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1. Introduction

Scattering experiments play a crucial role in the exploration of the internal structure of matter
already since the early days of nuclear and particle physics. Several pivotal results have been
obtained from observations of particle scattering with atomic targets. Rutherford, Geiger and
Marsden conducted experiments in which they observed the scattering of a particles off gold
atoms in a thin foil [1-4]. Rutherford compared the experimentally observed distribution of
scattered particles to theoretical calculations in different models [5]. The comparison revealed
that the data favoured a model in which atoms are composite objects comprising negatively
charged electrons and the positive charge concentrated in a nucleus and disfavoured the picture in
which the electrons are embedded in a continuous cloud of positive charge as previously assumed
by Thomson [6]. This combination of scattering experiments and their theoretical interpretation
has henceforth been a prevailing pattern in nuclear and particle physics. The nucleus is made up
of protons, discovered by Rutherford in 1919 [7], and neutrons, discovered by Chadwick in 1932
[8]. Both discoveries were made in scattering experiments where radioactive sources were used to
provide high-energetic probes and the observation of the scattered particles allowed conclusions
about the structure of the scattering target. The measurement of the anomalous magnetic
moment of the nucleons [9-11| showed that it deviated from the value expected for point particles
and proved that nucleons are extended objects. The approach of using scattering experiments to
investigate the nucleon substructure proved successful again when Hofstadter and collaborators
performed quasi-elastic scattering experiments with protons [12]. They could resolve the charge
distribution of the proton, measure its charge radius and show that the boundary of nucleons is
not sharp.

Experiments at Stanford Linear Accelerator Center (SLAC) in the late 1960s [13-16], cf. also
[17-19], probed the internal structure of protons by scattering high energy electrons off a liquid
hydrogen target. The cross section showed several peaks in the invariant mass distribution of
the hadronic final state, which correspond to the elastic scattering peak and several nucleon
resonances. At even larger virtualities Q? = —¢? > 2 GeV? they also measured the continuum
contribution of what is called deep-inelastic scattering (DIS). Here ¢? is the square of the 4-
momentum carried by the exchanged photon. In this kinematic region the differential cross
section can be parametrised by several structure functions Fj, which carry the information about
the substructure of the nucleon. The data suggested that the structure functions would become
(approximately) independent of Q2 the further @Q? was increased. This independence of Q2
known as scaling, was predicted for DIS by Bjorken [20] based on an analysis of current algebra.
One can define the Bjorken scaling variable z = Q?/2Mv, where v is the energy transfer from the
lepton to the proton in the laboratory frame and M is the nucleon mass. In the Bjorken limit one
keeps z fixed but goes to the limit of Q% — oo and v — oco. In this limit, instead of the absolute
momentum scales Q2 and v, the structure functions depend solely on the dimensionless ratio .
Increasing the scale Q? corresponds to an increase of the spatial resolution. Since independence
of an absolute energy or length scale is realised for point-like objects, the scaling behaviour hints
towards point-like constituents inside the proton.

Feynman was then able to demonstrate that the assumption of point-like scattering centres
inside the proton could reproduce the observed scaling behaviour [21-23]. He called those quasi-
free particles partons. In his model a highly virtual electro-weak gauge boson, emitted by the
lepton, probes the proton at such short time scales that it finds effectively free particles. There-
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fore, the photon or weak bosons scatter elastically off the quasi-free partons. The cross section
is then given by the incoherent sum over scattering off the individual partons. Each of these
cross sections is weighted by the parton distribution functions (PDFs) f;(z;). They describe the
probability of finding a massless parton of type ¢ inside the proton carrying a fraction z; of the
proton’s longitudinal momentum. Conclusions about the spin of such partons can be drawn from
the ratio of the scattering cross sections for longitudinally (L) and transversally (T) polarised
photons with nucleons, R = or/oy,. For spin 1/2 constituents R should be small. In the naive
parton model with spin 1/2 partons the Callan-Gross relation [24] even predicts R = 0. On the
other hand, spin 0 constituents, for example, would entail large values for R. The ratio can be
related to the structure functions of deep-inelastic scattering. While the first measurements did
not yet allow to disentangle the individual structure functions, later measurements [14| showed
that R is small. This supported the hypothesis of spin 1/2 constituents and ruled out other
approaches to deep-inelastic scattering, like vector meson dominance models [25, 26].

During the 1940s and 1950s experiments using cosmic rays and later also experiments at
particle accelerators showed the existence of a large number of particles and resonances that
were classified by their quantum numbers such as spin, parity, isospin or strangeness. In order to
organize the strongly interacting states (hadrons), Gell-Mann [27] and Ne’eman [28], cf. also [29],
extended the SU(2) symmetry of nuclear isospin to an SU(3) description, which incorporated
strangeness into the symmetry structure. The mesons (hadrons with integer spin) could be
organized into a singlet and an octet representation and the baryons (hadrons with half-integer
spin) were represented as approximate octets and a decuplet. Besides grouping the states, the
symmetry allowed the derivation of mass formulae for those hadrons [27, 30, 31]. At that time,
the existence and mass of the spin 3/2 baryon 1~ with strangeness S = —3 was a prediction of
this scheme. The observation of this baryon [32] in bubble chamber experiments at Brookhaven
National Laboratory with the predicted mass was a strong indication for the correctness of this
approach.

Shortly thereafter Gell-Mann [33| and independently Zweig 34| introduced the concept of
hypothetical constituents of hadrons as fundamental triplets of the SU(3) symmetry. Zweig
called these entities aces while Gell-Mann called them quarks: The proposal was to have an up
quark with charge +2/3 and down and strange quarks with charge —1/3. Later the term flavour
was coined to refer to the fact that there are several types of quarks, distinguished only by their
mass and charge. Taking quarks to carry spin 1/2 and fractional charges as stated above, one can
form mesons as quark-antiquark states and baryons as states formed by three quarks.

With quarks as spin 1/2 constituents for the observed hadrons and experimental data suggesting
point-like spin 1/2 partons being responsible for scaling in DIS, identifying quarks as partons was
a next logical step that yielded the quark-parton model [35]. This means that quarks are not
only mathematical entities but real constituents of protons and prompts the question whether
one can observe free quarks in nature, which are not bound inside hadrons. To this date free
quarks have not been observed despite intense searches [36].

Another problem arose from the fact that, since quarks are fermions, they must obey the
spin-statistics theorem [38-42| and therefore have an antisymmetric wave function. However,
the assumption of three equally flavoured spin 1/2 quarks in a spin 3/2 baryon like the Q= (sss),
AT (uuu) or A~ (ddd) would yield a symmetric wave function. This problem was noted by
Greenberg and he proposed para-Fermi-statistics [43] for the quarks to resolve this difficulty. This
was later shown to be equivalent to a new quantum number, now called colour, which is based
on a separate SU(3). symmetry [44-47|. The colour degree of freedom allows to anti-symmetrise
the baryon wave function and thus to reconcile it with the spin-statistics theorem. Further
support for the existence of colour and the number of colours N, = 3 comes from the ratio of
the hadronic eTe™ annihilation cross section to the cross section of ete™ — p*pu~, the decay
width of 7% — 2+ if fractional charges are assumed, and the ratio of the hadronic and leptonic 7



lepton decay widths. All of these quantities involve some hadronic initial or final state and the
introduction of constituents of hadrons with three colours introduces extra factors of N, which
are needed to produce agreement between theoretical predictions and experimental observations.
Since no coloured objects were observed as free states in the detectors, it was postulated that the
physical spectrum can only contain colourless objects, i.e. singlets under SU(3).. A consequence
of this postulate would be that free quarks or gluons cannot be observed since they are triplets
or octets under colour.

On the theoretical side, quantum field theory had been very successfully applied to electromag-
netism in the form of quantum electrodynamics (QED). One of the main tools in the application
of QED is the perturbative expansion in the coupling constant. Its smallness ensures good
agreement of already the first terms of the perturbative series with experimental observations.
Motivated by the success of QED, attempts were made to apply quantum field theory also to the
strong interactions. This turned out to be unsuccessful at first since the coupling constant of the
strong interactions is large at low scales and thereby prevents the successful use of perturbation
theory. As an alternative, other approaches to strong interactions were developed. This includes
methods like Regge theory where one deduces scattering cross sections from the analyticity of
the S-Matrix and crossing relations. Gell-Mann proposed current-algebra where only the com-
mutation relations of currents are assumed without the necessity of an underlying field theory.
Other approaches included the bootstrap model, the vector dominance model, the dual resonance
model or models on a purely phenomenological basis like the parton model, mentioned above.
While they explained some parts of the experimental data of that time reasonably well, they
were found unsatisfactory with the advent of precise data at higher energies, notably the DIS
data from the SLAC-MIT experiment [13-16].

The investigation of gauge theories with non-abelian gauge groups, pursued by Yang and Mills
in 1954 [48], was a cornerstone of what would later become the quantum field theory of strong
interactions. Non-abelian gauge theories, later called Yang-Mills theories, were not regarded
much for some time since the theory predicted massless vector particles, gauge bosons analogous
to the photon of QED, which were, however, not observed in nature. A peculiar feature of this
type of gauge theories is that the non-commutativity of their symmetry generators induces self-
interaction between the gauge bosons. Foundations for the later applications of these theories
were laid by Faddeev and Popov, who found a way to consistently quantize Yang-Mills fields
[49], and Veltman and 't Hooft, who proved the renormalisability of Yang-Mills fields [50-55].
Yang-Mills theories would soon prove instrumental for DIS and the electroweak Standard Model
[56-58|.

The observation of approximate scaling in DIS could be explained if the underlying theory
has the property of asymptotic freedom: If the coupling strength decreases for increasing scales,
scattering at high momentum transfer would effectively probe an ensemble of non-interacting
particles. In contrast, all known field theories in four dimensions at that time showed increasing
coupling strength with increasing scale (see, e.g. [59, 60]). Progress arose after Gross and Wilczek
[61] as well as Politzer [62], cf. also [63], showed that Yang-Mills theories enjoy asymptotic
freedom. Their renormalisation group analysis revealed that these theories can have a negative
B-function and therefore a diminishing coupling constant in the ultraviolet (UV) regime.

In the application of Yang-Mills theories to the strong interactions Nambu [45] as well as Fritz-
sch, Gell-Mann and Leutwyler suggested |64, 65| to identify the non-abelian symmetry with the
SU(3). colour degree of freedom of quarks and to use an octet of vector bosons (gluons) as force
carriers. Quarks transform as triplets in the fundamental representation, whereas gluons trans-
form in the adjoint representation. This theory was named quantum chromodynamics (QCD)
and turned out to be rather successful in describing the strong interactions: Being a Yang-Mills
theory based on SU(3)c, it has asymptotic freedom, which is compatible with the observed be-
haviour of the DIS structure functions. The gauging of colour as a local gauge symmetry implies
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the strong force. Finally, it was conjectured [66, 67] that the infrared divergences of the theory,
which are enhanced by the self-interactions of the massless gluons, can explain confinement of
coloured states as a dynamical effect.

Asymptotic freedom also opened up the possibility to apply perturbation theory at short
distances where the coupling is weak. For this, another development of that time was crucial:
The operator product expansion developed by Wilson [68], cf. also [69-74|, which allowed a
systematic separation of long and short distance contributions. It had direct application in DIS
since here, the scattering cross section can be described by a product of two electromagnetic
current operators |75, 76]. It can be shown that the most relevant contributions come from
light-like separations of the currents. Therefore, we can apply the operator product expansion
on the light-cone [71, 77, 78|, called light-cone expansion. It allows to express products of
operators in terms of local operators, which describe physics at long distances, and coefficient
functions, which describe the short distance phenomena. The local operators are regular in
the limit of light-like separation while the coefficient functions carry the singularities of the
original product in this limit. As mentioned above, theories which enjoy asymptotic freedom
have weak coupling at short distances and therefore allow to calculate the coefficient functions
perturbatively. Hence, the structure functions of DIS depend on the coefficient functions, also
called Wilson coefficients, and matrix elements of the local operators. It is possible to order
the relevance of the individual operators in the light-cone limit by the degree of singularity of
the corresponding Wilson coefficient. An analysis reveals that the singularity depends on the
difference between the canonical dimension of the operator and its spin — a quantity called twist
[79] — and that the operators of lowest twist are most relevant. In the case of DIS the operators
of twist 2 are the first that contribute.

How the structure functions depend on the scale Q? is of course of particular interest since it
addresses the question of scaling (independence from Q2). After all, QCD is not a free theory
and contrary to the assumption of the naive parton model, there are interactions between the
partons. It turns out, however, that the leading-order behaviour in perturbation theory in the
twist-2 approximation reproduces the free field result up to calculable logarithmic corrections
in Q% and therefore exhibits approximate Bjorken scaling [67, 80, 81]. The scale behaviour is
governed by the renormalisation group equations [82-87| and in particular the anomalous dimen-
sions of the local operators, which were calculated at leading order in [67, 80, 81|. Thus, even
quantitative predictions of the scaling violations were possible in QCD, at least in limited kin-
ematic regions probed given typical experimental resolutions available in the 1970s. Subsequent
experimental investigations [88, 89] indeed found scaling violations which were in agreement with
those predicted from QCD — a finding which led to a greater acceptance of QCD as the correct
theory of the strong interactions. Applying an inverse Mellin transformation to the renormalisa-
tion group equations and anomalous dimensions of the light-cone operators allows to translate
the expressions to x space |71, 80, 81, 90-93]. At leading twist, these quantities can be given
an interpretation in the parton picture [94-98|. The matrix elements of the local operators cor-
respond to parton distribution functions, and their scale dependence is described by a set of
integro-differential equations. The anomalous dimensions of the local operators at leading twist
are equivalent to splitting functions F;; which give the probability to find a parton of type i
when probing a parton of type j.

Many experiments thereafter measured deep-inelastic lepton-hadron scattering processes. While
the first experiments were fixed target experiments, later also collider experiments were realised.
They allowed for an exploration of larger virtualities Q2 and smaller values of 2. So far the largest
range of kinematical parameters was accessible with the HERA collider {99, 100] at DESY. Its
detectors H1 [101], ZEUS [102] and HERMES [103] probed protons at virtualities ranging from
Q? = 0.045GeV? to 50000 GeV? and 6 - 107 < x < 0.65 [100].

To keep up with the increasing experimental precision, also the theoretical calculations had



to be extended to higher accuracy. Therefore, higher orders in perturbation theory beyond the
leading order (LO) were needed. As a first step, the 1-loop QCD corrections to the coefficient
functions to unpolarised DIS were calculated [104, 105], cf. also [106], mainly at the end of the
1970s. Also the next-to-leading order (NLO) corrections to the anomalous dimensions in the
unpolarised case [104, 107-118] were obtained. The 2-loop QCD corrections to the massless
Wilson coefficients followed during the next 15 years [118-128]. The step to next-to-next-to-
leading order (NNLO) was first taken for sum rules [129] and a series of fixed moments of the
anomalous dimensions and Wilson coefficients [130—-134]. Finally, also the expressions for general
values of the Mellin variable N and parton momentum fraction x were obtained for the NNLO
anomalous dimensions [135, 136] and the massless 3-loop Wilson coefficients [137, 138]. There
are even a few fixed moments for the unpolarised non-singlet anomalous dimension available at
4-loop order [139-142|. The anomalous dimensions and massless Wilson coefficients are single-
scale quantities and are expressible in terms of nested harmonic sums [143, 144| in N space
and in terms of a certain class of iterated integrals called harmonic polylogarithms [145] in x
space. These mathematical objects obey algebraic and structural relations [146-148| which allow
to reduce the expressions to a small number of basis sums or integrals. For the 3-loop Wilson
coefficients and anomalous dimensions this was achieved in [149].

Besides the scattering of unpolarised leptons with nucleons, experiments have also investigated
scattering of polarised leptons and nucleons. The polarisation of both probe and target gives
insight into the spin structure of the nucleons. Here more independent structure functions arise
and additional operators contribute. Therefore, the description of polarised DIS requires the
separate calculation of polarised Wilson coefficients and anomalous dimensions. The Wilson
coefficients for the structure function g; are known up to O(a?) [150-153] and the structure
function g is related to g1 by the Wandzura-Wilczeck relation [154]. The polarised anomalous
dimensions were calculated to LO in [96, 155, 156], to NLO in [157-159] and to NNLO in [160,
161].

In charged current DIS, a charged electro-weak gauge boson W¥ is exchanged instead of
a photon. The parity-violating nature of the weak current allows new structure functions to
contribute. They can be used to disentangle the flavour structure of the nucleons. Corrections
to the corresponding Wilson coefficients were calculated at 1-loop order in [105, 106] and later
to 2-loop [118, 122] and 3-loop order [153, 162, 163].

Besides the nearly massless up, down and strange quarks which were part of Gell-Mann’s
original proposal for the quark model, heavier quarks were observed as well. In 1974 the existence
of a fourth quark was inferred from narrow resonances in e™e™ collisions, called ¢) and 1)’ and
observed at SLAC [164, 165, and a pp resonance, called J and observed at BNL [166]. The J and
1) states turned out to be the same particle and were found to be consistent with the interpretation
as a quark-antiquark bound state of the new quark. The quark was called charm quark and had
been postulated on several occasions before [167-172], cf. also [173], and was particularly welcome
in the context of anomaly cancellation [174, 175] and the suppression of flavour-changing neutral
currents through the Glashow-Iliopulos-Maiani mechanism [176]. Another quark, now called
bottom quark, was found three years later as the Y resonance, a bb bound state observed at
Fermilab [177]. The most recent quark discovery was the top quark, also observed at Fermilab
[178-180] in 1995. In contrast to the other quarks, the top quark, however, decays on such short
time scales that it cannot form hadrons.

In the parton picture, all partons are massless particles. Quarks, on the other hand, do have
masses. For the up, down and strange quarks the massless approximation is generally justified
already at energies of a few GeV. Other flavours, starting with the charm quark, have masses
larger than 1 GeV and cannot be treated as massless over the whole range allowed kinematically.
The top quark has a mass of m; ~ 173 GeV [37] and is too heavy to be produced in the DIS
experiments carried out so far, but charm and bottom quarks have to be taken into account.
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The influence of such heavy quarks on DIS was considered in theoretical calculations soon after
the discovery of the charm quark. At the end of the 1970s, the leading-order contributions to the
structure functions were calculated [181-185|. For photon exchange heavy quarks start to appear
at O(as) and are produced by photon gluon fusion (yg — QQ@Q). Also the scaling behaviour of
heavy quarks turns out to be different from that of massless quarks. Therefore, the study of
heavy quarks can give a handle on the otherwise rather loosely constrained gluon distribution.
This motivated the calculation of the NLO corrections [186-188]. At NLO also quark-initiated
reactions start to contribute, but the gluon contributions stay dominant. Similar developments
were carried out for polarised [151, 189-193| and charged current scattering [194-199].

While the NLO calculation of heavy quark contributions to unpolarised DIS were first given
semi-analytically [186-188]' for general kinematics, it was later found [201] that the heavy flavour
Wilson coefficients factorise in the limit of large virtuality compared to the heavy quark mass
(Q? > m?). In this asymptotic region the Wilson coefficients can be written as the Mellin
convolution of the massless Wilson coefficients and massive operator matrix elements (OME).
The approximation is valid in the limit where power corrections in m?/Q? can be discarded. By
comparing to the exact NLO calculation it was found [202]| that for the unpolarised structure
function F»(z, Q?) the approximation holds for Q2 > 10m? at the percent level, which covers large
parts of the kinematic range relevant at HERA. On the other hand, for the structure function
Fr(z,Q?%) the approximation becomes reliable only for Q2 > 800m? due to the presence of terms
proportional to (m*/@?)In (m?/@?). The OMEs are matrix elements of the light-cone operators
between partonic states and they contain the complete dependence on the heavy quark mass
that remains in this limit. Moreover, the OMEs are process independent, while the process
dependence is then carried by the massless Wilson coefficients.

The massive OMEs do not only appear in the asymptotic description of the heavy flavour
Wilson coefficients, but also in the definition of PDFs in a variable flavour number scheme
(VENS) [193, 202, 203]. The VFNS describes the transition of PDFs in a scheme with Np
massless and one massive quark to a scheme with Np + 1 massless quarks. In the new scheme,
the massive quark is treated as massless and is assigned a PDF which is obtained by matching
to the Np flavour scheme at some matching scale u. Here the massive OMEs enter as matching
coefficients. Having such a scheme is relevant for experiments at energy scales much larger
than the heavy quark mass, such as those carried out at the LHC. Treating the heavy quarks
purely perturbatively would yield logarithms of large scale ratios involving the heavy quark mass.
Through the VENS the heavy quarks are treated as effectively massless above a matching scale,
which removes their mass scale from the problem.

At NLO the massive OMEs were calculated in [201, 202| and checked in a recalculation in [204,
205]. In addition to the check of the NLO results, also expressions needed for the extension of the
results to 3-loop order were obtained [206, 207]. In these calculations the authors obtained the 2-
loop OMEs through direct integration of the Feynman parameter integrals in N space. This was
possible by employing Mellin-Barnes representations [208-210] and by expressing the Feynman
parameter integrals in terms of higher hypergeometric functions [211-214]. The resulting sums
could then be simplified and expressed as nested harmonic sums. The development was not only
interesting as a recalculation, but also since the same methods are applicable also at the next or-
der in perturbation theory. Since the massless Wilson coeflicients and the anomalous dimensions
are already known at NNLO, the calculation of the massive OMEs at NNLO would allow for a
NNLO description of the heavy flavour contribution to DIS in the asymptotic region. A first step
in that direction was taken in 2009 with the calculation of a series of moments for the massive
OMEs and the extension of the renormalisation procedure to 3-loop order [193, 203, 215]. This
calculation also verified the parts of the NNLO anomalous dimensions which are proportional to

! A numerical implementation in Mellin space was presented in [200].



the colour factor Tr through independent calculations. The moments were obtained by mapping
the diagrams to massive tadpoles through appropriate projectors and the use of the FORM [216]
program MATAD [217]. For phenomenological applications, however, the expressions for general
values of the Mellin variable N are necessary, which requires different calculational techniques.
Since then, several partial results working towards the goal of a complete asymptotic NNLO
description were completed. We will give a brief review of of these developments in Section 2.8.

Overall, DIS has been and still is an important tool to establish and test QCD as the correct
theory of strong interactions. Moreover, DIS is used to obtain information which cannot be pre-
dicted from QCD. Using the theory predictions and comparing to the accumulated data of almost
half a century of experiments, one can extract several important quantities. For example, DIS
allows to determine the non-perturbative PDFs rather precisely. They are universal quantities
and can therefore be reused for the prediction of other hadronic collisions like for example pp
collisions which are currently investigated at centre-of-mass energies of /s = 13 TeV at the LHC
at CERN. Precise knowledge of the PDFs is a prerequisite for drawing accurate conclusions from
hadronic collisions — be it for precision measurements of Standard Model parameters or searches
for effects of new physics. Modern global analyses [100, 218-222| use deep-inelastic scattering,
along with other processes, to fit phenomenological parametrisations of the PDFs to the data.
Moreover, information from deep-inelastic scattering provides access to theory parameters like
the strong coupling constant as(m%). It can be determined at the level of O(1%) in modern
NNLO analyses [223-225]. Finally, also the masses of charm and bottom quarks can be extracted,
see for example [226]. Given the small experimental uncertainties, NNLO corrections have to be
taken into account in the analyses mentioned above. This includes contributions from massive
quarks like the charm and bottom quarks. It is the aim of this thesis to contribute to extending
the description of heavy quark corrections to deep-inelastic scattering to 3-loop order.

In this thesis, we present results in the context of the long-term project to calculate the
massive OMEs at 3-loop order which are required to extend the description of the heavy flavour
contributions to DIS and the VENS to NNLO. In Chapter 2, we review the basic formalism to
describe deep-inelastic scattering and contributions from massive quarks. We discuss the relevant
kinematic variables, the description via structure functions and the interpretation in the parton
model, as well as the light-cone expansion in the context of QCD and the factorisation of the
heavy flavour Wilson coefficients into massive OMEs and massless Wilson coefficients. Moreover,
we explain the VENS and renormalisation procedure for OMEs. The chapter closes with a brief
summary of the status of the calculation of the massive OMEs.

We calculate the OMEs in a diagrammatic approach, which involves generating Feynman
diagrams and solving the associated Feynman integrals. To handle the large number of integrals,
integration-by-parts identities [227-233] are used to eliminate relations among the integrals and
to reduce them to a much smaller number of master integrals. These master integrals have to be
solved and their results must be assembled into the result for the complete OME. We present an
outline of the major steps involved in this calculation in Section 3.1 and collect some properties of
the nested sums and iterated integrals which appear in the results in Section 3.2. Since one of the
most demanding tasks is the calculation of the master integrals, we explain the techniques we use
in Section 3.3. These methods include introducing a Feynman parametrisation and identifying
the integrals as generalised hypergeometric functions and related functions [211-214, 234239 to
arrive at a sum representation or to use Mellin-Barnes integrals [208-210] to the same end. These
sum representations are subsequently simplified in terms of nested sums using the summation
algorithms [240-251|, which are implemented in the Mathematica packages Sigma [241, 252, 253],
EvaluateMultiSums and SumProduction [254-257|, as well as HarmonicSums [258-263|. Another
important technique is the calculation of master integrals via differential equations [264-268]. We
use a formal power series ansatz to translate the differential equations into difference equations
and solve those by uncoupling them into a scalar recurrence and solving that in terms of nested
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sums with the packages mentioned above.

In Chapter 4, we apply the techniques to calculate the flavour non-singlet OME for even and
odd values of the Mellin variable N. The even moments corresponds to the matrix element of the
vector operator and the odd moments to the axial-vector operator. Moreover, we also calculate
the OME of the tensor operator, which is relevant for the transversity structure functions. Besides
the OMEs, we also obtain the Np-dependent parts of the non-singlet anomalous dimensions. The
OMEs enter the asymptotic factorisation of the heavy flavour Wilson coefficients for Q? > m?
and we discuss their influence on the unpolarised structure function Fh(x,Q?), the polarised
structure function g (z, @%) and the charged current structure function zF3(z, @?). In the latter
two cases, we also comment on the associated sum rules. Finally, we examine the non-singlet
matching relation in the VENS. Chapter 5 deals with the pure-singlet OME and its application.
We first present the calculation of the OME and of the pure-singlet anomalous dimension, which
we obtain as a by-product of the calculation. This is the first independent recalculation of the
pure-singlet anomalous dimension, which was first found in the massless case in [136]. We then
give the pure-singlet asymptotic heavy flavour Wilson coefficient and illustrate its impact on the
structure function Fh(x,Q?). Diagrams with ladder- and V-topology are an important class of

diagrams which contribute to several OMEs. We select a sample of twelve diagrams from ASE
and discuss their calculation in Chapter 6. Here the method of differential equations plays a
crucial role to calculate all required master integrals. Using similar methods, we also calculate
the (’)(50) term of the gluonic OME A;?Q in Chapter 7. This OME enters the matching relation
for the gluon PDFs in the VFENS. In Chapter 8, we use the known fixed moments for the OMEs
[193, 203] to compare the relative importance of the individual OMEs in the context of the heavy
flavour Wilson coeflicients and the VFNS. Chapter 9 contains the conclusions. The Feynman
diagrams in this thesis have been drawn using Axodraw [269)].



2. Deep-inelastic scattering

In this chapter, we review the basic formalism which is used to describe deep-inelastic scatter-
ing (DIS) processes in the context of quantum chromodynamics. In particular, we collect the
definitions which lead up to the description of the contributions from heavy quarks in terms of
operator matrix elements, since these are the quantities which we calculate here.

2.1. Kinematics of deep-inelastic scattering

The power of deep-inelastic lepton-hadron scattering lies in using stable, non-strongly interacting
elementary particles to probe composite particles. The electro-weak interaction of leptons is well
understood, which makes leptons excellent probes for the substructure of composite particles
like hadrons. In a classical DIS experiment, a beam of leptons (electrons, muons or neutrinos) is
shot at a fixed target or a second beam consisting of hadrons (usually protons or nuclear targets
containing both protons and neutrons). The lepton then scatters off the hadron inelastically.
While the lepton is just deflected in this process, the hadron disintegrates into a complicated
final state involving a number of particles. DIS is usually carried out as an inclusive experiment
in which all possible hadronic final states that are allowed by quantum number conservation are
taken into account. At lowest order of electro-weak theory, the lepton exchanges one electro-weak
gauge boson with the hadron. This is the Born approximation and we will confine our discussion
to this approximation, assuming that radiative corrections to the lepton system have already
been carried out [270]. The gauge boson can be a photon, a Z° or a W* boson.

The kinematic situation is sketched in Fig. 2.1. An incoming lepton with four-momentum
k = (E, k) scatters off a hadron with initial momentum P = (Ep, P) which results in a scattered
lepton of momentum k" = (E’, K ) and a hadronic final state carrying collective momentum P’.
The scattering is mediated by exchange of one electro-weak gauge boson which carries momentum
q = k — k’. Obviously, the momenta of the initial state hadron and of the initial and final state
lepton are on their respective mass shells, k> = m% and k% = m?, and P?2 = M?, where My(ery is
the mass of the incoming (outgoing) lepton and M is that of the initial state hadron. Since the
momentum P’ describes a collection of particles, there is no on-shell condition for this momentum
and we denote its invariant hadronic mass by W? = P2,

Several useful kinematic variables can be defined in a Lorentz-invariant way, which however
take physically intuitive forms in certain reference frames. For two-particle scattering, the Man-
delstam variable s, defined as

s=(P+k)?, (2.1)

characterises the initial state and reduces to the square of the total energy in the centre-of-
momentum frame. Since the gauge boson is exchanged in the t-channel, it has space-like mo-
mentum and its squared four-momentum ¢ is negative. Therefore, it is common practice to

define
Q*=—¢=—(k—FK) (2.2)

and to call this quantity the virtuality of the gauge boson. The name reflects the fact that in the
case of photon exchange it measures how far off the mass shell (¢ = 0) the boson is. In Born
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Figure 2.1.: Sketch of the kinematic setup for deep-inelastic lepton-hadron scattering in Born
approximation: The upper line denotes the lepton, the wavy line represents the
electro-weak gauge boson and the lower line stands for the hadronic part of the
reaction.

approximation it coincides with the Mandelstam variable ¢t up to a sign, Q> = —t. We define v
as

_Pq_ W?4+Q*- M?

Vi oM

(2.3)
such that in the rest frame of the hadron (target system) it becomes the energy transfer from
the leptons to the hadronic system, v = Erg — Ef.g. Furthermore, it proves to be useful to define
the Bjorken scaling variable [35, 271]

- _q2 - Q2 - Q2
xr = = = (2.4)
2Pq 2Mv W2+ Q?— M?
and the inelasticity
Pgq 2Mv W24+ Q? — M?
y=—= = (2.5)

:P.k:_s—Mz—mﬁ_ S—M2—mf

In the target system, the inelasticity can be interpreted as the energy transfer from the lepton
to the hadron system relative to the energy of the incoming lepton, y = (Ets — Efg)/Ers.
The scattering process is called deep-inelastic if the virtuality Q2 and the invariant mass of
the final state W?2 are sufficiently large. For nucleon (i.e. proton or neutron) targets a reasonable
requirement is Q% > 4GeV? and W? > 4 GeV? [272]. Below these limits there are significant
contributions from nucleon resonances, while above them the continuum contribution dominates.
This continuum contribution is the matter of interest in DIS experiments, since it contains
information about the internal structure of the hadron. For the discussions in this thesis, we
neglect the masses of the leptons my = 0 and drop terms of order M?/@2. The latter are called
target mass corrections and can become important at low values of Q2 and large values of z
[273-277]. Moreover, we will specialise the discussion to the case of nucleons in the initial state.
Both the leptons and the nucleons are spin 1/2 particles. The nucleon spin is described by the
spin four-vector S, which we normalise as S? = —M?2. It fulfils P.S = 0 and can be decomposed
into a longitudinal and transverse component with respect to the beam axis. In the nucleon rest
frame the components take a particularly simple form if we align the z-axis with the beam axis,

Sy, = M(0,0,0,1), St = M(0, cos(p),sin(5),0), (2.6)

10
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where 3 is the angle of the nucleon spin direction in the plane transverse to the beam axis.

For unpolarised scattering, there are three independent variables necessary to describe the
kinematics of the scattering process. One variable describes the initial state for which we can
choose for example the Mandelstam variable s. The two other variables, such as = and Q?2,
characterise the final state configuration. If we describe scattering of polarised particles additional
angular variables are necessary to describe the orientation of the spins.

The physical region of phase space is determined by a number of constraints. The total
energy must account for at least the mass of the initial state nucleon, s > M?. Baryon number
conservation requires at least one baryon in the final state which leads to W? > mz, where m,, is
the proton mass, since the proton is the lightest baryon. Moreover, for vanishing lepton masses,
the virtuality must be non-negative, Q% > 0, as must be the energy transfer to the hadronic
system, v > 0. Then we deduce from Eq. (2.5) that 0 < y < 1. The limit y — 0 requires
the energy transfer to the hadronic system v to vanish, which corresponds to exact forward
scattering. Considering proton scattering, we use

1_21; 2
>m,

W? = (P+q)*=m,+Q (2.7)

to show that 0 < z < 1. The elastic situation, where W2 = mf,, corresponds to the limit x — 1.
Since at most three kinematic variables can be independent, there are of course relations between

the above invariants. A particularly useful one is
Q% = zy(s — M?) = xys. (2.8)

This allows to estimate the lowest attainable value of x for a given virtuality. In particular, we
get for HERA kinematics

QQ
T2 I Geve (29)

2.2. Cross section and structure functions

The calculations presented in this thesis concern the QCD corrections from massive quarks
to inclusive deep-inelastic lepton-nucleon scattering. In particular, the results will be applied
to three situations: Unpolarised scattering mediated by photons, photon-mediated polarised
scattering and unpolarised scattering mediated by charged currents (W* bosons). Therefore,
we discuss the cross-sections which are relevant for these three cases and suppress contributions
from weak neutral currents for brevity.
The matrix element for inclusive lepton-hadron scattering in the Born approximation of electro-
weak theory reads [75, 76|
o2
M = a(k', N )vu(gv, + gA,i’Y5)u(k7)\)m (P'| I (0)|P,S) (2.10)
7
where u and u are the Dirac spinors describing the initial and final state leptons with helicities A
and )\, respectively. We denote the electromagnetic unit of charge by e and the Dirac matrices
by 7, and 75, cf. also Appendix A. The nucleon initial state with momentum P and spin S
has the state vector |P,S) and the hadronic final state is described by |P’). Depending on the
gauge boson that mediates the scattering, indicated by the index i, the vector coupling gy;, the
axial-vector coupling g4 ; and the propagator factor D;(q?) take different values. For photons we
get

gvy =1, gan =0, D, (¢*) =¢*, (2.11)

11
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while for W bosons they are
gyw= =1, gaws = —1, Dy (q%) = 2V2sin by (¢* — M), (2.12)

where My, is the mass of the W boson and 6w is the weak mixing angle. The current operator
JI'(0) is the electromagnetic (i = ) or the weak charged current (i = W=). The former is
hermitian J4 f= J¥, while for the latter hermitian conjugation connects W+ and W~ couplings
by J{fv+ = J{fVT_.

In order to obtain the differential cross section for inclusive scattering, we have to insert the
squared matrix element into the cross section, sum over all allowed hadronic final states and
integrate over their respective phase space. The form of the matrix element Eq. (2.10) allows us
to decompose the cross section into a leptonic tensor L, and a hadronic tensor W, . First, we
write this retaining all dependence on initial and final state spins [276, 278, 279]

3 / 2
e{y, W+t w-}

Here o = €2/(47) denotes the electromagnetic fine structure constant. If the polarisation of the
final state lepton is not observed, we have to sum over its helicity states \. For unpolarised
scattering, we also average over the spins of the initial state lepton and the nucleon, after which
the integration over the azimuthal angle ¢ of the scattered lepton becomes trivial. The normal-
isation constants 7;(Q?) absorb the propagator factors and allow for a uniform notation across
the different channels. They read

1(Q%) =1, (2.14)
1 G2Q* M2 2
2 F w
= , 2.15
(@) 2 (47)2a2 <Q2 + M%,) (2.15)
where G is the Fermi constant which describes the weak strength of the interaction,
_ 216)
Gp = _ ) 2.16
44/2sin HWM‘%V
The leptonic tensor with all polarisation information is then given by
Liu/ = [ﬁ(k/7 )‘/)FYH/ <9V,z‘ + gA,ifY5)u(k7 )‘)] f [ﬁ(k)/, )‘/)’YV (gV,z + gA,i’Y5)U(k77 )\>j| ) (217)
which for unpolarised, photon-mediated scattering becomes
1 2
5 > Lo =2 (k:uk:{, + kyki, — 2g,w> : (2.18)
AN

The same expression arises both for leptons and anti-leptons in the initial state. Keeping the
polarisation information of the initial state lepton, but summing over the final state lepton
polarisation X yields the expression for polarised scattering

2

> Ly =2 <kuk,’, + kK, — %g,w + ieMVpGQ/\kpq‘T) . (2.19)
)\/

Finally, we give the expression for unpolarised charged current scattering, in which we average

over A and sum ), but where there is an axial-vector coupling present,

1 W= / / Q2 . pLlo

3 S LYW =4 kK, + kK, — 5 O+ Epo kPR ) (2.20)
AN

12
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The hadronic tensor, on the other hand, contains the matrix element of the current operator
between hadronic initial and final states. Since we have to sum or integrate over all unobserved
degrees of freedom of the hadronic final state and since we sum over all allowed final states,
we can use the completeness of states together with the positivity of the energy to write the
hadronic tensor as a commutator of the currents between nucleon states,

Wi (P.S.0) = o [ dec (oS|I (), TAONIP.S) (2.21)

A similar expression, where the current commutator is replaced by a time-ordered product, arises
as the amplitude for Compton scattering of virtual photon with a nucleon for forward kinematics,

i _ 4, jig.z i i
T,(P.S.0) =1 [ 4t (P SITU () O)1P.S) (2.22)
where TJ...] is the time ordered product of its arguments. In fact, the two tensors are related

by the optical theorem, see e.g. [75],
. 1 .
Wﬁy(P’Svf.I) = %ImTZLu(‘Pa SvQ)' (223)

At times, it is more convenient to deal with a time ordered product rather than the commutator of
currents. By using translation invariance, one can also show that the crossing operation ¢ — —gq,
p <> v, which interchanges the initial and final state leptons, yields T, (P, S, —q) = T, (P, S, q)
for the electromagnetic case, i.e. the amplitude is even under this operation. However, in the
charged current case, the crossing operation acts on the Compton amplitude as TZYK * (P,S,—q) =

Tlfllf1 (P, S,q). In order to discuss objects with even or odd behaviour under crossing, it is useful
to define the combinations, [280, 281],

WH+Ww-— W+ w—
T =T T, (2.24)

which behave like T)% "*W™ (P, S, —q) = £TV "=V (P, S, —q).

A direct evaluation of the hadronic tensor is not possible because of the strongly interacting,
composite nucleon states. Nevertheless, we can parametrise it, using what is commonly known
as structure functions, by making an ansatz using all possible Lorentz structures and imposing
symmetry principles and conservation laws, see e.g. [272, 282|. In general, 14 independent struc-
ture functions are required to describe the hadronic tensor [276, 280] but under the assumptions
made here, only five structure functions appear,

1 9.9 2x q.P, + q, P Q?
W/u/(P7 S>Q) = % <g,u,1/+ 6;) FL(xaQQ) + @ <P,uP1/+ %ﬂj”# - @guu FQ(maQQ)

7 S .q)S? + (S.q)p°
+Z-€/ng (quFg(ZE,QQ) + Q;'q 91(1:7@2) + qp[(P Q)(P;)_Q( q)p ]92($,Q2)> .

(2.25)

We choose to use the structure function Fp(z,Q?). An alternative choice would be to use

Fi(z,Q?) which is related to Fy(x, Q%) and Fy(x,Q?) by

F: )~ F 2
e, @) = 209 )2 G (2.26)
x
By contracting the hadronic and leptonic tensors and averaging over the initial state spins, we

arrive at the differential cross section for unpolarised, photon-mediated scattering

d20_'y,unp _ /27r dqsl Z d3o.'y()\’ )\/’ S)
dz dy 0 4/\)\,5 dzdyde

71'0[2
= inz (14 (1 -y)?) Fa(z, Q%) — y*Fr(z,Q%)] . (2.27)

13
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The cross section for polarised leptons and hadrons, on the other hand, is given by

d207Pl onq
dedy  Q*

2)‘%?5 (ST (z,v)a1(2, Q%) + S5 (z,y)g2(2, Q%)] , (2.28)

where AR, denotes the degree of nucleon polarisation and we use the following short-hands for
the cases of longitudinal (p = L) and transversal (p = T') polarisation of the nucleon

do [4M2z M2zy
szl fT:cos(ﬁ—qﬁ)Q—\/ [l—y— }
T sy s
M2
Sf‘ =2zy |(2—vy)— 2Tmy Sr{ = 279>
M2
sk = —SmQyT ST — 4y . (2.29)

The angle ¢ is the azimuthal angle of the outgoing lepton on which there is a non-trivial de-
pendence in the case of transverse nucleon polarisation. In this case, 3 is the direction of the
nucleon spin in the transverse plane, see Eq. (2.6). For unpolarised charged current scattering,
the differential cross section reads

d2ov@) B G%s M,
dzdy 47 (Q? + M2,)?
x [(1 +(1-9)?) FYV 5 (2,Q%) — 2 F)  (2,Q%) + (1— (1 — v)?) 2} (a, Q?)]
(2.30)

d2qt® G%s M,
dedy ~ 4m (Q% + M2,)?
x [(1+ (1 -9)) B (2,0) - v FY T (2,01 £ (1 - (1 - 9))2F (2,09 .
(2.31)

The + signs refer to incoming neutrinos (anti-neutrinos) or charged leptons (anti-leptons). For
calculational purposes it is advantageous to consider combinations of structure functions which
have an even or odd behaviour under crossing. To achieve this, we can consider the sum or
difference of the lepton and anti-lepton cross sections, in analogy to Eq. (2.24). We introduce
the shorthands

FVHW™ V' L BV FWT-W= — pW* _ gV (2.32)
FVHWo VT L BV FV*W —FV" R, (2.33)
FVTHWT gVt _ g FWV'W" VT LBV (2.34)

where the combinations of the left column appear in the sum of cross sections and the com-

binations of the right column appear in the differences. Note the opposite signs for the Fj

combinations.!

1We use the convention that the superscript WT &+ W~ refers to the sum and difference of the cross sections.
This agrees with [198], while the convention of [153] refers to the sum and difference of the structure functions,
FWt+w FWt-w
3 3 -

which exactly swaps and

14
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2.3. DIS in the parton model

The fact that we cannot evaluate the hadronic tensor directly has led us to parametrise it in terms
of structure functions. These depend on two kinematic variables, like v and Q? and describe
the behaviour of the cross section beyond what is expected for point-like scattering centres.
For smooth, extended objects, the structure functions are expected to fall rapidly, which was
confirmed for protons in quasi-elastic scattering experiments at SLAC [12].

Bjorken investigated the hadronic tensor using current algebra, which assumes commutation
rules for the currents based on the commutation rules of free fields. From this analysis he
predicted [20] that the structure functions become independent of Q2 in the Bjorken limit where
we take Q2 — oo and v — oo while keeping the ratio Q2 /v fixed. This property became known
as scaling and suggested using the dimensionless ratio z = Q?/2Mv to describe the structure
functions in the Bjorken limit. The absence of an absolute length scale in the structure functions
hints towards scattering off point-like particles: Increasing the spatial resolution of the probe by
increasing the virtuality Q? does not lead to a different scattering behaviour for point-like objects,
except for trivial kinematic dependence. The scaling behaviour was confirmed approximately in
the deep-inelastic region by experiments at SLAC [13-16] for the range of @Q? accessible at that
time.

The parton model, put forward by Feynman [21-23], allowed to explain the observed behaviour.
In this model, the proton consists of several point-like particles, called partons. The leptons
scatter off the proton by exchanging photons with the partons. Since the photon is highly
virtual, the time scale of interaction for the photon is assumed to be very short compared to the
time scale on which the partons interact with each other. Thus, the photon effectively probes
a proton with “frozen” internal interactions, which leads to elastic scattering off one individual
parton. The cross section for lepton-proton scattering is then given by an incoherent sum over
the individual electron-parton cross sections, weighted by the probability to find a parton with
a fraction & of the proton’s momentum P. The hadronic tensor becomes, [272],

1 ! 2P0
= Z/O A8 fo(&) 5 I Mal2mo (0 —m?)., (2.35)
q

with the squared partonic matrix element

|IM,|? = 2¢2 (pupl,—kpypu Guwp-p') (2.36)

where p and p’ are the initial and final state momenta of the partons. The initial state momentum
of the parton is related to the momentum of the proton by p = £P. This is based on the
assumption that the partons are collinear to the proton, i.e. that transverse momenta can be
neglected, and leads to the collinear parton model. The sum over ¢ extends over all parton
species found in the proton, e, is the electromagnetic charge of the parton and f,(£) describes
the number density of partons of type ¢ with momentum fraction £ inside the proton. The
d-distribution enforces the on-shell condition of the final state parton where m is its mass. For
massless partons the d-distribution enforces £ = x. Contracting the hadronic tensor in Eq. (2.35)
with the leptonic tensor in Eq. (2.18) leads to the cross section

d%c 27
e g ] -

The index ¢ runs over all active quark and anti-quark species. A comparison with Eq. (2.27)
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2. Deep-inelastic scattering

yields for the structure functions Fs and F7,

Fy(x,Q%) = ) equfi(x) (2.38)
Fr(z,Q*) =0. (2.39)

We see two key predictions of the parton model in this result: The structure functions are
independent of Q2 and the longitudinal structure function vanishes. The latter is known as the

Callan-Gross relation [24] and implies Fy(z, Q?) = 2z F(z, Q?) for spin—% quarks and anti-quarks.

2.4. Quantum chromodynamics and the light-cone expansion

By construction Feynman’s parton model does not make any statements about the interactions
between the partons, except for requiring that the partons are non-interacting at very high energy
scales. In Quantum Chromodynamics (QCD) the binding force is mediated by gluons [45, 64,
65] and the partons are identified with quarks and gluons. Over the course of the years since its
inception, QCD has been repeatedly and successfully tested and is by now the established theory
of strong interactions. Its application to DIS yields a good description of the scattering processes
also beyond leading order. The results can be interpreted in the parton picture by extending the
parton model to the QCD-improved parton model. Therefore, we review some basic facts about
QCD and its application to DIS to the extent necessary for the remaining chapters. A more
in-depth treatment can be found in many reviews and textbooks, see e.g. 75, 76, 272, 283, 284].
QCD is a gauge theory, i.e. a theory which is invariant under local symmetry transformations.
In the case of QCD the underlying symmetry group is SU(3)colour, Which is to say that the colour
degrees of freedom of the quarks can be transformed locally without changing the theory if a
corresponding change is made to the gluon fields. The gluons then mediate a force between all
coloured objects. Since SU(3) is a non-abelian group, additional terms arise which correspond
to interactions of gluons among themselves. This is a characteristic feature of non-abelian gauge
theories, also called Yang-Mills theories [48]. The Lagrangian of QCD is given by, see e.g. [76],

I (s N a 1 v
L= ZWJ(Z& — Mg) g + gs Z%%t VB — ZG/J Gapw
q q

N 2(11_5)(8/135)(81/35) + ((‘L@a) [5ab8“ — gsfaché‘] W, (2'40)

where the gluon field strength tensor G%” is given by
Gh = "Bl — 8" BY + gsfabe Bl BY (2.41)

in terms of the gluon field BY. The indices a, b, ¢ are in the adjoint representation of the colour
algebra and the Dirac spinors 14, representing the quark fields of flavour ¢ with mass my,
transform as colour triplets in the fundamental representation. The t® are the generators of the
colour algebra which fulfil commutation relations determined by the structure constants f¢

[t%, %] = i fabete (2.42)

The strong coupling constant is denoted by g, but also the following notations will be used

2 2
9s Qs 9s
O @ = ir (47)? (243)
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2.4. Quantum chromodynamics and the light-cone expansion

The first line of Eq. (2.40) corresponds to the classical Lagrangian, while the quantisation pro-
cedure introduced by Faddeev and Popov [49] requires the introduction of ghost fields w and w
as well as a gauge fixing term. We choose to work in the covariant Lorentz gauges, which depend
on a gauge parameter {. The gluon propagator is then given by, cf. [76],

—ghv Le kP kY
k2 +ie (k2 41ie)? ]’

10ab (2.44)
which takes a particularly simple form for £ = 0 (Fermi-Feynman gauge). This gauge is economic,
especially for higher order calculations, due to the reduced number of terms that each propagator
introduces. Therefore, we will work in this gauge for the remainder of this thesis.

After quantisation, QCD requires renormalisation to remove divergences which arise in the
ultraviolet (UV) limit. It was shown by ’t Hooft and Veltman [50-53] that it is indeed pos-
sible to absorb the infinities into suitable redefinitions of fields, masses and coupling constants.
Through this procedure the coupling constant acquires a scale dependence, which is described
by the renormalisation group equation. A renormalisation group analysis by Politzer, Gross and
Wilczek 61, 62], cf. also [63], revealed that the QCD coupling constant vanishes towards infinite
momentum scales at lowest order in the coupling constant. This property is called asymptotic
freedom and gives a justification for the assumption of the parton model that the partons behave
essentially like free particles for very high momentum transfer. Nevertheless, the theory becomes
strongly interacting at low scales, which precludes a naive application of perturbation theory.
One first has to separate the contribution at high scales, which can be treated perturbatively,
from those at low scales, which are intrinsically non-perturbative.

For the purposes of deep-inelastic scattering, this task is accomplished by the operator product
expansion, proposed by Wilson and others [68-70, 72-74]. It was originally formulated to express
products of local operators in the limit of short distances. Products of local operators are usually
highly singular in this limit. The operator product expansion allows to express them as a series
of regular, local operators and coefficient functions, called Wilson coefficients, which carry the
singularities. The product of current operators in the hadronic tensor of Eq. (2.21), however,
requires a slightly different expansion. It can be shown that the hadronic tensor is dominated
by contributions from light-like separations of the currents, 2% ~ 0.

The concept of the operator product expansion at short distances was generalised to light-like
distances and is then called light-cone expansion |71, 77, 78]. The light-cone expansion can be
applied most conveniently to the virtual forward amplitude for Compton scattering, which is
related to the hadronic tensor via the optical theorem, see Eq. (2.23). It has the general form
[68, 70, 71, 77, 78|

lim T[J( Z 2 ) 2 ZMNOZ;_”'NN(O,IM%) , (2.45)

2
24—=0 PN

written here for scalar currents. Here the local operators O} 1"~ (22, ud) are regular in the limit
22 — 0, while the Wilson coefficients C’%_(ZQ, p2) are c-number functions which carry the singu-
larities of the time ordered product in the limit 22> — 0. The scale ,u% is the factorisation scale at
which the operator product expansion is defined: If we include composite operators in a theory,
these develop additional UV singularities which are not removed by the renormalisation of the
masses, couplings and fields of the theory. Thus, we need to introduce an additional renormal-
isation of the composite operators in order to render them finite, cf. e.g. [285]. Therefore, the
renormalised operators are scale dependent and in order to write down the light-cone expansion,
we have to fix a scale ,u% for the renormalised operators at which we define the expansion. In
addition, the renormalisation of QCD introduces another scale ,u% at which the renormalisation
procedure is defined. If we choose to regularise the UV divergences by continuing the number of
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2. Deep-inelastic scattering

dimensions to D = 4 + ¢, as we will do, another scale ,u2D arises from the requirement that the
coupling constant should remain dimensionless. In general, these are three separate scales which
have to be treated independently. However, we will identify these three scales in the following,
and write only pu? = MQD = u% = u%{.

The sum in Eq. (2.45) extends over all operators which are compatible with the quantum
numbers of the operator product on the left-hand side. The index i addresses the different sets
of allowed operators, which are distinguished for example by their flavour symmetries and fields
involved. Moreover, the operators differ by their spin NV, i.e. their transformation properties
under the Lorentz group, which ranges up to infinity in the sum. Finally, it is possible to define
the twist 7 of an operator O as the difference of its canonical mass dimension dp and its spin,
[79],

r=do—N. (2.46)

It determines the degree of divergence of the coefficients functions, as can be seen from dimen-
sional analysis: Suppose that the two current operators have mass dimension d;. Since the mass
dimension of the operators is dp and that of the vectors z# is — N, the coefficient functions must
have mass dimension dg = 2dy + N — dp. Thus, the coefficient functions behave like

AN (.2 2 1\
ON (2,1%) o () (2.47)

in the limit 22 — 0. Strictly speaking, this is only true for free field theory, but due to asymptotic
freedom of QCD, the scaling dimensions of the operators receive only logarithmic corrections.
This implies that the dominant, i.e. most singular, contributions arise from the operators of lowest
twist. Taking only the most singular terms into account is called the leading twist approximation.
It can be shown that the results of the leading twist approximation agree with the QCD-improved
parton model [272, 283, 284]. If we insert the light-cone expansion into the Compton amplitude,
only the local operators act on the nucleon states. These hadronic operator matrix elements
contain the non-perturbative information about the low scale behaviour of the product. The
coefficient functions on the other hand express the behaviour at high scales. Due to asymptotic
freedom of QCD, they can be calculated in perturbation theory.

To discuss the application of the light-cone expansion to DIS, we first need to specify the
currents J/i which enter the hadronic tensor. For the electromagnetic and charged weak currents
they read, 76|,

Ji(2) = Z eii(2) 1y i(2) (2.48)
TV (2) = S GVl — ), (2.49)

i=u,c j=d,s
where the e; denote the charges of the quarks and the Vj; are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements [286, 287]. For the charged current, we give its form for four active
flavours u, d, s, c. The light-cone expansion for the time-ordered product of two electromagnetic
currents is then 77, 78, 105, 284|

2
2 Q
T“” - Z{ [Q Jupr Jvpz + Jupn ps + Qudus Gops — gw’qulm] 01}2 (Nv Mg)
N,i

quq Q*\ . Q°
+ |:gw/ + gg;] uq qMQCi,L <N7 ,U/2> - Zsaﬁ,uugozu1QBqMQCi73 (N) F

2 N
X Qs - - Quy <> ot (2.50)
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2.4. Quantum chromodynamics and the light-cone expansion

In the unpolarised case, the twist-2 operators are, [282],

ng;mm”N =N1s [wfymDm e DMN);Q/J] — trace terms, (2.51)

OSM N = =iV-1s [d_}va . .DHN@ZJ] — trace terms, (2.52)

O;;m.--uzv =2V 28Ty [Galag D, "'DHNflG%uN} — trace terms, (2.53)

where S indicates a symmetrisation of the Lorentz indices u1, ..., uny and Tr is the trace in the

fundamental representation of the colour algebra. The spinors ¢ are the quark fields, Gy, is
the gluon field strength tensor and D,, denotes the gauge-covariant derivative. The non-singlet
operator, marked by the superscript NS, transforms in the adjoint representation of the flavour
group SU(Np) through the group’s generator A, while the other two operators are singlets under
the flavour group, indicated by the superscript S. The subscripts ¢ and g refer to the quark and
gluon operators, respectively. The trace terms ensure that the operators have a definite spin N
under Lorentz transformations, which requires the operators to be traceless, symmetric tensors.
In the polarised case, additional operators contribute

- A
Ogi’i...m\z =i""'s [¢’Y5’YM1DM2 o Dyy ;14 — trace terms, (2.54)
0321 N = =iN1ls [0¥5% Dy - - - Dyyb] — trace terms, (2.55)
OS;il---MN =228 Tr [25“10‘570“ o - Dy 1G3MN] — trace terms. (2.56)

Calculating the hadronic matrix elements of these operators yields
(PO N (0, u?)|P) = A;j(N, u)P* ... PPN + trace terms . (2.57)

Upon inserting the above into the light-cone expansion of T},,, we obtain

P,LLQV"‘Puq,u Q2 Q2
2szv 1{ {PPJF% 29| Ciz \ N7

1 qudv Q2 Paqﬁ Q2 2
+ — oy [QW + 62 } Cir (1\7,”2 — 1€uwaf g 202 Cis | N, M2 A; (N,/,L ) . (2.58)

The sum is only convergent for « > 1, which is outside the physical region for DIS, given by
0 <z < 1. We can however, analytically continue the above result to the physical region using
dispersion relations. Employing furthermore the optical theorem, we arrive at expressions for
the Mellin moments of the structure functions

/ daz 2N 72 Fp (2, Q%) ZA (N, u*)C (N g2> , (2.59)
0

Q2
/ dz aVN 2 Fy(z, Q%) ZA (N, u®)C <N 2 ) , (2.60)
0

Q2
/ da N Fy(x, Q) ZA (N, u?)C (N 2 ) : (2.61)
0

where we sum over the singlet and non-singlet quark operators as well as the gluon operator.
These integrals have the form of a particular integral transformation:
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2. Deep-inelastic scattering

In general, we define the Mellin moments of a function f(x) as the integral transformation
[288]

1
M) = [ dea¥ ), (2.62)

which is also called the Mellin transformation of f. When we speak of Mellin moments, we
usually take IV as integer, but of course the definition can be extended to complex N as long
as the integral converges. Moreover, we can define the Mellin convolution of two functions f(z)
and g(z) as

1 1
[f ®gl(x) = /0 dzl/o dzo 6(x — z122) f(21)9(22) - (2.63)

It is diagonalised by the Mellin transformation, i.e. the Mellin transformation of f ® g is the
product of the Mellin moments of f and g,

M[f @ g](N) = M[f](N) M[g](N) . (2.64)

There also exists an inverse Mellin transformation which is given by

1 c+100
Flo) = = / ds 2= M[f](s) . (2.65)
2mi c—100

The integration contour is parallel to the imaginary axis and ¢ € R is chosen in such a way,
that the contour lies to the right of all singularities of M[f](s). The application of this inversion
requires M[f](/V) to be defined for complex N. If the Mellin moments of a function f(x) are
known for all integers N, Carlson’s theorem [289, 290] guarantees the uniqueness of an analytic
continuation within a certain class of functions.? It is enough to know either the even or odd
moments of the function to construct an analytic continuation from those moments.

The form of Egs. (2.59) to (2.61) indicates that the structure functions are Mellin convolutions
of two functions. This interpretation is compatible with the form of the structure functions in
the parton model, cf. Section 2.3. We are led to the QCD-improved parton model, if we identify
the hadronic operator matrix elements A;(N) with the Mellin moments of parton distribution
functions and the Wilson coefficients C;(/N) with the Mellin transformations of coefficient func-
tions Cj(x). Since the operator matrix elements depend on a factorisation scale pu?, also the
PDFs in the QCD-improved parton model become scheme- and scale-dependent quantities. As
such they loose their direct probabilistic interpretation beyond leading order. They have to be
interpreted as scheme dependent quantities, in a similar way as, for example, coupling constants.

The light-cone expansion itself is an operator identity and is valid independently of the states
on which the operators act. Therefore, the Wilson coeflicients are independent of the states as
well and can be obtained by choosing particularly convenient states, such as single quark or gluon
states, and calculating both the left- and right-hand sides of the expansion. This calculation can
be carried out perturbatively, if we choose very high scales p? at which the coupling constant
is small due to asymptotic freedom. Since physical observables cannot depend on the arbitrary
factorisation scale p?, we can derive renormalisation group equations which allow to translate
these results to other scales. After applying the light-cone expansion, the process dependence is
carried by the Wilson coefficients, while the dependence on the external states is contained in
the operator matrix elements or equivalently in the PDFs. The PDFs are universal in the sense
that they are process-independent and once they are known, they can be used for describing the
nucleon structure in different scattering processes involving nucleons.

2See [261] for a precise statement of the theorem and a discussion of the application to the present case.
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2.4. Quantum chromodynamics and the light-cone expansion

Starting from PDFs for each quark flavour k, denoted by fi(z, u?), and corresponding anti-
quark distributions fi(x, u?), as well as a gluon PDF G(z, 4?), we can define PDF combinations
whose moments can be identified with operator matrix elements, based on their flavour sym-
metries. The gluon PDF can be readily identified with the gluon operator. The singlet quark
operator finds its correspondence in the singlet PDF combination

Np

Z(IL’,,U,Z) = Z [fk(m7/j’2) + fk(%/ﬂ)] ’ (266)

k=1
and the non-singlet PDF combination

X (x, p?)

F
corresponds to the non-singlet operator. Here Ng denotes the number of light flavours.

With these conventions the structure functions Fy(x, Q%) and Fi(x, Q%) can be written as

2 1 - 2 S Q2 2 S § 2
-Fz(aij ) = Q:Nipzek Cq,i <$v Mg) ®E(SE,M )+Cg,z’ <CC, ,UZ) ®G(z,,u )
k=1
2
+ NpCy (x iﬂ) ®Ak<w,u2)] : (2.68)

where i € {2, L} and the first index of the Wilson coefficients indicates whether the contributing
processes are initiated by a quark (¢) or a gluon (g). A corresponding expression in N space
is obtained by applying the Mellin transformation to both sides, which expresses all quantities
by their moments and turns the convolutions into simple products. To simplify the notation
we will use the same symbols for the Wilson coefficients, PDFs, etc. in z- and N space and
distinguish both representations just by their argument. Since all diagrams which contribute to
the non-singlet Wilson coefficient also contribute to the quark singlet coefficient, it is convenient
to split up the latter into a non-singlet (NS) and a pure-singlet (PS) contribution via

Co i =Cry +Cr%. (2.69)

Inserting this into Eq. (2.68) yields a very similar expression, in which the non-singlet Wilson
coefficient multiplies the PDF combination fi(z, u%) + fi(z, 4?) instead of Ag(x,u?). In the
remainder of this thesis, we will frequently make use of this decomposition since it simplifies the
organisation of the calculations from a diagrammatic point of view: Diagrams belong either to
the non-singlet or pure-singlet part and do not have to be considered more than once. Because
of this convention and in accordance with earlier literature [201, 202|, we will sometimes refer
to the combination fi(x, u?) + fx(x, 4?) as a non-singlet PDF combination, even if it is not a
non-singlet quantity in the sense of the evolution equations, to be discussed below.

Since the calculation of the Wilson coefficients involves massless particles, infrared divergences
appear in limits where massless particles become collinear or soft. The soft singularities cancel
between real and virtual corrections due to the inclusiveness of the structure functions. Further-
more, the Kinoshita-Lee-Nauenberg theorem [291, 292] asserts that collinear singularities of the
final state cancel, but since the twist-2 approximation implies that we only take a single parton
as initial states into account, the collinear singularities of the initial state remain. They factor-
ise and can be absorbed into a redefinition of the PDFs. To this end, we introduce transition
functions I';; which contain precisely the collinear singularities of the Wilson coefficients. The
singularities of the bare Wilson coefficients Cg}i are cancelled by the transition functions so that
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2. Deep-inelastic scattering

the renormalised Wilson coefficient C, , = j Cg ;L'ji are finite. Analogously, the bare PDFs f,g
are renormalised by the inverse transition functions. For only massless partons, the factorisation
can be written in N space schematically as

=> G < )FUF fR (N, 1) (2.70)

1,7,k
=S (¥ L) ). 2.11)

For QCD with massless quarks, the transition functions are given by the inverse of the operator
renormalisation constants I';; = Z;; 1 and the collinear singularities of the coefficient functions
correspond to the UV divergences of the operators. A similar factorisation will play an important
role for the case of Np massless and a single massive quark in the asymptotic region where
Q? > m?, which we will discuss in the next section.

The dependence of the Wilson coefficients and PDFs on the factorisation scale ;2 is a remnant
of the fact that we have to choose a scale for the renormalised operators in terms of which we
define the light-cone expansion. Taking all orders of perturbation theory into account, the de-
pendence on this scale has to cancel in physical observables like the structure functions. Together
with the renormalisation group equations for the operators this allows to derive renormalisation
group equations for the structure functions and Wilson coefficients.

The twist-2 operators are renormalised by introducing renormalisation constants Z

Opirspinoiy = 27 (1P)Ogas o (12 (2.72)
S .
O #N—ZEJ( DO i 1), i€ {a. 9}, (2.73)

where a sum over j € {q,¢} is implied in the second line and the superscript R marks the
renormalised operators. The non-singlet operators do not mix under renormalisation so that
their renormalisation constants are scalar. In fact, they are also independent of the adjoint
flavour index r, see e.g. [76, 131]. However, the singlet quark and gluon operators do mix
under renormalisation since they carry the same quantum numbers. Thus, their renormalisation
constants take the form of a 2 x 2 matrix. The corresponding anomalous dimensions are defined
as

_ 0
Yoy = 27 W 2R (2.74)
- 0
v = Zikl’s(ﬁ)uazf’j(ﬁ) : (2.75)

Starting from the scale independence of the bare operators, we can derive evolution equations for
the renormalised operators and in turn also for the moments of the PDFs. For the non-singlet
combination they read

d 1
———Ap(N, p?) = —ZANSAL(N, 12 2.76
dln(;ﬂ) k( y M ) 2’7qq k( s b )7 ( )
while for the singlet and gluon PDF they are
d <2(N7 /1'2)) — _1 <’qu ’qu> <2<N7 M2>> . (277)
dIn(p2) \G(N, 1?) 2 \Vgg V9g) \G(V, 1%

At the level of twist-2 operators, the anomalous dimensions are related to the Mellin transform-
ations of the splitting functions P;;(z), which describe the collinear emission of a parton of type
i with momentum fraction z from a parton of type j. The relation is given by |71, 80, 81, 90-93|

Vi (N) = — M[P;](N) . (2.78)
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2.4. Quantum chromodynamics and the light-cone expansion

The renormalisation group equations of the moments of the PDFs correspond to the DGLAP
evolution equations in x space [96-98|.
To shorten the notation, we define the total derivative with respect to the scale u? as [86, 87]
0 0 0
D12 _ 2 £ J— 2.79
(1) = p? a2 + Blas(p ))(‘Bas(;ﬁ) Ym (s (p”))m(p )am(;ﬂ) (2.79)

where we made use of the g-function of the strong coupling constant and the mass anomalous
dimension, which are given by

a 2
Blas(ut)) = w22 (250)
2 m 2
sty = = O (2381)

The independence of the structure functions from the factorisation scale then yields a renormal-
isation group equation for it,

D(u*)Fi(z,Q%) = 0. (2.82)

Upon combining this with the factorised form of Fj(z,Q?) in Eq. (2.68) and the evolution equa-
tions of the PDFs, Egs. (2.76) and (2.77), we obtain evolution equations for the Wilson coefficients

hf(l 7 NN, Q1) = SISO (N, Qi) (2.89)

d

d (RN Q) 1 (Vg g [Cra(N,Q%/1?) (2.84)
din(p2) \C3,(N, Q% /1) )~ 2 \ gy 7g9) \C3,(N.Q2/2) ) '
Note that the anomalous dimension matrix in Eq. (2.84) is transposed compared to Eq. (2.77)
and that the sign on the right hand side of the evolution equations for the Wilson coefficients is
opposite to the sign in the corresponding equations for the PDFs.

The perturbative expansions of the anomalous dimensions v,; are known at leading order since
the early days of QCD [67, 80, 81, 96]. Also their NLO [104, 107-118] and NNLO [130-136] terms
are known. The corresponding Wilson coefficients for unpolarised scattering by photon-exchange
with only massless quarks were obtained at 1-loop [104, 105], 2-loop [118-128] and 3-loop order
[137, 138]. Similar discussions as above can of course be given for polarised scattering, where the
anomalous dimensions of the operators in Eqs. (2.54) to (2.56) were calculated in [96, 155, 156]
to LO and to NLO in [157-159]. Finally, also the NNLO results are available in the literature
[160, 161].

If we calculate the Wilson coefficients for a fixed factorisation scale 2, the expressions will
depend on the scale ratio @*/,? through powers of logarithms of the form In‘(@%/,2), where [ € N.
Adopting the notation of [293|, we can write the expansion of the Wilson coefficients in as as

Yl - ey (e (%)) ew
k=0 k=1

where the subscripts ¢ and a indicates the initial parton and the structure function respectively.
At each order of the perturbative expansion, the logarithmic coefficients c(k D are completely
determined by the renormalisation group equations. The anomalous dlmensmns B-function

and lower order constant terms CZ(IZ) suffice to express them. By also expanding the anomalous
dimensions and S-function

B = Za§+2,6k7 Z k“vm : (2.86)
k=0
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2. Deep-inelastic scattering

inserting all this into the renormalisation group equations of the Wilson coefficients, Egs. (2.83)
(k1)
1,a

Explicit expressions up to O(a‘;’) can be found in [293|. We will make use of this in the upcoming
chapters, as presentations of results in the literature often omit these terms altogether through
the scale choice u? = Q?, precisely because they can be reconstructed using the renormalisation

group equations.

and (2.84), and comparing coefficients in as and In(@?/u2), we can derive expressions for c

2.5. Heavy flavour contributions

So far, we have mainly discussed contributions to deep-inelastic scattering in a theory with only
massless quarks. This is certainly justified for the u, d and s quarks. Their current masses [37]

my, ~ 2MeV, mg ~ 5 MeV , ms ~ 100 MeV , (2.87)

are below the QCD scale Agcp o< 200 — 300 MeV and are therefore produced non-perturbatively.
We can assign generic PDFs to these quarks which describe their non-perturbative features and
treat them as massless in perturbative calculations. The other three quarks of the Standard
Model, the ¢, b and ¢ quarks, on the other hand, have pole masses of [37]

me = (1.67£0.07)GeV, mp = (4.78£0.06)GeV, my = (174.6+1.9)GeV, (2.88)

respectively, which are much larger than the QCD scale. Therefore, these quarks are produced
radiatively and assigning a generic PDF to them is not justified.

In all DIS experiments carried out so far, the energy was never large enough for top quark pair
production. Though kinematically possible at HERA, single top quark production [294-297| was
not observed there [298, 299|, cf. also [300].

Charm and bottom quarks, however, contribute both as final state particles and in virtual
corrections. Due to confinement, the real production of charm and bottom quarks must yield
hadrons with charm or bottom content. For the charm quark, these are in particular D mesons,
where a charm (or anti-charm) quark is combined with a light quark, and the c¢ resonances, of
which the J/¥ meson is the lightest. Especially at low values of x the contributions from heavy
quarks to the structure functions can be substantial. A precise knowledge of the heavy flavour
corrections is therefore important for precision analyses of the DIS world data. This concerns
the determination of the QCD scale Aqcp, the heavy quark masses and the PDFs.

The calculations discussed in this thesis are applicable to the inclusive structure functions.
Their heavy quark contributions are defined as the structure functions for both massless and
massive quarks minus the contributions from just the massless quarks. We will first discuss the
case of a fized flavour number scheme (FENS) with Np massless quarks, which are assumed to be
constituents of the nucleon and described by a generic PDF, and a single massive quark, which is
produced only through perturbative processes. In the next section we will also consider a variable
flavour number scheme (VENS), where the number of light flavours is adapted depending on the
scale of the process considered. A plausible choice at HERA is to treat the up, down and strange
quarks as light (Np = 3) and the charm quark as the heavy quark. The bottom quark is heavier
than the charm quark by about a factor three. Up to O(ag), the bottom quark can be included
into the FFNS with Np = 3 by just adding the heavy flavour contributions with the charm
quark mass replaced by that of the bottom quark. Starting at O(ag), however, diagrams with
two separate heavy quark lines arise. Such diagrams depend on the ratio of the masses mZ/m2.
We confine our discussion to the case of a single heavy quark flavour and refer to [301, 302| for
the case of two distinct masses.
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2.5. Heavy flavour contributions

In a FFNS with Ng light quark flavours, we can split the inclusive structure functions into
contributions from light quarks and gluons and contributions involving heavy quarks. In case of
Fy(z, Q%) we have

Fy(z, Q%) = Fy(x, Q%) + F3(2,Q°), (2.89)
where the light part F}(z, Q?) is essentially given by Eq. (2.68) and the heavy part reads

FZh(vaF + 17Q27m2) =

Nr 2,2
m _
l‘{z@i [ng <J"7NF+ 172227'u2> ® [fk($7u27NF) +fk(x7ﬂ27NF)j|

k=1
1 Q2 m2
+ —LF3 <x,N +1,,>®2 z, 12, N
Np q,2 F 12 2 (z, 1 r)
4 Lgs ( N +1622 m2>®G( 2 Np)
N L, INF y 9y T z, y IVE
Np = 92 02 2 1%
2 2
+62Q H(ig <.%'7NF+ 17Q272> ®E(xvu27NF)
[T
2 2
+H§,2 (x’NF—i_l’iL?z’/ﬂ) ® G(z, 1>, Np)| ¢ . (2.90)

The argument Np + 1 of the heavy flavour Wilson coefficients has to be read symbolically in
that it refers to Ny massless and a single massive flavour. We distinguish the Wilson coefficients
in which the photon couples to the light quark, denoted by L, from those where it couples to
the heavy quark, denoted by H. The former are multiplied by the charges e of the light quarks
while the latter are multiplied by the heavy quark charge ep. Analogous to the massless case,
cf. Eq. (2.69), we have split up the quarkonic singlet coefficient into a non-singlet (NS) and a
pure-singlet (PS) part. This split gives rise to the PDF combination fi(x,u?) + fi(z, u?) as
discussed before. For unpolarised photon-mediated scattering, there is no H é\IQS since it would
require a heavy quark in the initial state, which contradicts our assumptions in the FFNS.

The lowest order contributions from heavy flavours arise from the virtual-photon-gluon fusion
process 7*g — QQ, which is of order O(as) and contributes to the Wilson coefficient Hgs’2.
The leading-order process was calculated using various methods in [181-185]. At O(ag), besides
corrections to H 98,27 there are also non-vanishing contributions to the non-singlet and pure-singlet
Wilson coefficients ng and H ; 5. In the relevant diagrams for the non-singlet coefficient ng
the photon couples to a massless quark line which is connected to a massless quark in the initial
state. The heavy quark appears either through pair production or virtual corrections. Diagrams
for H Cﬁ ; are initiated by massless quarks as well, but the photon couples directly to a heavy quark
line. The NLO expressions were given in [186-188| as semi-numerical computer programs due to
the complexity of the phase space integrals for certain subprocesses.? In the inclusive description
L§,2 already starts at (’)(a?) due to self-energy corrections from heavy quarks, but the first non-
trivial contributions enter one order higher. The Wilson coefficient Lqu contributes from O(a?)
onwards since three separate fermion lines have to be present in diagrams contributing here: The
external quark is massless, the photon couples to a separate massless quark line and at the same
time a massive quark has to be present.

Even though the NLO results could only be obtained in semi-numerical form for general
kinematic configurations, it has been shown in [202] that analytic expressions can be obtained

3 An implementation in Mellin space was given in [200].
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2. Deep-inelastic scattering

in the asymptotic limit Q% > m?. In this limit the inclusive Wilson coefficients factorise into

the massless Wilson coefficients C; , and massive operator matrix elements (OMEs) A;;. The
factorisation holds up to power corrections which are suppressed by powers of m°/Q2. As long as
such power corrections can be neglected, the asymptotic form of the Wilson coefficients describes
the heavy flavour contributions to the structure functions. However, it is important to stress
that the factorisation holds only for the inclusive structure functions where heavy quarks enter
both as real particles in the final state and as virtual corrections to the production of massless
partons. By comparing the asymptotic expressions to the exact results at NLO, it was shown in
[201] that the asymptotic representation of the structure function F»(z, Q?) holds for @*/m? > 10.
The factorisation of the longitudinal structure function Fy,(z, Q?) starts to be valid only at much
higher scales Q*/m2 > 800.

The heart of the factorisation is the observation that for large momentum transfer Q2 the
massive quark behaves essentially like a massless particle. The terms which are not power
suppressed in the limit Q2 > m? are those terms which form the mass singularities in the limit
m? — 0. Similar to the case of light quarks discussed before, the soft singularities as well
as final state collinear singularities cancel due to the inclusiveness of the structure functions.
However, the collinear singularities of the initial state remain but factorise. By absorbing the
additional singularities from the heavy quark into the PDFs as well, we would arrive at a scheme
for Nrp + 1 massless quarks where we assign a PDF to the heavy quark in the massless limit.
This is called a zero-mass variable flavour number scheme and will be discussed in greater detail
in the next section. Instead of absorbing the collinear singularities into the PDFs, we can also
use the transition functions to reconstruct the asymptotic behaviour of the heavy flavour Wilson
coefficients [201, 202|. The transition functions of this factorisation are given by the massive
operator matrix elements Ag; and A;; o which will be discussed below. The factorisation relation
for the non-singlet Wilson coefficients reads in N space, [202, 203],

2 2,2
(o G) (10 4.2)-

NS m*\ s Q?
Aqq,Q N7NF+1’F Cq’a N,NF—}‘].,F 5 (291)

where we neglect power suppressed terms. For the singlet part the factorisation relations become
more complex due to operator mixing. Suppressing the dependence on N and the scale ratios
Q*/u2 and m*/u2 for brevity, one finds

CPS(Np) + LES(Np + 1) = [ANS,(Np + 1) + APSo(Np + 1) + ADS (Np + 1)]
x NrCya(Nr + 1) + Agio(Nr + 1)Coa(Np +1)
+ Aggo(NF + 1)NFégS,a(NF +1), (2.92)
C8 (NF) + LS o(Np +1) = Agy o(Np + D)NpCS ,(Np + 1)
+ Ay o(NF + 1)05,5’5(]\71: +1)
+ [Ayo(NF + 1) + Agy(Np + D] NpCa(Np +1) . (2.93)

Similarly, the factorisation relations for the H; , read

HES(Np +1) = ABS(Nw + 1) [N (Np + 1) + CES (N +1)]
+ [ANSH(Np + 1) + APS o (Np + 1)] CFS(Np + 1)
+ Ay o(Nr +1)C5 (Np + 1), (2.94)
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2.5. Heavy flavour contributions

HS (Np+1) = Ay, o(Np +1)C5 o(Np + 1) + Ay o(Np + 1)Ch 3 (N + 1)
+ Agy(Ne +1) [CNS(Np + 1) + CPS(Np + 1)] . (2.95)

The argument Nz + 1 of the massive OMEs and heavy flavour Wilson coefficients refers to Ng
massless and one massive flavour, while the arguments of the massless Wilson coefficients always
refer to the number of massless flavours only. In order to shorten the expressions, we make use
of the following shorthands

f(NFr) J(Np+1)

f(Np) = Np F(Np+1) = Ne il (2.96)
and for later use, we also define
FNE) = F(NE+1) = F(N), fvg) = {0t JWVr), (297)

Nrp+1 Np

The massive operator matrix elements appearing above are given by the local twist-2 light-
cone operators between massless, on-shell gluon or quark states, calculated in the theory with
Np massless and a single massive quark and have the structure,

2
Ay <N, Np +1, mQ> (P ... p"N + trace terms) = (j|OMV|5) | (2.98)
W

where the external state j can be either a gluon (g) or a quark (¢) and the index i distinguishes
the operators. The loop corrections from purely massless diagrams vanish in dimensional regu-
larisation for p? = 0 since these are scaleless integrals. Only the tree-level contributions from the
massless partons as well as higher order corrections involving massive quarks remain. After the
factorisation, all mass dependence is carried by the massive OMEs, except for power suppressed
terms.

