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Zusammenfassung

Diese Arbeit untersucht die Produktion schwerer Quarks in tiefinelastischer Streu-
ung fiir neutrale, geladene und skalare Strome. Da exakte Resultate mit vollstandiger
Massenabhéngigkeit nur bis zur nachstfiithrenden Ordnung vorliegen, werden stattdes-
sen feste Mellin-Momente der massiven Koeffizientenfunktionen berechnet. Die har-
monische Projektion der Vorwérts-Compton-Amplitude erlaubt es dabei, samtliche
Phasenraumintegrationen zu umgehen. Die auftretenden Schleifenintegrale werden
in eine minimale Menge von Integralfamilien eingeteilt, mithilfe partieller Integra-
tion reduziert und iber die Methode der Differentialgleichungen durch iterierte Inte-
grale gelost. In nachstfithrender Ordnung ergeben sich so die ersten elf geraden Mo-
mente des Vektor—Vektor-Beitrags zum neutralen Strom sowie die Axial-Axial- und
Axial-Vektor-Beitrage, deren Abweichung sich auf die chirale Anomalie zuriickfithren
lasst. Das Hauptresultat ist die Berechnung samtlicher Dreischleifen-Integrale fiir den
neutralen und den geladenen Strom sowie die erste exakte Bestimmung in nachst-
nachstfiihrender Ordnung: das niedrigste gerade Moment der Strukturfunktionen des
neutralen Stroms, in dem elliptische Strukturen des dreischleifigen Banana-Integrals
auftreten. Diese Momente liefern Einschrankungen fiir die approximativen Koeffizien-
tenfunktionen.

Summary

Heavy-quark production in deep-inelastic scattering is studied for neutral, charged
and scalar currents. Since exact results with full mass dependence are available only
up to next-to-leading order, fixed Mellin moments of the massive coefficient functions
are computed instead. Harmonic projection of the forward Compton amplitude cir-
cumvents all phase-space integrations. The loop integrals encountered are organised
into a minimal set of integral families, reduced by integration-by-parts identities, and
solved with the method of differential equations in terms of iterated integrals. At
next-to-leading order, this yields the first eleven even moments of the vector—vector
contribution to the neutral current, together with the axial-axial and axial-vector
contributions, whose deviation is traced to the chiral anomaly. The main result is
the computation of all three-loop integrals for the neutral and charged currents, to-
gether with the first exact determination at next-to-next-to-leading order: the lowest
even moment of the neutral current structure functions, in which elliptic structures
of the three-loop banana integral appear. These moments provide model-independent
constraints on the approximate coefficient functions.
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“Begin at the beginning”, the King said, very
gravely, “and go on till you come to the end: then
stop.”

— Alice’s Adventures in Wonderland, Lewis Carroll



Chapter 1

Introduction

1.1 Motivation

Deep-inelastic scattering (DIS) of leptons off nucleons has shaped the theory of the
strong interaction like no other process. Approximate Bjorken scaling, observed in
the SLAC-MIT experiments [1,2] and anticipated in Ref. [3], revealed that at large
momentum transfer the lepton scatters incoherently off point-like constituents of the
proton [4]. These constituents were identified as spin-1/2 quarks by the Callan—
Gross relation [5], confirmed by the data. Subsequently, the discovery of asymptotic
freedom [6, 7] explained why a strongly coupled theory could nevertheless exhibit
quasi-free behaviour at short distances and established quantum chromodynamics
(QCD) as the underlying theory. Fifty years on, DIS remains the cleanest hard
process in hadronic physics, with one identified hadron and one electroweak probe,
and its structure functions form the backbone of every determination of the partonic
content of the proton [8-12].

The process of interest is sketched in Fig. 1.1. Since the leptonic side of the
interaction is known exactly, all sensitivity to the nucleon lies in the hadronic tensor,
whose Lorentz decomposition defines the structure functions. For neutral currents
(NC) two structure functions carry the bulk of the cross section. The dominant one
measures the charge-weighted quark momentum distributions, whilst the longitudinal
one vanishes in the naive parton model by the Callan—Gross relation and is generated
first at order «a,, making it a direct probe of gluon radiation. A third, parity-violating
structure function arises from Z exchange and from ~Z interference and becomes
relevant at large virtualities. Charged current (CC) scattering, in particular neutrino-
nucleon scattering, involves in general five structure functions and is flavour selective.
The additional structure functions arise from the absence of current conservation,
which imposes fewer constraints on the tensor structure of the hadronic tensor. In
practical applications, however, one often restricts attention to the same subset of
structure functions as in the neutral current case.

Within the parton model, the structure functions depend on the Bjorken variable,
rg = —¢*/(2p - q), alone, a property known as scaling. QCD refines this picture in
a characteristic way. Quarks radiate gluons and gluons split into quark-antiquark
pairs, so the parton content of the proton is not fixed but depends on how closely it is
probed. In DIS the virtuality of the exchanged boson sets this resolution. As the res-
olution increases, radiation that was previously unresolved is revealed, and the parton
distributions acquire a logarithmic dependence on the scale. These scaling violations
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Figure 1.1: Kinematics of DIS: the incoming lepton [; scatters off a proton P (mo-
mentum p) via the exchange of a boson b with momentum ¢ and virtuality ¢ = —Q?,
which couples to a parton inside the proton; the scattered lepton [, and the proton
remnant emerge in the final state.

are governed by the DGLAP evolution equations [13-15], and their pattern is char-
acteristic. At small values of the Bjorken variable the structure functions rise with
the resolution scale, since gluon splitting feeds the quark sea, whilst at large values
they fall, since radiation degrades the momenta of the valence quarks (see Fig. 1.2).
Observed over many orders of magnitude, these violations rank amongst the most
comprehensively verified predictions of QCD. They moreover determine quantities
that are not directly measured. The gluon distribution, which drives the evolution at
small Bjorken variable, is extracted precisely from this scale dependence, and scaling
violations provide one of the classic determinations of the strong coupling constant.

This success rests on collinear factorisation [16]. Up to power corrections, structure
functions decompose into universal, non-perturbative parton distribution functions
(PDFs), convoluted with process-dependent but short-distance coefficient functions
calculable order by order in the strong coupling [17,18]. DIS thereby tests QCD
twice over, since the coefficient functions probe the perturbative expansion whilst the
scale dependence of the data probes the evolution. Once the perturbative input is
sufficiently accurate, the same data determine the PDFs, which enter essentially every
prediction at hadron colliders. PDF uncertainties are by now a limiting systematic
for benchmark LHC measurements, from Higgs production in gluon fusion to the
W-boson mass. This places the perturbative input to the DIS fits, the coefficient
functions studied in this thesis amongst them, directly on the critical path of the
collider programme [8-11].

Heavy quarks hold a special position in this programme, for two reasons. First,
charm and bottom masses lie well above the QCD scale, so heavy-quark production
is itself perturbative. Charm and bottom are not valence constituents, and at leading
twist they are produced by the virtual boson off the gluon field of the proton, predom-
inantly through photon-gluon fusion. Heavy-flavour structure functions are therefore
a direct, theoretically clean probe of the gluon distribution, in particular at small
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Figure 1.2: The proton structure function F} measured in deep-inelastic scattering
from HERA (ZEUS and H1) and fixed-target experiments (SLAC, BCDMS, E665,
and NMC), shown as a function of Q? in fixed zg bins. The plot is reproduced from
Ref. [12] without modification.

Bjorken variable where the gluon dominates the proton wave function. Second, the
quark mass introduces a genuine second hard scale next to the boson virtuality. Near
the production threshold the mass suppresses the cross section and large threshold
logarithms appear. At virtualities far above the mass, quasi-collinear logarithms of
the scale ratio dominate and eventually require resummation into heavy-quark PDFs.
In between, at virtualities comparable to the squared mass, no expansion applies
and the full mass dependence is needed. The treatment of this interplay defines the
general-mass variable flavour number schemes ACOT, TR and FONLL, whose dif-
ferences at a given order measure the missing massive higher-order corrections and
which are a standard source of spread amongst the global fits [19-23].

Experimentally, this sensitivity was exploited most prominently at HERA | to date
the only electron-proton collider. The combined inclusive neutral- and charged current
measurements of H1 and ZEUS [24] span six orders of magnitude in the kinematic vari-
ables and form the single most important data set in contemporary PDF fits, whilst
the dedicated charm and beauty combination [25] isolates the heavy-flavour structure
functions, yields competitive determinations of the heavy-quark masses, and directly
tests the mass schemes described above. Since the charm contribution reaches up to
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roughly a quarter of the inclusive structure function at small Bjorken variable, the
treatment of mass effects propagates straight into the extracted gluon distribution and
into LHC benchmark cross sections [8,25]. The demands will sharpen at the Electron-
Ton Collider (EIC) [26,27], which will revisit this physics with polarised beams, nuclear
targets and luminosities two to three orders of magnitude beyond HERA. Projected
uncertainties on neutral current observables, including heavy-flavour-tagged structure
functions, reach the percent level and below, out of reach for next-to-leading-order
(NLO?!) theory with massive quarks, whilst Z exchange and parity-violating asym-
metries promote the axial-vector and axial-axial contributions, so far of limited phe-
nomenological relevance, to directly measurable quantities.

Charged current processes add motivation from the intensity frontier. The SHiP
experiment at the CERN SPS [28,29], designed to search for feebly interacting hidden-
sector particles, will dump 400 GeV protons on a dense target, of order 10%° over its
initial running period, and the intense neutrino flux from charm decays turns its
emulsion-based neutrino detector into a charged current DIS experiment of unprece-
dented statistics, including the first sizeable sample of tau neutrinos. Charm pro-
duction in neutrino-nucleon scattering is the classic probe of the strange-quark sea,
the two charged current structure functions that vanish for massless quarks become
measurable in tau-neutrino interactions, and a similar physics case is emerging at the
LHC forward neutrino experiments [30]. At the momentum transfers involved, of the
order of the charm mass, neither the massless approximation nor an expansion around
large virtualities is adequate, and full mass dependence is mandatory.

The common thread of these prospects is the demand for perturbative accu-
racy. For massless quarks DIS theory has long reached next-to-next-to-leading order
(NNLO) and, in parts, the order beyond, whereas for massive quarks exact results
end at NLO. Closing this gap, or constraining it by exact partial information where
a full closure is out of reach, is the purpose of this thesis. The next section reviews
the state of the art and locates our contribution.

1.2 State of the Art

In the fixed-flavour-number approach adopted here, the heavy-flavour structure func-
tions are convolutions of the light-parton PDFs with massive coefficient functions,
the heavy quarks arising only in the final state. This subsection reviews what is
known about those coefficient functions, progressing from the massless case through
the asymptotic regime to the exact mass dependence, and thereby situates the con-
tribution of the present thesis.

For massless quarks the perturbative programme is essentially complete at the or-
ders relevant here. The one-loop corrections date back to the late 1970s [17,18]. Two-
loop coefficient functions followed [31], whilst the three-loop splitting functions [32,33]
together with the third-order coefficient functions [34,35] completed the massless de-
scription at NNLO. Notably, these results were reached in stages. Exact fixed Mellin
moments at two and three loops [36,37], later extended in Ref. [38], preceded the
complete results by a decade, served to validate them, and acted as anchors for ap-

!Throughout this thesis, we adopt the (non-standard) convention of identifying perturbative
orders with the loop order of the corresponding forward amplitudes. Leading order corresponds to
one loop, next-to-leading order to two loops, and so forth.
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proximate parametrisations in the interim. This thesis transfers exactly that strategy
to the massive case.

For massive quarks, complete higher-order results exist in the asymptotic regime
of virtualities much larger than the squared quark mass. Here the massive coeffi-
cient functions factorise, up to power corrections in the mass-to-virtuality ratio, into
process-independent massive operator matrix elements and the massless Wilson co-
efficients quoted above [39]. These operator matrix elements are matrix elements of
the twist-two operators between partonic states and carry the entire mass depen-
dence. Simultaneously, they furnish the matching conditions of the variable-flavour-
number scheme [40,41]. Bliimlein and collaborators have carried this programme to
three loops over the past two decades. The complete two-loop operator matrix el-
ements [42-45] were followed by the first three-loop Mellin moments [46], obtained
notably by the same fixed-moment techniques employed in this thesis, and by the
asymptotic three-loop corrections to the longitudinal structure function [47]. Assem-
bled contribution by contribution [48-54], the complete three-loop operator matrix
elements culminated in the gluonic element, whose first-order-factorisable [55] and
non-first-order-factorisable [56] parts were completed only recently. With all oper-
ator matrix elements available, the asymptotic corrections and the matching of the
variable-flavour-number scheme are now complete [57,58] at NNLO. Development of
the polarised case has proceeded in parallel [59-63], and contributions with two dis-
tinct heavy-quark masses, relevant once charm and bottom act together, are known
at the same level [64-68]. Beyond the asymptotic regime, only expansion limits are
available at NLO, namely the threshold behaviour from soft-gluon resummation [69]
and the leading high-energy behaviour from kp-factorisation [70,71]. Very recently,
first exact analytic NLO results have appeared for the charged current non-singlet
contribution [72], underlining that the field is moving, though the gluon channel,
which dominates phenomenologically, remains untouched at this order.

Results with exact mass dependence are far more limited. Complete NLO cor-
rections [73,74], together with a fully differential treatment [75], exist only in semi-
analytical form, with parts of the virtual and phase-space integrations performed
numerically. For fit applications these results are encoded in the interpolation grids
of Ref. [76], presumably accurate at the permille-to-percent level within their domains.
The polarised case, including a public numerical implementation, has likewise been
completed [77]. Fully analytic NLO expressions exist for the quark non-singlet and
pure-singlet channels [78,79], obtained by integrating over the final state in terms of
iterated integrals. In the gluon channel, the dominant production mechanism, pro-
ceeding via photon—gluon fusion, exact analytic results remain confined to leading
order (LO). They date back to the earliest days of perturbative QCD, heavy-quark
electroproduction off gluons having been computed in the 1970s [80-85]. That five
decades of effort have yielded no closed form beyond this order is itself informative,
signalling the complexity of the problem.

1.3 Moments at Leading Order

Since exact knowledge in the gluon channel ends at LO, this section makes the bound-
ary explicit by computing the coefficient function. This serves both as a worked ex-
ample and as a reference point against which the Mellin moments of Ch. 4, there
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obtained by an entirely different method, may be compared.

For this purpose, the partonic subprocess gv* — ¢, in which an off-shell photon
interacts with a gluon to produce a quark-antiquark pair of mass m, is considered.
Two Feynman graphs contribute to the corresponding matrix element. Denoting the
momentum of the off-shell photon by ¢ and the on-shell momenta of the gluon, quark,
and antiquark by p, k, and k respectively, we define the Mandelstam variables as

s=(q+p)°=(k+k)? (1.1)
(== FP = (= b,
u=(¢-k?=(p-k?.

Momentum conservation requires
g+p=Fk+k, (1.4)

so that only two of the three Mandelstam invariants are independent, the third being
fixed by

s+t+u=2m*+¢*. (1.5)

Substituting the Feynman rules for the vertices and propagators, the matrix ele-
ment takes the form

M = g QuTS o(k) lw (’f}‘#) 4P (”‘_’%J) w] u(k),  (16)

where @, denotes the electromagnetic charge of the heavy quark and Tj; the colour
generator in the fundamental representation of SU(Ng). Squaring the amplitude,
averaging over the spins and colours of the incoming gluon, summing over those of
the outgoing quark-antiquark pair, applying the photon projectors, and re-expressing
the result in terms of the Mandelstam invariants, we obtain

2(2m* +m? (=2¢> +t +u) + ¢ (—* +t +u))
(t —m?) (u—m?)

N (m* +m? (2¢*> + 3t +u) — tu)

Gy MPPM* Y = —4TFQﬁg§[

1.7
(t—m2)2 ( )
N (m* +m? (2¢* +t + 3u) — tu)
(u—m?) 7
2 2 2 2
v o oy [m* (u—m?) m*(t—m?) 2
PP, MM, =4Tx( hgs){ P— + p—— —(q —t—u) . (1.8)

Because the amplitude is a tree-level quantity, it is free of ultraviolet divergences.
Infrared singularities are likewise absent, as the quark mass m regulates all collinear
divergences, and no regularisation is therefore required. As a first step, the two-
particle phase-space integral is written in the form

_ d'k d'k T)s@ T 2 _ 2 B2 _ 2
@z_/(2ﬂ)3/(%)3<2)5 (g+p—k—F)6, (2 —m?) 6, (2 —m?)

d*k 2 2 2 2
:/W5+(k —m)§+((q+p—k> _m)7

(1.9)
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with the kinematics evaluated in the centre-of-mass frame. In this frame, imposing the
delta function associated with the antiquark together with momentum conservation
fixes the energy of the quark,
0= k2 —m?
S (1.10)
=S — 2\/5 k?(] — ]{ZO = % .

Performing the kg integration against the delta function, the phase-space measure
reads

_ L 9.2 3 2 _ 2
(1)2—47r22\/§0(\/§ 2m)/dk(5+(k: m?)
1 1

(1.11)
~ s =) [aon [kl ke (=)

The remaining delta function, together with the constraints already imposed, then
fixes the magnitude of the three-momentum,

0= k* —m?
1 1.12
N R I el 1

Performing the |k| integration against the delta function leaves a purely angular in-

tegral,
By = — 0(\/s — 2 2)0(\/’)\/1—4&2/(19 (1.13)
9 = 3972 S m S S k- .

To integrate the squared matrix element, we express the Mandelstam variables in
terms of the angular coordinates and impose the constraints enforced by the delta
functions. The ¢t- and u-channel invariants then take the form

1

t:m2—§(s—q2) (1 —ncosvy), (1.14)
1

u:m2—§(s—q2) (14 ncosdy), (1.15)

where vy, denotes the polar angle of the outgoing quark in the centre-of-mass frame,

and
4m?
n=14/1—— (1.16)
s
is the centre-of-mass speed of the produced quarks. Since the matrix element is
independent of the azimuthal angle ¢y, that integration is trivial, and the phase-

space measure reduces to

By = L 0(y/5 — 2m2)0(V/5) /Hdcosﬁk. (1.17)

T .

Performing the remaining angular integral, we obtain

Dy [p,p, M M* V| = =2(a,Q2)TEnb (Vs — 2m*)0(V/s) [3

1.18

2m? (1—77)} ( )

+ In ,
n 1+n
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0 (g M) = (e, T P ZZYI ()

L (Bt dm (¢ =) — () =) | (1 —”)] |

n IL+n

(1.19)

In the deep-inelastic scattering regime the momentum transfer is space-like, ¢ < 0.
Defining the photon virtuality Q* = —¢* > 0 and the mass ratio £ = m?/Q? we
parametrise the partonic centre-of-mass energy through the momentum fraction 2
and the production threshold through a, given by

s @-2 (1.20)
z
1

The momentum fraction 2 takes values in (0,1), with any collinear singularities in
the limit 2 — 1 regulated by the production threshold a. At LO, the heavy-quark
contributions to the structure functions then take the form

5 8A2 * U
Hyy(2:6) = 53 [pn, MM
1 (1.22)
= 16(asQ3)Tr0 (a — 2) 0(2) [772(1 —2) +2¢2%n (ﬁ)] ,
(1) 2 24'22 up * UV 1774 *x UV
HZg (Z,ﬁ) = TQz(I)2 [pMpVM M p ] — o [guuM M p ]
= 8(Qi)Twb (a — 2) 9(2){77 {—% +42(1—2) —282(1 — ;3)] (1.23)
_l s 32 s(as 22 l1—n
+ { 5 +2—-24282(32—1)4+4£°2 } In (—1+77) }

Due to crossing symmetry, only the even Mellin moments are non-trivial, as the
odd moments vanish (see Subsec. 2.1.4). The even moments may be obtained by
integrating against the momentum fraction,

N oy [ qs aN—1 ()5
e = [ amgee. (1.24)
Direct integration yields
4 8vIn(v)
H27(1) — s 2 T —< 4 9 3 10 2 9 1) o
Ly (V) (th)F3(U+1)4 v* 4+ 9v° + 100" + 9v + (0= D(v+ 1)
x (U4+2’U3+4U2—|—2U+ 1)} (1.25)

4
HpP(w) = (0.Q})Tr {m (6’08 + 12507 + 3560° + 9250° + 9560*

16v In(v)
3(v—1)(v+1)*

4 9250° + 35602 + 1250 + 6> _ (US 4407 4 160

+ 240° + 360" + 2403 + 1602 + dv + 1)} , (1.26)
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1 41n(v)
H27(1) — s 2T _ <2_4 1) <4_33
2y (V) = (0T = g (Ve H ) g Ty e\
+ 02 —3u+1], (1.27)
4,(1) _ 2 1 6 5 4 3 2
H2,g (U) = (Oéth)TF - m (133U — 66v° + 887Tv™ — 228v” 4 887v
In(v)
— 66 133) (11 8 _ 607 + 15808 — 540°
U+ +30(v—1)(v—|—1)7 v v+ v )
+ 3420* — 540° + 158v% — 6v + 11)] : (1.28)

where we have rationalised the square roots arising in the integration by introducing

the variable
v

€= m : (1.29)
In the Mellin moments, the denominator follows a simple pattern, acquiring an
additional factor (v + 1)™* for each step from N to N + 2, whereas the numerator
polynomials grow considerably more intricate. It is already apparent that an analytic
reconstruction in the Mellin variable N lies beyond reach, as the number of moments
required to constrain an ansatz would be prohibitively large. The Mellin moments in
Egs. (1.25)—(1.28) are the simplest instances of the central objects of this thesis. Here,
the Mellin moments are obtained by direct integration of the coefficient functions,
which requires evaluating all phase-space integrals. In Ch. 4, the Mellin moments are
instead obtained through harmonic projection, effectively circumventing the need to
perform the phase-space integrations.

1.4 Approximate Coefficient Functions

Beyond LO the direct phase-space approach becomes challenging once virtual cor-
rections, mass renormalisation and multi-particle final states enter. Phenomenology
therefore relies on approximate coefficient functions built from the known expansions,
most importantly the asymptotic one, together with an estimate of the residual un-
certainty [86]. These constructions underpin global PDF fits and have recently been
extended to approximate NNLO accuracy for PDF determination [87]. Figure 1.3
illustrates the situation at two loops, where such constructions can still be tested
against the exact result. The approximation works well in the threshold and asymp-
totic regions but its uncertainty band widens where the boson virtuality is comparable
to the squared quark mass, precisely the region populated by the HERA charm data
and the projected EIC measurements. At three loops no exact benchmark exists at
all. The residual uncertainty propagates into the gluon PDF and the charm-mass
determinations and has been identified as one of the dominant theory systematics of
the corresponding NNLO fits [87,88].

Exact information, even if partial, is therefore of direct value, all the more so since
complete NNLO results with full mass dependence may well remain out of reach for
some time. This motivates the computation of fixed Mellin moments, which constrain
approximations of this type over the full kinematic range.
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Figure 1.3: The two-loop massive gluon coefficient function. The exact semi-analytical
result is compared, left, to its threshold and asymptotic limits and to the interpolated
approximation with its uncertainty band, and, right, to the earlier approximation of
Ref. [86], for several ratios of the boson virtuality to the squared quark mass, increas-
ing from top to bottom. The plot is reproduced from Ref. [87] without modification.
The bands widen in the intermediate region populated by the heavy-flavour data.
Exact Mellin moments with full mass dependence provide model-independent inte-
gral constraints on precisely these bands. At three loops, where no exact benchmark
exists, they are the only ones available.
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1.5 Thesis Outline

The structure of this thesis is motivated by a quotation from one of the standard
references on perturbative QCD [89]:

Mental health warning: There are no fixed conventions for the nor-
malizations of many of the objects discussed in this section. The objects
concerned range from the definitions even of basic mathematical quanti-
ties, like €.nu, through the definitions of various kinds of spin vector, to
the definitions of structure functions and parton densities. Quantities of
the same name and symbol change their normalizations between different
papers, even by the same authors. If one needs to make numerical results,
it 1s important to check all conventions very carefully.

Far from being limited to the specific section from which it is taken, this warning
extends to essentially all of perturbative QCD, and in particular to DIS. A persistent
feature of the field as a whole is the lack of universally agreed conventions and normal-
isations, which in fact motivates the structure of this work. Accordingly, an explicit,
if inevitably imperfect, effort is made to render all conventions fully transparent, so
that all signs and factors are fixed here, and no magic numbers are required in order
to reproduce the results presented.

The field-theoretic framework is developed in Ch. 2. Starting from the hadronic
tensor and its decomposition into structure functions, we derive the relation to the
forward Compton amplitude via the optical theorem and set up the operator product
expansion that yields the Mellin moments. Since conventions vary considerably across
the literature, renormalisation and the mixing of the twist-two operators between the
quark non-singlet, quark singlet and gluon sectors are treated in detail. Closing the
chapter is the flavour decomposition of the neutral- and charged current structure
functions, including the electroweak couplings and a systematic discussion of flavour
structures mixing light and heavy quarks, which fixes the complete set of vector—vector
(VV), axial-vector (AV) and axial-axial (AA) contributions computed later.

Multi-loop technology required for the computation is assembled in Ch. 3, cov-
ering parametric representations [90,91] and their symmetries, dimensional regular-
isation [92,93], and the reduction to master integrals through integration—by—parts
(IBP) identities [94-96]. Its main part develops the method of differential equa-
tions [97-99], e-factorised bases [100], boundary conditions obtained from expansion
by subgraphs [101,102], and the iterated integrals [103] in which the solutions are
expressed. Particular emphasis is placed on the representation of Feynman integrals,
as it is later used to study the factorisation of integrals, a result that, surprisingly,
does not appear in the literature, and to optimise integral families. How individual
integrals are computed is not reviewed in detail, since more complicated integrals
typically require case-by-case treatment; instead, we consider explicitly the integrals
encountered in the computation of the Mellin moments in the following chapter.

Both chapters serve a common purpose: to render the notation fully unambigu-
ous. Normalisation constants are derived from first principles and renormalisation
constants are listed explicitly, so that every sign and factor is fixed and no magic
numbers are needed to reproduce the results. Neither chapter, however, claims to be
self-contained. For a comprehensive treatment, the reader is referred to the extensive



14 CHAPTER 1. INTRODUCTION

literature on quantum field theory [104-109] and the rapidly growing literature on
Feynman integrals [110-113].

In Ch. 4 the computation of the Mellin moments itself is carried out. It extends the
fixed-moment method of Refs. [37,38] to the massive case. The harmonic projection
extracts fixed Mellin moments from the forward amplitudes, which are computed
using Feynman graphs. Furthermore, we identify symmetries of the amplitudes that
are not captured by graph automorphisms alone (see Subsec. 4.2.3 and Subsec. 4.2.4).
To organise the loop integrals, we do not assign arbitrary integral families to the
integrals but rather find a minimal set by solving a set covering problem. Its solution
guarantees the smallest possible number of independent integral families, making IBP
reductions more tractable. The master integrals are then classified and solved, with
the two- and three-loop banana subtopologies introducing the elliptic structures of
the charged- and neutral current cases, respectively.

Finally, Ch. 5 presents the results of this work. As a validation of the results,
the Mellin moments of the vector—vector neutral current structure functions at NLO
are compared against the parametrisations of Refs. [76,77], with which they agree at
the level of the quoted accuracy, and are further checked against the known asymp-
totic limits [43]. Next, the axial-axial and axial-vector contributions are presented,
whose deviation from the vector—vector case beyond leading order is traced back to
the chiral anomaly. Complementing these, the scalar-current results serve as a consis-
tency check on our computational setup, since in this case both gauge invariance and
renormalisation constitute non-trivial tests [114]. The chapter culminates in the first
exact result at NNLO, the lowest even Mellin moment of the neutral current structure
functions, before closing with conclusions and an outlook.

Supplementary material is collected in the appendices. These comprise lists of
master integrals for the neutral- and charged current families, technical material on the
two- and three-loop banana integrals that define the elliptic structures encountered,
a description of the accompanying data files, and a summary of our conventions,
including Feynman rules and colour algebra. The data files contain the majority of
the results, most of which resist being printed in any reasonable number of pages, or
indeed font size.
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“Curiouser and curiouser!” cried Alice (she was so
much surprised, that for the moment she quite forgot
how to speak good English).

— Alice’s Adventures in Wonderland, Lewis Carroll
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Chapter 2

Deep Inelastic Scattering

This chapter reviews the notation required for the calculation of Mellin moments
in deep-inelastic scattering. Although the underlying formalism is well established,
conventions vary considerably across the literature, with different choices of normali-
sation, overall signs, and numerical prefactors leading to results that appear superfi-
cially inconsistent. Our principal aim here is to fix these conventions unambiguously,
so that the expressions and numerical results presented in the remainder of this thesis
are fully reproducible.

The hadronic tensor and its decomposition into structure functions are first intro-
duced, followed by their relation to the forward scattering amplitude through the opti-
cal theorem. An operator product expansion then connects the moments of the struc-
ture functions to matrix elements of local twist-two operators, weighted by the corre-
sponding Wilson coefficients. Since these operators mix under renormalisation [115],
we outline the renormalisation procedure and the resulting mixing structure in some
detail, paying particular attention to the interplay between the quark non-singlet,
quark singlet, and gluon sectors.

Finally, we discuss the flavour factors that arise when coupling the electroweak
currents to both light and heavy quarks. In doing so, we extend the standard treat-
ment by including a systematic discussion of flavour structures involving the mixing
between light and heavy quark flavours, which, to the best of our knowledge, is not
available in the literature in this form. Careful bookkeeping of these factors is essen-
tial, as they determine the precise combinations of coefficient functions contributing
to a given structure function and, ultimately, the mapping between our perturbative
results and physical cross sections.

2.1 Hadronic Tensor

2.1.1 Hadronic Tensor

In this section, we establish the framework for computing fixed-order moments of the
coefficient functions. Our focus now falls on the hadronic sector of lepton hadron
scattering, which encompasses both light quark fields v, and heavy quark fields ), of
mass m. These fields couple to external vector and axial-vector sources, specifically
the electroweak gauge bosons, through a conserved current,

Ju (2) = 0i(2) (Q) + @15) 7.t (2) + ¥ (2) (QX + Qhy5) v ¥n(2) (2.1)

17
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where Q), @, Q}, and @} denote the vector and axial-vector charge matrices for the
light and heavy quark flavours, respectively.

While the current, Eq. (2.1), is of direct physical relevance, it proves equally in-
structive to consider a scalar source coupled to gluons and heavy quarks. Representing
the gluon field through the field strength tensor G*, we describe such an interaction
by a scalar current of the form,

J(2) = gG*,, (2)G™ (2) + mabnthn (2.2)

with g5 denoting the scalar coupling constant. The scalar current, Eq. (2.2), is closely
related to the Weyl anomaly [116], and the Yukawa coupling is required for its renor-
malisation [114]. Although such a scalar current does not appear in the Standard
Model Lagrangian, it is useful for extracting quantities such as anomalous dimen-
sions and coefficient functions from lower-order calculations in the strong coupling.
Unlike processes induced by an external quark, processes induced by gluons receive
no tree-level contributions from the electroweak gauge bosons. The scalar current
circumvents this limitation by generating tree-level contributions, thereby providing
access to gluonic quantities at lower orders in perturbation theory [38].

In the context of deep-inelastic scattering, we typically consider unpolarised states
| P, s) with time-like four-momentum P and spin s, representing massive particles such
as the proton. The spin-averaged hadronic matrix element of a product of vector and
axial-vector currents is defined as

(P| .1, (2)J,(0)|P) = ﬁ > (p.sl I (2),(0) [p,s) (2.3)

seS

with an analogous definition applying to the product of scalar currents. Here, &
denotes the set of all spin states of the hadron under consideration. Our attention
now turns to the product of vector currents, with analogous arguments extending
to products of scalar currents. The hadronic tensor is then given by the Fourier
transform of the spin-averaged matrix element, Eq. (2.3),

Wy (0.0) = 3 [ 429 (B TL(2), ) |P) 2:4)
The hadronic tensor, Eq. (2.4), depends additionally on the heavy quark mass m and
the strong coupling a;. By convention, however, we suppress functional dependencies
arising from parameters in the Lagrangian unless they are essential to the discussion.

As a rank-two tensor, the hadronic tensor admits a natural decomposition into
symmetric and antisymmetric parts,

W, (p,q) = W5, (p.q) + W2, (p.q), (2.5)

S . . A . .
where W» is symmetric and W#  antisymmetric. Lorentz symmetry fixes the

symmetric part to its most general decomposition in terms of the available momenta
and the metric tensor,

W=, (0.9) = 9,,Wi(p, ) +p,0,Wa(p, ) +4,0, Ws(p, 0)+ (P, +9,p,) Wi(p,q) . (2.6)

In general, the coefficients W; depend on all Lorentz-invariant scalar products formed
from the hadronic momentum p and the bosonic momentum transfer ¢q. Current
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conservation imposes a transversality condition on the hadronic tensor, Eq. (2.4), and
consequently on its symmetric part, Eq. (2.6),

W, (p,q) = (Wilp.q) + @ Walp,q) +p - aWalp,q))q, + (p- ¢ Wa(p, q)

+¢*Wi(p,q))p, = 0. (2.7)

Because q is space-like and p time-like, the two four-vectors must be linearly indepen-
dent, and their respective coefficients must vanish separately. Hence, Eq. (2.7) implies
a system of equations that fixes two of the four unknown coefficients. Normalising
the remaining coefficients to be dimensionless, we can express the symmetric part of
the hadronic tensor, Eq. (2.6), as

WSMV (p7 Q) = e,uuwl (pv Q) + dunQ(p7 q) ) (28)
with the tensors
q,4,
euy = guy - ;2 ) (29)
QIB 41’2
d,uzl = _?(p,uqu + q,upu) - q_zBpupy 9w - (210)

For the antisymmetric tensor, the general form follows directly, as only one inde-
pendent way exists to construct an antisymmetric combination of p and ¢,

WA _e My 2.11
,Lw(pacn _E,uzzaﬂﬂ 3(p7Q) ( : )

Due to the total antisymmetry of the Levi-Civita tensor, this contribution automat-
ically satisfies the transversality condition and remains consistent with current con-
servation.

