Several steps were undertaken towards an all-N calculation of the massive OMEs.
Four non-trivial 3-loop massive topologies contribute. We presented in an example a
first all-/V result for a ladder—topology in Section 10.1.

In Section 10.2, we described a general algorithm to calculate the exact expression for
single scale quantities from a finite (suitably large) number of moments, which are zero
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scale quantities. The latter are much more easily calculable than single scale quantities.
We applied the method to the anomalous dimensions and massless Wilson coefficients
up to 3-loop order, [115,124,125]. Solving 3-loop problems in this way directly is not
possible at present, since the number of required moments is too large for the methods
available. Yet this method constitutes a proof of principle and may find application in
medium-sized problems in the future.

134









A Conventions
We use natural units
h=1, ¢c=1, g=1, (A.1)

where A denotes Planck’s constant, ¢ the vacuum speed of light and ¢ the permittivity
of vacuum. The electromagnetic fine—structure constant « is given by

2 2 1

9 e e
™ 137.03599911(46)

B dmeghc " 4r

a=d (=0 (A.2)

In this convention, energies and momenta are given in the same units, electron volt (eV).
The space-time dimension is taken to be D = 4 + ¢ and the metric tensor g,, in
Minkowski-space is defined as

go=1, gai=-1,i=1...D—-1, g;=0,1#7. (A.3)

Einstein’s summation convention is used, i.e.
D-1
"o i
r Yt = E T (A.4)
n=0

Bold—faced symbols represent (D — 1)-dimensional spatial vectors:
xr = (29,%) . (A.5)

If not stated otherwise, Greek indices refer to the D—component space-time vector and

Latin ones to the D —1 spatial components only. The dot product of two vectors is defined
by

D-1

P-4 = Podo — Zpi% - (A.6)

=1

The y-matrices v, are taken to be of dimension D and fulfill the anti-commutation
relation

{7/1771/} = 2guu . (A'7)

It follows that
Tr (VNFYV) = 4gw/ (Ag)
Tr ('7#7V7a75) = 4[guugocﬂ + 9uBGva — guagllﬁ] . (A'l )

The slash—symbol for a D-momentum p is defined by

=" (A.11)
The conjugate of a bi—spinor u of a particle is given by

= uly, (A.12)
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where 1 denotes Hermitian and *x complex conjugation, respectively. The bi—spinors u
and v fulfill the free Dirac—equation,

¢ —mulp) = 0, ulp)ly—m)=0 (A.13)
@+ m)vp) = 0, B(p)+m)=0. (A.14)

gl

Bi—spinors and polarization vectors are normalized to

S ulp,oVulp.o) = yf+m (A15)
> o, 0)(p.0) = ff—m (A.16)

o

S ek N (kA = —g" (A.17)
A

where A\ and o represent the spin.

The commonly used caret “” to signify an operator, e.g. O, is omitted if confusion
is not to be expected.

The gauge symmetry group of QCD is the Lie-Group SU(3).. We consider the general
case of SU(N,). The non—commutative generators are denoted by t*, where a runs from
1 to N> — 1. The generators can be represented by Hermitian, traceless matrices, [38].
The structure constants £ and d*¢ of SU(N.) are defined via the commutation and
anti-commutation relations of its generators, [190],

[t 8] = dfeee (A.18)

1
{t*. 1"}y = d“bctc+ﬁdab. (A.19)

The indices of the color matrices, in a certain representation, are denoted by 1, j, k, , ...
The color invariants most commonly encountered are

SasCa = fo o (A.20)
5@‘0}7 = tflt?] (A21)
S Tr = 1415, . (A.22)
These constants evaluate to
N?2 -1 1
Ca=N,., Cp=—5 , T =—. A .23
A P N, F=g (A.23)

At higher loops, more color—invariants emerge. At 3—loop order, one additionally obtains
d"d. = (N* = 1)(N? — 4)/N. . (A.24)

In case of SU(3)., Ca =3, Cr=4/3, ddu. = 40/3 holds.
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B Feynman Rules

For the QCD Feynman rules, Figure 20, we follow Ref. [190], cf. also Refs. [374]. D-
dimensional momenta are denoted by p; and Lorentz-indices by Greek letters. Color
indices are a, b, ... and 7, j are indices of the color matrices. Solid lines represent fermions,
wavy lines gluons and dashed lines ghosts. Arrows denote the direction of the momenta.
A factor (—1) has to be included for each closed fermion— or ghost loop.