In order to calculate the massive operator matrix elements A”, we make use of the fact that
they are closely related to connected two-point Green’s functions with operator insertions. The
external gluon or massless quark states are on-shell (p? = 0) and no momentum leaves or enters
through the operator. Since the Lorentz structure factorises from the A,;, cf. Eq. (2.98) and
[283], we contract the operators with the source term

J,ul...,uN == Aﬂl B A (299)

: UN

where A is an arbitrary light-like vector (A% = 0), so that all trace terms vanish. In addition,
we extract the spinors u(p, s) and polarisation vectors €*(p) of the external quarks or gluons,
thereby exposing the colour, Dirac and Lorentz tensor structure. We write

g (p, )GNS Ky (P, 8) = Jpy.pn <Qak|ONS’M HNg, l> (2.100)
ar(p, 8)GFuy(p, 8) = Ty un (g, K|OF Vg, >Q, ie{q,9,Q}, (2.101)
" (p >G“,’Zw€”<p> = Juropoy (951, 0|OS N g v b) i€ {q,9,QF,  (2.102)

where k, [ and a, b are indices in the fundamental and adjoint representation of the colour group,
respectively. The subscript ) denotes the presence of a heavy quark. Note, that even though the
external fields are extracted from éi, self-energy contributions on external legs are still included.
The hat indicates that the relations are written at the unrenormalised level. Beyond leading
order, contributions to the singlet matrix elements with external gluon or quark states arise from
all three types of singlet operators — purely gluonic operators (i = g), operators involving light
quarks (i = q) and the heavy quark operators (i = Q).
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2. Deep-inelastic scattering

To extract the massive OMEs from the Green’s functions, we can define projectors which
project out the relevant colour, Dirac and Lorentz structures. For external quarks, we use the
projector, [201, 203],

A ) a1 A
PynGil = S (Ap) ™ T [pc ) (2.103)

where N, is the number of colours, which is of course N, = 3 for QCD. Two different projectors
can be used for external gluons,

1)1 Aa oab  —g" a

Pg(,ll)bu Givll)U/ = NQ —-1D— 2(A p) NGz l;uzv (2104)
() Aab _ Oab 1 _N L PPAY PV ARN L

Pray Gipw = Nz 1 —3(AP) (—g” TR, G, . (2.105)

The second variant of the gluonic projector eliminates unphysical polarisations of the external
gluons at the cost of more complicated integrals. The first projector, on the other hand, includes
these unphysical gluon polarisations in the sums over p and v, which have to be removed by
including additional diagrams with external ghost fields. Since the computational complexity is
lower for the latter approach, we use Pg(;)l;” “. In [203] the physical projector has been used for a
few low moments as a cross-check on the calculation.

The massive OMEs are then calculated using the projectors in Eqgs. (2.103) and (2.104) and
the Feynman rules for QCD and the operator insertions, which are collected for convenience in
Appendix B. Denoting the completely unrenormalised OMEs with a double hat, we have

A9 ~ 9
A — vkl A m _ p)u Aab
99,Q (]\[7 ?, 5) = Pq’leg y Aqg,Q <N, ?, E) = Pg ab Gg R (2106)
AS n? Akl A h? ( ), v
A0 <N’ IuQ’€> = PynGy Ay <N, u275) =P, GQ v (2.107)
A9 ~ 9
ANS m NSk A m (1),1v Aab
AQQ»Q <N’ F’ €> Q»le Agg,Q <N7 ?7 5) Pg ab G; nE (2108)
APS ? Akl
AQC] <N, ﬁ7 €> = Pq,leQ N (2109)
and in analogy to Eq. (2.69) we define a pure-singlet OME by
PS
A = A0 — A (2.110)

2.6. Variable flavour number scheme

The factorisation of the heavy flavour Wilson coefficients described in the previous section is
based on the mass factorisation of the heavy quark for Q2 — co. In this limit, the heavy quark
becomes effectively light and in the FFNS the logarithm of the scale ratio In(Q?/m?) becomes
large. For large but not too large values of 2, we can use the asymptotic form of the heavy
flavour Wilson coefficients to describe the structure functions. Here the heavy quark is treated
purely perturbatively and appears only through radiative corrections. At even larger virtualities
Q?, the logarithms will eventually become so large that they have to be resummed. For this
purpose, we can switch to a scheme in which the heavy quark is treated as an additional massless
quark and assign a PDF to it. In this (Np + 1)-flavour scheme, the heavy quark is treated as
completely massless and the scale evolution of its PDF is governed by the renormalisation group
equations of the theory with Ng + 1 massless quarks. The connection between the two schemes
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2.6. Variable flavour number scheme

is established by matching them at a certain scale u?, where both descriptions are valid. We
call a (Np + 1)-flavour scheme obtained in this way a zero mass variable flavour number scheme
(ZMVFENS).

Several definitions of variable flavour number schemes exist in the literature [202, 303-305].
We will follow [202] for this discussion. The definition of [202] was extended to NNLO in [203].
In the ZMVFNS the massless (N +1)-flavour structure functions are matched to the asymptotic
form of the FFNS structure functions, retaining only terms which are not power-suppressed by
powers of m*/@2. Based on the factorisation relations Egs. (2.91) to (2.95) the matching relations
for the PDFs become, [202, 203],

fk(NF + 1)N7,U’27m2) +fk(NF + ]-aN),U’27m2) =

2 —_
A <N, Np+1,, ) [fe(Nr, N, i) + fi(Ne, N, )]

m2
L ps I 2
+N7FAqq,Q N’NF—FLW S(Np, N, p?)

1 p 2
+N7FAqg,Q (N,NF‘FLmQ) G(Np,N,pu”), (2.111)

fo(Np + 1, N, 1>, m*) + fo(Np + 1, N, p*,m?) =
2
W

Ag% (NaNF + 1,7n2> E(NF,N,,M2)

12

+ Ag, (N, Np+1, m2> G(Np,N,p?), (2.112)

G(NF + 1,N,,u2,m2) =

2
1%
qu,Q (NuNF + 1?7712) Z(NF7N7/'L2)

2
+ Age.0 (N,NF+1,:12> G(Np, N, %) (2.113)

The PDFs on the left-hand side refer to the (Vg + 1)-flavour scheme, while the PDFs on the
right-hand side are the PDFs in the FFNS, depending on Np massless flavours. The PDF
combination fg + fQ is the new PDF assigned to the heavy quark . Due to the appearance
of the massive OMEs Aij, the new PDFs depend on the heavy quark mass. By combining
Egs. (2.111) and (2.112) we can write down the singlet and non-singlet PDF combinations,

2 2
g + 1N ) = | AN, (N, N +1, ;2) L ATS, (N, Np+1, ;;)

2
A (N Ne 1,25 ) | S0, )

2 2
H o 9
+ |:Aqg:Q <N’NF+1’m2> +AQQ <N7NF+177’TL2>:| G(NFvNal'L )7
(2.114)
Ak(]VF + 1,N,M2,m2) = fk(NF + 1,N”u2,m2) + fk(NF + 1,N,,u2,m2)

- Y(Ng + 1, N, u% m?). 2.11
NF+1(F+””’m) (2.115)

When choosing the matching scale, we have to keep in mind that both descriptions have to be
valid at this scale. Therefore, the appropriate scale depends on the process under consideration,
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2. Deep-inelastic scattering

as was discussed for example in [306]. In particular, the description is bound to break down near
the heavy quark threshold: There it is no longer justified to treat the heavy quark as massless.
Thus, the ZMVFENS is only valid for @*/m? > 1. The FFNS with exact dependence on the heavy
quark mass, on the other hand, is well suited to describe the heavy flavour contributions near the
threshold. Its validity is bounded by the requirement that the size of the logarithms In(Q”/m2)
should not spoil the perturbative convergence, i.e. as In(@Q°/m2) < 1. This suggests to combine the
ZMVFENS and the exact description in the FFENS into a general mass variable flavour number
scheme (GMVFNS) [202, 303-305, 307|, which smoothly interpolates between both schemes.
One example is the BMSN scheme [202, 308] where the structure function is defined by

FPYSN(Np) = B9 (Np) + FPMYPNS(Np + 1) — B3P (Np) (2.116)

The exact mass dependence near threshold is captured by F§**°*(Np), which depends on Np
massless quarks, while the massless description of the heavy quark is provided by FQZMVFNS,
which uses the massless Wilson coefficients for Ng + 1 massless quarks along with the PDFs
defined above. In order to avoid double counting, the asymptotic form F;Sympt(N r), which
discards power corrections, is subtracted. It has been shown in [308] that FIMSN(Ng) smoothly
interpolates between the threshold region and the asymptotic region.

The discussion so far implicitly assumed that only a single heavy quark needs to be decoupled.
If there is a strong hierarchy between the masses of heavy quarks, the matching procedure can
be iterated for each quark individually. However, for charm and bottom quarks the ratio of
masses p = mZ/m2 ~ 0.1 requires careful assessment as to whether the hierarchy is sufficient for a
sequential decoupling. Starting from 3-loop order, the decoupling is complicated further by the
appearance of diagrams with two massive quarks with different masses, cf. [301, 302].

The massive OMEs which we calculate in this thesis enter the matching relations of the ZM-
VFNS, thereby contributing to its extension to NNLO.

2.7. Renormalisation of massive operator matrix elements

The calculation of the massive operator matrix elements involves both ultraviolet (UV) and
infrared (IR) divergent Feynman integrals, which have to be regularised. We use dimensional
regularisation [309-312], where we analytically continue the dimensionality of space-time to D
dimensions. The divergences show up as poles of the regularised integrals in a Laurent expansion
around € = D — 4 and can be removed by renormalisation and mass factorisation.

Calculations within dimensional regularisation require to find generalisations for all objects
which depend on the dimension of space-time. Most obviously, the momentum integration must
be suitably generalised. For the calculations at hand, the first step is to perform a Wick rotation,
which leaves us with integrals over Euclidean momenta k that we continue to D dimensions. In
practice, the Wick-rotated Feynman integrals can all be brought into the form

/ dPk  (K?)" 1 T(r+D/2)T(m—1r— D/2)
(

2m)P (K + B2y~ (4m)DP2 T(D/2)T(m) (BB =P (2117)

This integral vanishes if R = 0, i.e. if there is no external scale, like masses or other momenta,
involved in the integral [285]. The I'-functions I'(z) [313, 314] arising on the right hand side are
defined for complex arguments z. For Re z > 0 the integral representation

I'(z) = / dte =1 (2.118)
0

converges and an analytic continuation in z is obtained from the functional equation

T(z+1) = 2D(2). (2.119)
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2.7. Renormalisation of massive operator matrix elements

As can be seen from the functional equation, the I'-function has poles for z = 0,—1,—2,.... In
Eq. (2.117), these poles correspond exactly to the divergences of the momentum integrals for
¢ =D —4 — 0. Choosing a complex ¢, the divergences show up as poles in the principal part of
the Laurent series of the I'-functions. The Laurent series around negative integers can be inferred
from combining the functional equation with the expansion of the I'-function around z = 1,

=2

I'(1 —¢) = exp(eyk) exp (Z %5’) . el <1, (2.120)

where g is the Euler-Mascheroni constant and (; denotes Riemann’s zeta function evaluated at
the integers,

=1
gi:;ki, 2<ieN. (2.121)

Thus, by defining the momentum integration by Eq. (2.117), we regularise divergences from UV
and IR regions of the loop momenta as well as collinear divergences from collinear emission of
massless particles. Using dimensional regularisation has the advantage that it keeps Lorentz and
gauge invariance of the integrals intact.

Besides the momentum integration, we have to treat also the Lorentz contractions and the
Clifford algebra of Dirac matrices in D dimensions. The corresponding relations are collected in
Appendix A. A problem arises in the generalisation of 75 since it is an inherently four dimensional
object [309]. A possible prescription is the replacement [309, 315-319)]

?

6€uyp0'7y’7p'70- ) (2122)

V5 =
where the Levi-Civita symbol is contracted in D dimensions according to

Gap YGov YGap Yoo
Iou 9pv 9pp 9o (2.123)
Gyu Gyw YGyp Gyo
9éu  Gév  Yép YGéo

EaBys€Euvps =

In general, the prescription described above violates the Ward identity of the axial current and
requires a finite renormalisation of the axial current to restore this Ward identity [129, 319].
However, in this thesis we will only discuss the non-singlet contributions to the polarised and
charged-current Wilson coefficients. The non-singlet OME can be calculated using an anti-
commuting 75 due to a Ward-Takahashi identity [320, 321] which we will discuss in Section 4.1.

In dimensional regularisation the unrenormalised D-dimensional coupling constant gs p aquires
a mass dimension, to ensure that the action remains dimension-less. We can make this explicit
by defining a dimensionless coupling gs and introducing an arbitrary mass scale up,

Gs.0 = pp s . (2.124)

As mentioned above, we identify this scale with the factorisation and renormalisation scales and
write only u, dropping the subscript D.

Once the divergences are made explicit via regularisation, they can be removed consistently
via renormalisation and mass factorisation, such that afterwards the limit ¢ — 0 can be taken.
Dimensional regularisation allows for a convenient renormalisation scheme, called minimal sub-
traction (MS) scheme [322], in which only the pole terms of the Laurent expansion are absorbed
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2. Deep-inelastic scattering

into the renormalisation constants. A slight modification simplifies expressions even more: Each
loop integration will introduce an overall factor

e

5 (B — In(dm))| (2.125)

S = exp [
where g is the Euler-Mascheroni constant. It arises from the I'-functions in Eq. (2.117) and
the normalisation of the measure of integration, together with the relation Eq. (2.120). In the
MS scheme, S. is simply expanded, which introduces the constants vg and In(47) into the
results. Since this factor arises purely from the regularisation prescription, we can define the
renormalisation scheme such that S. is absorbed into the renormalisation constants at each order,
thereby eliminating g and In(47) from the results altogether. This scheme is called the modified
minimal subtraction (MS) scheme [105] and we will frequently employ it.

A renormalisation procedure for massive operator matrix elements was worked out up to
O(a?) in [193, 203]. We briefly summarise the steps involved following the presentations in
[193, 199, 203]. As the starting point we use the unrenormalised OMEs obtained from the
connected Green’s functions as defined in Egs. (2.100) to (2.102). Note that only the external
fields are removed but the self-energy corrections on external legs are still present. Since we work
in dimensional regularisation and we have massless, on-shell external particles, all self-energy
corrections involving only massless fields vanish. Furthermore, the fact that we are interested in
on-shell OMEs ensures that the operators do not mix with non-gauge invariant operators and do
not pick up unphysical contributions from the breakdown of the equations of motion, which would
have to be dealt with if the external particles were off-shell [116, 323-325|. The renormalisation
now proceeds in four steps: Mass renormalisation, coupling constant renormalisation, operator
renormalisation and mass factorisation.

The renormalisation of the heavy quark mass is carried out multiplicatively in the on-mass-shell
(OMS) scheme and we replace the bare mass m by

m2\ /2 m2\©
m=Zmm=m |1+ a, <2> omy + a2 <2> sma + 0(ad) | (2.126)
I I
where the expansion coefficients of the renormalisation constant are [326-329|
6 3
= [f e (1426) am
sm=Y
= = m” + om{e, (2.128)
1 1, 45 91
dmg = CF{EQ(BCF —22C4 + 8Tr(Np + NH)> + g<_?CF + ?CA
199 51
— 14Tp(NF + NH)) + CF(? - ?Cz +481n(2)¢2 — 12C3>
605 5
+ Ca (=25 + 56 — 242G +66)
45 69
+ T [NF(5 + 10@) + Np (3 - 14@)} } (2.129)
sm&2 s
R L N (2.130)
€ €

The expressions are given for Np massless and Ny massive quarks, which we will specialise to
Ng =1 in the following.
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2.7. Renormalisation of massive operator matrix elements

Most commonly, the coupling constant of QCD is renormalised in the MS scheme by reex-
pressing the bare coupling @ in terms of the multiplicatively renormalised coupling ag/IS, which
are related by

_ [
as = (2)5(e, Nr)) S (%)

— a5 (22) [1+5a2?§<NF>a2“(u2>+5a2?§(NF> (aﬁm<n2>)2+0<(a2“)3)] SRRCAED

The expansion coefficients for the renormalisation constant Z}]\TS can be related to the S-function,
cf. Eq. (2.86),

MS 2
sayP(Np) = gﬂo(NF)a (2.132)
MS 4 1
days (Np) = —A3(NF) + —B1(NF), (2.133)
where the coefficients of the S-function in the MS scheme are given by [61-63, 330-332]
11 4
Bo(NF) = gCA - gTFNFa (2.134)
34 _, 5
BI(NF):gcA_éL gCA"‘CF TrNp . (2.135)

The factorisation relations in Egs. (2.91) to (2.95) require strictly on-shell external states for
the massive OMEs. In order to preserve this condition also after renormalisation, we have to
ensure that the heavy quark contributions to the gluon self-energy Il (p?, m?) vanish at zero
momentum, i.e. Il (0,m?) = 0. A consistent implementation of this condition is possible by
absorbing the corresponding contributions into the renormalisation of the coupling constant. This
defines a MOM scheme for the coupling constant, which is conveniently stated in the background
field formalism [333-335], see also [76]. The renormalisation constant of the background field
can be split into a light and a heavy flavour part according to Z4 = Z4;+ Za u. It is related to
the renormalisation constant Z; of the coupling constant by

Za=12,7. (2.136)

Only the heavy quark contributions are affected by the renormalisation condition stated above
and we choose the common MS scheme for the light quarks, i.e.

— -2
Zay = (ng%,Nw) : (2.137)
A strictly massless on-shell gluon is then enforced by the condition, [203],
Mypr+ Zau =0, (2.138)

which leads to the coupling renormalisation constant in the MOM scheme

1

Zas+ Zan) P (2.139)

ZgAOM(a, Np +1,p%,m?) =

Instead of Eq. (2.131) we have to use, [203],
. 2
as = (Z}]\AOM(QNF + 17:U'27m2)) GEAOM(MZamz)

= YO ) [+ 6NN )

+ 8P (@M 2, m) + O (aXOM)")] (2140)

s
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with
dag M = § [Bo(NF) + Bo.af(e)] (2.141)
a)PM = Bl(iVF) + ;2 (Bo(NF) + oo f(e))”
1 2\ ¢
T2 <TZQ> (51,Q + 55% + 826%) +0(£%), (2.142)
where

o= (5) e (25G)) 21

and the coefficients of the heavy quark contributions to the g-function in the MOM scheme read,
[203],

Bo.q = Bo(Nr) = —31r, (2.144)
) 5
o = () = ~4 (3Ca + C ) Ti (2,145
1y _ 32
biog= — ?TFCA + 15T¢Cr (2.146)
86 31 5
brg = — 5 TrCa— TTrCr — G <3TFCA + TFCF) : (2.147)

We mark the OMEs after mass and coupling constant renormalisation with only a single hat,
flij. At the end of the renormalisation procedure, after operator renormalisation and mass
factorisation have been carried out, the coupling constant can be translated back into the MS
scheme by using the relations to the bare coupling, Eqgs. (2.131) and (2.140), to find a finite
renormalisation which connects both schemes.

Composite operators introduce additional UV divergences which have to be removed via op-
erator renormalisation. This is of course already true for the purely massless theory, where they
are removed by the Z factors defined in Egs. (2.72) and (2.73). Already there one has to take
care to disentangle the UV and IR divergences since both give rise to 1/* poles in dimensional
regularisation. Even more care is necessary if one of the quarks is massive. Therefore, the renor-
malisation procedure of [203] first deals with slightly off-shell OMEs where only UV divergences
occur. For Nr massless and one massive flavour, the operator matrix elements can be subdivided
into two contributions

[e— 2 v ~
Ay (%, m?, 12, "M Np +1) = A <Mp2’ al®®, NF) + AE(PQ,W27M2, aMOM N 4 1),
(2.148)

where the first part contains only contributions from the massless fields, while the second part
covers also the rest. The MOM scheme of the coupling constant is defined such that its contri-
bution from the massless quarks reduces to the MS scheme. We first discuss the renormalisation
of the massless part.

The Z factors for the massless theory can be reconstructed from the anomalous dimensions
according to Egs. (2.74) and (2.75), order by order in perturbation theory. With them, the
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2.7. Renormalisation of massive operator matrix elements

massless OMEs for N flavours are renormalised by

2 _ . 2

Age (MZ; aalswstF) = 7N (0}, Np, ) AP (lg,aﬂﬁs,Np,s) : (2.149)
—p? MS —p?

Azg < MQ ’ s NF> = sz ( Qg NF7 )Ak] <M2 a NF, > , (2150)

where 4,7 € {q, g}, and the coupling constant is renormalised in the MS scheme. The renorm-
alisation of the OMEs with one massive quark then requires the same Z factors, but with Np
replaced by Nrg + 1 and aMS reexpressed in terms of aMOM This allows us to write down the
renormalisation of the massive OME,

A, (p m?, 2, aMOM Np 4+ 1) = Ziy(aMOM, Np 41, E)Ak](p m?, 1%, aMOM Np 41), (2.151)

where the renormalised OME is denoted by Ak = If we now want to extract just the renormalised
heavy flavour part, we can split up the renomalised OME in analogy to Eq. (2.148) and subtract
the massless flavour part to arrive at

AL m?, p?, alM Np +1) = Z; ()M, Np +1M)AQ(P m,uz,aMOM,NFH)

S

uz
— Z;:1(adS, Np, 1) Ay, ( /f; ,aﬁ“s,NF> . (2.152)

Finally, we have to take the limit p?> — 0 which removes the only external scale from all purely
massless loop integrals and therefore eliminates all loop contributions to the unrenormalised
massless OMEs so that only their tree-level contribution remains,

Ay (o,agTS, NF> = 5. (2.153)
After the UV divergences have been removed through operator renormalisation, flg has only
collinear divergences left. These are removed via mass factorisation,

2 2
A9 (Z‘ aMOM N 4 1) A% (u2 ,aMOM N 4 1> T} (Np). (2.154)

Here the transition functions I';;(INF) are related to the massless renormalisation constants for
Np flavours. If all quarks were massless, the transition functions would be exactly the inverse of
the operator Z factors,

Lij =2 (2.155)

However, since only the massless subdiagrams give rise to collinear divergences, the transition
functions refer to the N flavour case. Note, that the heavy quark contributions to the OME Ag’i
do not have a tree-level contribution. Therefore, the transition functions in Eq. (2.154) contribute
at most up to O(ag) for the 3-loop OMEs. The tree-level part ;;, which is required for the heavy
quark factorisation in Eqgs. (2.91) to (2.95), is added back to Ag after renormalisation and mass
factorisation.

Based on the renormalisation procedure summarised here, the renormalised massive OMEs
can be expressed in terms of the constant terms of the € expansion of the unrenormalised OMEs
together with the expansions coeflicients of the S-function, the mass renormalisation constant
and the anomalous dimensions. Explicit expressions were derived in [193, 203|. For those OMEs
which we explicitly discuss, we will give these expressions in the respective chapters of this thesis.
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2. Deep-inelastic scattering

2.8. Status of the calculation of the massive OMEs at 3-loop
order

There are seven massive operator matrix elements for the unpolarised operators Eqs. (2.51)
to (2.53) and one more if we include the non-singlet operator for transversity. Considering the
perturbative expansions of the asymptotic heavy flavour Wilson coefficients, Egs. (2.91) to (2.95),
and of the matching relations in the variable flavour number scheme, Eqs. (2.111) to (2.115), it
becomes apparent that all OMEs are required to 3-loop order for a full O (ag) description. For the
structure functions the OMEs Ang AQq, Aqq o Aqq o and Aqng are required up to 3-loop order,
while the gluonic OMEs A 9.0 and A 0.0 only contribute with their 2-loop terms. However, the
VFENS also requires the latter two up to 3-loop order for the 3-loop matching relation of the
gluon density.

The OMESs have been the subject of several investigations so far: They were calculated up to
O(ag) in [201, 202] for unpolarised operators and in [191] for polarised operators. The 2-loop
OMEs were recalculated and corrected in [204, 205]. The 2-loop calculations were extended to
include the O(e) terms in [206, 207]. This is an important prerequisite for extending the calcu-
lation to 3-loop order since the O(e) terms of the 2-loop results enter through renormalisation.
At 3-loop order a series of fixed moments up to N = 10...14, depending on the OME, was
calculated in [193, 203| for the unpolarised OMEs and moments for the non-singlet OME for
transversity were calcualted at 2- and 3-loop order in [215].

The long-term project to calculate the massive 3-loop OMEs for general values of N builds
upon the calculations of [193, 203|, but requires very different techniques. This thesis contributes
to this project. Progress towards this goal which was made outside the context of this thesis
includes the calculation of all diagrams which have a closed loop of fermions and where the
operator insertion is located on a light quark line [336]. They are all proportional to Np and,
therefore, form a separately renormalisable colour factor. The OMEs qugQ and A 19,0 only receive
contributions from diagrams of this class. Thus, their calculation in the cited reference marked
the completion of the first massive OMEs for general N at 3-loop order. The corresponding
diagrams for gluonic operator insertions, i.e. the OMEs A; g) o and A( ) , were presented in [337].
Another class of diagrams which have two 1-loop bubble 1nsertlons one of which is massless,
were calculated separately and published in [338]|. These diagrams do not form a separate colour
factor but were selected on topological grounds due to their suitability for a certain technological
approach to their calculation. Moreover, the general N solution for the OME A 2.0 (’)( ) was
obtained in [339]. The diagrams with two heavy quark loops constitute a beparate colour factor,
proportional to T%. For the OME A,q o general N expressions for this colour factor were obtained
in [340]. As mentloned before, there are also 3-loop diagrams with two different massive quarks
which contribute to the OMEs. Such diagrams were dealt with in [301, 302, 341, 342]. More
technical aspects of the calculations were discussed in [343], where scalar prototypes of ladder
diagrams were calculated, and in [344], where an application of the method of hyperlogarithms
[345, 346] to massive diagrams with local operator insertions was developed and applied to several
scalar diagrams with Benz-, ladder- and V-topologies.

In this thesis, we describe the caluclation of two complete OMEs and partial results for two
more. In Chapter 4, we discuss the calculation the non-singlet OME A1;S7’(3) for even and for
odd values of N. For the non-singet OME, this corresponds to the unpolarised and polarised
case, respectively. We also describe the application of this OME in the asymptotic heavy flavour
Wilson coefficients for the structure functions Fy(z, Q?), g1(x, Q%) and xF3(x, Q?) as well as its
role in the matching relations of the VENS. Moreover, we calculate the unpolarised pure-singlet
OME A q( ) and the corresponding heavy flavour Wilson coefficient H, Pg in Chapter 5. We
also calculate a set of diagrams with ladder- and V-topologies which contrlbute to Aé&;, see
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2.8. Status of the calculation of the massive OMEs at 3-loop order

Chapter 6. Finally, for the gluonic OME Al g)Q we obtain the constant term of the e-expansions
of the unrenomalised OME. We describe its calculation in Chapter 7.
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3. Calculation of massive operator matrix
elements

The calculation of the massive OMEs requires the calculation of Feynman diagrams with local
operator insertions. In several previous calculations, see Section 2.8, the occurring Feynman
integrals were computed directly and the methods developed there are still useful for the calcu-
lations at hand. However, the large number of diagrams and scalar integrals necessitate the use
of relations between scalar integrals to reduce their number to a manageable size. Integration-
by-parts (IBP) identities for Feynman integrals [231-233|, which are based on the divergence
theorem [227-230], provide such a reduction to a small set of master integrals. We therefore ex-
plain below, how integration-by-parts identities can be used in the context of Feynman integrals
with local operator insertions and how the arising master integrals can be calculated.

In Section 3.1, we give an overview of the steps involved in the calculation of the OMEs, starting
from the generation of the relevant Feynman diagrams, up to the point where the unrenormalised
results for the OMEs are obtained. The results of the Feynman integrals are expressed in terms
of certain classes of nested sums and iterated integrals. We collect the definitions of the classes
which appear here in Section 3.2. Several techniques for calculating the master integrals are
discussed in Section 3.3.

3.1. Outline of the calculation

The starting point for all calculations of the massive OMEs is their definition in terms of con-
nected Green’s functions as given in Eqgs. (2.100) to (2.102). In the following we will summarise
the steps required in order to obtain an expression for the unrenormalised OMEs for general N.
Figure 3.1 contains a schematic representation of the major steps involved in the calculation.
Once this result is available, it can be subjected to the renormalisation procedure outlined in
Section 2.7.

Generate Feynman diagrams We use the program QGRAF [347| to generate all Feynman dia-
grams associated to the respective Green’s functions. Its output is a description of the diagrams
in terms of edges and vertices. QGRAF generates the diagrams according to a model file, which
specifies the quantum field theory with its vertices and propagators, and according to constraints
on the external particles, the loop order and topological requirements like the presence of certain
fields. For the massive OMEs at least one heavy quark propagator must always be present. The
treatment of local operators insertions within QGRAF was worked out in [193, 203]. The crucial
point is to implement the requirement of having exactly one vertex from the set of vertices that
represent operator insertions. For this purpose, an auxiliary scalar field ¢ is added as an external
particle and all vertices corresponding to operator insertions are extended by one such field. Op-
erators with two fermion legs and n € {0, 1,2, 3} gluons legs are represented by couplings of the
form

bg...gve, (3.1)
—

n times
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3. Calculation of massive operator matrix elements

Topological constraints
for Feynman diagrams

Generate all diagrams

Construct integral families
Find required sectors Integral families,

( Diagram descriptions ]

Required sectors

Insert Feynman rules
Apply projectors for OMEs
Simplify Dirac and colour algebra

Calculate
reductions

Reductions to
master integrals
for all required sectors

Diagrams in terms of
scalar integrals

Resum operators into generating functions
Apply momentum shifts
Identify integrals as members of integral family

scalar integrals
(from integral families)

Di in t f
1A5TamS 10 terms o ‘ List of occuring ]

scalar integrals

lSelect required reductions

Replacements for )
scalar integrals

-

Insert reductions «———m—

master integrals master integrals

J

[ Diagrams in terms of ] List of required )

lCalculate master integrals

Results for
master integrals

J

Insert master integrals «——

Diagrams in generating
function representation

Extract Nth moment

Results for diagrams
in N space

Figure 3.1.: Schematic outline of the major steps involved in the calculation of the unrenormalised
massive operator matrix elements.
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3.1. Outline of the calculation

where 1 and v denote the fermion legs and g the gluon legs. The operators with n € {2,3,4}
gluon legs are represented by

g...g¢. (3.2)

S——

n times
The field ¢ is made non-propagating and we require one external field ¢ in addition to the two
gluons or fermions required by the OME. If we generate only connected diagrams, this enforces
exactly one coupling of ¢ to the rest of the diagram. By dropping the field ¢ and setting the
momentum flowing through the ¢ leg to zero, we obtain the diagrams for OMEs with exactly
one operator insertion.

The relevant diagrams for the massive OMEs were generated according to the procedure de-
scribed above for the calculation of fixed moments in [193, 203|. We reuse this setup for the
following calculations. The renormalisation procedure for the OMEs requires to calculate also
reducible diagrams with massive self-energy corrections inserted on the external legs. Since the
calculation of such diagrams factorises into the one-particle irreducible parts of the diagrams, we
generate only the one-particle irreducible diagrams for the OMEs and add the self-energy parts
at the end of the calculation. The required expressions for the heavy quark contributions to the
quark and and gluon self-energies were calculated in [193, 203].

Simplify diagrams to scalar integrals The next step is to insert the Feynman rules for QCD
and local operator insertions, see Appendix B, and to apply the projectors given in Egs. (2.103)
and (2.104). A FORM [216| program which accomplishes this task was also developed for [193, 203|.
The application of the projectors contracts all Lorentz-, spinor- and colour indices so that the
resulting expressions are scalar objects. The program also performs the traces of Dirac matrices
for the fermion lines and reduces the colour generators to the colour factors by using the FORM
package color.h [348].

At the end of this step, all diagrams are expressed as linear combinations of scalar integrals of
the form

4Py dPky aPky (LR ) (T (ki) (TT(A k™)
| @ e e LG =2

i_

OP™ (p1,...,Pa). (3.3)

%

Here p denotes the external momentum flowing through the diagram, with p? = 0, and the p;
are linear combinations of internal and external momenta which flow through the propagators
of the diagram. Since each propagator can be either massive or massless, m; can either be zero
or the heavy quark mass m. The exponents A;j, A;, o; and v; are integers. The operators
introduce the polynomial OP&n) (P1,--.,Da) of order n in the scalar products A.p;, where the p;
are linear combinations of the momenta flowing through the propagators adjacent to the vertex.
Its concrete form depends on the type of operator insertion at hand and its location in the
diagram. As can be seen from the Feynman rules in Appendix B, up to four different scalar

products can occur in the polynomial. It can always be brought into one of the forms

OP" (1) = (Afn)", (3.4)

OPY (5. fi2) = S (A (Af)" 7 (3.5)
7=0

OPY (51,52 B3) = D 3 (A1) I (Ape) (As)! (3.6)
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3. Calculation of massive operator matrix elements

n

J l
OPY" (51, B2, B3, 1) Y Y (Ap2)l (A7) ™ (Apa)™, (3.7)
j=0 1=0 m=0

where n is related to the Mellin variable N by an integer shift which depends on the type of
operator. The coefficients of the integrals in Eq. (3.3) are polynomials in the colour factors, the
space-time dimension D, the heavy quark mass m? and the scalar product A.p.

Construction of integral families Due to the large number of scalar integrals, it is necessary
to use available relations between the integrals to eliminate redundancies and reduce the number
of integrals which have to be calculated explicitly. Integration-by-parts identities for Feynman
integrals [231-233| offer such a possibility. They can be used to derive a homogeneous system
of linear equations fulfilled by the scalar integrals. The system is solved to express all occurring
scalar integrals in terms of a small number of master integrals. Several public and private software
packages exists to derive such IBP relations [349-354]. We choose to use Reduze 2 [353, 354]
which is a C++ program based on Laporta’s algorithm [355].1

A complication arises from the operator insertions, whose Feynman rules introduce scalar
products raised to a symbolic power, cf. Egs. (3.4) to (3.7). Laporta’s algorithm on the other
hand requires all propagators and scalar products to be raised to definite integer powers. To
circumvent this problem, we can resum the operators into generating functions by multiplying
with a tracing variable t and summing over N. The polynomials OP, which contain the
dependence on N, are transformed into propagator-like terms [340, 343]. For example, the
polynomial involving only one momentum can be summed using the geometric series, yielding

1
Z tNop{™ Z tN(A = 1"iag (3.8)

Polynomials with more momenta can be factorised into independent geometric series by using
the Cauchy product,

doai) b= > abij, (3.9)
=0 j=0 i=0 j=0

read backwards. For the polynomial with two momenta we get

ST NOPSY (61, 2) = ZtNZ Shis J—Ztl 5> (A p)
N=0 N=0 j=0 §=0
_ ! (3.10)
(1 —tAp1)(1 —tAp2) .
Repeating this recursively allows to sum also the higher order polynomials analogously
- 1
tNOPWN) (51, Ba, 3) = . . . 3.11
NZ::O 3 (PLP2P3) = TyA 50 = 1A ) (1 = A ) (3-11)
i tNOPY™ (b1, p2, 73, Ba) = = . _ —. (3.12)
= (1= tAp1)(1 = tA.p2)(1 — tA.p3)(1 — tA.py)

These generating functions can now be treated as artificial propagators, which depend only
linearly on the momentum. They are raised to definite integer powers and can be handled within

'Reduze 2 uses the libraries GiNaC [356] and Fermat [357).
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3.1. Outline of the calculation

Laporta’s algorithm. In order to recover the Nth moment, one can expand around ¢ = 0 and
extract the coefficient of t. Both representations are equivalent and we will use the more
convenient one, depending on the task to be solved.

To apply Reduze 2, we have to label the scalar integrals in a systematic way. For this purpose,
Reduze 2 uses the concept of integral families. An integral family is an ordered set of propagators
which is complete and minimal in the following sense: Completeness refers to the property that
any scalar product of internal momenta with internal and external momenta can be expressed in
terms of linear combinations of inverse propagators and kinematic invariants. Minimality means
that removal of any propagator from the set will violate completeness. Within this framework,
each integral is uniquely described by specifying the integral family it belongs to and by giving
the powers to which each propagator of the integral family is raised.

Since the integral families are constructed for the resummed operators, it is convenient to
introduce a graphical representation for the linear propagators. The resummation of the operator
insertion with just two fermion legs (FF) yields a single linear propagator which can be depicted
as

PP — P—D>—1D, (3.13)

where p is the momentum flowing through the operator and the triangle marks the direction
of the momentum through the linear propagator. Analogously, the operator insertion with two
fermions and one gluon (FFV) can be represented by

p P
P oo o

Note that the relative direction of the momenta p; and ps is important since the propagators
depend linearly on the momenta. The Feynman rule of the operator insertion with two fermions
and two gluons (FFVV) has two terms which differ by the momenta involved in the sum. This
finds its correspondence in two terms with different linear propagators whose diagrammatic
representation is

; ] p1+Dp3 P1+ Da
b1 @ b2 Y P2 P1 P2 (3.15)
p3 A X P4 {; i j i

Finally, the operator insertion with two fermions and three gluons (FFVVV) has six terms,

g%gzﬁm TR X

Similar patterns can be found for the gluonic operators (VV, VVV and VVVV), where, however,
more combinatorial possibilities arise.

In our case, there are three internal (k1, k2 and k3) and two external momenta (p and A). Thus,
each integral family must consist of nine standard and three linear propagators. However, a single
integral can contain at most eight standard propagators. Therefore, no single integral completely
determines an integral family, and we have a freedom in choosing the ninth propagator. By
economically constructing the integral families, we can try to cover all scalar integrals by a
minimal number of families. Moreover, it is advantageous to construct integral families which
have a large number of permutation symmetries. The number of required integral families is
driven mainly by the number and placement of massive lines and by the location of the operator
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3. Calculation of massive operator matrix elements

insertions. Also note that a diagram can have several terms which are covered by different
integral families.

The construction of the integral families for the massive OMEs was completed before work
on this thesis was started and was described in [358]. We summarise it here since it allows to
discuss the characteristics of the integrals that occur in the following. To construct the integral
families for this project, first families were constructed for the 3-loop self-energy diagrams without
operator insertions. Their topologies are either Benz-, ladder- or crossed box topologies or
subtopologies thereof. Since the only massive particle is a fermion and since the external particles
are massless, there has to be at least one closed massive loop in each diagram. The massive lines
can of course be placed along different loops. It was found that the diagrams without operators
can be covered by six integral families: Three families cover the planar topologies, i.e. Benz and
ladder diagrams, and three families are required for the non-planar crossed-box diagrams. In the
following we will refer to the planar families by B1, B3 and B5 and to the non-planar families by
C1, C2 and C3. The number distinguishes different routings of the massive lines. As examples
we can consider the diagrams

k
kl 3 k2 %
A A Q
P p p

k‘g ]432

-

-t

Here thick lines represent massive propagators, while thin lines denote massless propagators. All
four planar diagrams depicted here are covered by the integral family B1 and the non-planar
diagram requires the family C1. The propagators for the respective families are given by

Ppi1 =k} Poyy = ki

Pgip = (k1 —p)? Pcip = (ky —p)?

Pgi3 = k3 Peis = kj

Pgi4 = (k2 — p)° Pcra = (k2 — p)°

P15 = k3 Pois = k3 —m?

Pgig = (k1 — k3)? —m? Poig = (k1 — k3)? —m?
Pgiy = (k2 — k3)? Pery = (k2 — ks)* —m?
Ppig = (k1 — k2)? Poig = (k1 + ko — k3 — p)?
Pgig = (k3 —p)> —m® Pcig = (ks —p)* —m”.

The families constructed in this way can be extended to cover also the linear propagators. To
this end, the operator insertions in all diagrams are replaced by the linear propagators using
the graphical notation described above. To cover scalar products of the light-like vector A with
the loop momenta, the families had to be extended by three linear propagators in accordance
with the properties of completeness and minimality. Depending on the placement of the linear
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3.1. Outline of the calculation

propagators, each of the six operator-less families can be extended into different families, differing
by the choice of linear propagators. In addition to the conditions for the operator-less families,
we require that the momentum flowing through each linear propagator is also present in one
of the standard propagators. The families were then constructed by decomposing the 5- and
4-leg vertices first, which usually fixed the choice of all linear propagators up to an overall sign.
Starting from the diagrams with the most involved vertices and working towards simpler diagrams
allowed to fix all families.

In total, 24 integral families suffice to cover all diagrams for all massive OMEs. Five families
are based on the operator-less family B1 and will be referred to as Bla to Ble, where the last
letter distinguishes the sets of linear propagators added to the standard propagators of B1. Three
families are based on B3 (denoted B3a to B3c) and six on B5 (Bba to B5f). The non-planar
diagrams are covered by two families based on C1, four based on C2 and four based on C3, each
following a similar naming scheme. The inverse propagators of the family Bla, for example, are
given by

Pgiai = Pp1, for 1 <i<9,
Pgia10 =1 —tA.(ks — k1),
Pgiag1 =1 —tAks,

Pgiaj2 =1 —tA.(ks — ka) .

In Appendix C we collect the definitions propagators for all families that occur in this project.

In addition to the families explained above, the reductions also require the crossed version of
each family where all momenta are reversed (k; — —k; and p — —p). Reversing all momenta in
one of the scalar integrals is equivalent to multiplying the integral by (—1)¥ for the moments or
to performing the transformation t — —t for the generating functions.

There are only three linear propagators in each family which have to be chosen such that
we can express A.k1, A.ko and A.ks as linear combinations of these propagators. Therefore,
diagrams with operator insertions adjacent to an external leg require special treatment. Let us
consider the case of a FFV operator with one external leg. Its two linear propagators belong to
the same loop and carry the same loop momentum. They only differ by the external momentum
p. An example would be

1
(1 —tAk3)(1—t(Aks — Ap))
These two linear propagators cannot be part of an integral family at the same time since then

three linear propagators would not suffice to express all three scalar products of A with the loop
momenta. Instead, we perform a partial fraction decomposition

(3.17)

1 1 1 1
(1 — tAkg)(l — t(A.kig — Ap)) - tA.p (1 — tA.kg B 1-— t(A,k;3 — Ap)> ’ (318)

which splits the diagrams into two parts with one linear propagator less. The two parts can
be handled separately and, if necessary, even mapped to different integral families. Similarly,
if more than three linear propagators occur at the same time, like for the FEVVV operator, at
least two of the linear propagators in each term have to belong to the same loop (for 3-loop
diagrams) and can be treated in the same way as above.

Once the integral families are fixed, the scalar integrals can be expressed by specifying an
integral family f and the powers v; to which the inverse propagators Py; of this family are
raised, where 1 < i < 12. Then we can write

. _/ dPky dPky dPks 17 1

V1 V2V3V4VsVUTVSVY VI0VIIVI2 (27T)D (27‘(‘)D (27T)D P ﬁ :

(3.19)
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3. Calculation of massive operator matrix elements

By allowing for negative powers v; also scalar products can be expressed as linear combinations
of such integrals due to the completeness of families. We use the convention that the first nine
propagators are standard propagators involving the loop momenta and p, while the last three
propagators are artificial, linear propagators which arise from the operators.

The integrals within each family are organised into sectors. A sector is a subset of propagators
of a family. Each integral belongs to exactly one sector, defined by the set of its propagators
which appear in the denominator (v; > 0). We call a sector S7 a subsector of another sector S,
if the propagators in S; are a subset of the propagators in S3. This induces a partial order on the
integrals. Reduze 2 finds all IBP relations for the integrals of a sector and all its subsectors as
well as relations between different sectors that arise from shifts of the loop momenta. Therefore,
we have to identify which sectors of each integral family are required to cover all scalar integrals.

Calculate reductions Given the descriptions of the integral families and the relevant sectors, we
instruct Reduze 2 to find all reduction relations for these sectors and their respective subsectors.
When calculating the reductions, there is a freedom of choice which scalar integrals should be
considered as master integrals. At the level of integral families, we choose planar topologies over
non-planar ones and families with fewer massive lines over those with more. Moreover, we prefer
families with a larger number of permutation symmetries. Within the families, integrals with
fewer different propagators are considered easier and are therefore preferred as master integrals.
Finally, we choose integrals with higher powers in the denominator over integrals with scalar
products in the numerator, i.e. negative powers v;.

The output of Reduze 2 are the reduction relations for the scalar integrals, organised into a
set of text files which take up about 2.1 TB of disk space. This covers all scalar integrals for all
relevant sectors within the ranges of powers specified for the reductions. Later, it is possible to
extract the reduction relations for a list of scalar integrals which actually occur in the diagrams.

Express diagrams in terms of scalar integrals from integral families At this point, the dia-
grams are still expressed in terms of general scalar integrals of the form given in Eq. (3.3) and
in general the momenta assigned to the propagators do not yet match any of the integral fam-
ilies. To make use of the reductions to master integrals, we have to first resum the operators
using the generating functions. Next, all scalar integrals of the diagram must be mapped to the
integral families and their propagators by identifying the relevant integral family for a diagram
and finding suitable shifts of the loop momenta

3
k; = Z aijk:;- + bip, (320)
=1

with a;;,b; € {—1,0,1}, such that all propagators match the form dictated by the integral family.
In the simplest case, all scalar integrals belong to the same integral family and require the same
shift of momenta. For diagrams with operator insertions whose Feynman rules have several terms
or where the operator is adjacent to an external leg (see above), the diagram has to be split into
several parts which are mapped separately. Given the number of diagrams, it is still feasible to
search for the family and shift by an exhaustive search. Since the coefficients a;; and b; are from
a finite set and since there is only a finite number of families, there is a finite number of possible
family assignments and momentum shifts. The number of possible shifts can be further reduced
by requiring that the shift has to be bijective. Moreover, there are several possible combinations
of family assignments and momentum shifts due to permutation symmetries within the families
and equivalences of sectors across families. We can terminate the search after finding the first
instance that works. Finally, we perform the search in an order which tries more plausible
mappings first, in the sense that we first try families which cover many diagrams and shifts
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3.1. Outline of the calculation

in which many coefficients a;; and b; are zero. The exhaustive search can be implemented in
Mathematica.

Once the integral family and momentum shifts are known, we can apply the shifts and express
each scalar product of internal momenta with internal or external momenta uniquely by a linear
combination of inverse propagators. The scalar integrals are then expressed completely as rational
functions of the inverse propagators Py ;. From this, we can directly read off the powers v ; and
hence write the diagrams D(¢) as linear combinations of scalar integrals from the integral families,

D(t) =) a(t)Ti(t), (3.21)

i
where the coefficients ¢;(t) are polynomials in tA.p, the mass m and the dimensional regulator
e. The index 7 labels all scalar integrals I;(t). The scalar integrals are in the form of Eq. (3.19).

Express diagrams in terms of master integrals As mentioned above, the reductions calculated
by Reduze 2 cover many more scalar integrals than actually appear in the diagrams. Therefore,
we compile a list of scalar integrals for which a reduction to master integrals is indeed required
and extract the necessary reductions. The reductions express the scalar integrals I;(t) as linear
combinations of master integrals M;(t), where j labels all master integrals,

Ii(t) = Z dij () M;(t), (3.22)

with coefficients d;;(t) that are now rational functions of tA.p, the mass m and €. Combining
Eq. (3.21) with Eq. (3.22) provides a representation of the diagram as a linear combination of
master integrals

D(t) =Y bj(t)M;(t), (3.23)

with the coeflicients

bi(t) =) ci(t)dij(t). (3.24)

Calculation of master integrals In the end, we would like to calculate the diagrams as Laurent
expansions in the dimensional regulator e, expanded up to the constant term (¢°). Thus, it
suffices to also calculate the master integrals as truncated Laurent expansions, but since the
coefficients of the master integrals are now rational functions in e, we have to expand them to
higher orders whenever the coefficients b;(¢) contain poles in . If the highest pole occurring in
b;(t) is €™, we must calculate the corresponding master integral A;(t) up to order €. Taking
all diagrams into account, the highest appearing pole in the coefficients determines the overall
order to which a particular master integral is required.

Calculating the master integrals M;(t) is one of the most demanding tasks in the calculation
of the massive OMEs. A number of techniques have been developed for calculating these master
integrals. We will describe those which are used in this thesis in more detail in Section 3.3.
All these methods have in common that we do not directly calculate the master integrals in
their generating function representation, but rather we calculate the moments M;(N) of the
generating function

oo

My(t) = >tV M;(N). (3.25)
N=0
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3. Calculation of massive operator matrix elements

The M;(N) are simplified to nested sums using the summation algorithms [240-251] implemen-
ted in the packages Sigma [241, 252, 253|, HarmonicSums [258-263|, EvaluateMultiSums and
SumProduction [254-257]. For some integrals a small number of coefficients M;(N) must be
given explicitly for N = 0,...,ng since the representation for general N has poles or removable
poles for these low values of N. Instead of Eq. (3.25), the master integrals take the form

no [e'¢]
Mty =) t"Myn+ Y tVM(N), (3.26)
N=0 N=ngp+1

where M ;N denotes the fixed moment N of the master integral M;. After obtaining the moments
of the master integrals M;(N), we write the generating functions M;(t) as formal power series
(Eq. (3.25)) without actually performing the summation over N. Inserting this form of the
master integrals into the diagrams, Eq. (3.23) in principle gives us a result for the generating
function of the moments of the diagram.

Extracting the result in N space Our goal is to obtain the final result for the diagrams in N
space up to the constant term in . The master integrals M;(t), obtained in the previous step,
are already given as expansions in €. Thus, we have to expand the coefficients b;(t) in € and
insert the expanded coefficients back into the diagrams Eq. (3.23).

At each order of the expansion in €, we now have to extract the Nth moment of the generating
function. This is accomplished by expanding in ¢ around ¢ = 0 and extracting the coefficient
of tV. Since the master integrals are already given as a formal power series in ¢, only their
coefficients have to be expanded. The latter are rational functions in ¢ so that their expansion is
rather straightforward. The resulting infinite series has to be combined with the power series of
the master integrals via the Cauchy product. The final expressions are again simplified to nested
sums. The expansion in ¢, the extraction of the Nth moment and the simplification steps are
provided by the routine GetMomentAndSimplify from the package SumProduction, which uses
the function GetMoment from the package HarmonicSums.

3.2. Nested sums and iterated integrals

The results of calculations in quantum field theory frequently involve special functions and num-
bers. In this section, we collect the definitions of those special functions and numbers which are
relevant for the massive OMEs. For more in-depth introductions to these and related topics we
refer, for example, to [359, 360] and the references therein. The special functions fall into two
broad categories: On the one hand, results for general values of the Mellin variable N, which
arise directly from the light-cone expansion, are most naturally expressed in terms of nested
sums. On the other hand, the results can also be translated to x space via an inverse Mellin
transform, which relates nested sums to iterated integrals. In both cases, special numbers like
zeta values and multiple zeta values [361] arise.
Nested sums are sums of the general form

N i1 Tp—1
D ai(in) Y agliz) -+ > anlix), (3.27)
i1=1 ia=1 ip—1

where N € N and at the jth level of the nesting the summation index i; only appears in the
summand a;(i;) and as the upper limit of the next sum. We call k the depth of the nest-
ing. A prominent example for this class of sums are the harmonic sums [143, 144|. They are
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3.2. Nested sums and iterated integrals

generalisations of the harmonic numbers and are defined recursively as

N .
(sign(mq))" .
Sml,..,,mk (N) = E; Wsmz,...,mk (Z) 9 S@ = 1 9 (328)
1=
with mq,...,my € Z\ {0}. The m; are called indices and the sum of their absolute values

w = |my| + -+ + |myg]| is called the weight of the sum. The analytic continuation of harmonic
sums to N € C has been discussed in [147, 148, 362|. It can be obtained from the asymptotic
expansion at N — oo together with the shift relations fulfilled by the harmonic sums. In the
limit N — oo, the harmonic sums Si(N) with positive k& > 2 converge to zeta values, i.e. the
Riemann zeta function evaluated at integer argument k,

Si(o0) = lim SLN) =" = (k) =G, k22, (3.29)
=1

For k =1 the sum is the usual harmonic series and diverges logarithmically. The same limit for
general harmonic sums leads to multiple zeta values [361],

Oky by = U Sy g, (N) (3.30)
N—oo
In calculations of massive Feynman diagrams, in particular the constant [217, 363-367]
13
By = —80_3_1— ?CQ +12¢4
9 2 4 13 /1
= —4GIn%(2) + S In'(2) - G+ 16 L14<§) ~ —1.762800093 . . . (3.31)

appears. The definition of harmonic sums can be extended to generalised harmonic sums or
S-sums [261, 368], defined as

N o i
x
1 .
Srgrmp (X152 N) = Z T Smgmp (T2, xpl), Sp=1, (3.32)
i=1
where the indices are positive natural numbers mq,...,m;r € N and we have in addition non-
zero, real parameters x1, ..., 2 € R\ {0}. The harmonic sums are a special case for x1, ...,z €

{=1,1}. Another generalisation are cyclotomic harmonic sums [260]

S{a‘17b1701}7"'${ak7bkvck}(x17 0 Tk N) =
N

x .
Z ms{ag,bg,cQ},...,{ak,bk,ck}(3327 e ,ﬂfkﬂ)a Sp=1, (3'33)

with aj,¢; € N, bj € Ng and z; € R\ {0}. Finally, we can also allow for binomial weights in the
summands and obtain iterated binomial sums (262, 369-371]. The summands have the form

a;(n) = <2”> Yo : (3.34)

n n™i

where m; € N, b; € {—1,0,1} and x; € R\ {0}. We do not introduce any notation for binomially
weighted sums here, since it is usually more transparent to explicitly write down the sums.

Nested sums fulfil quasi-shuffle (or stuffle relations) [143, 144, 147, 368, 372|. They arise from
the product of two sums, if we split up the summation ranges according to

<Z ai> Z bj = Z a; bj + Z bj Z a; — Z a;b; . (3.35)
i=1 j=1 1 j=1 =1 i=1

=1 j=

%
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3. Calculation of massive operator matrix elements

For generalised harmonic sums, for example, Eq. (3.35) amounts to
Satyeenar (15 TR N)Sby by (Y1, Yk N) =

.75@27,,.,0,,6 (an vy Ty Z.)Sbl,...,bl (yh - Yl Z)

Yl . .
+ Z f5b27 . (y2a - Yl Z)Sal,.‘.,ak (l‘la ceey Tk 2)

N
_ Z (iaiﬁ;z Sagar (T2, o T3 1) Sby b, (Y2, -, Y13 1) (3.36)

which can be applied recursively This leads to algebraic relations among the sums which allow
to eliminate some of the sums from expressions. Systematically applying these relations, one
can reduce them to a smaller set of basis sums [143, 144, 146, 147|. The package HarmonicSums
[258-263| provides routines and precomputed tables for such reductions.

Nested sums are closely related to iterated integrals [373-375|, which are integrals of the form

T xr1 Tk—1
/ dzy a1 (xq) / dzaaz(x2) ... / dzg ag(zk) - (3.37)
0 0 0

The integrands a;(x;) are functions from an a set of functions 2 called alphabet. The elements
of the alphabet are called letters. If we choose the rational functions

2= { fi0) = 25 o) = . Sal) = 15 | (3.39)

we obtain the class of functions known as harmonic polylogarithms (HPLs) [145]

Ho,..0(x) = & I (z), (3.39)
Hp () :/o dy fm(y), m#0, (3.40)
Honn. o () = Ox QY Fons () Homy e (1) (3.41)

The number of integrations k is called the weight of the HPL. Special cases of harmonic poly-
logarithms include the classical polylogarithms [376, 377]

Lln(x) = HO,,..,O,I(:E) (342)
~~

n—1 times

and the Nielsen integrals [377-380]

n+p 1
Spp(z) = / — In"" () InP(1 —zz)=Ho,. . 0.1,.1(x). (3.43)
. n _ 1 |p' yeeey gy Lyeeey
n times p times
The Mellin transformation, cf. Eq. (2.62), relates HPLs to harmonic sums and conversely the
inverse Mellin transforms of harmonic sums can be expressed in terms of HPLs. Moreover,
harmonic sums appear as expansion coefficients in power series expansions of HPLs at argument
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3.2. Nested sums and iterated integrals

2 = 0. The representation of certain harmonic sums as Mellin transformations of HPLs requires
the introduction of +-distributions [f(x)]4, which are defined according to

[ asl@ligte) = [ des@lgta) - (1) (3.44)
0 0

With their help, we can express, for example, the harmonic sum S;(N) as

1 1 1 1 LN-1_
S1(N) :/ dz zN 1 <1— [ ] ) :/ da:le—/ de ——. (3.45)
0 1—=x + 0 0 1—=x

Similarly, d-distributions are necessary, to express constants in N space as Mellin integrals. We
will repeatedly refer to these notions, when discussing results in x space.

Cyclotomic harmonic polylogarithms [260| are a generalisation of HPLs which are based on
the cyclotomic polynomials ®,,(z) [381], defined as

. (x) =[] (:1; - 62”%) . (3.46)
1<k<n
ged(k,n)=1

Based on these polynomials, on can consider iterated integrals over the alphabet

A= {fo<x) = i} Y {fwb)(””) (0

where p(n) is Euler’s totient function. The condition b < ¢(n) ensures that the degree of the
polynomial in the denominator is larger than that of the numerator. The letters fo(x) = 271,
faoy(@) = (2 —1)"" and fa0) = (z+1)7" are, up to a sign of f1,), exactly the letters which

generate the HPLs. The cyclotomic HPLs are then defined by, [260],

neN,beNyb< gp(n)} , (3.47)

1

Hy_ o(z) = = In"(z), (3.48)

k times k
}{Ouw(x):: ]g dgjbu@(y)’ m#0, C&49)
H(n1§b1):--~7(nk§bk)(x) = /0 dy f(n1;n1)(y)H(ng;bg),.‘.7(nk;bk)(y) . (350)

The Mellin transformation of cyclotomic HPLs are linear combinations of cyclotomic harmonic
sums.
Other relevant alphabets include letters of the form

fa(z) = ! (3.51)

Tr—a

for a € C, which lead to hyperlogarithms [373, 374], and letters which include square roots [262],
like for example

1 1

(z+a)Vr+b Vrtavr+b’ a.b€Q, (3.52)

which are related to the iterated binomial sums of Eq. (3.34) via Mellin transformations. For
further details we refer to [262].
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3. Calculation of massive operator matrix elements

Similar to the quasi-shuffle relations of nested sums, one can derive shuffle relations for iterated
integrals. The idea is to split up the region of integration into simplices. The basic case is

/Oxdyf(y)/omdzg(Z)z /Oxdyf(y)/oydzg(z)—l—/oxdzg(z)/ozdyf(y). (3.53)

For HPLs this translates to
x
Hop @ Hs oty @) = [ Q0 for () Hoe0 (0) . ()
0

+ / Ay fo (9) Har,or (4) Hip, 1 (1) (3.54)
0

Recursive application then yields algebraic relations among the HPLs which can be used to reduce
all HPLs of a given weight to a basis composed of a smaller number of functions. Algorithms for
such reductions [145-148| are, for example, implemented in the package HarmonicSums.

Since the calculation of the master integrals heavily relies on the package Sigma [241, 252,
253] and related packages, we introduce the notion of indefinite nested product-sum expressions:
Given a field K and a variable N which is algebraically independent over K, an indefinite nested
product-sum expression with respect to NV is any expression which can be constructed from N, a
finite number of constants from K, the operations (+, —, -, /) and sums and products of the form
SN, f() and I, f(i), where [ € N and f(i) is an indefinite nested product-sum expression
with respect to ¢ which is free of N. In particular, the nested sums discussed in this section fall
into this class. The relevance of this definition for the calculations in this thesis derives from the
fact that the algorithms implemented in Sigma deal with objects from this class. For example,
Sigma provides routines to solve linear recurrences of the form

ag(N)f(N) + -+ +am(N)f(N +m) = b(N),

where ag(N),...,an(N) are polynomials in N over K and b(N) is an indefinite nested sum-
product expression. It finds all solutions to the recurrence which can be expressed as indefinite
nested sum-product expressions. Moreover, the package EvaluateMultiSums [254-257|, which
builds on Sigma, allows to simplify definite multiple sums in terms of indefinite nested product-
sum expressions, if such a simplification exists.

3.3. Calculational tools for master integrals

While the approach outlined above is tailored to the use of IBP identities and reductions to
master integrals, the methods developed before for the calculation of integrals with operator in-
sertions can be applied for the calculation of master integrals as well. By working on the moments
of the master integrals M;(/NV) instead of the generating functions M;(t), we can directly apply
those methods for scalar integrals. This involves introducing a Feynman parametrisation and
solving the resulting integrals in terms of special functions, like Euler Beta functions or higher
hypergeometric functions [211-214, 234-239|. In more involved cases, the Feynman parameter
integrals can be treated using Mellin-Barnes integrals [208-210]. In both cases, the solutions are
formulated in terms of nested finite and infinite sums. These sum representations can be simpli-
fied to indefinite nested product-sum expressions using the summation algorithms implemented
in the Mathematica packages Sigma, HarmonicSums, EvaluateMultiSums and SumProduction.
The methods based on special functions are explained in more detail in Section 3.3.2 and the
Mellin-Barnes techniques are discussed in Section 3.3.3.

In addition, the reductions to master integrals offer the opportunity to employ another tech-
nique for calculating the master integrals: The master integrals fulfil differential equations which
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can be derived using IBP relations. Provided we can calculate appropriate initial values, differen-
tial equations turn out to be a powerful method for these calculations. The differential equations
are derived for the generating functions of the master integrals by differentiating with respect to
the tracing variable . This results in coupled systems of first order ordinary differential equa-
tions. We can translate them into coupled systems of difference equations by inserting a formal
power series ansatz for the master integrals. These can be uncoupled to linear recurrences with
the help of uncoupling algorithms [382] implemented in the package OreSys [383] and solved
using the tools mentioned above. In Section 3.3.4 we explain this method.

Some of the master integrals required for this project are also calculated using the multivariate
Almkvist-Zeilberger algorithm [384, 385], which allows to compute recurrences for the integrals.
These can be solved subsequently by Sigma. The algorithm is implemented in the package
MultiIntegrate [259]. For details on this approach we refer to [259, 268].

3.3.1. Feynman parametrisations and related tools

Several techniques which we use for calculating the master integrals are based on a Feynman
parameter representation. Therefore, we briefly review how it is derived. Our starting point is a
scalar integral with an operator insertion in N space. Since we will apply the method to master
integrals, we will confine the discussion the case where only scalar products of the light-like
vector A and loop momenta k;, i.e. one of the polynomials OP&N) (P1,---,Da), are present in the
numerator. Thus, the integrals are of the form
dPk; dPky dPks OPM(p,... fa)
/ (2m)P (2m)P (2m)P PP

(3.55)

We can now select a loop momentum k;, take the set of propagators through which k; flows and
combine them using a Feynman parametrisation, see e.g. [76],

n

1. = & ( - dx'xl.”'_1> [ " z; P;

=1 ?

_ 5 (1 - Zn:x) : (3.56)
i=1

where v = """ | v;. After a suitable shift of the loop momentum k;, we can use Eq. (2.117) to
perform the integration over d” k;. After the loop integral is carried out, only scalar products
of A with the external momentum p or the remaining loop momenta will be left [107], see also
[204, 386]. After introducing a Feynman parametrisation, we are frequently faced with integrals
of the form

D
I, = / (;)’“D(A.k + AR, (3.57)

where n € N, ¢ is any linear combination of momenta which does not involve k and f(k?) is
of the form of the integrand in Eq. (2.117). By splitting up (A.k + A.q)" using the binomial
theorem and explicitly writing out the scalar product A.k, we arrive at a sum of tensor integrals

- n n—j J de‘ J i
Qe () £ i) o

j=0 i

Since A is light-like, i.e. A2 = 0, here only the term for j = 0 survives and we get

D
L= (A [ o). (3.59)
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Repeating the procedure above loop momentum by loop momentum, we solve the D-dimensional
integrations over the loop momenta at the cost of introducing integrals over Feynman parameters.
The resulting integral representations differ depending on the order in which the loop momenta
are integrated. Usually, it is advantageous to start with the simplest subtopologies with the
fewest propagators and to perform the loop integrations of more peripheral loops first. If two
otherwise equivalent choices exist, we prefer the one where loop momenta not occurring in the
operator are integrated out first. In this way, we obtain polynomials in the Feynman parameters
which are raised to powers v = a + €b, where a, b are rational numbers and ¢ is the dimensional
regulator. Moreover, the operator gives rise to polynomials in the Feynman parameters which
are raised to integer powers, i.e. the Mellin variable N or the summation indices of the sums
from Egs. (3.4) to (3.7).

Working loop by loop, we introduce a family of Feynman parameters for each loop momentum.
If there are p distinct propagators in a ¢-loop integral, p+ ¢ —1 Feynman parameters are required
this way. The resulting integrals contain ¢ d-distributions according to Eq. (3.56). Each of them
can be used to eliminate one integration over a Feynman parameter by

1 1 1
/dy/ dyn/ 31— —Y)f(@, g, yn) =
0 0 0
1 1

/dyl.../ dy, 0Y)0(1 —-Y)f(1 =Y, y1,...,yn), (3.60)
0 0

where we use the shorthand Y = 7" | y;. The first step function 6(Y) does not restrict the
region of integration any further and can be dropped. The restriction from the second step
function #(1 — Y'), on the other hand, can be removed by rescaling the integration variables
appropriately. Rescaling for example y; yields

1 1
/dy1--./ dyn 01—y = Y1) f(L =91 — Y1,91,. ., Un) =
0 0

1 1
/0 dyl-~~/0 dyn, 01 =Y1)(1 = Y1) f(1 —y) I = Y1), 51(1 = Y1), ..., 0n), (3.61)
where
Y=Y v, keN. (3.62)
B

Recursive application of such rescalings allow us to map the region of integration back to the
unit hypercube [0, 1]" thereby eliminating all step functions. In general, the order in which we
rescale the Feynman parameters changes the resulting expression. If we decide to eliminate all 6-
distributions and step functions, we are thus faced with three types of choices to make: Choosing
the order of integrating the loop momenta, choosing the Feynman parameter for eliminating the
d-distribution and choosing the order of rescalings to reduce the step functions. In addition, it
can be useful to leave certain step functions untouched since they can be later on absorbed into
the integral representation of Appell hypergeometric functions, which we discuss in the next sub-
section. All choices obviously lead to equivalent integrals, whose concrete form, however, differs
drastically. A set of useful heuristics for obtaining suitable Feynman integrals were formulated
in [199, 340]. The aim of these guidelines is to keep the number of Feynman parameters which
are raised to powers containing the Mellin parameter N or summation indices to a minimum.
After mapping all integrations over Feynman parameters back to the unit hypercube, it is
sometimes advantageous to perform certain transformations which map the region of integration
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back onto itself. The simplest example is the mapping z; — 1—2a, whose Jacobian exactly reverts
the interchange of integration limits. Two useful transformations involving two parameters were
mentioned in [387]. The first one can be used to merge a product zy into a new variable x’ by
defining

I — N
r_ r(1—y) y= z (', y) Y Ty — oy (3.63)
o+ y/ _ x/y/ ’ ! + y/ — x’y’ ’ ’

This transformation is equivalent to reconstructing and eliminating certain §-distributions and
step functions, see e.g. [199]. It is useful in order to reduce the number of Feynman parameters
which are involved in the operator, as in

1 1 1 1 (1 _ xl)x/N a:-/
dz [ du (zn)N — [ e Ay Ty —aly,—
/0 x/() y(xy) f(x,y) /0 m/() ym’—i—y’—x’y’f(x +y xy’a;l_|_y/_g;/y/

(3.64)

Moreover, it is sometimes applicable to factor expressions containing 1 — xy into expressions
involving only z, y, (1 — z) and (1 — y). Take as an example the expression

1 1
I= /0 dx/o dy z%(1 — 2)%y°(1 — »)¥(1 — zy)°, (3.65)

where a, b, c,d, e € C such that the integral converges. Applying Eq. (3.63), we obtain

T _/ dz’ / dy/ /c ) y/d(l /)1+b+d+e($/+y/ _x/yl)a—c—d—l. (366)
Under a transformation ' — 1 — 2” and ' — 1 — 9" the term 2’ + 3/ — 2’/ becomes 1 — 2"y".
Thus, a simplification occurs if a = ¢+ b+ 1 and the last term vanishes.
The second transformation from [387] is useful to combine differences of Feynman parameters
x —y into a single Feynman parameter. Here we have to distinguish the regions z > y and = < y.
We split the region of integration accordingly and map the integration back to [0,1]? in each
part. For z > y we use

I i
r=T—Y, x:$/+y/_x/ylv o(z,y) /
gy -y e
l—z+4vy’ Y v ’
while for z < y the transformation reads
I J—
r=y—x, x:(l—x/)(l—y'% 8(:1:73/) !
, 1-y N A T (3.68)
y = y=1-yQ1-2a"), o' y)

l+z—vy’

A useful application is, for example,

/Oldiv/oldy(x— f(z,y) / da’ / dy’ 2N ( )[f (2" +y — 2y, (1 —2')y)
~DYf(( - )U—x)l—yu—ﬂny (3.69)

which is again useful in order to prevent the proliferation of the Mellin variable IV in the integral
being considered.

Finally, the resulting Feynman parameter integrals can be solved with the help of special
functions, Mellin-Barnes representations and summation techniques. We will discuss these in
the following subsections and follow [268].
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3.3.2. Hypergeometric function techniques

Having derived a representation in terms of integrals over Feynman parameters, we now have to
solve those integrals. We will review the definitions of some special functions which are useful
for integrating the Feynman parameters and afterwards illustrate their use by means of several
examples. The main idea of the approach described here is to solve the integrals in terms of
special functions, which can either be directly expressed as products of I'-functions or which
allow for a convergent series representation which contain I'-functions. After expanding in &,
the sums are simplified to nested sums and products using the Mathematica packages Sigma,
HarmonicSums, EvaluateMultiSums and SumProduction.

In the easiest case, when one of the Feynman parameters x; only occurs linearly in one of
the polynomials, i.e. as (y + y'x;)®, where y and 3 are polynomials involving other Feynman
parameters except x;, it can be integrated trivially. If a Feynman parameter only occurs in the
combination 2¢(1 — ), we can use the integral representation of the Euler Beta function

B(a,b) = /01 dzz% (1 —2)L. (3.70)

It converges for Rea > 0 and Reb > 0 in the Riemann-Lebesgue sense, but through analytic
continuation it can be extended to the whole complex plane except for non-positive integers a
and b. The Beta function is related to the I'-function through

['(a)L(b)

B(a,b) = T(ath)

(3.71)
From this relation it becomes obvious that the Beta function has poles at a,b € 0,—1,—-2,...
and that expansions around integer values of a and b can be obtained from the expansion of the
[-function, Eq. (2.120).

In addition to the factors appearing in the Beta integral, we frequently encounter terms of
the form (1 — x2)Y where z can consist of one or several further Feynman parameters. These
structures can be expressed as a Gauft hypergeometric function o F} [211-214, 388|,

a,b;

1
z] = lb)/o deab (1 —2) "1 —2z2)7?. (3.72)

E _
2 1[ B(b,c—

For z = 1, this immediately simplifies to the Beta integral and we arrive at the Gauft summation
theorem [211, 214]

- . (3.73)

a,b; I'(c)I'(c—a—0b)
F{ 1] F(e—al(c—b)

I

In general, the o F has a series representation

)

2 I {a’:;z] = i (a)”(b)”zn (3.74)

n=0

which converges for |z| < 1 and for z = 1 if Re(c —a — b) > 0 [211, 214]. Moreover, ¢ may not
be a negative integer. The Pochhammer symbol (a),, appearing in the series is defined as

(a),=ala+1)...(a+n—-1), neNaecC (3.75)
(a)y=1. (3.76)
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In particular, we see from the definition that (—a),, = 0 for @ € N and a < n. Thus, the series
in Eq. (3.74) terminates after a finite number of terms if either a or b are negative integers. For
a € C\ (—N) we can also write

I'(a+n)
@)y = —Fr~ -

I'(a)
If |z| > 1 the series in Eq. (3.74) diverges, but we can perform an analytic continuation in z to

map for example z to z/(z — 1) which maps the interval [1,00] to [0,1]. An example for such a
continuation is [214]

(3.77)

a,b; —a a,c—b; z
o [ ’ z] =(1—-2)""%F~ [ P 1] . (3.78)
Another example for a transformation of the argument is given by [388]
a,b; I'(e)l'(c—a—10) a,b;
Fy = F 1-—
2 [ ; 2] F(c—a)F(c—b)2 "la+b—c+1; :
_ap (@ (a+b—c¢) c—a,c—b;
1 — z)c7ab ’ 11— 3.79
+(1-2) ['(a)T'(b) Te—a—b+1; | (3:79)

which is useful when the argument z contains several Feynman parameters of the form z = 1 —xy.
They are mapped to 2’ = xy and point towards generalised hypergeometric functions, which we
discuss next.

We generalise the series Eq. (3.74) by introducing more Pochhammer symbols. For p € N we
write [214]

o
Aiy---,Gptl; (al)n...(apﬂ)nz"
F = Sy 3.80
Pl p[ bi,... by Z} 2 (), (By), nl (3:80)

This function is called the generalised hypergeometric function 41 F,. The series makes apparent
that if any pair of parameters a; and b; are identical, they cancel and the function simplifies to
a pFp—1. For the convergence of the series it is again sufficient that |z| < 1 or if z = 1 we need

p+1
Re <Z b — Zaz> >0. (3.81)

The generalised hypergeometric function ,41F}, permits an integral representation which is con-
structed recursively from the integral representation of ,F,_1. This allows us to connect its
integral representation to that of the o F}. Each step of the recursion, called Euler transforma-
tion, reduces p by one and reads, [214],

1
A1y, 0p, C; 1 c—1 d—c—1 at,...,0ap;
F, S d 1-— F,_ .
ptl [bl,...,bp_l,d;z] B(c,d—c)/o vt (L= o) [bl,...,bp_l;xz]
(3.82)

While solving Feynman parameter integrals, we are frequently faced with polynomials in the
Feynman parameters, which can be integrated by this type of recursion.

The Appell functions [214, 235] are a different generalisation of the hypergeometric function.
They have two independent variables instead of one. For our purposes, the Appell function of
the first kind, F7j, is most useful. It has a double integral representation

a,b,b; B
Fl[ o ‘T’y}_l"(b) NG c—b—b’/du/ dvf(1 —u—v)
1,6/ —

w1 —u— o) (1 — e — wy) O (3.83)
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3. Calculation of massive operator matrix elements

which involves a step function limiting the region of integration to u,v > 0,u + v < 1. This is
the motivation behind the statement in the previous subsection that it is sometimes useful to
leave some of the step functions untouched. Appell functions are particularly useful for diagrams
where two loop momenta can be integrated completely independently, as for example in ladder
diagrams [193, 199, 343|. There is also a one-dimensional integral representation for this function
which reads [214]

e 1 Pt e
"Uoes Y T Blaye—a) Jy v |

The Appell F; function has a series representation given by

A0 ] = 3 P OO 07, 359

m=0n=0

which converges for |z| < 1 and |y| < 1. For |z| > 1 and |y| > 1 the function can be analytically
continued using

c—a,bt; =z Y

i) [a’ i’_b/ ;:U,y] — (1)1 -y "R [ (3.86)

; c; r—1"y—-1
Examples We now discuss some examples for master integrals which can be solved using the
methods described above. For these examples, we will set A.p =1 and m = 1 and omit a global
factor of 493 /(47)8. The first integral we consider is J; = I1B110%10111;110 which reads

p /del dPky dPhy Y o(Aks) (Adks — Aky)N
1 =

3.87
(27T)D (27T)D (27’[‘)D P1P2P5P7P8P9 ’ ( )

where the propagators P; are those of family Bla, see Appendix C.

We work loop by loop, dealing with ky and ks first, which can be integrated independently,
and treating the integration over ko last. The integral requires five Feynman parameters, which
can be brought into the form

1 1
J = —/ dz .. / das I (—3¢) x;1+5/2(1 = x2)5/2x21_5(1 — 14) " xE (1 — 15) /2
0 0

N
X Z 373 1 — x4 — xl(l — wQ) + (1'4 — xg)(xl(l — x5) + x3x5)]j
Jj=

X [23(1 — 24) + 24(21(1 — 25) + x325)]V 7 . (3.88)

The two polynomials which are raised to j and N — j originate from the operator insertion and
will be called the operator part in the following. If we were only interested in the case N = 0,
i.e. the integral without any operator insertion, the integral could be done completely in terms
of Beta functions using Eq. (3.70). By repeatedly applying the binomial theorem,

(x+y)" = Zn: <k> 2ry Tk, (3.89)

k=0

to all sums in the operator part we can split everything into Beta-like factors x; and 1 — z;. Of
course, each such split introduces a finite sum which has to be performed in the end. Therefore,
our goal is to use this this option sparingly and solve as many integrals as possible without
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3.3. Calculational tools for master integrals

introducing additional sums. As a first step, we reorder the sum from the operator insertion
using

N
) ) AN-H _ BN—H N 1
Sy = AT I (V) ey (3.90)
§=0 =0

to eliminate common terms between the two polynomials of the operator part. With this, Jy
reads

1 1
_/ dz; .. / dzs T (—%5) ZL'2_1+€/2(1 - $2)a/2$21—s(1 —xq) “xg(1 — :Es)_a/2
0 0

N
X JZ; <N;— 1) [24(1 — 25) (21 — 23) + xg]j (wows (21 — a3) — xl]N*j |
(3.91)

Now we use the binomial theorem twice — to split off x3 and (—x1), respectively — and we obtain

1 1 N J —J .
N+ N -
J1:—/ da:1"'/ das I’ 38 E E E DN=I= < )(k:)( .‘7>
0 0 =0 k=0 i=0 J !

% N—j—ZxZQ*1+€/2(1 . $2)5/2$§—kxi—1—5(1 _ $4)75

X bt (1 — a5)F /2 (1) — 23) "t (3.92)

The integrations over xo, x4 and x5 yield Beta functions and the integration over x; and x3 is
done using

! ! a1 b e—1_ T I'(b) ¢ I'(a)
/0 dx/o dy a7y o =) = e (F(b+c) -1 F(a+c)) (399

which leads to

2

ENZZJI ]r 30 (- N91<N;1><£><N;j>(;++k;!