The hadronic tensor thus emerges in its most general form upon adding the sym-
metric and antisymmetric parts, Egs. (2.8) and (2.11),

: ; ¢’ =
Wuu (p7 q) = e,uuwl (pa Q) + dunQ(p7 q) + euuaﬁmwfi(p? Q) : (212)

Following standard convention in the literature [18], we normalise the coefficients to
coincide with structure functions such that tree-level contributions are real and equal
to unity. The hadronic tensor reads

aqB

1 1 , P™q
Ww/ (pa Q) = %GMVFL(]?) q) + %dung(p, Q) + ZGMVO[BHF?)(I)? q) : (213)

Here, F}, denotes the longitudinal structure function. For completeness, we introduce
the transverse structure function,

Fr(p,q) = Fa(p,q) — F(p, q) - (2.14)

2.1.2 Light-Cone Dominance

In the deep-inelastic scattering limit, where the momentum transfer is strongly space-
like, the exponential factor in the hadronic tensor, (2.4), becomes highly oscillatory.
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The Riemann—-Lebesgue lemma ensures that the dominant contributions to the inte-
gral originate from regions where the phase remains finite. Such behaviour occurs on
the light cone, allowing us to approximate the hadronic tensor in the large momentum
transfer limit as

1

lim W;w <p7 Q) = E

q2——o0

/{ ) dtz e?* <P| JT# (Z)Ju (0) ‘P) . (2.15)

While this expression becomes exact only in the strict limit, in practice it remains an
approximation, as such large momentum transfers cannot be realised experimentally.

To assess the validity of the limit in Eq. (2.15), we rewrite the hadronic tensor by
adding a term that vanishes identically,

W (p.0) = o= [ @t (P [T, ()., 0] + LOTLGP) . (210

Focusing on the second term, we insert a complete set of states between the currents,
and exploit translational invariance to remove the explicit position dependence,

/ d*z e (P| J,(0)]7,(2) |P) = > / d*z e (P| ,(0) | X) (X|JT, (2) |P)
_ Z/d4z eila—p+px)-2

x (P|J,(0) |X) (X 4, (0)|P)
= 3" @m)* 9 (g —p+px)

X

x (P[7,(0) | X) (X] .77, (0) P) .

(2.17)

At this stage, we may ask whether the delta function in Eq. (2.17) can be satisfied
for a physical configuration with ¢ space-like and p time-like, both future-directed. If
so, the momenta would obey

qg—p+px=0. (2.18)

For time-like p, it is convenient to work in the hadron rest frame, p = (Mp, 0), where
Mp denotes the hadron mass. In this reference frame, the boson energy is

_ MR+ -1k

2.1
o, (2.19)

Px=m—a =M —2Meqo+¢*, = @
In the physical region, the intermediate state mass is bounded below by Mp, which
renders the numerator strictly negative and implies ¢° < 0. The delta function there-
fore has no support, causing the second term to vanish. As a result, we can write the
hadronic tensor, Eq. (2.4), alternatively as

Wy (p.0) = 5 [ a2 (B [71,(2), LO)] P) (2.20)

The integration domain is restricted to the support of the commutator, as causality
enforces vanishing commutators at space-like separation. Consequently, the momen-
tum transfer ¢ is either time-like or light-like.
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With the momentum transfer being real-valued, the phase of the exponential is
likewise real. By the Riemann-Lebesgue lemma [117], the dominant contributions to
the integral originate from regions where the phase varies slowly and remains finite.
Expanding the phase in powers of the energy transfer then yields

q-z=qoz — |ql||z|cos®

_ ¢
= qo <zo —/1—= q—g]z\ cos 0) (2.21)

2
1
= qo(z0 — |2| cosO) + q—|z| cosf + O(—Q) :
2qo dp
where 6 denotes the angle between the vectors z and q. For the phase to remain
finite for large but finite ¢, its absolute value must be bounded from above by some
positive constant . Applying the triangle inequality yields

lg - z| = |qo(z0 — |2| cos @) — Mpxg|z|cos |
< |qo(z0 — | 2| cos 0)| + |Mpxg|z| cos )| (2.22)
<4.

Because Eq. (2.22) is the sum of two non-negative terms, each must be bounded for
the sum to remain finite. Without loss of generality, both terms may be bounded by
a constant, and taking the larger of the two bounds and denoting it by 0/2 yields the
inequalities,

(=%

Golz0 —[2| cos ] < ., (2.23)

xgl||z|cosb| 4§
—_ < - 2.24
Mp -2 ( )

Then, by imposing both inequalities, Eqgs.(2.23) and (2.24), we obtain the constraint

5 2
22 < | |z|cosf £ —
240

< 07 1 2 cos0s 1 0 (5
< (|z|cos0)* + m cos 5 + O(6?) (2.25)

M,
< 3+ 35+ O(F)

= |z|* + 0O(9).

Hence, from Eq. (2.25), we find that in the limit 6 — 0, the separation z becomes
either time-like or light-like. Since the integrand vanishes at space-like separations,
the dominant contributions arise from the light cone, a phenomenon known as light-
cone dominance [118].

Despite light-cone dominance, an operator product expansion of the hadronic ten-
sor is not immediately justified. Although the integral is dominated by contributions
near the light cone, the corresponding space-time separations need not be small, as
the Lorentzian inner product is not positive definite. Moreover, an operator product
expansion requires a time-ordered product of operators, which is absent. To address
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this flaw, we rewrite the hadronic tensor by inserting a complete set of states and
invoking translational invariance,

W (0:q) = ﬁ > [(%)45(4)((1 +p = px) (P[J1,(0)[X) (X]J, (0)P)

(2.26)
— (2m)*6W (g — p + px) (P J,(0) | X) (X| JT, (0) [P)

The energy delta distribution admits a representation as a sequence of Cauchy distri-
butions centred at zero,

S(E) = ———1i ( ! ! ) (2.27)

- 11111 — -
2rin—0 \ E+wm E —in

which can be verified by direct integration against a well-behaved test function, for
both vanishing and non-vanishing energies. Substituting the nascent delta distribu-
tion, Eq. (2.27), into Eq. (2.26), gives

W, (p.q) LSy [ — (2m)*6® (g + p — px) (P JT,(0) |X) (X] J,(0)|P)

47 n—0
X

1 1
X — — -
<CZ0 +po—Pxo+®m  qo—DPo +pX,0_“7)

+(2m)°6% (g — p + px) (P| 7, (0) |X) (X| JT, (0) [EP-28)

1 1
X — — - .
(Qo—po +pxo+1m  qo—Po +px,o—”7)]

Here, the expressions in round parentheses are precisely the discontinuity of the cor-
responding energy denominators,

1 1 1
Disc [ = | = Ii ( - ) 2.29
e (E) O\E+in  E—in (2:29)

Substituting the discontinuity of the energy propagators, Eq. (2.29), into Eq. (2.28)
yields

_ (2n)%0% (g +p — px) (P J1,(0)|X) (X] 7, (0)|P)

1 .
Wuu (pa Q) = 4_71'2 ; Disc

qo + Po — Px,0
N (2m)*6®) (g — p + px) (P| J, (0) | X) (X] JT,(0) [P) . (2.30)
Go — Po + Px,0

To relate the hadronic tensor to a time-ordered product, we must reinstate the step
functions. Recall that energies are taken to be real with an infinitesimal negative
imaginary part, in accordance with the Feynman prescription. At this point, we
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introduce a factor of unity of the form

' 1 [t E
! / ds —6<:F + )
oo s —1in

1 +o00 1 +o00 )
= — ds / dt et (FE+s)
21 ) _ o $—=1m J_o

+00 ) 1 +o00 61itE
= / dt e — / ds ,
e 21 ) _ o s —1n

“+oo

= / dt e"Eo(£t),

o0

(2.31)

where the final line follows from integrating along the real s-axis and closing the
contour with a semicircle at infinity in the upper half-plane. Since the energies are
real, the contribution from the arc at infinity vanishes owing to exponential damping,
and the step function arises via the residue theorem.

Upon substitution of Eq. (2.31) into Eq. (2.30), we obtain the desired time-ordered
product of currents,

Wy (p.0) = 5o S Dise| [ dtze 00 209(e0) (P 1, (0) 1) (X1, (0)P)
4 [t og) (P, 0) 1) (X] 11, 0) rP>]

1
= —Disc
T

i / d*z e (P|6(z0)J1, (2)J,(0) (2.32)
+0(=2)J,(0)J7, (2) !P>]

1
= —Disc
i

i/d4zeiz'q (P|T{JTM(Z)J,,(0)} |P>] ;

with the time-ordering operator,
TH{O(21)0(22)} = 0(21,0 — 220)0(21)O(22) + (220 — 21,0)0(22)O0(21) . (2.33)
An analogous calculation carries over to the product of scalar currents, since the

derivation does not rely on the currents being vector currents.

2.1.3 Forward Scattering
In the preceding section, we expressed the hadronic tensor in terms of the disconti-

nuity, Eq. (2.32), of the forward scattering amplitude,

T, =i / d*z e* (P| T{J',(2)J,(0)}|P) . (2.34)

nuv

Under the assumption that the forward scattering amplitude is analytic away from
its singularities and real-valued on the real axis, the Schwarz reflection principle [117]
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relates its discontinuity to its imaginary part,

1
W, =—1ImT (2.35)

e 2m we

Through this relation, the hadronic tensor connects directly to the operator product
expansion of the forward scattering amplitude.

At leading twist, and setting aside for the moment the question of its physical
validity, the forward amplitude admits an operator product expansion [119,120],

1 Y AL
T =23 (S) e 0,00, (2.36)

NeNEeES,

where braces denote symmetrisation over the enclosed Lorentz indices with all traces
subtracted, and tV denotes a family of tensors whose components are, in general,
dimensionless functions of the coupling and renormalisation scale. In Eq. (2.36),
the outer sum runs over all operator spins, whilst the inner sum runs over all local,
symmetric, traceless twist-two operators, labelled by the set S, = {a}US with S =
{q,g}, where q, g and a label quark-singlet, gluon and quark non-singlet, respectively.
The operators are classified into quark non-singlet, quark singlet, and gluon operators,

O, m-mn} — gN=Lify \an {i pia L Dby (2.37)
Oq{m...w} = Nyl prz L DNy (2.38)
Og{m...uzv} = N=2Gqwm pra L pen-1 gAY (2.39)

where in the non-singlet case A" denotes the generators of the light-flavour symmetry
group. In the parton model, hadrons are described in terms of massless partonic de-
grees of freedom. Within the fixed-flavour number scheme adopted here, the operator
basis is restricted to the light-quark sector, with heavy-quark contributions treated
as perturbative corrections to the coefficient functions.

As with the hadronic tensor in Subsec. 2.1.1, we can decompose the undetermined
rank-four tensors in Eq. (2.36) into symmetric and antisymmetric parts,

N S,N AN
t k,uv,A1 A2 (q) =t k,uv,A1 A2 (q) +1 k,uv,A1 A2 (q) . (240)
The symmetric part is constrained by Lorentz symmetry to a form in which all
coefficients can be chosen to be dimensionless,

4,4,

S,N S,N S,N S,N
e (D) = 9D, Outen (@) + " Do Dotes (@) + 90,909, ths (@)

S,N S,N S,N
+ D @uDotis (@) + GO0 Clis (@O + G Irnn @l (@) (241)

S,N
+ Dire oty (@)

Because this tensor contracts with traceless operators, the sixth and seventh terms do
not contribute to the forward scattering amplitude at leading twist and may therefore
be set to zero. Moreover, the complete symmetry of the operators forces the coeffi-
cients of the third and fourth terms to be equal. The ansatz for the symmetric part,
Eq. (2.41), then reduces to

SN

S,N S,N
kg (@) = Gl Do tir (@) + 48D, D T2 (@) + (gm G4, 2.4

SN SN
+ g,\lyqﬂCL\Q)tk,s (@) + 90 9rntis (@)
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leaving only four unknown coefficients. Current conservation imposes again a
transversality condition on the forward scattering amplitude, which implies that

S,N S,N S,N
N (@) = 0,00, (5 (@) + 123 (@)

S,N S,N S,N
T 49, Dy (tm (¢) + 105 (@) + 53 (Q)) =0.

q
(2.43)

Since the two tensor structures are linearly independent on dimensional grounds,
their coefficients must vanish separately, yielding a system of equations. Solving this
system, we find

S,N 2 N
O e (@) = <9,M2 Doyt 900Dy — JuwIrired — Iains quqy) Cyx(q)

(2.44)
4,9,
+ <guy - /;2 >Q)\1Q)\20£\fk(q)7

where the coefficient functions have been redefined such that the associated tensor
structures are manifestly transverse.

For the antisymmetric part, only a single contribution arises, since the Levi-Civita
tensor can contract non-trivially with the same vector at most once. By virtue of its
total antisymmetry, this tensor structure automatically satisfies the transversality con-
dition. With a conventional normalisation chosen to ensure a real coefficient function,
we may therefore write it as

AN .
t k;,,w,AlAz(q) = @fuuxlquQAgcé\,[k(Q)- (2.45)

Combining the symmetric and antisymmetric parts, Eqs. (2.44) and (2.45), the
forward scattering amplitude becomes

1" 4,4
T =2, (__q2) [ (g,w - ’;—2) 0, 92, O (9)

NeN keSS,
(G @ @ + I DDy — G Irira @ — Irng @) Core(q) (2.46)
. Al A
+ €A Dy C(@) @, - - @y, (PLOP M PY

In the regime of large virtualities relative to the squared hadronic mass, hadronic
mass effects in the operator matrix elements are suppressed. Within the leading-twist
approximation, we then find

(P|OPA Y Py = plha I AN L (p)
=p M. p WATL(p) + O(p%),

where these operator matrix elements are inaccessible within perturbative QCD. This
circumstance poses no fundamental difficulty, since the primary focus lies on the
coefficient functions in the operator product expansion of the forward scattering am-
plitude. Because the expansion holds at the operator level, the coefficient functions

(2.47)
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are universal and independent of the external states. A more detailed discussion is
deferred to the following section on renormalisation (see Subsec. 2.2.1).

Upon inserting the operator matrix elements, Eq. (2.47), into the operator product
expansion, Eq. (2.46), and performing subsequent algebraic manipulations, we obtain

-X Y () Ao

NeN keS,

euucﬁk(q) + d,ullcé\,]k (q)

s (2.48)
e, P C (q)

+0(p?),
3 (»*)

wvaf

where the tensors e, and d,,, defined in Eqgs. (2.9) and (2.10), are the same tensor
structures that appear in Eq. (2.13) for the hadronic tensor.

To extract the coefficient functions, we introduce a set of suitable projectors,
constructed in direct analogy with the decomposition of both the hadronic tensor
and the forward scattering amplitude. These projectors are designed to isolate the
symmetric and antisymmetric components, each parametrised by yet undetermined

coefficients. Their most general decomposition reads
P (p,0) = 931 (0, q) + 1P oD, @) + 007 5(p, @) + ¢S4 (p, @)
+pqci5(p7Q)7 iE{L72}7
Pas" (0,0) = s’ cs1 (D q) - (2.50)

(2.49)

Since e, and d,,, are manifestly transverse, the tensors multiplying 0273, 02’ 4 and 025

vanish under projection. These three coefficients thus remain arbitrary, and we may
as well set them to zero without loss of generality. What remains are two symmetric
tensors, each carrying two undetermined coefficients, which are constrained by the

orthogonality conditions,
,q)ew =1,
{ (p q) I (2.51)

<p? ) pr = 0 )
Pg 2(pa >6W =0,
{Psz(p, Q) = 1. (2.52)

In addition, both symmetric tensors of Eq. (2.49) are trivially orthogonal to the
antisymmetric one in Eq. (2.50). For the antisymmetric case, a single undetermined
coefficient uniquely fixes the normalisation,

a B

. P q
pr (ZE o ) 1. 2.53
A3 H ’Bp~q - ( )

Placing each projector ansatz into the corresponding orthogonality condition,
Egs. (2.51)—(2.53), yields a system of equations that follows from the linear
independence of the tensor structures. Its solution gives the projectors

2

PsL(p,a) = . )2p P’ (2.54)
Péo(pq) = — E ;(pcf)gp“p”—ﬁg*‘”, (2.55)
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i ) p*q°
(D—2)(D—3)""*"p.q

Pis(p.q) = (2.56)

These projectors let us decompose the forward scattering amplitude in direct analogy
with the hadronic tensor, Eq. (2.13), the hadronic invariants now playing the role of
the structure functions. At leading twist, we find the decomposition

aqB
. q
T,uzz (p> Q) - e,LLI/TL(p7 Q> + d/,l,l/T2(p7 q) + ZEHVQBET?)(pv Q) + O(pQ) ’ (257)
with the hadronic invariants
Ti(p,q) = Ps," T, (p.q), 1€{L,2}, (2.58)
T3(pa Q) = PA,SMVT/LV (pa Q) : (259)

Having expressed the forward scattering amplitude, Eq. (2.34), in terms of the
same tensor structures as the hadronic tensor, Eq. (2.4), we arrive via the optical
theorem, Eq. (2.35), at a direct relation between the hadronic invariants and the
structure functions,

1 1 i

- mTi(p.q) = %Fi(p, q), 1e€{L2}, (2.60)
1
Py Im T3(p, q) = F3(p,q) . (2.61)

2.1.4 Mellin Moments

The operator product expansion, Eq. (2.48), recasts the hadronic invariants,
Egs. (2.60) and (2.61), as a series in inverse powers of zp. For convenience, we define
w = 1/xp to label these powers. Working in w is natural because the limit xp — oo
translates to the limit w — 0. In this variable, the series then reads

ZZ( ) ppCN(e),  ie{L,23}. (2.62)

NeN keS,

To connect the hadronic invariants to the structure functions, we multiply this ex-
pression by w™~! and integrate along a contour ~y encircling the origin (see Fig. 2.1a).
By Cauchy’s theorem, we obtain

1 1 dw
i WMH Z Z k(Q) (Q_M/waNJrl)

NeN keSS,
)
=22 %%(pm(q) (2.63)
NeN k€S,
AN N
=) e (P <), ie{L,23)}.
k€ESa

Alternatively, rather than evaluating the integral directly, we may invoke the opti-
cal theorem. Since we assume the forward scattering amplitude to be analytic away
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Im(w) &2 Im(w) | 2

(a) (b)

Figure 2.1: The figure displays the branch points, indicated by bold dots, and the
branch cuts along the real axis, shown as zigzag lines, with the origin marked by a
cross. Panel (a) shows the contour encircling the origin, whilst panel (b) depicts the
deformed contour running along the branch cuts, with semicircles closing at infinity.

from its branch cuts, we can deform the contour to enclose the cuts with two semi-
circles closing at infinity (see Fig. 2.1b). The integral reduces to an integral over the
discontinuities of the integrand along the cuts,

- [ dw ==
2mi J., wM+1 21 wM+1

L[4 Ti(p,q) 1 (/“’deiSC(Ti(p,q))

+/_1dWW) ie{L,2,3). (2.64)

o

To combine the integrals in Eq. (2.64), we note that the forward scattering ampli-
tude, Eq. (2.34), decomposes into vector—vector, axial-axial and mixed contributions,

T (0:@) = Ty s (0 Q) + Ty (05 @) + Ty (05 0) + Ty (95 @) (2.65)

induced by the decomposition of the currents, Eq. (2.1). Outside this section we omit
the vector and axial-vector subscripts, since the context makes their meaning clear.
Depending on the type of the bosons, the individual terms of the forward scattering
amplitude transform under charge conjugation

Tblbz,uu (p7 q) = (_1)1+6b1b2 Tblbz,uu (p7 —Q) ) blv by € {Va a} : (2'66)

Since the forward scattering amplitude is decomposed into tensor structures that are
even in both momenta, Eq. (2.57), parity transformations leave it invariant. Only
the hadronic invariants are affected. Taking the forward scattering amplitude to be
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invariant under crossing of the external bosons [121], we find

Tb1b2,;u/ (p7 q) = Tb1b2,l/p, (p7 _Q)
= el/uTblb% (p7 _q> + dyuTb1b2,2 (p; _Q)

B
. p*q
ZEV,LLa,Bp qulbz, (p _q)

= (—1)1+5b1b2 |ieVuTb1b2 ( —q) + duuTb1b2, ( q)
o (2.67)

+ i€ Vuaﬁp qu1b2,

p*q°

)
= (—1)1+5b1b2 |:6MVTb1b27 ( q) -+ dij’k,lb27 ( q)
— 1€ va Tb ba, :|
H Bp q 1b2,3
2.

Comparing the charge conjugation relation, Eq. (2.66), with the crossing relation,
Eq. (2.67), we read off

Tb1b27i(p7 Q) = (_1)1+6b1b2Tb1b2,i(p7 —Q) ) 1€ {La 2} ) (268)
Tb1b2,3(p> Q) = <_1)5b1b2 Tb1b2,3<p7 —Q) : (269)

The hadronic invariants are thus either even or odd functions of the momentum q.
Because they depend only on scalar products of p and ¢, with both p? and ¢? invariant
under parity, the invariants must in fact be even or odd in xg and consequently in w.
Returning to the integral, Eq. (2.64), we exploit (anti)symmetry of the hadronic
invariant, Eq. (2.68), together with the optical theorem, Egs. (2.60) and (2.61), to
express the integral in terms of the Mellin moments of the structure functions.

> Fyp i(p>CI) .
' 2/ dw —12 =2 ZG{L,Q},
L/dwalL@’q) _ 1 wM (2.70)

271 (,UM+1 - > Fblbz, (pa Q)
Reverting from w to the original variable zg = 1/w, with dw = —dwp /23, and

reversing the integration limits accordingly, we arrive at

1
. dexB Fblbz, (paq)v (S {LaQ} )
L/dww — /o1 (2.71)

21 wM+1
/defB "y b,3(p,q) -
0

Finally, combining these results, Eqs. (2.63) and (2.70), we obtain a relation be-
tween products of the hadronic operator matrix elements and coefficient functions on
one side, and Mellin moments of the structure functions on the other,

! ANL(p)C
/ dog 2 " Fop,i(p q) = Y (P >2N'jf”’“<q), ie{L,2}, (2.72)
0 =
1 AN CN
/ deg oy Fons(p,q) = ) k’P(péNT'fz’?’”“(@. (2.73)
0

keSS,
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Only the even or odd moments of the structure functions are constrained, depend-
ing on whether the corresponding hadronic invariants are even or odd in xp. Such
behaviour arises because the derivation relies on each invariant having a definite parity
in g, so that the opposite contributions cancel.

2.2 Renormalisation

2.2.1 Operator Mixing

In determining the fixed-order moments of the coefficient functions from the hadronic
invariants, one obstacle remains, namely the hadronic operator matrix elements. The
operator product expansion of the forward scattering amplitude holds at the operator
level, so the coefficient functions do not depend on the choice of external states and all
hadronic information resides in the matrix elements alone. Therefore, we may replace
the hadronic states by partonic ones carrying momentum p, the partons now taken
to be massless, unlike the hadrons.

The relevant partonic states comprise non-singlet and singlet quark configurations
together with gluons, the corresponding operator matrix elements being given by

(p| O, py = pth AN (), (2.74)

which are in general divergent and require renormalisation. To regularise these diver-
gences, we work in dimensional regularisation [92,93] and consider all observables at
D = 4—2¢ space-time dimensions, as discussed in Sec. 3.2. The bare singlet operators
are then related to the renormalised ones through

Ol{)\lm/\N} - Z ZklOk,ren{)\lm/\N}7 (275)

ke{q,g}

where the renormalisation constants Zj; generally mix operators within the singlet
sector. Because the renormalised operators acquire a dependence on the renormalisa-
tion scale p? through this procedure, their evolution is governed by a renormalisation
group equation. To derive it, we use that the bare operators carry no such dependence,

d
_ Ol{,\l...)\N}
dlog u?
d - AAn
— Z 1 O{ 1---AN
dlog 2 kzg ( )lk k,ren
AL A
Z oty (71 On
—~ dlog u Orren Ik dlog p2 (2.76)
{A1.An}
Z Zl] —1) O{)q )\N}_|_5l d k,ren v
e logu gk~ ksren dlog p?
AL
— O{)\l AN} dOl{,ren v}
= Z’Wk k,ren + dlog 2
kes SH

In Eq. (2.76), we have implicitly defined the matrix valued anomalous dimensions
~v and used that the bare operators are independent of the renormalisation scale,
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together with the identity,

S = Z Z; (Z—l)jk = (0= ZZ m + Z dZ; (Z_l)jk; . (2.77)

lj 2 2
JES Jjes dlog J€es dlog

Since the renormalisation constants depend on the renormalisation scale p? only
implicitly through the renormalised coupling as yen, the chain rule gives

das ren 8le -1
=— E ———(Z7). 2.78
ks JES d log ,UQ aas,ren ( )]k ’ ( )

where we have written the coupling in the rescaled form

— Qaren (2.79)

Qs ren A

To evaluate the derivative with respect to the renormalised coupling in Eq. (2.78), we
use the fact that the bare coupling a, is multiplicatively renormalised,

as = Zas Qs ren » (280)

with a renormalisation constant that admits a Laurent expansion in inverse powers
of the dimensional regulator,

(n)
Zas—1+ZiaE

neN*

(2.81)

Because the dimensionful bare coupling a,u? is independent of the renormalisation
scale, its total derivative vanishes,

dasHZE

d ren Za
U Dy + 230 ( e, Zas) —0. (8

dlog u? dlogp2 \" """ 0ag ren

The renormalised coupling is finite, so its running carries no poles in the regulator.
Substituting the Laurent expansion of Z,, then yields

dag ren EQs ren

Tlog? ~  Zlte 1y
= —EQsren + airen g{ii)n +0(e) (2.83)
= —EQgren + . |

Finiteness of the left-hand side of Eq. (2.83) forces the poles on the right-hand side to
cancel. This running is the D-dimensional beta function, whilst the g on the right is
its four-dimensional counterpart, both in a theory with n; 4+ ny, active quark flavours.
With the beta function identified, the anomalous dimensions take the form

07,
aas,ren

Yk = — Z (_gas,ren + ﬂ)

jes

(Z71) - (2.84)
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The renormalisation constants, anomalous dimensions and beta function each ad-
mit a power-series expansion in the renormalised strong coupling. Of these, the first
two may, in addition, be expanded in the dimensional regulator. However,we assume
that no positive powers of the regulator appear in either expansion, since such terms
would amount to finite renormalisations. This assumption is equivalent to working
in the modified minimal-subtraction scheme [17,122]. Because the anomalous dimen-
sions are finite, the scheme reduces their expansion to a pure power series in the
coupling. The expansions read

Z Z Zm sien (2.85)

m=0 n=1

Z ’}/Z a’S ren ? (2'86)

-~ Z B2 - (2.87)
m=2

For our calculation, we require the Mellin moments of the anomalous dimensions
only up to two loops [35,37,38,120,123]. Likewise, only the two-loop coefficients of
the beta function are needed [124-126], although results at higher loop orders are
available [127-130].

At zeroth order in the coupling, the operators are finite and do not mix, so no
renormalisation is required. Therefore, we may take the Z-factors to be diagonal and
normalised such that

ZU = 5,']' + O(a's,ren) . (288)

This normalisation fixes the renormalisation constants entirely through the anoma-
lous dimensions and the beta-function coefficients, allowing a recursive solution order
by order in the strong coupling and the dimensional regulator,

i=j#k
0,0) _
Z00 =1, (2.89)
1) _ _(0)
Zyg =), (2.90)
22 0 0
mES
1
2,1
z5 = 5%( . (2.92)
1
75" = 3 60m;) 6 > Oy + 2 Z Vv Dy, (2.93)
meS mneS
(3,2) L, o 1, @ 1 o.m Lo o 1 0.
Zij = —gﬂl%j - gﬁo%j +§Z%m’7mj+§%k Vej — g%k Vij (2.94)
meS
1
3,1 0
zY = g'yfj), (2.95)
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7" =0, (2.96)
1,1 0
Zi" =y (2.97)
2,2 1 0 . 1 0)_ (0
2% = =587 + 5 D Yo (2.98)
meS
1
z;" = 5%(0) : (2.99)
1
2" = 3855 ) DL N Z Vi Vo iy (2.100)
meS mnES
3,2 1 0 1 n 1 n oo 1 N
2% = =50 = g+ 5 DV g X Ty (2101)
meS meS
1
z5" =27y (2.102)

To complete the renormalisation of the operator product expansion, the bare op-
erators must be replaced by their renormalised counterparts and, correspondingly, the
bare matrix elements by the renormalised ones. In the leading-twist approximation,
this yields the renormalised partonic invariants,

=3 (55) X clozalio) 2109
NeN 4,k€S
2.2.2 Mass Factorisation

With the formalism now complete, we are ready to set up the calculation. To extract
the Mellin moments of the coefficient functions, we employ a derivative operator Py,

Py(Ti(p,q)) = (—)N > AN

JES

= ﬂ%(q) , (2.104)

p=0

that projects onto the N-th Mellin moment of the partonic invariants. This operator is
the harmonic projection, whose construction and properties are discussed in Sec. 4.1.

As a derivative operator, the harmonic projection acts on the Mellin moments
regardless of whether the states are hadronic or partonic, so the partonic invariants
may be used in place of the hadronic ones. Being a derivative with respect to the now
partonic momentum, it commutes with the renormalisation of the forward amplitude.
The renormalised N-th Mellin moment of the coefficient functions reads

T (pq) = (=D Y CN(Q)Zin A ()| . i€{L,2,3,5}. (2.105)

Z7p
7,keS p=0

Nullifying the partonic momentum affects only the operator matrix element. In a
theory with light flavours alone, this matrix element contributes solely at tree level
once p has been nullified, since all higher orders in the coupling reduce to scaleless loop
integrals, which vanish in dimensional regularisation. Heavy flavours change this; the



34 CHAPTER 2. DEEP INELASTIC SCATTERING

heavy-quark mass provides a physical scale that gives rise to non-vanishing massive
bubble integrals,

N,ren
Ak,pe (p)

o
=Yl Apn M) (2.106)
p=0  n=0 p=0
Since our aim is to apply the harmonic projection to the forward scattering ampli-
tude directly and thereby extract the coefficient functions, Eq. (2.106) implies that
the coefficient functions mix with the operator matrix elements in the perturbative
expansion, so that their extraction requires full knowledge of the latter.

To circumvent the mixing, we evaluate the operator matrix elements in a kinematic
renormalisation scheme in which the finite contributions from the massive vacuum

integrals are absorbed into a finite renormalisation. Within such a scheme

AN,ren(p> :AN,ren,(O)(p) 51@
R o (2.107)

— N
= a/k 5k,p'

the matrix element is rendered independent of the external momentum, although
it retains its dependence on the dimensional regulator and the operator spin. The
Kronecker delta in Eq. (2.107) reflects the absence of tree-level contributions to the
off-diagonal elements, which therefore vanish once the partonic momentum is set to
zero. These operator matrix elements can be drawn with the inserted vertex shown
as a labelled circle, as

N,ren o
ANz = /\ t @ +O(a?)
p=0 p=0 p=0 (2.108)
= (al)7",
N,ren _ 2
Vo) = /&\ + o)
p=0 p=0 (2.109)
:O,
Aé\’/,gren(p)
»=0 (2.110)
N,ren
Az (p)
p=0 (2.111)

From this representation it is clear that nullifying the momentum, that is amputat-
ing the external edges carrying partonic momentum, reduces these operator matrix
elements to vacuum graphs.
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Replacing the operator matrix elements in Eq. (2.105) by their tree-level contri-
bution simplifies the moments of the forward scattering amplitude to

7—;]7\;),ren _ Z Z AN ren,( (p) , 1€ { L, 2, 3, S } . (2112)

JES p=0

Finally, to extract the finite coefficient functions, we assume that they admit an
expansion in both the renormalised coupling and the dimensional regulator,

CN(@) =D ™ (q)ale . i€{L,2,3,5}. (2.113)

m=0 n=0

For convenience, we normalise the partonic invariants by their tree-level contribu-
tion (see Subsec. 2.2.1), thereby fixing the non-vanishing tree-level coefficients. The
partonic invariants likewise admit an expansion in the strong coupling constant,

]wi]’\;ren(q) _ Z j;{\li,ren,(m)am

s,ren ’

ic{L,23,5}. (2.114)

m=0

Together with the renormalisation constants of Eq. (2.85), these expansions relate
the Mellin moments of the coefficient functions to those of the partonic invariants,
Eq. (2.112). Matching the two sides order by order in the coupling and the regulator
then determines the finite coefficient functions. Carrying this out explicitly, and
suppressing all functional dependence for brevity, we obtain,

Ej,\greny(()) = dap (2.115)
E{i’ren’(l) 5_17(]1\1’3(0) + cf,vl’,(l’o) + scivl;(l’l) + 52022;(1’2) , (2.116)
Nyren,(2) -2 1 N,(0 -1 1 N(l 0)
Ty =e {2 > (v = Bodam) )] +e {qup 2 Vs i }
meS meS
(2,0 N,(1,1) (2,1) N,(1,2
G PO IAR +s{ S N LI )] (2.117)
meS meS
N,ren,(3
T, = { > AG OO0 4 = ZBQ%X)(O) Zﬁ Vo0 (0 } :
m,neS meS mES

_ 1 1 1
+e 2 |: - gﬁo%ﬁ,’(l) - gﬂl%ﬁ)’(o) + 6 Z 7({1\[771(0)7]77\ip + 5 Z /qu ’YN (0)

meS mES
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T3 = 5y, (2.119)
Té\gen’(l) = 5_17gp( ) + CN(l 04 ecN(l Dy 5%?&512) , (2.120)

N,ren,(2 — 1 —
TS,p ® =€ 2 |:§ Z (ng B 5gm) ’.Ymg( ) +e€ ! ’ygp + Z P)/mp CSm
meS meS
A D I A A S [ Dy e cggﬂ, (2.121)
meS meS
N,ren,( 1
Tsp { D e+ 5 D B - Z Bovan O
m,neS meS mES
_ 1 1 1
+e { - gﬁwg]f;(” - gﬁwg;(o) + 5D Yo T 3 ngm RALY
meS mES
m,neS
1
N,(1,0) N,(2,0 N,(1,1
ve [ g DA+ S+ 5 3
meS meS m,nes
<’an — Ao 5mn) o )}
3 0 (1,1)
5 N 4 SN + 5 S e (i
meS meS m,nes
— B 5mn) , (2.122)
@ = o, (2.123)
ﬁge“’(” =i eyt 4 2en (W) (2.124)
N,ren, (2 N,(1,0) (2,0 N,(1,1 N,(2,1 :
Lp {Z’Ymp CLr(n }“‘ CLp )“‘ZVN(O)CLm )"‘5{%,;() “rZﬂP(O)
meS meS meS
x eyt ﬂ (2.125)
1
N,ren,(3 — N
TL,p ( ) = £ 2 |:§ C (1 O) (f)/mn 60 mn) P)/np( ):|
m,neS
1
+5_1{§ Oy 43 20N Z ML (%m)
meS meS m,nes

- 60 5mn) 7711\1[)7(0):|
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+ Lp30)+ ZCLm fymp Zch /Ymp + Z L (rymn)

mES meS m,neS

— By 5mn) . (2.126)

Computing the partonic invariants for both the vector- and scalar-current cases
makes it possible to extract all anomalous dimensions and coefficient functions at
once, and in principle the beta-function coefficients too, though this route is highly
inefficient. In the present setup, these quantities are therefore not inputs but results,
computed here as a consistency check on the calculation.