igsfyﬂ,t‘;i

7gsfabc[<p1 - pZ)pg;w + (p? - p3)ugup + ([)3 - P1)u9up}

7gsfabcp,u
b e
71’93 Ze{fabefale [gppguo - g,uagl/p}
W, a o,d
+facefbde[g/wgprr - g;wgl/p]
+fadef6be [gupgz/a - g;wgpa]}
v, b p,C
° y ﬁ—niL-&-iO(;M
i p J ’
i o 2 ;
AL LA 0 (G + Epupw/ (p” +10))0ap
i
AR Rl

Figure 20: Feynman rules of QCD.
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The Feynman rules for the quarkonic composite operators are given in Figure 21. Up
to O(g?) they can be found in Ref. [119] and also in [341]. Note that the O(g) term in
the former reference contains a typographical error. We have checked these terms and
agree up to normalization factors, which may be due to other conventions being applied
there. We newly derived the rule with three external gluons. The terms . refer to the
unpolarized (4) and polarized (—) case, respectively. Gluon momenta are taken to be
incoming.

Pt 2V .
0Py (A-pNT N >1

gt ARy SFA - p) (A p)V T2 N > 2

p17 § D2, ] .
Pt b2 ng“AV¢7ﬂz Z;v:—og I= g+1(Ap2) (AP1)N_Z_2
[(tatb)jZ(Apl + Ap4)l i1 + (tbta)ﬂ(Apl —+ Apg)lijil} ,

N >3

P31, a p4,V,b

PAFN ARy SIS SN (A )T (Apy )N

{ (%) ji(Apa + Aps + Apr) 71 (Aups + Aupr) ™
+(tt°t")ji(Apa + Aps + Ap) T A py + Apy) !
() ;i (Aps + Aps + Apr)! T (Aps + Apy )™

+() ji(Aps + Aps + Ap) 7 HAps + Apy) !
(t°1°t”) ) )
(E°2°t) ) )

b3, i1, a p4,l/,b Ps,p,C

( (

( (
(1) ;i (Aps + Apy + Apy) A py + Apy )
() ji(Aps + Apy + Aupy) I (Aps + Apy m_l_l} 7
N >4

v+ =1, ~_ =15 . For transversity, one has to replace: Ay. — o A,.

Figure 21: Feynman rules for quarkonic composite operators. A denotes a light-like 4-vector,
A% = 0; N is a suitably large positive integer.
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The Feynman rules for the unpolarized gluonic composite operators are given in Figure
22. Up to O(g?), they can be found in Refs. [120] and [123]. We have checked these terms
and agree up to O(¢°). At O(g), we agree with [120], but not with [123]. At O(g?), we
do not agree with either of these results, which even differ from each other3®.

_1)N _
p, v, b D, W, a 1+(21) 5ab(A_p)N 2

(908 D = (Bups + D) A - p+ 2D, | N 22

— «—

P1, [y @ D3, A, € _ig%fabc
1 |:(Ayg)\y - AAQW)A “p1+ Au(pl,uA/\ - puAu)} (A 'p1)N_2
Povib A, [A P2y + A papry By — A LA - pagu — P -pzAHAV}
XX (A p) (A o)V

+{P1"P2‘>P3"Pl} + {PIHPBHIQ‘)PI} , N 2 2

U—V— A= U= A—V—

H

p1, f @ p4,0',d QQW fabedeeOyuAU(plvp2ﬁp3vp4)
+facefbd60u)\l/a(p1a p37p27p4) + fadefbceOﬂUw\(p17p4’ p27p3)) )
P2, V, b Ps, Av c

Ouu)\o'(plap2>p37p4) = AVA/\ _g,ua(A *P3 + A : p4)N_2
+HPapr = A paguol S (A ps+ A pa) (A py) N
~[Proly = A piguel g’ (A p) (A - ps + A py) N
+[A : plA * PaYuc +p1- p4Aqu - A- p4p1,UAu - A- p1p4,qu]

XSS (A )N A ps + A py)TI(A ,W}

_Jpiep2 | ) p3epa P1<°p2, P3<P4
{u«—w} {)u—»a}—i_{ /J<—>1/,)\<—>0'}’ NZZ

Figure 22: Feynman rules for gluonic composite operators. A denotes a light-like 4-vector,
A? =0; N is an integer.

36We would like to thank J. Smith for the possibility to compare with their FORM-code used in
Refs. [126,165,269,375], to which we agree.
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C Special Functions

In the following we summarize for convenience some relations for special functions which
occur repeatedly in quantum field theory and are used in this thesis.