7=0 k=0 i=
ik (N —j—a)! (j—F)! ,
% [(_1) +k(N—j+l~c+1)! + (i—i-j—i-l)!} Flite/2)

Nk—e)l'1—e) T(k+1-—¢/2)
IMk+1—-2) T@i+k+2+¢/2)°

I'(1+¢/2) (3.94)
This triple sum can be performed using the summation methods based on difference fields and
rings which are implemented in Sigma and EvaluateMultiSums, together with the routines of
HarmonicSums to speed up the elimination of relations between harmonic sums. For further
details on these packages and the underlying algorithms we refer to [254-257| and the references
therein. Up to (’)(50) we obtain

oo 1 1| 4 4(2N +3) 4(-1)N 2(4N? + 7N +1)
"TNH2)8| 373N+ D)(N+2) 3(N+2)| 22 |3(N+1)(N +2)2
2(2N3 +6N% + 9N +7) 28 2(N —2)(2N +3)

+<_1)N< 3(N+12(N+22 3(N41r2)> -5 3(N +1)(N +2) 51

4 1 4N2—6N—1 6N2 4+ 19N + 6
+SQ—352]+6 —< SQ+C2)S + +

3(N +1)2 6(N + 1)(N +2)
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3. Calculation of massive operator matrix elements

2(2N%-5) AT (6N? 4+ 17N + 16) S,
(3(N+1)(N+2) 1) 6N+ 1) (N +2)
Y <_4N5 + 24N* + 57TN3 + 6ON2r+ 16N —11 S} +955 + 3¢
3(N + 1)3(N +2)3 6(N +2)
2N3 +12N?% + 21N + 13 8N + 46N* + 100N3 + 104N? + 63N + 27
3(N +1)2(N +2)? 1) B 3(N +1)3(N +2)

4
—S21+ 5572,1

T 2g 26 (N+3)G 12N + 50N + 59N + 62
1871 T 97 T 37T T (N + 1) (N +2) 12(N + 1)2(N +2)
258 _ 3G\ g, 8N* + 12N3 — 22N? — 53N — 66 N (10N? — N — 36)5;
24 8§ )7t 6(N +1)3(N +2) 12(N +1)(N +2)

3 (N —2)2N +3)¢  7C3 65 o, 754 1

— 283 — = 25 = — — 25
53 = %21+ 2521 F IN+D(N+2) 6 SOMPTECRES YRR

N 16N + 140N°® + 508 N® + 979N + 1065N3 + 623N?2 + 130N — 35 N 2,

6(N + 1)4(N 4 2) 3722

2N2 -5 (AN? 4+ 31N 4 63)S3  (2N? +4N —1)Sa,
+ <3(N+ (N +2) 51)5_3 © O 18(N +1)(N +2) 2(N + 1)(N + 2)
+<_352+ 2N?+2N -3 . 4N'+12N° 4 13N? + 21N +25 3
27V T (N (N+2)7! 3(N 4+ 1)2(N + 2)2 2
Co 12N4 + 70N3 + 151N2 + 178N + 102 3( 4
— = |S_o+ +—= )5 -
2) ( 12(N + 1)2(N +2)2 8 ) 3
AN? + 7N +1 2(2N? - 5)
TINT O+ 2) 3N+ (N 1 2)
7(2N + 3)(3 PR [_ S3 N 2N3 + 12N? + 21N + 13 _,
6(N + 1)(N +2) 36(N + 2) 12(N +1)2(N +2)2 !
B <4N5 + 36N* + 129N3 + 240N? + 226N + 79 35, G > s,
)

So

S_211

3 2 1
5C2 + 553,1 + 55—3,1 - S-2,1— 5527171

6(N + 1)3(N +2)° it Tav 2

8N + 72N6 + 274N® 4+ 562N* + 656 N3 + 434N?% + 183N + 67  Sa1
T 6(N + AN + 2)2 TN 12
2N3 +6N2 +9N +7 6N3 4+ 28N2 + 47N + 31 21(3 — 2553
AN +1)2(N +2)2 AN+12(N+22 727 18(N+2) ]
14N?2 +59N +30 5 5 4
36(N+1)(N+2)"' 4871

(3.95)

We use the shorthand Sz = Sz(N), suppressing the argument N, to compactify the notation.
The result is expressed in terms of harmonic sums up to weight w = 4 and its calculation takes
4828 seconds. The linear term in € is also required for some diagrams and its calculation takes
50339 seconds. Here harmonic sums up to weight w = 5 enter.

Next, we consider the master integral Jo = 1(1)3111%11011;100, whose solution involves hypergeo-
metric functions in addition to the Beta functions encountered before. We start from the D-
dimensional momentum integral

J /de1 dPky dPks (Aks— Aky)N
2 pu—

. 3.96
(2m)P (2m)P (2m)P Py P3Ps;PsPsPy (3.96)

The propagators P; refer to family Bla, cf. Appendix C. Working in the order ko, ki, k3, we
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3.3. Calculational tools for master integrals

arrive at the Feynman parametrisation

1 1
Jy = —/ dzy .. / das T' (—3¢) xi/Q(l — 1) (1 — 29) "V P25 (1 — ag)N 0
0 0

X a:éVH(l — x5)_1_5(x4 — IL‘Q) (1 — x3xs5)2°

M\w

(3.97)

The integral over x; results in a Beta function and the integral over x4 is trivial. To integrate
x5, we use Eq. (3.72) and obtain a hypergeometric function 9 F}

1 1 T (1 + 6/2)2
— 3N\ T ErA _ N+1 _1\N,.N+1
Jo = /0 dl’g/o dzs F( 26) F(Q n 6) ((1 1’2) + ( 1) Ty )
1 _ 1- 5/2 €01 _ N—¢
X N+ 1(1 ZL‘Q) (1 $3)

(N + 2)0(—¢) [—25,N~|—2; ]

3.98
I(N+2—¢) > '[N+2-¢; (3.98)

For the integral over x3 we use the recursive definition of the generalised hypergeometric functions
and get a 3F5 function evaluated at argument 1, which however simplifies to a o F7,

3 3
—56,1+¢,N +2; —5&,1+¢€;
Rl 20 T 1| =0k | 27 1 3.99
s 2[N+2,N+2—E; ] 2 1[N+2—5; } ’ (3.99)

since two parameters are identical. Now, by using Gauf’ theorem, Eq. (3.73), we write the o F}
in terms of just I'-functions and finally perform also the integral over z2. The result reads

I(1+¢/2)T(1+e)(N+1—e)l(—e)T' (N +1—¢/2)
L2+ e)T(N+1—2)T (N +2+¢/2)
1 (N + 1) (—¢/2)
x ((N+1)(N+1—e/2) (D7 (N +2—¢/2) > ' (3-100)

Ja= -1 (-3)

It is valid to all orders in € and its expansion up to the constant term is

1 4 2 1 1 2
Jp=—— L — ()N + = | ()N (S -2 ) [ R
2 (N+1)2{353( ) +352[< ISR ] e Erianey
AN?+8N +5 1 o 4N? +8N +5
B VA i el S el o S S e S
(=1) < 3(N +1)2 5o Sl+ 52 2) 6(N +1)3
45+ G N 4N2+8N+5 1 (o 3 1
—1 — "4 s S S3— -8
4N +1) (=1) K 6(N +1)2 SREREVY 1+36 67!
4N? 48N +5 13 G 4N2+8N+5 Sy
- - S5+ —53—— cg +
3(N +1)2 6 6(N +1)3 N+1

~[4N? +8N +5

55 G 7 13 (AN? + 6N + 3) (4N2 + 10N + 7)
+<3683 T C>51+C252+ 12(N—|—1)4
TomeSl gl T ge S T St g T et Cg} 2(N +1)
(2 7C3
. 101
TAN+D TRV ) (3.101)
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3. Calculation of massive operator matrix elements

The example of master integral J5 is peculiar in the sense that the result in Eq. (3.100) does not
involve any sums. In general, hypergeometric functions arising from this approach will result in
infinite sums which requires using the symbolic summation tools mentioned above. An example
for such an integral is J3 = I {3150‘3100110;110 which reads

APk dPky dPk: SN (Ak1)(Aky — Akg)N—
J3—/ 1 2 5 2 jeo(Ak1) (A 3) (3.102)

(2m)P (2m)P (2m)P PP, Py Pr Py ’

where the definition of the propagators P; for family B5c can be found in Appendix C. Note that
k3 only appears in one massive propagator and the operator. Its integration does not require any
Feynman parameter. We subsequently integrate ko and ki and arrive at the following Feynman
parametrisation:

1 1 1 N
Js _/ dx/ dy/ dz T(=1—¢/2)T (=&)Y (—a)NIyNT+e/2(1 — y)=e/2
0 0 0 =0
x NI — )72 (1 — 22) (1 — y2)E. (3.103)
We use the binomial theorem to split (1 — zy)’ and integrate over x trivially. The integrals over

y and z lead to a 3F» function evaluated at 1 by means of Eq. (3.72) and Eq. (3.82). Thus, we
have

Jj+k ;
Ja =T =20 ZZ —y+k+1<}7¢>

7=0 k=0
TN —j+k+2)T(=¢/2) I(N = j+1+/2)T(1 - /2)
T(N—j+k+2—¢/2) I(N —j+2)
e N—j+1+5N—j+k+2;
R Y 2 e 104
s 2[ N-j+2,N—j+k+2-%; } (3.104)

In contrast to the previous example, this 3F5 does not simply reduce to I'-functions, but it can
be written as a convergent series

N N +k .
— —1—¢ —& —€ ( : \
Js =T(=1-¢/2)['(~-¢/2)I'(1 - ¢/2) ;ZN g+k+1<k>

XZ F'n—e)l'(n+N—-j+1+e/2)T(n+ N —j+k+2)
n'(n+N—j+2)I'(n+N—-j+k+2—¢/2)

(3.105)

The expansion in € and the subsequent simplification of the sums can be done using the routines
provided by EvaluateMultiSums. It uses Sigma to find nested indefinite product-sum expressions
for finite sums. First, the infinite sum is treated and simplified as a partial sum, depending on
a symbolic upper limit a and finally the limit a — oo is performed. Routines for taking limits
of harmonic sums and their generalisations are implemented in HarmonicSums, which is used
internally by EvaluateMultiSums. We obtain the result up to the constant term in e after 3011
seconds in terms of harmonic sums

1 4 8(—1)N
o= 53[(N+1)2 Ty R

2(N—-1)
N+1

2(N —-2) 4(-1)VN
(N+1)3 (N +1)3

1
7 - 43152

A(N - 1)

S2 =65 + ( N +1

- 851) S_o—45_35+ 45271 + 8572,1

62



3.3. Calculational tools for master integrals

L=N?+N+9 2DY(N+N-3) (3  3(=DY 3,
SRCEE N+ 1)t AN+ (N2
2(N — 1 SV — 1
- 35_2> G+ <(N+1)82 — 653 + 4521 + 85-2,1) S1 — 2579 + (N+1)S3

8(—1)N  2(N -1
)Sg+3S§+2S4+(—(]\(]+)1)2— (N+1) — 457

4(-1)N 3 - N?
* <_(N+ 02 TNt 1)

4(N —-1)S 2(N -1
AN =15 N 1) -+ 452> S_o+45%, + <(N 1 ) 481>S3 +25-4+ 653,
2(N —1) 4(N —1)
N7+152’1 Ni-HS_Z’l +4S5 99 +45_ 31 —4511 —85_21.1
(N-4)(N*+4N+6) [3(N—-2) 3(-DVN N SIN-1)S 3,
2(N +1)° AN+1)3 2(N+13 " aN+1) 2707
9 3(N —1) 3 3 2(-1)N —1
— 153 + <2(N—|—1) — 351> S_g— 5573 + 552,1 + 352,1} G+ (2(]\74—1)2
1 (DY s o2 4=DY 2
N -1
+ 7]\7 T 1 (3;93 - 25271 - 45_2’1 - 52) + 254 + 653,1 + 45_2,2 + 45_3’1 - 452’171

N-—-1 9
— 88_2,171:| ST+ <N n 152 — 353+ 282,1 + 45_271> ST+ <

N34+ N2-3N-9 4 2 9
— =53 —4 —125_ —2g38, 2 45, §2
2(]\7 + 1)3 353 Sa.1 S 2,1) So 35'1 Sy 25’5 +45,5%,

—1)N — 3N? N -1
(6( ) 5—3 >53+

2(—1)N(N +3)
(N +1)3

(N+1)2+2(N+1)2 N+1
+ (1 — 251 + 25% — 252) S_o—85_4+ 5271 + 2572,1 — 35371 — 2572,2 — 2573’1

3
{—2532 — 383 = Si+ (28 1) S5

N N
+2511 + 45_2,1,1] + [4(_&3[ _ﬁjf): ) + (5\(,__'_1)1)2 + 452) S1— %Sf - 253
+ 8551 —45_9 1:| S_o+ (4(_1)N — 25% + 252) S_3+2515_4—S_5+4553
’ ’ (N +1)2 ’
-1V
T INTI? (S2,1 +25_91) + 8523 —3S41 —6S_23+85_5_3—25 41425221

—8821,—2—65311 —125_91 0 —4S 991 —4S5_311+4521,1,1 +85_211,1- (3.106)

Similar approaches are successful for other master integrals as well. The integration into hy-
pergeometric functions and their generalisations works whenever we can find a way to transform
the integrand into a form which can be identified as the integral representation of a generalised
hypergeometric function and if the resulting function has a convergent series representation. In-
stances where this fails have to be treated by other methods, one of which uses Mellin-Barnes
integrals. We discuss this in the next subsection.

3.3.3. Mellin-Barnes representations

Mellin-Barnes integrals are complex contour integrals which are closely related to hypergeometric
functions (208, 209, 214|. The Gaufs’ hypergeometric function 9 F} can be written as the complex
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3. Calculation of massive operator matrix elements

contour integral,

a,b; 1 1  T(c) o T(a+4 o)I'(b+ o)(—0)
| = o L T

2 F [ (—2)7, (3.107)

where the contour stretches from —ioo to ioo such that all poles of I'(a + o) and I'(b+ o) are to
the left of the contour and the poles of I'(—0o) are to the right. It can be applied to manipulate

hypergeometric functions, but it is also useful for Feynman diagram calculations in the form, see
e.g. [389],

100 g
1 _ 1/ - MN(—o)’'(A+0) A ' (3.108)
(A+ B 2mi J_io () BM o

Again, the poles of I'(—o) should be on the right hand side of the contour and those of T'(A + o)
on the left hand side. The connection to Eq. (3.107) can be seen by choosing a = A\, b = ¢,
2z =—A/B in Eq. (3.107) and multiplying the expression by B~*. The idea behind this formula,
is to transform sums raised to real powers into products at the cost of introducing a contour
integral for each such split. We will apply this technique to Feynman parameter integrals, where
A and B are polynomials in the Feynman parameters. After introducing the contour integral,
we interchange the order of integration over the complex contour with the integrations over the
remaining Feynman parameters. The latter can usually be performed in terms of Beta functions,
which in turn can be written as I'-functions using Eq. (3.71).

To interchange the order of integration, we have to ensure that the result of the Feynman
parameter integrals is integrable along the contour. This means that we have to choose the
contour such that it separates the poles of I'-functions in the numerator with argument z + o
from those of I'-functions with 2’ — o, where z, 2’ € C are expressions which can depend on the
regulator €, N and summation parameters. The poles of the former I'-functions are located at
o=—(z+k),k € NU{0} and the poles of the latter are located at o = 2’ + k. In the simplest
case there is a straight contour parallel to the imaginary axis which fulfils this condition. In
general, however, there can be pairs of I'-functions with Rez > Rez’, which means that the
contour has to wind around the poles of these I'-functions such that it separates the two types
of poles. Moreover, it is possible, that there are pairs of I-functions I'(z + o) and T'(z’ — o)
such that in the limit € — 0 we get z — 2’. One solution in these cases is to fix the integration
contour for ¢ € C\ {0} and analytically continue to ¢ — 0 [389-391]. While bringing ¢ — 0,
the location of the poles of the I'-functions changes. Every time a pole crosses the contour, the
residue of the integrand at this pole has to be taken and added separately. The Mathematica
packages MB [392] and MBresolve [393] offer routines to find contours and perform the analytic
continuation. After the analytic continuation, the integrand can be expanded in ¢ around zero.

Once the contour is fixed and all integrals over Feynman parameters have been performed, the
remaining contour integrals have to be carried out. In practice, we can check whether Barnes’
lemmas [209, 210, 214| or their corollaries are applicable, see also [389]. For example, Barnes’
first lemma states

1 100

3 doT (A1 +0)T(Ae+0)T(A3—0)(\y —0) =
T J—ico

F()\l =+ )\3)F()\1 + )\4)F()\2 + )\3)F()\2 —+ )\4)
F()\l + Ao+ A3+ )\4)

. (3.109)

If the lemmas and their corollaries are not applicable, we can close the contour to the left or to
the right such that the arc added to the contour does not change the value of the integral. Finally,
we apply the residue theorem and take the residues at the poles enclosed by the contour. Since
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3.3. Calculational tools for master integrals

the I-function and its derivatives have poles at zero and all negative integers, taking residues
results in infinite sums. These sums are then simplified using the packages EvaluateMultiSums,
Sigma and HarmonicSums, as explained in the previous subsection.

Example As an example, we consider the master integral Jy = 1(1)3(‘)11%11011;010, which reads
7, / dPky dPky dPks  (Ak3)N

4 (2m)D (27)D (21)0 P3PsPsPsPy

For the definition of the propagators P; for family Bla see Appendix C. We want to calculate

this integral up to the quadratic term in e. Working loop by loop, we choose the order ks, k1, k3

since that way, we integrate the momentum appearing in the operator last and we can integrate
two purely massless propagators, P3 and P, first. The resulting Feynman parametrisation is

1 1 1 1
0 0 0 0
x N1 = 2) 7270 (1 ) HEe (3.111)
If we try to integrate this using hypergeometric functions, as outlined above, we arrive at

I'(-1-3¢) (N +2)[(-1—¢) N+2,-1-3c2+¢;

= 31 4 £ /2)2T(—
Ja Ni1 AT Ty Ty P N+1-¢2;

(3.110)

1

(3.112)

The condition Eq. (3.81) for the convergence of the series representation of the 3F5 is not met
and we instead use a Mellin-Barnes representation. Starting again from Eq. (3.111), the integrals
over w and z are performed as before and we make the change of variables z — 1 — 2. This
leaves us with

J4:/1dy/ldz P-1-3e) T +e/2y (1 —y) 720 - g
o 0 N +1 ['(2+e¢) (1—y+zy)_1_%6

We split (1 —y + zy)~17%/2 using Eq. (3.108) and solve the integrations over y and z in terms
of Beta functions. Thus, we arrive at a single contour integration
Jo— % YHioo do T(—o)T (o — 1 32) F(1+¢/2)%T(0+2+¢e)T (—30 +14¢/2)

T )y —ioo I'2+e¢) I (3+ 3¢)

MNo—1—-¢)I'(N +1)
I'c+N+1—-¢)

where the integration contour runs parallel to the imaginary axis and crosses the real axis at
v € R. The task is now to find values for € and « such that the condition that all poles of
I'(c —1—3/2¢), I'(0 +2+¢) and I'(c — 1 — ¢) are left of the contour and those of I'(—¢) and
I'(—o + 1 4 ¢/2) are right of it. This task can be automated using the Mathematica package
MB [392] and for the problem at hand we find v = —% and ¢ = —%. The integrand now has
to be analytically continued to € — 0, taking the residue at each pole of the I'-functions in the
integrand which crosses the contour during this process. Here we have to add the residues at
c=1+ %5, o= %5, 0 =1+¢ and 0 = . The MB package automates also this step. After the
analytic continuation, the integrand can be expanded in £. We obtain the following expression

(1+5)" (=) or (—£)” . .
r2+e)l (3+%) —I'(2+ 2) <N+1 +T (—1 - 5) T (1 _ 2))

+F(N+1)F(€> (F(—1—§e)r(3+35) 4F(1—35)r(2+3a)>

(3.114)

J4:J!1—|—

2

['(N+2+5) 3e—2L (N+1+5%) (3.115)
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3. Calculation of massive operator matrix elements

The second term corresponds to the sum of residues which arise in the process of analytic
continuation, while the first term Jj is the contour integral, given after expansion in € by

, 1 e & (N +1DI(1—0)(o —1)2T(—0)l'(c +2)

Yomi i (o + N +1)

1

2

—i—z-:(;@b(a—i—N—l—l)—l—iw(l—a)—iw(a—1)+;¢(0+2)—183>

42 (iw(l —o)p(o+ N +1)+ i@[)(o +N+1)2+ i?ﬁ/(a +2)

F 300+ 290+ N +1) ~ (o + N +1) — 10/(o + N +1)
+ el = 0)? = 2o — D91 — o) + (o +2)u(1 — o)

- %wa —0)+ f—gw(a -1+ iw(a +2)° + %wa -1

=200~ (e +2) (o +2) + 1 (1 —0) + v (o~ 1)

5 11 5, 115 3
4zp(a Ly(o+ N +1) 06" T 3 > +0(e?) (3.116)
Here (z) and ¢(k)(z), k € N denote the polygamma function and its derivatives
1 d d”
Y(z) = @51“(2), YW (z) = @Wz)- (3.117)

The contour integral over do can be performed by closing the contour in the left or right half
plane and summing the residues of the integrand at all enclosed poles. We choose to close the
contour to the right: Closing it to the left requires to take the residues at ¢ = —k, where
k > 1,k € N, and we would have to distinguish the cases k < N and k > N since I'(c + N + 1)
and (0 + N + 1) develop poles only in the latter case. To close the contour to the right, we
have to take residues at o = k,k € NU{0}. We obtain

2 (k+DT(k—1DI(N +1)

/ ( 2
= E bo +¢eb b 11
J; a0+a1+k:2 2k TGkt N1 1) (bo + &by + €°b) (3.118)

where ag and a; are the lowest two residues at ¢ = 0, 1, which have to be taken separately, and
by, b1 and by are given by

2k? + 3k — 1
by = Sl(k}—i-N) —Sl(k) + (k— l)k(k}—l— 1) s (3.119)
13k% — 26k? — 25k + 10 3 3
= (P ) (5106) = $1(0k+ ) = Sk + WS E) — 3 5a(h)
3 3 2, 3 o 26k —4Tk® — 64K 4+ 51k — 14
+452(k+N)+451(k+N) +451(k) 4(k—1)2]€2(k+1) , (3.120)

~ 39k3 — 70k* — 63k + 26
27 T 16(k — Dk(k + 1)
7 7
—gSilk+ N)%S:(k) + gk + NSy (k) +
115k5 — 453k* 4+ 471k3 + 341k% — 310k + 84

16(k — 1)2k2(k + 1)

[2S1(k)S1(k+ N) — Sa(k+ N) — S1(k)? — Si(k —|—N)2]

39k3 — 118k2 — 135k + 50
16(k — Dk(k+1)

Sa (k)

[Si(k+N)— S (k)]

66
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+ <282(k: +N)— %9520@) + z@) [S1(k+ N) = Si(k)] + 2—7451(k: + N)?

7 7 5 43 3(2k*+3k—1)
+553(k+N)—ﬂ51(k) _TS3(k)+8(k Dk 1)

N 230k% — 895k° + 937k* + 725k3 — 1071k2 + 598k — 124
16(k — 1)3k3(k + 1)

The summation over k can be performed using EvaluateMultiSums and within 160 seconds we
obtain the result for Jy,

P 8 1 N2—9N—8+2S L1
TTN+1)33 2| 3(N+1) 37 e
2N% + 9N + 2
12(N + 1)

G2+ 3(3

(3.121)

N2 _-2 1

1
—_— —_— — 2_7
3(N+1)! g1 g2t @

N2 -9N —8
8(N +1)

19N3 + 18N2 — 13N — 8
12(N +1)2
B 19N3 + 60N2 + 59N + 16
12(N +1)2
N 229N* + 835N3 + 1119N2 + 665N + 160 N2 -2
48(N +1)3 2(N+1)
N2 _2 220N* + 1039N3 + 1749N?2 + 1289N + 346 13 7
+ G2+ 3 — 27298 — 53
8(N +1) 48(N +1) 36 12
1 4N? + 27N + 10 7(N? — 9N —38)
— 752,1 ST+
2 72(N +1) 24(N +1)
19N3 + 18N?2 — 13N -8 19N3 4+ 81N2 + 95N + 28 13 gz
- 2 CQ - 2 SQ + Sl
32(N + 1) 24(N +1)
19N3 + 81N2 + 95N + 28 @ 5 754 37 o @ @
24(N + 1) 2728871 T 9672 487 80
2239N° + 11312N* + 22366]\73 +21592N2 + 10171N + 1888
192(N + 1)4

(S% + SQ) + (s

+ 521 +

CZ 9 373 73
Sg+ >81 651 1853 3C3

1 5
So1— =5 =5
217 5 3,11 572,11

(35182 + S3 +253) — 3

G

2

. > g3 _ B8NP+ 183N 1 296N + 68

144(N +1)2 (57 + 35152 + 255)

<m52 + CQ

29 g5 2N? + 9N +2
2880 32(N +1)

173(N? — 9N —8)
640(N + 1)

56 N2 4 279N + 74 179 7
— is — 2891572 82— "6:+-9
< = 40> 2‘) O T T IR UT R G

(C257 4+ 851.52,1 +8S3,1) — G

8N? + 63N +26, 2 5 5 7(N?—2)
576(N + 1) (5] + 65752 4 85153) + —153,1 - 5@52 TuN+
_ 2239N° + 12560N" + 28096 N° 4 31330N? + 17401N 43838 149 ,
192(N + 1)4 19272
173 5 7 19N3 + 60N? + 59N + 16
— 4
320C2 54 + 52 1 1) S1 32N +1)2 (G251 +4521)
N2 + 18N + 10 229N* + 1141 N3 + 2064N? + 1601N + 439 , ,
- S S7+ S
4(N +1) 211+ 96(N + 1)3 (ST + S2)
7(19N3 + 18N? — 13N —8) 32N? + 171N + 50 1 1
Sy+ =841 — -8
96(N + 1)2 G+ 96(N + 1) 4o T o
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3. Calculation of massive operator matrix elements

229N* + 835N3 + 1119N2 + 665N + 160 7 7 1
+ ( - 8C3> G2+ 153,1,1 + 15271,1,1

128(N +1)3

5 3 7 209 9 2N? + 9N 42 239
— (9S54 =(35 —(3— "85+ -8 s T )8, - ==

48C2 3+8C2 2,1+(48C3 Tad 3+8 21 + 52N + 1) G252 50 G5

19405 455 41 1 N 1 N 5407

768 64(N +1) 32(N+1)2 16(N+1)3  12(N+1)4 = 192

1

S 3.122

HETTIESE } (3.122)

Note that instead of using Mellin-Barnes, we can also obtain the same result by applying the
transformation in Eq. (3.63) to z and y, which maps (1 — yz)H%E to (1 — z’)H%E. At the same
time the operator part becomes more complicated, but it can be brought into the form (1—y'2").
Here we can apply the binomial theorem and perform all integrations in terms of Beta functions.
The resulting finite sum can be dealt with using EvaluateMultiSums and yields the same result
as the approach via Mellin-Barnes.

3.3.4. Differential and difference equations

Another powerful method for solving master integrals is the differential equation method [264—
268]. Tt is based on the fact that derivatives of dimensionally regularised Feynman integrals
with respect to masses or external kinematic invariants are expressible as linear combinations
of Feynman integrals where some of the propagators are raised to different powers, written
schematically for a ¢-loop integral with n propagators as

d  dPk dPk 1 dPk dPk 1
/1/ ! v 1Z :ch//lf - / /70 (3123)
dz J (2m)P @2m)P Pt P = (2m)P (2m)P L

where = denotes some kinematic invariant or mass, P; = (1%2 — mf) are inverse propagators and

the v; are the powers to which the propagators are raised. The sum over 77/ ranges over a finite
number of propagator exponents. The coefficients ¢y are rational functions in the space-time
dimension D and the kinematic invariants. This approach uses the property of dimensionally
regularised integrals, that the differentiation with respect to external momenta and masses can
be performed on the integrand, cf. for example [285, 389, 394|. If we take derivatives of master
integrals, in general, the Feynman integrals on the right hand side will not be master integrals,
but using integration-by-parts identities they can be reduced to master integrals again. In this
way, we can derive coupled systems of linear, first-order ordinary differential equations. Together
with suitable initial conditions, the integrals can now be obtained as solutions to the differential
equations. In this subsection we will review how the method of differential equations can be
applied to solve master integrals for the OMEs [268, 340, 395-397].

By construction, the systems of differential equations derived via IBP relations exhibit a
hierarchical structure. As explained in Section 3.1, each master integral belongs to an integral
family. The completeness property of integral families guarantees that all scalar products of
internal and external momenta can be expressed as linear combinations of inverse propagators
from that family. Taking derivatives with respect to masses or external kinematic invariants raises
the powers of propagators and introduces scalar products of momenta in the numerator, which
can be expressed as inverse propagators. Therefore, taking derivatives can only lower the power
of propagators or introduce inverse propagators in the numerator, but it cannot introduce new
propagators in the denominator. Thus, the integrals on the right-hand side must be from the same
sector as the original integral or subsectors thereof — recall that the sector of an integral is defined
by the set of propagators in its denominator. The Laporta algorithm presupposes an order on the
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3.3. Calculational tools for master integrals

scalar integrals which orders the integrals by their “complexity.” Upon inserting the reductions
to master integrals on the right-hand side, this induces a hierarchical structure of the coupled
systems: The linear combination on the right-hand side is spanned by master integrals from the
same sector and “simpler” integrals according to the ordering. The corresponding homogeneous
system is almost triangular, except for couplings within each sector. Schematically, the structure
of the system can be illustrated as

I x x[/0 0000 5L Ry
1 « %[00000 I Ry
% % %[%]0 000 53 gz”
4 * x x|*x x x|0 - 4 4
I%) T ok s wlx % %[0 I [ T Bs | (3.124)
Iff % % %% % x|0 Is Rg
17 ¥ ok % ok % *ﬂ I7 Ry

where we number the master integrals as I;,7 € N, the derivatives of the master integrals are de-
noted by I} and the asterisks denote possibly non-vanishing entries in the coefficient matrix. The
R;,i € N are inhomogeneities which are linear combinations of already known master intgrals.
For this example we assume that the master integrals are orderd according to their complexity
and that they are grouped into sectors as {I1, I>}, {I3}, {I4, I5,Is} and {I7}. The boxes mark
the homogeneous part of the subsystem of differential equations for each sector. Due to this
hierarchical structure, the system can be solved sector by sector, solving the simplest sector first.
For each sector we treat the integrals from simpler sectors, to the left of the marked boxes, as
inhomogeneities in addition to the R;.

To compute some Feynman diagrams up to the constant term in ¢, we have to calculate the
master integrals up to a certain order in €, which can be higher than (9(50) if the coefficient of the
master integral contains poles in €. In addition, the required order for a master integral can be
even higher, if it enters the differential equations of another master integral as an inhomogeneity
and the corresponding coefficient also contains a pole in €.

The master integrals for the OMEs depend on the heavy quark mass m? and the scalar product
A.p. However, the functional dependence on both variables is trivial, since they factor out for
each integral

Li(m2, Ap, N) = (m2) 2P (A p)NI(N), (3.125)

where v is the sum of powers of the propagators and I;(N) is independent of m? and A.p.
Differential equations with respect to either variable would only recover the dependence above
and would require calculating the fi(N ) for general N as initial conditions. But those functions
are exactly what is difficult to calculate. Due to this trivial dependence, we will set both m? =1
and A.p = 1 for the discussions in this section. Their dependence can always be reconstructed
according to Eq. (3.125). Taking derivatives with respect to the Mellin variable N would yield
logarithms like
d N N

dN

in the integrand, so that the right-hand side cannot be reexpressed as Feynman integrals as
discussed above. However, we can resort to the generating functions, which we already introduced
in Egs. (3.8) to (3.12) for deriving the IBP relations. The integrands of the master integrals
in generating function representations contain linear propagators which depend on the tracing

69



3. Calculation of massive operator matrix elements

variable t. Taking derivatives with respect to t raises the power of the linear propagators and
introduces the scalar product into the numerator, as for example in

d 1 Ak
dt1 —tAky (1 —tAk)2"

In this representation, we can apply the approach outlined above, reduce the right-hand side to
master integrals and find solutions to the differential equations as functions of ¢. For practical
calculations, we use the feature of Reduze 2, that the differential equations can be calculated
directly by Reduze 2.

Instead of solving the differential equations directly, we will make use of the fact that the
master integrals are power series in ¢t by construction, and we will derive systems of difference
equations, which we uncouple the system to a scalar recurrence and then solve using the algorithm
worked out in [398] and implemented in the packages Sigma [241, 252, 253] and SumProduction
[254-257]. As the result, we obtain the master integrals as functions of the Mellin variable N.
In the following, we outline the steps of the approach and give some examples. First, we discuss
how to deal with an individual sector, assuming that all master integrals from simpler sectors
are already known and in a second step, we describe how to solve the hierarchical system sector
by sector.

(3.127)

Solving a single sector

In general, if a sector contains more than one master integral, the differential equations for
these master integrals are coupled. The right hand side of the differential equations also depend
on master integrals from simpler sectors. Suppose that we have a sector containing n master
integrals I1,...I,. The differential equations can be written as

dIi((ltt,E) :iAij(t,E)Ij(t,E)+iCj<t,€)Bj(t,€), 1€ {1,...,TL}. (3128)
=1 i=1

The coefficients A;;(t,e) and Cj(t, ) are rational functions in the dimensional regulator ¢ and
the tracing variable t. We will call the master integrals I;(t,e) belonging to the sector under
consideration unknown integrals and the master integrals Bj(t,¢) from simpler sectors base case
integrals. We assume that the base case integrals have already been solved before and we treat
them as inhomogeneities of the differential equation.

To illustrate the discussion below, we will use a sector with three master integrals as an
example. The integrals are

dPky dPky dPks 1
Ii(te) = IB3 0110100 = 3.129
1(t,€) 010110110;100 / (27)D (27)D (27)0 PyPyPsPrPsPry’ ( )
dPky dPky dPks 1
L(t,e) = I3 0110100 = 3.130
2(t, €) 020110110;100 / (21)D (2m)D (2m)D P22P4P5P7P8P10 ) ( )
dPk; dPky dPks 1
I3(t,e) = I3 0110.100 = . 3.131
3(t,€) 010210110;100 / (2m)P (2m)D (2m)D P2P42P5P7P8P10 ( )

The definition of the propagators of family B3a is given in Appendix C. Our goal is to compute
the coefficients of their Laurent expansion in € up to some order ¥, k € Z. Here the integrals I,
I> and I3 are required up to 0(52), (’)(53) and (’)(53), respectively. The system of differential
equations for this sector has the form

Il(t,€) Il(t,E) Rl(t,«E)
T Ly(t,e) | = A(t,e) | Ia(t,e) | + | Ralt,e) |, (3.132)
Ig(t,&) Ig(t,€) *Rz(t,c?)
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where coefficient matrix for the homogeneous part reads

1+e—1t -2

((t — 1)t) (t—1)t 0
e(3e +2 2+4+¢e—3t—3et e+1
Alt,e) = 4 —1) 20t — 1)t T —1) (3.133)
—(Be+2)(t—2) —2-Dbe+t+3et (—2e—t+et)
4t — 1)t 2(t — 1)t 2(t — 1)t

and the inhomogeneities are written in terms of the already known base case integrals B (t,¢)
to By(t,e),

Ri(t,e) =

(3.134)

2)3 £+ 2)(3e + 4)(19¢% + 36¢ + 16
€427 p ey EFD ) )Bz(t,e)
16(c + 1)(t — 1)t 16e(5e + 6)(t — 1)t
(e +1)%(3e + 4)? —24 — 50g — 25¢2 + 8t + l4et + 62t
Bg(t, 6) +
2e(be +6)t 4(5e +6)(t — 1)t

Rz(t,E) = —

Bi(t,e). (3.135)

Below, we will suppress the dependence on € of the integrals to shorten the notation. In this
example the base case integrals are

__ 71Bla __ 7rBla _ 7Bla __ 7Bla
Bl - 1000011100;000 ) B2 - 1101001100;000 ) B3 - 1001001011;010 ) B4 - 1002001011;010 : (3136)

The first two integrals are constants, independent of ¢, since they do not have any linear propag-
ator.

Since our goal is to apply the recurrence solver of Sigma, we aim for a scalar difference equation
that carries the same information as the coupled system of differential equations. This requires
two main steps: We have to translate differential equations into difference equations and we have
to transform a coupled system of equations into a scalar equation. Two options arise for how to
proceed.

1. Either we can first insert a power series ansatz for each master integral, derive a system of
coupled difference equations and uncouple it to arrive at a scalar recurrence.

2. Or we can first uncouple the differential equation system into a single higher-order differ-
ential equation, insert the power series ansatz there and derive a scalar recurrence.

We will discuss the first approach in the following and only briefly comment on the second
approach later on.
First, we insert the power series ansatz

t) = i tNI(N), (3.137)
N=0

for the unknown integrals [;(¢) and an analogous ansatz for the base case integrals B;(t). Next,
we take each differential equation of the system and clear the denominators of the right-hand
side by multiplying the equation by the common denominator of all rational coefficients A;;(t, ¢)
and Cj(t,e). This way, we obtain polynomials in ¢ and e multiplying the power series for the
master integrals. For the first equation of the example we get

oo o0
tt—1)— ZtNll (1—t+e) ZtNll N) =2 t"L(N)+ > tVBy(N). (3.138)
N=0 N=0

N=0
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Differentiation and multiplication by monomials in ¢ are simple operations on formal power series,

dgztwf ZtN INFIN) = ST V(N + 1) f(N +1) (3.139)
N=0
N=0 =k

Thus, by comparing the coefficient of ¢V of the differential equations with power series inserted,
we obtain difference equations in N for the coefficients I;(/N), which holds from some ng € Z
onwards. In our example we get

—(N+e+ 1)[(N)+ NIL(N —1)+2I3(N) =r1(N), (3.141)
with
r1(N) = By(N). (3.142)
Analogously, the other two equations of the system yield

—e(Be+2)[1(N —1)+2(1+3c+2N)LL(N —-1)

—2(2+¢e+2N)Io(N) +2(e + 1)I3(N — 1) = ro(N), (3.143)
£(3e 4+ 2)I1(N — 1) — 22(3e + 2)I1(N)

—2(3e+ 1)I5(N — 1) 4+ 2(5e + 2)I2(N)

—2(14+e—2N)I3(N —1)4+4(s = N)I3(N) =r3(N), (3.144)

with the inhomogeneous parts given by

3 2
ro(N) = — Z(&;fi) By 4 B2 Z j<)5(;?9+€6 )+ 362 + 16) )
2(8 + 1)2(36 + 4)2 2(6 + 1)2(35 + 4)2
£(5e +6) Bs(N =1) - £(5¢ + 6) By(N)
2(e +5?f§+4)34(N_ 1) — (5¢ + 4)By(N), (3.145)
rs(IV) = = ra(N). (3.146)

This is a system of first-order difference equations, where the inhomogeneities are linear combin-
ations of the moments of the base case integrals B;(/N) and their shifted versions. In this case,
we directly obtained a first-order system, while in general, clearing the denominators can bring
polynomials of higher order in ¢ into the numerator which lead to higher shifts in N. Such a sys-
tem, however, can always be written as a first-order system by introducing auxilliary functions.
For example, the difference equation

a3(N)I1 (N + 3) + aa(N)I1 (N +2) + a1 (N)[1(N + 1)+ ag(N)[1(N)+...=0 (3.147)
can be written as the system
ag(N)hQ(N + 1) + CLQ(N)hQ(N) + al(N)hl(N) + CLo(N)Il(N) +---= 0, (3148)
hi(N +1)—ha(N)=0, (3.149)
ILi(N+1)—hi(N)=0, (3.150)
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with the definitions hy(N) = I} (N + 1) and ho(N) = I;(N + 2).

The first-order system can then be written as

Li(N+1) Ii(N) v1(N)
BN +1) | = A) [ (V) | + [ we(v) (3.151)
I3(N +1) I3(N) v3(IV)

by an appropriate shift in N such that the highest shift among the I;(N) is N + 1 and solving
for I;(N + 1). If we had to introduce auxilliary functions, the system would of course be larger
than the original differential equation system. For our example, the coefficient matrix is given

by

(1—e+N)(4+3c+2N) 2(3+3c+2N) 2(e+1)
(24+e+N)4+e+2N) (24+e+N)4+ec+2N) (24+ec+N)(4+e+2N)
A(N) = B e(3e +2) 3+ 3¢ +2N e+1 7
2(4+e+2N) 4+¢e+2N 4+¢e+2N
a(IN) b(IN) c(N)
(3.152)
where the entries of the last row are
3e+2)(—2-2 2_3N —2eN — N?
a(N) = — B I ete < ). (3.153)
2(-1+e—-N)2+ec+N)(4+e+2N)
—2 — 3 — g2 3 _3N —5eN — 22N — N2 — 2:N?
b(N) = 3e —e” + 3¢ 3 5e e € ’ (3.154)
(-1+e—N)2+ec+N)(4+e+2N)
—6—5e —e24+e3—13N —7eN — 2e2N — 9N?2 — 2eN? — 2N3
o(N) = 6—5—¢c“+¢ 3 Te e 9 € (3.155)
(-1+4e—-N)2+e+N)(4+e+2N)
and the inhomogeneities read
TQ(N + 1) 7"1(N + 1)
N)= — — 3.156
vL(N) 2+c+N)(d+ec+2N) 24e+N’ (3-156)
TQ(N—l-l)
Ny= - —— __ ~ _ 1
v2(N) 2+ 2N +4)’ (3.157)
—(3 2r1(N +1
oa(V) = e(3e +2)r (N + 1)
2(-1+e—N)(2+e+ N)
N+1 —4— 2_2N —5eN)ro(N +1
r3(N +1) ( e +¢ 5eN)ro(N + 1) (3.158)

4(-14e—N) 4(1—-e+N)2+e+N)(4+e+2N)’

The first-order system of difference equations now has to be uncoupled to a scalar recurrence.
We use Ziircher’s algorithm [382] which is implemented in the Mathematica package OreSys
[383]. This algorithm returns a scalar linear recurrence for the system which is expressed in
terms of only one of the integrals, say I1(V), and its shifted versions. Moreover, the algorithm
provides expressions for the other unkown integrals of the system which can be evaluated trivially
as soon as a solution for Ij(N) is known. Solving the system now amounts to solving the
scalar recurrence for I;(N). In general, it can happen that the uncoupling algorithm finds
separate scalar recurrences for a coupled system. Each such scalar recurrence only depends on
one unknown integral as well as the base case integrals. All remaining integrals are expressed as
linear combinations of the solutions of the scalar recurrences and the base case integrals. As the
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3. Calculation of massive operator matrix elements

recurrence for I1 (V) of the example we obtain

2(N +1)(N +2)(2+¢+ N)I(N)
+ (N +2)(—32—7e+2e* — 28N —5eN — 6N?)I; (N + 1)
+ (120 4 3c — 14e® — €% + 136N + 13eN — 4e>N + 50N? + 4eN? + 6N?) I (N + 2)
—(2—e+N)A+e+N)(8+e+2N),(N +3)
=2(N+2)2+ec+N)r(N+1)+(—24—c+¢e*—20N —eN —4N?)r (N +2)

L2t N)B+e+2N)r(N +3)+ %(—3 b= 2N)ra(N +2)
"‘l_(2—€+N)TQ(N+3)+%(€+1)7’3(N+2), (3.159)

and the other two integrals can be expressed purely in terms of I (N), its shifted versions and
the base case integrals,

—8+ 2 + 42 — 12N —eN — 4N?
I,(N) = (N
2(N) 4(1+¢e+ N) 1(N)
+28—65—1052—53+54N+55N—452N+32N2+45N2+6N3
4N+1)(1+e+N)

(1—c+ N)(3+e+ N)(6+c+2N)

L(N+1)

- (N +2
AN+ 1)(1+e+N) i )
8 —e2+ 12N +¢eN + 4N? (1—e+ N)(6+¢c+2N)
N+1)— N +2
Nt Darery) WHEY-TSNT harary WV H2)
1—c+2N 1—c+N
N+1)— N 42
s narerm Y T imwr a2
1
- £t r3(N + 1), (3.160)

SN+ 1)(1+ec+N)
L) = 1012 1022 — 623 4 32N + 23eN — £2N + 20N2 + 8=N2 + 4N3 L)
Ae+ )1 +e+N)
Q)

)N+ )0yt
N (1—e+N)B+e+ N)6+¢e+2N)(3+ 3 +2N)
4(e+1)(N+1)(1+e+N)
N —16 — 14e + 5e% + 33 — 32N — 23eN + 2N — 20N? — 8eN? — 4N3

Ii(N +2)

et DN+ )11+ N) (N1
(1— 2+ N)(6+e+2N)(3+ 3¢ + 2N)
Gr N +er Ny W+2)
(1-e+N)(B+3+2N) 3e+1
S [T LA AR ATy § Yo ey L SRR
3H3ETIN N+, (3.161)

8(N+1)(1+e+N)
with
Q(N) = — 68 — 38¢ + 62¢% 4 35> + 3e* — 170N — 103eN + 39¢2N + 16e>N — 152N 2
— T4eN? + 4¢2N? — 58N3 — 16eN3 — 8N*. (3.162)

At this stage it is possible to analyse up to which order in € the base case integrals have to be
known and whether some of the unknown integrals have to be calculated to higher orders than

74



3.3. Calculational tools for master integrals

what is required by the diagrams. We start by considering the coefficients of I;(N) and its shifted
versions in the expression for Io(N), Eq. (3.160). After factoring the numerator and denominator
polynomials of the coefficients, we read off the exponent p € Z of e7P for each coefficient. We
take pmax to be the largest p across all coefficients. If we have to calculate I5(IN) up to a certain
order k, we need to calculate I;(N) up to order ¥ = k+ pmax. This order may be higher than the
order required for the diagram. Similarly, we can determine the required order for the base case
integrals. Next, we repeat the analysis for the expression for I3(NV), Eq. (3.161), keeping track of
the highest required order of each master integral. Finally, we analyse the requirements for the
base case integrals in the recurrence for I;(N), Eq. (3.159), based on the previously determined
required order of I1(IV). The base case integrals are required to the highest order encountered
during this analysis. For the example at hand, we find that the calculation of Io(N) and I3(NV)
up to 0(63) necessitates the calculation of I; (N) up to (’)(53) as well, which is higher than what
is required by the diagram. The base case integrals Bi(N) to B4(N) have to be known up to
order 3, 4, 4 and 3 respectively.

To fix the coefficients of the solutions to the homogeneous recurrence, we need n initial values,
if the recurrence is of order n. Here we need three initial values for I;(N). We use the values
of the unknown integrals for (small) fixed values of N € N as initial values. They have to be
obtained using other methods up to the same order in € as we would like to calculate the unknown
integral. Several options to calculate initial values exist:

e Up to O(e"), we can use the MATAD [217] setup developed for [193, 203]. It allows to
calculate moments of scalar 3-loop integrals with operator insertions by mapping them to
massive tadpole integrals. Up to N = 14 the required projectors are readily available in
the setup.

e For some integrals a sum representation can be derived using the methods described in
the previous sections. The calculation of these sums for fixed values of N is usually less
complicated than the solution for general N. Therefore, the calculation of fixed moments
is sometimes still feasible, even when the calculation for general N exceeds the available
computing resources.

e The evaluation of the integrals for fixed IV can also be performed using the a-representation,
cf. e.g. [389, 399, 400], as it was worked out in [340]. The idea is to reexpress integrals with
scalar products like (A.k;)™ in the numerator in terms of integrals without numerators
but in a different number of space-time dimensions. These integrals are again reduced
to master integrals without operator insertions via IBP relations. It turns out, that only
three operator-less master integrals appear in this approach. Once they are calculated to
sufficient order in € in different dimensions D = n + ¢, the initial values for the original
master integrals can be computed. For details on this approach, we refer to [340].

Instead of I1(IV), we could also derive a scalar recurrence with respect to I3(N) or I3(N).
However, the required order in € for the base case integrals is higher in these cases. The steps up
to the analysis of required orders are usually computationally inexpensive such that all avaiable
options can be analysed and the optimal one selected. Here the scalar recurrence with respect
to I1(N) is the optimal choice.

Once we have derived the scalar recurrence for one of the unknown integrals, we have to
solve it. Since we are interested in the coefficients of the Laurent expansion in € of the master
integrals, we solve the recurrence order by order in €. The highest pole that can occur for the
master integrals of this project is of order £73.

ansatz in €,

Therefore, we insert a formal Laurent series

170y 17y 1Y)

I(N,e) = + + +I1OWN) + V(N + .. (3.163)

g3 g2
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3. Calculation of massive operator matrix elements

as well as analogous expressions for the base case integrals into the scalar recurrence. After
expanding the rational coefficients in €, we can compare coeflicients to obtain separate recurrences
at each order in . To lowest order in € we obtain a scalar recurrence in N for the coefficient of the
highest pole, I 573) (N) with polynomial coefficients. The inhomogeneous part of the recurrence
is given in terms of the Laurent expansion coefficients of the base case integrals and their shifted
versions. According to our assumptions, the base case integrals have already been calculated
and their result is known in terms of nested indefinite product-sum expressions, i.e. in our case
harmonic sums and their generalisations. Inserting these results into the recurrence yields a
recurrence which can be handled by the recurrence solving algorithms implemented in Sigma.
Given such a recurrence, Sigma either returns a result in terms of nested indefinite product-sum
expressions or aborts, which means that no such solution exists.
In our example, the recurrence for the triple pole reads

(N + 1)(N + 2215 (N) — (3N + 8)(N + 2217 )(V + 1)
+(N+3)BN+10)(N + 21N +2) = (N+42(N+ 29I (N +3)=0.  (3.164)

Note, that the expansion of the right-hand side vanishes and we obtain a homogeneous recurrence.
The routines implemented in Sigma now allow us to find three solutions to the homogeneous
recurrence. The general solution must be a linear combination of these solutions with real
coefficients ¢y, co, c3,

_ 1 N
I5(N) = ¢ 51 ) . (3.165)

Ntl ONy1 @ <N+1 O
Given three initial values for I (N),

16 _ 130

170 ==, 1791 =5, 1792 , (3.166)
3 27
we find that
16 4
=, ca =4, ¢3=3, (3.167)
and therefore the result for the triple pole term of I;(N) is
- 4(3N? + 6N +4 48
LY(N) = ( ) : (3.168)

3NT+1)? 3N+ 1)

Once the result for the lowest order is known, it can be inserted into the recurrence of the next
higher order and now belongs to its inhomogeneous part. We proceed order by order until the
required order is reached.

For the master integral I;(N) from our example we obtain

1 [4(3N2+6N +4 4
ILi(N) == ( il - ) + 51
g3 3(N +1)2 3(N +1)
1| 2(20N% +58N* +57TN +22) 2(N+2)2N-1)S;  S§ S5
g2 3(N +1)3 3(N +1)2 N+1 N+1
L1 S8ON* + 344N3 + 495N2 + 317N +84  (3N? + 6N +4 N Sy ¢
€ 3(N +1)4 20N +1)2 "2(N+1)) 2
N —12N3 — 39N? — 39N — 5 N Sy g (3N +4)5?
3(N +1)3 6(N+1))"" " 6(N+1)2
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S% (BN +4)5, Ss 2521
+ +
8(N+1) 6(N+1)2 9(N+1) N+1

+1 +0(<%) (3.169)

as the result up to the single pole term 7 '. We calculate also the constant term and higher

terms in the expansion up to 0(53). They can be expressed in terms of harmonic sums up to
weight w = 7.

Finally, we insert the result for I1(N), Eq. (3.169), into Egs. (3.160) and (3.161) to obtain also
the solutions for I5(N) and I3(N). Up to the constant term in e they read

_ 4 2 LISNAT 240 1 g G
LIN) =35 s2+s{3(N+1)+351 5 352+2]
N? —12N — 15 ~7TN -8 (1—-N)S, 5  (1—N)S3
6(V + 1)2 <3(N+1)+ 2N +1) >Sl+51+ 6(N + 1)
(1 — N)Sg 3(o (5N + 17)<3
T e 1
+ Sy + SVTD 4 SV T D) +0(e), (3.170)
4(4N%2 + 7N +2
e LA (AN? +7N +2) 4(N +2)S,
3e3 &2 3(N +1)2 3(N+1)
1|2(12N% +32N% + 25N +2)  2(4N? + 11N +10)5,
£ 3(N +1)3 3(N +1)2

(N—-2)S?2 (N —-2)S,
sV T s LD +<2]

—32N* — 116 N3 — 148N? — 69N + 2 —4N? —-7N -2 (N +2)$;
3V + 1) < SINF12 ANt ) ) G2

12N3 + 44N2 + 59N +34 (N —4)S,
( 3(N +1)3 + 6(N+1)> !
(—4N2—7N—2)S%+(N—4)S{’ (—4N? —7N —2)5,

6(N +1)2 18(N +1) 6(N + 1)2

N — 4)53 2N+2SQ,1 —N —T7)(3

(9(N +)1) ( N +)1 (S(N n 1))C +0(e). (3.171)

Similar expressions can be found for the expansion coefficients up to O (53) in terms of harmonic
sums up to weight w = 7.

As mentioned above, we can also use a slightly different approach to derive the scalar recur-
rences: Instead of deriving a coupled system of difference equations first and uncoupling the
difference equations, we can uncouple the first-order differential equations to a scalar, higher-
order differential equation and determine the scalar recurrence from there using the power series
ansatz. The uncoupling of the system of differential equations leads to derivatives of the inhomo-
geneities and thus to derivatives of the base case integrals B;(t,¢). If we proceed as above and
insert a formal power series ansatz for all integrals, we arrive at the same recurrences as above.
However, the alternative approach has the advantage that we can calculate the derivatives of the
base case integrals explicitly and express them again in terms of master integrals using the IBP
relations. We observe in some cases, that this can reduce the order in € to which the base case
integrals are required to solve the scalar recurrences.

Solving the hierarchical system

The approach described above allows us to solve a single coupled sector of master integrals
provided that we know the base case integrals up to the required orders in € and that we can
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3. Calculation of massive operator matrix elements

Table 3.1.: Example for a set of 32 master integrals which are required for the calculation of
the V-diagram discussed in Chapter 6. The differential equations of these master
integrals is hierachically structured as described by the dependecies on lower sectors.
The last three columns give the scalar integral with respect to which the uncoupling
was performed, the order of the derived scalar recurrence and the computing time
required to solve the sector.

sector unknown required dependencies on scalar rec. order time used
integrals up to £F lower sectors in I; of rec.
1 Il,IQ,Ig 3,3,3 - Il 3 229s
2 Iy, 15, 1, 17 4,3,2,3 - 1 5 125h
3 Ig 1 - Ig 1 12
4 Iy 0 - Iy 1 8s
PR
5 110,111 2,1 1 115s
I 1
6 112,113,114 3,1,2 - 113 1 68s
7 1157[167117 2,1,1 115 5) 530s
8 Iig 3 2 I 2 19.6 h
9 I 3 I 1 13.3h
10 120,121 1,—1 1,2 IQQ 5) 3754 s
11 I, Io3 1,0 2,6 I 5 22.5h
12 124 1 - Ig4 1 17.5s
13 IQ5 0 1, ) IQ5 2 6s
14 I26 1 1 126 3 169s
T
15 Io7, Iog 1,0 1,5,6,7 18525
Iog 1
16 Irg 1 1,2,6,10,11 Iag 2 1708 s
17 I3 0 1,5,6,7,15 I3 1 41s
18 I3 1 1,2,5,6,7,10,11,15 I3 2 2816
19 I3 1 1,5,6,7,14,15 I3 3 953 s

calculate a sufficient number of initial values. It is now relatively straightforward to extend this
to hierarchically structured systems of differential equations. While, in principle, we can just
treat the system of all required master integrals as a single coupled system, it is computationally
advantageous to make use of the hierarchical structure explicitly. The idea is to solve each sector
individually, starting with the simplest sector. In each step, we treat the master integrals of
simpler sectors as additional base case integrals. After all, the presence of base case integrals
only arises in the first place, because we have already solved some of the master integrals instead
of considering them as part of the differential equation system.

As a prerequesite, we have to know the required order of the e-expansion of the base case
integrals and the number and required order of the initial values for the unknown integrals.
Therefore, we use a two stage process: We first analyse the hierarchical system in a top-down
direction, starting with the most complicated sector, and extract the information about the
required orders in € and the initial values. In the second step, we solve the system bottom-up,
starting from the simplest sector.

We use a set of 32 master integrals, which are required for the calculation of a V-topology
diagram discussed in Chapter 6, as an example. The information about these master integrals
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3.3. Calculational tools for master integrals

can be found in Table 3.1. The integrals I;, Is and I3 from the previous example constitute the
first sector of these 32 master integrals. The dependencies among the sectors are given in the
fourth column: The integrals I1g and I1; depend on the integrals Iy, I> and I3, etc.

We start the analysis with the list of expansion orders for the unknown integrals I; and base
case integrals B; required by the diagrams. We then apply the following procedure for each sector
in turn, starting with the most complicated sector, sector 19 in our example, and working towards
simpler sectors: We derive the uncoupled, scalar recurrences and the relations for the remaining
unknown integrals of the sector. Then we extract the required orders for the master integrals
and the information about initial values as described above. If the required order for any of the
integrals exceeds the order required so far, we update the list and move to the next sector using
the updated list for the subsequent analysis. Along the way, we gather the information about
the initial values. Moreover, we also keep the scalar recurrences and relations for the unknown
integrals which we derived for this analysis to save computation time when we solve the systems
later on.

If the analysis reveals that one of the base case integrals has to be expanded to higher orders
than already available, we can either use the previously used method and try to calculate also
the higher orders, or we can add the differential equation for the missing base case integral to
the system of differential equations and repeat the analysis.

When all base case integrals and initial values are available, we start with the simplest sector
and apply the procedure described above to solve the scalar recurrences and to calculate the
remaining unknown integrals of each sector. We add the results to the database of available
master integrals and move to the next, more complicated sector.

The approach outlined in this subsection can be put into an algorithmic form and implemented
in Mathematica. Corresponding routines are available in the package SumProduction which uses
Sigma, HarmonicSums, EvaluateMultiSums and OreSys. The implementation of these routines
is not part of this thesis. For more information about the routines and the algorithmic details,
we refer to [268, 395, 396, 398|.

79






4. Non-singlet contributions to DIS

In this chapter, we discuss a first application of the calculational techniques described so far
and calculate the non-singlet operator matrix element ANSQ at 3-loop order for even and odd
values of the Mellin variable N. The renormalisation procedure of the OMEs allows us to extract
the Np-dependent part of the non-singlet anomalous dimensions from this calculation. The non-
singlet OME enters the factorisation of the corresponding heavy flavour Wilson coefficients in the
limit Q% > m? [201, 203]. The even moments are relevant for the unpolarised structure function
for photon-mediated DIS, Fy(x, @?), while the odd moments are applicable to polarised photon-
mediated scattering in the structure function g;(z, @?) and to the structure function zF3(x, Q?),
which appears in W-boson mediated scattering. We discuss these applications in turn in the
following sections. Additionally, we consider the influence of the heavy quark contributions to
the polarised Bjorken sum rule [271] and the Gross-Llewellyn-Smith sum rule [401]. Moreover,
the non-singlet OME also appears in the matching relations of the variable flavour number scheme
[202, 203]. We give illustrations of the heavy flavour effects in the scheme change from a PDF
scheme with N massless quarks and one massive quark to a scheme with N effectively massless
quarks.

The results presented in this chapter are published as journal articles. The calculation of the
OMEs and the unpolarised Wilson coefficient LNS is described in [358] and the polarised and
charged-current Wilson coefficients are pubhbhed in [402] and [403], respectively.

4.1. The non-singlet operator matrix element Ag';’c(;)

The massive non-singlet OME ANSQ is defined as the expectation value of the non-singlet light
cone operator between on-shell massless quark states. Here we consider the case of one massive
and N massless quarks. For deep-inelastic scattering at HERA, the heavy quark can be a charm
or a bottom quark. Starting at 3-loop order, there are also diagrams with two massive quarks
of different mass. We do not consider these diagrams here. The non-singlet contributions of
two-mass diagrams have been calculated in [301, 302, 404].

The renormalisation and factorisation procedure allows to determine the structure of the 3-loop
correction to the renormalised OME, which in Mellin N space is given by [203]

e IR Ve ARl . W o .5 DAL C R Yl 4.1
qq,Q ( )_fn ﬁ + 9 n F —|—aqq7Q _féév ()

NS, (3)

NS, (0) )
; i Bo, m 1 R
ANSE) () = — WTQ (50 + 2@]@) In’ <u2> n 4{2@3@ fo.g — 23050 @0 By, Q)
m? 1.
+ 51,@7}1\?’(0)} In? (MQ> t3 {ﬁf’ & — (4aqq o — C2Bo.qVay )> (Bo + o,q)
m?\ | s, Yaa" " BoBo.aS
+7§qs’(0)5§,12;} In (u > + 4Ty (Bo+ Bog) — g OB — M
_ ’Yg;s’(l)ﬁo,cz@
4

+ 25m§1)50,62%§2) + 5m§0)§§qs’(1) + 25m§71)anqS7é-§2)
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NS, (3)
+ag,q - (4.2)

where N € N denotes the Mellin variable. This representation applies to both the unpolarised and
polarised case, if we consider even and odd values of NV, respectively. The renormalisation of the
coupling constant refers to the MS scheme, while the mass renormalisation was performed in the
OMS scheme. The logarithmic terms consist solely of quantities which are already known in the
literature such as the coefficients of the -function of QCD S}, and By g, see Eqgs. (2.134), (2.135)
and (2.144) to (2.146), the mass renormalisation constants dmg, cf. Egs. (2.127) and (2.129),

and the non-singlet anomalous dimensions fyggs’(k) [135]. Here the notation ¥ refers to the Np

prescription defined in Eq. (2.97). Moreover, the constant term agzsém and the linear term

2 of the ¢ expansion of the 2-loop OME enter [201, 205, 206]. To stay consistent with the

a
99,Q
conventions of [203], both anqS’ng) and quqS’(g) refer to the unrenormalised OMEs after on-shell

mass renormalisation. This convention was chosen in [203] to facilitate the comparison to earlier
literature and is at variance with the default convention to denote by ag-c) the constant part of
the € expansion of the completely unrenormalised OME. We adhere to the latter convention for
a > above. Explicit expressions for anqS,qgQ) were obtained in [201, 205] and for the O(e) term

in [206]. In the following calculation, We’complete the 3-loop non-singlet OME by calculating

the constant term of the 3-loop OME anqS’&SS).

As a by-product of this calculation, we recalculate certain parts of the anomalous dimensions.
The 2-loop anomalous dimension can be completely recovered from the double pole (¢72) term
— or equivalently from the L3, term of the renormalised OME. By contrast, the single pole (1)
term of the OME contains only the difference between Np + 1 and Np flavours of the 3-loop
anomalous dimension. Therefore, we can extract just those terms of the anomalous dimension
which are proportional to some power of Np.

We calculate Al\;Sé:&) both for even and odd moments. The former are relevant for unpo-
larised deep—inelasti’c scattering mediated by neutral currents, while the latter enter polarised
neutral current and unpolarised charged current scattering. Moreover, we calculate the OME
for transversity AquS7’QT R.(3) [215] since the same diagrams contribute and the calculations share
much overlap.

For the polarised and charged current cases 5 enters the operator due to the additional axial
coupling of these currents. We need to pay special attention to ~ys since it is an inherently four
dimensional object while we work in dimensional regularisation, which requires the continuation
of all expressions to a continuous number of dimensions, see Section 2.7. In general, an additional
renormalisation is required for the axial current in order to restore the axial Ward identity [129,
319]. In the present calculation, however, a Ward-Takahashi identity [320, 321| allows to map
the vertex function at zero momentum insertion to the momentum derivative of the self-energy,
which is free of v5. This allows us to use an anti-commuting definition of +5. Since 75 appears
on the external quark line, which is massless, we can then anti-commute the 75 to the end of the
line until it is adjacent to the 5 of the projector. Then 7§ = 1 allows us to completely remove
both matrices. Thus, the calculation is the same as in the unpolarised case, but instead of the
even moments the odd moments are relevant.

4.1.1. Details on the calculation

The calculation proceeds along the lines outlined in Chapter 3. A total of 112 diagrams contribute
to the non-singlet OME which were generated using QGRAF [347|. Figure 4.1 shows examples for
the relevant diagrams. Since the external states of the OME are massless quarks, all diagrams
have a massless quark line which is connected to the external legs. The operator insertion is
located on this line. As we calculate the heavy flavour matrix elements, at least one closed heavy
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N \»®/‘,/ . - “~ .-
(@) (r) (s) (t)

Figure 4.1.: Examples for the diagrams contributing to the non-singlet OME AquSé?’). Massless

quarks are drawn as dashed arrow lines and massive quarks as solid arrow lines.
Curly lines represent gluons and the operator insertion is marked by a circled cross.
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quark loop has to be present. Together, these requirements limit the complexity of the topologies
that can contribute. The most involved diagrams are related to the Benz topology, but no ladder
or non-planar topologies enter here. As mentioned above, the same diagrams contribute to the
transversity OME, but the Feynman rules for the operator insertions are different. Instead of
the vector operator, transversity refers to the tensor operator. Therefore, A has to be replaced
by o#¥A, in all Feynman rules.

The diagram description produced by QGRAF is then processed with the FORM [216] program
which inserts the appropriate Feynman rules, carries out the Dirac and colour algebra simpli-
fications and produces expressions for the diagrams in terms of scalar integrals. These scalar
integrals have to be mapped to the integral families for which we have reductions to master
integrals. Only three integral families appear among the scalar integrals. Most of the diagrams
have only up to three different massive propagators and can be mapped to the families B1b and
Blc. Only a few diagrams are mapped to the family Bba, which has more massive propagators.

This simplicity is also reflected in the set of master integrals which are required after applying
the IBP identities. In total, 34 master integrals contribute. They have up to six propagators of
which just three are massive for most integrals. Those integrals belong to the families B1b and
Blc. Additionally, two master integrals from the family B5a with four massive propagators are
required. Many of the integrals can be done in terms of Euler Beta functions or single sums over
Beta functions. Such sums can be simplified using the programs EvaluateMultiSums [254-257|
and Sigma [241, 252, 253]. More complicated master integrals require hypergeometric functions
and their convergent series representations and yield multiple sums which can be handled using
EvaluateMultiSums, Sigma and HarmonicSums [258-263]. In a few cases we also employed
Mellin-Barnes integrals to derive sum representations. Details on these methods can be found in
Section 3.3.

Since the renormalisation procedure in [203] refers to reducible diagrams, we have to include
those in our result as well. In addition to the irreducible diagrams discussed above, we need
to consider self-energy insertions on external lines. The unrenormalised third order term of the
heavy quark contribution to the massless, on-shell quark self-energy reads [203]

. m2 1 8 64 32 40 8
2(5) (O7 M2> CFCATF3 + - [CFTF ( 9 + 9 NF) — CACFTFK — C%TF?)]

454 80 40
- [CFC’ATF < + C2> + CFTI% < + NF> — QGC%TF]

27 27 27
879 5 17 604 674 8 4
+ CrCyTF <162 - *Cz C3> + CpT# [ 31 + ﬁNF + (3 + NF> C2}
335
— C2Tp (18 + G+ 8<3> . (4.3)

To arrive at the result for the reducible diagrams, the unrenormalised self-energy has to be
subtracted from the unrenormalised, irreducible part of the OME

2
ANS,(3) _ ANS,m,(3)  (3) m-
Ay = Aqq,Q by (O, ,U2> . (4.4)

After this subtraction, the first moment of the vector OME vanishes due to fermion number
conservation.

4.1.2. Non-singlet anomalous dimensions

The OMEs have ultraviolet and collinear divergences which need to be regularised and sub-
sequently removed via renormalisation and factorisation. This involves, among other constants,
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4.1. The non-singlet operator matrix element Aé\;ség)

also the anomalous dimensions of the local operators. Therefore, the anomalous dimensions ap-
pear in the € poles of the unrenormalised OMEs and after renormalisation they appear in the
logarithmic terms proportional to powers of Ly = In(m?/p?), cf. Eqs. (4.1) and (4.2). It is
possible to reconstruct the 2-loop anomalous dimension Y1) from the e=2 or the L%\/l term,
and the ¢! or Ljs term allows to extract the 3-loop quantity ’yNS’@), i.e. the part of the 3-loop
anomalous dimension which is proportional to Ng.

For the non-singlet anomalous dimensions there is a ’YES and a 45 combination. They can
be written as

1E(N) =

M8

(L]; [nyS’(k_l)(N) + (_1)N7NS,(1€—1)(N)] . (4.5)

aq aq

£
Il

1

The analytic continuation to complex values of N must be performed for either v¥5(N), which
is defined for even N, or for yN3(IV), which is defined for odd N. The parts of the anomalous
dimensions extracted here can be expressed in terms of harmonic sums up to weight w = 4.

Since our calculation encompasses the massive matrix elements of the vector as well as trans-
versity non-singlet operators, we obtain the anomalous dimensions for both operators. Our result
for the 2-loop non-singlet anomalous dimension of the vector operator reads

SI(N) = CACp | —325_21 + ?Sl +2 <1651 — N(J\f+1)> S_o

— SHV?’(J]\DflJrl)f” - ?Sz +16[S3 + S_3]

+C? (645 21 +2 (1% - 1652> Sy + 8(3]]\:(; i]\;; 2) So

- N3(§2+1)3 42 <N(;6+1) - 3251) S_o—32[Ss+ 54| | (4.6)
1S M (N) = 160k (C;A - CF> 2N ;3(]]\?;2)]: 1 (4.7)

where we abbreviated some polynomials as
Py = 51NS +153N° + 757N* + 144(-1)N N3 + 995 N3 4+ 352N2 + 12N + 72 (4.8)
Py =3NS + 9N® + 9N* — 32(—1)V N3 + 27TN? + 8N? — 8.

We agree with the results in the literature [107, 108, 111, 115, 118]. At 3-loop order the Np
dependent part of the non-singlet anomalous dimension is

P, 16 80 16
NS, (2 _ 4
Yoy (N) = CFTFNF{4TFNF FNSNFIP  2r T 953]
1 N |256(4N + 1) 128 1 8P 128
(=1 — e i
+@‘{2( ) [ 9(N + 1) 3(N+1)3S1 T3 27N4(N+1)4+[ 5 71

64(10N? + 10N + 3)
IN(N +1)

873 + Sl

5344 64(16N? + 10N —3) 1280
27 7? IN2(N +1)2 9
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+ TSQ S34+ —S4+ —5_4— —5

256 1o 32(14N?% 4 14N + 3) 320 256 128
- 3N(N +1) 3 3 3

256 128(10N? 4 10N — 3)
— = S31+
’ IN(N +1)

16D

— % 1648
STNB(N +1)p | O
Ca}

1 [32(3]\72 +3N +2)
1 [_ 128 16 P
2

S_
3 2.1+

256
—S_
+ 3 2,1

512

S1— 5—2,1,1] + — 1285

3

256 512(4N +1)

- S
3(IN+1370 T 9N + 1)1 2

2 N(N +1)
3 7% 9N2(N +1)2

+ CF{;(—l)N

4P;

N 128(10N? + 10N +3) 256
IN4(N + 1)

IN(N +1) B

512
S_o — ?[54 + S_4]

128(16N? + 10N — 3) 2560 512
— 5 5 + S1——52
IN2(N +1) 9 3

64(29N? + 29N +12) 256

8P5
ON(N + 1) S3 + 7[52,—2 + S31] +

S ON3(N +1)3
256(10N2 + 10N — 3) 1024 ]
S_o1.1

1280 512
3

+5 Sy — ——1[S3+S21]| 51 —

S I
IN(N + 1) 213

Cg}} ; (4.10)

64(2N3 +2N? + 2N + 1) 167,
3N3(N + 1) T ONI(N + 1)

32(3N? + 3N +2)

12851 = =N T

1
2

C
’73;%87(2) (N) = CFTFNF <A - CF> 5 (411)

2

with polynomials defined by

P3 = 15N* 4 30N3 +- 7T9N? + 16N — 24 (4.12)
Py =51N% + 153N° 4 57N* + 35N% + 96N? + 16N — 24 (4.13)
P5 = 165N% + 495N° + 495N* 4 421 N3 4 240N? — 16N — 48 (4.14)
Ps = 209N° 4 627N° + 627TN* 4+ 209N3 — 36 N2 — 36N — 18 (4.15)
P; = 207N8 + 828N7 4 1467NS + 1707N° + 650N* — 163N3 — 320N?

— 80N +24 (4.16)
Py = 270N® 4+ 1080N " + 365N6 — 1417N° — 1087N* + 45N3 — 128 N*?

— 72N + 72 (4.17)
Py =3N®+ 73N° + 86N* + 77N> + 39N? — 10N — 12. (4.18)

This independent calculation matches the available moments [131-134] and confirms the cor-
responding parts of the general N results of [135]. Here and in the following, we reduce the
appearing harmonic sums to an algebraically independent basis [146].

Analogously, we obtain the transversity non-singlet anomalous dimension at 2-loop order

Ca 2(17TN? + 17N — 12 1072
’y(l]\(IZS’TR’(I)(N) = —Cp <2 — CF> 645’72,1 + ( 3N(N n 1) ) —645_9571 — 9 S
176 1072 104 43
+ 5% — 328 — 329 5| + C%4 158, — 328 | = —==S> - 3]
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4.1. The non-singlet operator matrix element Aé\;ség)

160 32 4
+ CrTrNp —Tsl + 352 + g , (4.19)
NS,TR, Ca 8

which is in agreement with previous results in [405-407]. Finally, at 3-loop the Np dependent
part of the anomalous dimension for the transversity case is given by

256 512 1280 512 440 2560
WgJS’TR’(Q)(N) = C%TFNF{3S3,1 + [—352,1 +—5 Sy — ?53 - 3] S1— 7572,1
256 1024 4(207TN?® 4+ 414N* 4 311N + 56) 128
— =S o0+ ——5- - =83
3 2,2+ 3 2,1,1 + IN(N + 1) 5 %2

80 1280 256 2560 256 1856
— §52 + [ — Sl] S_z+ [951 — 352] S_o+ TS?;

9 3
12 2
> 56 1285 — 96] Cg}

R T T

256 16(209N? + 209N — 9) 256
CrCaTrNpq | = S_21 — 6453 |S1 — =S
+CrCalFr F{ 3 P21 2IN(N £ 1) + 645351 3 O3l
1280, 128 512 16(15N% 4+ 30N? + 12N — 5)
g 21 3 022 3 P21 3N(N + 1)2
128 640 5344 128 1280 448 320
*‘35“‘953+27&+3&‘s;&F2‘35ﬁ‘3&
128
+—5-5-4+ |96 — 1285, gg}
8(17TN? +17N —8) 128 640 128
TEN? - 81— =S+ — 4.21
NS, TR, (2) 32 Ca 13N +7 2
Taa (N) = 5 CrTrNe (2 —Cr BN(N+1)2 N(N+ 1)51 ' (422)

The result agrees with the moments given in [408-412]. However, we note a typo in the moment
N = 15 published in [413].

4.1.3. Result for the non-singlet OME

A major new result of this calculation is anqS’(g), the constant part of the unrenormalised non-

singlet vector OME at 3-loop order. It is obtained as the constant term of the e-expansion in
dimensional regularisation. In contrast to the pole terms, it cannot be predicted from lower order
results via the renormalisation group equations. For the presentation of the result we define the
shorthand

3N2 4+ 3N +2

NN F 1) (4.23)

'752) =425 -

which is the leading-order anomalous dimension up to its colour factor. The result for general
values of N is given by

NS,
aqq,ég) (N) =
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4.1. The non-singlet operator matrix element Aqq 653)

4P, 160 32
10 8 4 228,

TlNEN F 12 27 9

56
CQ + ’qu <3 }

64 4Py 32 80 . 128 )

579251 Sy — 206+ 220181 + 5 _04]| S
27771 [9N3(N+1)3 + INN+17* 9 3t [S2,1 + S-21]| 51
80(2N + 1) 112 4Py, 16(N — 1)(2N3 — N2 — N - 2)

i S A Hienl > S —
NN+ 1) 2 972 T NIV + 1)! IN2(N +1)2

208 8(9N? + 9N +16) 64 128(10N? + 10N — 3) 128
R— So1+ 5531+ NN T 1) S o1+ 75 2,2

9 " 9ON(N+1) !
512 4(15N? + 15N + 14) , L4 Ps3

225 S5+ 3B
g "2 ON(N +1) 3+ 3 Bivg + 1458N5(N + 1)

+ CFCATF{

So

S —

64(10N? + 10N + 3)

o 27N (N + 1)

S_y+ S% + Sy

64(10N? + 10N +3) 128
27TN(N +1)

32(112N3 + 224N? 4 169N + 39) 8Py
8IN(N +1)? 8IN2(N + 1)?
4(311N? + 311N + 78) 2245 128 4(2N® —35N? — 37N — 24
27TN(N + 1) S 9 7P IN3(N +1)2

8Py 128 64 9 64P;3 32Py4
5521 — S+

S3

64
- 952] S_3

) [ST + o]

T IN2(N +1) 27 NN+ L BINEN + 127 T RINB(N + 1)°

640 256
+ 7752 - 775 52 1

g —ﬁs L 26, 8(13N + 4)(13N +9)
2 28T 797028 2TN(N + 1)

53,1

256 4P 496
+——S41 + 20

o T TRINS (N 1 T 2T
64(112N® + 112N? — 39N + 18) 64(10N? + 10N — 3) 256
2 2,1+ 22— —o—9-23
8IN2(N + 1)

64 128
S3— =521 ———S521|5
37 3ol 3 D212

27TN(N + 1) 5= 9

256 64 256 256(10N? 4+ 10N — 3
— 5212+ 55221 — 5311 — ( )

—12¢, — 4
G =451 = = 3 9 27TN(N + 1)

0
+ Ygq 21,1

16 32
3N(N+1) 3

256 224 1024
—75 221+TS2111+TS 2,1,1,1 +

Pss n
2TN3(N +1)3

32(2N? 42N +1) ,
IN3(N +1)3 !

S1[S-2

16 88 16 16 32
— oS = — S — S5 —S 3+ S
I R T T A T
16 P,y 8 Pys 32(2N? + 2N +1) 8(2N? + 2N + 1)

o5 — — —
TONIN + 1) T BIN(N 1 1) IN3(N +1)3 7% 3N3(N +1)3

4(637N? + 637N + 108) S+ Py
27TN(N +1) 27N2(N +1)2

G+ (DN |-

2

1657 + + 165,

Cs} , (4.24)

where the polynomials P; are given by
Pyo = 3N* + 6N3 + 47N? + 20N — 12 (4.25)
11 =TN* + 14N3 4+ 3N? — 4N — 4 (4.26)
Pig = 15N* 4+ 30N? + 15N% — 4N — 2 (4.27)
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Pi3 = 112N* +224N3 + 12IN? + 9N +9 (4.28)
Piy = 181N* + 266 N3 + 82N? — 3N + 18 (4.29)
P15 = 448N* + 896 N> 4 484N? + 54N + 45 (4.30)
Pig = 561N* + 1122N3 4 767N? 4 302N + 48 (4.31)
P17 = 1301N* 4 2602N3 + 2177N? + 492N — 84 (4.32)
Pig = 2N5 + TN* 4 3N3 —9N? — 7N +2 (4.33)
Pig = 3N° + 13N* — 23N? — 69N? — 54N — 16 (4.34)
Py = 12N° + 16N* + 18N? — 15N? — 5N — 8 (4.35)
Py = 27TN® 4+ 533N* + 913N3 4+ 821 N2 + 144N — 36 (4.36)
Pyy = 648N° — 2235N* — 4542N3 — 3725N% — 770N — 432 (4.37)
Py3 = —87TN® —261N° — 321N* — 183N3 — 52N% — 8 (4.38)
Py = 3N® + 9N® + 7TON* + 7T7N? + 39N? — 10N — 12 (4.39)
Pys = 255N% + 765N° 4 581N* + 151 N3 + 356 N? 4 276N + 72 (4.40)
Pyg = 364N° + 1227N° + 1191N* + 589 N3 + 621N? + 486N + 144 (4.41)
Py7 = 1014N° 4 3042N° + 3757N* + 1703N3 + 31N? 4+ 93N + 162 (4.42)
Pog = 39N® + 138N" 4 847N® + 1371N° + 1283N* + 485N3 + 101 N?