2.2.3 Renormalisation Constants

The renormalisation of the forward scattering amplitude has been kept brief so far.
Extracting the coefficient functions, however, requires computing the amplitude di-
rectly from Feynman graphs, which themselves require renormalisation. In what
follows, we adopt the minimal-subtraction scheme and list for completeness all con-
stants needed to renormalise to NNLO. For notational convenience, we define the
renormalisation constants as follows:

Zy=1+ Z 2" (al))" (2.127)

n=1

where agﬁfe)n denotes the renormalised strong coupling in a theory with ny = n; + ny,
active flavours. The renormalisation is implemented multiplicatively,

= Z,aM), (2.128)
with renormalisation constant,
ZW = ¢! [ — E(JA + gTan] , (2.129)
7 = {ECA 196TF2,nf — %C’ATFWQ}
+et {gCATan — gCﬁ + QCFTan] ) (2.130)

However, since the mass factorisation, Eqs. (2.115) to (2.126), was performed with
only n; active light flavours, the n;, heavy flavours must be decoupled through a
decoupling relation [114,131], shown here for conciseness only for u? = m?,

2 4
agr?e)n = Qs ren{1 + as,renTFnh |:§<25 - §§382 + 0(63)]

32 10 172
+ ai,ren [ - gcATFnh + 15CFTrny, + € (CATFnh (g@ + 2—7)

+ CpTpny (242 + %)) + (9(52)} +0O(a mn)} . (2.131)
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For the field renormalisation, we note that the vector-boson and scalar wave func-
tions require no renormalisation, since QCD corrections to their propagators appear
only at NLO in the respective couplings and are therefore neglected at LO,

Zv =1+ O(g?ﬁgvgaagg) ) (2132)
Za=1+0(9g2, 9492, 92) » (2.133)
Zs=1+0(g2). (2.134)

In contrast, the gluon and light-quark propagators receive QCD corrections from
heavy-quark loops, at one-loop level for gluons and at two-loop level for light quarks,
necessitating their wave-function renormalisation [46, 132,133],

Z{) =0 (2.135)

= CpTrnn {5—1 - g +e (22 + (2> (52)] (2.136)

56 2 8 16
Z2(3) =2 |:CACFTFnh< 9 ) + C% w1 <3> ny, + CrTy yallly (9) + CFTI?“”hnl (3)}

392 20
+ 5_1 |:CACFTF7Lh( <2 + 2—7> + C Tpnh< — 1) + CFTP% ( — 2—7)

40
+ CFTF”hnl ( 27>:|

2408 443
+ {CACFTF”h< — —Cz - —Cz - ) +C% wTrny (CQ + 8(3 + —>

18
4 140 70
+ CrTEnyn (3C - 8_1) + CpT th( - 8_1)] + O(e) (2.137)
4 2 4
Zél) =Trny |: — 58_1 - §C25 + §C352 + (9(53):| (2138)

35 16
Z§2) _2 |:CATF77h( 9 ) + Tgnhm( — 3):|

+et |:CATF”h ( — g) + CFTFnh< - 2)}

13 8
+ |:CATF7lh( CQ + 12) + CFTFTLh( — 15) TFnh (9( >

+ CFTFnhnl( — —C2)}

169 31
€ [CATFTlh( — —Cz — —C3 — —> + CFTFnh( 202 — ?>

+T§nhn1(2—7§3) ++ 2nﬁ( ;gg )] +0(e?). (2.139)

It should be noted that the external ghost propagators would receive corrections at
two loops. Since the leading ghost contributions for the VV and AA currents are
already two-loop, however, these corrections do not enter at three loops, which is the
aim of this work. Were the scalar currents to be computed at three loops, the ghost



2.2. RENORMALISATION 39

wave-function renormalisation would have to be accounted for, as there are indeed
contributions.

Because internal quarks may be massive, we renormalise their mass m through
the insertion of counterterms [134],

Z\) = Cp [ — 34— 6(8 + g@) + 82( — 20+ (3~ 16) + 0(53)} (2.140)

11
Zgzqfﬂ0ﬂ5(3)+4ﬁ(g)+cgmm(—2)
97 45 5
+ 5_1 {CACF( — E) + C% (Z) + CFTan (g):|

1111 51

199 143 71
+ ?> + CFTF’II/h (7 — 16C2) + CFTFTM (SCQ + E)>:|

1\ 271
+-a{cgcn;(961¢4(§) +—7E;c24-52g3-126g4+-48<2k¥f(2)-144gﬂog(2)

8581 1 615
-——&;~+4mg%m>-+c%<-umLu(§)-—7149—13ag+452@

677 227
— 96, log®(2) + 288(, log(2) + 6 - 810g4(2)) + CFTpnh( -5 G
1133 97 581
_5&5+%@bﬁ%+~T?)+L&Em0(§@+1&g+75)}
+0(e%). (2.141)

This concludes the renormalisation of the vector currents. For the axial-vector
currents, the amplitudes contain 75, which requires special treatment in dimensional
regularisation. Adopting the Larin scheme [135], we handle this through the substi-
tution

7: g T
m%ZE%mWWV- (2.142)

Employing the Larin scheme proves useful only for the antisymmetric AV and sym-
metric AA contributions to the Mellin moments of the coefficient functions, where an
even number of Levi-Civita tensors appears. Such even products can be expressed
entirely in terms of metric tensors,

a1 (e} aq a1
go‘fl §a252 (550253 §a2,34

€a1a2a3a4€51ﬁ2,33/5’4 - 501361 50362 503&)’ 55“3/34 : (2'143)
o¢461 04452 01453 O44,84
0 B1 0 B2 0 B3 0 Ba

Conversely, no such reduction is possible when an odd number of Levi-Civita tensors

is present. All such amplitudes vanish, however, owing to the forward kinematics.
The naive use of the Larin scheme in dimensional regularisation violates the axial

Ward identity. To restore it, we introduce additional renormalisation constants [136]

20 g, (2.144)
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22 8
Z,(42) =e! [_CAOF - _CFTan} , (2.145)
3578 308 1664
Zf) l—CACF - OACF — —OACFTFTlf + CFTan + CF
+e7! _ B + 352 0 CrTen +—C TEn? (2.146)
97 AYF 97 AV FLFTU 27 FLplte |, .
Z = 4Cp (2.147)
107
7 = ~5 CaCr —22Cr ~ —CFTan : (2.148)
2147 5834 , (370
OACF< TR 56(;;) + OAC%( STk 160(3) +C% (T - 96C3)
712 124 64
+ CACFTan( T —Cg,) + C%Tan( e ggg)
2
+ n?( — gCFTP%) : (2.149)

the latter being a finite renormalisation constant relating the renormalisation of vector
and axial-vector currents through the R-operation,

(RY")vs = Zs R(:7") - (2.150)

The renormalisation of the scalar current is more intricate, as it requires a Yukawa-
type coupling between the scalar source and the quarks [114], with the quark mass
playing the role of the coupling constant. No such renormalisation is therefore needed
in the absence of heavy quarks, leaving

Zw=1+2, (2.151)
Zgs = Zm,, (2.152)

with coefficients of the beta function, Eq. (2.87),

11 4

Bo = —CA — gTan, (2.153)
4 2

6 = %CA — ;CATFILI — 4CFTF7L[ (2154)

2.2.4 Normalisation Constants

To conclude this section, we discuss the various normalisations in place. The constants
arising from the tree-level operator matrix elements, Eq. (2.107), may be computed
explicitly. At LO in the strong coupling, the singlet operators, Eqgs. (2.38) and (2.39),
read

Oq{ul..-uzv} = Nl gty + O(g,), (2.155)
Og{/h...u]v} _ iN*ZG{Hl)\aIQ . OHN-1 GMN)\} + O(gs> , (2156)
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with the gluon field strength tensor
G =0rAY — 0" A* + O(ys) - (2.157)

Contracting both sides of Egs. (2.155) and (2.156) with a light-like vector A* satisfying
A? = 0 removes all trace terms,

A, A, (KON = (A p)Y AN (p),  kES. (2.158)

Take first the gluonic operator matrix element. The two field strengths are Wick-
contracted against the external gluon states, and their Lorentz indices are traced over.
Each external field is replaced by a plane wave,

AP (z) ~ e P (2.159)
AP (z) ~ TP (2.160)

for the annihilated and created field respectively, so that each field-strength contrac-
tion gives
AG? — £i[(A-p) g — P AN (2.161)

where the upper or lower sign corresponds to the created or annihilated gluon, and
i is the external gluon index, traced over in the matrix element. Inserting both
contractions then gives

A, A, (gl O gy = (A p)NTE[(A - p) gt — prAY

X [(A ) gur — PuA] (2.162)
=(A-p)N(D-2).

Comparing Eqgs. (2.158) and (2.162), the operator matrix element can be read off
directly. The quark operator matrix element follows in the same way. Each external
field is replaced by a plane wave,

—iEp (2.163)
Hzp (2.164)

< <
O
e 2
o o

for the annihilated and created quark respectively, so that tracing over the external
Dirac indices gives

A, A, (] Oq{ul...;w} ) = (A-p)N ! T [A p]

(2.165)
=4 (A-p)N.

As for the gluon, comparison of Egs. (2.158) and (2.165) allows the operator matrix
element to be extracted. The normalisation constants therefore read,

(2.166)

1
a) = ——. (2.167)
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A second set of constants is fixed by normalising each partonic invariant to its
tree-level contribution. Fixing them requires four independent processes, namely VV,
AV, AA and SS (see Fig. 2.2). For the quark-initiated processes, we find

1
Trer = N, p-q {— — (=1)Y 0y +0 Qs ren
q b1b2( ) (p _ q)g ( ) ( )

W]

2mp - > —92p - 2N+0b1 b,
~ Ny, (»-q) Z( qp2 q) - Oagm) (2.168)
N=0

0o
2N+6 +1
= _Nb1b2 Ty P1h + O(as,ren) s b1b2 € {V7 a} ;

N=0

where Ny,1, denotes the numerical prefactor arising from the Dirac traces. The N-th
Mellin moment is therefore given by

TN,ren,(O) — _2NNb1b2 ) (2169)

3,9

As anticipated from Egs. (2.63) and (2.70), the AV term contributes only at odd
moments, whereas the VV and AA terms survive only at even moments. For the
gluon-initiated processes, an analogous calculation yields

1 N 1
(r—q)? (+q)?
_ q - 2N+2
= N 5 %xB + O(asren) s

T — No(p- g { t O(ane)

(2.170)

)

where, in accordance with crossing symmetry, only even moments contribute. The
corresponding moment then reads

Tgéren,(o) —oN-1 2N, . (2.171)

Imposing the tree-level normalisation (see also Ref. [137]) therefore amounts to
multiplying each Mellin moment by

1

>

W= 5NTs (2.172)
- 1
Nav - W ; (2173)
< 3
Nao = 2.174
“ T ONH(D —6)(D—3)(D — 1)’ (2174)
- 1
(2.175)

Nss = >
2N I(D —2)¢?

where all traces were evaluated with FOrRM [138,139]. Whilst each partonic invariant
may in principle be normalised independently, any calculation of a physical observable
involving a sum of several currents must employ a consistent normalisation through-
out, since it combines vector and axial-vector contributions.
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by ba by bo

o

Figure 2.2: Tree-level contributions to the partonic forward scattering amplitude for
the quark-initiated and gluon-initiated processes.

2.3 Flavours

2.3.1 Flavour Factors

So far we have ignored the physical processes to which the external bosons correspond,
in particular the vector and axial-vector currents. These split into two types, neutral
currents (NC) and charged currents (CC), the former preserving flavour along the
quark lines and the latter changing it. Each type generates a different combination
of electroweak couplings, which we refer to as a flavour structure.

To classify these flavour structures, we proceed graphically, considering processes
with two external vector bosons, at most two closed quark loops and at most one open
light-quark line. Neutral currents preserve flavour and give mass-preserving vertices,
whereas charged currents permit up-to-down and light-to-heavy transitions, giving
mass-changing vertices (as shown in Fig. 2.3). Since QCD also preserves flavour, its
vertices are mass-preserving too.

By systematically constructing every graph in which each of the two external
bosons, whether vector or axial-vector, attaches to quark lines that may be light or
heavy, we arrive at fifteen distinct flavour structures for the neutral current, collected
in Fig. 2.4. The construction for the charged current is analogous but gives rise, as
shown in Fig. 2.4, to five additional structures with mixed light-heavy quark lines. Im-
portantly, since QCD is flavour-preserving, an even number of mass-changing bosons
must attach to each fermion loop. For our two-boson setup this means that the initial-
and final-state bosons must attach to the same line.

Figure 2.3: Mass-preserving and mass-changing quark-boson vertices. Light quarks [;
are drawn in black, heavy quarks h; in green, and bosons are labelled b;.
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2.3.2 Notation

To place the preceding analysis on a precise footing, we examine the flavour structures
admitted by the global flavour symmetry groups, beginning with the flavour-diagonal
case. Specifically, we consider n; light and n;, heavy quark flavours, associated with
the symmetry groups SU(n;) and SU(ny,), with respective generators Af and A{. Both
light and heavy flavours are then combined into a single flavour vector defined on an
enlarged flavour space,

f=(,...,L,h,....hy,,). (2.176)

In this representation, the flavour-group generators become direct sums, padded with
zero blocks so that they act on the whole enlarged flavour space,
5\? = Ail @ O’n},th ) (2177)
AL = Oy, @ AL (2.178)
Throughout, a circumflex marks an embedding into the enlarged space. The charge
matrices ;1 and @); 1, encode the couplings of the vector bosons to the light and heavy

quarks. For neutral currents they are diagonal, as required by flavour conservation.
Each charge matrix is embedded into the enlarged space as

~

Qi,l - Qi,l ¥ Onhxnh s 1€ {a,V} y (2179)
Qi = Opysery @ Qi ic{a,v}. (2.180)

The total charge matrices then follow by summing the embedded light- and heavy-
flavour contributions, Eqgs. (2.179) and (2.180),

Qi = szl + Qi,h, ie{a,v}. (2.181)

For later convenience, we likewise introduce the embedded light- and heavy-flavour
unit matrices,

1 = Loy @ Oy » (2.182)
1h = 0n1><n1 S¥ 1nh><nh . (2183)

In direct analogy with the total charge matrix, Eq. (2.181), we define the total unit
matrix as the sum of the two embedded unit matrices, Eqgs. (2.182) and (2.183),

le=1;+ 1y . (2.184)

With this notation in place, we may analyse the flavour structures that arise in
processes with two external vector bosons mediated by neutral currents. To identify
every such structure, we systematically examine the combinatorics of multiplying
charge and unit matrices and taking the corresponding traces. For this purpose, we
introduce a shorthand for traces over quark lines carrying either a vector or an axial-
vector boson. Overlined symbols denote external quark lines and unbarred symbols
internal ones,

fp =tr <HQ1f> , BC{v,a}, fe{Lh}, (2.185)

1€B



2.3. FLAVOURS 45

‘gETL (H@zw)jﬁ, BC{v,a}, fe{lh},  (2.186)
i€EB

_ani (H%)lf, BC{v,a},  fe{lLh}, (2187
i€B

where Ty denotes the trace normalisation of the SU(nf) generators. The subscript
records which bosons are attached to the quark line. Because the charge matrices
are diagonal, and therefore commute, each trace is insensitive to the order in which
these bosons appear, so the subscript may be regarded as an unordered set. To collect
several such traces, we introduce a list notation,

(@1, ) = [ (2.188)
=1
(@1, )t =1 [ J (2.189)
i=1

where both variants differ only by the total unit matrix (2.184) inserted in the second.
Their entries may be placed in any order because, for the single open quark line of
interest here, the product is fully commutative.

For products of matrices that remain untraced, we use that any complex ng x ng
matrix can be expanded in the generators of SU(n¢), an expansion that carries over
directly to matrices embedded in the enlarged space,

[T = —tr (H%) 1f+—2tr (HQZW) Ao

i€B i€B i€B
1 R
= —tr (H QZ,f) 1 Ztr (H Ql f)\a) )\a (2190)
ny i€B i€B
= fz+ f&, BC{v,a}, fe{Lh}.

2.3.3 Neutral Current

To analyse the admissible flavour factors, we begin with the neutral current, whose
vertices are mass-preserving. Here the simplest factors are flavour factors composed
entirely of traces, free of any accompanying matrices. The first of these is the trace
of a product of two quark charge matrices, written in the list notation of Eq. (2.188),

(frijy)® = tr(Q:Qy)
= (lgiyy)® + (hyiyy)®-

In deriving this, we have used that the charge matrices are diagonal by assumption and
split into light and heavy blocks as in Eq. (2.181). Since diagonal matrices commute,
this flavour factor is symmetric in ¢ and j. It corresponds to Figs. 2.4.1 and 2.4.2, in
which both vector bosons attach to the same closed quark line.

(2.191)
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The next factor arises from the product of traces of individual quark charge ma-
trices,

(friyfyy)® = tr(Qi) tr(Qy)

t
(2.192)
= (lriylgi)® + (payhgy)® + (a8 + (hpahgy)®.

Here the resulting flavour factors are symmetric in ¢ and j only when the corresponding
quark lines are of the same type, since the charge matrices may differ between the
light and heavy quark flavours. These factors correspond to Figs. 2.4.3 to 2.4.6, in
which the two vector bosons attach to separate closed quark lines. Both of the above
flavour factors arise exclusively in processes with external gluons or ghosts.
Analogous flavour factors emerge for external quarks, now multiplied by the flavour
unit matrix, Eq. (2.184), to account for the external quark flavour. The first is the
trace of a product of quark charge matrices, multiplied by the flavour unit matrix,

(i = tr(QiQ)) 1
= (Ligp® + (hayy)®
These flavour factors correspond to Figs. 2.4.7 and 2.4.8, which feature an open quark
line together with both vector bosons attached to the same closed quark loop. The

second is the product of traces of the individual quark charge matrices, multiplied by
the unit matrix,

(frirf ) = tr(Qy) tr(Qy) 1¢
= (Iaylg )+ Qpayh ) + (gl ® + (hpahg)®.

(2.193)

(2.194)

Realising these flavour factors, Figs. 2.4.9 to 2.4.12 feature an open quark line together
with the two vector bosons attached to separate closed quark lines.

Further flavour factors arise by tracing over only a subset of the quark charge
matrices. For a product of two charge matrices with no trace taken, we find

(Frigy® = QiQ;
= (L + Qg + (g )+ (hyijn,
where we have applied the decomposition of the quark charge matrices in Eq. (2.190).
The commutativity of diagonal matrices again renders this flavour factor symmetric
in 2 and j. It corresponds to Fig. 2.4.13, in which both vector bosons attach to the
same open quark line.

Lastly, a flavour factor emerges from taking a trace over only a single charge
matrix,

(Friyfriyt = Qitr (Qy)
= (L) + (el + Qayhg ) + Qpayhg ) (2.196)
+ (Wb + (b + Ml + il ®,

(2.195)

where we have again decomposed the matrices as in the previous case. By construc-
tion, this flavour factor is not symmetric. It corresponds to Figs. 2.4.14 and 2.4.15,
in which the two vector bosons attach respectively to a closed quark line and to an
open quark line. Flavour factors involving external quark lines receive contributions
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Figure 2.4: Representative Feynman graphs illustrating the flavour factors that arise
in neutral current forward-scattering amplitudes. Light quarks 1; are drawn as solid
black lines, heavy quarks h; as solid green lines, and vector bosons are labelled b;.
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from both light and heavy flavours. Since we restrict our attention to external light
quarks, we project onto the corresponding subspace by multiplying with the embedded
light-flavour unit matrix, Eq. (2.182).

The flavour factors obtained through combinatorial analysis of the trace factors
and from the graph-theoretic classification (see Subsec. 2.3.1) agree, providing a con-
sistency check that indeed all flavour factors have been accounted for.

2.3.4 Charged Current

Conceptual problems arise if we work within the full electroweak theory at leading
order in the weak coupling. Within this setting, the assumption of n; light and ny
heavy quark flavours becomes inconsistent. Before electroweak symmetry breaking
there are n; + ny, massless quark flavours in total.

After symmetry breaking, the transition from the flavour basis to the mass basis
ceases to be well defined, because under our assumption the mass matrices are already
diagonal, with zeros and a single mass m along the diagonal. Ordering the flavours
so that the light ones come first and the heavy ones second renders the mass ma-
trix block-diagonal, with a null block and a block proportional to the identity. Any
unitary transformation of the flavour basis then preserves the diagonality of both
blocks. The CKM matrix [140, 141], however, is defined as the product of the trans-
formations diagonalising the up- and down-type mass matrices, and therefore fails to
be uniquely determined under these assumptions. Introducing an external current
that represents only the flavour-changing charged current weak interaction resolves
the non-uniqueness; its coupling constants are precisely the ordinary CKM matrix
elements or their complex conjugates.

To define the charge matrices, we denote the set of flavours by .%. These flavours
decompose simultaneously along two orthogonal axes, into light and heavy flavours
on the one hand and into up-type and down-type flavours on the other. The first
decomposition reads

F =P UP, (2.197)

U =%, , (2.198)

D =D I D, (2.199)
whilst the second gives

F1=U U, (2.200)

Fn=U I Dy, . (2.201)

Unlike the neutral current case, the sizes of these sets are no longer unconstrained
once flavour-changing transitions are admitted. In particular, there must be equal
numbers of up- and down-type quarks, which forces the total number of flavours to
be even,

%|=|2| — |F|=2m, mEeN. (2.202)

For the flavour-changing transitions, we let V;; denote a CKM matrix element,
which is in general complex. Unitarity of the CKM matrix then implies

Z‘G,kaZZ%, LWjeF-X, X el{lwu.2}. (2.203)
ke
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Because quarks cannot transition from up-type to up-type, nor from down-type to
down-type, we define the charge matrix through

Qy=0, i,je¥, i,je?. (2.204)

Next we compute the product of two charge matrices from which the flavour factors
are built,

Z QifQyj = Z QiuQuj + Z QiaQqj

fesz ueU de9
Zue% VQZ,VUJ7 Z?] S -@7
2.205
=40, (leDNjeU)N(JeDNiecU), ( )

D i ViVg, 4,J1€,
- 61'7]', Z,j c 32

Here we have used the unitarity of the CKM matrix, Eq. (2.203), which implies that
the charge matrix is involutory. Naively, we might conclude from this that the flavour
factors become trivial for charged currents. This is not the case, however, since the
flavour factors are weighted by matrix elements that differ between the massive and
the massless flavours.

As in the neutral current, we need a decomposition of the flavour factors. First
we observe that traces of a single charge matrix vanish, since the diagonal entries are
zero by construction, Eq. (2.204),

trQ =0. (2.206)

For the product of two charge matrices, the flavour factors require modification, since
transitions between light and heavy quarks are not captured by our previous notation.
In general, the charge matrix admits the block decomposition

Y Quh])
Q_<Q[h1] R (2.207)

where Q) and Q) are rectangular matrices of size n; X ny, and ny, x n respectively,
encoding the off-diagonal couplings. Accordingly, we must allow for mixed quark lines
[1h] and [hl], denoting transitions from a light to a heavy flavour and vice versa. With
this notation at hand, we decompose the charge matrix as

Q=0Qi+Qu+ Q[hl] + Q[lh] , (2.208)

where Q) and @), are embeddings of the light and heavy diagonal blocks, whilst Q[lh]
and Q[hl] are embeddings of the off-diagonal blocks.

To evaluate traces of products of charge matrices, we exploit a simple structural
property. Any matrix that splits into a block-diagonal part D and a block-anti-
diagonal part A satisfies

Q=D+A = Q*=D*4+A*4+ DA+ AD, (2.209)
whose components evaluate to

(DQ)z'j = Z Di,Dy; = DiQi dij (2.210)
k
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= AwArj = Ains1oi Ani1-ij 6, (2:211)
k

Hence D? and A? are diagonal, whereas DA and AD remain anti-diagonal and there-
fore drop out under the trace, leaving

tr(Q?) = tr(D?) + tr(A?). (2.214)

Applying Eq. (2.214) to the charge matrix, with @, and Qy forming the block-
diagonal part and Q[lh] and Q[m forming the block-off-diagonal part, we obtain for
closed fermion lines

tr(QiQ;) = tf(@l,i@l,j) + tI‘(Qh,z’Qh,j) + tr(@[lh],z‘@[hl],j) + tr(@[hl},i@[lh],j) . (2.215)

From Eq. (2.215) we can directly read off the flavour factors for the gluon-initiated
processes, that is, those without an open quark line, in which the two vector bosons
couple to the same closed quark loop. The first two terms give rise to diagonal flavour
factors analogous to those already obtained for the neutral current. By contrast, the
remaining two terms define genuinely new flavour factors, which we denote by

([IhD%M} = tr(@[lh},i@[hu,j) , (2.216)
<[h1]>%i,j} = tf(@[hl},i@[lh},j) . (2.217)

Similarly, for quark-initiated processes in which the two vector bosons couple to a
closed quark loop, we find

<[1h]>({li,j} = tr(@[lh],i@[hl},j)lf; (2.218)
<[h1]>?i,j} = tr(@[hl],i@[lh},j)lf- (2.219)

All of the flavour factors in Egs. (2.216)—(2.219) correspond to Figs. 2.5.16 to 2.5.19,
with one closed fermion line to which both external currents are attached.

The case of open quark lines, as in Fig. 2.5.20, requires more care. Since we
are computing the forward-scattering amplitude, the flavours of the incoming and
outgoing external quarks must coincide. For purely kinematic reasons, transitions
from a heavy to a light quark on an open line are therefore excluded,

pPP=0 ¢ p’=m? Ym#0ecC. (2.220)

Forming the product of two charge matrices and projecting onto the diagonal part,
we obtain

Diag(Q;Q;) = | QuiC 1 + Qh,i@h,jih] + [Q[lh},i@[hl],jil + Q[hl],i@[lh},jih] . (2.221)

As before, the first two terms are analogous to the neutral current contributions,
whilst the remaining two capture the new structures that arise from the mass-changing
transitions. Focusing on the new contributions, which are respectively n; x n; and
ny X ny, dimensional matrices, we find that they admit the decomposition

Qo Quu i1 = ([ 5 ) + (], 57, (2.222)
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Qi Qi 1n = (1, ;1) + (I, ,)* (2.223)
In the non-singlet contribution, as for the neutral current, only the diagonal gen-
erators play a role, since the forward-scattering kinematics conserves flavour along

each open line. Once again we take the external lines to be light, thereby projecting
out the heavy-quark contributions.

(16) xn

(18)

Figure 2.5: Representative Feynman graphs illustrating the flavour factors that ex-
clusively arise in charged current forward-scattering amplitudes. Light quarks 1; are
drawn as solid black lines, heavy quarks h; as solid green lines, and vector bosons are
labelled b;.

2.3.5 Flavour Decomposition

Next we analyse the flavour factors involving traces over flavour-group generators.
Quarks, whether light or heavy, are partially characterised by their quantum numbers,
namely their electric charges and weak isospins. As already mentioned, these quantum
numbers partition the flavour space into up-type and down-type sectors, thereby
decomposing any set of flavours .%# into the subsets % and . For a matrix in
flavour space, we define the trace as

tre(\) =Y Ass, (2.224)

feF

where A is an arbitrary flavour matrix. This definition coincides with the standard
trace over flavour matrices, but has the advantage that the summation can be readily
restricted to a subset of flavours.

With this notation at hand, we now prove the following lemma, which allows us
to re-express traces over the full flavour space, involving products of charge matrices
and flavour generators, in terms of traces over the up-type flavours alone.
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Lemma: Let % be the disjoint union of the finite sets % and 2, and let \ be a
traceless matriz, trz(\) = 0. Then

ZCf)\ff = (Cag/ — C@) tr%<)\) if Cr =
fe.7

, if fev,
{C% : (2.225)

cy, if teD.

Proof. To establish the identity, we proceed by direct computation, splitting the index
set of the sum into the disjoint subsets % and %,

Z Cf/\ff = Z Cag/)\ff + ZC@)\ff

feF few fez
= Z ((C@ —cg)+ C@))\ff + Z CoNff
few feo
=(cw —ca) Y Asstea Y Ay
few feouw
= (cor — o) ) Mr+ca Y A
few =

= (C% - C_@) try, ()\) + cg trg;(A>

= (coy — cg) try ()

where the last step uses the tracelessness. An analogous identity, differing only by an
overall sign, holds for the complementary subset upon interchanging % and 2. [

The preceding analysis of the flavour factors, and in particular Eq. (2.190), shows
that the partonic invariants naturally decompose into non-singlet and pure-singlet
contributions. In the case of external quarks, the partonic invariants take the form

Tq(p.q Z QN + TR (o)L, i€{L,23} (2.226)

whilst for external gluons and ghosts, no such decomposition is needed, since only the
pure-singlet part survives.

The non-singlet component is isolated by inserting a light-flavour generator and
tracing the product, whereas the pure-singlet component follows from the trace alone.
Explicitly, the two components are defined by

T (p Z T q(p, ) AY)

Z(sz) Z%}:NW) ie{L23},

iv a | (2.227)
Tps<p’ Q) = n_ tr (Ti,q(p> q))

2(296}3) Z—A’“N’q(pjllcﬁf@, ie{L,23}.

N keS
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In the non—singlet case, each coefficient function is a single monomial in the flavour
factors. With .%, denoting the set of all non-singlet flavour factors, it follows that

AN (p)CON
Tiap.q) = EN (i) EW
p)F, dCY.(q)

() T ¥ Snne

a F,e%,

1\Y try (A o F, dC(q)
(%) (; ;R,l Aa’q@)) (Fa;% tra;/(j\il) dF, )
= (L)NAHNSGjVnS( ), ie{L,23}.

2$B

(2.228)

Here we have used the fact that both the derivatives of the coefficient functions and the
ratios of flavour factors are independent of the flavour generators. As a consequence,
the non-singlet coefficient functions carry no dependence on the flavour index a, since
all traces over the light-flavour generators cancel [36].

For the calculation of the Mellin moments of the coefficient functions, the flavour
factors enter only as overall multiplicative prefactors. There is therefore no need to
compute the pure-singlet and non-singlet contributions separately, since both follow
from the singlet result upon substituting the appropriate flavour factors. In what
follows, we accordingly confine our attention to the singlet case.

This factorisation, Eq. (2.228), holds for all flavour factors, and in principle we are
free to extract any one flavour factor and absorb it into the operator matrix element.
A common convention extracts the flavour factor whenever it is a trace over two
charge matrices. This normalisation works for the VV and AV structures but not the
AA case, where the non-singlet flavour factor vanishes for physical processes. In the
pure-singlet sector, extracting flavour factors would impose an artificial asymmetry
between the light and heavy internal flavours, so we refrain from it here. Conversion
to the standard conventions is nevertheless straightforward, as the differences amount
only to overall multiplicative factors.

Treating the partonic invariants as formal monomials in the flavour factors, that is,
disregarding the process-dependent values these factors take, we obtain the following
relation between the charged- and neutral current cases,

NC —a 0
N = > (1 <[hl]>{b1,b2}8<[hl] <[lh]>{b1,bz}a<[1h]>

p
by,boe{a,v} >{b1,b2} {b1,ba } (2 229)

0 )
— dap <[lh]>{b1,b2}W)Tfpcv i€e{L,2,3}, pES.
a {b1,b2 }

Consequently, the charged current case requires only the additional evaluation of
amplitudes with mass-changing currents, the remainder being inherited directly from
the neutral current computation.

2.3.6 Coupling Constants

At this point, the calculation connects to physical observables. The objects considered
so far, namely arbitrary vector and axial-vector currents, acquire physical meaning



o4 CHAPTER 2. DEEP INELASTIC SCATTERING

only once specific flavour factors are supplied. This is what lets us compute the
coefficient functions independently for each combination of vector and axial-vector
currents, since the physical result is always assembled from them. Moreover, as shown
earlier, the pure-singlet and non-singlet contributions need not be separated, since all
of this information is absorbed into the flavour factors.

Here we focus on the neutral current case, since the charged current contributions
are fixed entirely by the CKM matrix. It remains to give the explicit values of the
relevant flavour factors. Within the electroweak theory, the charge-matrix entries
are set by the electromagnetic charge g, the weak isospin T3 f, and the electroweak
mixing angle Oy [142,143]. The first two quantities split the quark flavours into up-
type and down-type sectors, which is the decomposition introduced earlier. With this
split, the charge matrices take the form

@ biby = AfObyby b, by € {v,a}, (2.230)

Qrabiby =0 bi,by € {v,a}, (2.231)
1 :

Q7 byby = <§T3,f — ¢y sin® 9W> Obybsy by, by € {v,a}, (2.232)

Qzab1by = T3,£0b1by bi,by € {v,a}. (2.233)

The photon couplings follow from the Z-boson expressions for suitable values of
the weak mixing angle and weak isospin. It therefore suffices to treat the Z-boson
case, for which the traces entering the pure-singlet coefficient functions read

r(Qz) = Y _ Tsy, (2.234)
feF
1 . 9
r(Qz) = Y <§T3,f — gy sin 9w> , (2.235)
fez
2
tr(Qz,Qz,) = Z (%T&f — gy sin® 9W> , (2.236)
fez
(QzQz) = Y _ T3, (2.237)
fer
1 9
tr(Qzanv) = Z Tg’f (§T37f — gy s ew) . (2238)
fe7

By the lemma, the corresponding traces entering the non-singlet coefficient functions
read, where the subscripts % and & denote the up- and down-type values respectively,

1
tr(Qz,\") = §<T3/2/ —T3,9) tr@/(>\“> : (2.239)
1 ) "
tr(Qz,A") = <§(T3,% —Ts.9) — (g7 — q2) sin” 9w> try (A, (2.240)

tr(Qz, @z, \") = ((qq/ q%) sin* O
(2.241)

— (Ts0q2 — T3,999) sin® 6W> tro, (A,

tr(Qz,Qz,\")

0,
tr(Qz,Qz,\") = ( (s g — T5,9q99) sin 9W) tro, (A?). (2.243)

(2.242)
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Down, down, down. Would the fall never come to an
end!

“I wonder how many miles I've fallen by this time?”
she said aloud. “I must be getting somewhere near
the centre of the earth. Let me see: that would be
four thousand miles down, I think—"

(for, you see, Alice had learnt several things of this
sort in her lessons in the schoolroom, and though this
was not a very good opportunity for showing off her
knowledge, as there was no one to listen to her, still
it was good practice to say it over)

“—yes, that’s about the right distance-but then I
wonder what Latitude or Longitude I've got to?”