C.1 The I'function

The I-function, cf. [376,377], is analytic in the whole complex plane except at single poles
at the non-positive integers. Its inverse is given by Euler’s infinite product

— zexp(ve2) [

=1

I'(z) (1 + ;) exp(—Z/i>] : (C.1)

The residues of the I'-function at its poles are given by

(=D
N

In case of Re(z) > 0, it can be expressed by Euler’s integral

Res[['(2)].—=—n = N eNUO . (C.2)

r(z) = / exp(—t)t1dt | (C.3)
0
from which one infers the well known functional equation of the I'-function
['(z+1) =2I'(2) , (C4)

which is used for analytic continuation. Around z = 1, the following series expansion is
obtained

I'l-¢) = eXP(87E)eXp{ZCi§}, (C.5)
e < 1. - (C.6)

Here and in (C.1), vg denotes the Euler-Mascheroni constant, see Eq. (4.7). In (C.5)
Riemann’s (—function is given by

=1
gkzzi—k, 2<keN. (C.7)
=1

A shorthand notation for rational functions of I'functions is

ay,...,a; | T(ap)..I'(ag)
F[bl,...,bj] T T(by)..D(by) (C.8)

Functions closely related to the I'-function are the function ¥ (x), the Beta-function
B(A,C) and the function £(z).
The Beta-function can be defined by Eq. (C.8)

AC

B(A =T
(4,0) A+C

. (C.9)
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If Re(A),Re(C') > 0, the following integral representation is valid
1
B(A,C) = / de 24711 —2)71 . (C.10)
0
For arbitrary values of A and C, (C.10) can be continued analytically using Egs.

(C.1, C.9). TIts expansion around singularities can be performed via Egs. (C.2, C.5).
The t-function and [(x) are defined as derivatives of the I'-function via

w@:f%%mm (C.11)

o = [ -e(3)] cr

C.2 The Generalized Hypergeometric Function

The generalized hypergeometric function pFy is defined by, cf. [285,286],

ai,...,a a);...(ap); 2
rkq bi,...,b;;Z] :; ibiigb;) T(i+1)° (C.13)
Here (¢), is Pochhammer’s symbol
(dn—rﬁé;), (C.14)
for which the following relation holds
(N+1)_; = (_Di' , Ne N. (C.15)

In (C.13), there are P numerator parameters a;...ap, () denominator parameters b;...bg
and one variable z, all of which may be real or complex. Additionally, the denominator
parameters must not be negative integers, since in that case (C.13) is not defined. The
generalized hypergeometric series pF() are evaluated at a certain value of z, which in this
thesis is always z = 1 for the final integrals.

Gauss was the first to study this kind of functions, introducing the Gauss function o F7,
and proved the theorem, cf. [285],

—a—b
2Filabie 1] =T |70
c—a,c—b

] , Re(c—a—-0)>0 (C.16)

which is called Gauss’ theorem. An integral representation for the Gauss function is given
by the integral, cf. [285],

a,b+1 c+b+2 ! b _
’ = d 1—x)(1 - @ C.17
Sl c+1,b+1 4 v (l—a)(l—za), (C.17)
provided that the conditions
|zl <1, Re(c+1), Re(b+1) >0, (C.18)
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are obeyed. Applying Eq. (C.17) recursively, one obtains the following integral represen-
tation for a general p,; Fp—function

ag, a1,... ,Ap b1 bp
) ) ) ‘2 -T ) ) >
ay,

p1lp b b b b
1y---,UP yap,01 —ay, ... ,0p —ap

1 1
/ dry .. / drpr$* (1 — )7t T (1 —xp)? P (1 — 2y L ap) ™

0 0
(C.19)

under similar conditions as in Eq. (C.18).

C.3 Mellin—Barnes Integrals

For the Gauss function, there exists a representation in terms of a complex contour integral
over I-functions. It is given by, cf. [285],

“’b-z] - / R L RN . P (C.20)

F - 7
e 21l (a)T'(b) J_ivota C(c+s)

under the conditions
|z <1, J|arg(—2)| <. (C.21)

(C.20) only holds if one chooses the integration contour in the complex plane and the
positive constant « in such a way that the poles of the I'-functions containing (+s) are
separated from those arising from the I'-functions containing (—s) and closes the contour
to the right.

Setting b =1, ¢ =1 in (C.20) one obtains

1
1Fola; 2] = A=y (C.22)
which yields the Mellin-Barnes transformation, cf. [305,307,378],
1 1 Froota Y
= dsI'(A I'(— ) C.23
(X +Y)  2mil(\) /_ ors BT+ (=s) 55 (C-23)

The contour has to be chosen as in (C.20) and the conditions 0 < a < Re()) ,
|arg(Y/X)| < 7 have to be fulfilled.