+ 132N + 72 (4.43)
Pog = 417N® + 1668N"7 — 4822N° — 12384 N5 — 6507N* + 7T40N3 4 216 N>

+ 144N + 432 (4.44)
Py = 2307N® 4 9255 N7 4 13977N° + 7915N° — 350N* — 1456 N3 — 106 N2

— 138N — 108 (4.45)
Py = 6197N® 4 24788 N7 + 39126 NS + 28838 N> 4 9977N* — 702N — 3240N*?

— 3456N — 1620 (4.46)
Psy = 11751 N8 + 47004N7 + 93754 N° + 104364N° + 55287N* + 6256 N3 — 2448 N?

— 144N — 432 (4.47)
Py3 = — 22989N10 — 114945N9 — 199958 N8 — 99362N 7 + 179919N° + 291355N°

4 223828 N1 + 90936 N3 + 31680N? + 23760N + 10368 (4.48)
Py = —22293N10 — 111465N9 — 252090N® — 310818 N7 — 225241 N°® — 77573 N°

— 8808N* — 352N3 + 256 N? + 672N — 288. (4.49)

In this result, only harmonic sums up to weight w = 5 appear. They have been reduced to
an algebraically independent basis using the algorithms implemented in HarmonicSums. The
constant By is defined in Eq. (3.31).

After partial fractioning of the coefficients of the harmonic sums, there are still terms propor-
tional to N left.

8
T = gCACFTFN [9¢3 — S3(N) — 4521 (N)] (4.50)
Performing an inverse Mellin transformation on the expression yields terms which are propor-

tional to 1/(1 — 2)2. In general, positive powers of N would require more singular distributions
like the derivative of the J§-distribution. In the present case, however, these distributions cancel.
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The asymptotic expansion of 17,

) _

N—o0
shows that only a logarithmic instead of a linear divergence in the limit N — oo remains and
that, therefore, the 1/(1 — x)? terms behave like 1/(1 — x) distributions. A similar behaviour

had previously been observed in the massless Wilson coefficients where even higher powers of N
appeared [138].

After renormalisation, cf. Egs. (4.1) and (4.2), the non-singlet OME in the vector case can be
expressed in N space as

(0) 2 2
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g A3 2TN(N + 1) 81T g ou
64(10N? + 10N — 3) 256

2TN(N + 1)

9 77" 9N2(N+1)2 3 7%

Sa3

256 256
—8S 93— —5S91 _
9 2,3 g 21,2

256

S_ 22+ 5221*75311* 9 —S5 221

S_o11+—582111+—S5211.1

256(10N? + 10N — 3) 224 1024 ]

27TN(N + 1) SR B 9

(0) m2 m2
16759 | ) 8Py 320, 64
In In S R ey
27 ) 2TN2(N +1)2 27 S1t g5

+ C’FT}%

248y LY 2Psg | 12064
81 p2) T T2ONA(N +1)F T 729

(0) (0)
1 12')’(1‘1 Rl LN

NpT2|—
o7 +CFFF

2

— 28 -5

S1+

64 320 64
87152 + gS&} - ?754

3 (m?2
8’}/qq In (7) o <m2> |: 4Py
7

SIN3(N + 1)3

S14+ —52+ —53

2176 320 645 ] 4Pyqg 24064 128 640
s —

81 27 9

128 647(1
o7t G ] }

T29N4(N + 1)

729 81 81

(4.52)

In addition to the polynomials which we already defined before in this chapter, we use

Pg5 = 977N + 1954N3 + 1853N? + 492N — 84

Pgg = 3N° + 11N* 4+ 10N3 + 3N?2 + 7N + 8

Pg7 = 27N® 4 863N* 4+ 1573N3 + 1151N? + 144N — 36

Psg = 648N° — 2103N* — 4278 N3 — 3505 N2 — 682N — 432
Pgg = 6NS + 18N° 4+ 21N* + 24N3 + 7TN? — 4

Pyo = 15NS + 45 N5 + 45N* 4 143N3 4+ 120N? — 8N — 24
Py = 51NS + 153N° 4+ 223N* 4 191N3 + 118N? + 48N + 24
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Pyo = 155N% + 465N° + 465N* + 155N% — 108 N? — 108N — 54

Py3 = 219N + 657N® + 1193N* 4 763N3 — 40N? — 48N + 72

Pyy = 525N + 1575N° 4+ 1535N* + 973N3 + 536 N2 + 48N — 72

Pys = 868N + 2469N° + 2487N* + 940N3 + 27N2 + 63N + 72

Pys = 906N + 2718 N> 4 3433N* + 1595 N2 + 31N? + 93N + 162

Py = 9NT + 45N6 + 279N5 4+ 1263N* + 1348N3 + 752N? + 112N — 48

Pig = —4785N® — 19140N7 — 18970N° + 672N° + 7683N* + 1004N?> + 1272N?
+ 72N — 864

Py = 3549N® 4+ 14196 N” + 23870N6 + 25380N° + 15165N* + 1712N3 — 2016 N2
+ 144N + 432

Psg = 5487N® 4 21948N7 4 36370N° + 28836 N° + 11943N* + 4312N3 + 2016 N>
— 144N — 432

Ps; = T131N® 4 28632N7 + 43326 NS + 23272N° — 3497N* — 5824 N3 — 424N?
— 552N — 432

Psy = 10807N® + 43228N7 + 62898N° 4 39178 N° + 7027N* + 702N3 + 3240N2
+ 3456 N + 1620

(4.67)

(4.68)

(4.69)

(4.70)

Pss = —6219N'° — 31095N° — 72513N8 — 95154N7 — 79721 N% — 32383 N° — 2307 N*

+ 3280N3 + 1424N? + 336 N — 144
Psy = 165N + 825 N? + 106856 N® + 321746 N7 + 396657N6 + 247433 N°
+126914N* + 51804N3 + 6336 N? + 4752N + 5184

(4.71)

(4.72)

The corresponding = space expression is obtained after an inverse Mellin transformation and is
presented in Appendix E in Eqgs. (E.3), (E.6) and (E.7).

The heavy quark mass in the expressions presented here is defined in the OMS scheme. The

conversion from the OMS to the MS scheme involves the matching coefficients of this scheme
change [329, 414-418|. The difference of the OMEs with masses renormalised in these schemes
is given by

ANS,WS(N) _ ANS,OMS(N) _

19,Q q9,Q

2) . [4(21]\74 +ANT —TNZ AN +12) 32
1

C2Tp{ 470 1n? [ o=
F F{ K> 3NZ(N + 1)2 3

——51+—55

2 16(3N* 4+ 6N3 + 47TN?% + 20N — 12 4 12
—3252] In (m >+ BN+ ) _ 640 S\ ()

12 INZ(N £ 1)? 9 3

where we have symbolically identified the masses in the two schemes to shorten the expression.
Similarly the formula in x space reads
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NS,MS NS,0MS _
Aqq,Q (z) = Aqq,Q (z) =

1 m? m2\ /1 640 128
C}Q:TF{ <1_$ [—32 ln2 <#2> —321n (u2> (3 + H0> + ? + 3H0]>
+

2

+ (1 — 2) + 161n2 <7:2> (z+1)

m2 m2 16
—241n? [ — 281n [ — —
! <u2>+ H<M2>+ 3




4.1. The non-singlet operator matrix element Aqq 653)

m? 16 64 64
+m<ﬂ:)Oax+DHw%3Wx—®>_3($+UHb—9(Hx—D}. (4.74)

The notation (...)4 refers to the plus distributions defined in Eq. (3.44).

The leading asymptotic behaviour of the OME in the limits of large « (z — 1) and small x
(x — 0) can be obtained from the asymptotic expansion in N space around N — oo and the
expansion around the rightmost pole — in the non-singlet case N — 0. These expansions of the
harmonic sums and their rational coefficients can be done, for example, using HarmonicSums.
The leading behaviour in the limit N — oo is proportional to In®(N), where N = N exp(vyx) and
~vg is the Euler-Mascheroni constant. These logarithms arise from powers of the harmonic sum
S1(N)* and correspond to plus distributions (In*~1(1 — 2)/(1 — z))4 in 2 space. Poles around
N =0 of the form N—* give rise to powers of logarithms In*~!(z) in the 2 — 0 limit in z space.

In the limit of small x, i.e. z — 0, the non-singlet OME continued from even N behaves like

ANSQ x, a2C'FTF In?(z )—I—a3CFTF2—71n( x), (4.75)

while the same limit for a continuation from odd N reads

ANy aQC%Ibgln( )+ <CAC%T%;6 CfTb;)ln%x). (4.76)

The asymptotic behaviour is determined by the rightmost pole in IV space, which is located at
N =0 [419, 420].
For x — 1, which corresponds to the limit N — oo, the leading behaviour of the non-singlet

OME is given by
2 2 224 1
Sz (1) 4 By (1) 1 22 , (4.77)
3 12 9 2 27 l—z),
NS, (3) 176 5 (m?
Aqq,Q z% CFTF{{ C TF In F

27
184 32 2
_184 3742 2 (M
9 3 12

NS,(2)
AgQ ) CrTr

64 128
=N
o7 P T o7

320
- 227
{ —8CF o7 7+ Cy

+{‘ S Ne | T Ca =+ 320@—224@,]
+CFr —4*?)()—1—64{3 }ln (TZ;)

{(7F ——E%(QSSZii——2377)—-4447g34_96c4 1§gg4 896
A%[—%gf' Ez@ +Cg,é9a@m34_8&3y+3£6@

+ 60¢3 — 352g4] }} <1 i x) . (4.78)
+

The large x limit for the continuation from even and odd N is identical.
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4.1.4. Results for the transversity OME

Analogously to the massive OME of the non-singlet vector operator, the corresponding matrix
element for the transversity operator can be obtained from the same diagrams by just using
slightly different Feynman rules for the local operator insertions: Each of the Feynman rules for
operator insertions on fermion lines contains a factor A, which has to be replaced by o** A, for
the transversity operator.

The constant term in the € expansion of the unrenormalised OME aglqs:g RG) 4

NS, TR, (3) .
%4q,Q (N)

16(N +2(-1)N +1) 64 128 256 5
— 83— ——8y1——=85 51|58
IN(N +1) R R e

64 7168 8P, 2560 704 320 2560
+ |:—95g + So + 2 - S3 4+ —S4 — 75371 - —5_21

128
C%TF{WSQSf + {—

81 2TN2(N +1)2 27 9

256 64 1024 496 32(—1)N(2N2 + 2N +1
——S8 990+ 352,1,1 + 5_271’1} Sy — WSS + (=1) ( )

9 9 IN3(N 1 1)
_ Sle(i?Z e+ B <16 - 6?) + 2(138& - 62470> S_4+ (968 — 72)¢4
+2 [694512 - %081 + %SQ + 325134] S_3+ 1084108 Ss — 2232 Sy + ?(5_5 +2855)
+ ?52,3 - %52,73 + %53,1 - %54,1 - %572@ + [2257653 + gsfll
~ 16(169N? ;ﬁggi f)(_l)N - 6)}82 B %2;05_2,2 N 5;#25_273 165514
+ %52,1,—2 + ?S&m + %5—11,1 + %5—272,1 — %S—m,m

{—2(45]\72 Zié\]]\ffi)—lw 4. I (33252 + 40) 51+ 28,
+ %5—3 - %5—2,1 + 1} G2+ <— 1290851 - %52 + ? + 8>C3 + 31385}
- CFT%{NF [2431\?22(];57+ 12 5?23251 * %SQ N ?;3271053 * %54

27 27 243N2%(N + 1)2
19424, 1856, 640 128 [ 320 1024

160 32, 4 48 112 674 8P
+ <—Sl+952+9)c2+ <Sl—9>cg—81] + >

64 8
S1 + 52—87153-1—754-1- —S1+952+9} G2+ [— o Si

729 81 27

256 604 64 APs; 80
il VR Trd — 229,83 _ 3.
7 }Cd 81 }+CACF F{ 27S2SI+[9N(N+1)2(N+2) g %

128 o, [112, 16(N —2)(2N +3)Sy 208
+ 9 (52,1—1-52,1)]514-[ 9 S5 O(N + (N +2) 9 S4 — 8521

1280 4Py 320, 64 128
s S Sy 4 —Say + 5 95 — 328
T T NN 12 (N 2y g BT gtst goee >
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NS,(3)

4.1. The non-singlet operator matrix element Aqq )

512
9

16(—1) (2N? + 2N +1) N P
IN3(N +1)3 243N3(N +1)3

20
5—2,1,1] S — 3522 -

279 3 9
32 1792] g 8(27N?3 4 560N? + 1365N + 778) 1244
-3 —

320 64 32 32
+ (72 — 9651)<4 + 2( _ S1>S_4 + By (Sl — 8) +2 I:—S% +

_2%g, 7=
977" 81 81(N + 1)(N +2) 27

128 8(2N? — 35N — 54) 32(3N3 4+ 7N? + 7N +6)
T et

IN(N+12(N+2)"" " 9N+ 1)(N +2) 1

128 7168 640 256 256 32
[ 81 Sl*‘zx755“53*‘9511*‘9p¢@v-+1>}5—2

_ 1293
2751 27

128 256 1352 256 4Psg
- —05 —8 3 ——-85 —S —
2,31 g ~2%3 o7 3,1+ 9 4,1+ RIN(N + 1)2(N +2)

64 128 7168 640 256
+ =53 — 352,1 - 352,1} Sa + stm + =S 22— ?572,3

320
fnteafS
o7 7t

224

S3+ —--S1——5;5

9

256 64 2560 224
+24S5211 — ?(52,1,—2 + 831,10 + S—2.21) + 552,2,1 — 59211+ ?52,1,1,1

27
1024 [2(351\72 +35N +6(-1)N —6) 32 16
S_211,1

9

IN(N +1) 3 27

16 108N?® — 239N? — 1137N — 646)

5 2(
+ g(zs_g,l — 83— 5_3) + 3] G2t [ IN +1)(N +2)

2548 17] 1879 }
3 ;
with the polynomials P; given by
Ps5 = 3N3 + 9ON? + 47N + 58 + 4(— 1)V (N + 1)(N +2)
Psg = 157N* + 314N3 4 277TN? — 24N — 72
Ps; = 308N* + 616 N> 4 323N? — 3N — 9
Psg = 364N + 1591N3 + 2117N?% 4 593N — 450 — 36(—1)N (N + 1)(N +2)
Psg = T69N?* + 1547N3 + 787TN? — 15N — 12 + 4(—1)VN(13N +7)

Pgo = (N +1)(6197N? + 18591 N? + 15850 N + 4320) — 108(—1)" (N + 2)(13N +7)

Psi = — 1013N® — 3039N° — 5751N* — 2081 N3 + 1752N? + 1872N + 432
+24(—~1)V N (133N3 + 188N? + 82N — 9)

Psy = 6327N° 4 18981 N® + 18457N* + 5687N3 — 260N? 4 144N + 144
+8(—1)VN(133N3 + 188N? + 82N —9) .

Results for the moments N = 1,...,13 were given in [215] before.

88

— 55281 — 25— 5

9

(4.87)

The renormalisation proceeds along the same lines as for the vector matrix element, summar-
ised in Egs. (4.1) and (4.2), but using the anomalous dimensions for the transversity operator.
We use the leading-order anomalous dimension for transversity without its colour factor as a

shorthand

~(0
7§q?Ns,TR =245, — 3] .

(4.88)

After renormalisation the OME AIq\Ing R at 2- and 3-loop order is given in N space by

NS,TR,(2)

19,Q (N) =
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Ol N

1. m? 80 m?

73N2 473N +24 224 0 8 }

4
S Ty Sy
1I8N(N +1) o7 1T g2 T 3

(4.89)

NS,TR,(3)
q9,Q

8 22 . m?
CFTF{—TF(2 + Np) + CA}'ng,NS,TR In® <Mg>

(N) =

27 27

34 184
="
3 9 !

8+ (—8 + 63452> S1
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27TN(N + 1) 81 ~' a7 7P
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+CF{T}27

64 32 32 64
- —5_ ——53— —5_ —S5_ T
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128 64 128
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o7 T

26| - 25
+ 5% 81 !
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— 3253+ ——S_21|8
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+ CuTr

1792 496 160
_ =2 s
57 22T g st 37

64 128 640 64 256
_ B Q— —S_ — S 99— —85_
S_o+ 35 T S3.1+ 5 S_ o1+ 3 5-22 = 5 S-211

640 64
——51+ —59

* 9 3

1
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96 — 1285, 5

+ CrTrp
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1280 256 ] [ 8(5N% + 5N — 4)
S_3+ |-

I 3N(N +1)

!
2 9 3

0, 64, 928 256
Sy — 8 4 TGy — 22
Si— 58— S+ =S = S+

640 256 256
—8y — —8S3— —S5_
+ 9 2 3 3 3 2,1

1280

S
g 1

N e e e
3 Sa| S 3 4+ 3 931 9 2.1 2,2 + 3

fn ()

16(—1)N(2N? + 2N +1) Pgo

- 12
ON3(N 1) “F SBNIN 1)

32(3N3 +TN2 + 7N +6)
(N +1)(N +2)
320 64

= _2Xg
27 9t

128 ] 128 128 1280 128 512
S_211

—96 + 1285,

1
t3 €]

+Cp { CATr

4(2N? — 35N — 54)

IN(N + 1)2(N +2)

8(27N3 + 890N? + 2355N + 1438)
81(N + 1)(N +2)

[S? 4 Sy] — So1

S3+2 S_4

S; —16[S7 — S5] |G

(216 N3 — 485N2 — 2295N — 1306) N 2372
9(N +1)(N +2) 27
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4.1. The non-singlet operator matrix element Aé\;ség)

B 4 Ps7
729N(N + 1)2(N + 2)

32
+ (84 — 965, C4+ —8—1-?5'1 B4+

- 12%% - iing:;)SQ + %S% + %53 - %&l 88551 + %453,1 + %57;05_271

+ %5—2,2 — 32511 — %5—2,1,1 S1+ 4(3];[;?]\}?;_]\]12):(;9?;; %) _ %53

* %[5271 52| 5T+ | gy ﬁG)SQ(N T2 " %53 B %SQJ B %5‘2’1 %

_ %5%52 — 27;53 + 1;254 — 2—3455 + 9N(]?;r2+ - 721;15851 - %Sf

+ %52 — %Ss + ?52,1 S o+ [2 —% - ?;252] + %Sl - 6;5%] S_3

— %5—5 - ?5273 + ?52,—3 - %53,1 + ?54,1 + %5—24 + %705—2,2

— ?5_2,3 +24S511 — %52,1,—2 + 63452,2,1 — %53,1,1 - gs—zl,l

- ?872,2@ + %52,1,1,1 + &:4572,171,1

+ T 243N§€§f5+ nz T or [243N;1§’]$1+ 12 24;(2)2451 + 1811832 * 65;17053
% - 8297651] €

+ CfrTFR 32(_13)1;(32(]]\\772:12;\[ i 1) 9N3£?8+ 1)3 +2 _(;i?O + 13831] S

+ 16 — %451 By+ | -T2+ 9651 |G+ mfg\?il)g

+ 73;15852 - %SS - %(;053 + %54 - %53,1 - %67305—2,1 - ?5—272

+ %Sg,m + %5_2,1,1 S1+ [—m + %453 - %52,1 - 2365—271] St
RCESSEE TN AP

* %53 B %S‘* * %255 * _9N(16\;L+ O 1483136S1 * 22%65% - %SQ

+ %53 - %MSQ,I S_o+ |2 % + 6—;5*2 - %51 + 13854 S-3

+ ?575 + %52,1 + ?52,3 - %SQ,,;), + %S&l - %5471
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14336 1280 512 512 256

— 8 - ——S5 28 55— 168 TS 94+ —8
31 2,1 57 2,2+ 9 2,3 2,1,1 + g D212 + g D311

5120 512 2048 374 1208 64

+ 75—2,1,1 + 75—2,2,1 - 75—2,1,1,1 + [3 - S — 352] (3 }
C 1 32 m? 32(13N +7)

—in— (DN CpTe (22 - — T h? (= S L

e e e N NN D3 A\ ) T oviv e
B 64 o1, m*\ | 32(133N° 4 188N” +-82N —9)  64(13N +7)

AN(N+1)7" 12 8INZ(N +1)3 27TN(N +1)2°"

64 )
— 4.

where we abbreviated long polynomials by

Pg3 = 868N* + 3337N? + 4079N? + 1979N + 522 (4.91)
Psy = 1183N* 4 2366 N3 + 943N?2 4 48N + 144 (4.92)
Pss = 1829N* 4 3658 N3 + 2069N? — 48N — 144 (4.93)
Psg = 237T7TN* + 4790N> + 2657TN? + 52N — 48 (4.94)
Ps7 = 10807N* + 43228 N3 4- 51983 N? + 17402N — 2808 (4.95)
Psg = — 691NS — 2073N° — 2049N* — 595N3 + 56 N? — 16N — 32 (4.96)
Psg = 55N° + 165N° + 4605N* + 5767 N> + 552N% — 720N + 432. (4.97)

Corresponding expressions in x space in terms of HPLs are presented in Egs. (E.8) and (E.9). As
above, the expressions are given in the OMS scheme for the heavy quark mass. The MS scheme
can be obtained from the difference of the OME in the two schemes. In IV space the difference is
NS, TR,MS NS, TR,0OMS .
A0 (N) = A0 (N) =

§ % [32
C%TF{M;)%NS’TR In? <Z‘2> +1In <7:2) [351 — 325, +28

16 640 128
+—S1+Sg},

5 . (4.98)

while in x space the same difference yields

NS, TR,MS NS, TR,0OMS
19,Q (z) = A0 (z) =

1 2 32 2 128 640
C%TF{— (1 — [321112 <Z‘2> + [32}10 + 3] In <Z‘2> ~ - Ho - 9])
_l’_

m2 m2 16 m2
+ | —241n? <> +281n <> + —|6(1 —2) + 321In? ()
p I 3| ) I
m? 32 128 640
In(— ) [32H + —=| — —Hy— — % 4.99
* n<u2> [ o 3} 377 9 (4.99)

The massless Wilson coefficients for transversity have not yet been calculated to (’)(ag) for
any process. Therefore, the massive Wilson coefficients in the asymptotic limit currently cannot
be given. However, once the massless Wilson coefficients are known to the required order, our
results can be used to complete also the heavy flavour contributions.
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4.2. Unpolarised neutral current DIS

As a first application of the result for the non-singlet OME obtained in the previous section, we
consider the non-singlet heavy flavour Wilson coefficient Lg{g. This Wilson coefficient contributes
to the structure function Fy(z, @?) for unpolarised DIS as described by Eq. (2.90). The relevant
part for the non-singlet contribution to be discussed here reads

Fy™ (e, Np +1,Q%m?) =
= 2 NS Q> m? 2 7 2
xZequQ (m,NF + 1,#2,#2> ® [fk(a:,u yNE) + fr(z,p ,NF)} , (4.100)
k=1

where f; and f; denote the quark and anti-quark PDFs of the flavour k, respectively. The
non-singlet operator arising from the flavour decomposition of the light-cone expansion actually
corresponds to the PDF combination

2

NS p?) = fular?) + o) — 2l (4.101)

F
where Y(z, ?) is the singlet combination defined in Eq. (2.66). This PDF combination is a non-
singlet quantity in the sense that its evolution decouples from the evolution of the singlet and
gluon distributions. For historical reasons, however, we follow the convention [201, 202] to call
the sum f(z, u?) + fr(z, 4?) the non-singlet combination here. This convention follows from the
calculational point of view: The singlet Wilson coefficient receives contributions from diagrams
which contribute to both the singlet and non-singlet Wilson coefficient as well as from diagrams
which contribute only to the singlet Wilson coefficient. Diagrams in the former class are called
non-singlet diagrams while those in the latter class are called pure-singlet diagrams. Merging
the contributions from non-singlet diagrams to the singlet and non-singlet Wilson coefficients
yields the contribution in Eq. (4.100). The remaining pure-singlet diagrams contribute only to
the pure-singlet Wilson coefficient, which we discuss in the next chapter.

At Q? > m? the heavy flavour Wilson coefficient Lg{g can be written in terms of renormalised
massive OMEs and massless Wilson coefficients. By inserting perturbative expansions for the
massless Wilson coefficients and OMEs into Eq. (2.91), we obtain [201, 203]

LYS(Np + 1) = a2 | ASSD (Np + 1) + €5 @ (Np)

Q

A (Np 1) + A (Ve + 1) D (Ve +1) + 5O (e [

3
+ a; 19,Q

(4.102)

where 0(11\7128 denotes the massless non-singlet Wilson coefficient, which is known to 3-loop or-
der [138]. Again, the argument Np + 1 of the massive OMEs and the heavy flavour Wilson
coefficients symbolically stands for these quantities evaluated with Ngp massless quarks and one
massive quark. The argument of the massless Wilson coefficients, on the other hand, is to be
read literally. The hat above the massless Wilson coefficient refers to the Np prescription in
Eq. (2.97). In the unpolarised case, which we consider here, the non-singlet OME AquS’Q must
be analytically continued from even values of N. The massless Wilson coefficients are published
for the scale choice u? = @2, which eliminates the logarithms Lg = ln(Q2 / ,uz). As discussed
at the end of Section 2.4, terms which are proportional to powers of these logarithms are fully
determined by the renormalisation group equations [293] in terms of lower order massless Wilson
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4. Non-singlet contributions to DIS

coefficients, coefficients of the S-function and anomalous dimensions. Here the unpolarised non-
singlet anomalous dimension %1\_18 enters [135]. We reconstruct the logarithmic terms in this way,
before inserting the massless Wilson coefficients into Eq. (4.102).

4.2.1. Analytic results

The unpolarised heavy flavour non-singlet Wilson coefficient in the asymptotic limit Q% > m?
in N space reads

ISV = 1+ (-1)"]

X {achTF{—SS§ - 2(295;&23]\1[)_ 6 g2 (252 _ 271\7225\;11)2%1

- % O3, +12) + MD]M + <§Sf + 4(295]\27&252]\17)_

“ - gty g )t (a9 0 g
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+aS{CF P\ e 2 )0 T T o )y e e
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o P2 T ONBIN 1P 9 S““>Sl+( 92 T SINA(N 122
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64 )
- 35371] LQ} + c§§7<3><NF)} } , (4.103)

with the polynomials defined before, as well as

Pyg= —3N*—6N3 — 47TN? — 20N + 12 ( )
Py = 19N* 4 38N3 —9N? — 20N + 4 ( )
Pry = 28N* + 56 N® + 28N?% 4 2N + 1 ( )
Pr3 = 33N* 4+ 38N3 — 15N? — 60N — 28 ( )
Pyy = 51N* + 153N3 + 223N? 4 143N + 70 ( )
Prs = 57TN* 4+ 72N3 4 20N? — 22N — 24 ( )
Prg = 141N* + 198N? + 169N? — 32N — 84 (4.110)
Pr; = 235N% + 596 N3 + 319N? 4 66N + 72 ( )
Prg = 359N* + 844N3 + 443N?% + 66N + 72 ( )
Prg = 501N + 750N + 325N% — 188N — 204 ( )
Pso = 1131N* 4 1926 N3 + 1019N? — 64N — 276 ( )
Py = 1139N* 4 3286 N3 + 1499 N? + 504N + 828 ( )
Pgo = 1199N* 4 2398 N3 + 1181N? + 18N + 90 (4.116)
Pgz = 1220N* 4 2251 N3 + 1772N? 4 303N — 138 ( )
Pgy = 1407N® 4 3297N* 4 2891 N3 + 583N2 — 802N — 528 ( )
Pgs = — 11145N°% — 30915N° — 33923 N4 — 11449N3 + 3112N2 + 120N — 1512 ( )
Pyg = — 151N5 — 469N° — 181N* + 305N3 + 208N?2 4 40N + 8 ( )
Py7 = 6N® — 6N° — 25N* + 52N3 — 46N? — 39N — 162 (4.121)
Pgg = 15N6 + 24N° — 88N3 — T9N? — 52N — 12 ( )
Pgg = 155N + 465N° + 465N* — 61 N3 — 324N? — 324N — 162 ( )
Pyg = 216 N°® + 459N° 4+ 417N* — 99N3 — 317N? — 272N — 84 ( )
Py = 309N + 647N° 4+ 293N* — 975N3 — 1102N? — 316N + 24 ( )
Pyy = 609N° +1029N° + 613N* — 37N3 — 74N? + 300N + 216 (4.126)
Pyg = T95N® + 1587N° + 1295N* 4 397N> + 50N? + 300N + 216 ( )
Pyy = 1T70N® 4 4731N° + 4483N* + 7T49N3 + 55N?% 4 1440N + 756 ( )
Pys = T531N° 4 26121 N5 + 27447N* 4+ 8815N3 + 1110N? + 936N — 324 ( )
Pyg = — 4785N7 — 19140N° — 19186 N° — 4584N* + 1491 N3 — 4540N>

— 1536N + 792 (4.130)
Py; = — 45N® — 138N7 — 678 N® + 836 N° + 1615N* + 1702N3 + 380N

— 408N — 192 (4.131)
Pog = 42591N®8 + 161388 N7 + 226272N° + 104062N° — 40175N* — 43450N3 — 3928 N2

— 1272N — 2160 (4.132)

Pyg = — 18351 N0 — 87156 N? — 196947N® — 239766 N7 — 157693 N6 — 26288 N'®

+ 17847N* + T490N?3 + 2248 N? + 1896 N + 144

Pioo = 101N + 1268N10 + 4423 N + 908 N® — 20681 N7 — 19546 N 4 52505N°
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4.2. Unpolarised neutral current DIS

Figure 4.2.: Diagrams contributing to the tagged non-singlet heavy flavour production. The
heavy quarks appear in the final state. Dashed lines denote massless quarks, massive
quarks are draws as thick, solid lines, wavy lines are photons and curled lines denote
gluons.

+ 83160N* — 4668 N3 — 38934 N? — 2592N — 648 (4.134)
Py = 41370N ' + 571305 N1 + 3141790N 12 + 8395028 N1 4 9302220 N0 — 4510326 N?

— 223883888 — 17101704N7 + 7895114 N° + 18219253 N> + 4736406 N*

— 5978772N3 — 1986336 N2 4 2361312 + 1283040 (4.135)
Pioz = 4140N1 4 54540 N1 4 277575 N13 4 634467N1? + 354380 N! — 1199584 N1°

— 2051492N° 4 733454 N® + 4802206 N7 4 3686432N° — 1882531 N° — 3693633 N*

— 1066014N3 4 869508 N? + 897480N + 233280. (4.136)

S,(3)

The 3-loop massless Wilson coefficient ég2’ for Ly = 0 is left symbolic in the expression above

and can be found in [138|. The shorthand 7(52) is given in Eq. (4.23). Harmonic sums up to weight
w = b are necessary to express the result. All harmonic sums are reduced to an algebraically
independent basis via quasi-shuffle relations. The corresponding expression in x can be found in
Eq. (E.11), Appendix E. It is given in terms of HPLs up to weight w = 5 and has been reduced
algebraically as well. In all these expressions the renormalisation and factorisation scales are set
equal /ﬁ% = ,u,% and are denoted by 2.

Equation (4.103) appears to have poles at N =1 and N = 2, but an expansion around these
values shows that they are removable singularities. The rightmost pole is located at N = 0,
which is consistent with the small z behaviour of the Wilson coeflicient in = space.

While the result presented here deals with the heavy flavour contribution to the inclusive
structure function, previous publications [201] treat heavy flavour production in DIS in the tagged
case, by always requiring heavy quarks in the final state. The two cases differ by diagrams which
contain heavy quarks as virtual particles. Such diagrams are omitted in the tagged case while
they do contribute to the inclusive structure function. The non-singlet heavy flavour Wilson
coefficient can be calculated analytically up to O(a2) for any value of @*/m? [421]. Contributions
to the tagged case come from the diagrams in Fig. 4.2 where the heavy quarks are explicitly
present in the final state. There is no mass or collinear singularity from these diagrams since
such divergences are regulated by the heavy quark mass. For the asymptotic region Q2 > m?,
the authors of [201] give the following expression

NS, tagged, (2 1 m? 1. m2 1
Lyo % B(Np+1) = a§{4ﬁo,Q%11\<Izs’(o) In” <M2> + 5721\318’(1) In (ng - Zﬂo,QCﬂtlz\fzs’(o)
2 2
Ns,(2) , 1 NS,(0) 1.2 [ @ 1 Ns,1 NS, (1) Q
T QT ZﬁO’Q'qu ©n <M2> - [276161 W+ Po.aq,2 In 2

NS, (2 1 Q* NS, (1 m?
+¢,5 @ 4 Bo.Q [—2’7(11\118’(0) In <ﬂ2> 2 ( )] In (2) }

107



4. Non-singlet contributions to DIS

——mm == X m === - - = —_——— - - - - - - - - -
\
\
A

Figure 4.3.: Diagrams contributing to the inclusive non-singlet structure function. The heavy
quarks (drawn as thick, solid lines) appear as virtual particles. In the final state,
only massless partons are present.

1 2 1. 2

LSO aN 75 QC2’YNS ,(0) } (4.137)

q,2

In the inclusive case treated by us, also the graphs depicted in Fig. 4.3 contribute. Here only
massless partons appear in the final state and the heavy quarks enter as virtual particles. A
definition of the tagged heavy flavour case beyond 2-loop order necessitates the introduction of
jet cones as a non-inclusive quantity is dealt with. The inclusive heavy flavour contributions
are instead defined as the difference between the inclusive structure function with massive and
massless quarks and the inclusive structure function with just massless quarks. Then virtual
corrections from heavy quarks do belong to the heavy flavour corrections. The difference between
the two approaches at NLO in the asymptotic limit is given by

2 2
—agﬁog In (ZZ) [ ;’YNS 0 1 <222> + ng,(l)] (4.138)

Taking this difference into account, we agree to the result of [201] for LY5 .2 up to 2-loop order.

4.2.2. Numerical results

After having completed the Wilson coefficient LN2 we are now in the position to illustrate its
impact on the structure function numerically. But before we do this, we would like to discuss the
asymptotic behaviour of the Wilson coefficient in the small and large x limit. For the following
discussions and illustrations we choose the scale u? = Q2.

We would like to distinguish the part of the heavy flavour Wilson coefficient which involves
massive OMEs and the part that is completely determined by the massless Wilson coefficient.
The asymptotic behaviour of the former part in the small z limit (z — 0) is given by

A 17
LYS(Np +1) — Co5 (Nr) o a CFTF3 In?(z) + 3CFTF27 In(z), (4.139)
while for the latter part it reads [138]
CNS(Np) o a2CFTF91n( )+ a3C? TF9 In* (). (4.140)
a2 =0 8 3 Tt

By comparing the expressions above to the same limit of the OME in Eq. (4.75) we find that the
small x behaviour of the heavy flavour Wilson coefficient receives contributions from both the
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OMEs and the massless Wilson coefficient. This is in contrast to the large x limit: For Wilson
coefficients it is given by

. 8 80 224 1
NS __ ANS 2 ©r2 o
Lq’Q(NF—I-l) Cq’Q(NF) x%l a;CrlF (3LM+ 9LM+ 27) <1_$>+
1 44 In%(1 —
+atorty (1602, + 1900, + A8 (A=D1
3 9 1—=z n
and
A 8 (In*(1 —x) 80 (In*(1 — z)
NS 2 °© 32 OY
Cq72 (NF) :cgl CLSCFTFB ( -2 . + GSCFTF 9 1— 2 . . (4.142)

Comparing this again to the OME in this limit, cf. Eq. (4.78), we see that the massless Wilson
coefficient exhibits much stronger soft singularities and dominates over the contributions from
the OME. At 3-loop order it also becomes apparent that the mixed term in Eq. (4.102), which
consists of the 2-loop OME and the 1-loop massless Wilson coefficient, has a more dominant
behaviour in this asymptotic limit than the 3-loop OME.

Let us now proceed by numerically illustrating the impact of the heavy flavour Wilson coef-
ficient on the structure function. Unless stated otherwise, we use the NNLO PDFs of [218]| and
we employ the LHAPDF library [422| to access the grids for the PDFs and the strong coupling
constant provided by the fitting group. We consider three massless quarks (Np = 3) and treat
the charm quark as the heavy quark. Its mass in the OMS and MS scheme is taken to be [226]

m = 1. (S m = 1. € .
OMS — 1,59 GeV, MS = 1.24GeV, (4.143)

respectively. For the numerical evaluation of the HPLs in Eq. (E.11) we use the weight w = 5
extension of the code described in [423]. The 3-loop part of the massless Wilson coefficient éig’@)
is evaluated using the parametrisation presented in [138].

Figure 4.4 shows the contribution of ng to the structure function Fh(x,Q?) for different
values of Q2. The higher order corrections to ng are negative over the whole range of x that we
consider. They grow as x becomes smaller, which originates from the singlet PDF, which enters
due to the fact that we study the PDF combination f, + f; instead of f + f —X/Np. Moreover,
the asymptotic heavy flavour corrections show a small peak at = ~ 0.3 for Q% = 1000 GeV?,
which shifts towards larger « and becomes more pronounced for lower Q2. To compare the 2-
loop and 3-loop effects coming from the Wilson coefficient, we keep the PDFs and the strong
coupling constant at their NNLO values and only truncate the Wilson coefficient at 2- or 3-loop
order, respectively. Going from O(ag) to O(ag’), we observe an enhancement of the absolute
value of the structure function by about 60 to 70%. The massive 3-loop corrections compared
to the total non-singlet contribution of Fy(z,Q?) are below 1%. Currently the experimental
precision for Fy(x, Q?) reaches order 1% and future experiments like the EIC [424, 425] might
improve on that.

In Fig. 4.5 the same contribution is plotted at (’)(ag) comparing the treatment of the heavy
quark mass OMS and the MS scheme. The shapes as functions of z in both schemes are similar,
but the absolute value of the heavy flavour contributions in the MS scheme is consistently larger
by about 5 to 25% at all values of  and Q? considered here.

Figure 4.6 contains a comparison of the inclusive and the tagged case of the non-singlet con-
tributions at 2-loop order. We use the NLO PDFs from [426] and the best fit value for the charm
quark mass at NLO in the MS scheme m, = 1.15GeV from [226]. Since we choose u? = Q?,
the Lg term in Eq. (4.138) is absent. The contribution to the structure function is larger in the
tagged case, except for large values of x.
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Figure 4.4.: Non-singlet charm contribution to the structure function F5(x, @?) from the Wilson
coefficient ng. The different curves show the corrections up to and including O (a2)
(dashed lines) and O(a?) (solid lines) for different values of the virtuality Q*. The
PDFs are taken from [218] and the charm quark mass m, = 1.59 GeV [226] is treated
in the OMS scheme. The (’)(ag) term is not shown.

4.3. Polarised neutral current DIS

Given the odd moments of the non-singlet OME Aqu%Q, we can also complete the non-singlet heavy

flavour Wilson coefficient Lg{fh in the asymptotic limit. It enters the heavy flavour component of
the inclusive structure function g;(x, @?). In analogy to the unpolarised case in Eq. (2.90) the
heavy flavour part g} (z, Q?) reads, cf. [191],

g?(xaNF_FlaQvaz) =
1 [ 2| rNS Q> m’ 2 7 2
5 Zek Lq7g1 <x’NF+1’,Uz2’,UQ> ® [Afk(f’faﬂ aNF) +Afk($7,u 7NF)]
k=1

1 Q% m?

S Nep+1, % — ) @ AS(z, %, N
+NF 4,91 <$7 F+ ,m2,M2>® (z,p°, NF)
1 Q? m?
+—18 <:c,NF+1,,>®AG z,1?, Np

Np 991 m2’ 12 (@, 1 )

2
teQ | Hgg 2

2 m2
HPS (ZE?NF_‘_ L??’LQ,ILL) ®AE(33,N2aNF)
2 m2
+ Hgsvgl <$’NF +1, %? ,UQ) ® AG($7N27NF) ) (4144)

where AG, Af;, and Af, denote the polarised gluon, quark and anti-quark PDFs, respectively.
We write AY = Z]kvjl [Afi, + Afy] for the polarised singlet PDF combination. In the limit
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Figure 4.5.:

Figure 4.6.:
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Comparison of treating the charm quark mass in the OMS and MS scheme for

the non-singlet charm contribution to the structure function Fy(x,@?). The plot
shows the contributions up to and including 3-loop effects, omitting however the
O(a?) term. The charm quark mass is m, = 1.59 GeV in the OMS scheme and

me = 1.24 GeV in the MS scheme.
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Comparison of tagged charm (dashed lines) and inclusive charm (solid lines) cases
for the contribution from ng to F5(x, @?). The comparison is done at 2-loop order
using the NLO PDFs from [426]. The charm mass is taken to be m, = 1.15GeV in
the MS scheme.
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4. Non-singlet contributions to DIS

Q? > m?, the Wilson coefficient can be written in terms of massive OMEs ANSQ and massless
Wilson coefficients C’ggsl. In Mellin N space it can be written as, cf. [202, 203],

LY (Np+1) =

o Aqu()(N _|_1) CNS()( F)

9,91

AN (N 1) 4 AN (N + 1ONSD (N +1) + OO ()

3
+ ag 4,91 7,91

(4.145)

where we have suppressed all dependence on N and the scales for better readability. Since
non-trivial contributions to AquSfQ start at 2-loop order, the non-singlet Wilson coefficient also
starts at (9( 2). Besides the renormalised non-singlet OME AEIQSQ also the massless Wilson

coeflicient C’}I\Igsl enters. It is known up to 3-loop order in the literature [106, 152, 153|.
to O(a?) it is identical to the charged current Wilson coefficient C};Ig At O(a?) the polarlsed

53) can be obtained from the charged current Wilson coefficient C(II\E (3)

Wilson coefficient Cq g1
by removing the terms proportional to the colour factor decdebe [129, 153].

Equation (4.145) expresses Lq . in terms of renormalised massive OMEs and massless Wilson
coefficients. As already discussed in the unpolarised case, the expressions for the massless Wilson
coefficient [153] are published for the scale choice u? = Q? so that logarithms In (Q2 / ,u2) vanish.

We reconstruct these terms using the renormalisation group, see also [293], in terms of the
coefficients of the S-function and the polarised anomalous dimensions A~y +S (k) , taken from [160],
as well as the lower order Wilson coeflicients.

At leading twist, the structure function go(x, Q?) can be obtained from the Wandzura-Wilczek

relation [154] which, at the level of twist-2, reads

1
022, Q%) = g1 (2, Q) + / dy”m(y,cf). (4.146)

This relation has also been derived in the covariant parton model for quarks [280, 427, 428| and for
gluons in the initial state [190]. For target mass corrections [276, 429] and finite light quark masses
[276] the relation is still valid. In [430] it was shown that it holds for non-forward scattering and
in [431, 432] diffractive scattering, including target mass corrections, were considered.

4.3.1. Analytic Results

Since we have obtained the non-singlet OME A 4.0 10 3-loop order also for odd moments, cf. Sec-
tion 4.1, we now have at hand all components requlred for the Wilson coefficient Lq7gl. Inserting

the renormalised OME and Wilson coefficient into Eq. (4.145) we arrive at LE; in N space. We
define

(4.147)

2
A0 — [251 3N +3N+2}

IN(N +1)

as a shorthand for the leading-order non-singlet anomalous dimension up to its colour factor.
The Wilson coefficient is then given by

1 2P 80
NS N 2 2 0 70
foa® =11~ ]{%CFTF{_?)[L th ]M)”M{‘W—gﬁ
16 2Pio4 4(29N? + 29N —6) 8 o 16
35| tLo|- Si+ 282 - 88 s
+3 2]‘1‘ Q{ IN2(N +1)2 IN(N + 1) 1+3 7 o +3 o1
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4.3. Polarised neutral current DIS

where the new polynomials P; are

Pio3 = 33N* + 54N3 + 9N? — 52N — 28 (4.149)
Pioy = 57TN* + 96N? + 65N% — 10N — 24 ( )
Pios = 141N* 4 246 N3 4 241N? — 8N — 84 ( )
Piog = 235N* 4 524 N3 + 211N? + 30N + 72 ( )
Pio7 = 359N* 4+ 772N3 + 335N? + 30N + 72 ( )
Piog = 501N* 4 894N3 4 541N? — 116 N — 204 (4.154)
Pigg = 1131N* + 2118 N® + 1307N? 4 32N — 276 ( )
Pryg = 139N 4 2710N° 4 635N? + 216N + 828 (4.156)
Py1p = 1220N* + 2359N3 + 1934N? + 357N — 138 ( )
Pii1g = 51N° + 102N* 4+ 121N3 + 118N? + 48N + 48 ( )
Pyy3 = 1407N° + 2418N* + 1793N? + 134N? — 384N + 144 (4.159)
Py = — 11145N% — 32355N° — 37523 N* — 14329N? + 2392N? + 120N — 1512 (4.160)
P15 = 6N® +18N° — N* — 20N> + 46N? 4 29N — 6 (4.161)
Py = 15N°% +36N° + 30N* + 8N? + 3N 4+ 16N + 20 (4.162)
Pri7 = 155N° 4+ 465N° + 465N* + 371N* + 108N* + 108N + 54 (4.163)
Pyig = 216N° + 567N® + 687N* + 381N? + 37TN? — 44N + 12 (4.164)
Pr1g = 309N° 4 807N + 693N* — 271N® — 638N? + 68N + 216 (4.165)
Pigg = 609N° + 1485N° + 1393N* 4 83N? — 422N? + 156N + 216 (4.166)
Pio1 = T95N° 4 2043N° + 2075N* + 517N? — 298N? + 156N + 216 (4.167)
Pigg = 1T7T0NS + 4671N® + 4765N* 4 1205N3 — 227N? 4 1044N + 756 ( )
Pio3 = 7531N° + 23673N° + 23055N* 4 7375N3 + 1614N? + 936 N — 324 ( )
Poy = —4785N7 — 14355N° — 4399N° + 10327N* + 3548 N3 + 30002

+ 1080N — 1728 (4.170)
Pros = 25N7 + 138NS + 311N® + 464N* + 672N3 + 670N? + 264N + 48 (4.171)
Piog = —45N® — 162N7 — 858N — 1960 N> — 1885N* — 1094 N3 — 804 N>

— 40N + 192 (4.172)
Pro7 = 42591N8 4+ 166764N" + 245088 NS + 128254 N° — 26735N* — 40762N3

— 3928N? — 1272N — 2160 (4.173)
Ppog = — 18351N10 — 89784 N® — 208773N® — 267222N 7 — 192265N° — 46700N°

+ 14565N* ++ 7730N3 + 1240N? + 1464N + 144 (4.174)
Piag = 828N + 7632N1 + 29217N? + 59592N® + 66844 N7 + 35738 NS + 7405N°

+ 16688N* + 27880N3 + 11552N? — 3312N — 2304 (4.175)
Pi3g = 8274N'! 4+ 78519N10 + 313841 N + 686295N8 + 881001 N7 + 638778 N®

+ 204948 N° 4 7992N* 4 32296 N3 + 26544N? — 10656 N — 8640. (4.176)

The symbol éﬁ?g(‘” (Np) refers to the 3-loop part of the massless non-singlet Wilson coefficient
[153]. Contributions from lower order massless Wilson coefficients and the logarithmic terms of
the 3-loop massless Wilson coefficient, proportional to powers of Lg, are explicitly included in
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4. Non-singlet contributions to DIS

the result above. The result is expressed in terms of harmonic sums up to weight w = 5. The
corresponding expression in x space is obtained via an inverse Mellin transformation with the
help of HarmonicSums. It is presented in Eq. (E.12), Appendix E, and is expressed in terms
of HPLs which are reduced to an algebraically independent basis. Besides a regular part, the
result features terms proportional to the distribution §(1 — z) and a part with plus distributions,
cf. Eq. (3.44). At 3-loop order the plus distribution part contains terms proportional to (1/(1 —
7)?)4. They arise from the terms in the non-singlet OME which have coefficients with positive
powers of N after partial fractioning, as discussed below Eq. (4.50). Our result agrees with
the 2-loop result for ng;@) given in [191] if we accommodate for the differences between the
inclusive case treated here and tagged flavour case; cf. also the discussion in Section 4.2.1. The
massless Wilson coefficient C}Z\,Isl can be compared to the 2-loop result published in [152]. We
agree in all terms except the (’)(azL MC%) and (’)(a?L mC ACF) terms. Being of order a2 and not
proportional to Ng, these terms, however, do not enter the heavy flavour Wilson coefficient up
to 3-loop order, cf. Eq. (4.145). All results are given in the on-shell scheme for the heavy quark
mass. The transformations to the MS scheme are identical to those in the unpolarised case, see
Eq. (4.73) and Eq. (4.74).

4.3.2. Numerical results

Our results allow us to give numerical illustrations of the size of the non-singlet contribution to
the structure function g;. In what follows, we choose the renormalisation and factorisation scale
1% = @Q?, unless stated otherwise.

In the small x region, the massive Wilson coefficient, stripped of the contribution from the

massless Wilson coefficient C};sl, reads

1
fGCACFTF — gC%TF

A 2
NS _ ANS 22 2 3
L (NF—l-l) C (NF) x§0 CLS?)CFTFIH (:L')—i—as 97

poe o In*(z). (4.177)

The behaviour close to x = 1 is given by

Lgil (Np+1)— C}J\’Igsl (Np) x%l a?CFTF

8 80 224 1
iy ity il
3o M T M*’27]<1—x>+

In?(1 — z)
1—=x

160 448
+aﬁﬁjbiML%—%igLM%—g)]<

> . (4.178)
N

For comparison, the contribution of the massless Wilson coefficient C’ggsl to Lgésh behaves in those
limits like

A 10 92 31
NS 4
and
A 8 In?(1 — ) 80 In*(1 — x)
NS 2% i S 30U ~2 mnL—r
QMANﬂxgl%gC%ﬂv< = >++a396ﬁﬂ7< - )+. (4.180)

While the leading logarithms In*(x) in the & — 0 limit receive contributions from both the
massive OMEs and the massless Wilson coefficient, the massless soft singularities in the large z
limit dominate over those of the massive OMEs, analogous to the situation in the unpolarised
case discussed in Section 4.2. The small z behaviour can be compared to predictions for the
non-singlet evolution kernels from a resummation of leading-order results [419, 420, 433, 434]. It
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Figure 4.7.: The heavy flavour (charm) contribution from the asymptotic non-singlet Wilson
coefficient ngl to the structure function zg;(x, Q?). Different values for the vir-
tuality Q? are compared for the Wilson coefficient up to and including O(ag) and
(’)(ag’) corrections, respectively. We use m. = 1.59 GeV in the OMS scheme for the

charm quark mass, as(M%) = 0.1132 for the strong coupling constant and the NLO
polarised PDFs from [435].

should be noted, however, that non-leading terms are partly numerically more relevant than the
leading terms (in the physically relevant regions), cf. also [419, 420, 433].

Next, we present numerical illustrations for the contribution of LNS to the structure function
g1 (z, QQ) We assume three massless flavours (Np = 3) and take the charm quark as the massive
quark. The charm quark mass is treated in the OMS scheme and the pole mass m, = 1.59 GeV
from [226] is used. For the PDFs we use the NLO polarised PDFs from [435]. A consistent
treatment would require to use NNLO PDFs which are, however, not available for the polarised
case so far. For the strong coupling constant we use ozs(M%) = 0.1132 from the unpolarised
NNLO analysis in [218]. To enable a comparison of the impact of the Wilson coefficients at
different perturbative orders, we keep the settings for the strong coupling constant and the PDFs
fixed, regardless of the order of as considered. For the 3-loop contribution from the massless
Wilson coefficients, we use the approximate parametrisation given in [153]. The HPLs which
appear in the result are evaluated numerically using the code presented in [423|, extended to
weight w = 5.

Figure 4.7 shows the contribution of the heavy quark non-singlet Wilson coefficient to zg; (x, Q?)
up to and including O(a2) and O(a2). The contribution is presented for different values of the
virtuality Q2 (4, 20, 100 and 1000 GeV?). The plot also contains curves for Q? = 4 GeV? (dotted
at O(a?) and dash-dotted at (’)(a?)), which is clearly outside of the asymptotic region Q? > m?.
We include this formal extrapolation to the kinematic region where most experimental data for
polarised DIS is available, noting that one cannot reasonably expect the power corrections to
be negligible in this domain. For small values of z, the structure function gi(z, @?) grows as
suggested also by the asymptotic limits discussed above. Plotting xg1(z, @?) allows to observe
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Figure 4.8.: The massless non-singlet part of the structure function zg; (x, Q?) for Q? = 4 GeV?,
truncating the perturbative series at different orders of a;. We use the same para-
meters and PDFs as in Fig. 4.7.
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Figure 4.9.: The massless non-singlet part of the structure function xg; (x, Q) up to and includ-
ing 3-loop contributions for different values of the virtuality Q2. The parameters
and PDFs are the same as in Fig. 4.7.
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Figure 4.10.: The ratio of the heavy quark and massless non-singlet contributions to g;(x, Q?)
for different values of the virtuality Q?, truncated at 2-loop order. The same para-
meters and PDFs as in Fig. 4.7 are used.

the features at large and medium x more clearly. There we note two extrema of the structure
function. At x = 1 the contributions vanish and close to this value the heavy flavour corrections
are negative. They cross zero between x = 0.15 and = ~ 0.45 depending on the value of Q%. A
maximum for zg; (z, @?) is attained around z = 0.1. At large z the value of zg1 (z, Q%) decreases
for growing Q2. From @Q? = 4GeV?, it goes through a minimum and increases again towards
Q? = 1000 GeV2. Similarly, the absolute value of the minimum of zg;(z, @?) shows the same
behaviour concerning the size, and the position of the minimum shifts towards smaller values
of x. For medium values of z the structure function zg;(x, Q?) diminishes for growing Q? as
does the value of the maximum. The position of the maximum shifts towards smaller z. By
including the 3-loop corrections, the value of the structure function is increased by a factor of
approximately 0.5 to 1 compared to the 2-loop corrections.

In Fig. 4.8 we compare the contribution of the massless non-singlet Wilson coefficient C;Igsl
to xg1(z, Q?) at different orders in ay for fixed Q? = 4 GeV2. Like the heavy flavour Wilson
coefficient, the massless structure function g (z,@?) grows towards small & and multiplying by
x suppresses this growth in the plot. Around z ~ 0.3 there is a maximum in zg;(z, @?). By
including higher orders in a4, the maximum gets smaller and its position shifts to slightly larger
values of x.

An illustration of the impact of varying the virtuality Q2 can be found in Fig. 4.9, where we
plot the same quantity as in the previous figure, but now for different Q? at 3-loop order. For
larger Q? the value of the maximum in zg; (2, Q%) decreases and its position is shifted towards
smaller x.

For an easier comparison of heavy quark and massless contributions, Fig. 4.10 and Fig. 4.11
show the ratio of the heavy quark and massless non-singlet contributions gllleavy(x, Q?)/ glfght (2,Q?%)
for (’)(ag) and O(ag) respectively. The heavy flavour corrections at 2-loop order amount to
0(0.5%) effects for Q? = 4, 20 and 100 GeV? over most values of z, but larger effects occur for
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Figure 4.11.: The ratio of the heavy quark and massless non-singlet contributions to g;(x, Q?)
for different values of the virtuality Q?, truncated at 3-loop order. The same para-
meters and PDFs as in Fig. 4.7 are used.

Q? = 1000 GeV? around x ~ 0.003. The effects at 3-loop order are of similar shape, but roughly
up to twice as large. Given the current experimental precision, the heavy flavour effects in the
non-singlet part cannot be resolved experimentally. Nevertheless they may be relevant for future
experiments like those planned at the EIC [424, 425].

To help assess the impact of varying the renormalisation and factorisation scale p?, Fig. 4.12
shows the scale variation of the sum of massless and massive non-singlet contributions to xg1 (z, Q?)
for @2 = 100 GeV?2. The red curve represents the scale choice p? = @2, while the boundaries of
the yellow band depict the values of zg1(z, Q%) for u? = Q%/4 and p? = 4Q?. Similar results

87(3)/911\187(2)

are obtained for Q% = 20 GeV?2. Moreover, the scale variation of the ratio glN can be

found in Fig. 4.13. Here gys’(k) denotes the non-singlet part of the structure function g; up to
and including (’)(af) corrections. The same conventions as in the previous figure apply also here.
At small values of z up to x = 0.3, the ratio is slightly below 1 and grows towards x = 1 since
the strength of the soft singularities increases with the loop order.

While interpreting the influence of varying the scale 2 one has to bear in mind several things:
Ideally, the dependence of the structure functions on p? would cancel exactly to the order of
the perturbation series considered. In our case the remaining scale dependence would be an
O(aﬁ) effect. This requires the evolution of the PDFs to be solved analytically in Mellin N
space (cf. [436-438]). Such a procedure was carried out in the PDF analysis in [435] on which
the illustrations are based. But since these are NLO PDFs and no NNLO polarised PDFs are
available as of now, an exact cancellation at (’)(ag’) cannot be expected. Nevertheless, the effects
of varying the scale p? are below the current experimental accuracy.

The Wandzura-Wilczek relation, stated in Eq. (4.146), completely determines the twist-2 part
of the structure function gs(x, @?) in terms of gi(z, Q?). Therefore, we can also illustrate the
behaviour of the non-singlet part of this structure function. Fig. 4.14 shows the heavy flavour
contribution up to and including O(ag) and O(ag’) effects. The overall behaviour is similar

122



NS
TGy

0.06

4.3. Polarised neutral current DIS

O(a
0.05 F

0.04 f

0.03 |

0.02 |

0.01 f

3
s

),Q% = 100, GeV? ———

Figure 4.12.: Scale variation of the non-singlet contribution to zg;(z, Q?). Massless and charm
quark contributions up to and including O(ag’) are shown for Q? = 100 GeV?2. The
red curve indicates the scale choice p? = @2 and the yellow band is delimited by
the values of xg(z,Q?) for u? = Q?/4 and p? = 4Q*%. The other parameters are
identical to Fig. 4.7.
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Figure 4.13.: Scale variation of the ratio of the non-singlet contributions to g1 (z, @?) up to and
including (’)(ag’) to those up to and including (’)(az) corrections. The red curve
indicates the scale choice u? = Q% and the yellow band is delimited by the values
of g1 (x,Q?) for p? = Q?/4 and p? = 4Q?%. The other parameters are identical to
Fig. 4.7.
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Figure 4.14.: The heavy flavour (charm) contributions of the asymptotic non-singlet Wilson coef-
ficient Lg?l to the structure function xgs(z, Q?) as determined by the Wandzura-
Wilczek relation, cf. Eq. (4.146). The 2- and 3-loop results are plotted for different
values of Q2. The parameters and PDFs are identical to those in Fig. 4.7.

to zg1(x, Q%) up to a sign flip which is expected from the Wandzura-Wilczek relation. The
oscillatory behaviour is more pronounced than it was for xg; (z, Q?), producing one more crossing
of zero.

For comparison, Figs. 4.15 and 4.16 show the contribution to zgo(x, Q?) from the massless non-
singlet Wilson coefficient. Contrary to g (z, @?) now zga(x, Q%) shows an oscillatory behaviour.
The structure function zgs(z, Q?) shrinks with increasing order in a, at Q? = 4 GeV?, and for
growing Q? the shape of the structure function shifts towards larger z. The size of the heavy
flavour corrections at 3-loop order is roughly 1% of the massless contribution.

4.3.3. Polarised Bjorken sum rule

The Bjorken sum rule for polarised structure functions [271] relates the difference of the structure
functions g1 (z, Q?) for electron-proton and electron-neutron scattering to the ratio of the weak
axial-vector and vector decay constants g4/gy = —1.2767 £ 0.0016 [439]. It can be written as

1

1
| ol @@ - (. = ¢
0

ga

agv

where a5 = a/m. The parton model predicts C(as) = 1, but corrections to this sum rule can be
calculated perturbatively in QCD. It has been calculated for massless quarks up to 4-loop order
[129, 140, 440-442] and reads

Cppi(ds) = 1 — a5 + a2(—4.58333 + 0.33333Np) + a2 (—41.4399 + 7.60729Np — 0.17747TN7)

+ a2 (—479.448 + 123.391 N — 7.69747TN% + 0.10374N3.)
Np
~4
+a4(12.2222 — 0.740741NF) ) ey, (4.182)
k=1

Coni(as) (4.181)
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Figure 4.15.: Comparison of the different perturbative orders of the massless non-singlet part of

rg2(z,Q?) as given by the Wandzura-Wilczek relation. Parameters and PDFs used
here are the same as in Fig. 4.7.
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Figure 4.16.: Illustration of the effect of varying the virtuality Q? on the massless non-singlet part
of go(z,Q?) according to the Wandzura-Wilczek relation. Parameters and PDFs
used here are the same as in Fig. 4.7.
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4. Non-singlet contributions to DIS

with the values of the colour factors of SU(3). inserted. Again, the factorisation and renormal-
isation scales are set equal and chosen to be equal to the virtuality, 2 = Q2. The number of
active light flavours is denoted by Np. The last term in Eq. (4.182) is the singlet contribution
to the sum rule, which starts at 4-loop order [140, 443]. It is proportional to the sum of charges
er of the quarks and therefore vanishes for Np = 3. For general N, however, it yields a finite
contribution.

The heavy flavour corrections to the sum rule in the asymptotic limit Q? > m? can be
obtained from the factorised heavy flavour Wilson coefficients. Since, however, the first moment

of the non-singlet OME AquSQ vanishes due to fermion number conservation, the only remaining

contribution from Eq. (4.145) are the terms from C’ggsl. This amounts to adding one massless
quark to the number of active flavours or equivalently to shifting Np to Np + 1 in Eq. (4.182).
The above statements hold in the case of inclusive structure functions in the asymptotic limit
Q? > m?, which is considered here. For results in the tagged flavour case at O(ag) see [191, 444]
and for power corrections we refer to [306, 445] for the tagged case and to [421] for the inclusive
case.

4.4. Unpolarised charged current DIS

Deep-inelastic scattering via charged currents occurs for example in neutrino-nucleon scatter-
ing, see Chapter 2. In addition to the structure functions that appear in unpolarised photon-
mediated scattering, the parity violating couplings of the electro-weak W bosons allow for an-
other independent structure function, 2 F3(z, @?), to contribute. Here we discuss the combination
a:F3W -w (x,Q?), which arises in the difference of the cross-sections for neutrino-nucleon and
anti-neutrino-nucleon scattering, see Section 2.2. This structure function can be written in terms

of CKM matrix elements V;;, Wilson coefficients and PDFs as

BV (2,Q%) =
2{ [|Vud‘2(d - J) + |Vus’2(5 - 5) + Vu(u - ﬂ)} ® [C(II\,IZ?’W-‘—iW_ + L§§7W+7W

o+ [Veal®(d = ) + Vs (5 — )] & H)G ™7 ) (4.183)

Here we use the shorthand V,, = [Viq|? + [Vus|?>. The Mellin convolution, defined in Eq. (2.63),
is denoted by the symbol ® and Cg; WE=W™ i the corresponding massless non-singlet Wilson

. . . t_w-— . . . .
coefficient. The heavy flavour Wilson coefficient LqN?S)’W W™ arises from diagrams in which

heavy quark corrections are present but where the W boson couples only to light quarks. In
contrast to the case of photon exchange, there are also non-singlet contributions from diagrams
where the W boson couples to heavy quarks. They constitute the Wilson coefficient Hgg WH-w=
and involve single flavour excitations of charm quarks like s — c.

The PDF combinations appearing in the structure function above are valence distributions,
frequently abbreviated by ¢, = ¢ — ¢. Often, the sea quark valence distribution is assumed to
vanish s, = 0. Experiments probing targets with proton-neutron symmetry can be approximated
by assuming an isoscalar target. For this, the PDFs have to be replaced in the following way

w— Sutd), a-a+d,  d-u+d,  d-a+d.  (4.184)

Since we work with dimensional regularisation to regularise the Feynman integrals, the treat-
ment of the Dirac matrix 5, which appears in the coupling of the W boson to fermions, requires
care. In Lg% the 5 always appears in a chain of Dirac matrices belonging to a massless line.
As discussed in Section 4.1, a Ward-Takahashi identity allows to work with an anti-commuting
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4.4. Unpolarised charged current DIS

definition of ~5 in this case. In H S 2.3 however, the vertex containing 75 can be attached to a
massive line, when a flavour excitation like s — ¢ happens. Nevertheless, the corresponding line
has to be treated as massless since we disregard power corrections in the quark mass. Thus, the
argument for anti-commuting 5 goes through as for the other non-singlet quantities. Therefore,
we can use the odd moments of the non-singlet OME qusz in both cases.

The charged current heavy flavour Wilson coefficients factorise in the limit Q2 > m? into
massless Wilson coefficients and massive OMEs [197-199]. In Mellin /N space this can be written
as

L§§’W+_W7(NF +1) = AN, O WEWS (N + 1) — C;}?W*‘W’ (NF) (4.185)
H§§’W+‘W_(Np +1)= ANS CNS wr=we (Np+1), (4.186)

where we suppress the dependence on N and the scales for better readability. Expanding the
factorised expressions in the strong coupling constant as up to third order yields

Lys™ T (Np 4 1) =
NS,W+-—W~—
Q[Aqqqg)+cq3 ()(NF)

s

+ a q9,Q q9,Q

ANSAD L ANS D NS (N 1) 4 0T (NF)] (4.187)

H§§7W+‘W’(N +1) =

L+ a O™ O (N 1) 4 a2 [ AN+ ST O (e 1)}
+ad | ANSAD ARSI NSV (N 1) 4 PO (e )| (4188)
= LS (N + 1)+ O () (4.189)

The result up to 3-loop order for the non-singlet OME AquS,Q is presented in Section 4.1 and the

massless Wilson coefficient CNS W= s known up to 3-loop order as well [153]. We use a

hat over the massless Wilson coefﬁcient to denote its difference for Ny + 1 and Ny flavours, see
Eq. (2.97). In what follows, we will suppress the superscript W — W™ of the Wilson coefficients
since we will only refer to this combination of structure functions.

Like for the Wilson coefficients in the preceding sections, the factorisation in Eqs. (4.187)
and (4.188) is presented for renormalised OMESs and massless Wilson coefficients. We use a com-
mon scale p? for the factorisation and renormalisation scales, p? = u% = p%. The renormalised
massless Wilson coefficients contain terms proportional to powers of In (Q2 / MQ) which vanish for

2 = @Q%. Results are usually published for this scale choice, since the logarithmic terms can
be reconstructed using the renormalisation group, cf. [293]. We reconstruct the coefficients of
the logarithms in terms of the coefficients of the S-function, lower order Wilson coefficients and
the anomalous dimensions of the local operators, given in [135]. Here the valence anomalous
dimensions YN al = NS + 4NS enter. The non-singlet sea anomalous dimensions y\° start at
3-loop order and are proportional to the colour factor d®¢d®°, see [135].

4.4.1. Analytic results

Inserting the N space result for quS’Q for odd values of N, given in Eq. (4.52), and the massless
Wilson coefficient, given in [153], into Eq. (4.187) yields the N space expression for the heavy
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flavour Wilson coeflicient LN3 in the asymptotic limit.
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with the additional polynomials

P31 = —17TN* — 34N3 — 20N? — 12N — 24

Piso = N*4+2N3 - N2 —2N — 4

Py33 = 3N° 4+ 11N* + 10N3 + 19N? + 23N + 16

Pi3y = —11145N% — 32355 N° — 37523N* — 14329N3 + 1240N2 — 1032N — 2088
P35 = — 151N® — 469N° — 181N* + 305N2 4+ 8ON? — 88N — 56

Pisg = NS+ 3N° —8N* — 21N3 — 23N2 — 12N — 4

P37 = 15N% + 36 N° 4+ 30N* — 24N3 + 3N? + 16N + 20

Py3g = 155N° 4+ 465N° 4 465N* 4 155N3 4 108 N? 4 108N + 54

(4.190)
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Pi39 = 216N 4 567N® + 687N + 285N3 + 37TN? — 44N + 12 (4.199)
P40 = 309N® 4+ 807N® 4 693N* — 463N> — 638N? 4 68N + 216 (4.200)
Piyp = 868N° 4 2469N° + 2487N* + 940N3 + 171N? 4 207N + 144 (4.201)
Piy = 1407NS + 3825 N5 + 4211N* + 1783N3 — 250N? — 240N + 144 (4.202)
Piys = — 4785 N8 — 19140N7 — 18754 N + 1320N° + 12723N* + 6548 N3 + 4080 N>

— 648N — 1728 (4.203)
Py = —45N® — 162N7 — 858 NS — 936 N° — 1629N* — 1094N3 — 804N?

— 40N + 192 (4.204)
Piys = N8+ 4ANT +13NC + 25 N5 + 57N* + 77N3 + 55N? + 20N + 4 (4.205)
Py = 3N® + 12N7 + 16 N® + 6 N° + 30N* + 64N3 + 73N? + 40N + 12 (4.206)
Piy7 = 10807N® + 43228 N7 + 63222N6 4 40150N° + 14587N* + 9018 N3 + 7452 N2

+ 2376N + 324 (4.207)
Pryg = 42591N8 4+ 166764N" + 245664 N5 + 129982N° — 13295N* — 25978 N3

+ 3560N2 — 3192N — 4464 (4.208)
Py = — 18351N10 — 89784 N” — 210021 N® — 271638N " — 219369N° — 90572N°

— 26491N* — 7790N3 — 1992N? — 2760N — 2160 (4.209)
Piso = 165N + 825N 4 109664 N® + 331682N 7 + 457641 N° + 346145N°

+ 219290N* + 86724 N3 + 13608 N? + 14256 N + 10368 (4.210)
P51 = 828N 4 3492N? 4+ 4305N® — 2013N7 — 8540N° — 3822N° — 1157N*

— 3057N3 — 4112N? — 324N + 576 (4.211)
Pysp = 8274N10 4+ 37149N? + 53630N8 + 7538 N7 — 59902N° — 55159 N>

— 6994N* + 3272N3 — 9048N? — 1656 N + 2160 . (4.212)

S,(3)

The 3-loop part of the massless Wilson coefficient 623’ was calculated in [153]. Logarithmic
terms of the 3-loop massless Wilson coefficients, which are proportional to powers of L¢, as well
as lower order massless Wilson coefficients are explicitly included in Eq. (4.190). We use the
shorthand 'yé(q]) defined in Eq. (4.23). The result is given in terms of of harmonic sums up to
weight w = 5. The sums have been reduced to an algebraically independent basis. The result for
ng in z space is obtained via an inverse Mellin transformation and can be found in Eq. (E.13),
Appendix E. It is written in in terms of HPLs of up to weight w = 5 which were again reduced
algebraically using shuffle relations.

The results contain the colour factor d®¢d®*°. Tt enters from the anomalous dimension 7Y%
and the massless Wilson coefficient. The fact that this colour factor does not appear in the
OME AquSQ is discussed in Appendix D. The x space expression consists of three parts: A
regular part, a part proportional to the distribution 6(1 — z) and a part which carries a plus
prescription, see Eq. (3.44). As already in the unpolarised and polarised neutral current cases,
the non-singlet OME contributes a term which, after partial fractioning, has coefficients with
positive powers of N, cf. Eq. (4.50). Therefore, the plus function part of ng(x) has terms which
are  (1/(1 — x)?)4. The same discussion as below Eq. (4.50) applies here as well.

The result for the Wilson coefficient H, ;Igs differs from ng only by the massless Wilson coef-
ficient ng(N ). We do not give explicit formulae here, but they can be easily obtained from
Eq. (4.190) via Eq. (4.189).

Since the results for the massive OMEs refer to the heavy quark mass in the OMS scheme, a
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4.4. Unpolarised charged current DIS

scheme transformation is necessary if we want to treat the heavy quark mass in the MS scheme.

It is, however, the same as in the unpolarised neutral current case and can be found in Egs. (4.73)
and (4.74).

4.4.2. Numerical results

For the numerical illustrations, we set the common factorisation and renormalisation scale to
1% = Q2 unless explicitly stated otherwise.

Before we present numerical illustrations, we would like to discuss the asymptotic behaviour
of the Wilson coefficient in the limits x — 0 and x — 1. The heavy flavour Wilson coefficients
stripped of the contribution from purely massless graphs (ng(NF—i—l) —C’gg(NF) and Hgg (Np+
1) — ng(NF + 1)) is the same as for LqNSl, see Eqgs. (4.177) and (4.178) respectively. This is
obvious since the only difference between these Wilson coefficients stems from the contribution
given by the massless Wilson coefficient, which is subtracted here.

The asymptotic behaviour of the massless Wilson coefficients, on the other hand, differs from
that discussed in the polarised case. Obviously, the colour factor d*°d®¢, which enters here
at 3-loop order from purely massless graphs, is not present in the polarised case. Moreover,
for H}]\Ig the massless Wilson coefficient C’é\g(N r + 1) instead of the difference CA'(II\?(N F) =
C’;Ig(NF +1) — C}]\’I??(Np) enters. In the region x — 0 the massless Wilson coeflicient behaves
like

3 9 dabcdabc

ANS
C,5(NF) X, @ —C’FTF In?(z) — 05 Tg N, In°(z), (4.213)
7
CSS(NF) X as2CF In(x) 4 a? [C% - QCACF} In®(z)
9 53 9 dabcdabc
3122~ 5
+ ag [5C’ACF C’AC'F 300 5N Np] In’(z), (4.214)
while in the limit x — 1 they behave like
A In?(1—x 80 In*(1 -z
CY5(Np) X, i prT <1(_x )> al CFT (1(_96 )) : (4.215)
+ +
In(1 — In®(1 — In®(1 —
CNS(NF) x adCr <“§_Qj’>> T a28C} (“f_;‘)) +al80} (“f_;”) |
v + + +
(4.216)

Comparing Eqgs. (4.215) and (4.216) to Eq. (4.178), we see that at large = the massless graphs
exhibit stronger soft singularities than the massive ones. At 3-loop order in the small x region, the

colour factor d*¢dec contributes to the asymptotic behaviour, for C’NS’(?’)

other colour factors (compare Eq. (4.213) to Eq. (4.179)). The leading logarithms for C,
k+1 2k+1($)

even dominating over

NS (K)o

of the form a;™" In . This can again be compared to predictions for non-singlet evolutlon
kernels from leading-order resummation [419, 420, 433]. However, less singular terms numerically
cancel the behaviour of the leading logarithms in the physically relevant regions, cf. also [420,
433].

The contributions of the heavy flavour Wilson coefficients to the charged current structure
function can be illustrated numerically. We use the x space representations given in Eq. (E.13)
and evaluate the occurring HPLs using an extension of the code presented in [423] to weight w =
5. For the 3-loop contribution to the massless Wilson coefficient CNg ®) we use the approximate
parametrisation given in [153|. We assume three massless flavours (N = 3) and refer to the

charm quark as the heavy quark. Its mass is treated in the OMS scheme and it is taken to
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Figure 4.17.: The structure function combination ngVJuW— (x,Q?) for a proton target with
contributions from three massless as well as massive charm quarks, including cor-
rections up to 3-loop order. The different curves correspond to different values for
the virtuality Q2 of the W boson. The charm quark is treated in the asymptotic
approximation and its mass is taken to be m, = 1.59GeV in the OMS scheme
[226]. For the strong coupling constant as(M%) = 0.1132 is used [218] and PDFs
are taken from [218] as well.

be m, = 1.59GeV [226]. We use the PDFs and the value of the strong coupling constant
as(M%) = 0.1132 from the NNLO analysis in [218] which are available through the LHAPDF
library [422|. Like in the previous sections, we keep the settings for the strong coupling constant
and the PDFs fixed when we plot different orders in a4 to facilitate a comparison of the influence
of the Wilson coefficients. For the CKM matrix elements we use the values [37]

|Vya| = 0.97425 Vs| = 0.2253 , [V.a| = 0.225, V.s| = 0.986. (4.217)

In Fig. 4.17 the combination of structure functions wF:yVJLW_ (x,Q?) is plotted for a proton
target up to and including 3-loop corrections. The plot includes contributions from three massless
quarks and gluons as well as the charm corrections in the asymptotic limit. The structure
functions vanish towards small and large values of z and show a maximum at x =~ 0.1. The
shape is valence-like, as is suggested by the PDF combinations, cf. Eq. (4.183), and by the fact
that the leading-order contribution of the massless Wilson coefficient is (1 — ). By comparing
different values of Q2 we see that this maximum decreases for larger values of Q? and its position
shifts towards smaller x.

Insight into the size of the heavy flavour corrections can be found in Fig. 4.18, which shows
the ratio of structure functions containing the heavy flavour contributions from ng and H é\g
to the purely massless contributions from C’é\g. The structure functions are truncated at 3-
loop order and the different curves illustrate different values of Q2. The corrections from heavy
quarks increase the structure function by about 2% to 3% between = 1075 and 2 = 10~! and
become negative above x ~ 0.5, where they amount to up to —3.5% of the massless structure
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Figure 4.18.: Ratio of the contribution from charm quarks to the contribution of only three
massless flavours to the combination of structure functions xF?YV e (r,Q%). The
different curves compare different values of the virtuality Q? of the W boson. QCD
corrections up to and including 3-loop order are included and a proton target is
assumed. The PDFs and other parameters are the same as in Fig. 4.17.

function. With increasing Q2 the corrections become more pronounced at small values of x and
they decrease for x > 1072,

The same ratio of structure functions is shown in Fig. 4.19 at fixed Q? = 100 GeV?, comparing
truncations of the perturbative series at different orders of as. As explained above, we do not
change the PDFs or strong coupling constant across the different truncations. Increasing the
order in a4 increases the size of the heavy flavour corrections at small x from 1% at tree level
for 2 = 107° to 3% at 3-loop order. At x close to 1 the higher order corrections drive the heavy
flavour contribution negative.

Figure 4.20 addresses the sensitivity of the structure function to variations of the common
renormalisation and factorisation scale p?. The borders of the yellow band correspond to the
scale choices p? = 4Q? and p? = Q?/4, normalised to the scale choice u? = Q2. Here we plot the
ratio for Q% = 100 GeV?, but a similar behaviour is observed at other values of Q2. The scale
variation yields effects of order +1% and is mostly flat in z, except for very small or large values
of z.

Isoscalar targets can be described by making the replacements in Eq. (4.184) for the PDFs. The
behaviour of ng/V T-w- (z,Q?) for a nucleon in an isoscalar target is almost indistinguishable
form that of a proton target shown in Fig. 4.17. The reason for this can be seen from the
difference of the structure function combinations for isoscalar and proton targets
dy — Uy NS NS

5 @ [Co3(NF) + Lg3(NF +1)]
dy — Uy
2

l;v:)i)sost:zmléaul‘(:L,7 Q2) . F?l):)roton(:E’ QQ) — 2{’Vus’2

— | Veal® ® HY5(Np + 1)} : (4.218)

where u,, and d, are the up and down quark valence distributions. Since the Wilson coefficient
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Figure 4.19.: Ratio of the contribution from charm quarks to the contribution of only three
massless flavours to the combination of structure functions x F: 3W oW (,Q?). The
different curves refer to the orders in as which are included in the ratio. For all
curves a virtuality of Q2 = 100 GeV and a proton target is assumed. The PDFs
and other parameters are the same as in Fig. 4.17.