(Alice had no idea what Latitude was, or Longitude
either, but thought they were nice grand words to

say.)

— Alice’s Adventures in Wonderland, Lewis Carroll

o6



Chapter 3

Feynman Integrals

This chapter lays the computational groundwork for the calculation of heavy-quark
coefficient functions at higher loop orders, forming a substantial part of the present
work. Rather than aiming for mathematical completeness, a task well beyond the
scope of a thesis in phenomenology, the presentation prioritises clarity and practical
utility, with definitions accompanied throughout by worked examples. Standard ref-
erences for parts of the material discussed in this chapter are [110-112], where the
computation of Feynman integrals is discussed in great detail.

Three topics are covered in turn. The first concerns the integral representation of
Feynman integrals, examined in detail as it forms the foundation for the symmetry
analysis and the optimisation of integral families. Within this framework, criteria
for identifying factorisable integrals are derived, drawing on a connection between
factorisation and the structure of graph polynomials that appears not to have been
treated systematically in the literature. Moreover, the combinatorial complexity of
analysing symmetries of Feynman integrals via the Lee—Pomeransky polynomial is
assessed, a result that is, to the best of our knowledge, new.

Next, dimensional regularisation and integration by parts are introduced, estab-
lishing the framework for the reduction of Feynman integrals to master integrals.

The computation of the master integrals via differential equations forms the third
topic, covering dimensional shift relations, the construction of an e-factorised basis,
the determination of boundary values through expansion by subgraphs, and the in-
tegration of the resulting systems in terms of iterated integrals. Conciseness is a
necessity here, as the sheer complexity of the calculations of the following chapter
precludes explicit illustration, with the focus lying on establishing the notation and
conventions employed throughout.

3.1 Integral Representations

3.1.1 Momentum-Space Representation

Throughout this section, we restrict attention to Feynman integrals that admit a
graphical representation, in contrast to the general case in which the number of prop-
agators is left unconstrained. This restriction imposes an upper bound on the number
of propagators, dictated by the topological constraints encoded in the Euler charac-
teristic. Henceforth, I' denotes a graph with C' connected components, F internal
edges, N external edges, V vertices, and L independent loops. These quantities are

57
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related by
L=FE-V+C. (3.1)

The independence of the loops is essential, since a graph may contain additional
cycles, not all of which are fundamental in the sense of algebraic topology. To each
independent loop we assign an internal momentum k;, and to each external edge an
external momentum p,,. The external edges are oriented such that all momenta are
incoming, subject to overall momentum conservation,

an =0. (32)

Each internal edge carries a mass m; and an edge momentum g¢., the latter being
defined such that the momenta at every vertex sum to zero. The Feynman propagator

reads
1

g2 —m2+in.’

Dg(ge,me) = (3.3)

where 7, is an infinitesimal positive constant, in general different for each internal
edge, encoding the Feynman pole prescription and thereby enforcing causality. Edge
momenta are linear combinations of the internal and external momenta,

L N—-1
e = Zwkz,elkl + Z Wp.enPn » (34)
=1 n=1

where the second sum runs over only N — 1 of the external momenta, since the
remaining one is fixed by momentum conservation, Eq. (3.2). The coeflicients wy ¢
and wy e, take values in C in full generality, though without much loss of generality
their values may be restricted to the incidence set

2 ={-1,0,1}. (3.5)

With this notation in place, we assign to each propagator a weight 7., and the Feyn-
man integral of the graph I' is formally defined in D space-time dimensions as

E

L
Iﬁl...ﬁE(P; Dap7 m) = C'L,D / H Z’YTT/lQ H[DF((]e, me)] E-/\/'(’{:71)7 m) . (36)
=1 e=1

Here C, p is a normalisation constant left unspecified for the time being, N denotes
a numerator function regular in all its arguments, and the symbols k, p, m stand for
vectors collecting the loop momenta, external momenta, and masses respectively.

At first sight, the Feynman integral depends on a large number of parameters,
though not all are independent owing to the constraints already established. Mo-
mentum conservation reduces the number of independent external momenta by one,
and Lorentz symmetry further dictates that the integral may depend only on scalar
invariants. The latter consist of the masses associated with each internal edge, to-
gether with the scalar products formed from the external momenta. Products of a
momentum with itself are referred to as scales, whilst those involving two distinct mo-
menta are called angles. Accounting for momentum conservation, the total number
of independent invariants is

N(N —-1)

Sext = 9

+B. (3.7)
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For convenience, we collect all invariants, comprising the masses, scales, and angles,
into a single vector . The Feynman integral in Eq. (3.6) then takes the form

L
dPk X
Iy, 5(T; D,2) = Cpp / 1= HDF Ge(@), m )N (k,x).  (3.8)
=1

Henceforth, we take the numerator to be a scalar function. This entails no loss
of generality, since by linearity and Lorentz symmetry any tensor-valued numerator
decomposes into a linear combination of tensors constructed from the metric tensor
g, the totally antisymmetric tensor €, and the external momenta p,,, with coefficients
that are functions of the scalar products involving internal and external momenta as
well as the space-time dimension [144].

Our aim is to express the numerator in terms of the propagators, thereby allowing
us to write the full integral as a linear combination of integrals with different weights.
To this end, we first observe that the number of independent scalar products that
may be formed from the internal and external momenta is

L(L+1)

Sint - 9

+ L(N —1). (3.9)
Collecting all such scalar products into a vector s, this number generally exceeds
the number of propagators, so that a bijection between the two sets need not exist.
The set of propagators appearing in a Feynman integral is henceforth referred to as
a family. Neglecting the infinitesimal constants, the inverse propagators are affine
functions of the form

Sint Sext

1
- 7. N = int,e,i91% ext,e,ili - 3.10
Dr(qe,my) ZC t,e,i5 +ZC t,e,il ( )

i=1 i=1

Whenever the coefficient matrix cinge; does not have full rank, the family is said to
be incomplete. Such a family may be completed by iteratively adjoining auziliary
propagators, each addition raising the rank of the matrix, until full rank is reached,
at which point the family is termed complete. Given a complete family F', we denote
the corresponding integral by

Sint

Piss,, (D) = Cup [ HdD’j;HDF (@), m)) [ (Prla@),mo).
” e=E+1 (3.11)

where the first product runs over the original propagators of the graph and the second
over the auxiliary ones, the latter factor being absent whenever no auxiliary propaga-
tors are required. The embedding of the original propagators into a complete family
is not unique, since different choices of auxiliary propagators give rise to distinct fam-
ilies. By linearity of the integral, any such integral may be expressed as a finite linear
combination

I .op(TiD,x) = > ci(@)F,, 0 (D ), (3.12)

ieN

int

with all but finitely many coefficients ¢; vanishing. In particular, the embedding of
a given integral into a family need not be unique, and different choices of auxiliary
propagators may yield distinct but equivalent representations.
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Example 1: Consider the one-loop family Fg,,.,, defined by a single external mo-
mentum q, two massive propagators with masses my and my, edge momenta q; = k;
and go = k1 + q, and weights vy and vs,

dPk, 1

itl/2 12 —m? +im |7 [(k + q)% — m3 + inp]

FB,U1V2<D7 wB) = C11,D/ vy - (313)
This family is complete, since the two propagators span all scalar products involving
the internal momentum k.

As a consequence of the foregoing discussion, any Feynman integral, including
those with tensor numerators, may be expressed as a linear combination of scalar
integrals. Partial fractioning further extends the applicability of this strategy beyond
the topological constraints. Indeed, for m.; # m. 2, a product of propagators sharing
the same momentum decomposes as

1
DF(C]eame,l)DF(Qeame,Q) T E—— [DF(Qea me,l) - DF(Q& me,z)] ) (3-14)

M1 — Meo

and repeated application allows any number of masses associated with a given edge
momentum ¢. to be reduced to the case of a single mass. In a similar vein, partial
fraction decomposition permits us to consider integrands corresponding to integrals
with more propagators than available edges, even when the resulting terms no longer
admit a graphical interpretation. Such integrands are then replaced by ones obtained
via partial fractioning, for which several algorithmic approaches exist, including those
based on Grébner bases [145] and the Leinartas decomposition [146,147]. Further
details are omitted, since the calculations considered in this thesis involve only a
single external momentum, for which such a decomposition is not needed.

3.1.2 Schwinger Representation

As defined, Feynman integrals are purely formal objects, and whether they carry a
well-defined meaning is not clear a priori. Two potential issues arise. First, the propa-
gators should be properly regarded as tempered distributions [148], so their pointwise
product is in general ill-defined [149]. Treating the pole-prescription parameters 7, as
finite regulators circumvents this difficulty [150]. Second, the integral may diverge in
the ultraviolet, as k; — oo, or in the infrared, as k; — 0.

An alternative representation is therefore needed in order to regularise these in-
tegrals and endow them with a precise meaning. Assuming for the moment that all
weights v, are strictly positive, such a representation is obtained by substituting for
each propagator

[qg(w) 1_ mg}”e _ F(lye) /]RJr da, aZe—lefae(qz(Z)*mg) ' (3.15)
Repeated application of this identity transforms the Feynman integral, Eq. (3.11),
into a Gaussian integral [151],
1 Sl
FVl-nl’Sint(D?a:) =Crp—c——o /]RS ds““aHaZe_l

SA
i]t F ]/e int i
He-l ( ) + =1 (316)

L de Sint
ST o (- St
=1 e=1
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The exponent in Eq. (3.16) is a quadratic polynomial in the internal momenta k;, and
is therefore determined by a matrix M, a vector V', and a scalar S,

Sint L L
=Y ada —m) == kMy(a)k; +2Zv Vi + Sla, ). (3.17)
e=1 i=1 j=1

By virtue of the integration domain of the a. parameters, the matrix M is symmetric
and positive definite. Wick rotating the energy components of the internal momenta,
k1o = ik, then allows all internal momenta to be integrated out through the stan-
dard Gaussian integral [152],

/ dtPy exp(—yTMy +2Vy + S) = 7LP/2 [det M]_1/2 exp(VTMﬂV + S) ,
RLD

(3.18)
yielding
Crp / s Sl 1 D)2 ( ]:(a’aa:))
F, .. (Dx)=——"— d”inta | | ale™ exp| ————= | .
1 Smt< ) H int F( ) Sint H p u(a)
(3.19)

Here we have introduced the first and second graph polynomials [90,91], defined re-
spectively by

U(a) = det(M), (3.20)
Fla,z) = det(M)(VIM'V +9). (3.21)

For integrals admitting a graphical representation, an equivalent topological definition
exists in terms of spanning trees and forests, making no reference to the momenta.
The present definition is more straightforward to implement, whereas the topological
one is of greater structural interest by virtue of its recursive nature [153].

Although not immediately apparent from their definitions in Egs. (3.20) and (3.21),
the graph polynomials are in fact independent of the momentum routing, that is, they
are invariant under shifts and rotations of the internal momenta,

ks Rk+ Q(x) with det(R) = +1, (3.22)

where R is an L x L matrix and () is an L-dimensional vector. Such transformations
leave the measure invariant, yet the quadratic polynomial in Eq. (3.17) transforms
non-trivially,

M =R'MR, (3.23)
V' =RV — RTQM (3.24)
S'=8S+2VQ - QT MQ. (3.25)

Inserting Eqgs. (3.23) to (3.25) into Egs. (3.20) and (3.21), we confirm by an elementary
calculation that indeed

U (a) (a), (3.26)

Flla,z) = F(a,x). (3.27)

Il
N

The graph polynomials are therefore invariant under momentum re-routing. Further-
more, they are homogeneous polynomials of degrees L and L + 1 respectively.
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Example 2: For the family Fp,, ., (see Ex. 1), we readily determine the quadratic
polynomial in the exponent,

—a1q; — asqy = —ay (K> —m3) —ax (K + 2k - ¢+ ¢* —m3) . (3.28)

Reading off the coefficients, and noting that all three are scalars for a one-loop integral,
girves

M = a; + ag, (329)
V = —ayq, (3.30)
S = —aym] — ax(q® —m3). (3.31)

A straightforward calculation then yields the first and second graph polynomials,

Ll(a,) =a; + as s (332)
Fla) = arasq® + aymi + aomj . (3.33)

The first graph polynomial provides a readily verifiable criterion for whether a
Feynman integral factorises into integrals involving fewer internal momenta. In mo-
mentum space, an integral factorises whenever the internal momenta admit a partition
into two disjoint sets such that each edge momentum ¢. depends on the internal mo-
menta in only one of the two sets. Repeated application extends this criterion to
factorisations into arbitrarily many factors. When such a partition exists, the inte-
gration over each set of internal momenta may be performed separately.

Verifying this directly is, however, not straightforward, since it requires identifying
the appropriate transformation. Passing to the parametric representation, the factori-
sation of a Feynman integral implies a partition of the parameters a,. into disjoint sets
A and Ay and amounts to

U(G) =U (al)ug(ag) with ae € Az = Qe ¢ Aj Vi 7é ] . (334)

Here, a; denotes the vector of edge parameters belonging to the set A;. This condition
implies that the matrix M must be block diagonal, since we require not only that the
determinant factorise, but also that each factor depends on a distinct set of parameters
A;, a requirement that would be violated by the presence of off-diagonal blocks,

M =M, & M,. (3.35)

Such a block-diagonal structure naturally partitions the internal momenta, with both
the vector and scalar terms in the quadratic polynomial splitting accordingly. It
should be noted, however, that the second graph polynomial need not factorise simply
because the first does.

Example 3: Consider four edge momenta q1 = k1, o = k1 +q, g3 = ko, g4 = ko +¢q
and vanishing masses. Taking all propagators into account simultaneously, the graph
polynomials read

U(a) = a1a3 + ai1a4 + a203 + G204 3 (336)

Fla,z) = ¢*(a1aza3 + aia0a4 + a1asay + asasay) . 3.37)
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Restricting instead to each pair of propagators sharing a common internal momentum,
we find

U(Cl,l) = a1 + as s (338)
Flai, ) = ¢ (a1az), (3.39)
U(az) =az + as, (3.40)
Flaz, @) = ¢ (azaq) . (3.41)

The first graph polynomial factorises as U(a) = U(ay) - U(asy), yet the second does
not.

Returning to the parametric representation of the Feynman integral in Eq. (3.19),
we may simplify it by inserting the identity

1 :/ dt5< iae> , (3.42)

which is valid since all a. are strictly positive. Upon substituting this factor, rescaling
ae — agt, and exploiting the fact that F and U are homogeneous polynomials of
degrees L + 1 and L respectively, we obtain

S; t mt
Crp . — _D/2
FI/ ..Ug. (D,ﬁ)——’/ dS”“aé(l— Oée) | |aue 1
1--VSing Hf;)i F(l/e) Ri‘“t Z

_ _ Fla, x)
x [ dttrEPI2 1 exp (——’t) .
/R+ U(x)

The remaining t-integral is recognised as a Gamma function under the substitution
t — U(a)/F(a,x) - t. This yields the Schwinger representation, where v = Zf“{ Ve

denotes the total weight,

(v — LD/2 i
Fyl"'ysint (D’ CB) B CL,DW /S dSinta g <1 B ae)
R int —
§ ! (3.44)

1nt a)]l/ (L+1)D/2

H VP—I CC)]1/—LD/2 ’

(3.43)

As it stands, the Schwinger representation applies only to integrals with strictly pos-
itive propagator weights. In order to extend its range of validity and accommodate
propagators that are either absent or appear in the numerator, we note that for non-
positive weights the substitution instead reads

1 g ve 2 2
= (—1)" e (e (@)=me) : 3.45
@) — e~ T e 249
To unify both cases, we introduce the shorthand
Ve—1

da, ?e— , 0< v,
d(e, ve) = (ve) g-v. (3.46)

dae (1) dae), V. <0.

Ve
Qe
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Both expressions scale identically under a, +— Aa,.. The Schwinger representation,
Eq. (3.19) thereby generalises to

1nt

H d(ae, ve)
int

o e

e=1

Ful...usint (D; iB) - OL7DF(V — LD/Q) /

where the right-hand side, initially defined for integer weights v,., admits an ana-
lytic continuation to complex-valued weights. A notable distinction between the
momentum-space representation, Eq. (3.11), and the Schwinger representation,
Eq. (3.47), is that the former is an integral in D space-time dimensions, whilst the
latter is an integral at D space-time dimensions, since the dimensionality enters only
as a parameter.

3.1.3 Lee—Pomeransky Representation

Yet another representation, particularly useful for identifying integral symmetries and
vanishing integrals, is obtained by replacing the Gamma function in Eq. (3.47) with
the Euler beta function,

I'(v—LD/2) = (0 £<11))z/)2/)2 - /R+ dt tv=LPR2=Y (1 4 4)=P/2 (3.48)

which under the substitution ¢ — F(a)/U(a, x) - t becomes

P =LD/2) = 7 f(f; 1/)2/)2 ) /R ) dt t" PP U () + F o, @)t)HP2

[.7-"(04, m)]quD/Q
X U(a) P

(3.49)

Inserting this formula for the Gamma function, Eq. (3.49), into the Schwinger repre-
sentation, Eq. (3.47), gives

mt

I'(D/2) / LD /
Fys,, (D ®) =C dt ¢ tP/ d(ae, ve
1o Sint( x) L’DF((L +1)D/2 —v) Ry it 51;[ e (3.50)

x (U(c) +J-"(oz,:c)t)*D/26( — S g, ) .

Changing variables a, +— u./t, exploiting the homogeneity of the graph polynomials
to collect powers of ¢, and rescaling the delta distribution accordingly, we obtain

D/2 mt
Fl/ ..US. (D,a:) - CL,D / dt/ d Ue, Ve
1--VSine F((L—i—l D/Q—V R, mt!]l: (351)

x (U(uw) + Flu, m))_D/Qé(t i u) .



3.1. INTEGRAL REPRESENTATIONS 65

Since the integrals are understood in the formal sense, the order of integration may
be interchanged. Performing the ¢-integration then yields the Lee—Pomeransky repre-
sentation,

D/2 mt D/2
Fy.vs, (D) = CL7DF((L+ DD/3=7) / eHd Ue, V) (G(u, )P/, (3.52)

with the Lee—Pomeransky polynomial [154],
Gu,z) =U(u)+ F(u,z). (3.53)

In this representation, the first and second graph polynomials appear on equal footing,
entering only through their sum rather than as a ratio.

To establish a criterion for an integral to vanish [155, 156], consider a corner
integral, that is, one for which each v, is either unity or zero,

D/2 mt

Fu v D =C d ey Ve D/2 3.54
1o Sint< 7w) L7DF((L+1D/2—I/ /thI:[ u?” u w)) ( )

Scaleless integrals are those that acquire non-trivial factors under a rescaling of the
internal momenta, or equivalently of the Lee-Pomeransky parameters,

e — u, = (14 ced)ue, (3.55)

for an infinitesimal § and constants c.. Under the rescaling, Eq. (3.55), the corner
integral, Eq. (3.54) transforms as

Sint
140 (Z Ce — g)

e=1

Fyl...ugim (D, .’E) = Fl’l"'l’sint (D, CU) + 0(52) . (356)

Whenever the coefficient of the corner integral is non-zero, the integral is scaleless.
Suppose instead that G transforms non-trivially under such a rescaling. On the one
hand, this requires

Gu',z)=(1+6)G(u,x), (3.57)

whilst on the other hand, an infinitesimal expansion of the left-hand side gives explic-
itly
Sint

G(u',x)=G(u,x) + 5206((%69(1&, x) + O0(8%) . (3.58)

Equating Eqs. (3.57) and (3.58) and taking a small but finite J, we arrive at the zero

sector criterion
0= [1 — Zceue ] u,x). (3.59)

For this to hold, the coefficient of each monomial in the u,, including those encoding
the kinematic invariants, must vanish identically. A priori, these conditions yield an
overdetermined system of linear equations for the constants c., which may be solved
straightforwardly with computer algebra. The integral is scaleless if and only if this
system admits a constant solution.
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In order to extend this reasoning to the full sector, that is, the set of Feynman
integrals sharing the same pattern of positive indices, we observe that propagators
with non-positive weights may be treated by repeated integration by parts. This
shifts the power to which the Lee—Pomeransky polynomial is raised and generates
numerator polynomials. Once the relevant derivatives have been applied, the cases
of non-positive and negative integer weights become structurally analogous. The
resulting numerator polynomials introduce only an additional scaling factor, leaving
the argument unchanged. Hence, if the corner integral vanishes, so do all integrals in
its sector [155], and such a sector is referred to as a zero sector.

Example 4: For the family Fg,, ., (see Ex. 1) with m? = m? and m% = 0, the
Lee—Pomeransky polynomial is given by

G(u, ) = uy + uy + urusg® + uim? + ujuym? . (3.60)

When vy, vs < 0, the zero-sector criterion, Eq. (3.59), is trivially satisfied, and hence
all integrals are zero. In the mixed-sign cases v1 < 0 < vy and v, < 0 < vy, the
corresponding conditions are

0= (1 — CQ)UQ y (361)
0= (1—c))ug + (1 —2c;)uim?, (3.62)

respectively. While Eq. (3.61) admits a solution, Eq. (3.62) does not. It follows that
integrals with 1w < 0 < vy are zero, whereas those with vy < 0 < vy are non-zero. If
both weights are strictly positive, the criterion takes the form

0=(1—cup + (1 —coug + (1 —2c))uim? + (1 — ¢; — c)ugua(m? + ¢*), (3.63)

and admits no solution. As a consequence, all integrals with 0 < vi, 5 are non-zero.

The example suggests that, in practice, not all corner integrals need to be checked
explicitly. Indeed, a sector with fewer positive weights being zero may already imply
that sectors with a larger number of positive weights are also zero. It is therefore
sufficient to proceed in a bottom-up manner, considering sectors in order of increasing
numbers of positive weights. At each stage, we check whether the current sector
contains a zero-sector.

3.1.4 Sector Symmetries

A further application of the Lee—Pomeransky polynomial, Eq. (3.53) is the identi-
fication of symmetries amongst Feynman integrals. To this end, we note that the
Lee—Pomeransky polynomial may in full generality be written as

Gu,g)= Y kg, (@) ] (3.64)

(k1,...,ks. )GNSint =1

int

where almost all coefficients cj, . g . either vanish or depend on kinematic invari-
I I in

ants. The coefficients are furthermore assumed to be at most linear in the kinematic

invariants, with each depending on at most one invariant,

32Ck1,...,ksmt (ZU)
('33:2- al'j

=0, Vi,7 < Sexts (3.65)
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801". (@ 801_,, A\
Otrtsn @ o Ok @ e (3.66)
8@ axj

From the coefficients of G, the coloured bipartite graph B[G] is built by assigning
a vertex vg,,. kg 1o each non-zero coefficient ¢y, . jq . and a vertex to each variable
U, With vertex and edge sets

Sint

Viig) = {U{Ue}l L

e=1

L {“’“17--~7’fsﬁm }} : (3.67)

(k1 ,..A,ksint )ENSint : (];éckl

(c:B[g] = |_| |_| { Ukl,...,ksim y Ue } ) (368)

(k‘l,...,ksint)ENSim 107éCk1 " e<Sint:ke#0

where the edges are coloured by the kinematic invariant appearing in the correspond-
ing monomial. Automorphisms of this graph then correspond to symmetries of the
integrand. In practice, identifying integral symmetries reduces to computing graph
automorphisms, for which efficient implementations are readily available. One such
implementation is, for instance, Feynson [157].

Example 5: For the family Fg,,,, with non-degenerate masses m? # m3, the Lee—
Pomeransky polynomial reads

G(u,x) = uy + uz + Curug + (Miug + miug)(uy + ug) . (3.69)

Compared to the original two vertices and two edges, the associated bipartite graph
has nine vertices and twelve edges, with multiple edges indicated by a dot,

2 2,2 2 2 2,12

Uy Uz

and admits no non-trivial automorphism. When m? = m3 = m?, the bipartite graph

2, 2 2,2
(3] U2 U1U2q2 uym uugm? uugm? Usm

Uy U2

acquires a non-trivial automorphism corresponding to the exchange uy <> us. This
symmetry reflects the shift k — k — q of the loop momentum, under which each
propagator picks up a sign that drops out, since the edge momentum appears only
squared.
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One common source of confusion deserves mention here. The strategy outlined
above does not capture all symmetries of a Feynman integral, since not every integral
symmetry manifests as a symmetry of the integrand. In particular, the method detects
only symmetries within a given integral family, remaining insensitive to the propagator
weights and to external symmetries acting on the kinematic invariants.

For factorised graphs, the product of the Lee-Pomeransky polynomials of each
factor need not agree with that of the whole graph, so the corresponding bipartite
graphs may have vertex sets of differing degrees, precluding any automorphism be-
tween them. What the method provides, therefore, are symmetries of sectors rather
than of the integral itself.

Example 6: To illustrate how integral symmetries need not manifest as symmetries of
the integrand, consider a massless integral with edge momenta q1 = ki and q¢o = k1+q,
and weights v = 1 and v, = 2. The Lee—Pomeransky polynomial reads

Go(w, ®) = uy + uz + ¢ urus . (3.70)

Instead, the same integral can be written by introducing a degenerate edge momentum
q3 = qo with the adjusted weights vo = v3 = 1. The corresponding Lee—Pomeransky
polynomial reads

Q’g(u, 33) = U1 =+ U9 + u3q2(u1u2 + U,1U3) . (371)

Although the two representations are equivalent, the polynomials are not isomorphic,
as is already evident from their dependence on different numbers of variables, and the
automorphism-based method therefore fails to identify the symmetry.

The translation of graph polynomials into bipartite graphs and the subsequent
computation of graph automorphisms are both computationally expensive. Even
though Feynman graphs typically have few vertices by the standards of modern graph
theory, the associated bipartite graphs may contain orders of magnitude more ver-
tices and edges. For the integrals considered in this work, which all admit a graphical
representation, it therefore proves advantageous to work directly with the Feynman
graph and bypass the bipartite construction entirely. The scaling behaviour of both
approaches is examined below.

Figure 3.1: Ladder graphs at one-, two-, three-, and four-loop order, respectively.

To illustrate this growth, consider the massless ladder graph family shown in
Fig. 3.1, which has

V =2L, (3.72)
E=3L-1 (3.73)

vertices and edges respectively. The numbers of terms in the graph polynomials follow
the recursively defined sequences A001353 [158] and A317405 [159],

Ny(L) = Ny(L), with Ny(0) =0, Ny(1) =2, (3.74)
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Nx(L) = L N#(L), with N#(0) =0, Nr(1) =1, (3.75)

where

Ni(L) =4 N;(L—1) = N;(L —2). (3.76)

Recalling that the first and second graph polynomials are of degrees L and L + 1
respectively, the vertex and edge counts of the bipartite graph read

Viig = Nu(L) + N#(L) + E, (3.77)
Epig) = L Nu(L) + (L + 1)N#(L), (3.78)

where multi-edges are included. Both sequences grow exponentially with the loop
order. To determine the asymptotic behaviour for large L, the characteristic equation
method assumes a solution of the form

Ni(L) = C;Nj, (3.79)

with C; a constant of proportionality. Inserting this ansatz into the recurrence relation
gives

NEH —aNL + NE1=0 = Nip=2+v3. (3.80)

As an immediate consequence, the leading asymptotic behaviour of both sequences
reads R R
Ni(L) ~ e;NFT (3.81)

where the constants C; are fixed so as to compensate for the slow convergence at low
loop order,

8
Cy = = 5 (382)
Nyo
4
r= . (3.83)
Nrp

In Tab. 3.1, this approximation is already in excellent agreement with the exact
combinatorics at low loop orders. The vertex and edge counts of the bipartite graph
are therefore governed by exponential growth modulated by a polynomial prefactor,
with the two sequences differing only in their initial values.

These estimates apply to a particularly simple class of graphs, and more complex
topologies yield even less favourable combinatorics. In practice, however, graph au-
tomorphism remains tractable thanks to highly efficient implementations, of which
nauty and Traces [160] are the most widely used.

L 1 2 3 4 5 6

Ny(L) 21436 8.0000 29.856 111.43 41585 1552.0
Ny(L) 2 8 30 112 418 1560
Vr(L) 1.0718 4.0000 14.928 55.713 207.92 775.98
Ne(L) 1 4 15 56 209 780

Table 3.1: Comparison of the asymptotic approximation with the exact values for the
number of terms in the graph polynomials.



70 CHAPTER 3. FEYNMAN INTEGRALS

3.2 Dimensional Regularisation

In general, Feynman integrals are not well defined as ordinary integrals, exhibiting
ultraviolet singularities when the internal momenta become large and infrared singu-
larities when they vanish. Passing to renormalised integrands removes the ultraviolet
divergences [150,161-163], and in sufficiently high space-time dimension the resulting
integrals are infrared finite as well.

Once rendered finite, these integrals admit a rigorous definition through the para-
metric representation [164], in which the space-time dimension enters only as a pa-
rameter and may be analytically continued to complex values, whilst the physical
space-time itself remains integer-dimensional throughout [165,166]. The parametric
framework is particularly well suited to this construction, since the graph polynomials
are inherently compatible with the contraction and deletion of edges and subgraphs,
and thus with the procedure of renormalisation.

Concretely, the space-time dimension is written as D = Dy — 2¢, with Dy € N
the integer part and e the dimensional regulator [93], so that Feynman integrals are
understood not as ordinary integrals but as operators assigning a Laurent series in ¢
to an integrand. In practice, it is often preferable to work in momentum space, where
the dimensionally regularised integral is defined axiomatically as a linear operator [92,
115],

dPk dPk dPk
/ﬂp/g [c1D1(k) + ca®o(k)] = &1 / m@l(k’) + co / mfbg(k), (3.84)

for any complex constants ¢, ¢o and any integrands ®;, ®,. The remaining axioms
require invariance under translations by a vector p, invariance under rescaling by a
complex constant A, and normalisation to unity on the Gaussian integrand,

dPJ; APk
[ ot = [ Sonewm. (3.85)
dPJ; [ dPk
u/;;i5¢(Ak>::XBU/;ﬁigqu), (3.86)
Pk .

Seemingly innocuous, these axioms give rise to non-trivial relations amongst in-
tegrals. Expanding Eqs. (3.85) and (3.86) to first order in ¢ under the infinitesimal
translation k +— k + ep and the infinitesimal rescaling k — (1 + €)k, respectively, and
applying integration by parts to the result, we obtain

dPk dPk

> . (3.88)
gy [ EIE o)
de de’
k) = (1+0)” [ 558((1+e)k)
/7r / /7r / (3.89)

dPk dPk 0
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from which it follows that

0= / %% P o (k)] (3.90)

0— / %%UM(M] | (3.91)

Both (3.90) and (3.91) hold for any linear combination of internal and external
momenta qgp, giving rise to IBP identities [94-96],

dPk 0
0= [ s g w20 (3.92

These identities connect integrals within the same family but with different weights,
enabling systematic raising or lowering of individual propagator powers.

3.3 Master Integrals

3.3.1 Integration by Parts

Through IBP identities, Eq. (3.92), any integral in a family may be expressed as a
linear combination of a finite set of linearly independent integrals [154,167], called
master integrals. To facilitate the reduction, a handful of bookkeeping parameters are
associated to each integral embedded in a family,

Sint

tFy s, (D,2)] = 0(ve —1/2), (3.93)
Sint

(D, )] =) 0(ve —1/2)2°7", (3.94)
Sint

S[Fyvs (D)) =) 0(ve—1/2)1,, (3.95)

i++VSing

VSint

(Do) =S 0(1/2 — v)(~n). (3.96)

iV Sing,

Sint
d[FVi---VS (Dv m)] = 9(’/6 - 3/2)(Ve - 1) ) (397)

int

where ¢ denotes the number of propagators with strictly positive weights, n the sector,
s the combined weight of all positive powers, r the number of numerator propagators,
and d the total excess power above unity (also called dots). Subsequently, integrals
are assumed to be ordered lexicographically by

t>n>r>d>s. (3.98)

The ordering, Eq. (3.98), is common but a priori arbitrary. Indeed, there is no reason
to expect that integrals with few numerator propagators yield simpler IBP identities
than those with few dots.
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More motivated alternatives, such as ordering first by sector and subsequently
by properties of the underlying geometry, arise naturally in the context of twisted
cohomology [168-170]. At the time of writing, however, such orderings have not been
explored enough to find widespread use in practice.

Example 7: Consider the family Fp,, ., (see Ex. 1) with equal masses m? = m3 =
m? and p? # 0, and strictly positive weights vi,v, > 0. Taking qmp = k and qmp = q
in Eq. (3.92) yields two IBP identities,

0= (D — V= 2V2>FB,V1V2 (D7 :IU) - V2<2m2 - q2)FB,V1(V2+1)<D7 113)
— 10 FB (-1t 1) (D, &) — 201M* F (1, 41y (D, )

0= (1 — 2) Fpun (D, ) — 156° Fp 01 (vs11) + V2 FB (01— 1)(met1) (D, T)
+ V1q2FB,(V1+1)V2 (D7 CU) - VlFB,(Vl—I—l)(VQ—l)(D? w) .

(3.99)

(3.100)

Through a suitable linear combination of Eqs. (3.99) and (3.100) another, more useful,
identity is found

vaq”(4m* — ¢*) Fp 0y (mo+1) (D, @) = (Dg” + 21 (m* — ¢*) —15(2m* + ¢*)) Fp .0, (D, )
+ V2(2m2 - QQ)FB,(Vl—l)(V2+1)(D7 w) - 2V1m2FB,(V1+1)(V2—1)(D7 33) . (3'101)

Using this identity repeatedly, each application reduces the total weight by one, since
the left-hand side carries weight v1+vo+1 whilst the right-hand side has weight vy +vs.
Lifting the constraint 0 < vy and setlting vo = 0 with qsp = k yields a further

identity
0= (D —2v1)Fpu,0(D,x) — 2vim*Fp (,, 11)0(D, ) (3.102)

which upon repeated application reduces vy to unity. By symmetry, the analogous
reduction holds when vy = 0 and 0 < vy. Fvery integral within the family may
therefore be expressed as a linear combination of precisely two master integrals,

FB7V1V2(D7 m) - Cll,V1V2 (Da a‘:)FBJl(D) ZB) + 0107V1V2(D7 m)FB,lo(Da m) . (3103)

Symbolic IBP reductions are implemented in Forcer [171], Mincer [172,173]
and Matad [174], which are written in FOrRM [175], and in LiteRed [156], which
interfaces with MATHEMATICA. Generally, a closed-form solution to the identities is
not available, and the method is typically restricted to problems with few loops or a
single kinematic invariant such as in the context of massive vacuum graphs or massless
two-point functions. In all cases the strategy proceeds sector by sector, generating and
solving IBP identities, applying symmetry relations, and discarding integrals in zero
sectors, until each sector is expressed in terms of master integrals and contributions
from lower sectors. This procedure is repeated recursively until every integral in the
family has been reduced to a master integral.