C.4 Harmonic Sums and Nielsen—Integrals

Expanding the I'-function in ¢, its logarithmic derivatives, the ¢)*)-functions, emerge. In
many applications of perturbative QCD and QED, harmonic sums occur, cf. [142,143],
which can be considered as generalization of the y-function and the (-function. These
are defined by

Sun V) = 3035 R @) (g (sign(a)

ni=1ns=1 Nym=1 ‘al‘ n|2a2| nﬂm‘
N € N, Vig EZ\O, (C.24)
Sy = 1. (C.25)
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We adopt the convention

Il
SCQ
5
:
2

(C.26)

i.e. harmonic sums are taken at argument (N), if no argument is indicated. Related
quantities are the Z—sums defined by

[T sign(mo)]

Zml,-~.,mk (N) = ZN2i1>i2...>ik>0 i‘ml‘ (C'Z7>
l
The depth d and the weight w of a harmonic sum are given by
d = m, (C.28)

m

W= Z|al| (C.29)

Harmonic sums of depth d = 1 are referred to as single harmonic sums. The complete
set of algebraic relations connecting harmonic sums to other harmonic sums of the same
or lower weight is known [146], see also [143] for an implementation in FORM. Thus the
number of independent harmonic sums can be reduced significantly, e.g., for w = 3 the 18
possible harmonic sums can be expressed algebraically in terms of 8 basic harmonic sums
only. One introduces a product for the harmonic sums, the shuffle product LLI, cf. [146].
For the product of a single and a general finite harmonic sum it is given by

Say (N) L Sby b (N) = Say by b (N) 4 Sty arbo, b (N) F oo 4 Sty g bmar (V)
(C.30)

gooe

sum of all harmonic sums of depth m +n in the index set of which a; occurs left of a; for
1 < j, likewise for by and b; for k < [. Note that the shuffle product is symmetric.
One can show that the following relation holds, cf. [146],

Sll1 (N) ) Sbl,~~~7bm(N) = Sa1 (N> L Sb1,~~~7bm<N)
_Sa1/\b1,b2,...,bm (N) T e T Sb1,b2,...,a1/\bm (N) ) (C3l>

where the A symbol is defined as
a N\ b= sign(a)sign(b) (|a| + [0]) . (C.32)

Due to the additional terms containing wedges (A) between indices, harmonic sums form
a quasi-shuffle algebra, [304]. By summing (C.31) over permutations, one obtains the
symmetric algebraic relations between harmonic sums. At depth 2 and 3 these read, [142],

Sm,n + Sn,m = SmSn + Sm/\n ) (C33>
> S = SSmSut D SiSman +2 Siaman (C.34)
perm{l,m,n} inv perm{l,m,n}

which we used extensively to simplify our expressions. In (C.33, C.34), “perm” denotes
all permutations and “inv perm” invariant ones.

145



The limit N — oo of finite harmonic sums exists only if a; # 1 in (C.24). Additionally,
one defines all o-values symbolically as

Ok, k1 — lim Sa1,..‘,al(N) . (C35)

The finite o-values are related to multiple (-values, [142, 143,155, 379, 380], Eq. (C.7).
Further we define the symbol

00 = Z 1. (C.36)
i=1

It is useful to include these o-values into the algebra, since they allow to treat parts
of sums individually, accounting for the respective divergences, cf. also [143]. These
divergent pieces cancel in the end if the overall sum is finite.

The relation of single harmonic sums with positive or negative indices to the !
functions is then given by

k)_

Si(N) = Y(N+1)+78, (C.37)
S.(N) = %W—”(N + 1)+ k>2, (C.38)
S (N) = (=D)NB(N+1)—1n(2), (C.39)
S_o(N) = —%5@—1)@[ +1) - (1-2"¢ k>2. (C.40)

Thus single harmonic sums can be analytically continued to complex values of N by
these relations. At higher depths, harmonic sums can be expressed in terms of Mellin—
transforms of polylogarithms and the more general Nielsen-integrals, [291,381,382]. The
latter are defined by

B (_1)n+p—1 1 dx -
Snp(z) = = /. ?log (x)logP(1 — zx) (C.41)
and fulfill the relation
dSyp(x)
: =S,_ ) C.42
leg(.T) 17p(x) ( )
If p =1, one obtains the polylogarithms
Lln(x) = Snfl’l(ﬂi) s (043)
where
) x
Lip(z) = T (C.44)