Hgg(NF + 1) is structurally equivalent to C’é\g(NF) + Lg{g(NF + 1), cf. Eq. (4.189), the Wilson
coefficients and the PDFs can be factored out. We find that the difference of the structure
functions for isoscalar and proton targets is proportional to |Vis|? — |Veq|?, which is zero within
the current experimental uncertainties [37].

4.4.3. Gross-Llewellyn-Smith sum rule

The first moment of the flavour non-singlet combination F3” + F3” fulfils the Gross-Llewellyn-
Smith sum rule [401]

1
/ da [F5"(z, Q%) + F3"(2,Q%)] = 6Cars(as, Nr) (4.219)
0

where a5 = as/m and we idealise the CKM mixing by assuming unitarity of the two-flavour CKM
submatrix. The massless QCD corrections to Cgrs(as) have been calculated at 1-loop [105, 106,
446, 447|, 2-loop [441], 3-loop [129] and 4-loop order [442, 448, 449|. They are given by

Cars(as, Nrp) = 1 — s + a2(—4.58333 + 0.33333Nx) + a2 (—41.4399 + 8.02047Np — 0.17747N2)
+ a2(—479.448 + 129.193Np — 7.93065N% + 0.10374N}) . (4.220)

For the colour factors the values of QCD (SU(3).) are assumed and we choose the factorisation
and renormalisation scale as y? = Q?. The number of massless quarks is denoted by Np. The
massless QCD corrections to the polarised Bjorken sum rule Cppj(as) are identical to those
of the Gross-Llewellyn-Smith sum rule up to (’)(ag), cf. Eq. (4.182). For the heavy quarks in
the asymptotic limit, there are contributions from the heavy flavour Wilson coefficients ng
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Figure 4.20.: The structure function combination F;V +7W_(:17,Q2) for different choices of the
renormalisation and factorisation scale 2, normalised to the choice u? = Q2. The
yellow band is delimited by the curves for the choices p? = 4Q? and p? = Q?/4
respectively. Contributions from three massless flavours as well as from charm
quarks are taken into account up to and including 3-loop order. The PDFs and
other parameters are the same as in Fig. 4.17.

and Hgg The first moment of the massive OME Aqu%Q, however, vanishes due to fermion
number conservation. Thus, the first moment receives contributions only from those parts of the
heavy flavour Wilson coefficients which are determined by the massless Wilson coefficient. From
ng(]\f r+ 1) we get CA'}IV??(N r) as a contribution to the first moment, which effectively shifts
Np — Np + 1 in the massless Wilson coefficient. Moreover, the Wilson coefficient H é\g(N r+1)
reduces to C’;Ig(N r + 1), leaving us in the position to factor out the massless Wilson coefficient
for Np + 1 flavours. If we assume a vanishing valence distribution for the strange quarks s, =0
and neglect power corrections (m?/Q?)*, the Gross-Llwellyn-Smith sum rule with charm quark
contributions can be written as

1
/ de [F7 (2, Q) + F2%(x, Q7)) =
0

2 [(|Vaal® + [Vas|*) (o) + (Vaal® + [Veal*)(do)] x Cars(as, Ne +1) (4.221)
= 2[2-0.9999 + 0.9998] Cirs(ds, Np + 1), (4.222)

where Np is the number of massless flavours and the first moment of the valence quark distri-
bution is written as (g,) = fol dz q,(z). The experimental values of the CKM matrix elements
amount to only a very small deviation from the factor 6, which is obtained in Eq. (4.221) for
idealized CKM mixing. For isoscalar targets the result is practically identical. The difference
between proton and isoscalar targets is again suppressed by |Vis|? — |Viq|?, cf. Eq. (4.218), and
therefore consistent with zero at the current uncertainty of the CKM matrix elements [37].
Summarising the observations above, we can say that the asymptotic Wilson coefficients con-
tribute to the Gross-Llewellyn-Smith sum rule only by shifting Np — Np 4+ 1 in Cgrg and if
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4. Non-singlet contributions to DIS

we choose 12 = @2, no logarithmic corrections appear in the inclusive case, which is considered
here and in [198]. In the tagged heavy flavour case, on the other hand, logarithmic corrections
do appear [197]. Power corrections to the tagged flavour case were considered in [306, 445] while
the power corrections in the inclusive case were dealt with in [421].

4.5. Variable flavour number scheme

The variable flavour number scheme defined in [202] describes the transition from Np massless
and one massive quark to Np + 1 effectively massless quarks, see also Section 2.6. Below a
matching scale x? the massive quark is regarded as being produced purely through radiative
corrections and the massless evolution equations are used to describe the scale evolution of the
PDFs of the N massless flavours. Above the matching scale the massive quark is regarded as
effectively massless and a new PDF is assigned to this quark flavour. This distribution evolves
using the standard massless evolution equations for Ng + 1 flavours. The PDFs in these two
schemes are related through matching relations in which the massive OMEs appear as matching
coefficients. To 2-loop order all necessary OMEs are known [201, 202, 205, 207|. At 3-loop order
a number of fixed moments is known [193, 203| for all relevant OMEs. With the completion of
the non-singlet OME Aqu%Q to 3-loop order for general N, the matching relation for the PDF
combination fy(Np + 1, 1%) + fu(Nr + 1, 4?) is now completely known for general values of N.
The relation reads

fu(Np +1,p4%) + fi(Np + 1, p%) =

= 1
Agri @ [Je(Np, 1) + (N, )] + 5 { A @ B(Np. i) + Agg 0 @ G(Nr, %)}
(4.223)

where G(Np, p?) is the gluon PDF and (N, u?) is the singlet PDF combination defined in
Eq. (2.66). The Mellin convolution is denoted by ®. Since usually the PDFs are given as
functions in x, the OMEs are needed in x space as well. The OMEs AqPq%Q and AqgQ have been
obtained in [336] for general N to 3-loop order. In [450] the N and x space representations of
the renormalised OMEs were given, including the logarithmic terms. This completes the first
matching relation to O(ag) for general values of N. Thus, we can give illustrations of the impact
on the PDFs.

The choice of the matching scale p? is process dependent and usually significantly larger
than the heavy quark mass [306]. Scales close to threshold imply non-relativistic heavy quark
production for which neglecting finite mass effects is generally not justified. It is interesting to
note that the OMEs AqP;'Q and A, o start only at (’)(ag’) so that the gluon and singlet PDF
combination mix into f; 4+ f only at this order.

Figure 4.21 demonstrates the size of the individual terms in Eq. (4.223) for the example of
the x(u + @) combination in the 4-flavour scheme. The term involving the non-singlet OME is
small compared to the singlet and gluon terms and its shape as a function of x resembles that of
the massive Wilson coefficient, which was discussed in the previous section. By comparison, the
pure-singlet and gluon term are larger by about an order of magnitude and they grow towards
small z. Only for x 2 0.05 is the non-singlet term of similar size as the other two terms. The
relative difference in magnitude of the individual contributions is mainly driven by the magnitude
of the corresponding PDF combinations in the 3-flavour scheme. The behaviour of the individual
contributions to the down and strange combinations is similar.

The impact of the O(a?) corrections to the matching relation Eq. (4.223) can be illustrated
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Figure 4.21.: Individual contributions from the OMEs to the PDF combination z(u + @) for four
flavours in the variable flavour number scheme. Only the 3-loop terms are shown
while lower order terms are not included in the plot. The matching scale is fixed
at u? = 20 GeV? the PDFs are taken from [218]. The charm quark mass is treated
in the OMS scheme and we use the value m, = 1.59 GeV [226].
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Figure 4.22.: Ratio of the distribution z(u + u) at four flavours in the VFNS to the same dis-
tribution at three flavours. The dashed lines show the ratio up to and including
2-loop corrections and the solid lines also include 3-loop effects. Up to x = 0.05
the x axis has a logarithmic scale while the scale for x € [0.05,0.85] is linear. The
PDFs and the charm quark mass are the same as in Fig. 4.21.
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Figure 4.23.: The same as Fig. 4.22 but for the PDF combination z(d + d).
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Figure 4.24.: The same as Fig. 4.22 but for the PDF combination z(s + 5).
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4.5. Variable flavour number scheme

by considering the ratio

fe(Np, p?) + fr(NF, pu?)

This ratio is plotted in Fig. 4.22 for the combination x(u + @), in Fig. 4.23 for 2(d + d) and in
Fig. 4.24 for z(s 4+ 5). The figures show the ratio for O(a2) and for O(a?) as dashed and solid
lines, respectively. Comparing the ratio at different orders, one observes the onset of mixing
with the gluon and singlet combination at O(a?) in the form of larger effects up to O(0.5%) at
small z. Given O(1%) experimental precision for Fy(z, Q?) the effects from the matching are
only slightly smaller. The behaviour of d + d is very similar to u + @ — only with slightly larger
effects at large . Also the effects on the combination s + 5 are similar, though at large x the
ratio shows a more pronounced behaviour.

Rk(NF +1, NF) = (4.224)
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5. Pure-singlet contributions to DIS

Considering contributions to deep-inelastic scattering from diagrams with a quark as the initial
parton, we can distinguish two terms according to their transformation behaviour under the
flavour group SU(Np). Parts with a non-trivial transformation behaviour are called non-singlet
contributions and have been dealt with in the previous chapter. Those terms which are invariant
under flavour transformations are called singlet contributions and can be further split up due to
the contributing diagrams. All non-singlet diagrams also contribute to the singlet terms, which
suggests to isolate the pure-singlet part, i.e. all diagrams that are unique to the singlet part. At
the level of massive OMEs, there are two pure-singlet OMEs, APSQ and Api The former has the
operator insertion on a light quark line and was calculated before in [336], whereas the diagrams
of the latter have an operator insertion on a heavy quark line. In this chapter, we discuss the
calculation of the pure-singlet OME Ag% and the associated heavy flavour Wilson coeflicient H, ; 5
for the unpolarised structure function Fy(z,Q?). We also extract the pure-singlet anomalous
dimension, which enters the pole terms of the OME. In the results, we encounter generalised
harmonic sums [261, 368] in N space and HPLs with generalised arguments in x space. The
results of this chapter are published in [397].

5.1. The pure-singlet operator matrix element

Forming the matrix element of the singlet operator with heavy quark fields between massless,
on-shell quark states yields the pure-singlet OME Ag?l. The contributing diagrams have external
massless, on-shell fermions and the operator insertion is carried by a heavy quark line. Contri-
butions to this OME start at 2-loop order which can also be understood diagrammatically: The
external particles are light quarks, which have to be connected due to fermion number conser-
vation. The presence of the heavy quark introduces at least one closed fermion loop, and the
requirement of one-particle irreducibility implies that we need at least two gluons to link the
massive fermion loop to the external fermion line, which results in another loop. In contrast to
the non-singlet OME, the pure-singlet OME up to 3-loop order does not receive contributions
from reducible diagrams: Heavy quark corrections to the self-energy of external massless quarks
start at 2-loop order and irreducible diagrams for the pure-singlet OME start at 2-loop order as
well. Thus, reducible diagrams are expected only from 4-loop order onwards.

The structure of this OME can be derived from the renormalisation and factorisation procedure
and reads [203]

+(0) () 2 + PS,(1) 2 +(0) ()

£ (0)_(0) 5
m 1 .
AP (N) = Wzggq{%gg) — 79 + 680 + 16ﬁo,Q} In? <u2> + 8{ —43F50 (50 + Bo Q)

SO (30 — ) _4050 Uiz (7Y L L gspse gy spse
Yaq — Vgq q Yag (1 12 16 Yq Fqq

PS(

2 N
= 3200y (B + fo) +83iflafnlo — $1fagy 345600 (04 — 4

143



5. Pure-singlet contributions to DIS

m2 N
+ 650 + 850@) } In ( 2 > + 4(Bo + Bo Q)aQq( )y 'y},q) (2) ,yq(g) f;?Q

(0)

Ygq ’ng §3 0 ng 7911 C2 (1) 4(0) ..(0 (0) ~PS,(1
+ T8 (’Vgg Vtgq) - 660) 16 — omy ’Vtgg)'Yéq) +0my g .
PS,(3)

+26m{ Vage® +agy® (5.2)

The coefficients of renormalisation constants like the massless and massive S-function, £ and
Bk,@, the mass renormalisation constants dmy, and the anomalous dimensions ”yi(f) were already
discussed in Chapter 2. The hat and tilde above the anomalous dimensions refer to the Np
prescriptions defined in Eqgs. (2.96) and (2.97). The constant term of the & expansion of the 2-

loop OMEs a(z-) was obtained in [201] and recalculated in [205]. The corresponding linear terms

(J) are also known [206]. As discussed below Eq. (4.2), the 2-loop OMEs refer to the expressions

after on-shell mass renormalisation, while the constant part of the 3-loop OME is taken to be
completely unrenormalised.

The only unknown part of the expression above is the constant term of the 3-loop OME, which
is what we will address in the calculation below. We give some details on the characteristics of
the calculation in the next subsection, and we proceed by presenting results on the pure-singlet
anomalous dimensions, which can be extracted from the pole terms or logarithmic terms. Finally,
we present the result for the 3-loop OME.

5.1.1. Details on the calculation

An outline of the steps involved in the calculation is given in Section 3.1. Here we only comment
on the characteristics which are particular to the pure-singlet OME. A sample of the diagrams,
which are generated using QGRAF [347], can be found in Fig. 5.1. The topologically most involved
diagrams are related to Benz diagrams with up to four massive propagators. Ladder diagrams
or non-planar topologies do not contribute here.

The diagrams are then passed to the FORM [216] program [193, 203| which inserts the Feynman
rules, applies the projectors, performs the simplifications of Dirac and colour algebra and finally
yields a linear combination of scalar integrals for each diagram. Most diagrams yield scalar
integrals which can be mapped to the Bla integral family. Only four diagrams, which have four
distinct massive propagators and which are drawn in Figs. 5.1e to 5.1g and 5.1j, are mapped to
the families B5a and B5c. Due to the structure of the Feynman rule for the 4-point operator
insertion, diagrams with such an insertion consist of two parts whose scalar integrals may need
to be mapped to different families.

After using the integration-by-parts relations to reduce the scalar integrals to master integrals,
66 master integrals are required to express all pure-singlet diagrams. Of these, 55 belong to the
family Bla and 11 are from the family B5a. Unfortunately, there is almost no overlap with the
master integrals which enter the non-singlet OME due to the placement of the operator insertion.
Only the three master integrals which do not have an operator insertion occur in both OMEs.
The scalar integrals of the family B5c are completely reduced to B5a master integrals. This is a
peculiarity of the present OME and the way we choose the basis of master integrals. In general,
other OMEs do have diagrams which are reduced to master integrals from the family Bb5c.

For the calculation of the master integrals we use several of the techniques described in Sec-
tion 3.3. The simplest master integrals can be done by introducing Feynman parameters, per-
forming the loop integrals and solving the Feynman parameter integrals in terms of Euler Beta
functions. These results are valid to all orders of the dimensional parameter € and their expan-
sions up to the required order yields harmonic sums of depth one. Slightly more complicated
master integrals can be done in terms of generalised hypergeometric functions evaluated at 1 or
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5.1. The pure-singlet operator matrix element

' ' '
h v h

(t)

Figure 5.1.: Examples for the diagrams contributing to the pure-singlet OME AqPqS g’). Massless

quarks are drawn as dashed arrow lines and massive quarks as solid arrow lines.
Curly lines represent gluons and the operator insertion is marked by a circled cross.
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5. Pure-singlet contributions to DIS

finite sums over these functions, where the summation indices appear in the parameters of the hy-
pergeometric functions. Given appropriate convergence properties of the series representation of
the hypergeometric function, we use this representation to arrive at a sum representation for the
master integral which consists of several finite and infinite sums. The expression can then be sim-
plified using the packages Sigma [241, 252, 253|, HarmonicSums [258-263|, EvaluateMultiSums
and SumProduction [254-257| in terms of harmonic sums and generalised harmonic sums. For
some integrals, in particular for those from the family B5a, we make use of Mellin-Barnes repres-
entations and the package MB [392] to derive a sum representation which could then be simplified
using the packages mentioned above. Moreover, eleven master integrals from the family Bla are
solved using the method of differential equations.

After completing all required master integrals, they can be written as generating functions and
inserted into the expressions for the diagrams which leads to a result for the generating function
of the diagram. The final step is then to extract the Nth Taylor coefficient from this generating
function in order to obtain the result for the diagrams in N space.

All diagrams which contain a subdiagram with only two distinct propagators, called bubble
diagrams, were calculated separately and their results were published in [338]. There, hyper-
geometric function techniques were used to derive sum representations which were subsequently
simplified using the packages pSum [451-453|, Sigma [241, 252, 253, EvaluateMultiSums and
SumProduction [254-257].

5.1.2. Anomalous dimension

Since the pure-singlet anomalous dimension enters in the pole terms of the unrenormalised OME
Agﬁ and in the logarithmic terms after renormalisation, we can use our result for the pure-singlet
OME to extract the pure-singlet anomalous dimensions. The double pole (¢72) term contains
the 2-loop loop anomalous dimension 'ygqs’(l). Equivalently it can be recovered from the term
proportional to L?M in the renormalised result. From the single pole (¢71) term or the Lj; term,

we extract the quantity ‘ygqs’@), which allows us to reconstruct all Np-dependent terms of the 3-
loop anomalous dimension. As the Np-independent term is absent in the pure-singlet anomalous
dimension, we obtain the complete result this way, which is the first recalculation of the result
in [136] using a different observable and different methods.

We define the shorthand

22
P (2+ N+ N9 . (5.3)
(N —1)N2(N +1)%2(N +2)
With this, the pure-singlet anomalous dimension at 2-loop order is given by
14+ (-1 16(N? +5N +2) (5N3 + TN? + 4N +4

(N —1)N3(N + 13(N +2)2

At 3-loop order the result reads

14+ (=1)N 8(N%+ N +2) P53
PS,(2) _ 2 _ 2
Yag (V) 2 CrTrNF (N —1)N3(N + 1)3(N + 2)31 32k

1
gsif — 558

32P160

N —1)N4(N + 1)4(N + 2)351

7
- 553 +2551 +6¢3

1

8Pies B 8 P58 g
(N—1)N5(N +1)5(N +2)3 (N —1)N3(N + 1)3(N +2)2°°
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5.1. The pure-singlet operator matrix element

64P159 S — 64P161
9N —1)N3(N +1)3(N +2)2°" " 27(N — 1)N4(N + D)A(N +2)3

+ CFT}%N}%{

32

8(N?2+ N +2)P
—F3[S]2_+SQ]} —I—CFC'ATFNF{ ( ) 155 2

3(N —1)2N3(N + 1)3(N +2)27!
B 16 P163 S, + 16 P15
9(N — 12NN + DA(N +2)2°" " 27(N = 1)2N3(N + 1)5(N + 2)4
4 (_1)N 128P154 S, — 128P162
3(N—1)N2(N +1)3(N +2)3°" " 9(N — 1)N3(N + 1)5(N + 2)*
8(N? + N +2) Pysg 16(N? + N +2)(23N? 4 23N + 58)
TN 1PNA(N +F13(N +2)? 3(N—1)N2(N +1)2(N+2) °
32P57 32(N?+ N +2)(TN? + 7N + 10)

So +

TN DOM(N PN 22 T T (NS DNEN RN 1) O
B 64(N2+N+2)(3N2+3N+2)S
(N —1)N2(N + 1)2(N +2) >
+ 32F —%Sf 4 5951 + 28 9S8 — 2851 — 6C3] }} . (5.5)
Here we use the polynomials
P53 = 5N* 4+ 10N3 + 25N? 4+ 20N + 4 (5.6)
Pi5y = 5N° + 29N® + 78N* + 118N? + 114N? + 72N + 16 (5.7)
Pis5 = 17TNS + 51N° + 99N* + 113N3 — 32N? — 80N — 24 (5.8)
Pisg = 29N% + 99N® 4 39N + 65N + 64N? — 128N — 24 (5.9)
Pis7 = 2N7 4+ 14NS 4+ 37N° 4+ 102N* + 155N3 4+ 158N? + 132N + 40 (5.10)
Pisg = 5N7 + 25N% + 11N° — 213N* — 420N3 — 416 N? — 352N — 112 (5.11)
Pisg = 8NT 4+ 37N°® 4+ 68N° — 11N* — 86N3 — 56 N? — 104N — 48 (5.12)
Pigo = IN' + 69N? + 219N® 4+ 345N7 4+ 410NS + 724N° 4+ 1124N* + 1116 N3
+ 824N? + 400N + 96 (5.13)
Pig1 = 52N 4+ 392N + 1200N® + 1353N7 — 317N® — 1689N° — 2103N* — 2672N3
— 1496 N? — 48N + 144 (5.14)
Pigo = TN 4+ 646 N° 4 2553N8 + 6903 N7 + 14498 N® + 22898 N> + 24861N*
+ 17068N3 + 7040N? + 1760N + 192 (5.15)
Pig3 = 127N + 713N° + 1458 N® + 78 N” — 2360N6 — 2352N° — 3663N* — 3359\
+ 208N? + 924N + 72 (5.16)
Pios = 49N + 417N + 1619N10 + 3868 N? + 6831 N® + 10189N" + 13445N6
+ 14934N° + 12760N* + 8160N> + 4176 N? + 1504N + 256 (5.17)
Pigs = 731N + 8804N12 + 40614N'2 + 90274N " + 102402N'° + 67882N?
+ 23170N® — 120782N7 — 357069 N6 — 421954 N> — 293880N* — 183088 N3
— 109968 N2 — 42912N — 6912. (5.18)

We suppress the argument N of the harmonic sums to shorten the notation. After reducing the
harmonic sums to an algebraically independent basis [146], cf. also [149], seven harmonic sums
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5. Pure-singlet contributions to DIS

up to weight three appear. The required sums read
Sla5278—27537‘9—3752,175—2,1' (519)

Structural relations [147, 148] allow to reduce the number of independent sums even further until
we reach the three sums

51,521,521 (5.20)

The corresponding results in x space are given in Eqgs. (E.1) and (E.2) in Appendix E. It
contains 15 HPLs up to weight w = 4 after algebraic reduction, which are

Ho,Hy,H 1,Hy1,Ho1,Hopo1,Hoo,—1,Ho1,1,Ho,—1,-1,Ho—1,1,Ho1,-1,
Ho 00,1, Ho,0,0,-1,Ho,1,1, Ho1,1,1- (5.21)

Since Hy 1,1 and Hp 1,1 only appear as a sum, all HPLs can be represented as Nielsen integrals
Snp(z) [378-380], cf. Eq. (3.43), if we allow for the more general arguments x, —z and x2, [147].
The required special functions are

ln(x), ln(l — 1‘), ln(l + a:), Lig(l‘), Li3($), Lig(—l‘), Sl,g(x), 51’2(—.%), 51,2 ($2),
Li4 (:L’), Li4(—l‘), 52’2(1‘), 51’3 (Jj) . (5.22)

It has been observed [147, 454] that all 3-loop splitting functions can be expressed in terms of
Nielsen integrals with generalised arguments. The expressions in x space require a larger number
of special functions compared to the result in N space. Our results in Egs. (5.4) and (5.5) agree
with the results in the literature [110, 112, 115, 117, 118, 136]. At 3-loop order, our result is the
first independent recalculation.

5.1.3. The operator matrix element

A key objective of the present calculation is the missing constant term of the unrenormalised
3-loop pure-singlet OME. For the presentation of the results in this chapter, we define the
shorthand

(N2 + N +2)
(N—-1)N2(N+1)2(N+2)’

G = (5.23)

and we continue to use the shorthand F' defined in Eq. (5.3). In N space agi’(?’) is given by

PS,(3)

T2 32 P79 g
FEFN97(N = 1)(N 4+ 3)(N + 4)(N +5) \N3(N + 1)2(N +2)2"?
_ Pigs e 2P1g2 g _ 2P196
N3(N +13(N +2)2°1 " 3NAN + DA(N +2)3°" ON5(N + 1)A(N +2)4
32Pys 32 4 160 512 128
9(N —1)N3(N + 1)2(N + 2)2<2 * (2751 g 2152 = 59t TS
32 1024 16 Pys9 )
— — F NpT?
Tyhes C?’) T OPNETE o7 (N T T)NS(N + 13V 1 22!
208P 32P
n 159 Sy — 185 S

27(N — 1)N3(N +1)3(N +2)2°%  8L(N — 1)N4(N + 1)4(N + 2)3
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5.1. The pure-singlet operator matrix element

32Po3 16 208 1760 16

BN ON(N 1PN+ 2)t T < 971 5152 o7 O3 T 3 16

224 1 16 P59
* 9C3>F+ (N DNV +1P(N+2)? 9

32P 16P
2 173 _ 178

T O | SN TN (N + 1BV 1222 9N — )N(N + 13(N + 22°°
B 4P1g1 s2 4 4Pg7 S

3(N — 1)NA(N + DA(N +2)371 7 3(N — 1)NA(N + 1)4(N +2)3°2
N 4Pjg5 2P0 4Pies sy )¢

3N~ )NO(N + 1)5(N + 23~ \\N2Z(N + 1)2 N(N+ )t

AP 2 46 124
9N(]\;6—T—1 51>G+<< 83—64521>51— S 5152 35 + 551

416 1
+ ?527171 + 64<(53(2) — 8172(2, 1) + 52,1(2, 1) Sl 1, 1 2 1, 1 > (2>

1 1 1
- 513 (272> + 522 <2,2) — 531 ( 2) +S112< ) S11,2 (2, , >
1 1 1
—5121< >+51,2,1 (27172>—52,1,1 (2,2 > 5211< 12>
1 1
+ 511,11 <2 )5 > + 511,11 (2, 1, 2 ) + 511,11 (2, L1, >) <1252 - 451)

112 1 32P g2~ N
<81 4485, (2>><3 +144¢, — 3234>F + SRS (—53(2)

4P179
2,1) — S21(2, 1 2,1,1 -
I 8P191 + 1 4P180C
3(N —1)N3(N + 1)5(N + 2)* (N—DN3(N+1p3(N+232 3 *
8P174 8P176
+ CaCr Ty T 3(N —1)N3(N + 1)3(N + 2)2S2’1 TN )NV + 13(N + 2)2 S-3
n 16 P77 g n 8P1s6 S.
3(N—1N3(N +1)3(N +2)27 > T 27(N —1)2N3(N + 1)3(N +2)27°
_ 4P1gg g2 _ 4P1go g
27(N — 12NN + DA(N +2)371 ~ 27(N — 1)2N4(N + )}(N +2)3"2

_ 8Prg7 4 4 P19 g3
243(N — 1)2NS(N + 1)§(N +2)5 ' \27(N —1)N(N+ 1)(N+2)!

+ (S (137N? 4+ 137N + 334) 95 — %6(351\72 + 35N + 18) 5_271> St
+ §(691\7 + 69N + 94)S_35) + 5 (TN? 4+ 7N +13)5_55, + g(29N + 29N + 74) S5
+ g(lzﬁw2 + 143N + 310) 54 — ?(3]\72 +3N —2)5%, + 13—6 (3LN? + 31N +50)S_4

— 8(TN? + 7N +26)S31 — 64(3N? + 3N +2)S_55 — 3—32 (23N? + 23N +22)S_3,

64 4 P69

—(13N? + 13N +2)S_
T (BN BN+ 2501+ 5oy v 1)
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5. Pure-singlet contributions to DIS

112

i(mv2 + 11N + 10)51<3)G + < 3

2 68 80
S 957 + §S§ + ES%SQ — 35271,1
1
+ 32(<—S3(2) +512(2,1) = S21(2,1) + S1.11(2, 1, 1)>S1 <> + 513 < '3

1 1 1
— S22 (2, 2) + 531 <2> 2> —S51,12 <27 > 1) + 51,12 <2, 1, ) + S1,2.1 (27
1 1 1
—S121 <2, L, 2) + 5211 <2, > 1> + 5211 <2’ 1, 2) S1,1,11 ( 1, 1)
-S| 2,1, > 1) =511 12,1,1, B + (457 + 12524+ 245_5 | (2

1 16 P2~ N
2245, [ = — 144 16B,4 | F
" 1<2><3 Gt ) HOEDRECESE

4Py75
+ S2,1(27 1) - 51,1,1(27 1? 1) - 7<3> + (9(N — 1)2N3(N + 1)3(N + 2)252
4P194 32P171
TRV 12NN + 1)P(N + 2)4>S1 + (3(N —1)N3(N + 1)3(N + 2)251
B 8P182 S . 4P189 C
3(N—1)NA N+ DN +2)3)°7% 9N —1)2N4(N + 1)¥(N +2)3>°

_ 8P g4 %
9(N —1)2N3(N + 1)3(N +2)2>° |

2
1
2

<Sg(2) — S12(2,1)
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(5.24)

with By as defined in Eq. (3.31) and the polynomials P; given by those of the anomalous dimen-
sion as well as by

150

Pigs = 5N* + 4N3 + N2 — 10N — 8

Pigr = N° — N3+ 10N? — 2N +4

Pigs = 8N + 20N 4+ 84N* + 193N3 + 162N? + 124N + 24

Pigg = 17TN® + 51N° 4 27TN* + 77N 4 76N? — 8ON — 24

Pi70 = 38N% + 108 N° + 151N + 106 N3 + 21N% — 28N — 12

Pi71 =3N7 4+ 24N% + 49N5 4+ 122N* + 154N3 + 104N? + 120N + 32

Py7o = 81N + 271N° 4+ 229N5 — 159N* — 530N3 — 844N? — 904N — 288
Pi73 = 6N® + 40N7 + 84NC + 59N° + 114N* + 283 N2 + 250N? 4 180N + 88
P74 = 6N® 4+ 48N 4+ 100N® — 5N° 4+ 194N* + 763N3 + 626 N2 + 356 N + 152
Pi75 = 269N® 4 1064N7 4 1342N6 + 2552N° + 3273N* + 1896 N> + 516 N2

— 2560N — 864

Pi7g = 6N? +39N® + 89N7 4 148 N6 + 85N + 147N* + 286 N3 + 248 N2
+ 440N + 112

P77 = 6N +39N® + 105N7 + 76 N® — 91N° — 203N* — 338 N3 — 248 N2
— 264N — 80

Pi7s = 36 N? + 216 N® + 478 N7 + 203N6 — 663N° — 2063N* — 2859 N3 — 1074N?

+ 444N + 56
Pi7g = 40N + 625N® 4 3284N7 + 5392N6 — 7014N° — 33693N* — 47454 N3
— 46100N? — 26280N + 7200

(5.35)

(5.36)

(5.37)

(5.38)



5.1. The pure-singlet operator matrix element

Pigo = 48N + 192N8 — 45N7 — 1089N6 — 1487N° — 3299 N* — 7320N3 — 4120 N2
— 1008N — 1072
Pig1 = 3N + 75N° 4+ 363N® 4 735N 4 662N° 4+ 490N° 4 944N* 4 840N
+ 176 N? + 256N + 192
Pigo = 5N 4+ 44N + 82N8 + 214N7 + 259N° + 14N> — 346 N* — 2096 N3
— 3680N? — 1952N — 416
Pig3 = 8N10 + 133N + 1095N8 + 5724 N7 + 18410N° + 34749N° + 40683 N*
+ 37370N3 4 22748 N? — 3960N — 7200
Pigy = ON'0 — 229N® — 367TN7 + 1135N6 — 472N° — 5661 N* — 837N + 1098 N2
+ 260N + 1032
Pigs = 25N 4 176 N° + 417N® + 30N7 — 20N° + 1848N® + 2244N* + 1648 N>
+ 3040N? + 2112N + 576
Pigg = 135N + 702N? 4+ 1745N8 4+ 2039N" + 1345N6 + 2618 N° — 4923 N4
—9939N3 — 11598N? — 10516 N — 2136
Pig7 = 153N + 1049N? 4 2811N® + 3411N7 + 1084N° — 3976 N° — 11660N*
— 16088N3 — 12272N? — 6240N — 1664
Piss = 46N + 145N'0 + 406 N? + 1566 N8 + 1411N7 — 4318 N6 — 12231 N°
— 14165N* — 6636 N> 4 3200N? + 4512N + 1872
Pigg = 127N 4+ 856 N0 + 2323 N? 4 2484N® — 317N7 — 106 N + 4779N5
+ 8470N* + 11112N3 + 9680N2 + 4656 N + 864
Pigo = 1696 N1t + 10993N1° + 27688 N9 + 26208 N® — 773N 4+ 17000 N°®
+ 62901 N7 4 81499N?* 4 114180N3 + 106112N2 + 55200N + 12240
Pig1 = 12N + 151N + 819N 4 2549 N10 4+ 4893 N + 7260 N® 4+ 11172N7
+ 15420N° 4 16388 N> + 16824N* + 16352N3 + 10880N2 + 4672N + 896
Pigo = 52N'3 4 746 N2 4 4658 N + 20431 N0 4- 79990N? + 251778 N®
+ 553796 N7 + 837697N° + 886552N° + 599060N* + 155864 N> — 82368 N>
— 76896N — 17280

Plgs = 158N + 1663N'2 + 7714N' + 23003N'° + 56186 N + 89880N® + 59452 N7

— 8896N® — 12856 N° — 24944N* — 84608 N3 — 77952N? — 35712N — 6912
Proy = 24TN™ 4+ 2518 N3 4 12147N'2 + 29936 N + 47061 N0 + 66314N°

+ 15119N® — 144034N7 + 1854 N° + 528058 N + 571260N* + 113008 N>

— 61248N2 — 22752N + 1728

Plgs = 88N + 978 N1 + 4569N 13 + 11443N'2 + 18236 N'! + 25694N 10 + 41400N?

+ 57974N® 4+ 50675N7 + 9415N6 — 48500N° — 88676 N* — 83504 N3
— 45232N? — 13504N — 1728

Prog = 293N + 4670N 4 32280N'3 + 145948 N2 4 559575 N1t 4 1871440N1°
+ 4877344N° + 9333994 N® + 12958212N7 4 12693884 N6 + 8472792 N°
+ 4514336 N* + 3109248 N> + 2192832N2 + 1026432N + 207360

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

(5.54)

(5.55)
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5. Pure-singlet contributions to DIS

Pro7 = 3244N'7 4 40465N 16 4- 218915N'5 + 671488 N1 4 1331937N 13 + 1654143 N2
+ 374900N 1! — 2526162V — 3045065 N° 4 1320584 N8 + 6186057N 7
+ 9141018 N® + 12149124 N5 4 13312808 N* + 10121520 N3 + 4812768 N2
+ 1308096 N + 155520 . (5.56)

An interesting feature of the result is the appearance of generalised harmonic sums [261, 368| in
the final result, see also Eq. (3.32). The non-singlet OME presented in Section 4.1 and previously
published results on AEqSQ and A, o [336] as well as A  [339] do not require this class of sums
for the final result. In [138] it has been observed that generalised harmonic sums were needed in
intermediate results of the 3-loop massless Wilson coefficients for F»(z,Q?), but they cancel in
the final result. Similar observations were made in the calculation of the N dependent terms of
the 3-loop OMEs [336]. Calculations of scalar prototype diagrams related to ladder topologies
with local operator insertions [343] also required generalised harmonic sums, but to the best of
our knowledge, this is the first instance where these sums remain in a physical result for a single
scale quantity. In addition to the sums which are required for the anomalous dimensions, see
Eq. (5.19), the following sums enter the 3-loop pure-singlet OME

1 1
S_4,84,5-31,531,5-22,5-211,521,1,51 <2> ,53(2),S51.3 <2, 2) ,512(2,1),521(2,1),

1 1 1 1 1
2, — 2, — 2.1, 1 2,—,1 2,1, - 2, —.1
52,2< 72>7S3,1< 72>751,1,1( o 1 ),51,1,2< i >751,1,2< , 72>7S1,2,1< ') >,
1 1 1 1 1
2.1, = 2,—.1 2.1, = 2,—. 1.1 2,1, -.1
Sl,2,1<7 72)752,1,1< 72a >7S2,1,1(7 72>7SI,1,1,1< 727 3 )aS1,1,1,1<7 727 )7

1
Sl,l,l,l <27 17 17 2> . (557)

Compared to the anomalous dimension, seven additional harmonic sums and 17 generalised
harmonic sums enter. The generalised sums can be traced back to the diagrams depicted in
Figs. 5.1e to 5.1g and those which are related to them by symmetry. Since the alphabet of
parameters also includes the letter 2, individual sums may diverge in the limit N — oo. A simple
example would be S3(2). Such a behaviour was in fact observed for individual scalar diagrams
related to V-topologies in [344]. The combination of sums which appears in the physical result
for the pure-singlet OME, however, is well-behaved in the limit N — oo in the sense that it
diverges at most like powers of In (N ), which is expected from the simple harmonic sum S7. The
asymptotic expansion of the result is given by

4
PS,(3) 2 In*(N)
60" 5 §ORTRCa = Cr)
4 In®(N) In?(N)
+ ECFTF [17CA — 15CF + (8 - 4NF)TF] e + O( e ) . (5.58)

Performing the Mellin inversion of Eq. (5.24) leads to generalised harmonic polylogarithms
[261] evaluated at argument x. The particular set of generalised HPLs that occur here can
be reexpressed in terms of usual HPLs if we allow for the additional argument 1 — 2z. The
necessary transformations can be carried out using HarmonicSums. Referring only to usual HPL
is advantageous for numerical applications since we can reuse existing implementations for the
numerical evaluation of HPLs. In general, of course, it may not always be possible to restrict
to usual HPLs and functions with support on only a subset of the interval [0,1] may occur.
In intermediate steps of our calculation we observe functions with support on [0,1/2] or [1/2,1].
While they can be combined into functions with support on the complete interval [0, 1] for our
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5.1. The pure-singlet operator matrix element

result, this may not always be possible. Mellin convolutions of functions with support on only
parts of [0, 1] with regular functions with support on the complete interval read

[A(2)0 (5 —=)] @ f(x) =0 (5 - /Qx dyfh(x) f) (5.59)
[4a(2)0 (2 — 3) / Y (D iw-0G-0 [ Ya (). Go)
PS,(3)

For the presentation of the result for a in x space, we split the result into a part which

depends only on HPLs evaluated at = and a part where also HPLs evaluated at 1 — 2x enter.

agy V(@) = agy ™ (@) + agy P (). (5.61)

Moreover, we introduce another shorthand notation for HPLs at this new argument
Hg; = Hz(1 — 2x) (5.62)

in addition to the usual shorthand Hz = Hz(x). With these conventions, the result in x space
can be written as

PS
g, ) =
16 64 64
CpNpT2 | —=2= (43:2 FTr+A)HD + (51653: — 2632z + 1736) — ~— (135027
81 729 243
64 ) , 128 64 s
— 569z — 218) Ho + g(mx + 64z + 100) Hy — ST ——(62* + 4z — 5)Hj + 27( x+1)Hy
64z —1 64z — 1 64
+ <9x (4x2+7m+4)H§—2—7x (742° 43x+20)H0+8—1x ! (1502
x

32x — 16 x —
47 4) H, —
5 3 ( + Tz +4) 0+ 53

128 1 641
+<9 —(22° +2® — 2x+4)H0+§—(111x — 4152% + 89z — 60) —

+ 103z + 60)> Hy + ( (743;2 — 43z + 20)) o3

s nm)

128 22 + 3 256 64
x Hop + ( - (92° — 8z +4) + ——(z + 1)H0> Hoo,1 + <(6$ + 52

27 3 27

128 256 640
= (+ 1)H0) Hopa — (@ + 1) Hooo1 — —5~ (2 + 1) Hoo,11

4 16 1
- %(x +1)Ho11 + (?x(% + Tz +4)Hy + 8—(15—(6663: — 952% 4 589z — 60)

— 4z —12) +

224 224 160 321
—=(6 dr —5)Hy + —(x + 1)H?Z — — 1)H == 2 (10423 + 672>
27(5’3+$ )Ho + 9( VHy 3($+) 0,1>C2+<27$( r° + 67

— 89z + 28) — ?(x + 1)H0>§3 + ?(I + 1)y

128

321 — (
1215

81

128 z— 1 4 3 2 64
0~ 368 (108z* — 918" — 13889z% + 145z — 3035) + M(&c — 602" + 302
128 64 x— 1

64
2 _ 120 Ao 3, 1 el
+6302° — 9852 + 320) H — = (62® + da — 5) Hf + o (o + DHG + (55—

+ CpTE |- (4x2 + Tz +4)H} — 182" — 1712° 4 30062 + 35022 + 775)

(12374
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64 x —

1
5 (42° — 362" — 162° — 1562* — 431z

—1022* — 6982* — 255z — 290) +

2 2
— 100)H0> Hy+ ( 39 - (4:,; + Tz +4)Hy — fﬁx (122° — 108z* — 48z°
1282 — 256 1
+1722% — 21837 — 200)>H12 T (98x (42% + T + 4)Hy — %—(Gw — 602°

128 128
+ 302" — 10302” + 122z + 75) + ?(zx + 11z + 8)H0>H0 1— T(;n +1)Hg,

128 128 3 128
— (63 + 620 + 53) oo, + ( 12830 - L 1192 1+ 18) + —+ 1)H0) Hoi:
256 128 128 2x—1
—-Sg(x%-Uf%001+-19($+-)f%pgg+-!9($+-)f%111+-< 32 (42°

32 1
+ Tz +4)Hy + 1052 (243: — 2402° + 1202* + 22502% — 726522 — 11452 — 600)
s

224 64 1
-5 (6090 + 1272 4 37) Ho + -5 @+ 1)H§ + 64(x + 1) Ho, 1)@ + (27 (642
) 128
+ 2512° + 1552 — 64) — 128(x + 1)Hy ) (3 — ?(x + 1)
2 xz— 8 x— 9
+ CETr T A (4x + 7z +4)HY — S (5400x + 3811z + 4614)
x
L4 HE 4
81 — (43762” + 53112* — 98792 + 840) T+ o7 (11500z% — 1187z + 3989) Hy
6
— ﬁ(704x — 313z + 151) Hj) + 7(7693 + 152 + 33) Hy — =@+ 1)Hj
80 x — 16 x — 4 x—
42? 4)Hy + — 2 — 13202 — 14 — dz®
+< T (a:+7a:+)0+81 - (67 320z 90)+27 (909;
5 16z — 16z — 9
+ 2683z — 392) Hy — ﬁ (131295 + 4357z — 722)Hy | Hy + N (4x
5 8 xT— 8z — 9
+ Tz +4)Hj — > (1223: — 55z — 40) Hy + S (913$ + 3928z — 320)

27( 27

2x—1 161 161
<_3 . (41’ +7:L'+4)H1 —3*(41' +225$ +54x+20)H0_ﬁ,(882x

—116 14
><H12+< - 42? +7x+4)H0+T—(40:1: +41x+4)>Hf’

16 1
+ 15272% — 2364z + 196) Hy + S (32932% + 83162 — 5229 + 722)
T

160 4487 —1
+ =5 (@ + 1) HG + (

" (42 4+ Tz + 4) Ho + %4%(2;53 — 1022° + 102z — 11))

448

16
X H1>Ho71 - (—9(10495 — 392% — 105z — 56) + 7(:[: - 1)H0> Hi,

896 1 — 321 81
+ (9:6 (42” + 7w+ 4) Hy — -~ (282° — 5372” — 1232 — 20) Ho + 5 (16522
T X

1792 608z —1 4

936(m

+ 327322 — 76652 + 392) — 48(x + 1)HZ — (z + 1)HO,1>H0 01+ <

321 321
+ 7z +4)Hy + e (362° + 232% — 322 — 40) Hy + e (2092° + 17432” — 1572z
T
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5.1. The pure-singlet operator matrix element

64 321
+ 152) + g(CE + 1)Hg + 128(1’ + 1)H071>H07171 + (gx(156x3 — 87622 — 2551 — 20)
640 321 1792
+ T(IE + 1)H0> H07[)7071 + (91:(81'3 — 372%2 —8lz + 120) — T(m + l)H())

161 64 2560
x Hoo11 + <—9 (3002 + 24322 — 219z — 304) + S @+ 1)H0> Ho11 = =5—
x

4288
X (z 4+ 1)Ho,0,001 +3392(z + 1)Ho 011 + T(l’ +1)Ho,0,1,01 —832(z+ 1)Ho 01,11

1600 32 <124 z—1

9

41
— ?(a} + 1)H0717071,1 — E(w + 1)H071,17171 + (4332 + 7z + 4)H12 - ——

8lx

2 8
x (88962° + 210032* 4 129z — 1620) + 5 (15362% + 1879z + 1943) Ho — 5 (682° + 99

188 112z -1
— 57)H§ + — (v + 1) Hj + (

(42® + Tz + 4) Ho + 41 (75227 + 41972°

9 9 27Tx

81 224
— 5169z + 652))}]1 + <9(196x3 — 3272% — 213z + 56) — = (@ 1)HU>H071
xT

608 496 1024 592z — 1
— 7(56 + 1)H070,1 — 7(.% + 1)H071,1 (o + (a 1113(2)(:6 + 1) + | ——
3 3 3 9 =z

2 41 3 2 16, .

x (42% 4+ 7o+ 4)Hy — ﬁ—(2824a: — 41252% — 17331z + 1938) — §(76x — 275z
T
920 1184

—112)Hy + ?(x + 1)H: + (x + 1)H071> G3+1792(x + 1) In?(2)

896 1 41
+ <—3(4;,;3 —92° — 6z — 2) + 1792(z + 1)H0> (3In(2) + <—9(628x3 — 366922
T x

928 321
— 351z + 540) + T(:c + 1)H0>g4 +1664(x + 1)¢4 In(2) + <—3x (82° — 3027

944
+ JR—

— 15z — 2) + 128(z + 1)H0>B4 +256(x + 1) BaIn(2) + - (2 + 1)¢aGs

1 512

2x—1

T
+ CACFTF o

2 4 16x+1
1
(42° + 7w+ 4)HY — — "

5 (3227 + 61z + 32) [Ho,—1,-1,1

8 z—1
+Ho 11,1+ Ho1,-1,-1] — 20 2

32z +1
X(4x2—7x+4)H§1+2—7$+ (188x2—83x+80)H31—ﬁ "
2z +1

41
+1286) Hoy + 5 o (5034642 + 11099322 + 1712902 + 20992))1{0 + (—3
T T

112z + 1
27 «x

(10242282 — 83309z + 274870) + (
8x+1

(42002% — 1577

41 4 1
x (402® — 37z + 40)H? | + 55(202@«3 — 182% + 9z + 256)H1>H3 TG

H? 4
x (227122 — 59142 — 962727 + 56712 — 13652) : 0 4+ <81 (129022 + 1213z + 1045)
— T

+§x+1
9

4 r—1
27 «x

2 4
(82° — 11z + 8)H_1>HS’ + 2—7(95;1; —172)Hy — B(@: —5)HS + <
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156

8z—1 9
o1 (21512x

2x —
9

4 x—
243

— 1057z + 7436) Ho — § ! (93627 — 64022 + 3702 — 684) H0> Hy + <

8x—1 4 ¢ —
+ 283z + 136) Hy + ﬁx— (4812* + 340z + 184) Hy — ﬁx
x

. » | (64— _de-
658))H1+<27 " (490 + 7z +4)Hy <

32 1127 +1
+ <—9$ (42 —1195+4)Holar1+7‘7“r
€T

1
(67762 + 154252 — 11926)

x (1522% 4 203z + 152)H3 —

(136x2

1
(17542% 4 4169z

(154952 + 163z + 46)) o}

64+ 1
(42” — Ta +4)H?, - =

(1882°

8 z+1
— 832+ 80) H_ + 2—7:”

8x+1

41
(42002* — 1577z + 1236) — §f(112953 —272% — 57z
T

+168) Hj + ( (402% — 1512 + 40)H_; + El(110235 — 215427 + 765z — 256))

27 x

280 81 152

41
2 2 3 2 3
(322% + 61z 4 32)H? | — 27—(82 — 78z —267:1:—80)}1_1—@;(14495
8 1 4 3 2

2 28192° — 104 — 654
81x(9:+1)(0970x + 28192° — 104302” + 857z — 6540)

8r+1
*(‘9 "

— 5552% — 4Tlx — 344) H§ —

1 1
+ <S (1542° — 10682 — 217z — 844) + 64M(2:c2 — 3z + 2)H_1> Hy
€T

248 8 — 16 1
~—(z+1)H 1842% + 349z + 184) Hy — —— — (1672 — 7112
9(x+)0+<9 " (8x+39x+8)0 27UE(679¢ 711z% + 657z
32z -1 64 41
—140) JHy + [ —=2 = (4a® — 11z +4) — —(z + 1)Ho | Ho1 ) Ho + = — (2242
9 =z 3 ' ' 9z
2 2247 + 1
—2012% — 1052 — 112) — %(z + 1)H0)H01 + < o5 L (42® — Tz +4)H_,
€T
64z +1 81 152
+ 2—75” ki (1882* — 83z + 80) + 55(561:3 + 512? — 2852 + 200) Hy — - (- 1)H}
44 1 1 21
+ —S(x —1)Ho,—1 | Ho—1,-1 + Wt (322% + 61z + 32)H_; — 3——(32953 — 32?
3 T 9 =z 9z
16 1 64
— 332 +40) Ho + —7—(82:,;3 — 782% — 267z — 80))H0 —11+ < 5 S (4:52 — 1z
8x+1 9
+4)Hy + 5 (20095 — 413z + 200) H_; — 57(895 —92” + 27z — 56) H
8 1 32
- 2—75(2406333 — 432627 + 1539z — 256) — 5 (152 — 17)H§ + 304(z — 1)Hy 1
12 1 —1
+ ?8(:1; +1)H,, 1) Hoo,-1+ <—§m; (882 — 169z + 88) H_1 — ga: (29627

81 8 1
+ 491z + 296) Hy + 5—(136353 — 16052 — 591z — 536) Hy + T (19362° + 39132°
T

16 1136 1136
+ 3019x + 3012) (6956 + 25)H0 - T(x - 1)H0 -1+ 3 (IE + 1)H0’1> H07071
162+ 1 321 16 1
+ (995:; (322° + 61z + 32) H_1 — e (322° — 32 — 33z + 40) Hp + ﬁ—(& 3



5.1. The pure-singlet operator matrix element

16 1
(42 4+ Tz + 4)Hy — 5

x

176z~ 1
9

— 7827 — 267z — 80)>H071,_1 + (— (1482° + 1892°

8 1 64z +1
— 45z — 140) Ho — o — (3562 + 37252 — 3469z + 272) + jx ha (22° + 2 +2)H_4
2247 + 1 44
+ 104(IE + 1)Hg> HO,l,l + <9$ + (4.’E2 — T+ 4) — TS(JJ - 1)H0) H07_17_1’_1
81 5 ) 64
+ {5 (13627 — 18327 — 75z +104) + == (92 — T)Ho | Ho, 10,
64(z + 1)(22* + z + 2) Sz +1

Ho_ 111+ (— (20022 — 413z + 200) + 320(z — 1)H0>

9z 9 =z
8z +1 128 81
X Hoo 11+ (oot (8827 — 169z + 88) + ——(x + 1)Ho | Hoo,-1,1 + | 5 — (802
) b 3 :L, 3 ) ) 3x
1168 16 1
— 332” + 452 — 56) + (z — 1)H0>Ho,o,o,_1 + (—9(68373 — 15772% — 260z — 364)
X

8z +1 128
— 496(3$ + 1)H0> HO,O,O,I + <3$ + (88$2 — 169z + 88) + ?(3}‘ + 1)H0> HO,O,l,fl
161, 4 5 16
+ 57(4095 +617z" + 119z — 164) + E(35;c +37)Ho | Ho,11
x
642 +1 161
— 5“3 i (22 + 2 + 2)[Ho1,-1,1 + Ho11,-1) + <9(104x3 + 1012 — 642 — 104)
x x
256 160 896
-5 @t 1)H0> Hoxa1+ —= (¢ =1 Ho-1,-101 — (@~ 1) Ho—10,-1,-1
1792

32
— —3 (@=1Hop-1-1-1—624(x — 1)Hop,-10-1 + 5 (332 — 41)Hop-10.

16
— 1872(1‘ — 1)H070707,17,1 + 16(6356 — 79)H070’07,171 — 128(3I‘ — 1)H0707070’,1 + ?(41156

16 16
+ 197)H0,()70,()71 +16(63z — 79)H07070,17_1 — E(Slﬂw + 347)H0,()70,171 + 3(631’
32 352

— 79)H[)70,1,07_1 — 3(6856 + 67)H0707170,1 + 160(1’ + 1)H0,07171,1 + T(% + 1)H071,07171

32 162 +1 20w —1
+ 5 @+ DHop + (9 . (22® + 55z +2)H? | — n (42® + Tz + 4) Hi
4 o1 (45827 + 1322 — 2732 + 80) H_; — 81 (57292* + 30962° + 114527

27 x  8la(z+1)

8z +1 41
+ 4805z + 703) + <—9’: - (1482° — 97z + 148) H_1 + 2—7—(1318m3 — 218322
T xT

4 16 41

— 275z + 240)>H0 + §(89:2 + 23z — 211) Hj — <5 07 - 4)H§ + <—27(214x3
T

32(x —1)(2* + = + 1) Hy

3z

81
+ 31472% — 3579z + 326) — >H1 + (9 (762° + 1352
T

4 1
— 21z + 148) — %(m - 1)H0> Ho, 1+ (—2(32953 — 12422 — 552 + 24)
X
32 544 16
+ g(x + 1)H0>H071 — 128(1} — 1)H07_17_1 + ?(x — 1)H0,07_1 + ?(71’ + 3)H070’1
80 512 8x—1
+ g(x + 1)H07171)C2 — T(:z; + 1) n3(2) + <9x (8827 + 235z + 88) H;
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16 1 41
- 367(52953 + 81927 — 144z + 28) Hy — 277(4612:133 + 152622% + 8524w + 2559)
x xr
16(z — 4 1)(dz —1)H_; | 64 608 496
ELC )(%Lx)( v = DH- + (52— O)H} + —(x = DHo 1 — —(z +1)

448 1
X H0,1>g3 — 896(x +1)¢3In%(2) + <38x(4x3 — 927 — 6z — 2) — 896(x + 1)H0>

1 76
x (31n(2) + < (17522% + 1132527 + 1401z + 1828) — 5 (172 = 15)H0> G

X

161

—832(z + 1)¢4 In(2) + ( 3 (82° — 302 — 15z — 2) — 64(x + 1)H0> By

x

—128(z 4+ 1) B4 In(2) + 2(3195 — 127)CoCs — 12(47x — 145)(5 — 2048 Lis (;) (z+1)

2
- 1%6(95 +1) ln5(2)] (5.63)
and
PS,b,(3
agy” V) =
C ~ 64x—1 -
CrTrp (QA — CF> —64(ZE + 1)H8H0,_1’_1 + ?x (4.1‘2 +7x + 4)H1H07_17_1

16 1 . 64 ~
+ 3—(32333 +2002* — 104z + 1) Ho, 1,1 + 3 (42 — 21z — 9)HoHo,—1,—1
T

~ 64x —1 161
—128(z + 1)Ho,1 Ho,—1,-1 + (—3 (4.%'2 + Tx + 4)H1 iy

(322° + 2002°

64 ~
— 104z 4+ 1) — — (42? — 212 — 9)Hy + 64(x + 1)HZ + 128(x + 1)Ho1 | Ho —11
3 0 b 9 b

4r—1 161 64
L (8 (42® 4+ 7w+ 4) Hy + — = (322° + 2002° — 104z + 1) + — (42® — 21z
3 =x 3z 3
2 ~ 64z —1, o
—9)Hy — 64(z + 1)Hy — 128(z + 1)Ho,1 | Ho1,—1 + -3 (42® + Tz + 4) Hy

161

X

X H0,1>ﬁ0,1,1 + <

64
(322° +2002* — 104z + 1) — 3(4;52 — 212 — 9) Ho + 64(x + 1)H§ + 128(x + 1)

64(z — 1) (42? + Tz + 4)

X

~ 641
_ 384(1‘ + I)H()) HO,—L—L—l + (_31'

~ 64
X (41‘3 + 27{[;2 + 3x — 8) + 128($ + 1)H0> H07,17,171 + (3 (4;1;2 — 21z — 9)

. 64 1
— 128(z + 1)H0> Ho—11,-1+ (—3(12:]53 — 3927 — 21z — 4) + 384(z + 1)H0)
€T

641

~ 641
X Hy 11,1+ ( 3

——(122° — 152% — 15z — 8) — 384(z + 1)H0) Hoy 11+ <_3x
T

- 64 1

X (l‘ — 1)(4.1,‘2 + 7z + 4) + 128(17 + 1)H0> HO,I,fl,l + <3x(41'3 — 4533‘2 — 15z + 4)

y byt

—128(z + 1)H0> Hoi1-1+ <—64(41:2 — 21z —9) + 384(z + 1)H0> Hoi11

— 384(1' + 1)];,0’_17_17_171 — 256(1‘ + 1)];70’_17_1717_1 + 384(1‘ + 1)]5[0’_17_17171
— 128(1’ + 1).?[07,1717,1,,1 — 384(33 + 1).?[07,171717,1 + 768(1‘ + 1)[;[07,1 1.1.1

Pkt ]

158



5.1. The pure-singlet operator matrix element

— 384((13 + 1)]?[0717_17_1,1 — 256($ + 1)]7{0717_171’_1 + 384(:11 + 1)]510717_17171
—128(z + 1)Ho1,1,-1,-1 — 384(x + 1)Ho1,1,1,—1 + 768(x + 1) Ho 11,11 + 64(z + 1)

s byt sty ty bty sty

X (ﬁo,—1,—1 — Ho 11+ Hoy 1 — ﬁo,m)@ —128(z +1) (ﬁo,—1 + ﬁO,l)C2 In(2)

1282 — 1 - 321 -
<—3“" (42® + Tz + 4)H Ho 1 — ?—(323:3 + 2002 — 104z + 1) Ho
T xT
128 - - 1282 — 1
— - (42? — 212 — 9) HoHo 1 + 128(a + ) H Ho1 + <_3$ (42® + Tz
T

21
+4)H; — 33

T

128 _
(322% 420027 — 104z + 1) — T(43;2 — 21z — 9)Ho + 128(x + 1)H§>H071

1281

+ <256(:c +1)Ho,—1 + 256(x + 1)1?071) Hoq + <_x

(82° + 182 — 3z — 10)

. 128 1 ~
+512(z + 1)H0) Ho—1,-1+ (3(8953 — 302 — 15z — 2) + 512(z + 1)H0> Ho,—1,1
x

128 1

128 1 _
+ (—396(83;3 — 627 — 92 — 6) + 512(x + 1)H0>H0,1,_1 + (—333(8:&” — 54a?

— 21z + 2) + 512(x + 1)H0) g(],l,l — 384(.%' + 1)]::10’_1’_1’_1 -+ 640(.%’ + 1)H07_17_171
+ 128(IE + 1)[307,1717,1 + 1152(ZE + 1)1?[07,1’171 — 384(.%‘ + 1)I~{0717,17,1 + 640(1‘ + 1).&0717,171

256(1222 + 32 — 2) - .
( 3 ) [Ho,—1 + Ho 1]

+ 128(x + 1)f~[()71717_1 + 1152(x + 1)f~fo71,171> In(2) + <
+512(z + 1)[Ho,—1,-1 + Ho—1,0 + Ho,—1 + ﬁo,1,1]> ln2(2>] : (5.64)

Beyond the HPLs that contributed to the anomalous dimension, cf. Eq. (5.21), here also the
following HPLs occur

Hoy _1,-1,-1,Ho—1,-11,Ho, 101, Ho,—1,1,—1, Ho,—1,1,1, Ho,0,—1,—1, Ho,0,-1,1,
Hoo,1,-1,Ho1,-1,-1,Ho1,-1,1, Ho1,—1, Ho—1,-1,0,1, Ho,—1,0,-1,—1, Ho,0,-1,-1,— 1,
Hop,-1,0-1,Ho,0,-1,0,15,Ho,0,0,-1,—1, H0,0,0,-1,1, H0,0,0,0,—1, H0,0,0,0,1, H0,0,0,1,—1,

Ho,0,0,1,1, Ho,0,1,0,-1, Ho,0,1,0,1, Ho,0,1,1,1, H0,1,0,1,1, Ho,1,1,1,1 (5.65)

along with a number of HPLs evaluated at 1 — 2z,

Hy,1,Ho, Ho—1,-1,Ho,~1,1, Ho,—1, Ho1,1, Ho,—1,-1,—1, Ho,—1,-1,1, Ho,—1,1,-1,

Ho_111,Ho1,—1,-1,Ho1,-1,1, Hojp1,—1, Ho10, Ho—1,-1,-1,1, Ho,—1,-1,1,-1,

Ho 1,111, Ho—11,-1,-1,Ho—11,1,-1, Ho,~11,1,1, Ho,1,-1,-1,1, Ho1,-1,1,-1,
Ho1,-11,1,Hoja1,-1,-1, Hoj1,1,-1, Houa,1 (5.66)

While alg;],a,(:s) and agi,b,(:&) individually take on non-vanishing values for x = 1, their sum cancels
S,b,(3)

exactly. Moreover, ag » vanishes at x = 1/2.

Before moving on to the renormalisation of the OME, we would like to discuss the behaviour of
the constant term for small and large values of x. Since the pure-singlet OME does not contain
any distributions, like §(1 — z) or plus distributions, the limits 2 — 0 and x — 1 can be taken
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5. Pure-singlet contributions to DIS
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Figure 5.2.: Large x behaviour of azagi’m () compared to different terms of its expansion around
x = 1. The red, solid line depicts the exact result, while the dotted line gives
the numerically leading term of the expansion. The dashed line includes also the
numerically next to leading term and the dash-dotted line shows all terms of the
form (1 — z)In*(1 — ).

directly in z space. For x — 1 we get

2
agy@(x) o CpTp(l - m){(C’A — Op)In(1 - 2)
r—1 9

— %(23CA —21Cfr + 4(2 - NF)TF) ln3(1 — x)} + O((l — x) ln2(1 — x))

o (1—2x) [O.24691358 In*(1 — ) 4 (—4.44444444 4 0.19753086 Np)In*(1 — )
4 (—2.28230742 4 0.98765432 N7)In*(1 — )
+ (—357.426943 4 15.9385086 N7)In(1 — z) + 116.478169 + 14.3167889 Np

+0((1—2)*n*(1—2)). (5.67)

For the numerical values we use the QCD values of the colour factors for SU(3).. We illustrate
the contributions of terms of the form (1 —z)In®(1 — z) for k up to 4 in comparison to the exact
function in Fig. 5.2. Formally, the & = 4 term dominates close to x = 1, but the large disparity
of the numerical coefficients entails that it starts to be the largest contribution only very close
to x = 1. With Np = 3 this happens for z > 1 — 10~7. As it turns out, the & = 1 term is
numerically most relevant, followed by the k£ = 0 term for values of  up to 0.99.

The expansion around x = 0 yields

In(x)

PS,(3) 64
Aoy ($) r%(} %CFTFCA [1312 + 135( — 189{3]
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5.1. The pure-singlet operator matrix element

exact

O(x=tlng) e .

Oz )+ Oz tIng) -----

O ) +O0(xtinx) + > O(ln’[’ x) ------

1073 1072 1071 1

Figure 5.3.: Small  behaviour of xagi’(?’) (z) compared to different terms of the expansion of the
OME. The red, solid line shows the exact expression and the dotted line illustrates
the formally leading term o< In(z)/x. Including the O(z~1) term yields the dashed
line and the dash-dotted line also includes the logarithmic terms of the expansion.

Nevres (2122360 . % By 56900 ‘oo 34996 ‘o 52? <2>
+ C2Tp (1223704 — %BZL +192¢, — %16(3 + 80(_,‘2>

oo (T 2mc)

+ CpT:Np (—117121904 + %Q& - 32270C2)] % + O(ln5(m))

In(x)

1
x 688.39630—— + (3812.8990 — 44.003690N )~ + 1.61n°(z)
X

X

+ (—20.345679 + 0.7901235N7) In*(2) + (165.11455 + 2.6337449N7) In®(z)
+ (—604.63554 + 30.502827N ) In?(x) + (3524.9967 + 33.908944Np) In(z)

+0(2?) .

(5.68)

We plot the asymptotic behaviour in this limit in Fig. 5.3. Again, the formally leading term of
the small z limit o< In(x)/z does not give a good description of the OME at finite values of z.
This has also been observed in other small = studies, see for example [436, 455|. Including the
7! term improves the description up to & ~ 5- 1072, but becomes insufficient for larger values
of . Adding also the (’)(lnk(w)) terms for £ = 1,...,5 extends the region where the small x
expansion describes the OME up to 2 ~ 2 - 1072,

The authors of [456] gave a prediction for the constant term using the small z limit and the
fixed moments of the pure-singlet OME calculated in [203]. In Fig. 5.4 we compare the exact
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5. Pure-singlet contributions to DIS
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Figure 5.4.: Comparison of the prediction for xagi’(g) (x) from [456], drawn as the shaded region,
with the exact result which is given by the red, solid line. The dashed, black lines
show the first terms of the small x expansion of the exact result.

result to the prediction of [456]. Our result is located at the edge of the range suggested by the
prediction. For several values of x, the range of the prediction shrinks to a point which matches
the exact result. This is enforced by the known fixed moments which were used in the prediction.

After applying the renormalisation and factorisation procedure outlined in [203], we arrive
at the renormalised result in N space. Using the shorthands F' and G defined in Egs. (5.3)
and (5.23), respectively, and denoting the logarithm of the scale ratio Ly; = In(m?/u2) the result
reads

8(N? 45N +2) (5N? + 7TN? + 4N +4)
APS(N) = a?CpTp{ —AFL3, — L _sF
0q(N) = a;Cr F{ v — L (N —1)N3(N - 13(N + 2)2 8F Sy
4P 3 9 5 128 5 [32
Ti|—Ly,—F + Ly, | —F
+(N—1)N4(N+1)4(N+2)3}+a5 CpTi| =Lyy—5-F + Ly |5 %
32P168 64P209
- 3 2 5| +Lm 3 3 551
9N = 1)N3(N +1)%(N +2) 9N — D)N3(N + 1)3(N + 2)
64 Paog 32
- 2752 328, | F
27(N ~ DNI(N + I(N + 2)° < 3 51— 325
16
Py91 53 + PaorS
+27(N—1)N3(N+1)3(N+2)2(N—|—3)(N+4)(N+5)< 221071 + £22792
2Py35 2P0 16 5 208
- S —=8) - ==818
3N(N +1)(N +2) 1+9N2(N+1)2(N+2)2>+< 5751 — —5 5152
32, . 128 896 32 39
_2753+3Sz,1—9C3)F +CFNFTZ% —L:J))ij*'L%w [_31?51
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5.1. The pure-singlet operator matrix element

32 Paog i, 32 P59
9(N — 1)N3(N + 1)3(N + 2)2 MIg(N = 1)N3(N + 1)3(N +2)2
32Pas 16 , 80
27(N — )NAN + DA(N +2)8 T ( 39173 S2>F]
16 2Pyg5
27(N —1)N3(N + 1)3(N +2)? 3N(N +1)(N +2)

2Pys6 16 5 208 1184, 256
S TGS — S+ 2 | F
+9N2(N+1)2(N+2)2>+< o7l T g S St C3>

+ 51

+

<P1595% + P21152 — S1

4(3N?+3N +2) 16 4Pyos
Ly F — =S|+ L |55 G + | 165
M [ 3N(N +1) 3 1] - M[N?(NJr e ( ?

B 8(5]\72+N—2)S1 Fl 4Ly _ 4(5N® +4N? + 9N +6)
N(N +1) N+1
_ 4Poo7 S+ 8 P23
(N—DN3(N+13(N+2272 " (N=1)N (N + D)i(N +2)3

4Po33

+ C%Tr

S2G

S1

8 a3 80
T (N —1)N5(N + 1)5(N + 2) + <3S1 — 245152 — 353 + 32521
4
i 96C3> F] TIN - DM(N T 1PN 1 202 <8P21252’1 -

B 2P519 2 2P524 S+ Py39
NN+1D)(N+2)"' " NN+ 1)(N+2)72 " N3(N +1)3(N +2)2

21321753

+ =768, —32 g4 _ = = = -

1
+ 325371 + <64Sg(2) — 645172(2, 1) + 6452,1(2, 1) — 64517171(2, 1, 1)) S1 (2>

1 1 1 1
64 —S 2, = S 2,= ] =8 2, — S 2,-,1
+ < 1,3<,2>+ 2,2<,2> 3,1(,2>+ 1,1,2(;27>
1 1 1 1
— 2,1, - | — 2,-,1 2,1, - | — 2,-,1
51,1,2<, ,2> 51,2,1( )5 >+51,2,1<, ,2> 52,1,1< '3 )

1 1 1
—8211 (2, 1, 2) + 511,11 <2, 2 1, 1) +S11,11 (2, 1, 2 1>

1 12 1
+ 5171’171 <2, 1,1, 2>> + <3851 — 4485, <2)>C3 —32B4 + 144<4) F

32 P67
(N —1)N3(N +1)2
4P 8 Pa34
+ ( 3(N — 1)N3(N +1)3(N + 2)252 TN )N+ 1PN + 2)4>S1
32P214 C - 4P198
3(N—1)N3(N +1)3(N +2)2>°  9N(N +1)

+ 2N (7(3 — 53(2) + 5172(2, 1) — 52,1(2, 1) + 51’1,1(2, 1, 1)>

- S3G

8 P99

+ CaCrTr 9(N —1)N(N +1)(N +2)

16
L?MF[ + 351]

+ L2 8P203 SG — 8P231
MIBIN=DON(N+ (N +2)"" 7 9(N —1)2N4(N + D)*(N + 2)
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5. Pure-singlet contributions to DIS

164

16 P26

+ <1652 —|-325_2>F:| +LM|:(N— 1)N3(N+ 1)3(N—|—2)2S_2
B 8P229 S + 8P238
9(N — 12NN + AN + 227" " 27(N = 1)2N3(N + 1)5(N + 2)*

N 4Pyo5 S, + 4 Poop
3IN—-1)N(N+1)(N+2)2 " 3(N-1)N

s + - (31N? + 31N +74) S3

g2
113

+64(2N% + 2N +3)S_3 — 128(N? + N + 1)52,1> G+ (645251 — gsf

4
+ 405152 — 32551 — 96(3) F} + 3N — )N3(N £ 13(N 1 2)2 (—2P17452,1

2P5o8 g P30 g2

IN-D 2 9N-IDNN+1)(N+2)"!

B Pa3o g, _ 2Py >
IN—DN(N+1)(N+2)7> 8I(N — 1)N3(N +1)3(N +2)3

+ < 4 P50y

27(N — 1)N(N + 1)(N +2)

- 1—36 (23N? + 23N — 6)52,1> Si+ 5 (57N2 + 57N +70)S_35)

+2Py155_3 + 4Py165-21 +

8
St + ((77N2 + 77N + 214)S;

+ %(mv2 + 11N +20)S_259 + - (13N2 + 13N + 34) 53

16

29N? 4+ 29N + 64) Sy — 3(31\72 +3N —2)82%,

6
+ 3(
+ %(7]\72 + 7N +11)S_4 — 8(5N* + 5N +22) S5,

—32(5N* + 5N +2)S_55 — % (BN?+5N +4)S_3,

128 8
+5 (BN? +5N —2)S_511 — g(13N2 + 13N + 14) 51g3> G

16 4 8 32
- <35_2512 — §Sf + g51252 -3 S+ (—3253(2) + 3251 2(2,1)

— 3259 1(2, 1) + 3251 1 1(2, 1, 1)) S1 <;> + 32 (Sl’g <2, ;)

1 1 1 1
— S 2,- ) =8 2,—,1 S 2,1, -
2> + 3,1( ,2> 1,1,2( 1o >+ 1,1,2( ) ,2>
1 1
2, - 2777 27 9
2 1
1 1 1
- S 2,—,1 ) 2,1,=-,1| -5 2,1,1, -
1,1,1,1( 727 ) > 1,1,1,1( ’ 727 ) 1,1,1,1( s L 72>

1 N 16 Pg7
+ 75 <2 C3> + 16B4 — 144C4>F + 27 (N — 1)N3(N n 1)2 <Sg(2)

— 8172(2, 1) + S5 1(2, 1) — 5171,1(2, 1, 1) — 743)

n 4Po13 g, _ 4 P37 g
9(N —1)2N3(N + 1)3(N +2)27% ~ 81(N — 1)2N5(N + 1)5(N +2)1 )"}
P 2P
8 P20 32 Psos S1>5

- <_3(N TNV + DAV 127 T 3(N — DN3(N + 1)3(N 1 2)2



5.1. The pure-singlet operator matrix element

8 Pa0
- 9(N —1)2N3(N + 1)3(N + 2)2<3] } ’ (5.69)

where we refer to the polynomials defined already for the constant part of the OME, and in
addition we use

Pios = 5N* + 22N3 + 49N? + 32N + 4 (5.70)
Pigg = 1IN* + 22N? — 23N? — 34N — 12 (5.71)
Pago = 17TN* — 6N? + 41N? — 16N — 12 (5.72)
Py = 3N® + 11N® + 14N? — 4N — 8 (5.73)
Pyog = TN® +15N° + TN* — 23N® — 26N> — 20N — 8 (5.74)
Pz = 1TN° + 51N° + 51N* + 89N? + 40N? — 80N — 24 (5.75)
Pyos = 1TN® + 69N + 153N* 4+ 131N® — 86N> — 116N — 24 (5.76)
Pogs = T3NS + 189N® + 45N* + 31N3 — 238N2 — 412N — 120 (5.77)
Paog = 2N7 + 16N® + 37N® + 96N* + 143N® 4 142N? + 132N + 40 (5.78)
Pao7r = 3N7 — 15N° — 133N° — 449N* — 658 N* — 500N — 296N — 96 (5.79)
Paos = 3NT + 18N® + 49N? + 140N* + 190N? + 152N? + 120N + 32 (5.80)
Pygo =8N + 37N® + 83N + 85N + 61N? + 58N? — 20N — 24 (5.81)
Pa1g = 81N + 289N 4 331N + 99N* — 128N? — 448N — 688N — 240 (5.82)
Py11 = 104N7 + 481N® + 1064N° + 1009N? + 646 N® + 640N? — 344N — 336 (5.83)
Py1p = 6N® + 40N7 + 87N° + 62N° + 93N* + 220N° + 148N? + 96N + 64 (5.84)
Pa13 = 269N° + 1010N" + 1558 N + 2084 N° + 3633N* + 1950N* — 420>

— 2632N — 864 (5.85)
Py1y = 6N +24N8 — 6N7 — 138N6 — 191N° — 422N* — 927N — 526 N2

— 132N — 136 (5.86)
P15 = 6N + 39N8 + 89N + 136N + 85N° + 183N* + 358 N3 + 344 N2

+ 440N + 112 (5.87)
Py = 6N? +39N® + 105N7 + 88N® — 91N° — 329N* — 410N3 — 344 N>

— 264N — 80 (5.88)
Pyi7 = 72N + 432N8 + 965N7 + 757N6 — 720N° — 3193N* — 4848 N3 — 1968 N>

+ 528N + 16 (5.89)
Pyig = N0+ 8N? + 29N8 + 49N — 11N® — 131N° — 161N* — 160N> — 168N?

— 80N — 16 (5.90)
Pyrg = 3N + 39N? + 111N® — 27N7 — 692N° — 1390N° — 1232N* — 636N

— 248N?% 4+ 80N + 96 (5.91)
Py = 5N + 32N° + 46N® + 82N7 — 137N — 658 N° — 1114N* — 2576 N>

— 3680N? — 1952N — 416 (5.92)
Pyy; = 8N 4 133N° 4 564N8 — 720N7 — 9202N6 — 18333N° — 13074N*

— 10744N3 — 5512N2 + 19440N + 14400 (5.93)
Py = 9N — 218N® — 323N7 + 1211 N% — 308 N° — 5724N* — 1035N3 + 810N 2

+ 76N + 984 (5.94)

165



5. Pure-singlet contributions to DIS

Pros = 19N + 143N 4+ 427N® + 567N + 454N + 822 N° + 1560N* + 1784 N3

+ 1488N? + 768N + 192 (5.95)
Pyyy = 36N 4+ 169N° 4+ 33N8 — 1407N7 — 4051N° — 6392N° — 8176 N* — 8212N3

— 5560N? — 2736 N — 736 (5.96)
Poos = 43N0 4+ 320N° + 939N + 912N7 — 218N6 — 510N° — 654N* — 1232N3

+ 16N? 4 672N + 288 (5.97)
Pygs = 43N0 4+ 320N? 4 1059N8 + 1914N7 4 2431N° + 2874 N> 4 2379N* + 820N3

+ 352N* + 336N + 144 (5.98)
Poo7 = 104N + 1729N? + 10752N8 + 31392N7 + 48422N° + 57231 N° + 75450N*

+ 59408 N3 + 28136 N2 + 47376 N + 31680 (5.99)
Pyyg = 135N + 702N° + 1547N® + 1319N7 + 553N° + 2150N° — 3213N* — 67353

— 7854N? — 7492N — 1272 (5.100)
Pygg = 136N + 647N + 1110N® — 438N7 — 2555N6 — 2106 N® — 3105N* — 3167N*

+ 418N? + 924N + 72 (5.101)
Py3g = 19N — 17N + 190N? + 1350N® + 1060N7 — 4480N° — 12285N° — 13625 N*

— 5556 N3 4 2768N? 4 4512N + 1872 (5.102)
Pyzp = 118N + 793N + 2281 N® + 3402N® 4 2428 N7 4 1457N° + 1917N°

+ 2476 N* + 4392N3 + 4976 N? + 2832N + 576 (5.103)
Ph3s = 1669N 1! + 10399N10 + 26752 N + 36576 N8 + 33436 N7 + 39590 N°

+ 33039N° + 8815N* + 27708 N3 + 47504N? 4 33312N + 8784 (5.104)
Py33 = 37TN'2 4 305N 4+ 1107N10 4 2328 N? 4 3520 N® + 5020N7

+ 7642N° + 10519N° + 10938N* + 8248N3 4 4656 N2 + 1712N + 288 (5.105)
Po3y = 18N'2 + 193N + 900N + 2378 N0 4 3486 N? + 2817N® + 2052N7 + 2256 N

+ 2804N° + 7272N* + 12512N2 + 10304N? + 4672N + 896 (5.106)

Py3s = 25N 4+ 1016 N2 4 11804NM + 63190N10 4 184075N? + 321474N®

+ 375092N7 + 324832 N° + 221884 N> 4 205760N* + 302240N3 + 288576 N2

+ 153792N + 34560 (5.107)
Py3s = 158N + 1663 N2 + 7309N M + 17981 N0 4+ 35774N? + 59586 N8 + 56374N 7

+ 23504N6 + 25457N5 + 30298 N+ — 11384 N3 — 30000N? — 18864N — 4320  (5.108)
P37y = TTINY™ 4+ 1046 N'3 + 7131N'2 + 35512N ! 4 87723 N 10 + 89530N° + 46927 N8

+ 41002N7 — 194958 N — 644698 N° — 589404N* — 123376 N> + 61248 N

+ 22752N — 1728 (5.109)
Pysg = 686N + 6560N '3 + 25572 N 12 4+ 43489 N + 9045 N0 — 72044 N9 — 125240 N8

— 156761 N7 — 206883 N5 — 241600N° — 250212N* — 225808 N3 — 150864V

— 56448N — 8640 (5.110)
P39 = 100N'® + 1170N™ + 6234N 13 4 20518 N2 + 4921 7Nt + 94274 N10

+ 145788 NY + 172682N® + 139145N7 + 47068 N — 50228 N° — 96416 N4

— 82448N? — 41536 N? — 11968 N — 1536 (5.111)
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5.1. The pure-singlet operator matrix element

Pyyo = 158N + 6799N1 + 93011 N + 633970N 13 + 2547481 N2 4 6605953 N 1
+ 11841596 N0 ++ 15808910N° + 17140651 N8 4 16081262N " + 12756671 N©
+ 7253426 N° + 1318688 N* — 2323728 N3 — 2738448 N? — 1334880N — 259200 (5.112)
Poyy = 2272N17 4+ 27343 N16 4 135485 N1° 4 332260N 4 + 398250N 13 + 111012N12
— 530356 N1t — 1134420 N1 — 86378 N? + 3545573 N® 4 7139427N7 + 8691144 N°
+ 9505284 N> + 9549872N* + 7324752N3 + 3612672N2 + 1017792N + 124416 .
(5.113)

All nested sums which appear, can be continued to complex values of the argument N by per-
forming the asymptotic expansion for N — oo analytically, cf. [147, 261], and then using the
recurrence relations for the sums. Expressions in x space can be derived by applying the inverse
Mellin transformation, which results in the expressions presented in Eq. (E.10) in Appendix E.