When the number of loops or scales renders a symbolic approach intractable,
the Laporta algorithm [176] becomes the method of choice. Rather than solving the
identities in closed form, explicit integer values are substituted for the propagator
weights, generating a large linear system whose coefficients are rational functions of
the kinematic invariants and the space-time dimension. Gaussian elimination then
expresses harder integrals, ranked by the ordering defined above, in terms of simpler
ones. Iterating this across all sectors either reduces every integral to a master integral
or establishes that it vanishes. The reduction is guaranteed to terminate for any
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fixed set of weight values with no need for a closed-form solution, which is precisely
what renders the approach superior to symbolic methods. The algorithm finds various
implementations such as Kira [177-179], Fire [180-182] and Reduze [183,184].

Both approaches share a common subtlety in that the choice of ordering deter-
mines which integrals are identified as master integrals, and different choices can
yield reductions of vastly different complexity. In particular, certain orderings pro-
duce reductions whose rational coefficients have denominators that do not factorise
into separate functions of the kinematic scales and the space-time dimension, a sit-
uation referred to as bad denominators [185,186]. Such denominators significantly
complicate subsequent manipulations, and a judicious choice of ordering is therefore
essential for a tractable reduction.

3.3.2 Dimensional Shifts

Feynman integrals in different space-time dimensions are related by dimensional shift
relations [187,188], which connect integrals at dimension D to those at dimension
D + 2. Such relations prove particularly useful when the integrand simplifies in a
shifted dimension, or when combined with IBP identities. Two families of operators
formalise this connection. The first is the dimensional shift operator D*, defined by

D*F,, v, (D,®)=F, ., (D+2,), (3.104)

Sint Sint

and the second consists of the raising operators R}, which increase the weight of the
e-th propagator by one unit,
R;rFul,...uj...usint (D7 33) = VjFul,...(Vj+1)...VSint (-Dv CC) . (3105)

The action of these operators on a Feynman integral is most transparently verified
by means of the Schwinger representation, Eq. (3.47),

S
o Fla, ) _
D+F’th,jjm,jsint (D, :13) = CL7D /RE 61;[1 d(Cke, Ve) exp (—W> [Z/{(a)] (D+2)/2 :

(3.106)

S
- Fla,x _
RjFl/l""Vj"'VSint <D7 w) = CL,D /RE H d<a67 V€> eXp (_ﬁ> a] [u(a>] D/2 Y

+ e=1
(3.107)
where we have used I'(v; + 1) = v;I'(v;). Combining Eqgs. (3.106) and (3.107) yields
the commutation relations
R}, Rf] =0, (3.108)
[Rf, D] =0. (3.109)
To each Schwinger parameter, we may associate a raising operator via the map

satisfyin
e R+<Ozj) =R, (3.110)

g
and derive the dimensional shift relation,

Fovws,, (D) = Cp /RE ﬁd(ae, Ve) exXp (_];/5((1;):)) ()] P

=U(R"(a)) D Fy, ;.05 (D, ),

(3.111)



74 CHAPTER 3. FEYNMAN INTEGRALS

a relation between integrals in D and D + 2 dimensions. Taking the master integrals
as a basis F and reducing the raised-index integrals on the right-hand side by means
of IBP identities, we arrive at the matrix equation

I(D,z) = S(D,z) (D +2,z), (3.112)

where S is a matrix whose entries are rational functions of the space-time dimension
and of the kinematic invariants, and whose invertibility follows immediately from the
observation,

D*DT =id. (3.113)

Example 8: Consider the family Fg,, ., with equal masses and master integrals
chosen as in Ex. 7. Direct application of the dimensional shift relation, Eq. (3.111),
leads to

Fpon(D ) = Up(17,27)Fp,(D +2,x). (3.114)

Employing the raising operators together with the symmetries of the family then yields

FBlO FB20
i D = [ D+2 . 3.115
[FBJJ( @) [2F372J< 2,2) (3.115)

Reducing the right-hand side to the master basis via Eqs. (3.99)—(3.102) gives the
dimensional shift matrix

F g 0 F
p (D, @) = [ B sy | | (D +2,), (3.116)
B,1,1 m2(Am2—q? Am2—¢2 B,1,1
SB(‘va)

which is invertible for all space-time dimensions except at D = 0 and D = 1, two
cases of no physical interest.

3.3.3 Differential Equations

To evaluate the master integrals, we employ the method of differential equations [97—
99], though their derivation does not always proceed by direct differentiation. Since
the second graph polynomial is linear in all kinematic invariants and scales, it satisfies
the Euler relation

S,
int 8
Flaz)=Y wa@ . (3.117)
=1 !

Differentiating the Schwinger representation, Eq. (3.47), with respect to z; and using
Eq. (3.117) gives

SA
9, B 1 OF (e, x) Fla, x)
D s (D) = o [ T l0eme) exp(—— |
Oy w0 f 1l (] 2 O, s
3.118

where the derivative acts only on the exponent through the second graph polynomial,
leaving the measure unchanged. Comparing with the definitions of the dimensional
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shift and raising operators, Eqgs. (3.104) and (3.105), the partial derivative may be
written as
0 OF(RT (), x))

2 F, ,. (D,x)=— D'FE, .. (D,x). 3.119
0 P (D) e s, (D:) (3.119)

Consequently, Eq. (3.119), allows derivatives with respect to the kinematic invariants
to be computed without introducing the Gram determinants that would otherwise
arise [156].

For a basis of master integrals F', differentiating with respect to an invariant
x;j, applying dimensional shift relations, and reducing via IBP yields a system of
differential equations,

0., F(D,x) = A, (D, z)F(D,x), (3.120)
where A, is a matrix of rational functions of the space-time dimension and the
kinematic invariants. Repeating this for all invariants and assembling the result into

a total differential,
dF(D,z) = A(D,z)F(D,x), (3.121)

with the total differential of the master integrals and the connection matriz defined
respectively by

Sext

dF(D, @) =) 5, F(D, ) dz; (3.122)
=17
Sint
AD,x)=> A, (D,x)dz; . (3.123)
j=1

Although deriving the differential equations via the second graph polynomial is con-
ceptually straightforward, it is computationally expensive, since the total propagator
weight is shifted by the degree of the second graph polynomial, rendering the subse-
quent IBP reductions significantly more costly.

At times it proves more efficient to differentiate directly with respect to the kine-
matic invariants. For masses this is straightforward, but for momentum invariants it
is less immediate [189]. In the case of a two-point function, for instance, we find

9 = a9 , (3.124)
d¢>  2¢® Oq*
whereas for more general scalar products the momenta depend implicitly on the invari-
ants, and naive differentiation gives rise to Gram determinants, since each kinematic
invariant is formally a function of the external momenta, or rather their components.

Example 9: Consider the family Fg,, ., with equal masses and master integrals
chosen as in Ezx. 7. Application of the dimensional shift relation, Eq. (3.116), and
IBP identities, Eqs. (3.99) to (3.102), yields the differential equations,

FB 10 i _2FB 30
O ’ D,x) = ’ D.x
B | PP T a2 |
. (3.125)
St 0 Fp 0
= ' 2(D-3) P (D, x),
i m2(Am2—q?) 4AmZ—g2 B,11
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Fg 1o [0
19) ’ D,x) = D.x
“| Fpn (D, 2) 2Fp 2 (D,2)
- . (3.126)
F
= 2—D (D—4)g?+4m? FBJO (Dv .’L')
i 2(2—4m?) 2¢2(2—4m?) B,11

To derive the differential equations, it suffices to compute the graph polynomials
once for the top sector of a complete integral family, since all subsectors follow from
it. Subsectors correspond to integrals with some propagator weights set to zero,
so any raising operator acting on a vanishing propagator contributes nothing. The
graph polynomial of a subsector is therefore recovered from that of the top sector by
setting the corresponding Schwinger parameters to zero, which is precisely the same
operation.

Consistency of the differential equation requires the integrability condition, which
follows from the equality of mixed partial derivatives and reads

dA(D,z) = A(D,z) A A(D, ). (3.127)

This is, however, a trivial check whenever the differential equation involves only a
single variable. A more meaningful consistency condition arises from the scaling
relation, obtained by exploiting the linearity of the second graph polynomial in the
kinematic invariants,

Sext

= 0 LD

E Tim—F . ws, (D,x) = (— - 1/) Foovsovs (D, x). (3.128)
j:1 ax] int 2 int

Example 10: Both consistency checks are demonstrated through Ex. 9. Direct com-
putation confirms the integrability condition,

A(D,z) NA(D,x) = (An2(D,2)Ap(D,x) — Ap (D, x) Az (D, x)) dg* A dm®

0 0
= |: 2D 0:| dq2 A de y
a*m?(

m?—g?)
(3.129)
dA(D,z) = (02A2(D, &) — 0,2 Ap(D, ) dg* A dm?
— [ QE)D O] dq2 Adm?. (8-130)
q*m?(4m?—q?) 0

Hence the integrability condition is satisfied. For a generic integral in the family with
arbitrary weights, the scaling relation reads

D
(¢°0g2 + M*0p2) F oy, (D, ) = <§ — v - yg) Fpm(D, ), (3.131)

which, upon specialising to the master integrals Fpi0 and Fpi1, gives the scaling
relation

Fgo

(%02 +m?d,2) { FB,11:| (D, a) = {—06 0 1] {%ﬂ (D, ). (3.132)
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A further consequence of the linearity of the second graph polynomial in the
kinematic invariants is that any scale x; may be factored out, leaving a rescaled set
of invariants ' = &/x;, such that

Forowyows, (D) = (&))" F, ) s (D). (3.133)
Hence any one scale x; may be set to unity without loss of generality, since the scaling
relation, Eq. (3.133), allows it to be restored at any point. This reduces the number of
independent scales by one, greatly simplifying the multivariate system of differential
equations. For problems involving only two scales, the system reduces entirely to a
univariate differential equation, though this normalisation renders the scaling relation
trivial and hence ineffective as a consistency check.

Example 11: Returning to Ex. 9, setting m? = 1 reduces the differential equation,
Eq. (3.126), to a univariate differential equation in x = ¢*>/m?, and with D = 4 — 2¢,

B,11 @z (z-d)z (@) 24 B (3.134)

If a row of the connection matrix is identically zero, the corresponding master
integral has a vanishing derivative with respect to the kinematic invariant and is
therefore constant. Such an integral, fully determined by its boundary conditions and
requiring no further integration, is said to be a boundary integral.

3.3.4 Factorisation

Direct integration of the differential equation for the master integrals is in general not
feasible. The choice of basis is, however, not unique, and a well-chosen transformation
can render the equation much more tractable [100]. Given an invertible matrix R, a
new basis is obtained by

F(e,z) = R(e,z)F'(¢,x) . (3.135)

Differentiating both sides and substituting the original differential equation, the new
basis is found to satisfy

dF'(e,x) = A'(e,z) F'(¢, ), (3.136)
with the transformed connection matrix
Ae,x) = R (e,x)A(e,x)R(e,x) — R ' (e, z)dR(c, x) . (3.137)

Dimensional shifts and IBP identities are themselves particular instances of such
basis rotations, and an appropriate choice of R allows some integrals defined in one
space-time dimension to be rotated into a basis of integrals in another, a technique that
proves very convenient in later chapters. At the level of the differential equation, this
amounts to substituting the appropriate value of the space-time dimension into both
the connection matrix and the master integrals. Since the differential equation couples
the integrals to one another, consistency requires the full basis to be transformed
simultaneously, as applying the substitution to individual integrals in isolation yields
an incorrect result.
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Given that the connection matrix generically depends on both £ and the kinematic
invariants in a complicated way, direct integration is impractical. The goal is there-
fore to find a transformation bringing the differential equation into the e-factorised
form [190],

dF'(e,z) = eB(x)F'(e,x) , (3.138)

in which the dependence on the dimensional regulator is entirely factored out. Ex-
panding the rotated master integrals, F’, as a Laurent series in ¢,

F(e,x) = f: "F' M (x) . (3.139)

The series is truncated from below by the maximal pole order, determined by the
ultraviolet and infrared structure of the integrals. Without loss of generality, an
overall rescaling of the basis ensures the series begins at constant order. The solution
at each order is obtained by integrating the previous one, so each successive term
adds one layer of iterated integration [191]. Assigning transcendental weight one to
each integration and weight minus one to €, the solution at any given order is a linear
combination of iterated integrals of uniform weight.

This simplification does not hold in a generic basis, where functions of different
weights would mix. The recursion is solved by repeated integration starting from the
boundary values

F'(e,20) = Z e"F'M (), (3.140)
n=0

specified at a given point xy,. Note that if the rotated boundary values themselves
are not of uniform weight, the uniform-weight structure of the iterated integrals is
broken, and the simplification no longer applies.

Computing the master integrals therefore reduces to three tasks, namely construct-
ing a basis that brings the system into e-factorised form, integrating the resulting
equation order by order, and determining the boundary values.

Example 12: Returning to the univariate differential equation of Ex. 11, Eq. (3.134),
two successive rotations bring it into e-factorised form. First, a dimensional shift from
D =4—2¢to D =2-—2¢ via FEq. (3.116) gives

0 0 0 0
A/(e?, .75) = 0 2—x +e€ 2 1 . (3.141)
(z—4)z (z—4)z z—4
Second, for the rotation matriz, the ansatz
1 0
R(e,x) = [ 0 r(x) ] (3.142)

is adopted. Transforming Eq. (3.141) and demanding that all O(°) terms vanish
determines the unknown function,

r(z) =vz(4 —x), (3.143)

and the e-factorised connection matriz reads

Blz) = [ Y ;} | (3.144)
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3.3.5 Boundary Values

Boundary values of the master integrals are extracted by evaluating them in a suitable
asymptotic limit. A naive term-by-term expansion of the integrand is insufficient, as
individual terms may develop spurious divergences absent from the full integral, which
cancel only in the complete sum. Systematic control is provided by the method of
expansion by subgraphs [101,102], which reorganises the expansion so that every term
is individually well-defined as a Feynman integral. Here, the large mass expansion is
employed, in which one mass is taken much larger than all remaining scales.

The internal edges of a graph I' fall into two types. Heavy lines carry the large
mass m, whilst light lines carry any smaller mass or are massless. A subgraph ~ is
called asymptotically irreducible when it meets two conditions. First, it must contain
every heavy line of I'. Second, each connected component must be two-edge-connected
with respect to the light lines, so that no single light edge can be removed without
disconnecting that component. To each such subgraph we associate a co-graph T'/~,
obtained by contracting v to a point and retaining only the light edges. In dimen-
sional regularisation, the asymptotically irreducible subgraphs are equivalently those
containing no cut composed solely of light edges [192]. This cut criterion is simple to
verify, and any contribution whose co-graph is scaleless is discarded.

With these definitions in place, the large-mass expansion of a Feynman integral
takes the form

> IrjoM, I, (3.145)

~eAI(T)

where the sum runs over all asymptotically irreducible subgraphs, including I" itself.

Acting on the subgraph integrand, the Taylor operator M, expands it in the
external momenta of the subgraph, which together with the small masses constitute
the small scales of the problem. Each resulting numerator is inserted into the co-graph
integrand via the composition o, and the two integrals are evaluated independently.
To facilitate the expansion in several small momenta, we make use of the standard
result

oo
1 =5 drf(6'z
=Y = (= V)" ()] =D f(gm ) 0z)|,_,, (3.146)
n—o " =0 v §’=0l=1
which trades the multivariable expansion in 21, 2o, ... for a univariate expansion in a

bookkeeping parameter [193], formally around zero and ultimately evaluated at one.

Example 13: Returning to Fx. 12, the first master integral is a vacuum bubble car-
rying no external momentum, and its large-mass expansion is therefore trivial. The
second integral is a massive bubble with a single asymptotically irreducible subgraph,
namely the graph itself, so its expansion reduces to a naive Taylor series,

Fgio(D,z) = —-I'(1 — D/2)

o 1 C2 C2 C3 2 3 (3'147)
_8+1+(1+2)5+(1+2 3 e+ 0(e),
4-D 4 )
FBJl(D,I) = FBVQ()(D,ZL‘) + D IL‘FB’30<D,ZE) + E:L‘FBAO(D):E) + O(l‘ )

(3.148)

1 ¢ 3 I G
=g+55‘§52+0<53)+(6+12 24 0( )>x+(’)(x2).
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3.3.6 Iterated Integrals

The solutions to the factorised differential equation are obtained by straightforward
order-by-order integration in €, and admit a natural expression in terms of Chen
iterated integrals [103]. The rotated connection matrix decomposes as

Sext

B(x) =) > Muw;(x)dz;, (3.149)

7j=1 ieN

where the sum involves only finitely many constant complex-valued matrices M; and
the functions w; ; are called integral kernels. In the univariate case the second index
is dropped, and each kernel defines a differential one-form

@; = w;i(z) de, (3.150)

on the space of kinematic invariants. For one-forms @y, ..., &, and a curve 7 from x,
to x, the Chen iterated integral of length n reads

Foo.oo ] = / (0 ) (11) - (75, ) (1) (3.151)
0<t1<---<tn,<1

with the empty integral normalised by convention to Fy = 1. Over C, iterated integrals
built from linearly independent one-forms are themselves linearly independent, yet
their products need not be.

Iterated integrals possess a rich algebraic structure; in particular, they form a Hopf
algebra [194,195], although this is not relevant for our present purposes. Therefore, we
restrict attention to the properties that will be used in the subsequent computation.
The product of two iterated integrals of lengths m and n satisfies the shuffle relation,

Fironim Fieia1 = D Foinoimjrrim ] (3.152)

o € Sh(m,n)

where Sh(m,n) denotes the set of permutations of m + n elements preserving the
relative order within each subsequence. Two further identities complete the algebraic
structure. Under path reversal,

Fir,inly ™= (1" Fo ] (3.153)

where =1 denotes the path traversed in the opposite direction. For path composition,
where 7; - 75 denotes the concatenation of two paths sharing an endpoint, the iterated
integrals satisfy

Fivvoinl - 920 = D Fayic 1] P i 2] (3.154)
k=0

In the present work, integration is always performed along a straight line. The
path dependence therefore reduces to dependence on the endpoints alone, and the
path argument is suppressed in favour of the shorthand

Fiyin (@) = Fi D] (3.155)
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Logarithmic one-forms, w; = dloga;, give rise to the important special class of
iterated integrals, namely multiple polylogarithms. Each rational function «; is called
a letter, and the finite collection of all letters the alphabet. In the univariate case
the path may be chosen along the real axis, reducing the iterated integration to a
one-dimensional nested integral. Letting o; =t — a;, the resulting functions take the
Goncharov form [196],

Gay,..a0 (7) = / ; dta Gag,an(t), Fi<neN: a; #0, (3.156)
0o t—m
1 n
Ga... an(x)—%, Vi<neN: @ =0, (3.157)
G(z)=1. (3.158)

To obtain Eq. (3.157) from Eq. (3.156), we apply the tangential base point regulari-
sation of [197]. The lower bound of the integral can be regularised by introducing a
finite cut-off, which is expected to cancel in final expressions.

Of particular importance are the harmonic polylogarithms [198], obtained by re-
stricting the alphabet to zero and the square roots of unity,

__________ a, (T) a; € {-1,0,1}, (3.159)
and arising naturally in single-scale calculations. When the integral kernels involve
algebraic functions of the kinematic invariants, two situations arise. If a rationalising
change of variables exists [199, 200] that renders all kernels rational, the iterated
integrals again reduce to multiple polylogarithms.

When no rationalisation exists, the iterated integrals define a broader class of
special functions that do not reduce to multiple polylogarithms. Within this larger
class, questions of linear independence in the functional sense remain an active area of
research. Regardless of whether such relations are fully understood, numerical evalu-
ation of iterated integrals proceeds by series expansion and term-by-term integration,
though a finite radius of convergence may necessitate analytic continuation [201,202].

Example 14: Returning to Ezx. 12, the e-factorised connection matriz, Eq. (3.144),
decomposes into integral kernels as

B(z) = {[ _02 8 ]wl(a:) +

where the integral kernels read, together with their expansions around zero,

0 0
0 _1]w2(:ﬁ)}, (3.160)

1
wi(r) =
r—4
3.161
1 = 22 23 24 . (5) ( )
= ——— = = = = — x
4 16 64 256 1024 ’
1
wr(w) = x(4 —x)
) 3 A (3.162)
1 1+1+3x+5x+35x+63x +(9(5)
= =9, "1 " ora x
Vr|2x 16 256 0 2048 65536 524288
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Formally integrating the differential equation, rotating the boundary values to the e-
factorised basis, and matching with the integration constants yields, after some algebra,

_ 1 C2 C2 C?) 2 3
FB,lO(D7$)—E+1+<1+2>€+<1+2—3 g2+ 0(e%), (3.163)
1 1 €
Fgn(D,x)=—-+ — (23: — TFQ) + — (8:6 —4rFy + 2rFy; + a:(2>
e x 2x
2
+ g—$ (48x — 4rFy + 127Fs, — 6rFay 1 + 626 (3.164)

— 37”F2<2 — 2[E<3) .

In Ex 14 we implicitly introduced the normalisation of the integrals used through-

out this work,
Crp=exp(—ygel), (3.165)

where g denotes the Euler-Mascheroni constant,

"1
g = lim <Z - —In n) = 0.57721566490153286061 . . . . (3.166)

n—oo

With this convention, our results, Egs. (3.163) and (3.164), are expressed in terms of
the classical polylogarithms and the associated zeta values,

o k
Lia(z) =Y % , (3.167)
k=1

¢ = Liy(1) forn>1. (3.168)
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“She generally gave herself very good advice, (though
she very seldom followed it).”

— Alice’s Adventures in Wonderland, Lewis Carroll
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Chapter 4

Heavy Quark Production

4.1 Harmonic Projection

4.1.1 Harmonic Tensor

The harmonic tensors introduced here underlie the method of harmonic projection
(see Subsec 4.1.2), by which the moments of the coefficient functions are extracted.
Constructed from a reference vector ¢ and the metric tensor g, harmonic tensors of
rank N are defined as symmetric, traceless tensors, normalised such that

HNp,l.‘.ui‘..uj...NfN — HN:U'I"‘/“J""Mi"'“N , (41)
guiuj HN#L"MW'LL]"“MN — O, (42)
q,, HNH1~~-M~--#" — QQHNilmmmm'uN . (43)

Here, the circumflex denotes an omitted index. With this normalisation, transver-
sality is automatically ensured whenever the reference vector is light-like. For an
already-transverse tensor, Fourier transformation reduces this condition to a harmonic
differential equation.

Symmetric, traceless tensors arise throughout physics, from multipole expan-
sions in electrodynamics to gravitational-wave analysis [203,204]. The normalisa-
tion adopted here, however, departs from the standard convention and its rationale
becomes apparent from the explicit construction of a general harmonic tensor [37],

[5]
HN/”--#N — (qQ)KhéVK Z gU(Hl)U(M) N 'ga(#ZK—l)U(HQK)qU(lQKJrl) N 'qU(HN) , (4.4)
K=0 o

oz

where the sum runs over all permutations ¢ of the indices, modulo those equivalent
either by the intrinsic symmetry of the metric tensor or by the commutativity of
product. The coefficients are given by

I'(D-2)T(D/2—1+ N — K)
I'(D—2+N)[(Dj2—1)

howe = (—=1)%2N (4.5)

Absorbing all combinatorial factors into the coefficients ensures that the sum runs
only over permutations distinct under these equivalences. The form of the coefficients

85
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itself accounts for the redundancies arising from the intrinsic symmetries of the metric
tensor and from products of the reference vector.

To make the definition of harmonic tensors, Eq. (4.4), more concrete, we consider
the explicit case of the rank-three harmonic tensor

H Pk — pBomgizgis 4 p3g2 (ghimghs 4 ghsim g L ghaisgia ) (4.6)

with the coefficients
hy = —— | (4.7)
1
h=— 4.8
b= (4.9

—_

Symmetry is by construction manifest. Tracelessness may be verified by contracting
any two indices, for instance p; and po, and exploiting the symmetry of the tensor,
yielding

Hy"2ls = g?qks (hg + (D +2)h3) = 0. (4.9)

This computation shows that the tracelessness, Eq. (4.2), is closely tied to a recursive
relation between the coefficients hY). for adjacent values of K. Along the same lines,
the normalisation condition may be verified directly by contracting the harmonic
tensor with the reference momentum, which gives

s

G, Hs""2" = ¢ ((hg + 2h3)q" " + hiq*g"*"?)

= ¢ (h§q"q" + h3g*g"") (4.10)
— q2H2M2M3 ’
with the coefficients

D
he = —— 4.11
0" pD—1’ (4.11)

1
h2=——. 4.12
= (112

Hence, the normalisation is likewise linked to the recursive nature of the coefficients
hY., now across adjacent values of N at fixed K.

Turning now to the general case of a harmonic tensor of rank N, the construction,
Eq. (4.4) can be shown to satisfy both the tracelessness and normalisation conditions
for all N. The normalisation condition, Eq. (4.3), may, to this end, be equivalently
written as

Gy Gy Hy" M = ()Y (4.13)
In this form the normalisation relates all coefficients hy, at fixed N, whilst also

suggesting an even more practical condition,

[

Sk

1
ho e Faye = 1. (4.14)
K=0

Here, FJy. is a coefficient accounting for the combinatorics of generating equivalent
tensor structures upon contraction with N reference vectors. Each ¢ may be paired
with any of the NV indices, then with any of the remaining (N — 1) indices, and so
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on, the process being repeated for all K metric tensors. To avoid over-counting, we
must account for the intrinsic symmetry of each metric tensor as well as permutations
amongst them, which yields

1 K-1
Fiy = o= | | (N —2M)(N —2M — 1)
25T (1 + K) MI_ZIO (4.15)
I'(2K — N)

T KT (-N)T(1+ K)

The sum representation of the normalisation, Eq. (4.14), is now combined with the
combinatorial factors, Eq. (4.15). Applying Euler’s reflection formula and using that
2K is a positive even integer, the condition can be rewritten as

[

Sk

1

21

— INT(D — 2) (-1)XT(2K — N)I'(D/2 -1+ N — K)
Z 2K 2K_F(D_2+N) ~ 4K '+ K)T'(-N)T'(D/2—-1)
o L C)RTRE - M) (D2 1),
T (D-2)y & 4K I'(1+ K)T(=N)
[M (4.16)
2Nr N + 1) Z (D/2=1)y g
Z K r1+K)r(N—2K+1>

B QNF(N + 1) (D —2)y
~ (D-2)y 2NT(N +1)
=1

Y

where (x)y denotes a Pochhammer symbol. As a consequence, the normalisation
condition is satisfied by every harmonic tensor constructed.

Vanishing of the trace, Eq. (4.2), requires the sum of the coefficients associated
with each independent tensor structure to vanish identically. Four distinct types of
contraction may arise when taking a trace, of which only one contributes with a factor
of hé\é k—1)» Whilst the remaining three contribute with a factor of hY.. Including the
appropriate combinatorial weight in each case, we obtain

ik 1y + Dhij + (2K — )th +(2N - 4K = 0. (4.17)
N—— ~ >
e’ " gwga”gﬁ” G GHEY

Applying the recursion step by step, from the maximal value of K down to K = 0,
makes all traces vanish. The harmonic tensors defined in Eq. (4.4) therefore exist for
all N and are symmetric, traceless, and correctly normalised.

4.1.2 Projection Operators

To efficiently compute fixed-order moments of coefficient functions, an operator is in-
troduced that projects reciprocal powers of xg in the partonic invariants, as suggested
by Eq. (2.104). The harmonic projection operator,

HMﬂlmuM aM
Pul) = =0 g o |

: (4.18)

p=0
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yields a non-zero result only when applied to a product of exactly M vectors p. This
becomes clear when considering the case M # N and evaluating the action of Py,
explicitly. The indices can then be relabelled, using the symmetry of the product and
the defining properties of harmonic tensors, to give

%!!HM,UlmHIWé)\l . '5)\MﬂMa/\M+1 oMW if N < M,
Pu(p . p™) =
MLH i g praren A L, EN>M.
(4.19)

Trivially, the first term vanishes, as the number of derivatives exceeds the number of
available factors, meaning that at least one derivative necessarily acts on a constant
and returns zero. For the second case, the projection also vanishes, since at least one
factor of p survives in the expression and is subsequently nullified. The projection is
therefore non-zero only when M = N, in which case

Pn(@™M ... p™) = H v (4.20)
so that the result itself is a harmonic tensor.

In practice, the harmonic projection is applied here to the forward scattering
amplitude, and projecting the partonic invariants yields

Pu(Ti(p m(ZZ( ) <>c<>)

NEN keS*
g
=Pu (Z Z N PA1 = -pANAiV,p(PWﬁ(Q))
NEN keS*
q
= Z CR(@DPu (Pr, - PayArp(D)
NEN keS* p=0
H M1 qu...qAN
= Cfv
NZZ . @)Y (4.21)
» oM (pA1 .- -pANAkN,p(p))
OpHt ... Opkm
p=0
ZZ qul MM )\1.”(] i(M K)
- N
NEN keS* ) =0
% o (JU,\1 . 'p)\N) oMK (Ai:\{p(p)) i€{L,235}
aplll . apHK 8p#K+1 o 8])“1\4 ) &y D,y .
p=0

Without further simplification, the harmonic projection would be of limited practical
utility, since it acts not only on the products of momenta but also on the operator
matrix elements. Derivatives acting on the operator matrix elements, however, do not
contribute.

To see this, note that both harmonic tensors and derivatives are totally symmetric
in all their indices, which greatly simplifies the combinatorics of taking derivatives,
allowing the indices to be placed in canonical order. Applying the chain rule to
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differentiate the operator matrix elements, and observing that they depend only on
p? since they are scalars, gives

oME (AR, () _ z\g 92L—(M-K) (M - K)! L
OpHE+1 ., Optm — L! M—-K—L
Lok (4.22)
0" (AR, (1))

a(pQ)L gumz t 'gN2L71H2Lp#2L+1 t 'puM ’

For M — K # 0 this expression does not contribute, because terms containing metric
tensors are annihilated by the tracelessness of the harmonic tensors, whilst those
containing p vanish once the partonic momentum is nullified. The inner sum may
therefore be dropped,

Pu(Ti(p, @) = D D A, (n)C(9)

NEN keS*
Hq#l B qA1 o q)\N o (p)q - 'pAN)

X
M! (—g®)N  Opm ... OpHm .
p:
=) AV (0)CN ()
keS*
M1 M 4 AL Am
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keS*

p=0

=TN(q) i€{L,2,3,S}.

(2

The harmonic projection must also be applied directly to the forward scattering am-
plitude, where it acts at the level of the integrand. Nullifying the hadronic momentum
at the level of the integral would lead to infrared singularities that dimensional reg-
ularisation does not regulate, whereas at the integrand level such singularities are
properly handled.

In this context, the harmonic projection acts on scalar products involving the
hadronic momentum, in particular those arising from the numerator structure of the
Feynman rules. Further scalar products may appear from the denominators, which
can be expanded in powers of p, for instance

! 1 2\
(P+Q)2—m2_q2_m2§( q2_m2) . (4.24)

In this setting, the harmonic projection is conceptually straightforward, amounting
simply to differentiating the integrands and contracting with harmonic tensors.
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This expansion, however, introduces the first computational bottleneck of the
method when higher moments are pursued. As a concrete example, consider a Feyn-
man graph with F edges and L loops representing a typical forward scattering process
with external bosonic momentum ¢, hadronic momentum p, and loop momenta k.
Each edge carries a momentum

L
= Zwﬁkg—l—wfq—l—wfp
=1
=q +uwp, 1=1,...,F,

(4.25)

where the coefficients wf, wf, and w? are assumed to take values in the incidence set
2 (see also Subsec. 3.1.1). In the final line, the momenta are decomposed according
to their dependence on p, and we define P to be the set of edge labels corresponding
to momenta that depend on the partonic momentum.

All edge momenta ¢; are assumed distinct for simplicity, though this need not
hold in general for forward kinematics. The assumption serves only to facilitate the
counting. Omitting constant prefactors and numerators to ease the combinatorics, a
typical contribution to the amplitude takes the form,

||
zm

@
I
.

(4.26)

11 L vty

H I [Z (_ (pngz)) ] 7

i=1
where the propagators have been expanded in the limit p — 0. The expansion is
naturally truncated at order N by the action of the projection operator Py, such
that

.

Z 16

Pa(l) =] aPn | TT B0 | - (4.27
| AL

Here the coefficients §; absorb all combinatorial prefactors arising from the products
and from the entries of the incidence matrix, as these factors are irrelevant for the
counting problem. Applying the stars-and-bars theorem [205] then yields the number
of terms arising before the derivatives are taken,

'P|+ N —1
N -1 '
Once the derivatives have been taken, structurally similar expressions emerge,
albeit with increased complexity. The source of this complication is that the quantity

|P| must be replaced by the number of non-trivial scalar products appearing in each

term. There are
[P

2P —1=3)" (’Zl) (4.28)

m=1
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different ways to set some, but not all, of the indices to zero. Substituting this into
the counting formula, Eq. (4.27), gives

P

o= ("UECNT)
TP + OV

The counting makes clear that higher-order moments become increasingly demanding
to compute as more edges carry the hadronic momentum. Growing |P| leads to less
favourable scaling in the large-N limit, and to mitigate this effect the size of P is
minimised separately for each graph.

4.2 Computational Setup

4.2.1 Conventions

The conventions adopted in this subsection address four points, namely the choice of
gauge and polarisation sum, the decomposition of the current into vector and axial-
vector components, the form of the projectors used to extract the partonic invariants,
and the routing of momenta through each graph.

Turning first to the gauge choice, the Mellin moments of the forward scattering
amplitude are obtained by summing over all gluon polarisations and light-quark spins,
and averaging over all colours. For the polarisation sum, a physical gauge could in
principle be employed,

. Pudy + D4, ¢
g,,p)es,(p) =—g,, + — DD, s 4.30
sezsg #lP) 5 P) g P-q (p-q) " (4:30)

where §; denotes the set of gluon polarisations and ¢, the polarisation tensor of a
gluon with respect to the partonic momentum p. This sum is well-defined, since ¢
and p are not collinear. A physical gauge of this kind, however, introduces explicit
factors of p into the polarisation sum. Because the harmonic projection is a derivative
operator, every such factor produces a sizeable proliferation of terms. Instead, the
polarisation sum adopted here reads

Y eu@E L (p) = =g, (4.31)

€Sy

This simplification comes at a price, namely the inclusion of ghosts as external par-
tonic states, which compensate for the unphysical degrees of freedom. Internal gluons
are treated in a general covariant gauge for the low moments and in Feynman gauge
(see App. D) otherwise. Gauge invariance ensures that the parameter a cancels in
the final result, providing a valuable consistency check.