These functions do not suffice for arbitrary harmonic sums, in which case the harmonic
polylogarithms have to be considered, [314]. The latter functions obey a direct shuffle
algebra, cf. [146,155]. The representation in terms of Mellin—transforms then allows an
analytic continuation of arbitrary harmonic sums to complex N, cf. [210,211]. Equiva-
lently, one may express harmonic sums by factorial series, [377,383], up to polynomials
of S1(N) and harmonic sums of lower degree, and use this representation for the analytic
continuation to N € C, cf. [121,147].
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D Finite and Infinite Sums

In this appendix, we list some examples for infinite sums which were needed in the present
analysis and are newly calculated. The calculation was done using the Sigma—package as
explained in Section 6.2. A complete set of sums contributing to the calculation of the
2-loop massive OMEs can be found in Appendix B of Refs. [128,137].

i B(N —2,i) (_DNZLSL_2 + 25 342651 +2¢ — 655 — 3¢,

L (i + N)? (N—2)(N - 1)N
1
. 1
TN (N =N (D-1)
L B(N —2,4) , . B (—1)N+1
; WSl(Z + N — 2) = (N _ 2>(N — 1)N (851’,2 - 4873 — 4515,2 — 2{3
N2—-3N +3
+2¢2S51 — 1053 — 5C2> + (N —2)(N = 12N? Sh
N3 —5N +3
TN (N 1PN (D-2)
=\ B(N,i) . . L (=)~
; mSl(l)Sl(N + ’L) = N(N I 1)(N i 2) (45_271 — 65_3 — 45’_281 — 2(3
G S o
—2(,51 — 2 —4
G251 (N +1) (N+1)>
+—253 — 5159 + (251 + 2¢3
N +2
2+7N+7N2+5N3+N4S
N3(N+13(N+2) '
2+ 7N +9N? 4+ 4N3 + N* (D3)
N4(N 4+ 1)3(N +2) '
3 Sl NS0 U_i‘_§+<3_25><+<é_5_%_§><+5_?
Z~  i+N 4 4 \N TUPTAN 2 2PN
St L/ 1 35N S, 82 Sy,
S+ e i
S s
+Sl<3ﬁ2+S271—253>+2W3+S371—S4. (D.4)
> . R 3., o 1
Z(Sl(l—{—N)—Sl(Z)) = _551_Sl_§SQ+3NSQ71_NSS+NC3. (D5)

i=1
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k=1
£

+ 5(_1)]\[ |:_C3 + C251 + 2517_2 — 28_271]

62

+ Z(—l)N EC% — (351 + (2511

+2{51,1,—2 +S5 911 — 51,—2,1}]

i e3<—1>N[—9 y g Sug B,

4
+0(e") . (D.6)

_{_51,72,1,1 +Si11,-2 =S 2111 — 51,1,2,1]

An example for a double infinite sum we encountered is given by

S1(1)S1(i 4+ 5+ N)
N
Z i(i+7)(j+N)

45 S,
= 4511 — 253 + 51( 351 + f) — 74

2,7=1

S4
—53+ 508, + L+ 651G+ G (2512 + 52) . (D.7)

A detailed description of the method to calculate this sum can be found in Appendix B
of Ref. [137].
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E Moments of the Fermionic Contributions to the
3—Loop Anomalous Dimensions

The pole terms of the unrenormalized OMEs in our calculation agree with the general
structure we presented in Eqs. (4.94, 4.103, 4.104, 4.116, 4.117, 4.124, 4.134). Using the
lower order renormalization coefficients and the constant terms of the 2-loop results, Eqs.
(6.34, 6.53, 6.60, 6.68, 6.80), allows to determine the Tr—terms of the 3-loop anomalous
dimensions for fixed values of N. All our results agree with the results of Refs. [111,112,
124 125, 317 318]. Note that in this way we obtain the complete expressions for the terms

7 g ) and 'yqq , since they always involve an overall factor Tr. For them we obtain
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For the remaining terms, only the projection onto the color factor T can be obtained :
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(3)

F The O(e") Contributions to A,

Finally, we present all moments we calculated. We only give the constant term in ¢ of

the unrenormalized result, cf. Eqs. (4.94, 4.103, 4.104,

4.116, 4.117, 4.124, 4.134). These

terms have to be inserted into the general results on the renormalized level, cf. Eqgs. (4.96,

4.105, 4.106, 4.118, 4.119, 4.126, 4.137). We obtain
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G 3-loop Moments for Transversity

We obtain the following fixed moments of the fermionic contributions to the 3-loop
transversity anomalous dimension %Sg)’TR(N )
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These moments (N = 1..8) agree with the corresponding terms obtained in [360]. The
newly calculated moments read
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The fixed moments of the constant terms ag‘zg R(N ) of the unrenormalized OME;, see Eq.
(9.15), are given by
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