The heavy quark mass m, which appears in the logarithms Lj; in the result above, refers to
the OMS scheme. If we reexpress the result in terms of the MS mass, we get a slightly different
expression. The difference between the two schemes is given in N space by

PS,MS PS,OMS
Agy T (N) = Ag, T (N) =

48(N? + N +2)° m?
C%TF{ e AR ()

©2

16(4N7T + 20N 4 37N — AN* — 43N3 — 34N? — 52N — 24) n <m2>
(N —1)N3(N +1)3(N +2)?

64(5N? + 7TN? + 4N +4) (N? + 5N + 2)

a (N —1)N3(N + 1)3(N + 2)2 }

(5.114)
where we have identified the masses in both schemes symbolically to shorten the expression.
Analogously, the difference in x space can be written as

16(1 — z) (42 + Tz + 4)
x

Ay (@) = Ay S (@) =c%TF{

2
+96(x + 1)H0] In? <mQ>
1

L2 (e 1)(5e —2) +16(8¢% + Tx — 5)Hy

+1‘3

m2

64
— 48(z + 1)H§] In (;ﬁ) — ?(83:2 + 15z + 3) Hy

+ 64(x +1)HE — (5.115)

128(1 — ) (2822 + = + 10) }
Oz '

We would like to discuss also the numerical behaviour of the pure-singlet OME as a function
of x and Q2. For the illustrations, we use the = space expressions from Eq. (E.10) and we employ
the Mathematica package HPL-2.0 described in [457, 458] for the numerical evaluation of the
HPLs. The value of the strong coupling constant as(p?) is obtained using the LHAPDF library
from the parametrisation of the NNLO analysis in [218]. We keep the value of a(u?) the same
for both NLO and NNLO illustrations since we would like to discuss the influence of just the
OME itself. We consider the case of three massless quarks and a massive charm quark, whose
mass in the OMS scheme we take to be m. = 1.59 GeV, as determined in [226].

Figure 5.5 shows the OME Ag% at 2- and 3-loop order for different choices of the scale u?

between 20 GeV?2 and 10000 GeV2. At small values of x, the 2-loop term of the OME (dashed
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Figure 5.5.: Illustration of the pure-singlet OME Ag% for charm quarks at different values of the
scale 2. The dashed line corresponds to the 2-loop term, while the solid line shows

the sum of the 2-loop and 3-loop corrections. The charm quark mass m. = 1.59 GeV
is treated in the OMS scheme [226].
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5.1. The pure-singlet operator matrix element
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Figure 5.6.: The medium « behaviour of the pure-singlet OME Ag% for charm quarks. The
dashed line corresponds to the 2-loop term, while the solid line shows the sum of the
2-loop and 3-loop corrections. The charm quark mass m. = 1.59 GeV is treated in
the OMS scheme [226].
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5. Pure-singlet contributions to DIS

line) is negative, while the sum of the 2- and 3-loop correction (solid line) is of opposite sign.
The overall size of the OME increases when p? increases. Due to the rapid growth of the OME
towards smaller values of x, an important feature is hidden in Fig. 5.5, which we demonstrate in
Fig. 5.6. Despite being positive below z ~ 1074, the sum of the 2- and 3-loop terms is negative
above some value of x and approaches zero from below for £ — 1. This fact will be important
when we discuss the heavy flavour Wilson coeflicient, since there, as well as for the matching
relations of the variable flavour number scheme, we need to compute the Mellin convolution of
the OME with the singlet PDF combination. This convolution receives contributions from all
values of z and due to the sign flip of the OME, cancellations will occur. The value of x for
which the OME changes sign shifts from z ~ 8.3 - 1072 for u? = 20GeV? to z ~ 1.5 - 10~ for
p? = 10000 GeV2. The 2-loop term, on the other hand, remains negative over the whole range
of  and for all values of u? considered here. At around z =~ 1072 the 3-loop term also becomes
negative, so that the sum of 2-loop and 3-loop corrections has a slightly larger absolute value
than the 2-loop contribution alone.

The pure-singlet OME APS ) also enters the matching relations of the variable flavour number
scheme. In particular, it enters in the relations for the new, heavy quark PDF combination
fo(z, Np+1)+ fo(x, Np+1) and the singlet combination ¥(z, Np+1). Both relations, however,
also receive contributions from the OME A(3), which has not been completed yet. Therefore,
we cannot yet present illustrations of the impact from the pure-singlet OME on these matching
relations.

5.2. Contribution to unpolarised scattering

The structure function F»(z, Q?) for unpolarised neutral current scattering receives contributions
from the pure-singlet heavy flavour Wilson coefficient H, ; g The relevant part of the structure
function, which is given in full in Eq. (2.90), reads

QQ m2

FhPS(x Nrg+1,Q%m )—er [H (m,NF—Fl,lﬂ,MQ) ® Y(z, p?, Np) |, (5.116)

where eg is the charge of the heavy quark and ¥(z, 12, Nr) denotes the singlet PDF combination
in the fixed flavour number scheme, cf. Eq. (2.66).

The factorisation of the heavy flavour Wilson coefficients in the limit m? > Q? determines the
structure of the Wilson coefficients in terms of massive OMEs and massless Wilson coefficients,
cf. Eq. (2.94). The pure-singlet Wilson coefficient H, 5 5, expanded in as, can be written in this
limit as

HES(Np +1) = a2 [Ag7 @ (Np + 1) + Cp5 P (N + 1)

+a? [APS D (Np +1) + CEy O (WNp +1) + A2 (Np + 1)ESS (N + 1)

NS, (1)(

+ A (Np + 1)0N NF+1)]. (5.117)

The pure-singlet OME at 2-loop order APS’(2) was calculated in [201, 205] and the 2-loop result for

Al q) o can be found in [202, 207]. For the massless Wilson coefficients C’ , we refer to [106] for a
collection of the 1-loop results, while the 2-loop corrections were pubhshed in [118-121]. Finally,
also the 3-loop result is known [138]. The massless Wilson coefficients depend logarithmically on
the scale ratio @°/u2. Terms proportional to logarithms of this scale ratio Ly = In(@*/m?) vanish
of course for the choice p? = Q?, which is often used to present the results. These logarithmic
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5.2. Contribution to unpolarised scattering

terms can, however, be fully recovered from the renormalisation group equations, as outlined for
example in [293].

Referring to the shorthands F' and G, see Egs. (5.3) and (5.23), the assembly of all results
according to Eq. (5.117) yields
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where we abbreviate long polynomials as P;. Those which did not yet appear in this chapter are

given by

Poys = N* +2N3 + 7TN? 4+ 22N + 20

Poyz = N° + ON* + 24N3 + 36 N2 + 32N +8

Py = 11N® + 26 N* + 57N3 + 142N? + 84N + 88

Pyys = 5N + 135N + 327N* 4 320N3 + 220N? — 176N — 120
Pyys = 16NS + 35N° 4+ 33N* — 11N — 41N? — 36N — 12

Pyy7 = 17NS

— 57N® —213N* — 175N3 — 140N? + 64N + 72

Pos = N7 —15N° — 58N* — 92N3 — 76 N2 — 48N — 16
Poyg = 3N7 — 15N% — 153N° — 577N* — 854N — 652N?% — 408 N — 128
Pyso =5NT +19N6 + 61N° + 197N* + 266 N3 + 212N? + 136N + 32
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Pys; = TNT 4+ 21N® + 5N° — 117N* — 244N3 — 232N2 — 192N — 80 (5.128)
Pyso = ONT 4+ 15N® — 103N° — 575N* — 998 N3 — 948N? — 696 N — 256 (5.129)
Pys3 = 11N + 37NS + 53N° + 7TN* — 68N3 — 56 N? — 80N — 48 (5.130)
Pysy = 25N7 +91NS + 101N° — 195N* — 546 N3 — 556 N2 — 520N — 224 (5.131)
Poss = 99N + 379N + 553 N5 4+ 465N + 232N3 — 256 N2 — 688N — 336 (5.132)
Posg = N® 4+ 8N7 + 8N® — 14N° — 53N* — 82N3 + 60N? + 104N + 96 (5.133)
Pos7 = 6N® — 42N7 — 241N% — 579N° — 307N* + 477N3 + 602N? + 492N + 168 (5.134)
Pass = 2N? + TN® + 17N7 4 30N° + 83N° + 193N* + 220N? + 136 N? + 64N + 16  (5.135)
Posg = 15N + 24N8 — 174N7 — 659N% — 997N° — 7T49N* — 156 N2 + 256 N2

+ 320N + 144 (5.136)
Pogo = 19N? + 86N® 4 144N7 — 38N® — 535N° — 1016 N* — 1180N3 — 872 N2

— 416N — 96 (5.137)
Pogy = 9N'0 — 218 N8 — 350N7 + 1238 N6 — 317N° — 5643N* — 981 N3 + 594 N2

+ 76N + 984 (5.138)
Pogo = 19N 4+ 143N + 412N8 + 426 N7 — N® + 159N° 4+ 1066 N* + 1552N3

+ 1456 N? + 848N + 224 (5.139)
Pyg3 = 20N10 4 111NY + 219N® — 3NT — 331 N6 + 920N° + 3712N* + 5080N3

+ 4192N? 4 2272N + 576 (5.140)
Pogy = 47N 4+ 823N? 4 5739N® + 21510N7 + 53459N° + 105381N° + 160023 N*

+ 158774 N3 + 104300N? + 56664 N + 18720 (5.141)
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— 6112N? — 3024N — 784 (5.142)
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Pogr = 85N 4+ 482N + 1146 N® + 1272N7 + 532N6 + 840N> + 2427N* + 2440N3

+ 1768N? + 1248 N + 432 (5.144)
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+ 100934 N3 4 57980N? + 61560N + 36000 (5.145)
Pygo = 118N + 675N + 1588 N® 4 1652N7 + 326N® + 357N° + 876 N* + 1672N?

+ 3440N? 4 2544 N + 576 (5.146)
Porg = 127N 4+ 644N? 4+ 1113N8 — 372N7 — 4016 N® — 4578 N> — 558 N* + 2008 N>

+ 2848N? + 2496 N + 864 (5.147)
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+ 6152N? + 3792N + 864 (5.148)
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Pyrq = 45N 4 485N12 + 2289 N1 4 6064 N0 + 8448 N9 + 4398 N® — 1602N7

— 2715N5 — 584N® 4 9300N? + 22624 N3 + 21232N? + 10112N + 1984 (5.151)
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+ 30199N7 — 2799NS — 73072N° — 117444N* — 105808 N> — 62992N>

— 23424N — 4032 (5.153)
Po77 = 1790N" + 13034N 13 + 34014N'2 + 16729N ' — 108615N 10 — 261746 N?

— 246794N® — 165593N" — 316791 N® — 606160N° — 724860 N* — 602224 N3
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Porg = 73N + 867N 4 4698 N3 + 16255 N2 4 43958 N1 4 97502N 10 + 165558 N9

+ 200747N® + 161729N7 + 60265N% — 48800N° — 106628 N* — 94640N*>

— 48016 N?% — 13696 N — 1728 (5.155)
Porg = 229N1'6 — 49 N5 — 48956 N1 — 530524 N2 — 2816896 N2 — 9419641 N

— 22464935N10 — 41400392N? — 60928891 N8 — 70644896 N7 — 62314487 N

— 39968930N° — 16753760N* — 2474640N° + 1995408 N? + 1334880 + 259200 .
(5.156)

The corresponding expression in = space is given in Eq. (E.14). Alternatively, one can calculate
the structure functions directly in N space and solve the evolution equations in N space, cf. [436].
Finally, one numerical contour integral around the poles of the problem is required. The necessary
analytic continuation of the harmonic and generalised harmonic sums to complex argument N
can be obtained from their asymptotic expansion and the shift relations [147, 261].

For the following illustrations of the pure-singlet Wilson coefficient and its contribution to the
structure function Fy(x, Q?), we choose the factorisation and renormalisation scale u? = Q2. To
study the scale dependence in 2 properly, the gluonic contributions would have to be taken into
account due to mixing in the scale evolution. Since the gluonic Wilson coefficient Hgsg requires

the OME AS’ ), which is not completed yet, we restrict the discussion to the choice p? = Q? for
now. The HPLs of the x space expressions are evaluated using an extension to weight w = 5 of the
code described in [423]. For the contribution from the massless 3-loop Wilson coefficient é;g’(g)
we use the parametrisation given in [138]. The PDFs refer to the NNLO sets from [218], which
are available as grids for the library LHAPDF [422]. Like for the OME, we use the parametrisation
of the strong coupling constant that belongs to this PDF set. Moreover, we use the same value
of the coupling constant and PDFs for both the 2-loop and 3-loop curves in order to enable a
better comparison of the impact from the Wilson coefficient. We consider the case of Np = 3
massless quarks and a single massive quark in the fixed flavour number scheme. Unless stated
otherwise, the massive quark is a charm quark for which we use m, = 1.59GeV in the OMS
scheme [226].

Before discussing the contribution to the structure function Fy(z,Q?), we illustrate the Wilson
coeflicient H;S in z space in Fig. 5.7. In contrast to the 2-loop OME, cf. Fig. 5.5, the 2-loop
Wilson coefficient is positive at small = for Q% = 20 GeV2. Above Q? = 50 GeV?, it becomes
negative as well. The overall shape of the Wilson coefficient at small x is similar to that of the
OME;, although the size of the sum of 2-loop and 3-loop contributions is larger than just the
contributions from the OME alone. Figure 5.8 zooms in on the region of x where the 3-loop
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5.2. Contribution to unpolarised scattering
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Figure 5.7.: The heavy flavour Wilson coefficient H; 5 for different values of @Q?. We choose

p? = @Q? and refer to the charm quark as the heavy quark (Np = 3) with a mass
of me = 1.59GeV in the OMS scheme [226]. The dashed line shows the 2-loop
contribution alone and the solid line gives the sum of the 2-loop and 3-loop terms.

177
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Figure 5.8.: Illustration of the Wilson coefficient H, qrj g near its sign change. The scale choice and
charm quark mass are the same as in Fig. 5.7.
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5.2. Contribution to unpolarised scattering

Table 5.1.: Charm contribution from H, ; 5 at the lowest value of = which is kinematically access-

ible at HERA.

QQ/GGV2 xo F;PS(Z‘D, QQ)
20 0.0002 —0.013
100 0.001 —0.026
500 0.005 —0.023
1000 0.01 —0.019
5000 0.05 —0.007
10000 0.1 —0.003

term of the Wilson coefficient becomes negative. The features observed in Fig. 5.6 for the OME
remain qualitatively unaltered. The sum of the 2-loop and 3-loop terms is negative for x in the
intervals 1.4-1072 < 2 < 0.8 at Q% = 20GeV? and 2-107* < z < 1 at Q? = 10000 GeV?2.
Again, the 3-loop correction is negative for > 0.01 to 0.1, depending on Q?, which makes the
absolute value of the correction up to O(a}) larger than the O(a?) correction.

In Fig. 5.9 we plot the heavy flavour contribution from H ; 5 to Fy(x,Q?) for a charm quark.
Moreover, the analogous plot for the contribution from bottom quarks is shown in Fig. 5.10, also
assuming N = 3 in the fixed flavour number scheme to preserve additivity. The bottom quark
mass in the OMS scheme is my, = 4.78 GeV [226]. Here we do not yet include contributions from
diagrams with both charm and bottom quarks, which start to contribute at (’)(aj:’). Contributions
of this type are presented elsewhere. Both at 2-loop and 3-loop order the pure-singlet contribution
to the structure function Fy(z, Q?) is negative. The fact that the structure function is negative,
even at = 107°, is a consequence of the negativity of the Wilson coefficient at medium values
of z, which we discussed above. In the convolution integral, the positive contribution from =z
below 10™* is cancelled by the negative contribution from medium values of z. At z = 10~*
and Q? = 100 GeV? we get —0.026 for the O(ag’) charm correction to the pure-singlet structure
function and —0.0015 for the bottom correction. The lowest attainable value of x for a given
virtuality Q2 is given by zy = Cj—;, where s is the centre-of-mass energy and y < 1 denotes the
inelasticity, cf. Eq. (2.5). To get a rough estimate of the kinematic reach that is experimentally
accessible, we can assume s ~ 10° GeV? for HERA. With these kinematic constraints, we get
the values listed in Table 5.1 for the charm contribution at the smallest, kinematically allowed
configuration. By comparison, the bottom quark contribution is about one order of magnitude
smaller.

179



5. Pure-singlet contributions to DIS

Figure 5.9.:

180

—0.01

—0.02

—0.03

—0.04

—0.05

—0.02
—0.04
—0.06
—0.08

-0.1
—0.12 F Q2 =100 GeV2 i

—0.05

—0.1

—0.15

—-0.2

0925 b Q? =500GeV? X Q? = 1000 GeV? ]

Q? = 5000 GeV? Q? = 10000 GeV?

705 1 1 1 1 1 1 1 1
107 107* 1072 1072 10°' 10=° 10=* 10=3 10=2 107! 1

T

The pure-singlet charm contribution from H, ; 5 to the structure function Fy(x, Q?).
The scale choice and charm quark mass are the same as in Fig. 5.7. For the PDFs
we use the NNLO sets from [218|. The dashed line shows the 2-loop contribution
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6. Ladder- and V-diagrams for A( )

In this chapter, we turn to a collection of individual diagrams which contribute to the massive
OME AS;. This OME is characterised by having external, on-shell gluon states and the operator
insertion on a massive quark line. Contributions to this OME start at O(as) and its 3-loop term
is relevant for the factorisation of the heavy flavour Wilson coefficients H 95’2, see Eq. (2.95).
Furthermore, it appears in the matching relations for fo + fg, Eq. (2.112), and hence also for
Y, Eq. (2.114). Here we will discuss the calculation of physical diagrams with ladder- and V-

topologies, which form an important class of diagrams in AB) This is related to the calculations
in [343] in the sense that we calculate the same diagrams (including some additional diagrams),
but here we consider the full diagrams as they arise from the Feynman rules of QCD and the
operator insertions instead of just the scalar prototypes considered in [343]. We chose to calculate
these diagrams as a pilot calculation to test and develop our methods. Their complexity goes
beyond that of the Benz diagrams which appear in the non-singlet and pure-singlet OMEs,
discussed in the previous two chapters, see also [358, 397|. The results of these calculations are
published in [268], where also the relevant methods are described.

Three-loop ladder diagrams appear in the OMEs A((]?;%Q, ASZQ and Agé. They have three loops,
of which two loops have no propagator in common and where the external legs are connected
to the two opposite loops. The loops can have different fields assigned, but the presence of a
heavy quark requires at least one massive line. In contrast to the diagrams considered here, the

@3 )

ladder diagrams of A must have both a massive and a massless quark and the operator must

be on the massless quark line. This restricts the possible diagrams to configurations where we
assign the quark lines to the two outer loops. Diagrams of this type were calculated in [336],
since they are always proportional to IV, FT%. They are easier to calculate since they can contain
at most three different massive propagators. A sample of ladder diagrams contributing to Ag;

is depicted in Fig. 6.1. Compared to Aégg)Q there is more freedom how to assign fields to the

Figure 6.1.: A sample of ladder diagrams which contribute to AS’;.
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6. Ladder- and V-diagrams for A5

Figure 6.2.: A sample of V-diagrams which contribute to Ag’;.

basic ladder topology. For AS;, the only requirements are that the external legs are gluons, that

there is a massive quark line and that the operator is placed on that line. In principle, also two
separate, massive quark lines can be present in a ladder diagram, but since their contribution is
proportional to TI%, they again form separate colour factors and we exclude those diagrams from

(3) , when the operator
is placed on one of the gluon lines or vertices instead; see the discussion in the next chapter.

In addition to the ladder diagrams, the Feynman rules of the operator insertions also allow
for an additional topology which contributes to AS’;: V-diagrams are diagrams with a central
triangle, which can occur due to the gggg operator. FExamples for such diagrams are shown
in Fig. 6.2. V-diagrams can be obtained from ladder diagrams by contracting the upper or
lower propagator of the central loop. Additionally, they can also be obtained from crossed box
diagrams by contracting one of their upper or lower central propagators. These two ways to
obtain a V-diagram are reflected by the two terms present in the Feynman rule of the gggg
operator,

the present discussion. Analogous ladder diagrams also contribute to A

N—-3 N-2
piy P2 PAMAYAY T (Ap) V(A )
5=0 I=j+1
bs. @ pa; v b X [(tbta)ji(APl + Aps) I (100)i(Apr + Apy) T

The scalar products of the first term can be brought into the form of OP§N73) (p2, p1,p1+p3) and
the second term can be written as OPgN_B) (p2, p1,p1+p4), where we refer to the definition of OPg
in Eq. (3.6). Hence, the generating function for this operator involves three linear propagators

which can be expressed graphically as

i 5 TSN U o 2 T SO SO -2 o - S SO
b1 D2 b1 b2
%
b3 D4 D3 D4 D3 D4
1 1 1 1 1 1

1—tA.p1 1—tA.(p1+p3) 1—-tA.ps 1—tA.p1 1—tA.(p1+pa) 1-tA.pa -~

Here the dashed lines with blank arrows represent linear propagators and the direction of the
arrows give the direction of momentum flow. The gluon momenta are taken to be incoming. As a
result, the V-diagrams have two parts, correspondent to the two terms of the operator Feynman
rule, which carry different combinations of momenta in their linear propagators. For diagram 12
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of Fig. 6.2 the two terms can be drawn as

k‘l k2

ki + ko —ks—p

Here we have shifted the loop momenta such that the momentum flowing through the linear
propagators is as simple as possible. On the other hand, the lower fermion propagator of the
central triangle now carries k1 + k2 — k3 — p. Note that, while the upper diagram is planar, the
lower diagram has a non-planar structure. We map the scalar integrals of the former part to
the planar integral family B3a, whereas we need the non-planar family C3a for the latter part.
We see that, even though the original diagram is planar, the operator introduces “non-planarity”
into the diagram. We will call the part of the diagram corresponding to the upper diagram the
planar part and the part corresponding to the lower diagram to non-planar part. The difference
in complexity also translates to different types of sums appearing in the results. As we will
see below, the result of the upper diagram can be expressed purely in terms of harmonic sums,
while the calculation of the lower diagram turns out to be particularly challenging and the result
requires binomially weighted sums.

A similar discussion applies, in principle, also to diagrams 10 and 11 from Fig. 6.2: They have to
be split into two parts, which are mapped to a planar and a non-planar integral family. However,
the colour structure of the non-planar part simplifies exactly to zero, thereby eliminating the
need to calculate this part of the diagram. Therefore, the complexity of the diagrams 10 and 11
is comparable to that of other ladder diagrams.

The calculation of the ladder- and V-diagrams again follows the procedure outlined in Sec-
tion 3.1: The diagram description is generated using QGRAF [347| and treated with the FORM
[216] programs developed for [193, 203] to insert Feynman rules, perform the Dirac and colour
algebra and express all diagrams as scalar integrals from the families Bla, B3a and C3a. Those
are reduced to master integrals via IBP relations computed using Reduze 2 [353, 354]. In total,
157 master integrals are required to express the twelve diagrams. Table 6.1 lists the number of
required master integrals for the individual diagrams. The largest number of master integrals
is required by diagram 12 with 92 integrals. Besides the three families which already appeared
among the scalar integrals, also the families B5a, B5b and B5c are present in the set of master
integrals. Some of the integrals, in particular from the family Bla, appear also in the pure-
singlet OME Agi’(?’), so that their solutions can be reused or calculated to higher orders in ¢, if
necessary. We apply the techniques described in Section 3.3 to calculate the remaining master
integrals. In particular the calculation via differential equations, see Section 3.3.4, is crucial for
completing this task. The set of 32 master integrals, which are used as an example for a hier-
archical system of differential equations in Table 3.1, are required for the calculation of diagram
12. They are solved via differential equations using the routines implemented in SumProduction
[254-257|, which uses Sigma [241, 252, 253|, HarmonicSums [258-263| and EvaluateMultiSums
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6. Ladder- and V-diagrams for A5

Diagram # Master Integrals

D, 28
Do 43
Ds 43
Dy 72
Ds 16
Dg 13
D 13
Dg 8
Dy 19
D1 46
Dy, 39
D124 61
D12y 80
Dqs 92

Table 6.1.: Number of master integrals required for the individual diagrams of Figs. 6.1 and 6.2.

[254-257]. The system contains four master integrals from the non-planar family C3a, one of
them being the scalar prototype of the non-planar part of diagram 12 itself. One sector of six
master integrals was calculated using the multivariate Almkvist-Zeilberger algorithm [384, 385],
which is implemented in the Mathematica package MultiIntegrate [259], see also [268]. Using
these techniques, all master integrals required for the example diagrams can be calculated. By
writing the results for the master integrals as formal power series in the tracing variable ¢, in-
serting them into the expression of the diagram, extracting the Nth coefficient in the expansion
in ¢ and simplifying the resulting sums, see Section 3.1, we obtain the results for the diagrams
in NV space.

As an example for one of the more involved ladder diagrams, we give the result for diagram 4
from Fig. 6.1,

Ca 2 f2s6  (1-5) 16 [ 2(TN? 4+ 36N + 38)

D4 = | — — CF TF — —
2 B 3(N+1)(N+2) 2| 3(N+1)2(N +2)?
(N —1)(4N +9) SN + 17 9 PogoS1

BNINFD(N+2)72 "3N(N+1)(N+2)""  3N2(N + 1)2(N +2)2

4 [ 23N2 — 57N +198 5 2(10N2+ 13N + 40)

el OINN+D)(N+2)(N+3)"' BNN+1)(N+2) >
2(30N3 + 289N? + 357N + 432) 4Pygy
IN(N+1)(N+2)(N+3) > 3(N+13(N+2)3(N +3)
n Pyg3 St — PagaSo 8(1—51) 6
3N2(N + 1)2(N +2)2(N +3) ' (N +1)(N +2)
8N3 +47N?% — 113N + 30 2Psg9
- <3N(N TN+ 2)(N+3)72 T 3N3(N + 13(N + 2)3(N + 3)>81]

N (—37N?+38N —345) _, N 4(26N3 4 401N? + 2969N + 3408)
IN(N +1)(N +2)(N +3)"! 3N(N +1)(N +2)(N +3)

3,1
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2(86N?® 4+ 558N? + 2723 N + 2661) 4Pyg659 1
~ 3N(N+D(N+2)(N +3) YT 3NZ(N + 1)2(N +2)2(N +3)
(204N3 + 885N + 616N — 537) 4 Pyg7 S}
3N(N 4+ 1)(N +2)(N +3) IN2Z(N +1)2(N + 2)2(N + 3)2
4(94N3 + 505N% + 1513N + 1236) S 4P5g0S3
~ 3BN(N+D(N+2)(N +3) LU 9NZ(N + 1)2(N + 2)2(N + 3)2
8 P91 _ 2P29352
3(N + 14N + 24N +3)2  3N3(N +1)3(N + 2)3(N + 3)2
8(3N3 — 193N? — 2221 N — 2829) 4Pyg9So

( NN+ DN 12N +3) 2 3NN+ 12(N + 2)2(N + 3)2
4(52N? + 235N% 4 661N + 408) 521 N 4 Pags S

3N(N + 1)(N +2)(N +3) 3NN + 1)4(N+2)4(N+3)2> !

2(4N3 — 41N? — 300N — 207) 2Pag4 2
B ( SN(N+ )N+ 2)(N+3) 2 3N3(N + 13(N + 23(N + 3)2)51

4(TN? + 36N +38)  2(N —1)(4N +9) 25N +17)

( (N+12N+22 "NN+LD(N+2) > " NN+1)N+2)"
2P)g051 16(21N3 + 64N? — 147N — 306)

- 1\72(1\7+1)2(J\f+2)2><2+ <_ 3N(N + 1)(N + 2)(N + 3)
n 32 Pogs ><3 + ()N 8Psg5 (S—3 +2S_21 + 2(3)
3N2(N + 1)2(N + 2)2(N + 3)? N2(N +1)2(N +2)%2(N + 3)2

32(N3 +5N? —2N — 12) 1 1 1
N | (5 (03) 5 (5) s s ()
1 1 1 1
+ 531 <2,2> —S2.1.1 <17 272> - 551,1,1,1 (2, 2 1, 1) + 51(2)C3]
2" Posy 8525, (£) +409,9, £ ) + 325, ( -
N(N +1)2(N +2)2(N +3)2 | 717\ 2 271\ 2 \2
168050 (1,2 ) 416801 (,1) — 4855, (1,5 ) + 165 11t
1°1,1 y 2 2.1 27 2,1 ’ 2 1,1,1 ) 2

_ 32@)] } ’ (6.1)

where the polynomials are given by

S5+

_|_

1

_l’_

Pygo = 3N* + 61N? + 134N? + 80N + 16 (6.2)
Pogi = N° — N* — 27N3 — 147N? — 290N — 144 (6.3)
Pygy = 22N° + 336 N* + 1780N> + 4431 N? + 5299N + 2496 (6.4)
Pyg3 = 25N° — 16N* — 154N® — 435N — 704N — 168 (6.5)
Pygy = 69N® + 384N* — 258 N® — 2455 N> — 2048N — 168 (6.6)
Pg5 = N® + 18N® + 100N* + 256 N* + 319N> + 210N + 72 (6.7)
Pagg = 10N + 173N° + 922N* + 1196 N® + 205N2 + 1040N + 600 (6.8)
Pag7 = 111N® + 415N° — 13N* — 1561N* — 2018 N? + 150N + 1332 (6.9)
Pygg = 6N7 48NS — 300N° — 1526 N* — 2739N3 — 1590N? + 423N + 270 (6.10)
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6. Ladder- and V-diagrams for A5

Pogg = 16 N7 + 169NS + 43N> — 2819N* — 7717N3 — 5562N? + 2250N + 2052 (6.11)
Pagp = 156 N7 — 33N° — 12269N° — 60280N* — 109720N?3 — 82685N2 — 24312N

— 4176 (6.12)
Pogy = 33N8 + 929N 7 + 9058 N® + 45257N° + 132016 N4 + 235379N3 + 255487 N>

+ 157641 N + 43128 (6.13)
Pogy = 94N® + 532N7 + 607N® — 2110N° — 6389N* — 6022N3 — 2064N? — 464N

— 96 (6.14)
Pag3 = 52NY — 320N® — 2503N7 + 7573N° + 82014 N° + 218117N* 4 255071 N3

+ 134820N? + 33912N + 7344 (6.15)
Pogy = 220N° 4 1504N% + 2695N7 — 5585 N6 — 31902N° — 54489N* — 41095N3

— 13260N? — 2664N + 432 (6.16)

Pyos = 368N 12 + 4462 N + 20941 N0 + 38782NY — 27919N® — 266895N7
— 523028 N6 — 498037N° — 240514N* — 53824 N3 — 4064N? + 1536 N
+ 576 (6.17)

For fixed values of N, it agrees with the results obtained for this diagram in [193, 203| using
MATAD [217]. Besides harmonic sums up to weight w = 4, also generalised harmonic sums over
the alphabet {1/2,1,2} are required. Since the letter 2 implies a growth proportional to 2V
of individual sums and also an explicit factor 2V appear, we have to explicitly check that the
asymptotic behaviour of the full diagram is at most logarithmic in the limit N — oco. In [344], a
massive scalar diagram was encountered which showed an exponential growth in that limit. The

asymptotic expansion, calculated using HarmonicSums, is given by
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Here we use the abbreviation ln(N ) = In(NV) 4+ v, where ~g is the Euler-Mascheroni constant.
The exponential growth cancels and only a logarithmic divergence, behaving like In* (N ), remains.
This corresponds to plus functions in x space and is expected. We obtain similar results for the
other ladder diagrams of Fig. 6.1. Among the example diagrams, we observe that generalised
harmonic sums only occur in diagrams with six massive propagators, i.e. diagrams 1 to 4. The
results for the remaining diagrams can be expressed using only harmonic sums. For explicit
results for the remaining ladder diagrams, we refer to the appendix of [268|.

Diagram 12 is the most involved diagram among the examples, due to its non-planar com-
ponent. The planar part D12 4, which corresponds to a ladder topology, is expected to be much
simpler than the non-planar part Djgp. The scalar prototypes of this diagram, which are easier
to compute, have been calculated in [344] and confirmed this expectation. Indeed, we find that
also the diagram part Dis , with its full numerator structure requires just nested harmonic sums.

It is given by
C 2 1 (1925, — 19252 — 256  128(3N +1)5;
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2453 16(3N + 1)S; 245,
S (N+1)(N+2)  (N+1)2(N+2)  (N+1)(N+ 2)>C2
+(=1)N _ 16P311 n 857
(N+1)2 (N+1)2 3(N + 14N +2)* " 5(N +1)(N +2)
128(6N +11)S_2S 57  128(6N +11)S_21 -2  64(19N +22)S,;
(N+1)(N+2)  (N+1)(N+2) 3N(N +1)(N +2)
64(105N2 + 126N —40)S5  16(116N? + 289N + 168) 52,21
I5N(N+1)(N+2) 3N(N +1)(N +2)
16(148N? + 197N — 72)S211,1  16(190N? + 289N + 28) S 3
a 3N(N +1)(N +2) 3N(N +1)(N +2)
16(354N? + 441N —284)S311  2(77N3 4+ 107N? — 255N — 292) S}
3N(N +1)(N +2) a IN(N + 1)2(N +2)2
N 2P30653 + 16 P307531 — 16P30552,1.1 — 4P309Ss  16(P31953 — 3P31852,1)
3N2(N +1)2(N +2)2 IN3(N +1)3(N +2)3
N ( 8P3165% N 16 Psag _ 16(35N? + 44N —10).53
3N3(N +1)3(N +2)3 ' 3N(N + 1)5(N +2)* 3N(N +1)(N +2)
16(112N? + 129N —32)Sa11  16(294N? + 443N — 84) 3
3N(N +1)(N +2) a 3N(N +1)(N +2)

6405_3 7685 9,

16(3P30352,1 — P30sS3) ~ 8(238N? + 371N — 68) S 329,
IN2(N + 1)2(N +2)2 3N(N +1)(N +2) ) ! <3(N+1)(N+2)
n 8P317 ) 5 256(N —1)S_9-3 ( 8 P22
9N3(N +1)3(N +2)3 )71 N(N +1) 3N4(N +1)4(N +2)4
~ 32(104N? + 153N — 36)55 N 8(316N?% + 605N + 88) 531 s
3N(N +1)(N +2) 3N(N +1)(N +2) > 2

16(56N? + 87N — 16)S3 8 P31 4P5g755
< BN(N+1)(N+2)  3NYN+ 14N +2)* 3N2(N+1)2(N +2)?
_ 8(36N? + 57N — 16)Sa1 > 62 4 {_8(9N2 + 37N + 32) N 85}
3N(N +1)(N +2) ! (N+1)2(N+2)2 " (N+1)(N+2)
12(5N® + 7TN? —5N —4)Sy  4(5N3 4+ 53N? + 99N + 44) 57
 NN+12N+22 N(N +1)2(N +2)2
< 8 Pags N 245, > 8(8N +15)5;
N(N+1B3(N+22  (N+D)(N+2))7 T (N+1)(N +2)

. 8(4N—|— 11)5’2’1:|C n |: 32P300 B 725%
(N+1)(N+2) | " [BN2(N+1)3(N+2)2 (N+1)(N+2)
64(3N2 + 8N +6)S_p  8(16N2+ 57N +32)Sy  16(27N + 17)8;

NN+ DN 12) NN+ OV +2) AN IR+
322N +3
+(—-DN o —i-( v 4_)2) (259821 — 2821, 2 =4S 221 — 55 31,1 + 6525 21
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32P314 5765,
_ —25_5— S _ _ - -
+65-2101 =255 = S35+ 3541) + ( MN+13(N+2?  (N+1)2
B 32(2N—|— 3)52 B 21765_2,171 " 896515_271 " 64P3125_271
(N+1D(N+2))77 (N+1)2 (N+1)2 " N3(N+1)3(N +2)2

_ G4(2N +3)S_93 1024855 6454 N 9605_3 1 < 64(2N + 3)S,
(N+1)(N+2) (N+1)2 (N+1)2 (N+1)? (N +1)(N +2)

1285, 64Ps10 128(2N + 3)S_, ) C3] }

(N +1)2 * N3(N+1)3(N+2)2 " (N+1)(N+2) (6.19)

with the polynomials

Pags = TN* 4+ 53N3 4 93N2 4+ 53N + 16 (6.20)
Pag7 = 9N* — 25N% — 131N2% — 100N — 32 (6.21)
Pags = 13N* + 92N + 149N? + 66N + 16 (6.22)
Pagg = 17TN* + 129N3 + 351N? + 403N + 168 (6.23)
P3po = N° — 56N* — 193N3 — 232N? — 132N — 48 (6.24)
Pso1 = 4N° + 39N* + 79N3 + 31N? — 32N — 16 (6.25)
P3og = 12N° 4 167N* + 564N3 + 80TN? 4 595N + 240 (6.26)
P3o3 = 16N° — 31N* — 315N3 — 467N? — 248N — 80 (6.27)
Psos = 24N° +105N* + 194N + 139N? — 48N — 24 (6.28)
Psos = 32N° 4+ 3N* — 259N — 283N? — 40N — 32 (6.29)
P3os = 8ON® + 151N* — 63N3 — 77N? 4+ 164N + 96 (6.30)
P3o7 = 84N° + 167N* — 189N3 — 453N? — 224N — 120 (6.31)
P3os = 96N° + 101N* — 577N3 — 831 N2 — 268N — 216 (6.32)
Psgg = 136N° 4 467N* + 417N% — 153N? — 500N — 208 (6.33)
P31 = 2N 4+ 2N° — 14N* — 43N3 — 47N? — 20N — 4 (6.34)
P31y = TNS + 16N° — 139N* — 705N? — 1288N? — 1079N — 352 (6.35)
P12 = 20N® + 104N° + 214N* + 197N® + 103N? + 76N + 20 (6.36)
P33 = 22N + 203N + 632N + 800N? + 280N? — 95N + 24 (6.37)
P31q = 28N° + 168N° + 394N* + 443N? 4+ 297N? + 180N + 44 (6.38)
Ps15 = 26N7 + 221N 4 624N + 821N* + 555N° + 120N? — 112N — 32 (6.39)
P36 = 30N7 — 639N — 3480N° — 5561N* — 2370N3 4 1232N? + 1024N + 320  (6.40)
P317 = 94NT + 457N 4+ 652N° + 131N* — 466 N® — 7T60N? — 624N — 96 (6.41)
Pyg = 4N® + 16N” — 206 N® — 1314N° — 3390N* — 4971N® — 4164 N>

— 1752N — 336 (6.42)
Ps1g = 24N® + 157TN7 4 487N® — 14N° — 5221 N* — 14311 N3 — 15376 N

— 7056 N — 1440 (6.43)
Pspo = 30N® + 378N 4 1635N° + 2867N° — 112N* — 8176 N® — 11681N >

— 5423N — 32 (6.44)
Pso1 = 63N 4+ 786 N° + 3556 N® + 8205 N7 + 10280N6 4 4952 N5 — 4737N*

— 9296 N3 — 6048N? — 1728 N — 192 (6.45)
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6. Ladder- and V-diagrams for A5

P39y = 83N'0 + 1156 N9 + 5266 N® + 11679N” + 15630N° + 16718 N° + 16891 N*
+ 13040N3 + 6240N? + 1728N + 192. (6.46)

Its asymptotic expansion behaves only logarithmically o In® (N), as expected from the presence
of (S1(IN))?, see also [147].
The result for the non-planar part Dio is more complicated and reads

B C 1 128(N? + N +1) 128(N + 3)
Diap =T <2 - CF) (Ca— CF){Es [_3N(N TN 2) 3N AN £ 2)

- 3(N+16;‘(N+2) (355 + SF +45_o] + (-1)N

128
3N(N +1)2(N +2)

1
T

64 P304 32(2N +1)(4N?3 + 10N? + 17N + 20)
3N(N +1)3(N + 2)? 3N(N +1)2(N + 2)?
32(2N? + 20N? + 35N + 12) N 04(4N? + 16N? + 28N + 21)
3N(N 4+ 1)2(N +2)2 3N(N +1)3(N +2)2

64 P3a5 96 32 3
+ <3N(N+ 13(N+2)2 (N+ 1)(N+2)52>S1 RETe 1)(N+2)S1

2

St +(-1)

_ 256(2N +5) %+ (_ 128 P3a3 B 512 Sl> s,
3(N+1)(N +2) 3N(N +1)2(N +2)2  3(N+1)(N+2)
256(N + 4) 512 1 32Ps50
SN+ DN+ 2) 2 P3N (N 4 2) S-21|+¢ C3N(N + 1)4(N +2)3
128(N? — 5N + 2) 16(10N? + 62N? + 111N + 60) _,
AN AW ) T IN(N + 1)2(N + 2)2 !
128(N? — N +2) 128(N? 4+ 4N +2) 64(3N? + N +6)
TANIN OV ) P AN NI DV 2Tt BN(N (N £ 2)0 !
128(19N? + 3TN — 4) 64 P33052 1 32P34055

SNN (N +2) > T3NEN 2N 122 ONP(N + D2(N 1 2)2

16351 S5+ (—1)N (_64(4N3 + 18N?% + 29N + 16) .
BN(N +1)3(N +2)° N(N +1)3(N +2)3
32Ps34 128(13N? + 59N? + 95N + 52) 640
3NN+ DN +2)8 3N(N +1)3(N +2)3 2 ms_g
T8 16¢s 8(108N? + 127N — 56)
TN FET T NN TRV £ 2)) AN IO 12 !

128(7TN? + 4N? 4 14N + 4) S a1t 32(78N? + 187N — 36)
3N2(N +1)(N +2) 2! IN(N+1)(N+2) 7°

32Ps45 128(N? — 5N +2) 64(7TN? 4+ 19N —2)
SNN T DAN 2P 3NN+ DOWN+2) > T 3N DV +2) 0
B 16 P33 S2> s — 2857 N (_ 16 P33
3N2(N +1)2(N + 2)2 9(N +1)(N +2) 3N(N +1)3(N +2)3

8(4N% — 19N +38) o )g2 . ABOIN+233) 512
TNV T DIV 1 2) 2) T SN O+ 2 3N (V1 2)
64 P340 64(N? —5N +2) ,  64(N?+9N +2)
<3N(N+ D3N +27 TANN IOV +2)° L BN )NV +2) 2

s2,
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128(7TN? + 4N? 4 14N + 4) 64(3N2+N+6)
T NN+ (N +2) 51>5 2 ( NN+ DN 2
64 P32 512(2N + 5) 16(N + 3)
- 3N2(N + 1)2(N+2)2> ST3(N + 1)(N+2)S21 ! ((N+ 1)2(N+2)Sl
16(N?2+ N +1)  8[S?+35+45_5]
CN(N+12(N+2)  (N+1)(N+2) > 2]

B Psasg 16 i(_Q)il <2i1> G
N3(N+ 1)(N +2)(2N +1)(2N +3)(%) = i1
N
—{—162 <2Z1>512< ,1,21)—|—48Z

21 1 )
T n)
i1=1 i1=1

N2 4 4N +2 21\ <~ 1 1
—192 Z (Zl ) (Z (2Z2)Zg> 51,2 (2, l,Zl)

+
N(N +1)(N +2) = = G
(- 1)%2(2;?)

N . 11 3
i1 221 1 1 ; 12 !
— 576 Z(_2) ( ) ) (Z (212)2%> S1,2 (2, —Lu) 32 Z 211 1 +Z1)

: 11 : A
i1=1 io=1 \i2 i1=1
N %, 24 1 ,
+<192Z(—2) < )512( ,1,11>+576Z < >512<2 1,21>>
i1=1 11=1
N N 1 219 51(12) Z ( )22 (212)52(12)
1 212 1 (22 ) T2 ; 1
x —— — 64 - 2 + 64 2= -
2 e Yl e Z G +u>
N Zzl ) (21122)52(12) Z 1 (21122) —2(i2) 1 (le)sl 1(i2)
+96 2= ‘2 + 96 “’ ‘2 + 96 ’2
2 e Z enIEy Z oIy

(-1)2 (21-;2)5—2(1'2)

N 211 . ' 1 1
+ 192 Z 2= 5 Z% — 6452,1,2 <_27 a9 1> - 192527172 <_2’ 9 _1)
i1=1 (lel) (1+1) ? !

ig (202
(192 > iz 1((21)23% () _ 25652(—2)> @,]

i1=1

3N? 1 16 N Ya_ — i1 i
N](V 1+N) 9 %Z 221‘11 2 —1282 Z” 1% 12.
W+ 1)V +2) = G+ 20) ip=1 (5) (1 +2i1)
21 i ) : 4
128 QL Yo ()1 (%iz)S2(i2) N 22521(2@2)?72—2@

N i
= i B D=1 T B
+ 3 Z (22’1) (1 + 21-1) 64 Z (2i1) (1 + 21-1) 64 Z

i1=1 11 i1=1 i1 i1=1
. (_1)12(2:2)32(@) ( 2) 51,1 (i2)
_gNZ§§1+ 42 21]
2 2
3 =1 (Zl)(l"‘%l) = G )(1+ 2ip)
6N — 5 211 1
2 Z 1.4
TNV IOV 12 < 56121 ( )SL?(z’ ’“)
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6. Ladder- and V-diagrams for A5

N . i1
+ 768 Z(—Q)il (i?) (Z:l (21;L)Z2> S12 <;, -1, i1>
N . i1
g ) )
i2—1 )

i (212
(25651 — 256 Z iz 1(21)2 (%) >C3]

11

i1=1 i1
n Psy3 32 i (=1)" (2;11)52 (41)
N3(N +1)2(N +2)2N + DN +3)(%) | 3 /= i

L3 iv: (1) (¥1) S5 (i) 16 M= (3 32 iv: (%) (i)

i=1 g 3/ i 3/ i
SRS LTINS ALY <m]
+16 +16 , +16 ) L~
64(5N? — N + 10) (34N3 +34N? — 119N — 108) _,
3N(N +1)(N +2) S-221 + IN(N + 1)2(N + 2)2 !
64(5N? + 19N +10) 64(25N? 4+ 4N? + 58N + 20)
CBN(N+D(IV+2) TTMT T BN2(N+1)(N +2) Baaa
32(5N? + 57N +10) 64(7TN? — 11N + 14)
BNIN+1)(N+2) 2% BNN+1)(N+2) >0
64(9N? — TN + 18) 32(19N? — 20N? + 62N + 28)
SNNA D)V 1 2) 22 T T SN T (N +2) -3
64(9N? + 4N + 18) s, 64(11N3 —4N?% 4+ 30N +12)
3N(N +1)(N +2) 3N2(N +1)(N +2) 22
32(13N? 4+ 7N + 26) 64(13N? 4 30N + 26)
BN(N+1)(N+2) ¥ B3NN+ D)(N+2) TP
128(15N? 4+ 10N — 6) 32(15N? + 412N + 530)
BN(N+1)(N+2) 77227 T ISN(N+1)(N+2)
64(16N? 4 43N + 16) 128(21N? + 58N + 18)
BNN T )(N+2) ' T 3NN+ DN +2) -~ 2P
32(97N? + 167N +10) 32(214N? + 335N — 68)
BN(N+1)(N+2) 2P 3NNy (v +2) TP
32(27N? + 14N +10) 32(65N% + 50N — 46) 257
BN(N+1)(N+2) "' 3N(N+1)(N+2) > 5(N+1)(N+2)
IN3(N fiS???N +2)3 St 3N2(N + 11)2(N +2)? |~82P53352.0.1 = 64P3952.
— 32P33253.1 + 2P345S§ + 4P34654] — 3]\73(;25315;)5(2]7\} o7

8 P55 4(28N?% — 45N + 56) 5
+ - + SQ Sl
IN3(N +1)3(N +2)3  9N(N +1)(N +2)
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32(11N — 2)(13N + 25) 64(5N? — N + 10)
< BN(N+1D)(N+2) > 3NN+ 1)(N +2)
64(7N? — 11N + 14) 32(13N? + 7N + 26)
BN(N+1)(N+2) 72" 3NN +1)(N +2)
64(28N? + 55N — 8) 2(288N? + 759N —64) _,
TNV DV +2) M T NN A DV r2) 2
4(412N? + 461N — 264) 64(25N? 4+ 4N? + 58N + 20)
TTBN DN+ T T 3NN )(N +2)

—2,2

S_31

—2,1

n 64.P326.52 1 - 16 P34453 . 8P361.52
3N2(N +1)2(N +2) 9N2(N +1)2(N +2)2 " 3N3(N +1)3(N +2)3
B 16 P36y ) S 4+ < 8 P36
3N(N +1)5(N +2)4(2N + 3) 3N(N + 1)4(N +2)4(2N + 3)
128(3N? + 8N — 2) 8(94N? + 213N — 68) 4P34255
AN IOV 1 2) 2T BNV )N £2) P 3NN 1 1)E(N + 2
B 32(7TN? — 11N + 14) s >52 N 16 P36
BN(N+1)(N+2) 7727V T 3N(N + 1)5(N + 2)4(2N +3)
32(TN? — 47N + 14) 64(35N? + 75N + 2)
< BN(N+1)(N+2) 7> BN(N+1)(N+2) >
8(1054N? 4 1245N — 820) 8 P37
IN(N+1)(N+2) 7° 3N(N+1)4(N+2)4(2N+3)>S2
32Ps358 128(3N? 4+ 7N +6) 16(13N? + 7N +26) _,

+<3N3(N+1)3(N+2)3_ NIN+1)(N+2) 72" BN(N+1)(N+2) !

16(37N? + 67N + 74) 32(19N? — 20N? + 62N + 28) g
BN(N+1)(N+2) 72 3N2(N +1)(N +2) 1)

64 P33 64(5]\/2 + 19N + 10)
* <3N2(N 12N +2? T BN(N+1)(N +2) 1>S4
64(5N2 — TN + 10) 256(5N2 + 14N + 10)
<_ BN(N+1)(N+2) 7% ON(N+1)(N+2) °

32(7TN? — 11N +14) , 128(15N? + 32N —6)
TN IO +2) T B3NN+ )N 1 2)
32(25N% + 4N? + 58N +20) _, 32Ps37
~ 3N2(N+1)(N+2) LT 3NN D2(N 1 2)2
N < 64 P339 N 32(N? + 11N +2) 52> s,
3N2(N+1)2(N+2)2  NN+1)(N+2)
_ 32Ps65 >S - ( 64 P327
3N(N + 14N +2)*2N +3) )~ 3N(N +1)2(N +2)2
N 1024 51> @ [_4(2N +1)(4N3 + 10N2 + 17N + 20)
3(N 4+ 1)(N +2) —2 N(N +1)2(N +2)2

834 4(2N? 4+ 20N? + 35N + 12) . ( 3657
24 (-

—2,1

So

2

CN(N+1B3(N+2)2  N(N+1)2(N +2)2 (N +1)(N +2)
8 P35 >S N 5 322N 45)
NN+13N+22)7'V T (N+D(N+2)7' N+ DN +2)7°

+
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6. Ladder- and V-diagrams for A

Qg
16 P323 64 32(N + 4)
+ (- -~ S1)S_a+ s
< N(N+12(N+2)2 (N+1)(N+2) 1> TINFD)(N 27
64 136 16 Ps35
S - Sy —
TN T T A DT BN+ 13(N 1 2)
32(6N%+ 19N + 12) 16(17N + 27) 136 $2|¢
BN(N+1)(N+2) "2 " 3(N+12(N+2)" 3(N+D(N+2)
~| 64(4N?+18N? + 29N + 16) 32P347
+ (- - Sa1+ S3
N(N +1)3(N +2)3 3N3(N +1)3(N +2)3
B 64 Ps54 S 16 P3g0 L (8965,
N3(N +1)3(N +2)3° %' " 3N(N + 1)5(N + 2)4(2N + 3) (N +1)2

64(4N3 4 18N? + 29N + 16) AT 32Ps53
N(N +1)3(N +2)3 2) L ( N(N 4+ 1)4(N + 2)4(2N + 3)
_ 192(2N +3) S, 1) S+ (128(4N3 + 18N% + 29N + 16)
(N+1)(N+2)" 7 N(N +1)3(N +2)

1

B 32P356 _ 64(2N +3) S, 1> S,
BN(N + D4(N +2)42N +3) (N+1)(N+2)"~
M (3N3(N ?fﬁ));ZN A (N5161)2 1+ (Ngi(i])\;; ?2) SZ) 53
™ fjlv) Z;VZ ) [64S_5 + 3259 3+ 64S_o5 — 965_41 + 64551 o
+ 1285 921 + 1605_3,1,1 — 1925_511.1] + (N6+41)2 [S_4 —16S_92 — 155_34

8(4N? + 16N? + 28N + 21) 16 P35
NN+1P(N 122 T sy (v o2
128 64(2N + 3) 128(2N + 3)
S_2 |3

+34S 21,1] +

TN+ (N DIV +2)P (N D(V+2)

4P3412N 1 1
TININ 16;2(;(;1 2)2(2N + 3) <SL2 (2’ 1) 3512 <2’ _1> + C‘”’)
Here we use the polynomials
P3o3 = AN* 4+ 16N3 4+ 34N? + 41N + 16
Psoq = TN* 4 37TN3 4 63N? 4- 49N + 21
Pyo5 = 8N* 4+ 37TN3 4+ 69N? + 52N + 2
Py = 10N* + 23N3 4+ 48N2 + 41N + 10
Pso7 = 16N* + 67N3 4 97TN? + TIN + 28
Pspg = 187TN* 4 284N3 + 78N? + 114N + 36
Pyg9 = 5N° + 7TN* — 20N3 — 12N? + 24N + 8
Ps30 = 6N° 4+ 16N* + 20N3 + 43N?% + 52N + 16
Py31 = 9N® + 57TN* 4+ 88N3 — 3N? — 64N — 24
P339 = 10N® + 4N* — 203N3 — 766 N? — 564N — 128
Ps33 = 12N° + 98N* + 343N3 4 521N? + 296N + 56
Py34 = 16N° + 96 N* 4 234 N3 4 329N? 4 327N + 177
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Ps35 = 17TN° + 38N* + 66 N® + 105N?% + 60N + 24
Ps36 = 19N° + 111N* 4 253N3 + 295N2 + 203N + 76
P37 = 27TN® + 117TN* 4+ 172N3 + 116 N? + 32N — 8
Ps33 = 28N® + 106 N* + 206 N3 + 269N? + 148N + 32
Py39 = 29N° + 62N* — 88N3 — 220N? — 44N + 48
Py = 42N° + 113N* 4+ 7T0N3 4 234N? + 408N + 96
P34y = TTN® + 348N* + 532N3 + 390N? + 192N + 72
Py45 = 100N° 4 322N* 4 542N3 + 911N? + 716N + 160
Psu3 = 103N° 4 377N* + 514N? + 348N? + 150N + 36
Py = 138N° 4 584N* + 1592N3 + 2753N? 4 1860N + 432
Psy5 = 248N° 4 1362N* + 2730N3 4 2505N2 + 948N + 64
Py = 296N° 4 1466 N* + 2014N?3 — 67TN? — 1516 N — 576
P47 = 6N + 110N° 4 448N* 4 787N3 + 668N? + 264N + 48
Py = 12N + 144N° + 563N* + 911N3 + 560N? + 72N + 42
Psy9 = 16NS + 94N + 202N* + 175N3 + 13N% — 65N — 24
Ps50 = 31N + 212N° + 551N* + 653N3 + 259N2 — 176N — 177
P51 = 32N + 195N° 4+ 461N* + 491 N3 4+ 229N2 + 131N + 132
P35y = 48NS + 264N + 595N* + 621N 4 314N? + 144N + 48
P53 = 8N + 65N6 + 190N° + 128 N* — 529N3 — 1346 N2 — 1223N — 400
Pssy = 22N7 + 167N + 522N° + 839N* + 736 N3 + 408N? + 200N + 48
Pss5 = 55N 7 + 535N% 4 1873N? + 3245N* + 3365N3 + 2516 N2 + 1344N + 384
Pssg = 64N7 + 555N + 1859N® + 2402N* — 1266 N3 — 7244N? — 7614N — 2664
Pys7 = T8N7 + 603N + 1934 N5 4 3247N* + 3148 N3 + 2120N? + 1128 N + 240
Pysg = 23N8 + 7TIN — 296 NS — 1490N° — 1942N* — 342N3 + 976 N? + 624N + 96
Pss9 = 30N® + 167TN7 + 269N% — 14N° — 170N* + 601 N3 + 1208 N2 + 696N + 144
Psgo = 112N% 4+ 1112N7 + 4488N° + 9374N5 + 10942N* + 8442N3 + 7578 N2
+ 7338N + 3243
P31 = 116 N® 4+ 565N 7 + 593N°® — 1037N° — 2717N* — 2385N3 — 1108 N2
— 288N — 192
Psgp = 142N® 4+ 1555N7 + 7455 N® 4 20242N° + 3367T0N* + 34794N3 + 21892 N2
+ 8089N + 1572
Psg3 = 246N® 4+ 1256 N7 + 635N — 5665N° — 8519N* + 2968 N3 + 12124 N2
+ 7008N + 1344
Psgq = 60N + 1074N® 4+ 7144N7 + 24222N6 + 45713N° + 46281 N* + 18168 N
— 5654N? — 4918 N + 438
Pygs = 112N° 4+ 1100N8 + 4378 N7 4 8577NS + 6819N° — 3954N* — 13288 N3
— 11414N? — 4303N — 600
Psg6 = 190N° 4 2147N® 4 10535N7 + 29503N6 + 52015N° + 59287 N* + 41233N3

(6.86)

(6.87)

(6.88)

(6.89)

(6.90)
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6. Ladder- and V-diagrams for A

Qg
+ 12273N% — 3909N — 3243 (6.91)
Psgr = 224N? + 2310N® + 10351N7 + 25395N° + 34556 N° + 21274N* — 1556 N3
— 4934N? + 3961N + 3516. (6.92)

The binomial sums which appear in Djgj are simplified in such a way, that those sums which
occurred in the scalar case in [344] are preferred over new sums. It turns out that the set of
sums encountered there is sufficient also for the full, physical diagram. Since these sums were
discussed in detail in [262], we do not need to derive any new relations here. The asymptotic
expansion of the result is derived via the integral representation of the sums given in [262] and
is given by

Ca o\ 5 2 6 14 6 62
Prao = <2 B CF> (Cam ) TF{ln(N) [_ 5NZ T 5NS  5NT NS 5NO

n 126 254 n 102 1022 41 (N)4 68 349 n 631 4375
126 102 N B B
5N7 5N8 N9 5N 10 9N?2 9N3 6/N4 18 N?®
94787 66407 2886593 1185505 3462851 _ 32
] —Hn(N)?’[(g(

[8ONS ~ 6ONT | 1260NS _ 252N9 | 360N10 9N?
32224 160 992 224 4064 2720 16352\ 568 308
T3N3 T 9NT 3NS5 T ONS N7 | 9NS  3NU 9N10> ~ 9N2  9N3
1925 7282 429499 3454373 45579011 217525589 2230906393
ONT ~ ON5 ' 130N _ 540NT | 2835NS  B67ONT 25200]\710]

(V)2 32 96 224 480 992 2016 4064 8160
+In(N)7|Gs Tt M T TN TN TN T
16352 16 184 2824 2848 12076 28348 12055388
W + CQ 7o - -

N2 T3N3 T ONA T 3N T BN 5N7T T 045N
1765420 8190218) 376 648 22174 373883 49074289

63N° T 135N10 SN2 NS T ON®T T 54N T 2700N©
79605269 57961374941 5050028843 10982047297 _ 59
1H(N) C4 W

~ 1800NT T T529200N° 19600N° | 16800N10
177 413 885 1829 3717 7493 15045 30149 1168
Mt N TN TN TNt T T N9 T ND >+C3<9N2
5264 5008 36736 418456 306376 13849384 5892536
T oN3 T 3NT T 9NS T 45N®  I5NT | 315N G3NY
8889164 152 24 7136 22748 757274 93404
T BN ) 2<N2 TN 9NT T ON®  1335N6 T oNT
17233624 33655894 2246721079\ 672 2636 58048 172960
T 045N T 045NY T 28350N10 ) e P3N TR T ore
561942949 4643682457  20970432670037 6200063134883

57000N®  81000N7 | 166698000N5  20837250N9
123812203727083} L ( 2 14 166 138 910 634 3886
) 106 2 9650

266716800 N 10 TN TN T3NSt NE T 3Ns TN T 3N
2618 15790 10554> \/N< 128 10448 47827 81793

TNS T 3N9 TN 2998 \ " N3 T 75N4 T 675N5 | 216N0
112032149 84661250029 282488802823  98593205185337
B7600NT  12441600NS | 13271040N° 1592524800N10>

+C3<_2+23_19+125_87+533_359+21&5_1447>

N2 T3N3 N4 T3NS N6 T 3NT NS T 3N9  NIO
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N NTNs NI TN N TNT NS T N9 N
+1In <\/5 _ 1) ¢ _1536 n 13312 _ 156928 n 130304 B 171776 n 598272
*\" 5N " 5N2  15N3 ' 5N 3N® 5NG
3666688 2470144 2979584 9957632) ( 1034 3878 11634
- - 5

2 2 6 14 30 62 126 254 510 1022
+ Cy

I5N7 ' 5N® 3NT T BNI0 3N 5N T BNS
27146 11634 120218 244314 492506 197778 1981658
TN T NS T 5NS T BNT  BNS T N9 5N >
N C4<10502 | 290539 | 495337 3328457 2618423 146561723
9N2  54N3 ' 36N%  108N® ' 40N 1080N7
233550391 856245007 827962831 29036 14116 14116
BIONS  1512N9 | 720N10 >+C2<3<45N T BN T BN
98812 14116 437596 98812 1792732 239972 7213276>

I5NT  3N5 T 4pNS 5N | 45NS  3N9 | 45N10

)G <2176 17792 70016 174464 76672 801152 1636736

5N  5N2 ' 5N3 5N4 NE 5N6 5N7

3307904 1330048 13334912 3328 78128 325864

B A R T >+C3<_15N+45N2_ 45N3
799276 364124 1331092 5163116 1156820872 490844206
I5NE  ON5 T I5NS 27N | 2835N%  BGTNO
5764973003) (1)NC3<80400+ 1120 2400 5040> +<2<160
3150N10 N6 N7 T NS N9 T NIO 3N2
1616 17822 618754 3154276 28040113 284086748789

T3NS T 3Nt T 27N® T 45N I50NT | 595350NF
229916539121 854848983379 N [ 40 2968 38504

T T108450N9 | 297675N1 > (=1) C2<3N6_3N7+ 3N8
128560 3754024 ~( 32 112 2304 222448 51413552

N9 + 3N10> (=1) <__ -

N5 NGO TN ONS " 225N9
476716016\ 656 8614 2690786 30575645 48619290341

~ 225N10 > 3NZ  3N3 T 243N1  972N5 | 607500NG
479063546623  1856312420341649  3315935066084731

2430000N7 + 3889620000N8 2917215000 N9
579849854424507841 In®(N

o) (6.93)
210039480000 N 10 N1

Again, it grows at most logarithmically like ln5(N ). The exponential growth oc 2V cancels, in
contrast to the scalar prototype of this diagram, where 2V-terms remain [344]. The asymptotic
expansion involves new constants C; which arise from binomial sums at infinity. They can
be expressed as iterated integrals over root valued letters [262] at x = 0 or x = 1 and as
Mellin transformations of iterated integrals at N = 0. In addition, multiple zeta values [361]
and constants from infinite generalised harmonic and cyclotomic sums appear [260, 261|. The
constant C can be written as

Hy, (z)

W2,W2,W1
1
T+ 7

32

96 _ «
1=—M (0) + ?Hm,o,wl,l(o)

™ JJ—% ™

H *
W2,W2,W1(m)] (0) + gM

~ 64Lis (; (\/5 - 1)) - ng +6410%(2) — 1921n2(2) In <\/5 - 1)
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6. Ladder- and V-diagrams for A5

+1921n(2) In? (\/5 _ 1) 643 (\/5 _ 1) L 32T <1>

3v3 3
~ 101.3243556488913992 (6.94)
and Cy as
— 225 * fHWs W, Wl( ) 75 fHWs w1, w1( )
TN (z— Vo +2 TN V2—a(z+1) ©
5 oo | VI, () 5o [ Ko (@)
BTN VZ—a(z+ 1) O+ M [ z—1 ©
5 (HE, s (2) 2 25m3/2¢,  65/7Cs
32\/~ i T+ % (0) 16\/> r4,0 wi,1 (0) - 12\/§ + 12
25 4 5 145
- 2 (VE - )vr+ L (V5 - ) In(2)v + E111(\/5 - 1)#@
75 9 251n(2)/7 195 25w/ 4y (1
-3 1n(\/5 - 1) W?(2)y/7 + == = oWVt + m@u <3>
25T . (1
-5 s (2 (5~ 1))
<1073, (6.95)

The numerical evaluation suggests that this constant vanishes, which has, however, not yet been
proven analytically. The remaining two constants are given by

‘m] 0 - H {wa()] o) 4 12 0m 1 (0)

C3 = — 12872 M" [

V8 —z(z +1) V3 V8 —z(z+1) 3v3
~ 33287%In(2) N 10247 In3(2) N 74247° In (=1 +V5) 10247 1n*(2) In (=1 +/5)
15v/3 3v3 45v/3 V3
10247 In(2) In* (=1 +v/5) 10247 In® (-1 4++/5) 320 2 1
V3 - 33 MR <3>
1024w, . (1 266247(3 32 a0 rHy, , (7)
3IL3< (- 1+\/5))+ o 3T M \/E(Hl)](o)
* zHy, ; 1,0(2) o | 2Hy, 00(@)
— 1536 M [m (0) —64M [\/W] (0)

—128M" \;%] (0) + 192 M [M] (0)
~ 4608 M" fi)&% (0) + 5;; M Ha;““jwi @ o)
3040 {f}fwl)%) )~ 26V [V Lt (g
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~ 768 M w260 | (0) + 128 M | Ll | (0)
| V8- z(z+1) (x—1)y/z— %
« | xH, x ] X | H, ]
—192M ﬂ (0) +192M x&—m(a:) (0)
(z—1) m—%_ | (z—1) :r:—i_
| oaHn o) |
T asang” | w10 (0)
(-t
~ — 3.90077878750796324 (6.96)
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6. Ladder- and V-diagrams for A5

« [2H, T « [2Hy, o 10T
—24M {8’ st )] (0) — 48 M [87 s-tof )} (0)

r—1 r—1

~ 278.9253246705036914 . (6.97)
Following [262], the iterated integrals H* are defined as
Hjj(z) = 1 (6.98)

1
H, . (1) = / dyar(y)EL, o (1) (6.99)

Note that this is similar to the definition of, for example, HPLs, but here the interval [z, 1] is
used. The letters 0, 1 and —1 agree with those from the HPLs, see Eq. (3.38), and the letters 2,
—2 and 74 are defined by

1 1 4
fala) = fala) = 5. fra@) = 5

(6.100)

The letters w; contain square roots and we refer to [262] for their definition. The symbol
M"[f()](0) is used to denote the zeroth Mellin moment of the function f(z),

" 1
M [f(2)(0) = /0 da f(z). (6.101)

Again following [262], we use here the definition of the Mellin transform without a shift in N
— contrary to the rest of this thesis, where we use Eq. (2.62). For both the iterated integrals
and the Mellin transformation defined here, we use the star in the superscript to distinguish the
definitions.

Since the non-planar parts of diagrams 10 and 11 vanish due to their colour structure, we
obtain results similar to D12, for them. They require only nested harmonic sums and their
asymptotic expansion behaves at most logarithmically. Explicit expressions for their results can
be found in [268].

The calculation of the ladder- and V-diagrams in this chapter is an important step towards the

completion of the OME AS;. The same methods which are applied here, allow to calculate a large

number of master integrals for similar diagrams in AS;. Among the diagrams which contribute

to Ag;, there are 100 ladder diagrams which do not have two separate massive fermion lines as
well as 12 V-diagrams. All of these diagrams can be calculated using these methods and are
completed by now. The same methods are also applicable to a large share of the remaining
diagrams: We calculate 1128 of the 1358 diagrams for AS;. Of the remaining 230 diagrams,
120 fall into the category of diagrams with two separate massive quark lines and 110 are related
to crossed box or Benz topologies with 4 or more massive propagators. The master integrals
associated to these diagrams appear to require non-iterated integrals. Their calculation needs
more advanced methods and will be dealt with elsewhere.
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7. The gluonic operator matrix element

(3)
Agg,Q

The massive OME Agg,Q is defined as the expectation value of the gluonic light-cone operator
between external, physical gluon states. It starts at O(ag), but its contribution to the factor-
isation of the heavy flavour Wilson coefficients of the structure function Fh(x,Q?) is delayed
by one order. It appears in the factorisation of the coefficients L;Q and HS,Z’ cf. Egs. (2.93)
and (2.95), but to 3-loop order this OME only contributes up to its O(ag) expansion since it
is multiplied by the massless gluonic Wilson coefficient 0372, which starts only at 1-loop order.
However, the 3-loop term does appear in the matching relation of the gluon PDF in the variable
flavour number scheme [202, 203], cf. Eq. (2.113).

In [202] the gluonic OME was calculated up to 2-loop order, which was later recalculated and
corrected in [207|. The latter reference also extended the 2-loop results to O(g), which enters
the renormalisation of the 3-loop OME. A series of moments for N = 2,4,...,10 was calculated
at O(ag) in [203]. Since then, there has been incremental progress on completing the 3-loop
corrections for general values of N. The logarithmic terms have been reconstructed in [450] from
the anomalous dimensions and known, lower-order quantities. Moreover, the terms proportional
to the colour factors C ATI%N r and CpT }%N r have been computed in [337]. These colour factors
encompass all diagrams with two closed quark loops of which one is massive and one is massless.
The corresponding case of two closed massive quark loops yields the colour factors CyT 1% and
C’FTI% and has been completed in [340]. All remaining diagrams which have two insertions of
1-loop self-energy insertions (“bubbles”), of which one is massless, have been calculated in [338].

In this chapter, we will deal with the calculation of the remaining colour factors of A;?;%Q for
general, even, integer values of N.

Starting at 3-loop order, there are also diagrams which contain two massive quarks with
unequal masses. Fixed moments up to N = 6 are known for these diagrams [301, 302, 341, 342],
and first progress towards the solution for general N has been made by calculating all scalar
prototypes of the relevant diagrams [301, 404]. Here we restrict ourselves to the case of a single
massive quark and Np massless quark flavours.

The renormalisation of the massive OMEs has been derived up to O(ag) in [203]. It allows to
express the pole terms of the unrenormalised OME in terms of renormalisation group quantities.
It is given by [203]

2(3) m2 3e/2 1 ,},(O)ﬁy(o) 0 0
AggQ = (M) o |~ 249 =89 + 660 + 4N 0@ + 1080,
7 27350,@

g [Zﬁo + 75(),@} — MTO’Q {253 + 780,080 + 653,@})

1 Qgg) (1) (1) ’752) %? ’AY%)
+ ? T [’qu — (2NF — 1)*ygq ] + T - T [450 + 750,@}

2752)51@
3

20,0

T3

[0 + 61+ Brg] + + om{ ™Y [0 — 280,075 — 108
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7. The gluonic operator matrix element A 99.0

+(2)
1(4 2 N 2
B 6ﬁO’QﬂO]> € ( ?”g — 220+ Sﬂon)aég),Q B NF%gg)a;q),Q + 75(711 an + 81 eatr

(0)
RS Po.06
; gqlig”[ (O 24+ 2(2N5 + 1)Bo.g + 680 + 2222 [101260 — o} + 453

— 260,080 — 12683 o] + om{ ™ [~30m{ ™ fo.g — 20m >ﬁ0,Q -4
+ (5m(10)[ 5040 _ 9303 o — 48y 0 — 8@%@} + 25m§‘1)ﬂ0,Q> + agf]{Q] . (1)

Here ) denotes the kth order expansion coefficients of the S-function and ;g are the corres-
ponding heavy quark contributions, see Eqs. (2.134), (2.134), (2.144) and (2.145). The constant
term in the e-expansion of the MOM-scheme coupling renormalisation constant Z, at O(a?) is

written as BS )1 and given in Eq. (2.146). The mass renormalisation constant, expanded to order
k in ag, is called 5m,(€l), where [ labels the order in the e-expansion. Moreover, the anomalous

dimensions %-(f) of the light-cone operator enter. They are known up to 3-loop order [136]. Fi-

(k)

nally, also the constant terms of the unrenormalised operator matrix elements, a, i contribute.

Up to 2-loop order, explicit expressions for them can be found in [202, 207|. The expression
for the constant term of the unrenormalised 3-loop OME a®  will be the main result of this
chapter. Before discussing the result for the constant term of the OME in Section 7.2, we give
some details on the calculation in the next subsection.

7.1. Details on the calculation
(3)

In total 642 irreducible diagrams contribute to A 90,00 & sample of which can be found in Fig. 7.1.

Of these 642 diagrams, 70 are covered by the colour factors C' AT%N rand C FT}%N r and another
36 by the colour factors C4T% and CpT%. Another 71 diagrams fall into the category of bubble
diagrams. The results for these diagrams have been obtained and published previously (337, 338,
340], which leaves 463 diagrams to be calculated. For completeness, however, we will include the
previously known diagrams in the results discussed below.

In order to contribute to A(:;)Q, the diagrams need to have external gluons and the op-
erator must be located on a glﬁon line or vertex. The topologies of the diagrams include
Benz (e.g. Figs. 7.1g and 7.1h), ladder (e.g. Figs. 7.1a to 7.1c) and also crossed-box topolo-
gies (e.g. Figs. 7.1d to 7.1f).

The crossed-box diagrams are among the most complicated ones due to their non-planarity. In
principle, there are 18 diagrams with this topology. However, all except for two of them vanish
identically due to their colour structure. Only those two crossed-box diagrams in which both
external gluons are connected to the heavy quark line remain, see Fig. 7.1d. Examples for the
vanishing crossed-box diagrams are depicted in Figs. 7.1e and 7.1f.

Following the calculation procedure outlined in Section 3.1, the diagrams are generated using
QGRAF [347| and subsequently Feynman rules are inserted using the FORM [216] program developed
for [193, 203|, which also applies the projector, carries out the Dirac matrix algebra and uses
color.h [348] to simplify the colour structures. The resulting expressions for the diagrams
contain scalar integrals, which can be mapped onto the integral families described in Section 3.1.
The mapping we use involves the families Bla, B1b, Blc, Bld, Ble, B3c, B5a, B5f and C3b and
yields a total of 67212 distinct scalar integrals for A( ) . Applying then the reductions from
IBP identities obtained with Reduze 2 [353, 354], the dlagrams can be expressed in terms of 139
master integrals. Except for the family Ble, all families which appear in the mapping of the

204



7.1. Details on the calculation

(m) (n)

®3)
. . ) 99,Q° . :
are drawn as solid arrow lines. Curly lines represent gluons and the operator insertion

is marked by a circled cross.

Figure 7.1.: Examples for the diagrams contributing to the gluonic OME A Massive quarks
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7. The gluonic operator matrix element Aégg) 0

diagrams also appear among the master integrals.

Since the coefficients of the master integrals in the reductions contain poles in €, some master
integrals have to be evaluated to higher orders in €. The highest required orders are encountered
for two operator-less master integrals which are needed up to order €. The lack of an operator
insertion entails that these integrals evaluate to pure numbers and do not depend on N. Ten
master integrals with operator insertions and therefore non-trivial N dependence are required to
order £3. The crossed-box diagrams depend on two master integrals from the family C3b, which is
the only non-planar family among the required families: 1107%371,1,0,1,1,0;1,0,0 and IE%HJ,LLLLO;LO,O'
These two master integrals are required including their linear term in the e-expansion. As
mentioned previously, the required order of expansion depends on the choice of basis for the
master integrals which is not unique. In this particular case, it can be shown that by eliminating
the two integrals above in favour of 15%371,1771,1,1,0;1,0,0 and 15%3,1,1,1,171772;1,0,0 the required order
of expansion can be lowered to the constant term for the two non-planar integrals. The trade-off
is that irreducible scalar products are present in numerators of the latter integrals, as signalled
by the negative indices. We will, nevertheless, use the original integrals for this calculation, since
the amount of computation time required for this approach turns out to be still manageable
and obtaining initial values for integrals with scalar products in the numerator would require
additional steps. However, it may be useful to investigate this approach more systematically in
future calculations.

About one quarter of the master integrals can be reused from calculations of other OMEs. In

particular, there is an overlap with master integrals from the calculation of Agqu’cgg) [358], described

in Section 4.1, and of Aéi),Q, computed in [339]. At least about half of the diagrams are obtained
using the method differential equations for master integrals. Six integrals require the use of the
multivariate Almkvist-Zeilberger algorithm [384, 385] implemented in the Mathematica package
MultiIntegrate [259], cf. also [268].

Our choice for the projector of the gluonic Green’s functions onto the OMEs, cf. Eq. (2.104),
necessitates the calculation of diagrams with external ghost lines in order to eliminate unphysical
gluon polarisations. The 89 additional diagrams are topologically equivalent to those of AS;),Qv
see [339], if we replace the fermion line connected to the external massless quarks by ghost
propagators. These diagrams lead to 924 scalar integrals which are reduced to 39 master integrals.
However, no new master integrals need to be calculated since they are already required for the
gluonic diagrams.

The renormalisation procedure of [203] is carried out for the reducible case. Therefore, we
have to add self-energy diagrams to the external legs of the irreducible diagrams that we have
discussed so far. For the 3-loop OME this leads to

Agniq = Agy) + 110+ ATGIO 240, 4 AL T, (7.2

where II®) denotes the heavy quark contribution to the unrenormalised, k-loop gluon self-energy
irr, (k)

for on-shell (i.e. vanishing) external momentum and A gg.0 are the unrenormalised contributions

to the OME from one-particle irreducible diagrams. The explicit expressions for II*) were given
in [203].