With the gauge now fixed, we turn to the structure of the currents, which are
decomposed into vector and axial-vector components, and with them the partonic
invariants. The resulting partonic invariants fall into four categories,

Ty byig = T2 bi,bye{v,a}, ie{L,2,3)}, (4.32)
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Toyigig = TEE? 4 2T Preb2 by,bs € {v,a}, ic€{L,23}. (4.33)

Beyond the vector-current contributions, partonic invariants associated with scalar
currents are decomposed as

Tsq = TF (4.34)
TS,g = ngsqs + QTESCS . (435)

The superscripts label the external particle content contributing to the forward scat-
tering amplitude, where ¢ stands for external ghosts. A factor of two in the ghost
contributions accounts for the sum over both ghosts and anti-ghosts in the initial state.
Physical combinations of vector and axial-vector currents are then reconstructed by
summing the corresponding results and inserting the appropriate flavour factors.

Having decomposed the invariants, we turn to the projection onto the partonic
invariants. The projectors defined in Egs. (2.54) to (2.56) have two shortcomings
for efficient computation. First, they are redundant because the longitudinal part
is effectively evaluated twice. Second, they depend on the dimensional regulator ¢,
which needlessly complicates the intermediate steps. Both issues are addressed by
decomposing the projectors into simpler ones as

12 1 v
Ps, = —?RQ“ : (4.36)
13—2¢ 1
W=—— — Ry 4.37
Psa P22—2 * 229 7 (4.37)
= ! RM 4.38
Pas (1—2)(2—2¢)" 1 7 (4.38)
where the new projectors are given by

ROHV - g/J,I/ y (439)

RM = 2:L‘Bewaﬁpaq6, (4.40)

R, = dxgp'p”. (4.41)

Each of these projectors carries a definite power of zg, so the forward amplitude can
be expanded directly to a fixed power of the partonic momentum, without separating
terms order by order in p. This decoupling of the Mellin moments enables a more
modular and efficient implementation.

It remains to fix the routing of momenta through each graph. After harmonic
projection, the forward amplitude is reduced to a two-point graph by stripping away
the particle types, contracting all bridges, and contracting all edges with equivalent
edge momenta until no two edge momenta coincide. This reduction is in general not
unique.

Each internal edge then carries an edge momentum ¢; inherited from the two-point

function,
L

¢i = Wioq + sz‘,jk‘j, wi; € {-1,0,1}, (4.42)

Jj=1

and the original edge momenta differ from these by the partonic momentum alone,

pi=q+uwp, wex. (4.43)
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Only the momentum routing of p, encoded in the coefficients w?, then remains to

be specified. Among all possible routings, the most natural one assigns the partonic
momentum along a shortest path between the two external vertices to which the
partons attach. This path is located by means of a breadth-first search algorithm.
The number of p-dependent propagators is thereby minimised, and with it the term
proliferation generated by the harmonic projection.

4.2.2 Amplitude Generation

Feynman graphs are generated and reduced to independent contributions following
strategies similar to those employed for the massless case. All graphs contributing to
the processes

p+bl—>p+b2> pe{qagac}a blabQG{V7a}7 (444)
p+s—p+s, pef{qgc}, (4.45)

are produced with the built-in graph generator of FOrRM [139,206] and processed by
the routine convdia.frm!, which assigns to each graph a topology together with edge
momenta p; of Eq. (4.43). Tadpoles are discarded, as they vanish in QCD by colour
conservation, whilst snails are retained, since a heavy-quark insertion on a gluon line
yields a non-vanishing contribution in dimensional regularisation.

Typically, these graphs contain many redundancies, making it more efficient to
work with equivalence classes rather than individual graphs, where two graphs are
treated as equivalent whenever their contributions to the moments agree up to an
overall sign. Redundancies are removed in several stages, exploiting the pattern-
matching capabilities of FORM.

The first stage discards graphs that do not contribute to the amplitude, beginning
with those of vanishing colour factor. To expose the colour content, the four-gluon
vertices are decomposed so that the colour structure is separated from the remainder
of the numerator,

For ease of implementation, only trivalent vertices are retained. The three-gluon-
scalar vertex is therefore decomposed as well, even though this step is not strictly
required for the colour factorisation,

_ 53 .................. “. % , (4.48)

!The code is not publicly available but may be provided upon reasonable request.
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The left-hand side is symmetric under permutations of the three gluons, so the orig-
inal vertex may be replaced by any representative of the resulting equivalence class.
Such replacements can yield topologically distinct graphs, and any analysis of graph
symmetries must therefore consider the full equivalence class. Once every vertex of
valency greater than three has been reduced to a trivalent one, the colour structure de-
couples from the Lorentz and Dirac structures. The Feynman rules are then applied,
with the colour and flavour traces evaluated separately [207].

A further source of redundancy arises from scaleless subgraphs, which emerge once
the harmonic projection operator has been applied and the partonic momentum has
been nullified. Their detection proceeds in three steps. Each edge is first classified
as either massless or massive, with particle types discarded so that only the mass
assignments and momentum flow are retained, yielding a scalar skeleton graph. The
partonic momenta are then nullified and the partonic edges amputated. Finally, edges
joined through bivalent vertices are identified, as illustrated by the sequence:

3 - j e e
— - > (4.49)

The reduced graph is then searched for articulation points, namely vertices whose
removal disconnects the graph. Any disjoint component obtained by removing such
a vertex that is free of both massive edges and the boson momentum ¢ corresponds
to a scaleless subgraph and therefore vanishes.

A final source of equivalences is charge conjugation, under which pairs of graphs
either coincide and combine or cancel against one another. To see why, consider a
closed quark loop carrying n external gluons, together with the graph obtained by
reversing the direction of the loop. The absolute values of the corresponding colour
traces read

|tr (TT .. T%)| = | tr (T*)"(T*)" .. .(T*)")]. (4.50)

Equality holds only when the representation is real, symmetric or antisymmetric. For
generic representations and arbitrary n, the relation therefore fails. It does hold,
however, for exactly one or two generators, owing respectively to the invariance of the
trace under transposition and to its cyclicity.

4.2.3 Graph Symmetries

Beyond its role in identifying trivial contributions, charge conjugation may also relate
graphs to one another through symmetries that exceed graph automorphisms. Such
relations require only that the orientation of individual lines be reversed, with the
appropriate signs accounted for. This symmetry is referred to simply as conjugation.

Two further symmetry operations of a similar kind come into play, namely the
shuffle and swap symmetries. Both, like conjugation, may be understood as relocating
a subgraph without altering the overall amplitude.

The shuffle symmetry concerns bivalent subgraphs, that is, self-energy insertions
along a given edge, which may be permuted amongst themselves. This is immediate
in scalar theories. In other theories, the only possible obstruction stems from the
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numerator structures of the propagators. On ghost edges, where the propagators carry
no non-trivial numerators, self-energy insertions may therefore be reordered freely. For
quark edges, the numerators of the self-energy insertions are instead constrained by
Lorentz symmetry to take the form

X:i = Ei,pp + Zi,mm; (451)

with scalar functions ¥;, and %;,,. The same decomposition applies to tree-level
quark propagators. For a product of quark numerators, we obtain

2122 = Zl,pZQ,pp2 + E1,77122,m7n2
+ ZLmEQ,pmp + El,pZQ,mpm = 2221 9

which follows from the fact that m and p commute with one another, and trivially
with themselves. In direct analogy, the numerators of self-energy insertions on gluon
edges take the form

(4.52)

Hi“u,y = Hi,ppupz/ + Hi,gg;w ’ (453)
with the scalar functions II;, and II; ;. Hence, we find for a product of gluon numer-
ators

Hl,,upHQ,p v = HLQHZQQ,LW + (HLPHZQ + Hl,ngp

(4.54)
+p2H1,pH2,p)pIupy = HQ,#pHLp v

where the intermediate expression is manifestly symmetric. Self-energy insertions
on gluon and quark edges therefore commute. The same argument extends to any
number of numerators, including those arising from tree-level propagators.

Permutations of self-energy insertions on gluon, ghost, and quark edges along a
given edge are accordingly equivalent, a fact depicted graphically as

RO SO SRR O O S

ROaaOnbaOnn OnNEE
where these identities clearly fail to correspond to graph automorphisms once the
edges are oriented. The same is true whenever an edge carries more than two self-
energy insertions.

Forward-scattering kinematics give rise to the swap symmetry. It permits the
exchange of self-energy insertions between two gluon or ghost edges connected by a
line on which an external momentum both enters and leaves the graph. The external
particles may be either scalars or gluons.

For ghost lines the symmetry is immediate, since the self-energy insertions reduce
to scalar integrals and therefore commute. The gluon case is more involved, owing
to the presence of numerators. In this case the shuffle symmetry allows the tree-level
propagators to be shifted away from the two gluon-scalar vertices, leaving only the
numerators of the adjacent self-energy insertions. Products of the form below are
then encountered,

H1,u,\1 (k) V.. Az (k,—k —p) H2,/\2)\3(k +p) ng /\SM(_ka k+p) Hs,,\4y(k)

g

(4.58)
= Iy (k) Ha (K + p) I3 (k) X* (K, p)
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", (k) V.. MA2 (e — p) Iy 5,0, (B +p) Vo AsM (ke k + p) I, ,," (k)

: ) (4.59)

=11 4 (k) o k(K + p) II5 (k) X (K, p),
I1, %y, (k) H3,/\1,\2(k) Vo A (k, —k —p) I o0 (B + ) Ve MY (—k,k +p) (4.60)

=11 4 (k) o k(K + p) II5 (k) X" (K, p),
2 (0 VM0 = ) T () Vo R TS

=11 1 (k) o k(K + p) 115 (k) X" (K, p),

with the shared tensor,

X (k,p) = " (K + (k- p))° +p"p’k> — k'K (K +2(k - p)) — (p"K" (4.62)

+ k*p”) (k- p).

All equalities are obtained by direct computation, although the last two are special
instances of the shuffle symmetry. Graphically, the swap symmetry translates into

4& 4 k[; s]k

| | | | O,
O O Oy

No analogous identities exist for the three-gluon and gluon-quark vertices, ow-
ing to the non-commutativity of quark propagators and to tensor structures in the
numerators that are neither manifestly symmetric nor antisymmetric. A notable con-
sequence is that self-energies on a ghost line may be interchanged without reversing
the direction of the line.

4.2.4 Amplitude Symmetries

Finally, graphs that differ only by the crossing of external particles are related. Unlike
the symmetries discussed previously, those identified in this subsection act on Mellin
moments of the amplitudes rather than on the amplitudes themselves.

At the level of the forward scattering amplitude, crossing corresponds to a par-
ity transformation of the external momenta, accompanied where appropriate by an
exchange of indices between identical external particles. To derive the corresponding
symmetry relations, consider a graph I' with L loops and only scalar external legs. Its
amplitude Mr is built from the integrand Zr. The N-th Mellin moment then follows
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through the harmonic projection operator,
PyMr(pa) = [k [ 4%k Py (Ze(r.0)

= / APk ... / APk Y P (D - Py T (q)) (4.65)

M=0

:/del.../de’LPN (puln-p#NjF'ulmluM<Q)) :

By Lorentz invariance, the tensor Jr depends only on ¢ and the metric tensor g. Since
only the symmetric part survives contraction with a totally symmetric tensor, it may
be taken to be totally symmetric without loss of generality.

Because each metric tensor contributes an even number of indices, and each power
of the boson momentum contributes exactly one, the parity of the total index count
must match that of the power of g. The remaining scalar coefficients are accordingly
functions of ¢? alone, with the result

L5
/del o /deL jF M1 DT (q) _ Z M{ﬂ\{zk(QQ) Zgg(/"l)a(,uﬂ) (466)
k=0 a

N _gU(MQk—l)U(Mzk)qU(M2k+1) o qU(MM) ’

where the sum runs again over all independent permutations o of the indices (see
Subsec. 4.1.1). The N-th Mellin moment of the amplitude, Eq. (4.65), takes the
form

|2
Pn(Mr(p,q)) = Py (pm Py > MY ()
k=0 (4.67)

% Z ga(m)a(uz) N _gU(NQkfl)U(NQk)qU(N%H) N 'qO'(NM)

Hence, the Mellin moment is an odd function of either external momentum when N
is odd, and an even function when N is even.

Extending this symmetry to individual graphs requires recalling that the argument
above applies only to scalar external edges. Attention now turns to the case where
the edges carrying momentum p correspond to partons. For gluons, swapping one
external leg for another is always permitted, since gluons are their own antiparticles.
The polarisation sum is manifestly symmetric in the gluon indices, so the swap must
be performed simultaneously on the momenta and their associated indices. For quarks
and ghosts the situation differs, as reversing a quark line is not in general admissible,
with analogous restrictions applying to ghost lines. The parity transformation is
therefore permitted only for gluon legs, yielding the graphical identities

Py (500) = 0¥y (0 ) = (0P (500 =P (G0) - (a6

If the external boson is a vector or an axial-vector rather than a scalar, it is con-
tracted with a symmetric or antisymmetric tensor in the projection onto the partonic
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invariants. Depending on the projector, the simultaneous exchange of the bosonic
momenta and their indices may therefore introduce an additional sign,

P () = Cormy (35) = o A (50) = P () - o
P () = e (30) = e (50) = (50) -

Taken together, the conjugation, shuffle, swap, and crossing symmetries partition the
graphs into equivalence classes. Non-trivial graphs contributing to the calculation
are matched against these equivalence classes, with exchanges of external particles
permitted and any resulting signs tracked explicitly.

The amplitudes are subsequently collected, up to overall numerical coefficients,
into super-amplitudes, namely sums of all amplitudes that belong to the same integral
family and share identical colour and flavour factors.

4.3 Integral Families

4.3.1 Momentum Routing

In practice, integral families are rarely complete, and the basis must be supplemented
by adjoining auxiliary propagators. This choice is not unique, and different com-
pletions can yield inequivalent integral families of varying complexity. A common
heuristic is to add the simplest propagators that generate the required scalar prod-
ucts, such as

k’i 'k’j < (k’i:l:k’j)Q,

4.71

The rationale is that IBP identities act as derivative operators, and propagators in-
volving fewer internal momenta produce fewer terms upon differentiation. This cri-
terion is, however, insufficient on its own. A more complicated choice of auxiliary
propagators may, after a suitable momentum shift, yield a simpler family overall,
and it is not a priori clear whether the auxiliary propagators should be massless or
massive. A more systematic approach is therefore required.

In what follows, we restrict attention to massless two-point functions from one
to five loops, where the only external momentum is ¢, and construct simple integral
families for these integrals. This restriction is practical, because two-point functions
are precisely the objects required for the computation of Mellin moments in subsequent
sections. The same strategies apply to problems with more external momenta, though
the combinatorics become considerably more involved.

By a simple integral family we mean a family that maximises the number of
graphs that can be mapped into it whilst minimising the number of internal momenta
appearing in the propagators. The first criterion takes priority over the second. To
make this concrete, we rank the propagators schematically in order of increasing
complexity,

kz‘Qla (ku + Q)2> (kn + ki2)27 (ku + ki2 + Q)27 (kll + kiz + ki3)27 ) (472)

and maximise, starting from the simplest type, the number of propagators of each
kind in turn.
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Not all graphs appearing in physical amplitudes need be considered. Every graph
with a vertex of valence greater than three can be obtained from a trivalent one by
contracting internal edges. It therefore suffices to work with trivalent graphs alone.
At the level of integrals, contracted edges correspond to propagators raised to the
zeroth power.

Trivalent graphs can be simplified further by contracting edges. Graphs that
are not two-edge-connected contain bridges, edges carrying no internal momentum.
Such bridges are purely multiplicative prefactors to the integral and may therefore
be contracted without loss of information. Similar simplifications apply to graphs
containing self-energy insertions, namely two-point subgraphs of lower loop order.
By momentum conservation, both external edges of such a subgraph carry the same
momentum, so one may be contracted whilst the other is assigned a suitable exponent
to account for the subgraph.

A two-edge-connected trivalent graph without self-energy insertions will be re-
ferred to as an independent graph, and only such graphs are considered subsequently.
Such a graph G ; at L loops has

V(L) =2L, (4.73)
E(L)=3L—1, (4.74)

vertices and edges respectively, consistent with the Euler characteristic for a single
connected component.

Each edge is assigned an edge momentum g¢; ;, with an implicit choice of orien-
tation, subject to momentum conservation at every vertex. The set of propagators
associated with the graph is

E
Pi=J{d Y} (4.75)
j=1

In general, this set does not span the full space of scalar products, and completing
the basis requires a suitable choice of auxiliary propagators (see Subsec. 3.1.1). The
number of distinct momenta that can be formed from L internal momenta and only
one external momentum grows rapidly with the loop order, following the sequence
4029858 [208],

N(L) = 3,12,39,120, 363, 1092, 3279, 9840, . . . (4.76)

Completing a family requires selecting A(L) auxiliary propagators from amongst
these, after excluding the E(L) edges already present as propagators, giving

o (N(L) - E(L)
=3~ ew) )

possible completions. Evaluating Eq. (4.77) for the first few loop orders reveals com-
binatorial growth,

N(L) ~1,1,10,10%,10'2,10%,10%, 10%, . .. (4.78)

Consequently, an exhaustive search for ideal auxiliary scalar products is feasible up
to three loops, difficult at four, and entirely out of reach at five. Some more efficient
strategy is required.

However, most of the available momenta are irrelevant, since they do not appear
in the propagators of any of the independent graphs. The search may therefore be



100 CHAPTER 4. HEAVY QUARK PRODUCTION

restricted to a smaller set of candidate momenta, large enough to contain all useful
auxiliary propagators yet small enough to render the combinatorics tractable. To
construct this set, we associate with each independent graph a collection of reduced
graphs, obtained by contracting internal edges whilst preserving the Euler character-
istic. Self-loops are never contracted, and the process terminates once a graph with
L self-loops is reached. The propagators of any reduced graph form a subset of those
of the original,

Rrir € Prg, (4.79)

with equality when no edges have been contracted. Using the parametric represen-
tation of the graph polynomials, isomorphisms between the reduced graphs can be
identified (see Subsec. 3.1.4). At each loop order, there exists a reduced graph Ry,
that is isomorphic to a subgraph of every independent graph,

JRLik € Pri: Rpix=Rp. (4.80)

Such a graph exists because every graph can be reduced to one containing only self-
loops. The propagators of each independent graph admit the decomposition,

Pri=R,UCL;, (4.81)

where the sets C'1; contain the candidate momenta, that is, those propagators not
already present in the reduced graph. Taking the union over all independent graphs
yields the full set of candidate momenta,

Ng,
e = Jcn. (1)

=1

which is typically much smaller than the set of all available momenta, reducing the
combinatorial problem to a more tractable size.

Simple families are sought under the working assumption that a single family
suffices to accommodate all independent graphs. Should such a family be found, the
assumption is validated; otherwise, we attempt to cover all graphs with two families,
establishing two as the minimum. Since every independent graph must be contained
in the family, the construction may be seeded with any one of them, R ;. A natural
choice is the reduced graph obtained from the ladder graph, which exists at each loop
order and whose propagators take the form

| {k (ki +9)* }u |;| { (ki —kip1)?} (4.83)

i=1 i=1

as these involve the fewest internal momenta per propagator. The candidate fami-
lies are constructed by augmenting this reduced graph with all subsets of candidate
momenta of the appropriate size,

Co={CcCp:|Cl=SL)—-EL)}, (4.84)
which yields the set of candidate integral families,

Fo=J {Boyjux}/~, (4.85)

XeCy,
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where families equivalent under momentum shifts are identified. Each candidate fam-
ily is tested against the full set of independent graphs, again using the parametric
representation, to determine which graphs it accommodates.

At one and two loops, the number of scalar products coincides with the number
of edges, and only a single independent graph exists at each loop order. The family
is therefore uniquely determined, and such a family is called a momentum routing,

Ri=A{kiki+q}, (4.86)
RQ:{kl?k1+Q7k27k2+qakl_k2} . (487)

The first non-trivial case occurs at three loops. Three independent graphs appear,
giving rise to the sets of momenta

Py ={ki,ki+qko,ko+q, ks, ks+q ki — ko, ks —kao} | (4.88)
Pyo={ki,ki+q. ka4 q, ks, ks +q, by — kg, ks — ko, by — ko + ks } (4.89)
Pz ={ki,k1+q, ko ko4 q, ks, ki — ko, ks — ko, k1 — ko + k3 } . (4.90)

Contracting a single edge in each independent graph yields a collection of reduced
graphs with the following sets of momenta,

Rs13={ki, k1 +q, ko, k3, ks +q, k1 — ko, ko — k3 }, (4.91)
Rso1={ki, k1 +q, ko +q, k3, ks +q, k1 — ko, ko — ks } | (4.92)
Rsss = {ki, k1 +q, ko, ko +q, ks, ko — ks, ki — ko + ks } . (4.93)

The reduced graphs, Eqgs. (4.91), (4.92) and (4.93), turn out to be isomorphic, with
the latter two mapped to the first by the respective momentum shifts,

ki — —q — ki, ko = —ky — g, ks — —ks —q, (4.94)
ki — ]{?3, ko — ]{?1, /{33 — —ko + k. (495)

Under these shifts, Eqs. (4.94) and (4.95), the full set of propagators of the respective
independent graphs, Eqgs. (4.89) and (4.90), becomes

Psy = { ki, ki +q, ko, ks, ks +q, k1 — ko, ks — ko, ko +q 1}, (4.96)
Pso={ ki, ki +q ko ks, ks +q,ky — ko, ks — ko, ky — ko + ks +q} (4.97)
Py3 = { ki, ki +q, ko, ks, ks +q, k1 — ko, kg — ko, k1 — ks } . (4.98)

After these shifts, the first seven momenta across all three independent graphs coin-
cide, showing that they share a common reduced graph. The ladder graph, Eq. (4.96),
contributes no candidate momenta, whilst the remaining two each contribute one,

ng{kl—k2+k3+q, kl—kg}. (499)

Augmenting the reduced graph, Eq. (4.91), with each candidate momentum in turn
yields two candidate families,

Fs1={ki,ki+q, ko ks, ks +q, ki — ko, ks — ko, ko +q} (4.100)
Fso={ki, ki +q, ko ks, ks +q. k1 — ko, ks — ko, ky —ka+ks+q} . (4.101)
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Testing these against all independent graphs, Eqgs. (4.96) to (4.98), shows that the
second family accommodates all three. Applying the momentum shift

ki — —q—Fki, ke— —ky—gq, ks— —ks—gq, (4.102)

already encountered in the reduction of the three-loop graphs, Eq. (4.94), brings the
family into a form that manifestly contains the ladder graph. The single auxiliary
propagator involves three internal momenta, reflecting the presence of non-planar
graphs amongst the independent topologies. As a result, the minimal family reads

Rs={ki, k1 +q ko, ko4 q, ks, ks +q, k1 — ko, ks — ko, by — ko + k3 } . (4.103)

A new feature emerges at four loops, namely chiral graphs, defined as graphs
related by the parity transformation of the external momentum. Fifteen independent
graphs appear at this loop order, of which four pairs are related by parity and may be
treated as equivalent. A further complication is that edge contractions can produce
graphs that are not one-vertex-connected, for which the correspondence between graph
automorphisms and integrand symmetries breaks down. Both issues are handled by
the parametric representation without difficulty. Following the same procedure as at
three loops, a single family is found to suffice for all independent graphs,

R4= {]ﬁ, k14 q, ko, ko + q, k3, k3 + q, ka, ks + q, k1 — ko, ko — ks, ks — ku,

(4.104)
]Cl—]C3+]€4,]€1—k2+k4,]€1+k4+Q}.

At five loops the situation changes, and a single family no longer suffices. Of the
one hundred independent graphs appearing at this order, sixty-four are inequivalent
under parity. An exhaustive search shows that no single family accommodates more
than sixty-two of them, so at least two families are required,

Rs1 = {k1>k1+Qa ko, ko + q, k3, ks + q, ks, ks + q, ks, ks + q, k1 — ka,
ko — k3, ks — kg, kg — ks, ko — kg, ko — ky + ks, k1 — ko + k3 + g, (4.105)
kl+k3_k4+Q7k3_k4+k5+Q7kl+k3_k4+k5+Q}7

Rsp = {ki, ko, ki + ko, ks, ko — ka, ka, ks + ka, k1 + ks + ka, —ks + ks + ka,
ko — ks, k1 + ka — ks, ks, ks + ks, ks — ks, k1 + ks — ¢, k1 + ko — ¢, (4.106)
ks + ks —q, ki + ks +ka—q. ks —q, ks + ks —q} .

The reduction from one hundred graphs to only two families is nonetheless a substan-
tial simplification?.

Four- and five-loop results demonstrate that the vast majority of choices of aux-
iliary propagators (see Fig. 4.1) yield little or no simplification. This observation
carries considerable practical significance, as IBP reduction at higher loop orders can
demand months or even years of computation, whereas identifying optimal integral
families beforehand requires far less effort and dramatically reduces the overall cost.
At four loops, the search procedure described here completes almost instantaneously
on an ordinary laptop, whilst at five loops it requires approximately one week on a
cluster of roughly one hundred cores. Since the analysis need only be performed once
and requires minimal memory, the investment in optimisation is well worthwhile.

2To the best of the author’s knowledge, this minimality result has not previously appeared in the
literature.
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Figure 4.1: The bins show the number of complete families containing a fixed number
of independent graphs.

Several extensions of these strategies are worth noting. Allowing contractions of
multiple edges would yield reduced graphs specific to subsets of topologies, enabling
candidate propagators to be ranked by their frequency of appearance. At higher
loop orders or with additional external momenta, a greedy algorithm becomes prac-
tical, in which auxiliary propagators are added one at a time, each step selecting the
momentum that covers the largest number of remaining independent graphs.

These results also have implications for vacuum integrals. Any two-point graph
may be converted into a vacuum integral by treating the external momentum as an
internal momentum, which at the level of the graph amounts to identifying the two
external vertices. Conversely, a vacuum integral may be opened into a two-point
graph by cutting any internal edge and routing the external momentum through it.
The described method is also known as glueing and cutting [94,209,210]. Integral
families constructed for two-point functions therefore automatically provide families
for the corresponding vacuum integrals. Up to five loops a single family suffices for
all of them, whilst at six loops two are required. For instance, through three loops we
find the momentum routings for vacuum graphs,

R ={k}, (4.107)
Ry = { ki ko — ki, k2 } (4.108)
Ry = { kb — ko, ko, kg — ki, kg — ko, ks } (4.109)

An alternative route to two-point families, which we mention without pursuing
in detail, is suggested by this correspondence. Rather than working with two-point
graphs directly, we may first determine the minimal set of families covering all vacuum
topologies and then promote one of the internal momenta to the external momentum gq.
Since vacuum graphs have fewer edges and vertices than the corresponding two-point
graphs, the combinatorial search is simpler. The choice of which internal momen-
tum to promote is not unique, however, and testing all possibilities reintroduces a
combinatorial overhead.



104 CHAPTER 4. HEAVY QUARK PRODUCTION

4.3.2 Mass Assignments

Momentum routings are advantageous in that they already minimise the number of
families required for the treatment of massless amplitudes. They also render cancella-
tions manifest at the integrand level, since the master integrals within a single family
are linearly independent, whereas this need not hold across distinct families. The
routings alone would therefore suffice to define all integral families if all internal lines
were massless. Since internal lines may, however, carry masses, the routings must be
dressed accordingly.

To this end, recall that edges may be classified as either massive or massless, each
edge ¢ carrying a mass m; equal to zero or to the heavy-quark mass m. The set of
all graphs with L loops contributing to the forward scattering amplitude is denoted
Gr, and the edges of a graph I' € G, are contained in the set &. With each graph we
associate the set of momentum-mass pairs encoding its denominator structure,

Fr = J { Gilp=o,mi) }\ ~ . (4.110)

i€Ep

Equivalent momenta, namely those differing by an overall sign, are identified here, as
they always appear squared in the propagators. An auxiliary set is further defined as

R(Fr)= | ) (4.111)

(p)m)efl"

All denominator structures are grouped into equivalence classes by identifying all
sets of momenta related by momentum shift transformations. Such transformations
are conveniently encoded in a linear operator T satisfying

T(Fr) = U {(T(pi)lp=0,mi) }\ ~, (4.112)
i€€r
T(l;) = wioq + Y _wiskj, wij €{-1,0,1}. (4.113)

j=1

All momentum-shift transformations are collected in the set 7. Among these, only
those preserving the set size and remaining within the same momentum routing are
admissible. The admissible transformations form the subset

Ta={T €T | (R(CF)\RL =0) A (|TFr| = |Fr])} (4.114)

Size constraints arise because certain shifts cause two or more edge momenta to coin-
cide, rendering the corresponding Jacobian matrix non-invertible and the shift itself
invalid. An equivalence class of denominator structures may be defined as

7= {77} (4.115)

TeTa

These equivalence classes are free of duplicate entries, being unions of sets by construc-
tion. Remaining redundancies arise only from classes whose members are contained
within those of larger cardinality. This translates into the requirement that the power
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set P of each equivalence class must not be a subset of that of any class of larger
cardinality. Independent equivalence classes are then defined as

Cr = U {[Fr]}. (4.116)

regr,
P([Fr)) g P([Fr/]) YT €GL:|[Fr]|>|[Fr]l

To determine the minimal set of families, a given momentum routing is dressed
with masses, yielding a basis such as

n

b
Br, = b)), ... (qn, by, = oi-tnTitl 4.117
L,b {(qh 1)7 a(q ) )}’ Z m ( )

i=1 i

Constructing the sets for all possible mass assignments of the momentum routings is
equivalent to taking the union over all such sets for every binary representation of b
with n digits. The full set of integral families is therefore obtained by the union

2" —

B = U1 {Bry}. (4.118)

b=0

For notational convenience, two auxiliary functions are introduced. The first is a
bijective index function g mapping each independent equivalence class to an index in
the set Z C N with |Z| = |Cr|, where the values may be chosen arbitrarily,

gr, : Cp, — I, gL(C’) =1, Celpiel. (4119)

Since the map is applied to equivalence classes, it induces a canonical map assigning
to each member of a class the index of the class itself,

gr: C el — I, f]L(c) = gL(C), ceC. (4120)

This follows because the equivalence classes are by construction disjoint, and hence
their members are independent. The index function is then used to define an indicator
function,

{gc(0)}, c\b=0,

) N ceCpbeB, (4.121)
) C b

fr:CL xB— Pai(I), fr(cb)= {

where P<; denotes the power set restricted to the empty set and sets of cardinality
one. This indicator function then assigns to each basis family the independent classes
it contains,

Seo=J ( U fule BL,b)> : (4.122)

ceC Ncel

With this family of sets, the construction of a minimal set of integral families reduces
to a standard set-covering problem, with the family Sy and the universe U, given by

2" —1
Sp=J {Sws}, (4.123)
b=0
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2n—

1
U, = J Sws. (4.124)

b=0

The set-covering problem may be further optimised by restricting the candidates to
inequivalent integral families.

Up to three loops, the problem remains sufficiently small for non-greedy imple-
mentations of the set-covering algorithm to be applied. This is feasible because the
covering sets are sparse, with most entries empty. The integral families obtained in
this way constitute a minimal set. Solving the set-covering problem yields the integral
families for the neutral current,

BYC = {Bio, B3}, (4.125)
BYC = {Bs0, Bayr, Baso } (4.126)
Byc = {83,0, Bs o7, B3 103, B3 414, Bs 482, 33,505} ; (4.127)

and those exclusive to the charged current,

B = {Bis}, (4.128)
B5C = {Ba10,Baas} (4.129)
B§C = {Bs 165, Bs 179, Bs 207, Bs 310, Bs 330, B3 37 | - (4.130)

Assigning integral families to the graphs of the forward scattering amplitude is
the final step. Since the assignment was performed at the level of equivalence classes,
the momenta in the amplitude must be shifted accordingly to bring each graph into
the form of its assigned family. Determining these shifts is a matter of bookkeeping
and poses no conceptual difficulty.

Two natural generalisations of the algorithm present themselves. First, it extends
to theories involving n distinct masses by replacing the binary encoding of the mass
assignments with a base-n representation, leaving the remainder of the procedure
unchanged. Second, it applies to problems requiring several momentum routings, in
which case the equivalence classes must be broadened to allow shifted incomplete fam-
ilies to be embedded in any of the available routings rather than in a single one. With
these modifications, the procedure is otherwise unaltered. For a detailed discussion
of the NLO results, see Ref. [211].

4.4 Differential Equations

4.4.1 Selection of Master Integrals

The computation of the master integrals proceeds in several steps. Once the full
amplitude has been generated and the integral families have been assigned, all of
the integrals that appear are read out, with the trivial ones discarded immediately
and equivalent ones identified (see Sec. 3.1.4). The remaining integrals are reduced
with Kira [177-179] and FireFly [212,213], and the master integrals are chosen so
as to build a dot basis. A single constraint is placed on the basis, namely that the
denominators of the reduced integrals are sufficiently simple, with no mixing of the
dimension and the kinematic scales.
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For the reduction, we exploit the scaling relation for Feynman integrals,
Eq. (3.128), and set m? = 1, which fixes the mass scale and leaves a single kinematic
variable

T = (4.131)

Reducing the full amplitude requires more integral families than the computation of
the master integrals alone, because master integrals that are linearly independent
within a given family need not stay independent across different integral families. A
dot basis makes symmetries of the master integrals manifest, and equivalent sectors
can in particular be assigned the same master integrals across families. The resulting
set is linearly independent, but non-linear relations may potentially exist amongst
its elements. By the factorisation criterion (see Subsec. 3.1.2), about a third of the
master integrals are found to factorise.

An exhaustive list of all master integrals required is given for the neutral current
(see Tab. A.1) and for the charged current (see Tab. A.2), where we also record their
factorisation and the sector symmetries, with a single representative master integral
listed in each case. In total we find three, ten and seventy-one master integrals for
the neutral current and two, eight and fifty-seven for the charged current, at one, two
and three loops respectively. Of these, three, four and forty-five are independent for
the neutral current and two, five and forty-seven for the charged current, in the sense
that they do not factorise. In contrast to the reduction, the calculation of the master
integrals themselves requires only two, three and five integral families for the neutral
current and one, one and three for the charged current.

4.4.2 Classification of Master Integrals

All massive master integrals are computed by the method of differential equations,
which yields a series expansion in the dimensional regulator. Fach integral is then
characterised in two respects, namely the depth to which this expansion is required
and the class of functions in which it can be expressed, the latter being either poly-
logarithmic or elliptic.

The depths are not immediately apparent, since IBP reduction introduces spurious
poles. Each master integral is therefore assigned a depth by taking the fully reduced
Mellin moments, inserting the formal expansions of the master integrals, and collecting
the highest order that contributes to the finite part through three loops, including
contributions from renormalisation.

Since z is the only kinematic variable, all differential equations are univariate (see
Sec. 3.3.3). Each master integral, and hence its family, is broadly labelled either as an
elliptic candidate or as strictly polylogarithmic, a distinction that remains somewhat
loose and is justified later. Two heuristics guide this labelling. One rests on the
fact that an elliptic curve requires at least three singular points, flagging as elliptic
candidates all families whose sectors contain a homogeneous system with three such
points (see Fig. 4.2). Another checks whether a family contains a known elliptic
subgraph, namely one of the fully massive two- or three-loop banana graphs.

Elliptic integrals further separate into two classes, those carrying an elliptic ho-
mogeneous sector, termed homogeneously elliptic, and those coupling to such a block
only through the inhomogeneity, termed inhomogeneously elliptic. For the neutral and
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charged currents, three and twelve homogeneously elliptic integrals arise respectively,

N ={ L% Isn. I31s | (4.132)

cC _ fyCC 7CC jCC 7CC  7CC  7CC  7CC  7CC  7CC  7CC  7CC  7CC
& = {[2,3: [2,4, [3,057 [3,06a [3,10: [3,11, [3,12: [3,17a [3,187 13,22, [3,237 13,24}- (4.133)

A further eleven and twenty-seven inhomogeneous elliptic integrals are present for the
neutral and charged currents respectively, and are not listed explicitly.

In the neutral current case, the one- and two-loop families are purely polylogarith-
mic, and only at three loops do three of the six families become elliptic. The charged
current turns elliptic sooner. Beyond the polylogarithmic one-loop family, two loops
bring one elliptic and one polylogarithmic family, and at three loops five of the six
families are elliptic.

All one- and two-loop integrals are determined by the three-loop ones, because
factorisation allows each to be obtained from a three-loop integral up to signs fixed
by inexpensive numerical evaluations. It therefore suffices to focus the discussion on
the three-loop case, even though every integral may be computed from its respective
differential equation.

Polylogarithmic and elliptic differential equations are solved separately for com-
putational reasons, as the former can be solved almost fully automatically whilst the
latter require case-by-case analysis. Within each current, an elliptic system is con-
structed by augmenting the elliptic master integrals with polylogarithmic ones until
the system closes. For the neutral current three systems arise, whilst the charged
current yields a single one into which all polylogarithmic integrals are absorbed.

4.5 Integration of the Master Integrals

4.5.1 Polylogarithmic Integrals

Purely polylogarithmic differential equations are essentially trivial, as the correspond-
ing system can be brought into e-factorised form using the MATHEMATICA package
Canonica [214]. Because the package supports only rational transformations, any
algebraic factors appearing in the transformation, namely square roots, must first be
anticipated and rationalised. Care is needed, however, as the change of variables used
to achieve this must respect the underlying kinematics.
In terms of the original variable z, the singular points of the polylogarithmic
differential equations are
aP e {4, 0, 1, 4}, (4.134)

where the singularity at infinity is set aside. Constructing a transformation to e-
factorised form requires the introduction of the square roots

{ Vi@ —4), oz + 4 } . (4.135)

For m? > 0 and spacelike ¢* < 0, the variable x lies in the interval (—oc, 0), on which
the square roots are partially rationalised by the parametrisation

x(y) = —M, (4.136)

Y



4.5. INTEGRATION OF THE MASTER INTEGRALS 109

30

|
rrrrrrrrd EEER [ | ] [ | ]
EEEEEEEE [ | | N
ENEEE EEEEE [ | | [ ||| ||
35 || RN H u

Figure 4.2: Differential equations for the master integrals. The top row shows the
polylogarithmic systems, the bottom row the elliptic ones, with the neutral current
on the left and the charged current on the right. Homogeneous elliptic sectors are
shown in dark green, inhomogeneous ones in light green.

inverted by
yx) =1— - — =/z(z —4). (4.137)

The endpoints x — —oo and # — 0~ map to y — 07 and y — 1~ respectively, so
that y € (0,1). Beyond the singular points of the original differential equation, the
reparametrisation introduces further ones. Images of the initial four singular points,
Eq. (4.134),

1
yPhys € {—1, 1, 3—2V2, 50 —¢\/§)} : (4.138)

are accompanied by three spurious ones,

1
Y e {0, 3+ 2V/2, S+ iV/3) } : (4.139)
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which are artefacts of the rationalisation procedure and must cancel in any physical
result. Under the substitution, the square roots, Eq. (4.135), transform as

w(x —4) — _w=Dly+ : (4.140)

Y

x(r +4) rﬂ—%\/l—ﬁy%—y?, (4.141)

where the sign reflects the branch convention implied by = € (—o00,0). Only the
first root is rationalised by this parametrisation. Simultaneous rationalisation of the
second root is accomplished through a further change of variables, found with the
MATHEMATICA package RationalizeRoots [199],

2(z — 3)

par (4.142)

y(z) =

inverted by
/ 2
L= vizbyty” (4.143)
Yy

Under this change of variables, z is no longer real but traces a curve in the complex
plane with endpoints z(0) = 3 and z(1) = 1 — 2i. Working along a complex curve
causes no difficulty, as the differential equations remain rational, and hence single-
valued, in z. Eleven singular points appear, four of them physical,

thYSe{—1+2\/§, 1—2i, 3+2V2, %[H\/E—z'(\/l_—\/ﬁ)}}, (4.144)

z(y) =

the remaining seven being spurious,

1
LU ¢ { —1-2v2,3-2v2, 1420, S[1+ V5 +i(VI5 - V3)],
4.145)
1 1 (
S[1=V5+i(VI5+V3)], S[1-V5—i(VI5+V3)], 3}.
The second square root is now rationalised,
22— 6241
1—-6y+y2— —o 4.146
O Y PO TRy (4.146)

and the first remains so by virtue of the transformation being itself rational. Both
square roots are thereby rationalised, and every polylogarithmic differential equation
can be brought into e-factorised form without complication.

4.5.2 Neutral Current Elliptic Integrals

This section presents the calculation of the elliptic integrals encountered in the neutral
current. Discussion focuses on the homogeneous block of the fully massive three-loop
banana graph which, whilst more involved than the two-loop banana of the charged
current, is the more illustrative case. Remaining elliptic integrals follow by direct
analogy and are not discussed separately.

Similar calculations have appeared in the literature [215], and all results obtained
here agree with them up to some typographical errors in those works, whilst the QCD
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exclusive integrals are structurally compatible with existing results. The three-loop
banana integrals have been studied extensively in the literature [216-219]. However,
complete derivations are still included here, as most references omit intermediate
steps. To obtain e-factorisation, we employ the method of splitting the Wronskian in
a semi-simple and unipotent part, see Refs. [220,221] for details.
Three master integrals contribute to the homogeneous part of the three-loop ba-
nana graph,
I§° = (I35, B, I35) (4.147)

and satisfy a first-order differential system inherited from the full elliptic system,

NC __ 4NC,(0) NC,(1)
with the connection matrices
1 4
- o e ‘,
s —XT
ANCO) L = —3 : (4.149)
_ 22-28x+120  23-40224392:—800  x°—36x24264x—256
8(16—z)(4—z)x 8(16—z)(4—z)x 4(16—x)(4—x)z
—3 0 0
NC,(1 7 16—
ANGm _ z =2 0 (4.150)
22—29x+127  z3—5222+46442—1616 3 —48x2+384x—256

T (16—z)(d—x)z

4(16—x)(4—x)x

4(16—x)(4—x)x

A first step towards an e-factorised basis is to pass to a derivative basis, in which
the connection takes the form

C _ NC d NC d2 NC
[B,d = IB,la EIB,D @[B,l :

Repeated use of the homogeneous differential equation allows all derivatives to be
expressed in terms of the connection matrix and its derivatives. This relates the
original master integrals to those of the derivative basis,

(4.151)

Iig = Tog Ip° (4.152)
with the rotation matrix
1 0 0
Thg = —H -4 0 (4.153)
7 _ (5—1)(§€+1) zete—detd 2

Restricting henceforth to the maximal cut [222,223], defined by letting ¢ — 0, the
transformed connection matrix reads

0 1 0
ARG = 0 0 1 (4.154)
1  7a?—6spres  6(a?-150+432)
(16—x)x? (16—z)(4—z)x2 (16—z)(4—z)x

The last row in Eq. (4.154) defines a Picard-Fuchs operator of degree three [222].
Being irreducible and admitting no factorisation, this third-order operator possesses
three linearly independent solutions. Geometrically, the underlying equation describes
a K3 surface [224,225], equivalently a Calabi-Yau two-fold, though the precise ge-
ometry plays no role in what follows. An alternative derivation of the geometry
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can be obtained from the Baikov representation [226-228] evaluated on the maximal
cut [222,223]. The three solutions, namely the periods @ ¢, form the solution space
and satisfy

Y= =0, ie{0,1,2}, (4.155)

with the Picard—Fuchs operator

d3 7r? — 687 + 64 d? 1 d 1
L= —+ + T
dz? (16 —z)(4 — x)x2dx? (16 — z)z2dx (16 — x)a?

(4.156)

Although direct integration of Eq. (4.155) is possible in closed form, the exact
solutions are Heun functions [229], which are poorly suited to practical calculations.
The Frobenius method instead produces an iterative solution expanded around a
chosen singular point, and is therefore the approach adopted here. Since the case of
interest is deep-inelastic scattering, the expansion? is taken around zero, specifically
in the limit x — 07,

NC Tx? z3 6792

=1+ = 5 4.15
“0 + 16 + 1034 T 1024 T ar9az01 T 9@ (4.157)
3r  57x2 7323 13081z*
NC NC 5
| 0) 4158
Wi =Wy 1T+ o5+ jhee + gores T gzee g T O (4.158)
NC 2 3 4
e @Clog’x NC 9z 135z 7089z 5
=0 o = _ 1 ) ) 4.159
w2 2 wo 107 + 5oie + Taioms T 5gmmaags T O @) (4.159)

Among these, the first solution is the holomorphic one, whose expansion is used later
to fix the boundary conditions.

Notably, this Picard—Fuchs operator is the symmetric square of a second-order
operator [230,231]. To see this, consider generic second- and third-order Picard—
Fuchs operators

o @2 d
L F+021£+020, (4160)
d3 d? d
LNC o — +c Cs, 2d ) + Cala + C3,0, (4161)

related through the symmetric square property [232],

LYrNC =0 and &N°=(7"9)? = L}°%="Y=0. (4.162)

This property fixes the coefficients cs; uniquely in terms of the cp;. Repeated differ-
entiation of @wN¢ yields

wNC = (79)?, (4.163)
o€ = 27 NCxNC (4.164)
@NC — 2(7TNC) 26 '/TNC NC 20270 (,/TNC)2 7 (4165)
’ﬁNC = —602 1( NC) (26271 — 262’1 — 8C2’0)7:I'NC7TNC (4]_66)

+ (262,002,1 - 262,0) (7TNC)2 )

3Digital results are provided; see App. E for details.
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where the second-order operator, Eq. (4.160), has been used repeatedly to eliminate
second derivatives.

Substituting Eqs. (4.163)—(4.165) into Eq. (4.166) eliminates 7~¢ and #N¢ in
favour of w™N® and its derivatives, yielding a third-order ordinary differential equation.
Subtracting the general third-order operator of Eq. (4.161) then provides a system of
equations on the coefficients, whose solution characterises precisely when a third-order
operator is a symmetric square,

0= C3,0 — 462706271 — 20.2,0 5 (4167)
0= €31 — 20371 — 0.271 — 462’0 s (4168)
0= C32 — 30271 . (4169)

Returning to the operator of the banana graph in Eq. (4.156), solving the second
and third equation, Eqs. (4.168) and Eq. (4.169), for ¢o; and ¢y gives, respectively,

T —38
4(16 — z)(4 — z)x’
2(2? — 15z + 32)

Co1 = 16— 2)d—2)" (4.171)

(4.170)

Co0 =

These solutions satisfy the first equation, Eq. (4.167), as well, confirming that the
operator is indeed a symmetric square.

As a second-order linear operator, LY© admits two independent solutions 7¥¢ and
7YC and any linear combination thereof is again a solution. Linearity of LY¢ together
with the symmetric-square condition of Eq. (4.162) implies that

0= LyY((m° + m5¢)?) = Ly(m)°my©) . (4.172)

The three pairwise products of 72¢ and 7€ therefore furnish a basis of solutions,
which we take to be

HC = (1Y), (4.173)

o = gNCxNC, (4.174)
1

wyC = 5(7T§C)2. (4.175)

Conventions for the normalisation are chosen to match the existing literature. Ex-
panding these periods in a series around zero to fourth order?, we find

NC r  3x? 1327 5392 5
14+ 10 4176
7o + 35+ 7021 * 53768 + a3sseos T O @) (4.176)
3xr 452 21123 9065x*
NC NC 5
_ NO) or O(2°) . 4177
m =my 10g(2) + 35 + 1056+ 131073 T 3355038 T O (@) (4.177)

Taking the appropriate products in Eqs. (4.173)—(4.175) reproduces the expansions
given in Eqs. (4.157)—(4.159).

A crucial ingredient in obtaining the e-factorised form is the Picard-Fuchs op-
erator, which enters through a splitting of the Wronskian matrix into its unipotent

4Deeper expansions are provided as ancillary files; see App. E for details.
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and semi-simple parts. This approach extends the familiar method of normalising
integrals by their leading singularities beyond the polylogarithmic case. Explicitly,
the Wronskian matrices read

,ﬂ.NC ,ﬂ.NC
WS — (wz“c #liqc) (4.178)
and

NC NC NC
Wy Wy Wy

Ne _ [ pNC gNe e
Wgs = | @ s , (4.179)
oNC wll\IC ohC

where each entry of the latter may be expressed in terms of 71 and 73¢ via the

symmetric-square property. The determinant of Eq. (4.178) takes the form
det (ng) mNCANC — g NCANC (4.180)

Imposing the second-order Picard—Fuchs equation, Eq. (4.160), this determinant is

seen to satisfy

d aNCHNC _ pNCENC 922 _ 15y 4 39)
— log (det (W5 : o= . 4.181
e og (det(W53)) = NG (1)\10_ ANC;NC (16 — 2)(4 — )z ( )

The differential equation, Eq. (4.181), may be integrated to give

8
V(16 —2)(4 — z)x

where the integration constant has been fixed for later convenience. Together with

RNC = det(WRS) = : (4.182)

the Picard-Fuchs equation, Eq. (4.160), this relation permits all derivatives of 7N©
the Wronskian matrix of Eq. (4.179) to be eliminated.

To decompose the matrix into its semi-simple and unipotent parts, we make the
ansatz

—1
Wg, WB3SWB3u = WB3S Wg, (WB3u) ) (4.183)

where the semi-simple part is taken to be lower triangular and the unipotent part

upper triangular,

1 all\{g all\{g
Whsa= [0 1 af (4.184)
0 0 1

Imposing this triangular structure yields three equations that may be solved for the

unknown coefficients,

A =" (4.185)
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172
NC 1
a1,3 - 57_‘__87 (4186)
g =T (4.187)
o

The unipotent part of the Wronskian matrix is intimately related to its monodromy
matrix. To see this, we may consider the transformation x — ze*™ with 7 € (0,1)
acting on the Wronskian matrix. Under this transformation, the holomorphic parts,
namely those free of logarithms, remain invariant, so

wy'® = w9, (4.188)

o C = @ C + 2mi) Ty C (4.189)
273 )>

wy© — wy© + (2mi)Tw) © + ( 7;) v (4.190)

with 7 the ratio of periods,

NC
1 @)

2mi w©’

(4.191)

T

the resulting matrix reads, noting that the period vector is here taken as a row vector,

wNC 1 (wNC)Q 7NC 1 (ﬂ.NC)Z
1 w(l)NC 5(1,{@10)2 1 71'(1)TC 2 (wlg;“c)Z
WiSw=m0" [0 1 = | == |0 1 e | ~WaS.. (4192)
0 0
0 0 1 0 O 1

The semi-simple part can thus be constructed explicitly, with second derivatives
eliminated via the Picard—Fuchs equation and first derivatives via the Wronskian
determinant,

' © 0 0
Wage = | #° RNC 0 , (4.193)
(s} . o . —1 2 —1
oy © RNY 4+ RNCC () (RNC) (=€)

in exact agreement with the literature, up to typographical errors. With both Picard—
Fuchs operators in hand, second derivatives can be eliminated from subsequent equa-
tions through the identity

(16 — x)(4 —z)z ° (16 — z)(4 — J,’)xwo 2mNC

(4.194)

This identity is known as a Griffiths transversality relation [219], the analogue of the
Legendre relation in the elliptic case. A final rescaling accounts for the fact that the
periods carry different transcendental weights,

e2 00
Tge=(0 € 0 (4.195)
0 01

Chaining the rotations obtained so far yields a pre-factorised form which is not
linear in € and contains undesired derivatives of the periods. Both issues are removed
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7 = 7
e + | = + € /

Figure 4.3: Schematic representation of the clean-up procedure for traversing the
connection matrix order by order, entry by entry. Hatched entries vanish by virtue of
the triangular structure of the differential equations.

by further rotation, the so-called clean-up. The intermediate matrix is rather involved,
so its explicit form is omitted here, but it has the structural form

ANG = e ARG Y 4 ARG el (4.196)

Bringing the system into e-factorised form requires a sequence of rotations removing
all contributions except those linear in . These are applied order by order in ¢,
starting from the most singular terms and working upwards (see Fig. 4.3). At each
step, the offending entry in row ¢ and column j of the connection matrix is identified
and removed by a transformation of the form

(T8 = ("(6mn + Simbjn(-.))),, » (4.197)

where the ellipsis indicates an ansatz built from the periods, their derivatives and
any algebraic or transcendental functions that must be introduced in the course of
bringing the connection matrix into e-factorised form.

In what follows, by a slight abuse of notation, the connection matrix is understood
to incorporate all preceding rotations. At each step, we identify the offending entry
(E), state the ansatz (A), and introduce when necessary new algebraic or transcenden-
tal functions (F) to obtain factorisation, with explicit entries and coefficients collected
in App. B.1. Bringing the homogeneous block into e-factorised form demands four
such steps, which we now carry out in turn:

Step 1.
NC,(—1 NC,(—1 NC,(—1 NC,(—1
E: (AB ( )>371 = dp3, g 1 )( ) +ags g 2 )W(I;IC 0o+ ag 3,(1,3 )(wg)\lc) (4.198)

A (TR0, = (o (@) + the 2w Can® — GYO) (4.199)

5 [t}

_ no (@ =8)(z +8)(w))”
F: GYC = - 2016 — 2)2(d — 2)? (4.200)

Step 2.

NC

. NC,(0) NC,(0) NC,(0) . N, NC©0) G

E: (4 )2,1 CLB2(11wo +aB21%w(1)\I + B,gé,:); —NC (4.201)
@o

A (TR7),, = tysime © — GYC (4.202)
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“NC 8GY°
F: GNC = (4.203)
m\/(16 —)(4 — x)w)°
Step 3.
NC,(0) NC,(0) C.0) NG, (0 )GNC
E: (A )3,2:aB321 “+a 13322 W+ apyas —NC (4.204)
)
NG, (0 NG, (0
A: (TB ( ))3,2 - tB,S,gi (1)\I + tB322GNC (4-205)
Step 4.
E: (AIJ;IQ(O));;, = agg,g,i (WONC) + aB 3, (1 %WONC 0+ aB 3.1 3GNC (4.206)
NC,(0) _NC,NC | NC,(0) - NC,~NC 0) GYOGHC
+agzi 4@y Gy taggi;wy Gy +a B 371,6T (4.207)
20
A (TgIC,(O))Sl _ tgg ,(0) (woNC)Q 4 tgg go% (GNC) + th( NCGNC (4.208)

The steps above yield a rotation that brings the only homogeneous elliptic block of
the neutral current into e-factorised form. This comes at the cost of introducing two
auxiliary functions, which are themselves integrals over the periods, in agreement with
the literature.

Remaining inhomogeneous blocks are treated analogously and are not discussed
further. Three heuristics facilitate the search for a rotation,

1. Master integrals are normalised by their leading singularities, a step which in
practice is often sufficient to achieve factorisation on its own.

2. Integrals that factorise into two-point functions are treated in two dimensions,
making use of dimensional shift matrices.

3. The basis is rotated via IBP relations to a mixed form, admitting both dots and
scalar products in the numerators.

These steps are motivated by the observation that a judicious choice of master inte-
grals can render the search for a transformation considerably more tractable, whilst
a poor choice may make it extremely cumbersome or obstruct it entirely.

All integrals of the neutral current are brought into e-factorised form®. The ro-
tation for the QED-type master integrals coincides with the results in the litera-
ture [215], requiring only one further transcendental function beyond those introduced
here, whilst the QCD-specific part is structurally similar.

Table 4.1: Complete set of master integrals contributing to the neutral-current con-
tribution. Massive propagators are displayed in green.

NC NC NC NC
]I,I . 11,2 II.S 12‘03

5All NC master integrals are provided as ancillary files; see App. E for details.



118

CHAPTER 4. HEAVY QUARK PRODUCTION

NC \
]2 04

3,12

NG

L% 2,10 |

NC

347

/ // //
/ / /
\ / \ /
Ni NC / NC /
I I _— I~ .~

IS 60

/ NC /
: Iigp

N yd N
\ / \
/ \\ /
/ NC J/
_ I35 ,,~
N N re
\ \ /
//" //" \
/ / INC

_— IS 61 " 3,63



4.5. INTEGRATION OF THE MASTER INTEGRALS 119

NC NC NC NC
]3,64 13,65 13.0'6 I&G? ) S

NC NC NC
[3,68 [3,6.() [3‘70

4.5.3 Charged Current Elliptic Integrals

Having discussed the three-loop banana in detail (see Subsec. 4.5.2), the two-loop ba-
nana encountered in the charged current is unsurprisingly conceptually much simpler,
with its computation proceeding in close analogy with the previous case. Research
on two-loop banana integrals is extensive; see, for example, Refs. [233-236]. As will
become clear, the only genuinely novel elliptic homogeneous block appears at this
order, where the two-loop banana sector is governed by two master integrals,

I§° = (I35, I3) | (4.209)

and a first-order differential system inherited from the full elliptic system,

ASC = AP0 e Agt (4.210)
with the matrices
_1 _3

AU = , (4.211)

(z—9)(z—1)z (z—9)(z—1)z

CC,(1) —2 0

Ap V= sty arreor | (4.212)

(z=9)(z—1)z (@—9)(z—1)z

As for the neutral current, the first step towards an e-factorised basis is to pass to
a derivative basis,

d
156 = (15?, —I§?> . (4.213)
b b d‘/I; b
Repeated use of the homogeneous differential equation expresses all derivatives in

terms of the connection matrix and its derivatives, relating the original master inte-
grals to those of the derivative basis via

I5g = Ty a1I5°, (4.214)
with the rotation matrix
1 0
Tiq = ( _2e41 _3 ) : (4.215)

Restricting henceforth to the maximal cut, defined by ¢ — 0, the transformed con-
nection matrix reads

z—9)(z—1)z (z—9)(z—1)z

0 1
Ag,(cjl - ( ___ z=3 32220249 > : (4.216)
(
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The last row of the rotated connection matrix, Eq. (4.216), defines an irreducible
Picard—Fuchs operator of degree two, admitting no factorisation and possessing two
linearly independent solutions, the periods 7&“, which are annihilated by the Picard-
Fuchs operator

> (32 —20x+9) d (z —3)

CC _ -
S T T ) e T A [ T

(4.217)

Exact solutions are expressed in terms of Heun functions and are therefore poorly
suited to practical calculations. The solutions of the Picard-Fuchs operator LSC are
the periods of an elliptic curve [237]. As before, the Frobenius method instead yields
an iterative solution expanded around a chosen singular point. This expansion is
taken around zero, specifically in the limit x — 07,

ac r  5x? 3l Tlat 5

=14+ -4+ — O 4.218

o T3ty T g 1O (4.218)
4z 262 52623 1253zt

¢ = 7% log(x) + — +

9 81 * 2187 * 6561

+0(2°). (4.219)

Following the neutral current closely, the determinant of the degree-two Wronskian
matrix is
det (WES) = n§C#CC — n00:0C, (4.220)

and is found to be

1
9—2)(1—x)z’

RC = det(Wg5) = (4.221)

Once the unipotent part has been constructed, the semi-simple part follows explic-
itly, with the first derivatives of the periods eliminated via the Wronskian determinant,

WSS = (Te ponse) (1229
’ Ty~ RYYmg

Finally, a rescaling is required to account for the differing transcendental weights of
the periods,

2
WS = (50 g) . (4.223)

Chaining these rotations yields again a pre-factorised form. The intermediate matrix
is again omitted here, but it has the structure

ASC = ASCO 4 o ASCW) (4.224)

which is simpler than that for the neutral current. In this case, the clean-up requires
only one step:

Step 1.
CC,(0 CC,(0 2 CCl(0 .
E: (AB ( ))2,1 = aB,2,(1,i (W(()jc) + aB,Z,(l,%W(?CWgC (4.225)

A: (Tgc’@)z,l = 155 (7§ (4.226)
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After this step, the clean-up procedure is completed and the homogeneous block
is in e-factorised form. Unlike the neutral current, no additional functions need be
introduced. The inhomogeneous blocks are treated following the same strategy as for
the neutral current, the principal difference being that at three loops there are four
elliptic blocks rather than one.

Although the strategy carries over, it is not clear whether the same periods appear
across all homogeneous blocks with an elliptic system. Examining the gauge trans-
formations of the Picard-Fuchs operators reveals that two sectors admit operators
of degree two, which may therefore be brought into direct correspondence with the
two-loop operator. For the remaining two sectors the operators are of degree three,
and establishing such a correspondence requires factorisation. The four systems read

Iut’ = (I565: 1500) (
ISSC = (]3(?977 13(3?8) ) (
The first elliptic block, Eq. (4.227), is a one-loop vacuum integral multiplied by
the two-loop banana. Being independent of ¢?, and hence of z, the vacuum integral
leaves the Picard-Fuchs operator unchanged from that of the two-loop banana,

70 d? (322 —20x+9) d (x —3)

BT 2 T S0 rde | (@=9(z -1z (4.231)

Arising from the product of a one-loop two-point integral and the two-loop banana,
the third elliptic block, Eq. (4.229), has a Picard—Fuchs operator that does not reduce
to the two-loop banana operator in any obvious way,

ac d>  (—=9+38x —5z%) d  2(6x — 122* + 223)

bese = 4 T e e T e =)@ =122 (4.232)
However, under the gauge transformation
cc ¢
T — ] 7’_ = (4.233)

the operator reduces to that of the two-loop banana. This gauge transformation
corresponds to normalising the one-loop two-point integral by its maximal cut.

Contained within the second elliptic block, Eq. (4.228), is the three-loop banana
with one massless and three massive lines, whose Picard—Fuchs operator is of degree
three,

[co d® (=62 +40r —18) d* = (28x—-Ta?) d N 1
B23 7 qg3 (x—=9)(z— 1Dz dz? (z—9)(x—1D22dx (z—9)(z— 1)z
(4.234)
The operator ngﬁ admits a factorisation Lg% = ngngSQ, where ngQ is precisely

the Picard-Fuchs operator of the two-loop banana, with the remaining operator of

degree one

Lgz1 = dz (x —9)(z — Dz~ (4.235)
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Factorisation is verified using the DEtools package in MAPLE. A further Picard—
Fuchs operator of degree three arises in the remaining elliptic sector, Eq. (4.230), from
an integral that reduces to a two-loop banana only upon integrating out a one-loop
two-point function,

[CC. _ d®>  (=82® +66r —18) d>  (—1da* +2362° — 9902 + 576x) d
B3 T g3 (x —=9)(z — 1)z da? (x —9)%(z — 1)%22 dz
2 (223 — 322% + 78z) (4.236)
(x —9)%(z — 1)%a?

Carrying out the factorisation yields ng3 = L%&Lg&, with the order of the factors
reversed relative to the previous case. This reversal reflects the graph reducing to a
two-loop banana only after integrating out the two-point function,

4 z-3 4.2
E4,1 dZE (I’ + 3) T ) ( 37)
1,CC d*> =81 +152 +372° —32° d
E42 = Q.2 (x —=9)(x — Da(x+3) dz (4.238)

243 + 243x — 4682 + 260z — 23x* + 2°
(x —9)%(z — 1)%222(x + 3)

To relate LgfiQ to the Picard—Fuchs operator of the two-loop banana, a gauge trans-
formation is applied by inserting id = UU ! between the two factors. The matrix

(x—=9)(z—1)

U= z(x + 3)

: (4.239)

maps ng2 to the two-loop banana operator, with the remainder absorbed into ngl.

Once all factorisations of the Picard—Fuchs operators are established, the solutions
of the two-loop banana are seen to satisfy the elliptic systems appearing at three loops
as well. The remaining steps proceed in direct analogy with the neutral current. All
integrals of the charged current are brought into e-factorised form®. For the QED-
type master integrals, the differential equations and rotation matrices agree with the
literature [238] up to constant rotations, whilst those for the QCD-specific master
integrals are again structurally similar.

Table 4.2: Complete set of master integrals contributing to the charged-current con-
tribution. Massive propagators are displayed in green.

CcC CcC CcC CC
[1,1 . [1,2 [2‘3 12‘4

6All CC master integrals are provided as ancillary files; see App. E for details.

CcC
185
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oc cc J/
Iygg Iyz ~
e e
/ /
\ / \ \ / \ / \ /
CC J/ CC J/ CC J/ CC /
Iy ~ Igp ~ \  ~ Iy g Iy~
// :
//
/ /
cC J/ cC S/
I | I L~

CC
13.56
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4.5.4 Boundary Values

The boundary values for all differential equations are obtained from the asymptotic
limit z — 0, evaluated by the method of expansion by subgraphs (see Subsec. 3.3.5),
implemented in the FORM code expdia.frm’.

Under this expansion, each integral decomposes into a sum of products of massive
vacuum graphs and massless two-point functions. Applying the method first requires
translating each master integral into a graph, which the use of a dot basis makes
possible and which, in part, motivates that choice. Each graph is then mapped onto
the previously derived momentum routings and assigned an integral family. For the
two-point functions, the massless families defined earlier suffice, whereas the massive
vacuum integrals call for the additional families

Bi= {Bu}, (4.240)
B, = {5’2,1, 5’2,3,[;’2,7} ) (4.241)
B; = {5’3,01, B 3, Bs o7, B 11, Ba1s, Ba s, 5’3,29,[5’3731} ; (4.242)
which are derived from the momentum routings for the vacuum integrals, Eqs. (4.107)

to (4.109), and dressed with masses in the binary notation introduced earlier. From
here the workflow mirrors that of the amplitude itself, the integrals being reduced
with Kira to a small set of master integrals (see Tab. A.3), the only new step being
the tensor reduction of the non-trivial numerators with Opiter [239].

The massless two-point functions arising in these expansions are themselves master
integrals, encountered earlier in the calculation, and, being single-scale, may equally
be regarded as pure boundary integrals. They are evaluated with the MAPLE package
HyperInt [240,241] or equivalently its FORM implementation HyperForm [242], which
proceeds via the parametric representation and exploits the linear reducibility of the
integrals to yield an iterative integration in terms of multiple polylogarithms.

By contrast, the massive vacuum integrals are not all known analytically at three
loops, although high-precision numerical values are available [243]. These were com-
puted using dimensional recurrence relations [244,245] and subsequently identified
via the integer-relation algorithm PSLQ [246], allowing their reconstruction in terms
of harmonic polylogarithms evaluated at the sixth root of unity [247].

Following the reference, the integrals are parametrised by a set of constants from
which all pure zeta values have been factored out, retaining only those constants not
expressible through zeta values alone. The rationale for this choice is twofold. First,
zeta values appear in every vacuum integral and frequently cancel against one another,
so separating them avoids carrying redundant contributions through the calculation.
Second, the remaining transcendental constants form an independent basis and yield
more compact expressions for the master integrals. The parametrisation adopted here
departs from the reference in one further respect: one of the master integrals is related
by IBP to its counterpart there, whilst the remaining integrals coincide. Explicitly,
the integral I3 ¢ is replaced by a top-sector integral with a massless and five massive
lines, namely

D-2? .  2D-2), 3D—8 . 2D-3).

I, = — e )y Al B SN € 1 A

310 = 6D —4)(D—=3) *" 3D —4) ¢ T a7 T3 _q) 0
(4.243)

"The code is not publicly available but may be provided upon reasonable request.
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Fixing the boundary values to the needed expansion depth (see Subsec. 4.4.2) requires
twenty-four constants, which may not be linearly independent®. Their values are
obtained by matching the analytic parametrisation of each vacuum integral to its
high-precision numerical value from the reference.

Finally, in the asymptotic limit each master integral takes the form of a log-Puiseux
expansion in x combined with a Laurent series in ¢,

I_Z Z Conan®™*log 2", (4.244)

However, in the e-factorised basis the constant terms do not derive entirely from
those of the original basis. Since the transformation relating the two bases may
contain inverse powers of the scale, higher orders of the original expansion feed into
the constant part. The remaining orders in z and its logarithms may then be used as
consistency checks.

A full set of boundary conditions® has been cross-checked numerically against the
asymptotic expansions obtained through the MATHEMATICA package Fiesta [248],
agreeing within the numerical uncertainty.

Table 4.3: Complete set of master integrals contributing to the boundary integrals.
Massive propagators are displayed in green.

Iy Iy, ILQ I, 0@
I 3,0w I nw Ior I308

f3,09 iB,lO f3,11 D f’&l@

4.5.5 Solutions

Now that all differential equations have been transformed into e-factorised form, they
can be integrated formally, with the solutions expressed in terms of iterated integrals.
Fixing the boundary conditions, however, requires expanding the iterated integrals
in the limit z — 0. The following therefore discusses the expansions of the integral
kernels and special functions in turn.