7.2. The constant part of the unrenormalised OME

We are now in the position to discuss the result for the constant term a®_ of the unrenormalised
gluonic OME. In order to shorten the expression, we define the following abbreviations
~(0) N?+ N +2 ~(0) N2+ N +2
f'y = 3 ’y = Y
94 (N-1)N(N +1) a9 N(N+1)(N +2)

(7.3)

206



7.2. The constant part of the unrenormalised OME

which are the N-dependent parts of the leading-order gq and gg anomalous dimensions. The
constant term in the e-expansion for even, integer N € N is given by

N (z) (i 4JSI)J D 7(3)

16(N? + N +2) 3 i=1
N2(N +1)* 4i(i+1)°

@ _1+(=DN
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16P458(21]\7V)4_N <Z1 s ?l()z R ) 4Py365F
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64 Py29 [So,—1 — S—2, -1 — 5_1.59] - (0) (128 [S_4—S5_351 4+ 5_31+25_25]
15(N — 3)(N — 2)(N — 1)2N2(N + 1)3 ' Joa 3N(N + 1)(N +2)
4(5N? + 5N —22)S7Sy 6457, — 2565_51,1 4P379S3
3N(N +1)(N +2) N(N+1)(N+2)  9N2(N +1)2(N +2)
32(TN? +7N —10)S2,11  4(13N? + 13N —102)Sy  2(31N? 4 31N + 30)S3
3N(N +1)(N +2) 3N(N +1)(N +2) 3N(N +1)(N +2)
2565_21 32(3N?+3N —2)S5;  16(13N% + 13N — 46)Ss
<N(N+1)(N+2) TN IO 1 2) ON(N + 1)(N +2) ) !
256555 _9 + 3845%5_2 32Py5S5_ 2,1 — 16 Py44S_3
~ 3N(N+1)(N+2) ) 3(N —3)(N —2)(N — 1)2N3(N + 1)3(N +2)

16P4465271 ~(0)2/(0) 4 32
15(N —3)(N — 2)(N — 1)2N3(N + 1)3 194 Vag S 58

+

N 4Py5952 ( 4P41452

(N —3)(N —2)(N — 12N (N + DA(N +2) * \ 3N~ DM3(N + 1)3(N 1 2)
8Pys5 g 32(N?+ N +2)

BV _3)(N_2)(N - DM+ 13N+ 2) |7 T TNV 1 1)
2Pys3 144(N? + N +2)

45(N —3)(N —2)(N —1)NS(N + 1)S(N +2)  NZ(N +1)2
1 32P44551 64P429571
"Ny v )V F 1 <3(N “ON(N12) TV =)

+

4

+ G4

32Pys5; > St 16 Py4753
IBN2(N + 1)(N +2)) )72 7 45(N = 3)(N — 2)(N — 1)2N3(N + 1)3(N + 2)

2P, 4 P35S
~0)( _ 420 3801 ~(0) 5,(0) 2 _
* (79‘1 < N3N +1)°(N +2) * NE(N + 1)°(N + 2)> g0 Vag <4Sl 1252)><2

16(N? + N —118)S1 _ g, Py61
TN TN £2) 9 T 15N —3)(N = 2)(N — 1)EN3(N 11BN +2) ) %

(| 2 e 76
4 CACHT 16 Pyo9 Jj=1 i)
AN NN + 1)2(N +2) < 4i(i+1)2
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7. The gluonic operator matrix element Aégg) 0

N g i
4Py73 (21<;V)47N (Z & ?zl_i()i;) - 7(3)

4 1=1 + 32P3695_272
15(N —3)(N —2)(N — 12N3(N + A(N +2)2 ' (N —1)N2(N + 1)%(N +2)
32(N? =8N —1)(N?+ 10N +8)S_3, 64Ps3815 211

* 3(N — 1)N2(N + 1)2(N +2) ~ 3(N —1)N2(N +1)2(N +2)

B 16P390.5—4 B 16P406.53,1
3(N — D)N2(N + 1)2(N +2)  3(N —2)(N — 1)N2(N + 1)2(N +2)

B 16 Py28.52,1,1 i 4Py3054
3(N —2)(N —1)N2(N +1)2(N +2) ' 3(N —2)(N —1)N2(N + 1)%(N +2)

32Py37 [S—152 — S2.—1 + S_2,_1] - (0) 32(2N?% 4+ 2N + 13)52,

BN —3)(N—2)(N — 12N (N + 13(N+2) 9\ " 3NN+ (N +2)

2(5N? +5N —6).53 4Py13S3
N(N+1)(N+2) 27(N —1)N2(N +1)2(N +2)2
n 64 P3825_2 1 n 8 Pysgs5
3(N—1)N2(N +1)2(N +2) ' 405(N — 3)(N — 2)(N — 1)2N5(N + 1)5(N + 2)*
32P404S3 + 4P45052
9N —2)(N — )N2(N + 1)2(N +2) ' 3(N —2)(N — 1)2N3(N + 1)3(N + 2)2
32P41052,1 g _ 16P4485 2,1
3(N—DN2(N+1)2(N+2) )" 3(N =3)(N —2)(N — 1)2N3(N + 1)3(N +2)2

_l’_

+

n 8P46853 + <_ 4P39352
135(N — 3)(N — 2)(N — 1)2N3(N + 1)3(N + 2)2 3(N —1)N2(N +1)2(N +2)

4 Py60 2 2_(0)x(0) a4
TN (N = 12N (N £ DAV £ 2)3>Sl g lsa Jag O1

B 8Py7252,1 B 32Pss357
5N —3)(N —2)(N — 12N3(N + 1P(N + 22 \ 3(N — DNZ(N + (N + 2)
1 32Py375_1 16 Py4957
(N —3)(N —2)(N — 12N2(N + 1)3(N +2) ( 5 3N(N +2)
16 Py79 > N 32P39652 g
5(N —2)N2(N+ 1)(N+2)2) " 3(N—2)(N—1)N2(N +1)2(N +2) |2

_l’_

1

4Pyg25 . 32P36851
15(N —3)(N — 2)2(N — 1)2N4(N + DA(N £ 2)° 3(N —DN2(N + 12(N +2)

8Paso <(0)50) ( _y5?
B 482 — 12
* 3(N—3)(N—2)(N—1)2N3(N+1)3(N+2)2>S 3t (79‘1 Yag | ~45T 125

_l’_

4P454S1 + 4]:)471 C
3(N —1)2N3(N + 1)3(N +2)2 ' 9(N — 1)2N4(N + 1)4(N +2)3 ) >

Pygs
+ 2430(N — 3)(N — 2)2(N — 1)2N6(N + 1)6(N + 2)° + (9651

48(N? + N +4)(N?+ N +6) 8Py3351
~ (N =1)N2(N + 1)2(N +2) Gt T 9(N —2)(N — 1)N2(N + 1)2(N +2)

— 24S_Q> +
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7.2. The constant part of the unrenormalised OME

Py77 64
T80V —3)(N — 2)(N — 1)2N3(N + 1)3(N + 2)2>C3 * <_351

32(N2+N+4)(N2+N+6)>B
4

3(N — )N2(N + 1)2(N +2)

20y [ §~ 0S1G-1) _
- APys iv: (%) (Z G 7@)
SN = DNAN 13N +2) 4i(i+1)°

=1

2Py74 (2]<[V) 4N <Zi\;1 41‘?21’()11_21) N 7CS> 256 P3705_9 o

"IN —3)(N —2)(N — 12N3*(N + )A(N + 22~ 9(N — )N?(N + 1)2(N +2)
32P3975_21,1 + 16P4025_31 + 16 P411.5_4 8P42553,1
9(N — 1)N2(N + 1)2(N +2) 9N —2)(N — 1)N2(N + 1)2(N + 2)
1641952, 16P43952, 1

DTN — NN + 1)2(N +2)  15(N —3)(N — 2)(N — 1)2N?(N + 1)3(N + 2)
B 16P42752.11 ~ 4Py3154

BN —2)(N—)NZ(N + 12(N+2) 9N —2)(N — )N?’(N + 1)2(N + 2)
n 8 P40353 B 16Py395 2,1

ON NN+ 12 15(N —3)(N — 2)(N — 1)2N?(N + 13(N +2)

8Py675-3 . 32P399S 21
81(N —3)(N —2)(N —1)2N3(N + 1)3(N + 2)2 9(N —1)N?(N +1)2(N +2)
8P1752,1 — 16P4015_3 n 16 Py635_2
9N —1)N2(N + 1)2(N +2) ' 81(N —3)(N — 2)(N — 1)2N3(N + 1)3(N +2)
_ 16P43253 + 41D464S2
27(N — 2)(N —1)N2(N + 1)2(N +2)  81(N —2)(IN —1)2N3(N + 1)3(N +2)2
9Pyss 16 , 592 64
* 3645(N — 3)(N — 2)(N — 1)2N5(N + 1)5(N + 2)* g St g5 g5
832 12 12

8 8 32 256
—831— —8_99— —85_ — 5. —S_ S
g 31 9 2,2 9 3,1+ 3 P21 + 9 2,1,1) 1

+ C3 Ty

_.I_

+

64
=9 ,—
+ 9 4

B 4Py7553 n 4P39359
105(N —3)(N —2)(N — 12N (N + 13(N + 22 " \ 9N = DN2(N + 1)2(N + 2)

n 16 P400S -2 . Pyee . 272
9N —N2(N + 12(N +2) ' 27(N —2)(N — 1)2N4(N + 13(N + 23 ' 9

32 P,
+—[25_3— Sa1 — 45_2,1]> S% + 187

S3

9 14580(N — 3)(N — 2)2(N — 1)2N5(N + 1)5(N + 2)

64(2N + 1) P3ry 64 ., 128 s [ 32Ps75_3
+ ( 27N — 1)2N2(N + D2(N 4 2)2 T 72t 273‘2> ST IN(N +1)

N Pygy _ 16P39453 _ 16P59155
405(N —3)(N —2)2(N — 12NA (N + DA(N +2)3  2IN(N+1))7*  9N(N +1)

N 16 Pyg1 _ 16P339S5—3 320
405(N —3)(N —2)2(N — 12N* (N + )4(N +2)® ON(N+1) 27°°
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3)

7. The gluonic operator matrix element A 99.0

n 16 Py2652 32P3765_5  16P392523
9N — 2)(N — 1)N2(N + 1)2(N +2) ON(N +1) ' ON(N +1)
n 16Py39 [S—2 — S2] S—1 . —@S n 64 P3735_2
15(N —3)(N — 2)(N — 1)2N2(N + 1)3(N +2) 97> T ON(N +1)
B 2Py76 165588523 g g
45(N = 3)(N — 2)(N — 1)2N3(N + 1)3(N + 2)2 IN(N +1) bl
. 16 P62 _ 64P3705; % s, \s
BN —3)(N—2)(N—1)PN3(N+13(N+2) 3N(N41)  9°2)>2

_ 16Py735-03 | 04P336S—2-3 16P3745-41  32P385521,—2 16501 + @S
3N(N+1) '~ 9N(N+1) 3N(N+1) O9N(N+1) 221 T Tyl

| 32PyrS-n1 o 128 128 160 256 <16

ON(N +1) | g 72211 g2 3Ll 7gm22 L1 = Tgmoa Ll
B 64(N2 +N+1)S, 4Py57
3(N—1)N(N+1)(N+2) 27(N—12N3(N +1)3(N +2)
16 Py35 64(N?+ N +1) L 32
o 22 2 5 |51+ (- 51 S_o
27(N — 1)2N2(N + 1)2(N + 2) SN -ON(N+ DN 12)
_ 324 o+ 4Py3451 80 32P37052
37T 2I(N—2)(N-)N2(N+1)2(N+2) 3°' 3N(N+1)

32P3735_2 P478 ) C

16 32
+ ES_?, + <SQ

" 3N(N+1) " 1080(N — 3)(N — 2)(N — 1)2N3(N + 1)3(N + 2)2

96 Ps75 8Ps34
+ ((N CON(N + 12N 1 2) 96S1> Gt <_3(N TNV + 12N 1 2)

16 P15 (%V)ZI_N (Zf\] 1 & ?211(5 L _ 7C3>

32
il B T2 | —
T3 Sl) i T OrTE 3(N—1)N(N + 1)2(N +2)(2N — 3)(2N — 1)
B 32Py5351 N 16 Py12.5%
81(N — 1)N4(N + 1)4(N +2)(2N —3)(2N — 1) * 27(N — 1)N3(N +1)3(N + 2)
16P41252 2P480

- 9(N —1)N3(N +1)3(N +2) 243(N —1)N5(N + 1)5(N + 2)(2N — 3)(2N — 1)

16 16 352 64 8P,
0 3 440
+ g Vg <2751 — g S S 35271> * <_9(N —N3(N +1)*(N +2)

16 P
V(0% 408
+ 5 Vot g )CQ T OIN = NN + 12N+ )%

i ()1 (S8, S350 7))

+ CaTi T45(N —1)N(N + 1)2(N +2)(2N — 3)(2N — 1)
8 Py5651 16(4]\73 +4N?2 — 7N + 1)53
©3645(N —1)N3(N +1)3(N +2)(2N —3)(2N —1)  15(N —1)N(N +1)
16(4N? +4N? — TN +1)S2 Pyro
15(N —1)N(N +1) 3645(N — 1)N4(N + 1)4(N + 2)(2N — 3)(2N — 1)
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7.2. The constant part of the unrenormalised OME

N 4 [Py24S2 — Pyo7 5] N 4Pyo3 B @S ¢
135(N — 1)N2(N + 1)2(N +2) ' \27(N—1)N2(N +1)2(N +2) 27°')>?

7Psgs 1120
* <_ 270(N — 1)N(N + 1)(N +2) 27 Sl) <3]

4 [Pa2152 — Pyo557 | B 8Py4351
27(N — )N2(N + 1)2(N +2)  720(N — )N3(N + 1)3(N +2)

B 2Pys55 n 4Py16 B @S "
729N — )NA(N + DY(N +2) ' | 27(N = 1)N2(N +1)2(N +2) 27 °')>?

896(N? + N +1) 448
MR GER S P ¢

+ CANFT}%

16 P41255 16 Py2257
N T2 . 1
T OPNETR = N T 1IN N + 13N +2) T 27(N — )N3(N + 1(N +2)
32P44S51 oo 112, 16 160 448
STV —)NA(N + )A(N 4 2) o Jag | ~ 97 o1~ 35152 575 = 757G

165 2P469 4F’438
-3 162 | — 243(N —1)N3(N + 1)3(N + 2) B 9(N —1)N3(N + 1)3(N+2)42
64
N T?m@} | (7.4)

with the polynomials P; given by

Psgs = N* 4+ 2N3 — 61N? — 62N — 8 (
Pygo = N* +2N3 — 23N? — 24N — 4 (
Pyr0 = N* +2N% — N? — 2N + 3 (
Py7y = N* 4+ 2N3 4+ 3N2 + 2N — 2 (
Pg7o = N* +2N3 + 17TN? + 16N +3 (
Pyr3 = 2N* + 4N3 —3N?2 —5N 46 (7
Ps74 = 2N* +4N3 — N? —3N 46 (7
Pi7s = 2N* 4+ AN3 + TN? + 5N + 6 (7
P37 = 3Nt + 6N2 —11N? — 14N + 9 (
Py = 3N+ 6N2 —8N? — 11N +9 (
Pizs = 3N* 4+ 6N3 —4N? — 7N +9 (
Py = 5N* — 8N3 — 23N2? — 22N — 8 (7.16
Pyg0 = 5Nt + 4N3 + N2 — 10N — 8 (
Psg1 = 5N* 4+ 10N3 — 65N? — 70N — 16 (
Psgo = 5N* + 10N3 — 29N? — 34N — 16 (
Pyg3 = 5N* + 10N3 — N2 — 6N — 16 (
Psgy = 5N* 4+ 10N3 + 25N? + 20N + 36 (
Psgs = 6N* + 12N3 — 7TN?2 — 13N + 18 (

211



7. The gluonic operator matrix element Aé?Q
Psge = 6N* + 12N3 — N2 — 7N + 18
Psg7 = 6N* + 12N3 + N2 — 5N + 18
Pygg = 6N* + 12N3 + 5N? — N + 18
Psgg = 6N* + 12N% + 7TN2 + N + 18
P3go = 11N* + 22N3 — 5N? — 16N + 68
P91 = 18N* + 36 N3 + 19N%2 + N + 54
Psgy = 18N* + 36N 4+ 41N? + 23N + 54
Psg3 = 29N + 58 N3 4+ 49N? + 20N + 20
P39y = 36N* + 72N? + 103N? 4 67N + 108
Psg5 = 1287TN* + 3726 N3 — 3047N? — 7214N — 2624
P3g6 = N° —12N* — 11N3 — 54N? — 52N — 8
Pyg7 = 3N° — TN* — 25N3 — 269N? — 254N — 72
Pggg = 3N — 5N+ —21N3 — 7T9N? — 66N — 24
P399 = 3N° — 4N* — 19N3 — 146N? — 134N — 60
Pyoo = 3N° — N* — 13N — 47TN? — 38N — 48
Pyo1 = 3N® +16N* + 21N3 + 194N?2 + 186N — 12
Pyop = 3N° + 25N* + 39N3 + 275N? + 258N + 24
Pjos = 9N° 4+ 18N* — 19N3 — 30N% — 20N + 18
Pyos = 13N® + 36 N* 4+ 55N3 + 60N? + 116N — 176
Pyos = 16N® + 41N* + 2N3 + 47TN? + 70N + 32
Pyos = 59N®° + 72N* — 13N3 + 78N? + 196N — 184
Pyo7 = TON® + 95N* — 223N3 — 751N? — 629N — 142
Pyos = — 63N5 — 189N° — 431 N* — 547TN3 — 1714N? — 1472N — 1472
Py = 2N% + 8N® + 3N* — 14N> — 5N2 + 6N + 24
Py = 2N +8N® + 9N* — 2N3 + 7TN? + 12N + 36
Pyi1 = 3N® 4+ 3N® — 5N* + 17N> — 64N? — 86N + 60
Pjia = ANS + 3N — 50N* — 129N3 — 100N? — 56N — 24
Pyi3 = ANS + 16N° + 9N* — 22N3 — 7TN? + 12N + 36
Pyig = ONS — 15N° — 89N* — 177N3 + 36 N? + 28N — 16
Pyis = ON® + 9N® — 53N* + 47N3 + 44N? — 104N — 80
Py = OINS + 27N5 + 161N* + 277N3 4 358 N2 + 224N + 48
Pyi7 = 15N% + 60N° 4+ 43N* — 76 N3 — 112N? — 38N — 132
Pyg = 17TN® + 33N° — 27N* + 50N3 4+ 130N? — 44N — 24
P19 = 29N + 78N° 4+ 7IN* + 90N3 + 206 N? + 138N + 180
Pjoo = 38NY + 108N° + 151N* + 106 N3 + 21N? — 28N — 12
Pyo1 = 40N% + 112N° — 3N* — 166 N3 — 301N? — 210N — 96
Pjog = 44N + 123N° 4 386 N* + 543N3 + 520N? + 248N + 24
Pjo3 = 99NS + 297N° 4+ 631N* + 767N> + 1118N? + 784N + 168
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7.2. The constant part of the unrenormalised OME

Pioq = 220N° 4 550N° — 135N? — 883N3 — 1621 N? — 1329N — 462 (7.61)
Pjos = 3N7 — 18NS + 334N + 358 N* — 649N — 232N? 4 492N — 144 (7.62)
Pjog = 3NT 43NS — 21N° — 31N* — 64N3 — 122N? — 104N + 72 (7.63)
Pio7 = 5N7 + 10N — 15N° — 42N* — 4N3 + 86N? + 32N + 72 (7.64)
Pios = 8N7 + 16 N® — 57N° — 104N* + 87TN3 — 26 N? — 28N — 248 (7.65)
Pjag = 15N7 — 25N6 — 192N° 4 442N* + 107N? + 2391N? + 1030N + 1032 (7.66)
P30 = 16N7 + 32N6 + 27N° + 32N* + 219N3 + 398 N2 4 628N — 856 (7.67)
P31 = 18N7 + 15N + 395N5 + 305N* — 545N3 — 584N? + 252N — 768 (7.68)
Py3p = 38N" + 20N® 4+ 77N® + 104N* — 385N3 — 466 N? + 36 N — 216 (7.69)
Py33 = 199N7 4 247N® — 785N° — 1091N* + 1510N3 — 56 N2 + 888N — 5424 (7.70)
Py3q = 421IN7 — 11N — 881N® + 775N* + 172N3 — 3356 N? 4 2880N — 10368 (7.71)
Pyss = N® + AN" 4+ 2N6 4+ 64N° + 173N* + 202N3 + 256 N2 — 72N — 72 (7.72)
Pysg = 5N® + 41N7 + 41N6 4+ 25 N° — 14N* — 54N3 — 84N? — 72N — 16 (7.73)
Py37 = 15N® — 252N + 228N® 4+ 631N* 4 1780N? + 3822N? + 1032N + 744 (7.74)
Py3s = 15N® + 60N7 + 4N® — 162N° — 311N* — 186 N® — 220N?2 — 80N + 48 (7.75)
Py39 = 30N® — 5N7 — 514N6 + 626 N° + 902N* 4 2735N3 + 5654N? + 4N + 168 (7.76)
Py = 33N® +132N7 + 106 N® — 108N — 74N* + 282N3 4 245N? 4 148N + 84 (7.77)
Py = 100N® 4 539N + 283N6 — 2094N> + 452N + 219N3 — 1495N? + 712N + 996 (7.78)
Pyip = 205N + 856 N7 + 3169N6 + 6484 N> + 7310N* + 4722N3 + 1534N? + 48N — 72
(7.79)
Pz = 6944N8 + 26480N7 + 23321 N® — 15103N° — 39319N* — 27001 N3 — 11178 N2
— 2016N + 864 (7.80)
Py = 5N? + 3N® —66N7 — 82N 4 469N° 4 1099N* + 2392N3 + 1092N? + 656N + 192
(7.81)
Pyys = TN® —3N® — 78N7 — 46 NS 4 439N° + 1285 N* + 2112N3 + 1068N?2 + 592N + 384
(7.82)
Pus = 40N — 65N® — 545N7 4+ 902NS + 1818 N° — 2437N* 4 8779N3 + 8080N? 4 1908 N
+ 720 (7.83)
Pyy7 = 215N — 660N — 1409N7 + 4346 N® + 4217N° + 9360N* + 31989N3 + 24274 N2
+ 17788N — 3720 (7.84)
Pug = N1 4 37N% — 10N® — 634N + 81NC + 5157N° 4 12472N* + 9408 N3 + 896 N2
+ 4272N + 2880 (7.85)
Puyg = 3N'0 — 29N? — 62N + 538N7 + 251 N6 — 4533 N5 — 13200N* — 11384 N3 — 432N?
— 3408N — 2304 (7.86)
Pyso = 8N'19 — 51N — 96 N® + 508 N7 + 458N® — 1601 N° — 2194N* + 152N3 — 464 N>
— 976N + 224 (7.87)
Pys1 = 15N10 4 10N° — 238N8 + 88NT + 2647N° 4 9610N° + 17712N* + 13108 N3
+ 5128 N? — 1872N — 1440 (7.88)

Puso = 15N + 19N? — 238 N® — 358 N7 + 1087N° + 4483 N> + 10400N* + 9536 N3
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7. The gluonic operator matrix element Ag);) 0

+ 2176 N? 4 5328 N + 2880 (7.89)
Pyss = 23N10 4+ 136 N? — 221 N® 4 388N7 4 1470N° + 2206 N> 4 2192N* + 2564 N3

+ 2082N? + 1008N + 216 (7.90)
Pyss = 30N10 4+ 150N + 163N® — 248N7 — 562N6 — 296 N° + 33N* — 30N3 — 48N?

+ 184N + 48 (7.91)
Pyss = 7209N 10 4+ 36045 N — 52924 N8 — 417598 N7 — 794647NS — 770095 N° — 388726 N

— 63040N3 — 576 N? — 25344 N — 12096 (7.92)
Pys6 = 96020N 10 + 180403 N — 293651 N — 563492N7 + 196513 N6 + 478087 N>

— 194200N* — 207066 N3 — 747T0N? — 38880N — 12960 (7.93)
Pys7 = 27N 4+ 189N10 + 631N + 1356 N® 4 2155N7 + 2207N® 4 211N° — 4984 N*

— 8400N?3 — 5824N? — 2544N — 576 (7.94)
Pysg = 50N 4 40N — 780N° — 655N 4+ 4020N7 4 5924 N6 + 14686 N° + 37651 N4

+ 34968 N3 + 14640N? + 3936 N + 720 (7.95)
Pysg = 75N — 35N 4 624N — 7558 N8 + 12763 N7 + 46561 N°® + 91954 N> + 198152N4

+ 119160N3 + 5280N?% — 4256 N — 1920 (7.96)
Pygo = 76N 4 875N10 4 3212N9 + 4756 N® + 1408 N7 — 5169N° — 12976 N° — 12806 N*

+ 112N3 4+ 3392N? — 1984N — 1632 (7.97)
Pys1 = 475N +330N10 — 1215NY — 19480N® — 26863N7 + 159682 N° + 88639N°

+ 425740N"* 4 1245588 N3 + 901568 N2 + 296576 N + 154560 (7.98)
Pugo = 502N — 1112N10 — 4284 N® + 6519N® + 14409N" — 12978 N® — 17866 N>

— 12913N* — 38013N3 4 7524N? — 6588 N — 12960 (7.99)
Pyg3 = 502N — 1112810 — 4248 N9 + 6609N® + 13113N7 — 11466 N6 — 14842N°

— 12427N* — 51441N3 + 8028 N2 — 2700N — 7776 (7.100)
Pyes = 1936 N1 + 5826 N0 — 8779N? — 34974N® + 5532N7 + 59112N° — 4333 N°

— 41196 N + 21988 N + 34344N? + 6336 N — 4320 (7.101)
Pygs = 30N'2 4 25 N1 4+ 120 N1 — 1204N° — 2904N8 — 8041N7 — 11950 N — 3528 N®

+ 6536 N1 + 4620N3 — 520N? — 1520N — 480 (7.102)
Pyes = 266 N2 + 983N — 1576 N0 — 9928 N — 6696 N® + 7669N" — 954 N6 — 5380N°

+ 16080N* + 10832N3 — 2656 N2 + 8640N + 6912 (7.103)
Pugr = 394N12 — 36 N1 — 4636 N0 — 2733N? + 18141 N® + 12348 N7 — 27010N©

— 32985N° — 61373N* — 57162N3 — 18828 N? — 49032N — 20736 (7.104)
Pyeg = 855N + 630N — 18415N1 — 10880N? + 121581 N8 + 49518N 7 — 276181 N°®

— 145296 N® — 95256 N* — 452548 N3 — 141544 N? 4 70416 N + 113760 (7.105)

Pago = 2913N "2 + 17478 N + 6253 N0 — 121030N? — 399973 N® — 664606 N7

— 829641 N6 — 867778 N® — 563504N* — 110240N3 + 67728 N? + 45504 N + 12096
(7.106)

Pyro = 149796 N2 + 481788 N1 + 4037555 N 10 + 6431215N? — 710852N® — 14957774N "
— 21164117N°% — 11167685 N° + 2360450 N* + 2452488 N3 — 1225440N?
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7.2. The constant part of the unrenormalised OME

— 518400N + 181440 (7.107)
Py = 33N 4+ 264N 4+ 574N — 470N — 2978 N — 912N® + 8524 N7 + 14408 N6

+ 9543 N7 + 4750N* + 4440N3 + 3344N? + 2544N + 864 (7.108)
Pyro = 40N 4+ 135N — 370N — 2695 N10 — 280N° 4 16269N® 4 7142N7 — 39049 N

— 45084N° — 65764N* — 78472N3 — 15456 N? — 6816N — 11520 (7.109)

Py73 = 140N + 75 N2 — 2625 N1t — 1865 N0 + 18485N? + 10075N8 — 71219N7

— 146799N5 — 280833 N> — 360790N* — 178316 N3 — 47896 N2 — 32832N — 11520
(7.110)

Py7y = 140N13 + 175N 2 — 2345 N1 — 3265N 10 + 14055N° + 15495 N8 — 43291 N7
— 93731 N5 — 146787N® — 140250N* — 9164 N3 + 18536 N2 — 15648N — 8640 (7.111)
Pyzs = 270N — 2725 N2 + 3150N " 4+ 19615N 10 — 62280 N2 — 19653 N® + 318066 N7

+ 69493N0% — 711822N° — 691882N* + 92904 N3 + 512832N? + 364032N + 142560
(7.112)

Pyz¢ = 510N 4+ 285N12 — 7310N — 8775 N0 + 41670N? + 46959N8 — 122258 N7

— 86309N° + 330156 N° + 386896 N* — 29072N3 — 232496 N2 — 43776 N + 46080
(7.113)

Pyr7 = T680N13 + 10185N 12 — 49440N1! — 285845 N10 — 271990 N + 2253579 N8

+ 1796772N7 — 7046779N® — 14683494 N> — 29740484 N* — 26073512 N3

— 3990016 N2 — 8326656 N — 5575680 (7.114)
Py7g = 51840N' — 27105N12 — 652320N1! — 373235 N0 + 3654470N° + 30914378

— 12027204N" — 3820797NS + 45087798 N° + 61437668 N* + 10569064 N>

— 30448128 N2 + 7229952N + 14100480 (7.115)
Pyrg = 95N 4+ 125 N1 — 1134N1'2 — 2050 N + 6499N10 + 26893N? + 38472 N8

— 55832N7 — 205660 N°® — 56080N° + 145792N* + 53472N3 — 6144N? — 88448 N

— 42240 (7.116)
Pygo = 8868N1 + 35472N13 — 9409N12 — 152862N !t + 61883 N1 4 593774 N?

— 379547N8 — 1672874N" — 807075 N + 89818 N° — 325576 N* — 407328 N3

— 167688N? — 21600N -+ 18144 (7.117)
Pyg1 = 540N1® — 6940N1* — 6255 N2 4 92984 N2 + 99855 N1 — 389419 N0 — 647943 N?

+ 663238 N® + 1833777TNT — 126095N® — 1116630N° + 69928 N* — 480432 N3

— 718416 N? — 1212192N — 570240 (7.118)
Pygo = 420N16 + 540N — 8300N* — 15615N 1 4 49927 N2 + 148830N ! — 80392 N0

— 672719N® — 625021 N8 + 156216 N7 + 823430N° + 3125340N° 4 4621504 N4

+ 2625824 N3 + 429792N? + 87744N + 46080 (7.119)
Pyg3 = 685N + 1370N' — 9010N — 19290N13 + 26146 N2 4+ 91966 N1 — 14748 N'10

— 149230N? + 45035N® + 174316 N" — 271314N° — 505068 N° — 281130N*

— 520802 4 16080N? + 17280 N + 4320 (7.120)
Pygy = 12180N 6 4+ 8370N' — 256195N 14 — 157950N 12 4+ 1778081 N2 + 1177830 N 1

— 4307281 N1 — 3049362N? + 3710647N® 4 11089008 N " + 11202520N°
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7. The gluonic operator matrix element A 99.0

— 23576760N° — 52089008 N — 32240448 N> — 12305664 N2 — 7993728 N — 1866240
(7.121)

Pygs = 10455N '8 4+ 59490N17 — 15790N 16 — 741440N1 — 1390120N 14 + 1428397 N 13

+ 7150867N'2 + 5281630N 1 — 7138741 N0 — 8816137N? + 10256689 N°®

+ 16683860N" — 3484864 N° — 12146200N° — 502576 N* + 59097603

+ 4302720N2 + 2851200N + 829440 (7.122)
Pyge = 40100N '8 + 99255 N7 — 72738016 — 3314430N'° — 1772040N 1 4 14821596 N'13

+ 48888776.N 12 + 98029290 Nt + 59157432N 10 — 330544971 N° — 879181188 N8

— 779917140N" — 105697492N° + 173719200N° + 551952N* — 97381440N3

— 68610240N?2 — 34525440N — 8398080 (7.123)
Pyg7 = 1213695N%° 4+ 7525170 N1 — 6722900N '8 — 132732760N 7 — 180657906 N 16

+ 7069875002 + 1986194496 N4 — 505023504 N 13 — 7245869189 N 12

— 7460329438 N + 6529524348 N0 4- 22209128904 N? 4 18794760144 N8

— 4187656992N7 — 23855002304 N5 — 26274133120N° — 18561813504 N4

— 9634314240N3 — 2690703360N2 + 136028160 + 199065600 (7.124)
Pygg = 196275N?% + 1397685 N 2! — 1454770N2° — 30923820 N — 41291522 N8

+ 225466098 N7 + 63039561216 — 373372336 N1° — 3171331361 N 14

— 2650077679IN 3 4 4908510270N 12 4 10281951044 N + 3751227016 N 1°

— 6343664096 N — 8882356992 N8 — 5272720448 N " + 530329472 N6

+ 4243436032N° 4 2879400960N* + 137687040N3 — 705024000V

— 525864960N — 149299200 . (7.125)

As before, we suppress the argument of harmonic sums if it is N. Besides nested harmonic sums
up to weight w = 5, also binomially weighted sums [262] emerge!. After simplifications using
the quasi-shuffle relations of the nested sums, cf. Eq. (3.35), only two objects involving binomial
coefficients enter the result. They are given by

ON\ 1 (SN 4iS(i—1)

b (N) = <N>4N (;(12)22 - 7@,) , (7.126)
& )(Z NG —7<3>
ba(N) =) — .

P 40 (i + 1)

(7.127)

The object by (N) was already encountered in the T% terms in [340], but it also occurs in other
colour factors. Obviously, the second binomial object ba(IN) contains by (7) in its summand. We
note, that in contrast to, for example, the pure-singlet OME, no generalised harmonic sums
(without binomial weights) occur in the result.

The expression in Eq. (7.4) is valid for even integers N. The result agrees with the fixed even
moments of the constant term calculated in [193, 203|. For odd values of N, the operator matrix
element has to vanish identically due to the crossing symmetry of the Compton amplitude TH”
to which the light-cone expansion is applied. In order to verify the agreement at N = 2, an
expansion around that value has to be performed since the result contains terms proportional

!See [369-371] for related binomial sums.
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7.2. The constant part of the unrenormalised OME

to (N —2)~! and (N — 2)~2. These poles can be shown to cancel: Since b;(N) occurs in the
coefficient of (N —2)~!, we also need its derivative with respect to N evaluated at N = 2, b} (2).
This requires its analytic continuation, which was worked out in [262, 340]. The sum can be
written as a Mellin transformation of an iterated integral over root-valued letters,

N 4is (i - 1) LN _q gt 1
(1(.7\7):;;(12;)1.2 :/0 dx o /x dym[ln(l—y)—ln(y)+21n(2)].

(7.128)

Taking the derivative with respect to N in the integrand at setting N = 2 afterwards, leads to

1 x2nx 1
d@%:A(h x12>/'@%W%_yum1—yy—m@)+2m@n, (7.129)

which can be simplified to

ﬂm:f&—%@—mm®@+gm) 7@—§ (7.130)

using the routines of HarmonicSums. Writing the binomial coefficient in terms of I'-functions, we
can obtain the required expansion

bi(N)  3a(2) - %

- L ([7 — 121n(2)]a(2) — [49 — 841n(2)]¢3 + 64/ (2)) + O(N — 2)

N—-2  N-2 16
_&_1_§C_§C+@C_§B + O(N —2) (7.131)
TN-2 2 162 167" 32 g4 ' '

Together with the remaining sums, we can now verify that — after the cancellation of the poles —
the expression in Eq. (7.4) agrees with the fixed moment for N = 2 from [203|. As was already
noted in [340], the T2 terms have spurious poles at N = 3/2 and N = 1/2, which were shown to
cancel. Outside of the Tlg colour factor, no such spurious poles arise at half integer values. The
analytic continuation of the complete expression Eq. (7.4) to complex values N € C still requires
clarification of the behaviour at N = 3 since naively stripping the prefactor (1 + (—1)V)/2
introduces a pole at N = 3 with non-vanishing residue. We conclude that a nested product-sum
representation has been obtained for even integers IV, which seems to still need a generalisation
to allow for an analytic continuation.

(3) (3)

The result for a, Q(N ) is an important step towards the completion of the gluonic OME A 96,0

All logarithmic terms of the renormalised OME A( ) o as well as those parts of the constant term
which are determined by the renormalisation procedure are known and were presented in [450)].

(3) (

Together with the constant term a ), the renormalised OME can be assembled. In order

to check that the moments grow at most like powers of ln(N ) = In(N) + g, the asymptotic
expansion of the OME around N — oo has to be calculated analytically. The asymptotic
expansion of the harmonic sums in known [147, 148, 259| and can be computed automatically
with HarmonicSums. The expansion of the binomial objects can be obtained from their Mellin
representations, see [262].2 These remaining aspects will be discussed elsewhere.

2See also [340] for the asymptotic expansion of by ().
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8. Remaining Wilson coefficients and OMEs

The heavy flavour Wilson coeflicients ng and H;D’ S in the asymptotic limit @ > m? have
already been discussed in Section 4.2 and Section 5.2, respectively. There are three additional

heavy flavour Wilson coefficients which contribute to the structure function Fy(x, Q?): LqPE, LS

and Hgsz. The former two depend, up to 3-loop order, on the OMEs AqP; ’g’) and A((]z),Q, which

were published in [336]. The explicit 3-loop results for the Wilson coefficients LqPE and Li2 were

presented in [450]. The Wilson coefficient H§,2’ on the other hand, depends on Ag’g, which has
not been completed to 3-loop order for general values of N as of now.

To give a more complete picture of the heavy flavour contributions to Fy(x, @?), we discuss
the relative impact of the individual Wilson coefficients in this chapter. For Lf; 5 and L§’2 we
present numerical illustrations based on the x space representations given in [450]. The overall
comparison of the five Wilson coefficients is based on the known fixed moments [203]. Moreover,
we compare the contributions of the OMEs to the matching relations in the variable flavour
number scheme based on the same moments. The discussions of this chapter are also published
in [450].

For the following illustrations, we choose u? = @2 and we consider the case of a massive
charm quark and three massless quarks (Np = 3). The charm quark mass m. = 1.59 GeV [226]
refers to the OMS scheme. We use the NNLO PDFs and strong coupling constant from [218]
which are available through the library LHAPDF [422]. The HPLs are evaluated using the code
presented in [423] and for the terms given by the massless 3-loop Wilson coefficients we use the
parametrisation given in [138]. As before, we use the NNLO PDFs and strong coupling constant
also for the 2-loop term to facilitate assessing the impact from the Wilson coefficients.

The pure-singlet Wilson coefficient ng, where the photon couples to a light quark, starts at
O(a3). Its contribution to the structure function Fy(z, Q?) is illustrated in Fig. 8.1.

Figures 8.2 and 8.3 demonstrate the contribution from the Wilson coefficient L§,2 to Fy(z, Q?)
at 2-loop order and up to 3-loop order, respectively. By comparing Fig. 8.1 to Fig. 8.3 we see
that the contribution from L;Q is larger by about a factor 2 to 3 in the small x region than the
contribution from Lg g This is mainly due to the stronger rise of the gluon PDF compared to the
singlet PDF combination. Moreover, we note that, in the small x limit, the 3-loop contribution
far exceeds the 2-loop contribution of LES]Q, despite the suppression by another power of the
coupling constant as;. This can be understood from the fact that the 3-loop term has terms
proportional to 1/z while such terms are missing in the 2-loop term: In order to contribute to
L;Q, the scattering must be initiated by a gluon, have a virtual heavy quark in one of the loops
and the photon must couple to a light quark. At 2-loop order, these requirements prevent the
exchange of gluons in the ¢-channel, which would give rise to an 1/x behaviour.

The moments for the 3-loop OMEs completed in 2009 in [203] allow us to compare the relative
size of the impact from the different Wilson coefficients on the structure function ' FP(z, Q?).
We split up the heavy flavour contribution to the structure function according to the individual
terms in Eq. (2.90) and normalise it to the moments of x~'Fi'(x,Q?). For the discussion, we
treat each perturbative order in as independently. We introduce abbreviations for the Mellin
moments of the normalisation

1
F(N)=M [z F}(z,Q%)] (N) = /0 dz 2N 2 F) (7, Q%) = M [F}(z,Q%)] (N — 1) (8.1)
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8. Remaining Wilson coefficients and OMEs

0.016 . . . .

O(a?) contribution of L[';SQ
0.014 Q? = 1000 GeV? 1
Q? =100GeV? — —
0.012 } Q%> =20GeV? — — - 1

0.01 ¢

0.008 |
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0.006 K

0.004 F

0.002 f

Figure 8.1.: Charm contribution from Lqu to the structure function Fy(x,Q?). We treat the
charm quark mass in the OMS scheme and use m, = 1.59 GeV [226]. We use the
NNLO PDFs and strong coupling constant from [218].

0002 T T T T
O(a?) contribution of L;Q
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Figure 8.2.: Charm contribution from LS,Q to the structure function Fh(x, Q?) at 2-loop order.
The charm quark, PDFs and strong coupling constant are treated as in Fig. 8.1.
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Figure 8.3.: Charm contribution from LE,Q to the structure function Fy(x, Q%) up to and including
3-loop corrections. The charm quark, PDFs and strong coupling constant are treated
as in Fig. 8.1.

and for the normalised Mellin moments of the individual contributions from the Wilson coeffi-
cients

N,
N7 Lkt Ch L3 (V) ()

FlLy3](N) = ) (8.2)
FL,)(N) = e X Z%(Lj% (W)G) (8.3)
FLg5)(N) = i G%ng(?(][\{';(m + 50 (8.4)
FIH3)(N) = eéﬂgﬁi((%))z(]v) (8.5)
F[HS,)(N) = eéHgS’;((%))G(N) : (8.6)

where e, is the electric charge of the kth quark flavour and eg is the charge of the heavy
quark flavour. The Mellin moments of the quark and anti-quark number density PDFs are
denoted fi(N) and f,(N), respectively, and we write £(N) for the moments of the singlet PDF
combination and G(N) for the gluon PDF.

For the numerical comparison, we assume Np = 3 light quarks and set eg = 2/3. The strong
coupling constant as(p?) and the moments of the PDFs are computed from the NNLO analysis
in [218] which are available through the LHAPDF library. The charm quark mass is m. = 1.59 GeV
in the OMS scheme [226]. We choose the renormalisation and factorisation scale u? = Q2. The
logarithmic terms of the Wilson coefficients have been published in [358| for the non-singlet
Wilson coefficient and in [450] for the others. The moments of the massless Wilson coefficients
are taken from [132, 133] and those of the constant part of the OMEs from [203].
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8. Remaining Wilson coefficients and OMEs

Table 8.1.: Moments of the contributions to the structure function z='Fl(z, Q?).
N 2 4 6 8 10

Q? =20 GeV?
2.78-107%  593-1077 -3.05-1077 —547-10% —1.26-10"8
7.37-100* —560-107° —1.98-107® —8.17-107% —3.89.10°6
579-107% —-3.49-10° —1.58-10"® —751-107% —-3.97.10°6

Q? = 100 GeV?
5.19-1073 1.29-107° 3.47-1077  2.22.10°8 1.79-107?
1.20-107% —4.31-107° —1.44-10° —5.53-1076¢ —2.50-10F
5.71-107% —2.66-10° —1.01-107®> —4.29-107% —2.11-1076

Q? = 1000 GeV?
758107  2.02-107® 7.66-1077 7.93-10% 1.41-10"8
1.47-1073 —4.65-107° —1.38-10° —4.88-107% —2.07-1076
554-107%* —-292.10° —-9.01-107% —-3.39.-10% —1.52.1076
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In Table 8.1 we collect the moments of 2~ ' Fi'(x, Q?) to which we normalise. The normalised
moments of the contributions from the individual Wilson coefficients are presented in Table 8.2.
For the interpretation, we have to recall that the integral kernel of the Mellin transformation
V1 places more and more weight on values close to z = 1 when we go to higher moments N.
The gluon PDF is rather small close to x = 1 so that its higher moments are small compared
to those of the singlet or non-singlet PDF combinations. As a consequence, the moments F(IV)
(Table 8.1) decrease faster at O(as) than at higher orders since only the gluonic Wilson coefficient
H;Q contributes at lowest order. At higher orders, also singlet and in particular non-singlet
Wilson coefficients yield a substantial contribution. The moment F'(10), for example, increases
by two to three orders of magnitude when going from O(as) to (’)(ag). Moreover, we note that
the moments at O(a?) and O(a?) are negative, except for N = 2. This can be understood by
looking at the contributions from the individual Wilson coefficients, as collected in Table 8.2.

For the second moment, the gluonic Wilson coefficient H;Q yields the largest contribution for
all values of Q% and at all orders of a, considered here. The singlet and non-singlet Wilson
coefficients, H 5 g and ng, contribute with the opposite sign, and the magnitude of their second
moments is roughly a third to a quarter of the gluonic Wilson coefficient. The remaining two
Wilson coefficients, L§72 and LqPE, give only minor contributions of a few percent. Starting with
the fourth moment, the non-singlet term dominates the structure function. Since the Wilson
coefficient is negative for all z, see Fig. 4.4, all its moments are negative as well. This explains
the change of sign of F(N) for N > 4. The reason for the relative size of the non-singlet
contribution is twofold: As mentioned above, the moments of the non-singlet PDF outgrow the
moments of the gluon PDF, which contributes to the suppression of the gluonic term. Moreover,
the non-singlet Wilson coefficient contains plus distributions. These give rise to an asymptotic
growth of the moments proportional to powers of In (J\_f ) = In(N) + g, while the other Wilson
coeflicients have at most a constant asymptotic behaviour. Given these observations, we have
to keep in mind, however, that even though the entirety of the integer moments determines
also the small z behaviour through the pole structure of its analytic continuation, it is usually
impossible to determine from just a few fixed moments. However, given a large but finite number
of moments, the complete expression can be guessed from the moments [149].

Since the OMEs also enter the matching relations of the variable flavour number scheme, we can
try to assess their impact using the available fixed moments. The matching relation for the PDF
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Table 8.2.: Moments of the contributions to the structure function FI'(N,Q?) from individual
Wilson coefficients, normalised to their sum. The perturbative orders in as are con-
sidered separately.

N 2 4 6 8 10
Q? = 20 GeV?

O(a2) F[LS,](N)  0.0688 —0.0129 —0.00213  —0.000632 —0.000 259
F[LYSI(N)  —0.384 1.08 1.01 1.00 1.00
F[HS)(N)  —0.459 0.0289 —0.00250  —0.00394  —0.003 22
F[HS,J(N) 177 —0.0957 —0.00125 0.002 44 0.00187

O(a3) FILL3I(N)  0.0594 —0.0143 —0.00518  —0.00324  —0.00237
F[LF,)(N)  0.113 —0.0271 —0.00459  —0.00141  —0.000593
F[LYS](N)  —0.222 1.13 1.02 1.01 1.01
F[H}S)(N) —0.306 0.0475 —0.00235 —0.00526  —0.00457
F[HS,J(N)  1.36 —0.137 —0.006 92 0.000563  0.000 996

Q% =100 GeV?

O(a2) FIL5,)(N)  0.0506 —0.0165 —0.00301  —0.00106  —0.000 505
F[LYSI(N)  —0.261 1.17 1.02 1.00 1.00
F[HJS](N)  —0.402 0.0900 0.0153 0.004 35 0.001 41
F[H,J(N)  1.61 —0.240 —0.0281 —0.00666  —0.00209

O(a?) FILY3I(N)  0.0559 —0.00951  —0.00317  —0.00205  —0.00157
F[LF,)(N)  0.0879 —0.0215 —0.00456  —0.00173  —0.000863
F[LYSI(N)  —0.287 1.15 1.02 1.01 1.00
F[HJS)(N) —0.504 0.130 0.0223 0.005 90 0.001 52
F[HS,J(N)  1.65 —0.251 —0.0315 —0.00790  —0.00270

Q? = 1000 GeV?

O(a2) F[LF,)(N)  0.0429 —0.0128 —0.00264  —0.00104  —0.000540
F[LY5](N) —0.304 1.19 1.02 1.01 1.00
F[H}S](N)  —0.499 0.124 0.0283 0.0113 0.005 68
F[HS,)(N)  1.76 —0.304 —0.0497 —0.0169 —0.007 85

O(a?) FILY3I(N)  0.0666 —0.00603  —0.00155 —0.000921 —0.000714
FILZ,)(N)  0.0720 —0.0113 —0.00311  —0.00139  —0.000 782
F[LYSI(N)  —0.458 1.14 1.01 1.00 1.00
F[HJS](N) —0.815 0.170 0.0419 0.0169 0.008 34
F[HJ,)(N) 213 —0.289 —0.0521 —0.0182 —0.008 62
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8. Remaining Wilson coefficients and OMEs

Table 8.3.: Ratio of the moments of the PDFs X/G for different values of the scale 2.

N 2 4 6 8 10
©? =20 GeV? 1.18 8.00 25.8 58.0 103
p? =100 GeV? 1.07 7.75 22.8 44.7 69.9
©? = 1000 GeV? 0.982 7.59 21.0 38.2 56.9

combination f; + f; was already discussed in detail in Section 4.5, so we restrict the discussion
here to the remaining matching relations. We define the following ratios of moments in analogy
to the combinations of OMEs and PDFs which occur in the matching relations Eqgs. (2.112)
o (2.114):

A G APS 3
,Q PS Q
R(Aggq, Agg) = jg G’ R(Agq: Agg) = ﬁ, (8.7)
Qg Qg
PS
R(ANS A ) _ qq,Q by R(A A ) _ “79q,Q % (8 8)
99.Q>7R9) T A G 94,Q° “1Qg 1. .
Qg Qg
A G APS )
7Q 7Q
F(Ag.0: Aqg) = XZ) G’ R(Agg: Agy) = ff; G’ (8.9)
9 g

Table 8.4 lists numerical values for these ratios at different perturbative orders and for different
scales 2. For reference we also give the ratio of just the singlet PDF combination to the
gluon PDF ¥/G in Table 8.3. The same comments as for the Wilson coefficients apply for the
interpretation of these ratios: Higher moments probe regions closer to z = 1 and the ratios of
higher moments indicate the relative importance of the individual terms in the large x region.
Due to the shape of the PDFs the ratio X/G increases for larger N. This enhances contributions
which are proportional to the singlet PDF compared to the gluon contributions. We note that
the relative importance of the OMESs is roughly stable across different perturbative orders and
scale choices. Therefore, we will discuss the impact of the individual terms cumulatively for the
scales and orders.

Only the OMEs Ag% and A, contribute to the matching relation for fo + fg, cf. Eq. (2.112).
Their relative importance can be seen directly from the ratio R(AEE,AQ ). For the second
moment, the magnitude of the pure-singlet contribution ranges from approximately 12% to 37%
of that from AQ ;- However, its relative importance grows to up to about twice the size of the
contribution from AQ 9 for N = 10. The two contributions have opposite signs for all moments.
One has to keep in mind though, that A, already starts at O(as) while the pure-singlet OME
only starts at (’)(ag). Therefore, the overall PDF combination fq + fg is still dominated by the
leading-order AQ , contribution.

The matching relation of the gluon density, Eq. (2.113), receives contributions from the OMEs
AggQ, weighted by the gluon PDF, and by qu,Q’ weighted by the singlet PDF. The latter OME
starts at (’)(ag) and has the opposite sign compared to the gluonic contribution, which starts at
O(as). For the lowest moment N = 2 the gluonic contribution dominates at each order and the
A .. term has approximately 14% to 59% the size of the A g, term. The ratio of the PDF
momentb enhances the singlet term towards higher moments, such that the singlet term is larger
than the gluonic term by a factor 1.5 to 5.5 for N = 10, especially for low scales.

The singlet PDF for Nr 4 1 massless quarks at the matching scale aribes from the singlet
PDF for Nr massless quarks, weighted by the OMEs Aqq 0 APSQ and A , as well as the gluon

PDF for N massless quarks, weighted by AQ , and A cf. Eq. (2.114). The size of the Ag?;

q9,Q’
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Table 8.4.: Moments of the OMEs, weighted by the PDFs as they appear in the VFNS matching
relations for Q + @, G and ¥ and normalised to the contribution of AQg. The
perturbative orders in as are considered separately.

N 2 4 6 8 10
12 = 20GeV?
Olas) R(A, g Ag,) —1.00 —1.82 —2.55 —3.24 —-3.93
O(az) R(Ay o Ag,) —1.00 —1.64 —2.38 —-3.18 —4.03
R(ADS, Ag,) —0.126 —0.366 —0.782 —1.33 —1.94
R(ANSH, Ag,)  —0.0584 —~1.13 —6.32 —20.7 —49.5
R(Ay,0:A0,) 0.184 1.14 4.00 9.81 19.0
O(al) R(Ay, o Ag,) —101 —1.34 —1.85 —2.43 -3.09
R(ADS, Ag,) —0.160 —0.484 —0.963 —1.54 —2.13
R(ANSH, Ag,)  —0.0404 —0.583 —2.94 —9.18 —21.4
R(Ay, 00 Ao,) 0.147 1.13 3.80 8.99 17.0
R(A,y0:Aq,) 0.00513  —0.0202 —0.0326 —0.0445 —0.0567
R(A}S 0, Ag,) 0.0534 0.109 0.246 0.468 0.762
1% =100 GeV?
Olas) R(A, 0 Ag,) —1.00 ~1.82 —2.55 —3.24 —-3.93
O(az) R(Ay o Ag,) —1.00 -1.77 —2.64 —3.58 —4.58
R(ADS, Agy) —0.188 —0.425 —0.763 —1.09 —~1.35
R(ANSH, Ag,)  —0.125 —2.44 —~12.4 —-35.5 —74.5
R(Ay, 0, Aq,) 0.313 1.39 3.91 7.77 12.6
O(ad) R(A,q Ag,) —1.00 —1.61 —2.32 —3.07 —3.87
R(ADS, Agg) —0.280 —0.581 —0.947 —1.25 —1.46
R(ANSH, Ag,)  —0.177 —2.87 —13.7 -37.9 —~77.9
R(Ay, 0, Aq,) 0.392 1.41 3.41 6.05 8.93
R(A,, 0 Ao, 0.00476  —0.0375 —0.0491 —0.0580 —0.0657
R(ALS 0, Ag,) 0.0646 0.0984 0.173 0.255 0.332
p? = 1000 GeV?
O(as) R(A, o Ag,) —1.00 —1.82 —2.55 —3.24 —3.93
O(a2) R(A, 0 Ag,) —1.00 —2.01 —3.02 —4.06 —5.14
R(AGS, Ag,) —0.255 —0.452 —0.700 —0.885 —1.01
R(ANH, Ag,)  —0.205 -3.71 —~17.0 —44.0 —85.9
R(A,, 0 Ao, 0.460 1.54 3.58 6.13 8.89
O(a?) R(A, o Ag,) —1.01 —-1.75 —2.50 —3.26 —4.03
R(AGS, Ag,) —-0.373 —0.628 —0.907 —1.09 —~1.19
R(ANSH, Ag,)  —0.293 —4.16 -17.5 —43.4 —82.1
R(A,, 0 Ao, 0.593 1.51 2.97 4.51 5.94
R(A,50:A0,) 0.00542  —0.0469 —0.0561 —0.0624 —0.0675
R(ALS 0, Ag,) 0.0726 0.0901 0.134 0.172 0.201
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8. Remaining Wilson coefficients and OMEs

term was already discussed in the context of the fg + fg5 matching relation above. The second
moment receives its main contribution from A, , followed by Ag% and quS’Q. Towards higher
moments, the ratio of the PDF moments again changes the relative importance of the terms.
Additionally, the asymptotic behaviour of the non-singlet OME leads to a significant growth this
term: Its relative size compared to the AQg term increases from 5% to 29% for N = 2 to up to
86 times the size of AQ 9 for N = 10. This even lets the non-singlet term dominate the moment
N = 10 if we take the suppression by as into account.
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9. Conclusions

Deep-inelastic scattering experiments have a long history in establishing and testing QCD and
allow us to extract important parameters of the Standard Model like the strong coupling constant
as, the heavy quark masses m. and m; and the PDFs. Due to the precision of the current world
data, modern analyses have to include theoretical predictions at least up to NNLO. At this
level, a complete description of heavy quark contributions is still missing. Therefore, a long-
term project was started in order to extend the description of the heavy quark contributions to
NNLO. It relies on the factorisation of the heavy flavour Wilson coefficients into massless Wilson
coefficients and massive operator matrix elements in the asymptotic region Q? > m? [201, 203],
which is most relevant for experiments like HERA in the case of the structure function F(z, Q?).
After the extension of the renormalisation procedure to O(a?) and the calculation of a series of
fixed Mellin moments up to N = 10(14) in [193, 203, 302], the main focus of the project has
shifted to the calculation of the massive OMEs for general values of N. This thesis constitutes a
part of this effort and a number of steps towards the goal of the project have been accomplished
here.

We obtain the non-singlet OME Agls’é?’) in Chapter 4 for general values of N and confirm

the Ng dependent part of the 3-loop non-singlet anomalous dimension 7}1\118’(2). The calculation
is performed by reducing the arising Feynman integrals to master integrals via integration-by-
parts relations and calculating the master integrals using hypergeometric function techniques and
Mellin-Barnes representations in combination with the summation algorithms and special func-
tion tools implemented in Sigma [241, 252, 253|, HarmonicSums [258-263|, EvaluateMultiSums
and SumProduction [254-257|. In a similar calculation, we also obtain the result for the non-
singlet OME for transversity Aqu%g RG) and compute the anomalous dimension for transversity.
Due to a Ward-Takahashi identity of the non-singlet Green’s function, the renormalisation of
the axial charge becomes trivial in this case and we are provided with even and odd moments
for the non-singlet OME. The even moments correspond to the case of a vector coupling and
the odd moments to the case of an axial-vector coupling. We combine the result for the even
moments of the OME with the known unpolarised massless Wilson coefficient [138] to obtain the
asymptotic heavy flavour Wilson coefficient ng for the unpolarised structure function Fy(z, Q?).
This result allows us to give first illustrations of the impact of the non-singlet Wilson coefficient
on the structure function Fy(z,Q?). The odd moments of Al\LSéB) constitute the OME for the
non-singlet operator with an axial-vector couphng, which enters the non-singlet Wilson coeffi-
cient for the polarised structure function g (z,@?). Here we also illustrate the influence on the
structure function and also give the twist-2 contribution to go(x, Q?) which is related to g (z, Q?)
via the Wandzura-Wilczek relation. Moreover, we discuss the heavy flavour contributions to the
polarised Bjorken sum rule. Since the first moment of the non-singlet OME vanishes, the only
effect of the heavy quark is to increase the number of active quarks Ng by one in the mass-
less contributions. Furthermore, we also apply the odd moments for the non-singlet OME to
the charged current structure function zF3(x,@?). While the results for ng are structurally
identical to the polarised case, up to terms proportional to the colour factor d*°d®c, there is
a second non-singlet Wilson coefficient, H\S ¢.3+ Which arises due to flavour excitation processes.
Again, we illustrate the impact on the structure functions and discuss heavy flavour effects in

the Gross-Llewellyn-Smith sum rule. Together with the OMEs A é ) and Ag g)Q’ which were
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9. Conclusions

calculated in [336], the non-singlet OME completes the first matching relation of the variable
flavour number scheme [202, 203]. It allows to express the PDF combinations fi + f; in the
scheme with Np + 1 flavours in terms of PDFs in the Np ﬂavour scheme. The overall effect
of this scheme change is of the order of 0.5%. Since the OMEs A ( ) and A( ) start only at
3-loop order, the singlet and gluon PDFs begin to mix into the fi + fk comblnatlon at this order.
Therefore, going from 2-loop to 3-loop order in this matching relation, changes the shape of the
small  behaviour.

In Chapter 5, we calculate the pure singlet OME APS ® Asa by-product, we obtain the pure-
singlet anomalous dimension fy 5@ in a first 1ndependent complete recalculation since it was
computed in [136] in massless DIS. In addition to the techniques used for the non-singlet OME,
we also employ differential equations to calculate some of the master integrals. Beyond nested
harmonic sums and harmonic polylogarithms, which were sufficient to express the previous results
of this project, here also generalised harmonic sums and HPLs with non-standard argument occur.
Using the result for the pure-singlet OME and the corresponding massless Wilson coefficient
[138], we complete the heavy flavour Wilson coefficient H, 57 5. Our illustrations of the pure-singlet
Wilson coefficients show that their largest contribution is expected in the region of small x, where
one, however, has to keep in mind the kinematic restrictions of DIS experiments.

The calculation of a set of Feynman diagrams with ladder- and V-topologies, which we present
in Chapter 6, is an important step for the calculation of the remaining OMEs. These diagrams
contribute to A®) and are examples for an important class of diagrams. Their calculation is
possible due to a refinement of the computer algebra tools and the systematic use of differential
and difference equations to calculate the large number of master integrals which are required.
The differential equations, which are derived from the IBP relations, are written as difference
equations via a formal power series ansatz and then decoupled into a scalar recurrence using
the uncoupling algorithms [382] implemented in OreSys [383]. The scalar recurrences can be
solved with Sigma and related packages and the results are simplified using HarmonicSums. One
diagram with a V-topology turns out to be especially complicated due to its relation to non-
planar diagrams induced by the operator insertion. Its solution requires also binomially weighted
iterated sums, which give rise to new constants in its asymptotic expansion. Using the same
methods, a large share of the diagrams which contribute to A(:?] are computed as well. The
remaining diagrams depend on master integrals which require more advanced methods and point
towards non-iterative integrals.

The gluonic OME Ag?;)Q enters the matching relation of the gluon PDF in the VFNS. In
3)

Chapter 7, we discuss the calculation of the O(EO) term of the unrenormalised OME, «a 900"
We greatly benefit from the techniques and master integrals discussed for the ladder- and V-
diagrams. As previously observed in [340| for diagrams with two massive fermion lines, binomial
sums occur in the results. After simplifying the sums using quasi-shuffle relations only two
objects involving binomial sums remain. The result agrees with the fixed moments calculated in
[193, 203] and is valid for even integers N. Building on this intermediate result, the OME AS:Q
will be completed in a future publication.

Of the five heavy flavour Wilson coefficients that contribute to Fy(z, Q?), the non-singlet
and pure-singlet coefficients have been discussed in connection with the respective OMEs. Two
more Wilson coefficients, LP% and Lg o, were completed in [450] based on the OMEs calculated
in [336]. We give numerical illustrations of those two Wilson coefficients in Chapter 8 and
compare the relative size of all Wilson coefficients based on the fixed moments from [193, 203].
Moreover, we use the fixed moments to compare the importance of the individual OMEs in the
matching relations of the VFNS. The comparison underlines the importance of completing the
two remaining OMEs A;:;)’ o and A((S; in order to fully assess the size of the O(ag’) heavy flavour
corrections to deep-inelastic scattering.
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The calculations performed in the present project demonstrate the strong need to extend the
mathematical and computer-algebraic technologies for single mass, 3-loop problems, compared to
various previous massless calculations. We encounter generalised harmonic and cyclotomic sums
and finite sums with (inverse) binomial weights as well as their associated iterated integrals like
generalised harmonic polylogarithms and the iterated integrals over square-root valued letters.
The interplay of quantum field theory calculations and computer algebra in this project has led to
extensions of summation theory and packages and both sides have mutually benefited from each
other significantly. A number of techniques, ranging from hypergeometric functions to differential
equations had to be developed further and employed to tackle the master integrals encountered
here. Yet this is not the end on the side of technology, since the remaining master integrals
which have to be solved next point towards non-iterative integrals. Further developments are
necessary in this respect. The results of these calculations will finally allow to cope with the
current precision measurements in collider physics, for a final interpretation of the precision data
at HERA and precision measurements at the LHC.
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A. Notation and conventions

Throughout the thesis we use natural units
h=1, c=1, g0 =1, (A.1)

where A is Planck’s constant, ¢ denotes the speed of light in vacuum and gq is the permittivity
of vacuum. Therefore, energies and momenta are given in electron volt (eV) and distances have
the unit eV 1,

In dimensional regularisation the dimension of space-time is assumed to be D = 4 +¢. Ac-
cordingly, Lorentz indices run from 0 to D and the metric of Minkowski space is

g = diag(1, -1,...,-1). (A.2)

We use the notation
P-q = pug" = Z pug” (A.3)

to denote the Minkowski product and we assume Elnsteln s summation convention unless stated
otherwise.
The Dirac matrices v, fulfil the anti-commutation relations

YW} =290 (A.4)

where the Lorentz indices and the Minkowski metric are of course assumed to be D-dimensional.
For the logarithms of the scale ratios we use the symbols

2 Q2
Ly =1In <7;‘2> : Lo = ln<'u ) , (A.5)

where m is the heavy quark mass, Q2 is the virtuality of the exchanged gauge boson and 2
the common renormalisation and factorisation scale.

The gauge structure introduces the generators of the Lie algebra associated to the gauge group
into the Feynman rules. The Lie algebra is defined by the commutation relation of its generators

[75]
[t %] = ifabete (A.6)
where f%¢ are the structure constants and they are totally anti-symmetric. For QCD the gauge

group is SU(3), but we give the results for a general gauge group. For SU(V) one can define the
anti-commutation relations by totally symmetric structure constants d**

{12, %) = + dabete . (A7)
The simplification of the colour structures ylelds the following invariants
fabCfabd — C 6cd (A8)
ij ?l = CFdj <A9)
b = Tpo®™ (A.10)

which take the values Cy = 3, Cp = 4/3 and Tr = 1/2 for QCD. Another colour structure appears,
based on the symmetric structure constants is d***d®¢ which takes the value 40/3 for QCD.
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B. Feynman rules

The Feynman rules for QCD employed in this thesis are those of [193, 203|, which follow the
conventions of [76]. For convenience, we repeat them in this appendix in Fig. B.1. We denote
the D-dimensional momenta by p; whose direction is marked by the arrows along the lines. We
use Greek letters to label Lorentz indices, a, b, ... for colour indices in the adjoint representation
and i, j,... for colour indices in the fundamental representation. Fermions are drawn as solid
lines, gluons as curled lines and ghosts as dashed lines. A factor of (—1) has to be included for
each closed ghost- or fermion loop.

My

; . ta
l/gsmtﬂ

T
1, a, Pr
7gsfabp[(pl - p?)pguu + (1)2 - I)S)NQVp + (P.‘} - pl)ugup}
v, b,,pg P56 P3
\: \
Hn, a
E 7.(]45'.fabcpu
b,” \‘\(’71)
7’9? Zc{fubefale [gupgua - g;mgup}
W, a o,d
+ 19 G G0 — G Gup)
+ GG — gwg,)a]}
v, b p,C
———» o i _ 5]
g — )
i p j p—m+i0
. 9 .
PR -t (— ] )
T (G + EPupy/ (P +10))Oa
i
C’L””;””g méab

Figure B.1.: Feynman rules for QCD; from [203].
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B. Feynman rules

=

<
=
<

D1, D2, ]

i D2, ]

=

b3, 1, @ p4al/7b

i D2, ]

=

P3s s p4,1/,b Ps, ps;C

=1, 7-=7.

IAAY/ S P

PRI ST S

Sy (A-p)NTt, N >1

g A Ry TP (A - pr ) (A pp)N T2 N > 2

1 (Apa) (Ap )N 2
[(t12)ji(Apy + Apa)' =71 + (t°19)4(Apy + Aps)—i71] |
N >3

L1 Cmtaa (Apa)! (Apy )N o2

[ (t92°1) i (Aps + Aps + Apr) T HAps + Ay )™t
+(t ) ji(Apa + Aps + Apr) T THApy + Apy)" !

+(t44%) :(Aps + Aups + Apr) T THAps + Apy )L

(00 i (Aps + Aups + Apr) T (Apg + Apy )™

+(tt)ji(Aps + Ay + Apr) I H A py + Apy)

() ji(Aps + Aps + Ap)) TN (Aps + Apy)m

N >4

For transversity, one has to replace: Ay. — o A,.

Figure B.2.: Feynman rules for quarkonic operator insertions; from [203].

The quarkonic operator insertions require the Feynman rules given in Fig. B.2. They are also
taken from [193, 203, cf. also [107, 157], and they use the same conventions as before. In addition
v+ is used to distinguish the unpolarised (+) and polarised (—) case. All gluon momenta are
considered as incoming and A is a light-like, D-dimensional vector (A% = 0). The corresponding
Feynman rules for gluonic operator insertions are listed in Fig. B.3. They were derived in [193,
203] and compared to earlier results [104, 116].
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Figure B.3.: Feynman rules for gluonic operator insertions; from [203].
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C.

Here we collect the definitions of propagators of the individual integral families.

Integral families

Each family

consists of twelve propagators of which nine are standard propagators that depend quadratically

on the momenta and three are linear propagators.

The nine standard propagators are based

on one of six integral families for operator-less two-point diagrams. We therefore first list the
propagators of the operator-less families,

Family B1
P =k

= (k1 —p)?
Py = k2
Py = (ky — p)?

Ps = (ki — k3)*> —m?®

P; = (kg — k3)? —m?

Py = (k1 — k2)?

Py = (ks — p)* —m?
Family C1

P =k

Py = (k1 — p)?

Py = k3

Py = (ky — p)?

Ps=k3 —

P6 = (k1 — k3)? —m”®

(k‘g*k‘g) *m2
(1+k2—k3— ) —m?
(

2

k3 ) —m

Family B3
P =k} -

Ps = (k1 — k3)?

Pr = (kg — ks)?

Py = (k1 — k2)?

Py = (ks — p)* —m?
Family C2

P =k~

Py = (ki —p)*—m

Py = k3

Py = (ky — p)?

Ps = k3

Ps = (k1 —k3)* —m

Pr = (kg — ks)?

Family B5
P =k} -

Ps = k3

Ps = (k1 — ks)? —m?

Py = (ky — k3)* — m?

Py = (k1 — ko)?

Py = (ks —p)?
Family C3

Ps = (k1 — k3)

Pr = (ko — ks)?

Py = (k1 + ko — k3 — p)* —m?
Py = (ks —p)? —m?.

The families starting with the letter “B” correspond to planar diagrams and cover topologies

related to Benz and ladder diagrams.

Non-planar topologies are covered by the three families

starting with the letter “C.” The digit distinguishes different assignments of massive and massive
lines. The linear propagators of the families based on B1 are given by

Family Bla
Pyy=1—tA.(ks — k1)
P =1—-tAks

Pio=1-— tA.(k:g — /€2)

Family B1b
Po=1—-tAk
P =1—-tAks
Pio=1—tAko

Family Blc
Pl(] =1- tA.(p — kl)
PL=1- tA.(k?Q — ]{:1)
Ppo=1-— tA.kg
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C. Integral families

Family B1d
Pio=1+tAK

Ph=1- tA.(p — kz)

Pio=1—tAks

Family Ble
Po=14+tAKk
Py =1—tA.(ke — k1)
Po=1—tAks.

The families based on B3 are supplemented by

Family B3a
P10 =1- tA.]ﬁ
Pr=1- tA.kg

Pio=1—tAky

Family B3b
Po=1- tA.(kl —p)
P=1- tA.kg

Po=1- tA.(kQ —p)

and the linear propagators of the B5 families read

Family Bba
Po=1-tA.k
P =1—-tAks
Py =1—-tAko

Family B5d
Pyog=1—-tA.k

Pi=1- tA.(k‘l — k‘g)
P12 =1- tA.(kQ —p)

Family B5b
Pio=1- tA.(kg — kl)
P =1—tAks

Po=1- tA.(kg, — kg)

Family Bbe
Pip=1—-tA.(k1 —p)
Py =1—tA.(ky — k3)
Pio =1—tA.(ka —p)

Family B3c
Pio=1—tA.(k; — k3)
Py =1—tA.(ko — k3)
Po=1—tAks,

Family Bb5c
Pio=1—-tA.k
Py =1—tA.(ky — k3)
Pip =1—tA.(ka — k3)

Family Bbf
Po=1—-tAk
Py =1—tA.(ky — ks3)
Pio=1—tA.(k1 — ko).

For the non-planar families based on C1, we have the linear propagators

Family Cla

Pyy=1—tA.(ks — kl)

P =1—tAks

Po=1- tA.(k‘;g — kz)

while those for C2 are given by

Family C2a
Py=1—-tA.k

P1=1- tA.(kl — kg)

Py = 1—tA.(k1+k2—k’3—p)

Family C2c
Po=1-tAk
P =1—tAks

P12 =1- tA.(kQ —p)

Family C3a
Po=1- tA.kZl
Pi=1- tAkZ3

Family Clb
Pio=1-tAk
Py =1—tAlks
Pio=1—tAks,

Family C2b
Po=1-tAk

P =1—tAks
Pio=1—1tAky

Family C2d
Pio=1—-tAK
P =1—-tAks

Pio=1-— tA.(k‘g — kg) .

Finally, families based on C3 have the following propagators:

Family C3b
Pyo=1- tA.(ng — k?l)
PLi=1- tA.kg



Pio=1—tAks
Family C3c

Py=1-tAk

Pp=1- tA.k‘g

Py = 1—75A.(/€1 + ko — k3 —p)

Po=1-— tA.(kg — kg)

Family C3d
Pip=1—-tA.(k1 — p)
Py =1—tAks
Pio=1—tAksy.
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D. The colour factor d*b¢debe

The massless Wilson coefficients and anomalous dimensions for 2 F3(x, Q%) contain a new colour
factor proportional to d®¢d®¢ (= 40/3 in QCD) [135, 153|. This colour factor does not appear
in the massive operator matrix elements at 3-loop order. It does, however, arise in individual
diagrams contributing to the OMEs but it cancels in the complete result. The cancellation can
be seen as follows.

The colour factor can appear when there are two separate fermion lines connected by three
gluons. One fermion line connected to three gluons yields the colour structure

T
T&«[tatbﬂ = L4 d). (D.1)

Thus, two fermion lines connected by three individual gluon propagators produce the colour
structure

/ / / / / / T2
T [tatbtc} saa 5bb 5T |:ta tb tc} _ _F(_ rabc pabc dabcdabc ] D.2
: r L (e e e ) (D.2)

For each such diagram there is a corresponding diagram with the fermion flow along the closed
fermion loop reversed. An example of a pair of diagrams is given in Fig. D.1. The closed loop has
to have three quark-gluon vertices in order to produce the colour factor and therefore the loop
must have three fermion propagators. Keeping the direction of the momenta fixed, the reversal
of the fermion flow entails a change of the sign of the momentum P, in the numerator of each
fermion propagator,

i(p, +m) i(—p, +m)
7 5 " T3 2
p; —m p; —m

(D.3)

Since traces over an odd number of Dirac matrices vanish, this sign can be factored out and
yields a global factor (—1). Besides that, the reversal of the fermion flow also reverses the order
of the colour generators t* ¥t in Eq. (D.2) which flips the sign in front of the fe¢fe¢ term,
but leaves the d®*°d®* term unchanged. We see that each pair of such diagrams has exactly the
same integrand, but the sign in front of the d®°d®¢ colour factor is changed. Therefore, this
colour factor cancels in the sum for each pair of diagrams.

Figure D.1.: Example of a pair of diagrams which each contain a term proportional to the colour
factor debeqabe,
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E. Results in x space

The results obtained in Mellin NV space in terms of nested sums are related to iterated integrals
in x space via a Mellin transformation. In this chapter, we collect the results for the anomalous
dimensions, the OMEs and the heavy flavour Wilson coefficients in z space. For the HPLs we
suppress the argument z to shorten the notation and write Hz = Hz(x). All HPLs are reduced
to an algebraically independent basis [143, 144, 146, 147] using HarmonicSums [258-263|.

E.1. Anomalous dimensions

We have obtained the pure-singlet anomalous dimensions in Section 5.1.2 from the renormalisa-
tion procedure of the pure-singlet OME. The NLO term of the anomalous dimension appears in
the double pole (¢72) term and its = space representation reads

16 32(x —1)(2822 + . + 10
AR50 () = CFTFNF{16(33 + 1)HE — §(8x2 + 15z + 3) Ho + ( )( = ) } _

(E.1)
From the ¢! term, we extract the NNLO pure-singlet anomalous dimension,
PS,(2) ( l’) _

’qu -

32 16 8
C%TFNF{3(x + 1) H§ — 5(44:132 + 152 + 9) Hi + §(88x2 — 537 4 128) — 192(z + 1)

32(x — 1) (4a? + 7z + 4)

H3
9x !

x HZ + é(52:(;2 — 82291 — 2265) + % (162 + 9z — 6)(2] Hp —

27

8(xz —1)(1622 + 23z + 16)  32(x — 1)(4a® + 7z + 4
+[(x I zx z+16) 32 )(39; ’ )H(]]Hl?—64(x+1)H02,1

16(z — 1) (42 + T2 + 4)

8(z — 1)(3924x% 4 2255z + 990) N
592(z + 1 H
* 27x + (@+1)¢+ 3z 0
64(z —1)(502% — z + 23 16(x — 1)(24222 — 2017z — 523
+ ( I )H0+ ( I ) Hy + |-32(z+ 1)H?
9z 27x
32(282% 4 452% 4 9z — 4) = 16(88z° — 2492% — 516z — 92)
3z 0 9z
64(z — 1) (42 + Tz + 4 32(2023 4 692% 4 33z — 4
+ ( )(3.7) )Hll H()’l + [ ( 3 ) + 384(.CU + 1)H0 HO,(],l

64 (823 + 1522 + 6z — 4)
3z

+ 128($ + 1)H0 — ]HO,LI — 576($ + 1)H0’070’1

16
+ 64(1’ + 1)H0707171 + 128(1’ + 1)H0’1,171 — 5(112372 + 45x + 612)C2 + 448(1‘ + 1)H0
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E. Results in x space

128(82% + 1522 — 6)] }
- 3 G
T

928

4 2
—l—CFT}Q;N%{—Z(x—i—l)Hg’ — T(achl)Hng o0

12
2—78(5%2 + 352 — 37) — = (@ +1)¢ | Ho

N 32(z — 1) (42% + Tz + 4) 64(x — 1)(1002* — 85z — 8) N 64(z — 1)(74x* — 43z + 20)

2
Hy — 1

9z 27x 27x
128 256 128 128
— ?(6332 + 4z — 5)H071 + T(CE + 1)H0,071 — T(ﬂ;‘ + 1)H07171 + ?(6:132 + 4z — 5)(_:2
128
- @+ 1)(3}

8 16 8
+ CFCATFNF{3(3x —4)H} - 5(3135 —29)H3 + —5(498952 — 397z + 269)

N 16(x + 1) (162* — 192 + 16) 32(z + 1) (42* — Tz + 4) 72
3z 3z -1
128(z + 1) (5322 — 2z + 26) o 16(459823 + 33042 + 35652 + 224)
9x ! 27x
0@ - D(a? +Tw +4) [32@; — D2+ Tatd)

H_ 1+ 16(x — 1)(2

H§+[

16

+ 3(8:32 — Tz +59)C | Ho +

9z 1 3z 0

8(x —1)(42% + 31z + 4
(z—1)(4z v +4) H12_64(33_1)[{37_1+64(33+1)Hg71—8(1173:—1—107)(4

9z
16(z — 1)(20558z2 + 3494x + 6761)  16(1122° + 226x* — 479z + 128)
81z 9z ?
32(z + 1) (42 + 11z + 4 8(z —1)(82% + 17z + 8
32 >(3 )@H_1+[_< ) ) 2
T T
32(x —1)(2722 + 222 + 9) 16(z — 1)(30222 — 1882z — 571)
+ Hy —
3z 27x
32(x — 1) (42* 4+ 7z + 4 64(z + 1) (42 — 7o + 4
+ ( )(33: )C2 1+ ( )(390 ) +128(z — 1)Ho | Ho,—1,-1

128(x + 1) (222 + 2 + 2) [ 32(322% — 7522 + 21z — 16)
- 0,-1,1 -

— 64 — 1)H,
3z 3z 64 (52 ) 0]

32(8x3 + 1922 4+ 4o — 12
328 — ) _ 480+ 1)1,
X

128(z + 1) (22% + z + 2) 32(122% 4 232% 4 5z — 12)
3z 0.1,-1 3z
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0
3z 9z

x Hpo,-1 +
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— 128(.%’ + 1)H0] HO,LI
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E.2. Operator matrix elements

N 16(162° — 3z* — 39z — 24) = 16(502° + 1522% + 401 + 26)
o —

3x 9x
128(z + 1) (222 + 2 + 2 64(x — 1) (422 + Tz + 4
+ ( I )H—l_ ( ) )H1—64(a?+1)C2
3z 3z
32(5223 — 3122 4 22 — 36
(522 —— ) 649 + 13), gg}. (B.2)

E.2. Operator matrix elements

The operator matrix elements for the non-singlet and pure-singlet operators were discussed in
Section 4.1 and Section 5.1, respectively. Here we give their & space representations.

E.2.1. Non-singlet operator matrix element

Since we calculate the non-singlet OME for even and odd values of N, we have to distinguish
two cases for their Mellin inversion. The analytic continuation from the even moments yields
an x space representation of the OME for the non-singlet vector operator, which corresponds
to the unpolarised situation. The analytic continuation from the odd moments, on the other
hand, leads to an z space representation of the axial-vector non-singlet OME, which finds its
application in the polarised and charged current cases. These different continuations actually
start to differ at the 3-loop level. Therefore, we define the following notation to distinguish the
two cases:

S,a S,b

Ajpo(@) = A5 (@) + (1) ALS (@) (E3)
S,even S,a S,

A" (@) = AQSS () + Ay (@) (E.4)

A5 (@) = ANS () — AN (@) (E.5)

Vector case

For the renormalised OME of the vector operator we obtain the expressions

5 (m?\ 8 m?\ [16Hy 80
In“| — | ;+Inl — + —
w2 ) 3 2 3 9

a 1
AN (@) = 0(1—2) + ag{ ( CrTr

1—2z
4 o 40 224 o (M? m2\ 2 73
- —Hy+ — 5(1— Tp|ln?( = )24+In(— | =+ —=
—|-3 o+ 5 0+ o >++ (1—-2)CpTF|In <H2> +n<,u2 3+18
o (Mm% 4 m?\ [8 8

2 , 4 4

32 4 32
““Hy, —-HZ - =
5 Hoa—3Hy — = C2]

2\ [64 2\ [32
In2 <m2> [HlHO — 16H, + 8] +1n <m2> [HS’
" z

1

1—=x

1
——LciT
+ { FlF 3 9

128 64 40 128 640
— 16H2 — —HoaHo = —-GHo — - Ho + (SH(% + 9H0> H,
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E. Results in x space
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E.2. Operator matrix elements
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E. Results in x space
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E.2. Operator matrix elements
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Transversity

Using an analogous notation as in Eq. (E.3), the renormalised non-singlet OME for transversity

can we written in x space as
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E. Results in x space
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E.2. Operator matrix elements
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16
3

128

16
+ (—9(7x+5)—(4x2—|—3x+23)H0— e

9
8 /. 128

+ §(1695 +12z+9) | Hy — TH1 Hoa+ { 5 (36:c + 27z + 67)
32

9

32 320
— —Hy— —H; |H
9 0 9 1> 0,0,1 +

8 160
ZHE, + (—3(8x2+6 +9) — — Ho

224 8 16
+ 32H1>H0 1,1 — —Hp111+ <81(81x + 466) — 7(12$2 + 9x — 31)H0

9 bt ha ] 27

_ 8

9

1 (1442% + 108z + 299) Hoy+—H —G+—-B (E.8)
e T T - - .
7 9 0 9 1 3 4 3 4 )

m? 16 x 128

CrT, 7fo n? (=) |-—(z-1 H_H
{” o) () [0+ s (-7

128 64 m?2 112 32
H —— 5 - In | — 1-— —~ _ZH
+ 3 o+ 3 o C2>]+n<u2>[( x)< 9 3 1)

1280 320 64 64 1280
° < 2 H  Hy+ <—H_ )H0+ CHR 4+ S Hy

112 160 128 3
(82° + 6z + 9) Hy + 5 ——H§ + — HoH1 + =5 ——H} 9H01)C2

160 32 296 32
(3 —

z+1 9 9 3 9 9
- ?H—lHO 1— 2%61{0 11+ 38H00 11— 13@[{00 1— 2§6H0,1,—1
+ (—&;O - ?H 1+ 63 Ho)Cz + 64(3)} +(1- 33)(121;158 - 2272741'[1
+ ?;)2}[1> — %(m +1)Ho + L <<g‘11 (92% — 206z + 9) Hy — 6470ng
— 12278ng> H_ - %;::H:H éf (92% — 206z + 9) Hf + % H? Hj
+ %%Hg + g%ng + <—Z;l(9x — 206z + 9) + 25fo31>1{0,_1
+ gﬂﬁﬂﬂfm - %folHO,f , 2;(;0 11+ <1§§0
— ?mfl_ )Ho,o,—1 + <—1;§0x + ?9611_ >Ho,o,1 %goxffo 1,-1
— %xH—IHO 1,1+ %xHo “1,-1,-1+ %xHo 1,11+ ?QJHO 0,-1,—1



E.2. Operator matrix elements

256 256 256 256
— —xHyo 11+ —xHop0-1— ——xHoo01— ——xHoo1,-1
9 9 9 9
256 512 512
+—axHoo11+—axHo1 11+ —xHp11-1+ (9::: — 206z + 9)
9 k) bl 9 b bl 9 bl 81
2560 128 640 128
S H  — e H? v (e — 20 H ) Ho + = H?
o7 TH-1 5 * <27x 9~ ) 0o+ xo)@
640 512 64 112

E.2.2. Pure-singlet operator matrix element

As already discussed in Section 5.1.3, the generalised harmonic sums appearing in the N space
result for the pure-singlet OME can be expressed in terms of usual HPLs evaluated at argument
1—2x. The x space representation of the constant term of the unrenormalised OME has already
been given in Egs. (5.63) and (5.64). The renormalised OME reads

(I1—2z)—8(1+ $)H(]:| + Ly [8(1 + z)H?

4422 +Te + 4
AQy(x) = a3CrpTr | LY, [—x s

X

16 28z% 4+ x + 10 8 4
. H%(1 ) — 5 (82% + 150 + 3)H0] + (—3H3 +16HoHo

4 40022 + 121 112 8422+ 7x+4
_32H07071>(1+l‘)+< 27 vt . Tt +§ :E +:L‘$+ HoH,

§4x2+7x+4

8
~3 Hm)(l —z)— §(56952 + 33z + 21)Ho + 32(1 + z)(3

2 8 4422 — 44
- §(8x2 + 152 + 3)Hg | + a;"{CACFTF L3, Kgx“
i
1642% + 7z + 4 32 16822 + 11z + 4
— = " H|(1- 1 H, — = " " "H,
9 “ 1)( )+ 5 (2ot z 0
16 32 8 1864x2 — 485x + 694
— (22 —1)H? — ==(1 L2, —
+3(:c )H; 3(+m)C2}+ [<27 »
2 10422 + 11 2 16422 4
+3 Ho § 04z° + 119z + 3 _ﬁ -+ Tx + Ho ) Hy + 64Ho Ho
3 9 T 3 T ’
32422 —Tr+ 4
— 128H07071> (1 — .’E) + <3H'_H1H0 — 32H0H071 + 32H07071
X
32422 —Te+4 8 27223 + 10322 + 139z + 40
+ Ho,_l) (1+z)+ = Hy
3 9 T
3 16423 + 1722 + 11z + 4
— (162 — 17)H? 1 H
3(6:c T)Hj + 3(o:c+7) 01+( 5 -
8 1154222 4 399z + 3892
+32(1_:c)H0>g2—64(2x—1)g3] +LM[<27 "
8210:6 —55995—186H1+§20x2+21x+2H12_§4x2+7x+4H%
9 x 3 €T 9 x
16203 47x + 140 422 +Tx + 4
< v HI—SWHIQ)HO—FMHS_I
x b
17z + 8 32422 + Tz + 4
< 24 17e + H1—32Ho,—1)H3+3Hx$+H1H071
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E. Results in x space

—9
— 128HyHy 1,1 — 32$H070,_1> (1-2)+ (32xH_1H§
X

-1

32 12522 — 20x + 62 32422 —Tr+4
_ H +77
9 x 3 x

H31>H0

3212522 — 20z + 62  644a® —Tex+4
seldrt m w62 DR Tty VHo_, + (56H2
9 T 3 T ’
64222+ +2 64422 —Tr+4
+— L TH y |Hoy +32H3 | + — ——————Hy 11
3 x ’ 3 x
64 22% + z + 2 64222 + z + 2
- gfﬂo,—m - gfﬂo,l,—l —96HoHo,11 + 32Ho 0,11
16 372923 + 2093x2 + 2330z + 224
—32Hpa00 |1 +2)+ = Hy
27 T
1 1-— 4 8
+ 32wﬂ_1ﬂg - §(606:1;2 — 346z + 377) Hj — 5 (352 — 46) H§
X

81623 — 4122 — 77x — 40 8 274x3 — 20522 + 659z — 200
§ x Ho — § x Ho’l

423 — 1322 4+ 3z — 4

+§(4x—5)H§+16 -

3

H0H07_1 — <192 (x — 2)1‘

+ 32 (333‘ + 1)H0> H070,71 + 96 (J} + 3) H(],o’(),fl + 32(23$ + 5) H0,070’1

324x% — 1122 — 17z — 14
(5 :

16 823 + 2322 + 5 — 8
3 x

—32(11z + 5)H0> Ho 1

16422 +7x + 4
g+ (o - B Tt

3 x

13222 + 31322 — 4 1
_64H07_1)(1_$)_3 3223 4+ 3 3xw 73z + 68+<_96H_1

8
- 32H0,1) (1+az)+ §(8x2 — 13z + 59)H0> G+ <—32(16:U +9) H

16 522% — 78x2 — 33z — 48
+ 5 v xm v ><3—4(209x+87)<4}

i 136881222 — 97732x + 353855 i 72422 — 7160z + 17239
729 T 243 T

H,y

4 15222 4+ 2 152 4 2 432302 —
4 1522” 203z + 15 H3H1+—770x + 3230z 859H12

27 T 81 x

31129@2 + 241z + 112H§H12 4 1422 — 67x — 40H§

9 x 81 T

4 42?2 + Tox +4 8 1228412 — 313z + 3392
- H 4 (= H,

27 €T 81 X

8 36722 +244x + 124, 1642+ Tz +4 4 232 4
- — H? - —— — ~  "H?|H ~-=ZH

27 T 1797 L)oot g 0

32422 — 11z + 4 8 11222 4+ 223x + 112

9H0H1>H0,1 + <—9 . HOHl

32422 — 11z + 4 248 64
+ ngo,—1>H0,1 + (BHS - 3H0,—1>H0,—1,—1
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E.2. Operator matrix elements

56 64422 — 11z +4 752
+ ?HUHg,fl + <—9H+_H1 — 240H07_1> H0,07_1 + <3H0,_1
817622 + 281x + 176 128 422 + Tz + 4
9 Hl)H0,0,1 +—————HHp1,1
T 9 x
64 880 160
+ 3 oHo,—1,-1,-1 — 320HoHp 0,—1,-1 — ?HOHO,O,O,—l - ?HO,—l,—l,O,l
128 256
+ ?Ho,—1,o,—1,—1 + THO,O,—l,—l,—l + 560H0,0,—1,0,—1
8 3472x2% — 1089x + 1048
+ 1680H0,070’171> (1 - I’) + ((-27 . H 4
3213122 — 352 + 50 16 422 — 7z + 4
o H2 o 77}'{3
27 x 197 x 1)H°
25622 — 652 +56 o o 41622 — 21z + 16 3
- = H? H? + = H_{H
3 T —iHo 3 x 170
8 34722 — 1089z + 1048 64 13122 — 352 + 50H
27 T 27 T -1
16 422 — 7Tz + 4 8822+ 67z + 8 248
7ﬂ[{31 + ,Mﬂ_lﬂo Hy_ 1 — 7H0H§1
9 9 x ’ 3 ’
83222 4 61z + 32 32822 — 11z + 8 64
- H?, +—~-———""—H Hy— —HyHy_1
9 €T 3 €T 3
248 6413122 — 35z +50 324z%2 —Tx+4
- _H3)H, — - = H_{|Hy_1_
9 0> 0,1+ <27 . 9 - 1) 0,~1,-1
16 3222 + 61z + 32 8 15222 — 3292 + 152
— H 1Ho-11+ |2 H
9 9 x
128 8 (7x —8)(8x — 7 656
+—Ho1 |Hoo—1+ | —3 ( )( )Hfl + —Hop1 |Hoo1
3 3 x 3
16 3222 + 612 + 32 64222 +x + 2
= T H Hoy o+ (= P EH | 4+ 88HE | Hoaa
9 9 €T o
8§ (7 —8)(8z —7 128 32422 —Te+4
+1{ = ( )( ) + —Hy |Hop,—10+——————Hp_1,-1,-1
3 x 3 9 x
16 3222 + 61z + 32 64222 + 1 + 2
- — [Ho—1,-11+Ho-11,-1] ————Hop 111
9 x 9 €T
8 15222 — 329z + 152 16 3222 + 61z + 32
- = 0,0,—1,-1 — 0,1,-1,—1
9 €T 9 T
8 (7x—8)(8z—7) 128 64
+ *( )( ) + ——Ho |Hop1,-1 — 5 HoHo1,1,1
3 x 3 3
64222+ +2 256
B [Ho1,-1,1+ Hoa,1,-1) +32Ho 01,11 + —3 Horo11
64 16 8521323 + 2074422 + 30011z + 3280
- 1 — H,
3 0,1,1,1,1)( +xz)+ 513 . 0
4 163162" — 38712 — 57962 + 36282 — 11087 Hj
81 1+=x 1—=x
4 46923 — 35822 + 115z — 458
+ 7 (9662% 4 7902 + T21) HE — o ° CEr =8 e,
X
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E. Results in x space

8 874" — 186622 + 837z — 376

2
= —121)H? H,
+27(83:c ) 0+<27 - 0
B §88x3 — 922 — 392 + 144H3>H0 L §8x3 + 81z2 — 87z + 8OH§_1
9 x ’ 9 x ’
4 12 44 41062% — 4 2 — 2496
A e aym - 8 12078z + 41062 35522 + T97x 9 Hoo
15 81 (14 2)z ’
<8 26223 — 30622 — 1812 — 538 4 14423 — 44122 — 357z — 296 __,
= Hy— = H?
9 €T 9 €T
16 16723 — 71122 + 6572 — 140 417623 — 23722 — 69z — 64
_ H, H071 + = Hgl
27 T 9 x ’
4 43023 + 1822 — 63z + 376 16 8223 — 78x2 — 267x — 80
— H - — Hoy |H 4
27 €T 27 €T
8 823 4 8722 — 2492 + 152 16 8222 — 78x2 — 267x — 80
+ = HoHop 1,1+ | =
9 T 27 T
64 1023 + 322 — 122 + 14 8 1623 — 1522 + 21z — 48
- Hy )Ho,—10+ | —5 Hy
9 T 3 x
64 8 2178z — 371422 + 1611x — 376
— —(6z —T)H? — — Hoo.
3 ( €T ) 07~ 57 . 0,0,—1
8 55623 + 18722 + 2011z + 1854 16 )
<27 " + 5 (572 +31) Hg
8 13623 — 136522 — 567z — 440 16 8223 — 7822 — 267x — 80
+ - Hy |Hopon + | ==
9 x 27 X
64 1023 + 322 — 122 + 14 128 1123 + 1822 — 10
- Hy )Hop,—1+ | —— H
9 T 9 x
8 188x3 + 404022 — 3271z + 392 8 88z — 14722 — 39z + 56
— as 0,1,1 -
27 x 9 x
128 8 88z — 3922 + 39z — 48
+ —(3:6 — Q)Ho Hy_101+ Ho0,0,-1
3 3 x
16 6823 — 1388x2 — 3952 — 292
<—9 .%' v v — 16(73l‘ + 39)H0> H070,071
X
16 2023 — 2 _ 164z +104 16
_ﬁ 0x 563x 64x + n —(Hx n 13)H0 Hoo11
9 T 3
16 9223 + 8322 — 462 — 92 32
9 . Ho111+ 3(21:5 —29)Ho,0,-1,0,1

16
+16(392 — 55) Ho,0,0,-1,1 — 2562H0,0,0,0,—1 + §(315x +221) Ho,0,0,0,1

2
+16(392 — 55) Ho,0,0,1,-1 — ? (1792 + 185) Ho,0,0,11 — %(413: +40) Ho,0,1,0,1

16 88z2 + 11z +8 842 4+ Tx +4
+ — (392 — 55)Ho 0101+ | | s———————HoHy1 + -—————H}
3 3 x 9 T
160 256 2722 +1Tx+7
+ ——HoHo,—1 +64Hy 1,1 — —Hoo 1 |(1 —z) + ( = ———————H?,
3 3 9 x
16 5622 — 17z + 56 8 80 32
- ? T H_1H0 - §HS + EHOHOJ + 3H07171) (1 + SU)
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E.2. Operator matrix elements

16 103z% + 1 341 241 1124
16 1032" 4 13652° 4 13062” 4- 1330z + _%(52x2+1273x+580)1{0

81 (1+2)x
16 34423 + 11422 — 237z + 20 4, 4 5
— H_ 1+ = (82> — 372z — 109) H
27 x 1+ 5 (82 v )Ho
16 6223 — 78022 + 807x — 116 16 2022 + 8122 + 3z + 56
16 622 xe 4+ x o+ 20 x° + 81z + 3x + Ho_,
27 x 9 T ’
83223 — 10122 — 41x + 24 64 512
—3 . Ho, + 396H0,0,1>C - ?(1 +2)In*(2)G

4 423 + 831422 + 4402z + 2103
+ <—(160H_1+112H0,1>(1+x)—27 v sl I v

81622 + 55z + 16 320 16

16 5223 4 806x2 + Tlx + 32 448 423 — 922 — 62 — 2
5 . Ho |G+ | —

3 x

— 896(1 + x)H0> In(2)¢3 — 896(1 + =) In%(2)¢3 + ?(3795 —45)(a(s

2163223 + 928522 4 2223z + 916 20
<_9 x° + x° + x + —3(195'3—51)H0>C4
X

16 823 — 3022 — 152 — 2
—832(1 + ) In(2)¢y — 4(w — 375) (s + <3 ° xx *

—64(1 + x)HO) By — 2048(1 + z) Lis G) —128(1 4 )B4 In(2)

256 92 16422+ T7x+4
200 w2 | + T | 13, | (-2 - R gy V1~ 2
15 9 9 x
8 32 16 32
+ <—3H§— ? 0,1) <1+$)+9(4$+3)Z’H0+3(1+$)C2]

8 16
+ L3, K?» (322 — 31)Hy — ?Hg — 32HyHo + 32H0,0,1> (1+x)

43222 4+ 8lx +12 83222+ 35x +8
3 x 3 T
16 423 + 2122 + 92 — 4
3 T

Hy

+§(4x2—9:c—3)Hg+ <

E4x2+7x+4
3 x

HOH1> (1 —CL’) — HO,l

+ (32(1 + z)Hp + 32(3z + 2))¢2 —32(1 + x)C3:| + Ly [—1?3;2}13

Hy

4 320422 + 16252 + 180 16 22922 — 1175z — 239
27 x 27 x
_g28x2+21x+4H%+§4x2+7x+4H§_g4z2+7z+4
3 9 €T 3 T
8 14022 — 1272 + 104 16422 + 72+ 4
(_ z T+ o, 4 10 %+ Tr + H12>H0>(1—:r)

HyHg

9 T ! 3 x

32
+ <—3H3 +6H — 32Hg, + 96HoHo 1 + 64HoHo1,1 — 96Ho0,0,1

+32Hp 11,1

IR ]

(14o)t 8 823 + 303x2 + 363z + 104
" °
9 x
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E. Results in x space

—32(42® + 3z + 1)H0> Ho1 + 87 (2422° — 3984z — 633) Hy

161237 +2722 + 32z -8
x

(22 + 3) (8z — 3) Hy — 96(1 + x) Hj

2
+ g(136352 — 111z + 213) H§ —

0 Hy 11
32
3

32
+ 3(8902 + 15)H0,0,1 + (

1 120° — 22 + o —
—5(74302—1—181:—1—297))(2—1—<192(1+x)H0—16 & mw“: 8)g3

4 446422 + 260 7131 4 189222 + 393 5717
+144(1+x)g“4]+< x* + 260z + +< x4+ 393z +

81 T 81 T
8 305622 + 75532 + 338 8 36222 + 1157z — 178 _,
— Hy— — H?
81 T 27 €T
104422 + Tz +4 4 8 12222 — 552 — 40 1642+ 7z +4 _,
— = " "H3\H — Hy+ ———"" " "H
27 0 )H {97 T 0t T 0
4 117822 + 8207z — 1099 16422 + 7z + 4
Hi+ | =——"—"—""H
81 €T 27 €T
4 42?2 + 472 + 40\ 5 4 42+ Tz +4 3
= U H 4+ — " "[(36H, + 264H,) H H
Y T > 1T o7 T [(36H1 + o) Hoa + Hi
16 208 352
_ 528H070,1 — 312H0’1’1]H1> (1 — .I') + < 15 O + 9 H()HO 1+ ? OHO 1
1408 64 1120
<96H0 + 3Ho1>Hoo1 + < 3 Ho +64Ho1>Ho1 1+ THOH0001
1408 64 3136
- THOHO 01,1 + 3 —HoyHo,1,1 — THO 0,0,0,1 + 2624 Hy 00,11
3328 1024 64
+?H00101 —416Ho 0,111 — TH01011+ 3 H01111>(1+36)
H& 4 2
+ 51 (44323: + 978522 — 114422 — 1479) —+ —(70055 + 2458z — 2005) H
8 63702° 4+ 139322 — 8163z — 338 16 7923; + 151822 — 22472 + 178 =
81 T Y T 0
8 423 — 36922 — 99z — 52 4
+-= T P H2 ) Hoy — — (41222 + 67x + 248) H}
9 x ’ 27
32 423 — 20722 + 207z — 22 2
= T Ty Ho + o (1400 + 390 + 57) Hy
X
~ 1680a® — 752% — 1052 — 44 7 16 7362° 4 206422 — 3639z + 178
9 x 0 27 x
16 4423 — 97522 — 2012 — 52 8 728z + 717922 — 60902 + 608
- — Hy |Hopp
9 x 27 x
322823 + 1722 — 26z — 32 16 25222 — 168922 — 411x — 52
+ = Hy H() 1,1+ HO,O,OJ
3 x 9 €T
32 8z3 — 38122 — 1262 + 96 3212023 + 9922 — 69z — 116
— 0,0,1,1 — —— Ho11,1
9 x 9 x
644x% +Tx +4 224 128 512
<_9[E [H()Hl + ng] (1 — .Z') + < 9 HO — THOHO’I — 7H0,071
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E.2. Operator matrix elements

256 8 16

- =3 Hox 1) (I+2) =<7 (3314a* + 9435z — 948) + 5(162;c2 + 59z + 160) H
16 9823 + 106522 — 1227z + 172 32 40z% — 9322 — 60x + 8

* ﬁ x M+ 5 x Ho’l

416 4 4 832
96x+7x+(1_3;)}[1+< . H?

L 832, Ata)— 8 130423 — 84922 — 84482 + 969
—_— X
3 0l 27 T

- 5(4033 + 450 — 33)H0>g2 + (

1024
(92:1; — 4381 — 159)H0> G+ T(l +2)In(2)¢ + (1792(1 + x)Hy
@436 — 922 —6x—2
3 x
N <256 16 1623 — 89722 — 92 + 135

> In(2)Cs + 1792(1 + 2) In?(2)¢3 + 288(1 + )23

32 823 — 3022 — 152 —
—3384(1 + 2)Cs + <128(1 +a)Hy - 3 7’ —302° — 152 )34

X

1 512
+4096(1 + =) Lis (2> +256(1 + )B4 In(2) — T5(1+ )ln5(2)]
128 422 + Tz 4+ 4 256
+CFTF LM|: 27 - ( JJ) 9 ( —|—ac) 0
2 4 2
gy K 2§94x —|—49x+40+%4x + Tz + HI)(l_x) <33 12
X

64 32 64
+ 3H071> (1+x)— 5(12932 + 37z +19) Hy — 5(1 + w)@]

64 128 128 128
+LM[< —H$+ ——HoHoy — —Hoo1 — H0,1,1>(1+93)

9 3 So3 3
2 2
256 40z +79:c+31+g4x +7x+4[2H0H1—H12}
81 x 9
64 64 32
—3(2:5—5)1111 (1—x)—2—7(18$ + 652 4+ 101)Ho + — 5 (42® — Tz — 13) H§

128 52 -2 12 4
+ %%HOJ 4 <_38(1 +xz)Hp + %(4352 —Tx — 13))@

N 256 (14 2)¢ 64 216x* — 183623 — 1063x2 + 8375z + 3770
—_— X
3 3 3645 T
32 dx? +Te + 4 o 64 12z* — 10223 — 14822 + 3852 — 10
9 T 0 405 T
4 324 Te + 4
B gt 360 — 16a? 1 1240 — 420) Hy ), + (2T A g
135 9 x
16 2425 — 2162* — 962 + 91422 — 36612 — 100 e §4x + 7z + 4H
405 x 181 T 1
128 422 + Tz + 4 128
- " "HH 1-— HA H H, —H?
9 . 1 071>( r) + <27 0 + 3 oo = —5=Ho
128 1 56 128 6
— ?HOHO,O,I +-—HoHp11 — ?HO,O,O,I + 7Ho 01,1 — Ho,1,1,1> (1+2z)
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E. Results in x space

16 32
-3 (242® — 132 — 49) Hj — ﬁ(m;4 — 6842° — 32762° + 3553z — 6005) Hy
64
+ <—405(24a:5 — 2402 + 1202° + 11252% — 3925z + 1403)
128 522 + 5 — 2 64 2423 — 4322 — 79z + 12
——————Ho |Hoq + 0,0,1
9 27 T
32
+ @(1293 — 120z + 602* + 4202% — 2465z + 325) H
64 1822 + 7322 + 46x — 36 64 42 + Tx + 4 128
— (1 -2)H H?
Y z 01,1 (9 e 1+<9 0
128 64 A 3 )
+ 5 Hou J(1+2) + m(12:,; —120z" 4 602° 4 7052 — 2290 + 140)
128 64 223 + 12222 + 1192 — 56
— —(62* + 42 — 5) H, —
27(9: + 4z — 5) 0>C2+(27 "
128 64
9 (1 +$)H0><3+32(1 -I—:L“)C4 +CFNFTF L3 |:—9(1+1‘)H
324x% +7x + 4 5 32 324z% + 7w + 4
St () LA -=2z-5) - =————H |(1-
e Gk I | (i e ) Al x 1) -2)

32 64 32 64
+ < HE — Hm) (1+2) = 5 (40® — T — 13) Ho + (1 + 9;)(2}

3 3
64 128 128 64
Lol (=2 HE + S HyHy 1 — ~=C Hyo1 — = Hy1q ) (1
+ M[( 9 34 5 Hotoy — ——Hop1 — 011>( + )
64 128 2522 + 94x + 34 32 74x% — 432 + 20
+ 2 +2x—58)H0+< Lt A

16422 + 7z + 4 32
5% [4HoH, — H%]) (1—a) + 5 (4 — Ta — 13) H]
64223 + 2% — 22 +4 128 64
- H, ——( H, 4o —
5 - 0,1+( 3 (1+z)Ho + — 9 (627 + 4x ))CQ
64 169722 — 2023z + 752 64 15022 4 103z + 60
64(1 H
+64( +‘r)<3] +< 729 z T8l z !
2 . 2
 324x +7a:+4]_{2H1 16 7422 432 +20 ot 164 +7x+4H%
9 x 81 T 81 x
64 32422 +Tx +4 _, 40 64
— (22 —5)H + ———"——H} |Hy ) (1 — H} — —HZH
+<3(CU 5) 1+9 - 1) 0)( CC)+<27 0 — 3 0410,1
128 128 256 640 64
+ —HoHop1 + —HoHoi1 — —Hopo01 — —Hooi1 — —Hoia1 |(1+2)
3 3 9 9 9
64 64 42 + T + 4 128
+<81(111x + 64z + 100) — gx(l—x)H1+< 5 H§
— %Hm (1+2z)— —(63& +4x —5)Hy | (o — —(30095 — 967z — 769) Hy
3 27 243
2 16 64, o
+ 3 —=(542® + 29z + 137) H§ — 87(2433 — 13z — 49) H — 871(5790 + 253z — 35)
128 522 + 52 — 2

128 64 223 — 5822 — 61z + 16
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where agq refers to the term containing HPLs with non-standard argument, given in Eq. (5.64).

E.3. Wilson coefficients

For several cases, we have calculated the heavy flavour Wilson coefficients in the asymptotic limit
Q% > m?.

E.3.1. The unpolarised Wilson coefficient Ly’g

The non-singlet Wilson coefficient for the unpolarised structure function Fy(x, Q?) is given in z
space by
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where cq 5.8 )(N r) refers to the constant term of the renormalised massless Wilson coefficient
[138] and the Np prescription in Eq. (2.97).
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E.3.2. The polarised Wilson coefficient L;"j‘n

The polarised structure function gi(z,Q?) receives contributions from the non-singlet heavy

flavour Wilson coefficient LqNEI, for which we obtain in = space
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}

——(800x — T73)H} + 31 52 (94x —121) ¢

C»JMP @\OO

8 16
(x + )I:fl2 - g(:ﬂ + 1)H071 + §($ + 1)C2

1
+ ag’{ <(1_)CACFTF
1 2 184
g 176 L335 L%[éz

1
—z (CACF Tr 97 Q77 9

L 16 32 , [3104 704 16 o, 352 32
~——+—Ho+ - Hy+—H ——
Cz} [27+9 ot 5 Ho+—5-H 342]

2
+ %(az +2)Ho,1

? 5 —
1240 1792 248 32 64
+ LM[ + —"Hy+ Ho + 9 H0 16H§H1 +32HoHy1 — §H0,0,1

80 30124 14144 1216
& ¢ Bttty - ittt
9 07 781 o7 0T g
< 352 32

——— + —Hy |H] —64HoHp —
9 30>1 0410,—1

81 27 9

< 320 64

6208 704H 16 2)

128
+ ——Hy— H1>H0,1 — THO,OJ + 128Hy,0,—1 + 64Ho 1,1

192 + ~° Hy + 64H 20828 L 2290 i3 1 10
92+ —5~Ho + 64 29+810810+ 0

27

32 32 160 112 8 64 368
= _“Hy— ——H?—-—-H}|H,+ -H?H? - —HyH} + | =—H,
3 970 90T g7 0) 1ot T op o { mgmHo

< 128 )CQ 256 C3] 43228 3256H 496

+ —Hp

128 128 32
—H, ——Hy |H —H7 |Hy1 — — e
+ o+ < 8 9 0) 1+ 9 1> 0,1 97 9

9

320 224 160
+ 9H1>H001 + ?[Ho,u,l — Hoo1,1] + < 9

496 112 160 128 32 1196
il Al =V H VHy - o H? 4 22y B
+ ( 57 Ho — = (8 5 0) 1~ 5 01)(2 ( o

) 1072 32
0,1

Hy— 32H, —|—24>H()11
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E. Results in x space

296 32

+—Hy— —

32 64
16— " Hy— —H
9 9 [ 3" 1]

+ CFTF 3

32 64 128
+ L3/ Lg [16 -5 Ho— 3H1] + L3, [—22 — 16H, + <8 + BHO) H,

16 64 334 32 856 320
+ gHg + 16H} — @] + L [—3 + KHO + <9 3H0>H1

88 176 640 64

80 256
802 agm? = 20,1 4 |2 - M0y (200 My Ny
+3 o +48H; 42]-1- MQ[3 9 o—l—( 9 3 o) 1

206 112 88 160 32
G+ H}

32
—H0+Cz]+LM[——H0+ T—'—BHO

3 3 3 9
64 152 1424 160 64 784 128
oy == =~ HoH =

+ g i+ <3+ 9H0+3H0>H1 5 HoHo + < 5~ 5 Ho

64 2360 4508 160 224 320
- — — = Hy— —H?- "= by 5
H1>C2 64C3:| + LQ [ 9 + 97 0 3 0~ 9 0 9 1

3
4556 3680 512
+ (—27 — THO — 128H§> Hi + (—3 — 128H0> Hl + 128HOH0 1

64 64 2608 832
( 8 — EHo—i- 3 H1>H0,1 —256H¢0,—1 — 64Hp 11 + < 9 + 7H0

448 14197 3262 4 196 380
+H1>C2+320C3] —7—7H0+*H61+? g+ST 0

3 o4 27 3
302 13624 1628 304 448 80 8
(e 2 P (53

H, H2 4+ 2= = L ZH,
9 g1 ot oot oy 9 "9 % 9

L 128 112 1304 32 o, 160 128
CHHR 4 (S - - HyH, — —H? | H,
AT < g g7 Mo~ g Ho+ g Holh — =5 1) 01

1184 128 256 32 64
——+ —Hy— —H, | H - —H —H{ |H
( o7 + g Ho 5 1) 001+< 16 3 o+ 3 1) 0,1,1

16 128 64 2488 1192 80 160
- —H?, ——H —H, - """ Hy— —H? =
g 01— g 0001 + 3 100,11 + < 97 o7 g 10 + <

32 128 32 3088 128 160 64
“CHo \Hy + g2 -2 0 4+ H 2B
+3 o) 1+ Hi — 0,1>C2+< o o Hot+ 1>C3+ 5B
664 2128 a6, [320 64 } 12 [_464

— 7C4 + CpT?

>H,
M7 TRy T + 0 27

27 9
1984 3760 2144 928 128

— °Hy— —H|+1L +L S Ho+ (22 4+ =SHy |H

g 0 91]+M81 Q[81+270<27 9 °>1

64 64 128 256 12064 64 160 32
“H24+ ZHy, - 220 - =24 ZHy— ——H?
Py T g 2} 720 81707 B0 T R1 i

3 [2

128 64

—+L

27 3
24064 , 128, 320
729 81 % 81

2176 320 32 7520 4288 128 1856
LM|:—H0—9HO:|+LQ|: 31 + —Hy + H+<27

256 > 128 @ H?

512
U H? Hyq1 —
9 1+ o Hoa Cz]
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E.3. Wilson coefficients

. 44 88 34
_Ldi_L?)i L2 il
Mg ~hog T M[g

64 512
+

16 938 16 1595 272 68 11032
20 2|22 P a] o | -2 2 ] Lo |-l
3C3}+ Q[g 3C3}+ M|: o7 + 9C3+3C4}+ Q[ o7

1024 196 ] 55 10045 16 2624 176

32
—ECQ‘FTC?)—TQL +g3— 31 C3—§C2C3+T7C4—?C5

32 32
— 8By | + CFTy | L6+ L3 Lgb + L, [—10 + 343] + L3 [—48 + 343}

3 73
3304 352 ]

112 136 368 64 1616
+ Ly L2+ Ly |:—5 — ?CS - 3C4:| + Lg |: + G- TC?,

L 392.] 2030 1368
304718 81

32
2 G — 22 4 16By + 222
(3 + 9C2C3 o7 ¢4+ 16By + 9 s

32 16 8 152 496 1624 3658
CrTi|L3; ==+ L}y —+ L3~ —Ly—+Ly— +Log— — ——
TOrE By Rty T Mg T Rogm T hM s Lo T o s

224 |
+ G + CpNpT?

128 |
- ?CS ) + CACFTFR

16 32 304 700 3248 4732
L3, — 4+ L3 — L2 4 Lyy— 4 Lo—— + —
Mg Thog —hogm ThMgr Y haom T 5g

3 176
Q27

L%i—i(erl) +L (z+1) + Ly, [3(8%37)

16 =z

[Ho,—1 — H_1Ho| + 31
2[4 _ 256 32a° 41
+LQ[ 27(865x+109) 5 (z+1)Ho+ T 21
4

81

4577 — 4267
8

3222 +1
(m+1)HO+§x+1

+ % [2¢ — Hg]}

[Ho,—1 — H_1H|

176 16 =z

—9(m+1)H1+3x+1[2C2—H§]] +LM[

41922 + 42425 o, 32 x 5 (32
T H-= “(r—-1
9 z+1 D e Kl G o G

— ;i; (292 — 109) Hy +

128 422 + 3z + 4 16
8 WH? \H + —— """ " "H,_ —— —16H, 1) H,
+ ($+) 0> 1+ 9 1 0, 1+< 3 0)($+) 0,1
128 422 + 3z 4+ 4 1622 +1
_771{0_’_7
9 r+1 3 z+1
322241
3 z+1
%wz—i-l
3 z+1

64 =x
A4Ho, — H? \H_{ + —
4802~ H5] ) Hoa+
§3x2+14x—9
9 r+1

22 +3z+1
H - 32—
0)(2 P C3]

4 6418122 + 2392 +49 32 (z—1)° ,
Lo | = (123292 — = _ 2 H
* Q{&( 320 577)+<27 z+1 3 z+1 !

32 6% + 2523 + 1822 + 252 + 6 81223 — 2122 — T7x — 24
+ — H,1 H(]—I— ——
9 (x4 1)z 9 r 41
55:32 —2¢+5
3 r+1

0,0,1

[Hoo,—1 — 2Ho,—11 — 2Ho1,—1] + <

§3x2+4x+3
3 r+1

-1

80 = 8 8
H_l)Hg + gmHS + <27(7031: +253) = (2 - 3)H§

273



E. Results in x space

352 76

+9(:1:+1)H0>H1+( g (r+ 643z +1

) - 36(1:+1)H0>H1 n (3 2 L
64 (v —

32 62 + 2523 + 1822 + 252 + 6 1)? 208
) o+ Dz L H1>H0:1+ <9(“1)

1 4 2
-+ ?6(.%' — 3)H0 + %(ZC + 1)H1>H071 + %(1’ + 3)H070’1 — 32(1’ + 1)H0’1’1

2
64 (z — 1) 3252% 4+ 10z + 9 64
- Y Hy - T Hyo - 2)H
3 241 0,—1,—1 3 1 0,0,—1 + 3(96+) 1
16122 — 2322 — 722 — 17 32 (z —1)° 16 322 + 8z + 3
— - ——H | — —————Hy |
9 r+1 3 x+1 3 r+1
64 322 + 3z + 2 2 4
— TG - 1082952 — 86681 —— (9952 — 2807
3 241 43} T2 . )+ < 51 (999 )
3219922 + 174z + 199 32 5 64z +1
- = H_ )H?, — — H3, | H
81 r+1 1 g (e R ) HE = ot R | Ho
4 25322 + 3912 4+ 586 16 1922 + 18z + 19 16 22 +1
- Hfl—i— H—l HO
81 z+1 S 27 r+1 9
8 2222 +Tx+25 3222 +1 3 16 kN
— H_ 1) H, 4)H
(81 z+1 2w+l )0 9$+ 0
8 8 56
——7(651»—29) 9(143:—1—3)H0+ 7( )H0 Hi + (43x—46)
8 4 32 64
S ey Hy (ot 1)H§>H12 + 2 (1) mom + <_9(m+ VH_,
3219922 + 1742 + 199 6422 +1 _, 256 42 + 3z + 4
- — H?) |Hy 1+ |5 ———F—H_
81 T+ 1 9 z4+1 27 z+1
8 16 8 8
— — (1432 +2) — — (132 +6)Ho — - (z + 1)Hg + | - (11z + 20)
27 9 3 9
64 64 64
+9(x+1)H0)H1—9(x+1)H1>H01+ (733+1)H01+<9(:c+1)
12827 H 256 42* + 3z +4 %a@ﬂH
9 x+1 L Y S | 0,-1.1 9 z+1 !
321922 + 18z + 19 8 922 + 101z +12 642241
27 T+ 1 0.0.=17 \ 27 T+ 1 9 z+1 *
16 160 256 422 + 32 + 4
— (Te+1)Hy - — 1)H; |Hoo1 — — """ "Hy, _
9($+) 0 9(33-1-) 1) 00,1 = 5 1 0,1,—1
16 128 22 + 1 16
- 7) - — H_ 1 — —(11z +5)Hy + 16 1)H, ) H,
# (g o) = S (11 5) o+ 16(0 + 1)y ) Hoos
64 22 + 1
— [2Ho,—1,—1,—-1 + 2Ho,—11,1 + Ho,0,—1,-1 — Hoo,—1,1 + Ho,0,0,-1
9 x+1
64 52 + 6x — 1
— Hoo,1,-1+ 2Ho1,—1,1 + 2Ho1,1,-1] + —————————Ho 0,01
9 z+1
16 22 — 22 — 11 112 16 17422 4+ 209z — 189
e - == 1)H,
9 1 0,0,1,1 9 (96'+ ) 0111+<81 1
322927 + 18z + 29

8 80
> o H_i+ (—9(3x+14)+9(x+1)H0>H1
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E.3. Wilson coefficients

2 2
(;63:5 ;f?[x—i_(i_?);xi—ll )Ho—?ﬁxj:llfl +694(:c+1)H1
. §3$2;ﬁ+9H0 - (7x+1)H01)C2 . <227497:c +;1J(r)21:c+ 1085
138“;:111{_1+?WH0+1;3(:(:+1)H1)§3+1;(x+1)34
_ §36932 Zi11m+22§4 + C3Tr [L?é +L%\4LQ] [—i(m—i-f)) + %(z—i— 1)H;
+8(:c+1)H0} + 13, [ 8(2x — 1) + <—§(11x—|—5) 6342:11{_ >H0

3‘% ;ioferg < §2x+1 —6;(x+1)Ho>H1—§(a:+1)Hol
—8(z + 1) H} — %4"’“" ++1 0,1 i‘CW@] + 13 [3(161x+ 130)
+ <—136(15x+4) 634”6 :11H1>H0 —24(x +1)H} + <—];6(50x+ 17)
—120(x+1)H0>H1 gzu Zi4lx+21H0 2239@2—;—1810—#232

6422 +1

4 8
5 1 Ho-1 - 8(z + 1)H071] + Ly Lg [9(19:5 —85) + g(13gc +1)Hy

+8(z +1)Hg + (138(4@« +1) + %(az + 1)H0>H1 - %(m + 1)@]

4195 238z + 123 32322+ 42+ 3
—I—LM[—9(337:E—|—235)H0— z” + 238z + H2 - 57”5 ++9i+
XT

H3
9 z+1 0

+ <—(287x —113) — %(53: +2)Hy — %(z + 1)H0>H1 + (17893 —125)

16 16 84 32
n (—3(7x+3) —3(x+1)H0>H12+< M+ 2 (x+1)HO)HO,1
@4x2+3x+4 E3x2—21‘+3 @4x2+3x+4
9 r+1 R T 0,01 9 r+1 0
3222 +1. , 6422 +1
= H2 — 4H H {+— 2Hy 11— Hoo_ 1+ 2Hp1
3$+1[ 0 0,1] 1+3x—|—1[ 0,—1,1 0,0,—1 0,1, 1]
81172% + 118z + 81 12822 + Ly 16 (z+3)(3z+1)
9 T+ 1 3 z+1 73 T+ 1 0
32 1622 + 14z + 1 8
1)H et e Lo|l—— 2
+ 5 (z+1) 1><2+ 3 21 c3]+ Q{ 5 (9572 + 652)
§115a¢2 + 992 + 32 %6:04 + 2523 + 1822 + 252 + 6H
9  z+1 9 (x+ 1)z -
2
64 (x —1 329224+ 13z +9 32522 -2z +5
64 (2= 1)" o Yy 3292 H B0 49y (32507 2045,
3 z+1 9 r+1 3 r+1

44 3 1 2 1 1
N ; 8z° + 5 9i ++1706m +3 5)H§ 4 (8(90835 — 19) + 36(16933 + 97)H0
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E. Results in x space

+332(7a:+5)H§>H1+ <3 (132 + 6) —|—64(a:+1)H0>H1 +%( +1)H}

64 16 32 128 3z + 1
+ <9(13a;+ 1) + §(w+9)H0 — §(x+ 1)H1>H0,1 + <—3 L1 1o

6462 +252% + 182% + 250 +6 128 (x —1)” .
9 (z+ 1)z 3 x+1 0,-1

2
128 (z — 1) 64 52% 4+ 10z + 9 16
Y U Hy g1+ —— " "Hyo—1+ —(5z — 3)H,
3 o1 el 001+ 5 (52 = 3) oo,
2
16 2423 4 24522 + 3182 + 137 64 (z — 1)
4 1) H, — a
+48(e+1) °“+< 9 T+ 1 3 x4l
16 3522 + 662 + 35 32 322122 + 30z + 17
- = Hy— ==(92 +5)H - =
3 z+1 05 (945 1><2 z+1 C?’}
64 64 199352 + 1742 + 199
123322 — 4905 —— 1)H?, + H_
+ g (128820 )+ ( g @D+ g r+1 !
1 128 22 + 1 321922 4+ 18z + 19
— (= 10999z — 8399) + — Hy + H_
5l v R | —1> 0 (27 41 !
2 2 2
32 HHL 2 417922 + 5255z + 2868 2 64z +1H_1
9 z+1 81 r+1 27 x + 1
10 17722 + 218z + 105 1 5122 + 70z + 51 152 5
HY ——== 1)H,
T8l z+1 ) 0797 a1 0 < o7 (D HG

( — 3457z + 1951) — g (593x + 335) Hy — 2% (1462 + 71)1‘{3)[{1

] 4 64
x + 55) —9(9x+1)H0+9(x+1)H§>H1—(ﬂf+ 1) HoHy

27
12822+ 1,
)H_ — — H?, ) Ho -
z+1 tg e - STs )0’1

64

1
27
( 641992% + 1742 +199 128
16 16 2
251 +407) + 7(101» + 43)Hp + g(x +1)Hf + j(x —1)

5124x% + 3z + 4 64 )
o T T H 4 — 1)H? | H,

27 a+1 15 e+ 1) 0.1

512422 + 3z + 4 256 22 + 1
- -  _410,—-1,1 H

27 rz+1 Tm—l—l

128 ) < 641922 + 18z +19 12822 + 1
Hy_1-1

- H(x + 1)H0>H1

8
+9(x+1)H01 .

_T(x—'—l) 27 z+1 9 z+1
(247 35722 J;f?x +93 1?1’ Ll H_ |+ %(x +1)[2H1 — Ho]>H070,1
2263:2;1}] >H011+138a::—11

— Hoo,—1,-1 — Hop,0,-1 + Hoo,1,-1 — 2Ho1,—11 — 2Ho1,1,-1)

82122 + 10z + 21 32722 +6x+7 (64x2+1
71{0011

H—1>Ho,0,—1

—(1Bz+1) + 136 (z+1)[Ho — 2H|

[Hoo,—1,1 — 2Ho,—1,—1,—1 — 2Ho 11,1

= H ==
9 T+ 1 0.00.1 = g 1 9 z+1 !
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E.3. Wilson coefficients

4 161922 + 1338z + 1511 4 14722 +298x —9 6422 +1
— + (= — H_; )Hy
81 r+1 27 r+1 9 z+1
64 2922 4 18z + 29 4(x+5)(bz+1) ., 64 5
— H {+ - H? — — 1)H
21 z+1 TR 0= (D]
16 16 16 80
+ <9(x+9) - ?(:c+ 1)H0)H1 + §(x+ 1)H071>g2 + (—9(x—|— 1)H,
8 23512 +404z +409 256 2 +1 8 1522 + 22z + 15
H_ ,+ - Hy | (3
27 r+1 9 r+1 9 r+1
413122 + 178z + 131 32 64
= - = 1)B T2|—L 1
9 o Ca 3(SC+ )Ba + CpT? M27(90+ )
32 32 32 32
3 2 2
— Loy (z+1)+ L3, [—27(111» —-1) — 5(:13 + 1)H0] + L [27(1@ +5)

4 2 2
+69(x+1)H0+39(x+1)H1} LMggi(a:H) +

Lg [2(1873: +16)

2;1 (282 + 13) Hy — ?’;(x +1)Hf + (—23(14a:+ 5) — %4(374- 1)H0> H,
392( +1)H} — %(:v—i—l)Hol +1§8(x+1)§2] +%(431:p+323)
81(6:L-—7)Ho+86(1195—1)111’0 ;613( +1)H0—42if(:c+1)4

+ CpNpTE —[L;”’w+2L3]g§(x+1)+L2 [gi(lélx 5)+%(m+1)H0

64 3
+ 5 (o + 1)H1] + L {81(

+ Lg {—64(187:1: +16) — 12—7(2833 + 13)Ho + 694(

81
- %(w +1)HZ + (—?(z +1)Ho — %(14 + 5)>H1] zf (z+ 1) Hj
- %49(161 +215) + 8218 (6z — 7) Hy + z—i(llx —1)H + 22576( +1)G
Here we denote the constant term of the massless non-singlet Wilson coefficient [153] by éqNgl( )

and use the shorthand of Eq. (2.97).

E.3.3. The charged current Wilson coefficient L3

+1)[4¢ — 2Ho 1 — Hi]

5x — 73) + 2%(1195 —1)Ho + %6(:5 + 1)H§]

(E.12)

(NF)

For the x space expression of the asymptotic heavy flavour Wilson coefficient of the charged-

current structure function xﬁg/v+ (z,Q%) + zF}V " (z,Q%) we get

LNS,W+—W_ (.%') _

q,3
1
2
CrT

8 8 80 16
L?M§ +L22§ + Ly [9 + 3H0} +LQ[
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E. Results in x space

718 32 268 116 16 8 16
— -G+ = SHE Hy |H H? H,
+ 5 — g6t 5 Ho+8H; <9+3 0) g+ = 01]>+
2 2
+6(1—a)| CpTp |L32+ Lj2+ Ly~ LQSngﬁ
3 39
5 gy 4 8 8
+ CpTr| = (L3 + Lg) 5 (v +1) + Lar | =5 (11w = 1) = 2 (z + 1) Ho

oo

8 1 4 1
+ Lo [9(1495 +5) + 36(95 +1)Ho +  (z + 1)H1} — 57 (2182 +47) + 36(95 +1)¢

wl

g(z&r +13)Ho — 4(z + 1) H§ + (—3(14:6 +5) — ;(x + 1)H0) Hy
4 8
g(.’IJ -+ 1)H1 — g(i{] + )H0’1] }
) N (N SO R 8 = (942 — 121) ¢ — —(80095 — 773)Hj
1\ (1 —2)2 81 0
32 1 176 352 184 32
+ 5(33 +2)Hoa | + T—% (CACFTF Ly —— 57 - Ly — 57 + Ly [9 - §C2

16 3104 32 704 16 352 1240
H2| + L L+ _2e
) 0]+Q[27 32+t °+3H° 9H1} LM[81+<

_ % Ho> Co + 963 + 1722 Ho + ? 2, 392H0 \6HZH, + 32HoHo,1 — %41{070,1

+ Lo [—30;124 + (192 + ?8110 + 64H1>C2 — 43 — %Ho — &9161{3

- % o+ (—63(7)8 - %Ho - 136H0)H1 <—332 + 332H0>H1 — 64HoHo, 1

+ (-784 %2170 - 1§8H1> Ho1 +128Hg0,—1 — %Ho 0,1 +64Hp 1} 4?;38

- %34 + (—42976110 1;2Ho + (8 18015[0>15f1 1381{ 39 Hy 1>C2

! ( g o 392H1><3 + St g+ 48916 5+ 7

+ (-32))2(33 —2) — %HO — ?H& 12172H0)H1 SH&H% — %HOHf’

+ (388110 ? 5 < 8 — 138H0>H1 138111)1{@1 — %QH({1 + <—1(2);2
%Ho + 3§OH1>H0,0,1 + (24 + %Ho - 32H1>H0 1,1 — % (Hoo1,1— Hoi1 1)]

+ O3 | I, [16 _ 3—32H0 _ 6;11{1] + 1%, Lo [16 %Ho B 634H1] s [—324

256 80 856 320 64
-5 Gt 7H0 +3 —H + <9 - 3H0> Hy + 48H1} + 13, [—22 - 50
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E.3. Wilson coefficients

16 128 88 64 176

640 64 206 784 128 64
-l 4+ (—— - =Hy |H|| +Ly|-—+|-—— - —=Hy— —H
3 o+( 5 3 0) 1]+ M[ 3+< 9 5 Ho— 3 1>C2
112 88 ., 64 o (152 1424 160 _, 160
64¢3 3H0+9H0+9H0+<3 +— Ho+ 3H0)H1+<3

32 64 2360 2608 832 448
+ H0> Hf - 3H0H0,1] + Lo [ + ( +—=Ho + H1)<2 + 3203

3 9 9 3 3
4508 160 224 4556 3680 512
——Hy— —H— “"H}+ | ——— — ——Hy— 128H |H -=
L A S A R < 27 g 0 o)t
320 64 64
— 128H0> H12 — ?H% + 128HOH0’_1 + (48 — ?HO + 3H1>H0’1 — 256H0’0’_1

54 3 27 27 07 9 9 '3
128 32 3088 128 160 664 3262
+——H} - H0,1>C2 + ( — —Hp + H1>C3 - 7C4 — —-Ho

14197 64 2488 1192 80 160 32
- 64H0,1,1] — 4+ —Bs+ (— - Ho— —H? + <— + HO)H1

9 9 27 9 9 27

% §+3§ §+§H6‘+ (382+1386124Ho+1g§8H3+320;l 3>H1
" <4;‘8 + S Ho - SHS)H? + o HoH + <1912 ~ 0 H — D H 1 HoHy
— % 12) Hoy, — %H&l + <1£4 + %Ho — 2956}[1>H070,1 + (—16 — %Ho
+ 634H1>H0,1,1 - % 0,0,0,1 T %4H0,0,1,1 + CpT? L?M% + L?@% + 12, [32270
+ 694Ho] + L [—42674 - %Ho - 694H1} + LM% + Lg [3;?0 — %Cﬁ
+ %Ho + %H@ + <92278 + 1§8H0> Hy + %H% + 138H0,1] - % + %Qﬁ
+ %HO - 1;#10113 - %Hg’ + CpNpTE L%% + L%% + L [—92278 — ? 0
+ %HOZ + <1§iG + 236H0>H1 + %Hf + 236Ho,1] + % - % 3+ 1827181_‘[0
_ %Hg - %HS’ )>+ +6(1 —2) (CACFTF —L%% - Lg% + 12, [334 - 136@]
+ L3 [928 - 136C3: + Ly [—1225 + ?CS + 6;;(4] + Lg {—1120732 - %Cz
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E.3. Wilson coefficients
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Again, éqNg’WjL*Wi’(:})(N r) refers to the constant term of the corresponding massless Wilson

coefficient [153] after renormalisation. The second Wilson coefficient H, N§ can be obtained from
Eq. (E.13) together with the massless Wilson coefficient according to Eq. (4.189).

E.3.4. The pure-singlet Wilson coefficient H(';g
In Section 5.2, we have calculated the pure-singlet heavy flavour Wilson coefficient at Q? > m?.

Its x space representation reads
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9 x 81 €T 27 €T
232 2422 — 11z +4 1228422 — 31 2
+<—SH§+39°T x4+ H0H1>H0,_1—<; 84x% — 313z + 339 H,
s
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E. Results in x space

8 367x% + 244x + 124 g2 16 42 + Tw + 4 56

— — H? \Hy + =—HyH?
27 T 1T o7 1) 0+ oo
8 11222 + 223z + 112 3242% — 11z + 4 248
- HoH, + =~ ———"""Hy 1 |Ho1 + | — H}
9 T 9 3
64 64422 — 11z +4 752
— —5Hy 1 |Ho-1,-1— | ————H1 +240Hy 1 | Ho,0,—1 + ( 5 Ho,—1
3 9 T 3
8 17622 + 281z + 176 64
9 . Hy |Hop1 + §H0H0,—1,—1,—1 —320HoHo,0,—1,-1
880 160 128 256
— ——HoHop0,-1 — —Ho-1,-101 + —Ho,-1,0,-1,—1+—Hopo-1,-1,-1
3 3 3 3
128 422 + 72 + 4
+ 560H0,0,—1,0,—1 + 1680Hp0,0,—1,-1 + — 5 xH1Ho,1,1>(1 — )
8 3472x% — 1089z + 1048 3213122 — 35z + 50 9
H_; H
<< 27 T o7 x -1
16422 — 7o +4 4 41622 — 21z + 16 3
—— H H, H_1H,
27 z _1) 0t 3 3 T 1o
2 5622 — 47222 — 1 104
_75695 65x+56Hngg+ é37m 089x + 1048
3 T 27 T
64 13122 — 35z + 50 8822 + 67z + 8
z’ X H  + 222 72Ty H,
27 T 9 T
16422 — Tz 4+ 4 328z2 — 11z +8 64
*71{31 Hy 1 ———————H _1Hy— - HoHy 1
9 x 3 T 3
248 832 61 32 64 13122 — 35 50
_ 24838 x? 4 61z + 02 Hos 64 T T+
9 9 T 27 T
32422 —Tx +4 16 3222 + 61z + 32
- " T CH ()Ho 11+ — H_Hp, 1.
9 x 9 T
248 5 8 15222 — 329z + 152 128
_ THUHOJ + <9 . H 1+ TH{) 1>H0() 1
16 3222 + 61z + 32 Tx —8)(8x — 7
— H_1Hy1,-1+ < 8 )( )H—1
9 T 3 T
656 32422 —Tr+4 64222+ +2
+ ——Ho1 |Hop1 +——————Hy1,-1,-1 ——H_;
3 9 T 9 T
16 3222 + 61z + 32
+ 88H0>H0 LTy . [Ho,—1,-1,1 + Ho—1,1,-1]
64222 + 2 + 2 8 (7xr—8)(8x—7) 128
_771{0_111 *< )( ) 7H0 HOO—ll
9 T 3 T 3
815222 — 329z + 152 7r—8)(8z—7) 128
- = Hoyp,-1,-1+ 8 ) ) + —Ho |Ho0,1,-1
9 T 3 T 3
16 3222 + 61z + 32 64222 + x + 2
- — Hojp—1,-1 — ——————[Hoa,—1,1 + Ho1,1,1]
9 T 9 T
64 256 64
- gHoHO,l,l,l +32Ho0,1,1,1 + 7H0 1,0,1,1 — 3H0,1,1,171> (1+ )
16 8521323 + 2074422 + 30011z + 3280

4
— Hy+ — 21)H;
+ 513 " + 27 (966:n + 790z + 721) H
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E.3. Wilson coefficients

4 163162" — 38712° — 57962 + 3628z — 11087 Hj

2 4
+ ﬁ(839c —121) Hj

81 1+=x 1—=x
B g692:c3 — 3582 4+ 115z — 458 H2H, + 8 87423 — 186622 + 837z — 376 H
9 x 27 T
4 88z% — 922 — 39x + 144 8 823 + 8122 — 87x + 80
- = HE |Ho 1 — ¢ Hg
9 €T 9 T ’
4 8 12078z* 4+ 410623 — 435522 + 797x — 2496
— — Bz —4)H] — — H
15 (B = H — oy (1+a)z 0.1
8 26223 — 30622 — 181z — 538 414423 — 44122 — 357z — 296
9 T 9 €T
16 16722 — 71122 + 6572 — 140 417623 — 23722 — 69z — 64
_ H, H0,1 + = Hgl
27 €T 9 x ’
4 43023 + 1822 — 63z + 376 16 8223 — 7822 — 267x — 80
— H2 - — Hoy |H 4
27 €T 27 €T
8 823 + 87x2 — 249z + 152 16 823 — 78x2 — 267x — 80
48 x° + 87x T + HoHo 11+ (2 T T T
9 x » 27 T
64 1023 + 322 — 122 + 14 8 2178z — 371422 + 1611z — 376
- — Hy )Ho 11— | =
9 x 27 x
8 1623 — 1522 4 21z — 48 64 16
+3 - s E(6:c - 7)H§> Hop—1+ (3(57:1: +31)H;
X
8 55622 4+ 18722 + 20112 + 1854 813623 — 136522 — 567z — 440
- + = Hy )Hopn
27 T 9 x
16 8223 — 7822 — 267x — 80 64 1023 + 322 — 12z + 14
f - — Hy | Ho1,—1
27 x 9 X
8 1882 4+ 404022 — 32712 + 392 128 1123 + 1822 — 10
_° S — Hy |Ho 11
27 x 9 T
8 8823 — 392 4 39z — 48 8 88z — 14722 — 39z + 56
+ = Hopo0,-1+ (=
3 €T 9 X
128 16 68z — 138822 — 3952 — 292
+ 7(31’ — 2)H() H()7_170,1 — | =
3 9 T
16 2023 — 56322 — 164x + 104
+ 16(73z + 39)H0>H070,0,1 + (—9 .
16 16 9223 + 8322 — 462 — 92
+—(11x+13)H0 Hop11+ — * * * Hopi111
3 Uty 9 :L, E) )
32

+ g(le — 29) H0707_1’071 -+ 16(39.%' - 55)H070’07_171 — 256$H0’070707_1

1 1
+ §(315x + 221)Ho0,0,0,1 + 16(392 — 55) Hy 0,0,1,—1 — §6 (1792 + 185) Ho,0,0,1,1

16 32 88x2 + 11z +8
+ g(ng - 55)H07071707_1 - 3(41%‘ + 4O)H07071,()71 + <<3x$xHQH1

84x? +Tx+4 o 160 256

-——H —HyHy_1+64Hy 1 1 — — 1)1 —

9 . 1+ 5 Hoto, 1+ 0,—1,—1 5 Ho0.-1 (1-2)
32722 4+ 17 7 16 5622 — 17 56 8 80
7MH%_7 x T+ H_1Hy— ~H3 + — HyHy,

9 T 9 T 9 3 '
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E. Results in x space

N 32 " (1 4o) - 16 103z% + 136523 + 130622 + 1330z + 1124
3 oLt 81 (1+2)x
16 34423 + 11422 — 2372 + 20 8 9
— H {— —(52 12732 + 580) H,
27 = 1~ 5 (5227 + 12732 + 580) Ho
16 6223 — 78022 + 807x — 116 16 2023 + 8122 + 3z + 56
— Hy + — HO,—l
27 T 9 T
4 8322% — 10122 — 41z + 24 64
+ = (8% — 37z — 109) HZ — = & T2 Hoa + —aHoon )G
9 3 x ’ 3 o
512 §16x2 + 552 + 16 320

— (4 2)In®(2)¢ + (— <3 " Hy+ == 07_1) (1—x)

3
4 423 + 831422 + 44022 + 2103
_<160H_1+112H01>(1—|—a:)— e e
’ 27 x

16 5223 + 8062 + Tlx + 32 16

- 2"+ 800z” + iz + H0+3(6x—11)H§>C3+<—896(1+m)H0
X
448 423 — 922 — 62 — 2 16
— i xx i )ln(2)C3—896(1+x)1n2(2)C3+3(3796—45)C2C3
2163223 + 928522 + 22232 + 916 20
<_9 03207 + 928507 + 22237 + —3(19m—51)H0>C4—4($—375)C5
X

16 82% — 302% — 15z — 2
—832(1 4+ ) In(2)¢4 + <—64(1 +x)Hy + 3 z $x x >B4

—2048(1 + z) Liz G) —128(1 + 2) B4 In(2) + %(1 + ) ln5(2)]

92 164x%2+Tx +4

+ C3Tp | [L3 + 2L — 3L, Lg) {—< 5t le) (1—x)

8 32 16 32

— <3H§ + 3H071> (14+x)+ 3(4:5 + 3)zHoy + g(l + 33)(2]
461 12

+ I [<80H070,1 — 32Hy1, — SHE — 64H0H0,1> (1+x)— (396;

4 88x2 + 1352 + 40 84x2 +Tor +4
_ H _i_,i

+3 T 13 x

[4HoH, + H%]) (1—2x)

16 423 + 3022 + 152 — 8
3 €T

+ (48(1 +x)Hy — ?(4;32 — 24z — 21)><2 —48(1 + x)gg}

+ %(88:62 + 91z — 37) Hp + 2(833 — 9)zH§ — Ho

422 + 7+ 4 8422 + 337z — 32
1 | (82 o+ 2] 4 o R ey
Q x 1 9 x
§120x2—289x—36

9 - >(1 — $) + <96H0,171 + 96H0H0’1 — 32H0’0,1
3 8 2 8 2 2
+16Hy | (1 + ) — §(4:c + 315z — 198) Hy — g(28:c + 3z + 6) H;

16 1622 — 1522 — 92 + 12
3 xT

2
Hoa + (—160(1 +x)Ho + %(141‘2 — 3z — 9)>g2

64 2822 4+ + 10
)+7L

— 64(1 +x)C3] +LMLQ[<196(3033+23 H1>(1 — )
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E.3. Wilson coefficients

32

(136}[0 + 64Hy g 1) (1+z)+ (64(1 +x)Hy — —(890 + 152 + 3))@

+ ?(83:2 +9z 4+ 3)Hj + %(83:2 + 152 + 3) Ho1 — 3(2243:2 — 99z + 81) Hy

84a° + 7w + 4 4 112822 + 1655z + 180
+64(1+x)C3} +LM[< S O

9 x 1 97 x
16 82322 —1088x—59H1_g?,o&yc?+71:c+92H12 §4x2+7x+4H12
27 x 9 T 3 T
422 — 11 184 2 472 4
_236:10 92 + 18 H>H0_33 x4+ Tx + HlHO,l)(l—I)
X X

22
+ <3H§ — 32Hg’1 + 160H0H070,1 + 64H()H07171 — 256H0,0,0,1 + 64H0707171

16 64
+ 32H071,1,1> (1+az)+ 5(10033:2 — 1527z — 291)Hy — 5(8352 + 3z + 3)H})

16 6823 — 7522 — 1592 — 92
2 (56822 — 1071z + 585) HZ — ( T &

9 x

16 28 5722 +9x — 8
(1OZC + 122 + 3)H0>H0 1= z? + 572 + 9z Hpq11
x

i g o

(1693 + 30z + 27) Ho 0,1 + (32(295 — 1) (42 + 5)Ho — 112(1 + 2) H

w\oo w0

1223 2 _
(76:r —111x+207)>(2—|— (224(1+$)H0_16 x° + 92" + Tz 8)(3

X

56 42% + Tz + 4 4 1953622 — 1103z + 4056
+288(1+x)(4] +LQ[<—9xH§ S ;

8 98612 — 4747z — 292 4 822 — 3052 + 20
© 7T v Hy+ -2 T 4 108m2
27 T 3 x ’

(8 3222 — 299z + 32 804x2 4+ Tr+4

2 2
§ . Hl—gix H1>H0+64[H07_1—(L‘H1]H0

32 36x* — 3623 — 106922 + 42 — 4
— 256HOH0 —1.-1 (1 — 1}) -+ l‘ .’IJ e H,1
o 45 2
N %ﬁ — 10z + 1H3 )Ho (32 36x* — 3623 — 106922 + 4z — 4

3 x 45 22
128 22 — 10z + 1
3 x
128 22 — 10z + 1
3

1— 1
+ 480H07070’1 + 192H0707171 — 224H0,17171> (1 + 1‘) — 64—( .’IZ‘)( + iL') Hng
X

Hl)HO,1 +128H_1HE — 14Hy — 64H3 Ho

Ho,—1,-1 —224HoHop,1 — 320HoHo,1,1 — 384Ho0,0,—1

2 — 32 4 1
125 629823 — 3285922 + 606z + 8 Ho + 56(52w2 990+ 15)}[[3)3
x

2 64
+ o (2882° + 36802 + 1525z — 7695) H§ — 3(21' + Tz — 3)HoHo 1
n (8536:2 — 3272% — 453z — 96 n ?32% + 622 — 21z + 12

9 x 3 T

H0>H0,1
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E. Results in x space

128 322023 4 6322 — 12 12
+ < 3 (2(E +x — 9) + 256£CHO> H() 0,—1 — ? v ij T H07[)71
16 362° — 452° — 27z + 40 128

3 Hy11+ — 3 [H_1Hoy — Ho 1.1

X
1+ )3 622 + 52 + 6
— Hoyy-1] (J;x) + ((32”HFQ:JJ+H1 — 128H07_1) (1)
64 22 4+ 14z + 1

H_{ + 288H?
3 x 1 + 0

16
-~ E(72;c3 +11002* — 545z — 3615) + <—

16 21922 + 51z — 16
3 x

4 6864x2 — 2983z + 7131

81 x

2
+ 192H071> (1+az)— 33 (562% — 61z — 30)H0) Go + (

—64(3z — 1)H0)C3 —16(33z + 23)@} + (

4 42? + 472 +40  6442% + Tz + 4 5 (152422 + Tz +4 4
— Hy |H — = " T"H
( 27 x o7 0> 1 < 27 x 0
4 8800z2 + 5436z — 3701 8 208x2 — 6287 + 334
Hy

81 x 81 T
4 172 2 4 — 42

50822 + 1729z — 57 H2 )Vt 357822 4 89332 — 427
27 x 81 x

2
+i460x +475:U+136H0+@4:c +7:c+4HO Hl 442° 4+ Tox 4+ 4 le

27 T 9 T 3 9

112 224 104 6
7H0H01 +4H1Hoy — ?Hom — ?Ho 1 1)H1>(1 —z)+ <—5 o

304 448 1792 1408
+ ? (]HOl + ?H()Hg’l — <144H0 + TH{) 1>H00 1+ THQHO 0,0,1
160 2080 256 3376
< 3 H? +64H01>H011 — THOHOOII + ?H0H0111 — THOOOOI
4096 1024
+ 3456 Ho 0,0,1,1 + THO 01,01 —944Hp 01,11 — TH0,1,0,1,1
64 H?
+ 3 —Hoi111 |(1+2)+ (8488x + 1658322 — 20811z — 2964) -
+27 (881096 + 2429z — 1451)H0 - 5(112833 + 137z + 565) H
8 194223 + 1244722 — 8514x + 334
164 H
+27(6:L' + 57z + 75) 0+<81 .
2 56413 — 9122 + 14 423 — 31522 — —
32 56422 + 96622 — 912z + SHO +§ €T 315x 63x 76H§ Hou
27 x 9 x
32 423 — 20722 + 207z — 32 11423 — 84922 — 129z — 38
= H1H0 1+ — Hop,01
9 x 9 x
16 1623 — 84322 — 297z + 264 64 5423 + 4522 — 30z — 52
— 00,11~ —— Hoq11.1
9 T 9 T
32462 — 332% — 57z — 28 " 4 5152° + 122972 — 12279z + 1144
9 T 0 27 x
321023 — 46522 — 51z — 38 8 27223 + 715222 — 6711z + 392
- — Hy |Hopoq1 +
9 x 27 €T
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E.3. Wilson coefficients

64 1822 + 1622 — 132 — 22 160 422 4

L6 z° + 162 T HO>H011+<<_6056+756+
3 x 9 €T
11241’ +7z+4

HoH,

8 248
H1> (1-z)- g(21503:2 + 5952z — 1893) + ( 5 H}

9
320 224 448 4
~ 2 HoHox — =~ Hooa - SHO,M) (1+2) + (95207 + 239z + 763) H

8 41223 + 2499x2 — 28231 + 128
27 T

H0,1>g2 10324(1+ z)In(2)¢,

- §(5Qx + 45z — 42)H + — 1

64 2023 — 6022 — 392 + 10
+ P
9 T
608 422 + T + 4 904 1216
<9$(1—x)H1+ ( 3 HZ + 3 H01>( + )
4 390423 + 228922 — 158612 + 1938
27 x

Apd — 6 —
(1792(1 ) Hy — 8%6 z? — 92 — 6z
X

36 (2322% — 921z — 309)H0) (3

> In(2)¢3 + 1792(1 + z) In?(2)C3

328 418423 — 408322 + 9z + 540
+192(1+:):)C2C3—|—<3(1+:):)H -5 a At >g4

X

32 825 — 3022 — 15z — 2
+1664(1 + ) In(2)¢a + <128(1 +a)Ho — 3 2% — 30a% — 152 >B4
x

— 3304(1 4 2)Cs + 4096(1 + ) Lis (;) +256(1 + ) By In(2) — %(1 + ) (2 )]

3242% + 7w + 4 64
—(1 - —(1 H
B S )4 P

3214242 + 1032 + 34 64
b= x+x i (1—3:)—9(4:r2+261‘+11)H0}

+CpTE|[ZL - 3L%4+L LQ][

+L§M[

321022 + 332 — 2 4 4
L@[_gxzx( —x)—63(1+x)H§+69(4:62—1195—8)H0]

64 3822 + 47z + 20 64 dx? + T+ 4 128
—|—LMLQ|:(27 - 9 - H1>(1—$)—3(1+$)H01

128 128

_%4x2—26x+13H +3243:2+7a:—|—4

27 x 15 T

64 61622 4 667z + 94
81 x

[4HoHy + H%]) (1—x)

928 64 256 256 128
—Z"H? - —H3+ —“—HyHy; — — —
+ < 9 0 9 0o+ 3 oo 1 3 H07[)71 + 3 H07171> (1 + w)
128 128 223 — 322 + 3z + 4 128

256 64 30422 + 811z + 124 64
3 [a:—(l—i—m)Ho](g}—f—LQ[Sl v x“ (1—x)+§(1+x)H3

_@31‘ +1
T

> (6095 — 155z — 233) Ho — %(1295 — 59z — 29) H{ 5

256 (1+x)]+<164x Tz +4

+ 5 [ 5 %

—H_1Ho + Ho,1]

[HoH{ + 2H3H,
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E. Results in x space

10 32 24z* — 20423 — 147622 + 295z + 690
— —H}—8H Hy,| - | —
91 1Ho,1] (405 x
32 8z® — 72x* — 322 + 5822 — 1077z — 100 ),y
135 x
64 216z* — 183623 — 20863x2 — 66102 + 5030
3645 x
16 24x° — 2162 — 9623 + 133422 — 3061 4
16 24x 62t — 962 + 133422 — 306 :z:+590H12 (-2t OHO
405 x 27
64 128 128 64 256 320
HZ?H, ———H?, — ——HyH, —HoHy11— — H, = H,
+3 001 = —5=Hoy — —5=Ho 0,0,1+3 0Ho,1,1 9 0,0,0,1 + g ‘100,11
640 32 A 3 5
-5 Hopaa |(L+2) - o= (722" — 6842° + 2642 + 21103z — 3845) Hy
32
+ 105 (122° — 1202" 4 602 + 1352% — 3470z — 320) H§
16 64 223 + 2122 + 182 — 4
— —(242% — 13z — 49) H? — H,
81( x 3z —49)H + < 9 . 0
64 2425 — 24025 + 120z* + 105023 — 440522 + 2048z + 150 u
405 T 0.1
64 1823 — 7622 — 103z + 12 128 322 4+ 1722 — z — 21
_ 0,01 — =5 HO ,1,1
27 X 27 x
+ 105 (242° — 2402™ + 1202° + 18302° — 5405z + 1165) + 5 — S H
324 Tr+ 4 64
+64H071>(1+a:)+3w( 2)Hy — o— (182 + 412 + 14) Ho )@
64 32 2023 — 22322 — 199z + 112 112
1 Hy — — 1
+(Saram- 3 . Jaat a0
324 To + 4 64
+ CpNpT2| L3 — L3, }[27”32“(1 —a)+ (1 +x)H0]

32 32422 +Tr +4 32
+L?\4[<—3(2x—5)—9x—i_xx—i_H1>(l—x)—9(4x2—7m—13)Ho

321022 + 33z — 2

+ (?’QHO 64H01)( +x)+6;(1+x><2} +Lé[— (1—-x)

3 3 9 T
64 5 64, 128 2522 + 94z + 34

32 7422 — 43x + 20 16422 + 7z +4
H+ =

] [4HoH, — H§]>(1 —2)

27 T ? x
64 32 64 128
+ — (2% + 22 — 58) Ho + — (4a® — Tz — 13)H + | ——Hj + —— HoHo
27 9 9 3 ’
128 64 64 223 + 22 — 22 + 4
— " Hyo1— —H, 1 - H,
5 Hoo1— 5 0,1,1)( + ) 9 . 0,1
128 64
+ (—3(1 +a)Hy + — 9 (62 + 4z — 5))(2 +64(1 + ;U)Cg]
64 64 19422 + 683z + 68  164z% + Tz +4
+LQ[3[H3—H07171](1+1:)+(& z -~ x -5 v ;“L H2
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E.3. Wilson coefficients

32 3822 + 47z 4 20 64,
= - H1> (1~ ) — 5= (792° — 88z — 190) H

2 4 4
3 (1227 — 592 — 29) H + %(23:2 + 11z + 8)Ho + %(1 +2)(3

256 14+2)3 64223 +2322 + 8z + 4
+9[H0,—1—H—1H0]( m) -9 . G2

64 6415022 + 103z + 60 16742 — 432 +20
22 (2 — 5)Hy Hy — — H - = o
+ < 3 (22— 5)HiHo — o7 :c 178 m 1
64 1697z — 2023 752 1642 +7 4
_ o v z _4_7% 2HoH? — 2HZH,
729 x 9 T
1 40 64 128 128
- H?)) (I-2)+ (H§ — —H{iHoy + ——HoHoo, + KN oHo1,1

9 27 3 3
256 640 64 32
— —H0,0,0,1 — 7H070’171 — fHole,l (1 + 3:) + 7(54332 + 29x + 137)H§
9 9 9 81
16 64 5922 + 59z — 12
~ V(240 — 13z —40)HE 4 XTI 2y
27 x ”
64, 5 32 )
+ — (572" + 253z — 35) | Ho, — —— (3002° — 967z — 769) Ho
81 T 243
64 422 + Tx + 4

81
%6x3+5x2—4x—12H L (64 (1o, + 128
27 T 0.1,1 9 T 1773

64 128
— H0,1> (1+2z) + — (1112” + 64z + 100) — ?(69@2 +4x — 5)H0) Co

§5x2+5x—2H0
9 T

,Hg

128 /1
3

81

128 64 223 — 5822 — 61z + 16
+<—(1+x)H0+27 ° xm & >C3+160(1+$)C4

9
(E.14)

PS,b,(3) . -PS,3
+ag, 3) —|—cq72( )(Np—i- 1)},

Sb.3) is the part of the OME containing HPLs with argument 1 — 2z, cf. Eq. (5.64),

P
where ag,
and Eig’(3)(N r+ 1) denotes the massless Wilson coefficient [138]. We make use of the shorthand

notation defined in Eq. (2.96).
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