For the neutral current, e-factorisation requires the introduction of three transcen-
dental functions, whereas none are needed for the charged current. Their expansions

8Checking linear independence is more parctical at the level of the renormalised amplitude, where
additional transcendental constants may appear, while others can cancel completely

9A complete set of boundary values is not provided, since they can be derived from the full master
integrals for both NC and CC by means of a series expansion.
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around zero read

01t = & [ B

T 32 (t — 16)2(t — 4)2 (4.245)
x n 7 . 933 n 18414 n 33637x° n ( 6)
_ 24z x
32 64 16384 1048576 = 67108864 ’
63w = [ G
3 =
0 try(t)wy °(t) (4.246)
n 1922 n 16723 n 55391 N 4456125 L0
. x
32 2048 65536 8388608 = 268435456 ’
x 24 ¢ NC t NC t
G3NC(£L') :/ dt( + )7’1 ( )?0 ( )
0 tt—4) (4.247)

1 [z N 52 N 7523 N 139z* L o@)
= — |+ -+ T
Ve |2 0 32 2048 16384 ’

where GY¢ and GY¢ are holomorphic near zero, whilst GY° is not. The e-factorised
differential equation itself holds on the punctured complex plane, since its derivation
relies only on algebraic properties of the periods, but never on their explicit form; by
contrast, the series expansions above are valid only in some neighbourhood of zero,
with radii of convergence that may vary between the functions.

Across all differential equations, the transformations require the introduction of
three square roots for the neutral current,

() = Va4 —z), (4.248)

Y (z) = /(16 — x)(4 — ), (4.249)

ryC(z) = Va4 + ), (4.250)
and two for the charged current,

rC2) = V(3 +2)(1 —x), (4.251)

r$Cx) = (9 —2)(1 —z). (4.252)

Here, the threshold square roots 7¢, v3¢ rC and r$¢ correspond to two-, four-,

one-, and three-heavy-quark production respectively, whilst ¢ is spurious and cor-
responds to no physical threshold.

The integral kernels appearing in the neutral current are collected here, together
with their series expansions around zero to fifth order, from which their analytic
properties can be read off. With the exception of the QCD-exclusive kernels w)® and
wHC, which are not covered by the existing literature [215], all kernels are in agreement
with QED-like results. Explicitly, the kernels read

1
wy (w) = ~ (4.253)
1
wy“(x) = ]
(4.254)
:—1—1'—:1:2—1'3—91:4—1-(9(3:5),
() = —
r—4 (4.255)
1 oz 2 2P zt 5
L o),
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NC
B ($)_7J1V_C 4.256
1 1+x+3x2+5x3+35x4+0(5) (4.256)
=— |zt =+ = T
VI |2 16 256 2048 65536 ’
1
NC
RRET; 4.257
1 x x? z3 x? (4.257)
=—— —— - - - + O(2°)
16 256 4096 65536 1048576 ’
1
NC —
wo (¥) = RO
1 N 3 N 33z N 21322 N 58893 N 42159z* +0(2")
© 8r 256 16384 524288 67108864 = 2147483648 ( )
4.258
GNC
NC _ 2
T e (4.259)
1 N 251 N 25722 N 96493 N 86183z +0()
- T
256 16384 524288 67108864 2147483648 ’
NC12
NC Gy
A e (4.260)
T 1122 N 13232° N 4163 +0()
= xZ
8192 131072 = 33554432 268435456 ’
wNC(x) — [GIQ\ICP
: w1y (4.261)
B 72 n 6323 i 2493z* n (:1:5)
262144 16777216 1073741824 ’
GNC
NC 3
R SN (4.262)
11 N 13z N 2432* N 210523 +0() '
= — = T
VvV |16 512 32768 1048576 ’
(g _ GG
h GO (4.263)
1 [ N 4522 N 65723 L 0@ '
~ J [512 1 32768 1048576 ’
GNC
NC 3
e (4.264)
1 N Tx N 13922 N 15723 N 43567z L 0(@)
- _ 4z x
4 64 4096 16384 16777216 ’
NO Gy
wiy (2) ( )
4.265

1 n % n 75x? 4 13923 . 165912% L O(%)
-4+ — x
x |2 32 2048 16384 = 8388608 ’

Sl=s
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GNC
N(r) = 5
2
1 r  9x*  2192® 577z 5 (4.266)
- [t A T o))
Vﬂf 8 128 8192 65536
GNC
wy (z) = —2
v =16 (4.267)
e §gf.__ 993 B 377zt %—C?(x5)
n NS 32 256 32768 524288 ’
wig () = w26
T T2 3 679z 4.268
— 1+ = O (a2
* 16 " 1021 Toza T ar0a301 T O):
NC woNC
wir () =
T (4.269)
1 n 1 n Tx n x? n 67923 n 196924 n (x5)
Cx 16 1024 0 1024 4194304 67108864 ’
NC Ggyc
wig (7) =
z—4 (4.270)
1 5x 8w 9la® 23975t L 0()
4 64 4096 16384 16777216 ’
NC_NC
wlNgC(x) _ 1 - 0
L[, = 972 11z  953z* +0() (4.271)
- = -5 - — x
\ﬂf 8 512 4096 2097152 '
NC_NC
A =
4.272
1 r 3z 392 672! 5 (4272)
_ L s 8 G o)
V&E 2 32 2048 16384
NC_NC
szlC(x) _ 1 0 .
(x=4) (4.273)
1 [z +_7$2_|__151:B3_+ 369x4—%69(x5)
_-\/f 8 128 8192 65536 ’
N )_(x+%Q%x2—8m+4Mﬁgcwgc
ez \E) = (r — 16)2(x — 4)%z (4.274)
B 8 21 +_537x +_5835x2+232869x3+2195805x4_+ (x5)
oz 4 256 8192 1048576 33554432 ’
cuNC( ) _»(a:+—8)2(x2-—-8x-+»64)r§c(¥§ccagc
23 B/ = (x —16)%(z — 4)%x (4.275)
__1 +61:1: +,1103$2 633133:3+7794837x44Jr (x5>
4 256 8192 1048576 33554432 ’
NC () = (z 4 8)*(x — 8)[owp °J?
AT (12— 16)2(x — 4)2 (4.276)

27922 18412%  168185z*

=_1—gz— _

512 8192 2097152

+0(2%),
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1
wyy () 7%\1—0
1 [1 = N 3z?  bad N 35x4 L 0@) (4:277)
e L oo T
Ve [2 16 256 2048 65536 ’
1
NC(,\ _
wag () 14 (4.278)
1 oz 2 2B zt 5 '
= ——+ ————+ + O(2°)

4 16 64 256 1024

The kernels wN® admit a natural partition according to the analytic structure of their

primitives,
HNC = {w)|i€{2,3,57,8,9,12,16,18,23,24,26 } } , (4.279)
LN ={wi|ie{1,6,17,22} }, (4.280)
ANC = LWl i€ {4,10,11,13,14,15,19,20,21,25 } } | (4.281)

where the set HNC collects kernels whose primitives are holomorphic, £N those that

are logarithmic, and AN® those with algebraic, square-root, branch points.
The iterated integrals over these kernels are real for all z € (—o00,0), but not
manifestly so, which is an obstacle for numerical evaluation. This is remedied by the

change of variables
(r) = —=x, (4.282)

with Z € (0,00) and the Jacobian contributing an overall sign to each transformed
kernel. All holomorphic kernels in HNC transform by direct substitution,

ONC(2) = —whC(—z), ke HNC. (4.283)

For the kernels with algebraic branch-points, the branch of the square root is chosen
so that the transformed kernels remain real,

rNO(—x) = —i\/2(4 + 2)

A (4.284)
rYC(—x) ; ;é((j(i;r 2)(4+12) (4.285)
(=) - :;JEE;_ ?) (4.286)

where 7Y and 7YC are real for all & € (0,00), and 7¢ for all & € (0,4). Since #5'©

enters the master integrals only at even powers, its branch ambiguity drops out.
The algebraic kernels split into two cases according to whether their denominators

contain r¥¢ or 7Y or feature these square roots in the numerator implicitly through

GYC. This implies the transformations

@y (&) = FiwpC(—a) ke ANC\ {4,25} (4.287)
WRC(2) = —i wi®(—x) k€ {4,25}. (4.288)

Kernels with logarithmic branch points transform by direct substitution
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oNC(2) = —wyC(—x), ke LN, (4.289)

Iterated integrals over these kernels require more care. For the general weight-n case
with a; = 1 for all k, we find

i [log(x)]"

[log(#) + i (4.290)

s32|=Ee

(iﬂ)nik NC (A)
(n— k)~ e

Ed

=0

which generalises straightforwardly to other logarithmic letters and to the presence
of trailing kernels,

C C ANC ~
SRS Sf st || L) E UL

k:O
(4.291)
Finally, the change of variables acts on the periods and their derivatives. Being
holomorphic, these transform trivially,

dn

@WONC(@

oNC(3). (4.292)

T=—I

The same is true for the transcendental functions needed to bring the differential
equation into e-factorised form. Their transformations are inherited from those of the
square roots and periods,

GNC(—z) = GYC(2), (4.293)
(=) = GYC(2), (4.294)
GYC(—z) = —i GYC(2). (4.295)

Much the same applies to the charged current integral kernels, which agree pre-
cisely with the corresponding QED kernels. Their expansions to fifth order read,

1
CcC
NN (4.296)
1 x+x2 :c3+ xrt —1—(9( )
3 9 27 81 243
WSO(z) = —
T+l (4.297)
=1—-z+2>—2"+2"+0(2"),
1
wgC(x) — ; (4.298)
1
CC
A= (4.299)

=—l-z—2"—2"—2"+0(2"),
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CC
= (4.300)
B 1 r a2 3 x4+0(x5)
2 4 8 16 32 ’
wSo(z) = —
v =9 (4.301)
1z x2 3 xt +(9(x5)
T 9 81 729 6561 59049 ’
1
CC
wy (z) = —5
7 o (4.302)
1 1+x+$2+7x3+19x4+0( 5)
= = e e - i
/3 33 " 27 "8l ’
1
CC
ws~(T) = -5
8 r3° (4.303)
L, e, 1122 . 24543 . 192124 4 o)
= -+ —= x
379277781 2187 ' 19683 ’
1
CC
wy () xrgc (430)
L, 5 Uz 24522 N 192123 N 575z +0(2) '
=—+ = T
3z 27 ' 81 | 2187 ' 19683 ' 6561 ’
1
CC _
0 ) = G0 = Dafry P .
L, 4, B 922022 . 180423 . 151242 +0() '
— - X
9r 81 ' 729 ' 6561 ' 59049 ' 531441 ’
wry (x) = 7§
r 522 3123 7lat (4.306)
44 O(2°
3T 57 T o Ty TOE),
CC

z—1
4.307
4z 41z2 _ 40023 _ 12712 ( )

-1 = O(a
5o o o TOU)
(z — 3)m§°
“is () = rg© 0 (4.308)
5w 132 323° 27194 L 0@ '
=—-1—-—- — — x
9 27 729 6561 ’
W) = & +3)*[m5 ]
" (x —9)(x — 1)z (4.300)
L9, g, A6 52842 N 57124 . 5839482% ) ()
o 9 81 729 6561 ’
CC(y) = (z +3)(z — 1)[m5“]?
(z —9)z (4.310)
1 1 23z 1432 7912®  4679z* 5
— 3o~ e ~ 10 — e + O,
3z 27 243 2187 19683 177147
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wCC(ZE) — [WSJCP
" (2= 9)(@-1) (4.311)
1 16z 1902> 20322 20671z’ 5
=+ =+ + + +0(2).

9 81 729 6561 59049

For the charged current, all integral kernels agree with those found in the existing
literature [238] and are consistent with QED-like results.

In direct analogy to the neutral current, the integral kernels w® admit partitions
according to the analytic structure of their primitives,

MO = {wf?]i€{1,2,4,5,6,7,811,12,16} } , (4.312)
L9°={w]i€{3,9,10,14,15}} (4.313)
A% =0. (4.314)

The holomorphic kernels in H%C transform once more by direct substitution,
O2) = —wi(—x), ke H© . (4.315)

For the kernels with algebraic branch-points, the branch of the square root is chosen
so that the transformed kernels remain real,

(=) = V(3 - 2)(1+ )

_ ffc(:ﬁ), (4.316)
r$C(—x) = —i z T
2 (=) _ _Z;géég(; J1+2) (4.317)

where 7¢ is real only for & € (0,3), and #$€ for all & € (0,00). In contrast to the

neutral current, no algebraic kernels arise here. The logarithmic kernels transform as
W2) = —wi(—z),  keLC. (4.318)

with the iterated integrals transforming as

Ly
Fglc,...,an,an+1 ..... am, (J]) = Z (7’L o ]{3)' (H Res(d)lcc7 0)) FSS...,ak,an,an+1 ..... am (‘%) .
k=0 ©\i=0

(4.319)

Finally, being holomorphic functions, the period of the charged current, w§®, also
transforms trivially, . 1

@wgc(x) = (=1)" dinwgC(@). (4.320)

All master integrals were verified numerically with the MATHEMATICA package

AMF1low [249] to twenty digits at & = 1/2, both before and after the change of variables.

This point was chosen because the singularity structure restricts the series to a disc of

radius one around the origin. Such a check does not validate the integrals themselves,

but it does confirm that the change of variables is implemented consistently.
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“Wake up, Alice dear!” said her sister; ‘Why, what a
long sleep you’ve had!” ‘Oh, I've had such a curious
dream!” said Alice, and she told her sister, as well as
she could remember them, all these strange Adven-
tures of hers that you have just been reading about;
and when she had finished, her sister kissed her, and
said, ‘It was a curious dream, dear, certainly: but
now run in to your tea; it’s getting late.”

— Alice’s Adventures in Wonderland, Lewis Carroll
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Chapter 5

Results

5.1 Neutral Current at NLO

5.1.1 Vector-Vector

The complete NLO results for the Mellin moments of the transverse and longitudi-
nal heavy-quark coefficient functions, retaining their full mass dependence, are rather
lengthy, and in our computation they have been evaluated up to N = 22. As high-
lighted in the previous chapters, the setup also allows for the calculation of the Mellin
moments of the massless coefficient functions, which we include here for complete-
ness. These massless contributions were first obtained in Refs. [31,38], with which
our results agree.

For illustration, we display explicitly only the lowest non-vanishing Mellin moment,
namely N = 2. All results are written in the auxiliary variable v defined in Eq. (1.29),
since this change of variables casts them in terms of harmonic polylogarithms. The
iterated integrals can be transformed directly, at the price of a rather subtle treatment
of boundary terms. Integrating the differential equation in the new variable instead
avoids that subtlety, and is the route adopted here.

Several conventions keep the expressions compact. Throughout, H denotes the
harmonic polylogarithms defined in Eq. (3.159) evaluated at v, whose argument we
suppress, whilst (,, stands for the Riemann zeta values. After partial fraction decom-
position, all denominators are abbreviated as

1

d, = : €{-1,0,1}, 5.1
——,  ae{-L01} (1)

and coincide with the kernels of the harmonic polylogarithms. For the scale choice, we
adopt u? = —¢? as the common value of the renormalisation and factorisation scales.
Under this choice the Mellin moments take the form given in Egs. (5.2)—(5.19).

ngé?;(? =0 (5.2)
5t = —Tp(lpy v y)8m + Tr(hyy )0 [ — 1+ 6d; — 6d2

+ Hy (;l — %d_l — %dl +9d? — Gdi’ﬂ (5.3)
nggx’zov) = CaTr(l{v )% <1612 - 4C3> + CrTr(livvy)®m ( - 447% + 352C3>
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+H_1’0<_y;4 %gv 11756 : % 3_T5d 1‘%&“‘% 0~ 14254 0
)
HOO(Z? %U— 858 ‘- % 3+%d L+ 8@12_1 +%d1 - %df
5456 2728 )
15
+ H—170,0< - % - % 1= ?gd2_1>
+Ho,—10 (11258 + % 1 ?;LdQ_1>
+ Ho,l,o( - % - % -1 i’id%)
+H100<?§ 52 d 1 ?id%)
+ 3 <35 + 1—56d,1 d2_1>}
FCaTrthiy) [59407 - %” - j?i - % 0~ %dg - %dl + %d?
563
_ 15d§>>
+H, (232 — 44d; + 44d§>
ﬁd1 — 84d7 + 56d§>
198d3 104d4>
Hos ( - %8 + 13*1d—1 + %dl — 6647 + 44d§>

+32d; — 24d7 + 16d§’>
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16 32 32
H_ et 2
+ 100( +pd T pda )

16 32 32
Hy 10| — — — 224, — 2242
+Ho, LO( 3 1l —1>

8
H d 4—d2
+ O’1’0<3 15911 159 )

8§ 16 16
+ H1,0,0< — - = —dy - —d? 1)

3 15 15 -
+ ¢ 4o 8q, 8 (5.4)
3 5 —1 5 -1 .
2,(0,0
G0 =0 (5.5)
4 4 20 44
£§Q:3ﬂﬂh”ﬁmmmh”ﬁ%L{%3m—3dﬂu&ﬁ—m§
5 11 2 3 4 5
346 . . 232 32
Ci’,(;fv) = 7CATF<1{V.,V}>g’n1 + CrTr(livyvy)®m [ 13 Cs}
[12412 229 116 229 116 8506
Tr(hyy o1 )80y - == v - odg+ ——d3 - ——d
+CaTr(heyy) "1[ 35 5 't 5 0T 15 135 1
10726 296 148
d? — =—a3 4+ —df
135 ! 9
1516 258 116 1027 258 116 47927
Ho| — — —v+—0v? — ——d_; + —dy — —d2 — d
°< 5 575 60 ‘1T YT s 180 '
12473 , 12151 , 2354 , 836
— 44 — ==
AT BT S B
44 2 176
+H, —§§——£d1 %%P B2 0
9 3
1664 1448 232 358 1448 232 .
H_ — —— 0+ 80w — Z =03+ S —d + ———d — 80dZ + ===d}
* 10( R R T I T T 0t 15 %
572 968 880 352
—154d; — = LAl - —df + d5>
832 724 116 163 4349 1186
+Hoo| — — + —v —1200% + — 3+—d 1+5d21+—d1 ——d?
5 5 5 15
2066 13 2128 232
— —df - ==db +16d$
[FIT g dit1o >
55 121 286 484 440 176
Hoi| 5d g+ —dy — ——d} + —d3 — —df + —d3
+ 0,1< 3 d-1 + 3 4 3 1+ 3 1+
832 724 116 32 724 116
Hig — = + v —400% + — 0% 4+ =d_; — —dg + 40dZ — d3
* L0< 15 tap AT gt doa m pdo +140d
352
|
3 1)
64 64
H_ — —d_; — —d?
+ 1,0,0< 54175 _1>
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32
+H1,0,0( doy +—=d2 1)

+C3<458 -1+ fd2 >]

+ CpTr(hyy ) ) [1?28 B %U . 11254 - %do 1125401 . 3756d1 - 252(12
128d3 64d4
" H”(lf? N % * 11254 o+ %d 1+ 81958do - %d% - %%dl - %df
2064 L1280, 512
R d5>
+ 204 %dl 64 128d3>
i H°70< - 5?76 " 7;761} - %ﬁ - %4“3 81658d 1 %dzl + 52*8011
- 16584 @ 39568 0 - 1619512 @t 4 so6a _ 3% d6)
- 1—24d3 224d1 — 32d} + di’)
+H_ 100(11258 %d_l 1§8d2 )
+H07_170<— % — 128 iy [P %dz )
+Ho, 1,0 (?é %d,1 + d2_1>
+H1,0,0(— % - %d |- —d2 >
+<3(—352—96d 1—%& )] (5.7)
GO0 = (1) (5.8)
S = 2Cp(lfy ) (5.9)
Cg:((fﬁ,) = —8CrTr (I y)'m = %CFTFG{ v )+ CaCr(lyyy)? {316327 - 128@}
+Ch vy { - % + 956@,]
+OpTr () [ N 54029532157 N 2§S5U N 1411675 vt gggg -t g:ié S
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_ 26 16 b
2025 14175 °
L (18992 104 58 o, 16 o 1576 596 0 1192
18992 104 " " 596, 1192
9835 135 | 4725 ' 14175 135 1 945 2835 !
4292 104 58 , 16 4 104 5
s - 15500 5 42 a2
(2835 350 T amas” T T 135 4725 ot 14175
32 56 112 56
Hoo| — = — —=d?, — —=a, - =da*
+ 0’°< 9 15 ' 15 ' 15 !
266 38 56 5 , 176 . 176
Ty o)y | — 200 38, 50,2 38, i 4 —dy - —d?
+ CrTrihivyy) "h[ TR T A T L T B
8 4 56, 82 4 56, 1538 16
Ho( — + —v——=0v?— =d_ — —do+ —d2 + ——d; — 2442 + —d}
* 0(135+45 AT AT DT T T R
16
+H1<— < 3241 - 32d%>
128 16 32 , 112 5 16 6. 32, 112
H oo — - — 2 v} — —d_y + —dg— —df - ——d3
+ 1’“(9 T TR T T s 45
| 592
d1+96d2 64d§>>
32 8 16, 56 5 52 8 2324
H —v— —vP - 34 2d - —d? + Td
+ °°< EIE A T T A BT S TR
2
96d2+16d3>
5
64 8 206
H ——d_ — =—dy +48d} — 32d3
+ 01< g ~ 341 9 1+ 1 1)
8 16 , 56
o So— 02205 8, d —d?’ 5.10
+ 1"(45“ RO o+ 5+ >] (5.10)
Ci’,((?,’vov) =0 (5.11)
20.0) _ 40 T ywy)? 12
Lave = 3CFl{vy) (5.12)
220 184 - 1906
Laqwv = —2770FTF<1{V,V}>Q771 - 77CFTF<1{\',V}>qn1 +Crllfve )| = T35 T g(s
; 2878 32
CaCp (i, 1)1
+ CaCr(l{vvy) {135 Cs}
i 95416 176 32 10208 10208
CrTrlf oo )90 | — - 2 - g2
+ OrTr{livyy) ”h[ 14175 4725° " 4725t T 135 ' 135 O
176, 32
4725 0 " 4725 0
1808 32 64 32 10048 3808 7616
H — 2 - s doy+ =—d* + ——d
”(945 515" T 157 T arast t a0 135 L
(12832, 64 s 32 5 32,0, 04 Lﬁ 3
945 315 " 1575 4725 315 1575 0 4725 0

192 g, 192
+H070( 25 38 884 9 192 )}

8168 188 112 , 188d 112 , 1088

Tp(l |22 290, 4 22t 200 L fq2 . 0%
+ CrTiihvyy) ”h[135 sVt sV Ty ot pdot e
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2804 1184 992

7(12 7(13—7(:].4
o7 1T g T g
496 216 112 , 33 216 112 , 7201 626
H _ =2 VI 224+ 0y — ——d2 - oy - 222
+0<5 R TS S T TR

860 86045 _ 632 632 44 | 176 d5>

4 32 4.5 2 12
+H1<6 ﬁd1 Mgr+ 203 8d4>

9 9 9 3 3 1
256 416 224 80 416 224
H - o640 - T3 — —d + —do— 64d3 + —d
10(3 A A 0t 75 %
688 416 704 640 256
-5 i+ —d? - —a} 4+ —df - =d}
3 3
624 112 116 16 2812 1832
Hoo — 128 4+ —v — 960 + —v3 + ——d_ d?, + =-"d d?
+0’°< LT R A T N T B T S

4
+ 144d3 — 96d7 + 63d§>

4 2 2 2 12
+H071<—(0d1)—88d1 08d2 35 3248+ 2204 - 8d5>

3 3
128 208 LS 208 112
H — T =320 vd — —d 2d2 d3
+ 17o< 3 + 5 v — 32v 15 o +32dgy —
2
+56d1)] (5.13)
3
GO = 1,y (5.14)
2,(1,0 1 :
Cz,g )= 3COF vy (5.15)
2,(2,0) - a - 3677 128 9 4189
Coq = _SCFTF<1{V,V}> ny + CACF<1{V,V}> (135 — 7(3 + CF<1{V,V}>C1 _ W
96
+ 543]
_ 509317 26 16 6484 6484
Tr(1 L\e = o o 2 B 2
+OrTr{lfvey) ”*[ 12525 2025° 141757 2835t T 2g35
26 16
2025 ° 14175 °
N 18992_%U+ 58 o2 16 o 1576, 596, 1192
2835 135 4725 14175 135 ' 945 1 92835 !
4292_£4U+ 58 N 16 U3_104d+ 58 16 3
2835 135 | 4725 14175 135 0 14175
32 56 112 5 56
Hoo| — = — —d%, - —=d?, 4 1
#too( - 5 - % - Tt - at )| (5.16)
Ci’ff,’fv) =0 (5.17)

4 _
2,(1,0 a
CL,(a,V\)/ = §0F<1{ V.V}> (5.18)
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220 184 : 5 - 1906 64 ; 2878
cL,a,vv = _WCFTFG{V,V}VZ’” + CF<1{V V}>a - ﬁ + EC{J, + CACF<1{V7V}>q 1735
32
- 5(3}
; 95416 176 32 10208 10208
CrTr{y 1 )% | — — 2_ do; — ——d?
+OrTr(lfvy) m { 14175 4725’ T amst T i35 0T i3 O
176 32
4725 0 T 47250
1808 32 64 32 10048 3808 7616
H - = 2 3 d_ 7(12 7(13
+ 0(945 350 T 155 T arst T a3 T s vt s
128 32 64, 32 4 320 64, 32
— = — U+ —V = ==V — — —dy — ——
o45 315" " 1575 4725 315 0 1575 0 4725 0
192 384 192
+ H()70 <5d21 + Tdil + 5d41>:| (519)

5.1.2 Numerical Comparison

A non-trivial consistency check compares our results (denoted KMS in the following)
with the semi-analytical results of Ref. [76] (RSvN) and Ref. [77] (LeProHQ). Both
references parametrise the heavy-quark coefficient functions in terms of Z and xg.
Since these parametrisations live in Z-space, any comparison with the present results
first requires a numerical integration to recover a Mellin moment. That integration
reaches around six significant figures here. Any residual deviation amongst the three
sets may therefore be ascribed to the accuracy of the parametrisations rather than to
the integration itself.

The numerical data are collected in Tab. 5.1. At LO the results agree exactly,
whilst at NLO they display very good overall consistency with the semi-analytical
parametrisations. In the gluon channel, where no independent analytic comparison is
available, the agreement reaches the permille level, matching the accuracy quoted for
those parametrisations.

Quark non-singlet contributions require additional care. Through the optical
theorem, the forward amplitude includes vertex corrections with heavy quarks in
the loops. These are encoded in the two-loop heavy-quark virtual contribution to
the light-quark form factor F}?), given in Eq. (5.20) and discussed for example in
Refs. [78,250]. Because it is proportional to §(1 — Z), this contribution is constant
in Mellin N-space. Such corrections are absent from the RSvN calculation, which
retains only open heavy-quark lines in the final state, as appropriate for the charm-
and bottom-quark structure functions. A meaningful comparison of the non-singlet
coefficient-function moments with the RSvN results therefore requires this form factor
to be subtracted twice. At NLO, the quantity compared with RSvN is

N,(2,0) N,(2,0) (2)
c =c —2F7, =Q. 5.20
2,a,vv RSvN 2,a,vv KMS h H Q ( )

Further subtractions are not necessary, since our calculation uses asyen With n
active flavours, where the heavy quark is decoupled, matching the renormalisation
scheme of RSvN. For comparison, Ref. [78] employs @ yen With 1+ ny, active flavours,
so that the heavy quark is treated as active. In that scheme, additional contributions
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from heavy-quark self-energy insertions on external gluon lines must be subtracted,
whereas the decoupled-flavour definition adopted here leaves them absent at NLO.
The explicit form factor, taken from Ref. [78], is given in the notation of Subsec.1.3
as follows

FP(e) = QOFTFnh{% — %& + (3262 - ?) (3 — (% - %) In(¢)

(5 3) (i (7)1 (557)
(3] (50) o (29))}

For the non-singlet coefficient-function moments at NLO, KMS reproduces LeP-
roHQ exactly, since these functions are implemented in analytical form. At the same
order, the singlet moments from KMS and RSvN agree across both the gluon and
quark channels. A comparison with LeProHQ, by contrast, exposes deviations of up
to twenty percent for larger N in the quark channel.

(5.21)

Table 5.1: Comparison of the numerical values of the moments of the coefficient
functions at LO and NLO for m = 2v/2GeV and Q = 7GeV, corresponding to

¢ = 8/49, with the scale choice p = Q.

N KMS RSvN LeProHQ KMS/RSvN KMS/LeProHQ
2 8.867283709¢ — 02  8.8673¢ — 02  8.8673¢ — 02 1.0000 1.0000
4 1.103046457e¢ — 02  1.1030e — 02  1.1030e — 02 1.0000 1.0000
6  1.917444241e — 03 1.9174e — 03 1.9174e — 03 1.0000 1.0000
8 3.966816131e — 04  3.9668¢ — 04  3.9668¢ — 04 1.0000 1.0000
10 9.137167103e — 05  9.1372e — 05  9.1372e — 05 1.0000 1.0000
12 2.264262570e — 05  2.2643e — 05  2.2643e — 05 1.0000 1.0000
14 5.916619363¢ — 06  5.9166e — 06  5.9166e — 06 1.0000 1.0000
16 1.609557695¢ — 06  1.6096e — 06  1.6096e — 06 1.0000 1.0000
18 4.519332213e¢ — 07  4.5193e — 07  4.5193e — 07 1.0000 1.0000
20  1.301724905¢ — 07  1.3017¢e — 07  1.3017e¢ — 07 1.0000 1.0000
22 3.829032869¢ — 08  3.8290e — 08  3.8290e — 08 1.0000 1.0000
c;\fé(l,o)
2 5.028907767¢ — 01  5.0289¢ — 01  5.0289¢ — 01 1.0000 1.0000
4 6.175564320e — 02  6.1756e — 02  6.1756e — 02 1.0000 1.0000
6 1.183561754e — 02  1.1836e — 02  1.1836e — 02 1.0000 1.0000
8 2.731109006e — 03  2.7311e —03  2.731le—03  1.0000 1.0000
10 6987846232 — 04  6.9878¢ — 04  6.9878¢ —04  1.0000 1.0000
12 1.909719930e — 04  1.9097¢ — 04  1.9097¢ — 04 1.0000 1.0000
14 5.463077020e — 05  5.463le — 05  5.4631e — 05 1.0000 1.0000
16 1.616052219¢ — 05  1.6161le — 05  1.6161e — 05 1.0000 1.0000
18  4.904449068¢ — 06  4.9044e — 06  4.9045¢ — 06 1.0000 1.0000
20 1.518757609¢ — 06  1.5188¢ — 06  1.5188¢ —06  1.0000 1.0000
92 4.780440303¢ — 07  4.7804e — 07  4.7805¢ — 07 1.0000 1.0000

Continued on next page
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N KMS RSYN LeProHQ  KMS/RSvN KMS/LeProHQ
2 3.378659570e + 00  3.4037e+00  3.3799¢+00  0.9926 0.9996
4 7.289865120e — 01 7.3158¢ —01  7.2948¢ —01  0.9965 0.9993
6 1.676777828¢ —01  1.6809¢ —01  1.6786e — 01  0.9976 0.9989
8  4.148549496e — 02  4.1576¢ —02  4.1548¢ — 02  0.9978 0.9985
10 1.087276123¢ — 02  1.0897¢ — 02  1.0895¢ —02  0.9977 0.9980
12 2977571974 — 03 2.9849¢ — 03  2.9852¢ —03  0.9975 0.9974
14 8.436717814e —04  8.4599¢ — 04  8.4636e —04  0.9973 0.9968
16 2.455922015¢ — 04  2.4633¢ — 04  2.4652¢ —04  0.9970 0.9962
18 7.307379587¢ — 05  7.3315¢ — 05  7.3396e —05  0.9967 0.9956
20 2.213903270e — 05  2.2218¢ — 05  2.2260c — 05  0.9965 0.9946
22 6.809936693¢ — 06  6.8358¢ — 06  6.8402¢ — 06  0.9962 0.9956
A
2 1.606527957¢ +01  1.6121e+01  1.6047e+01  0.9966 1.0011
4 3.680483878¢+00 3.6872e+00 3.6743¢+00  0.9982 1.0017
6 9.457069517¢ — 01  9.4677e —01  9.4356e — 01  0.9989 1.0023
8  2.623839998¢ — 01  2.6259¢ — 01  2.6164c — 01  0.9992 1.0029
10 7.663126763¢ — 02  7.6681e —02  7.6370¢ —02  0.9993 1.0034
12 2319720217 — 02 2.3211e — 02  2.3106e —02  0.9994 1.0039
14 7.208613114e —03  7.2126e — 03  7.1769¢ —03  0.9994 1.0044
16 2.285220881c — 03  2.2865¢ — 03  2.2742¢ —03  0.9995 1.0049
18 7.358664768¢ — 04  7.3627¢ — 04  7.3200c —04  0.9995 1.0053
20 2.399582635¢ — 04  2.4009¢ — 04  2.3860c — 04 0.9995 1.0057
22 7.906076590e — 05  7.9104e —05  7.8587¢ —05  0.9994 1.0060
2 —2.663968441c — 01 —2.6599¢ — 01 —2.6379% —01  1.0015 1.0099
4 —2.291865727¢ — 02 —2.2898¢ —02 —2.2309¢ —02  1.0009 1.0273
6 —3.037959700e — 03 —3.0392¢ — 03 —2.8930c —03  0.9996 1.0501
8 —5.184054510¢ — 04 —5.1947¢ — 04 —4.8333¢ —04  0.9980 1.0726
10 —1.027971471e — 04 —1.0318¢ —04 —9.4155¢ —05  0.9963 1.0918
12 —2.252325062¢ — 05 —2.2641c — 05 —2.0354c — 05  0.9948 1.1066
14 —5.209818794¢ — 06 —5.3350e — 06 —4.7487¢ —06  0.9934 1.1161
16 —1.315786777e — 06 —1.3262¢ —06 —1.1719¢ — 06  0.9921 1.1228
18 —3.406331187¢ — 07 —3.4374e —07 —3.0241e — 07  0.9910 1.1264
20 —9.119679388¢ — 08 —9.2130¢ — 08 —8.1052¢ —08  0.9899 1.1252
22 —2.509868611c — 08 —2.538lc —08 —2.2298¢ —08  0.9889 1.1256
C;\f(,l(2,0)
2 —1.819031902¢ + 00 —1.8187e 400 —1.7819¢+00  1.0002 1.0208
4 —1.440499763¢ — 01 —1.4401e —01 —1.3525¢ —01  1.0002 1.0651
6 —2.040592390e — 02 —2.0418¢ — 02 —1.8276c—02  0.9994 1.1166
8 —3.811432361c — 03 —3.8175e — 03 —3.2852¢ —03  0.9984 1.1602
10 —8.290910647¢ — 04 —8.3117¢ —04 —6.9627¢ — 04  0.9975 1.1908
12 —1.985751721e — 04 —1.9923¢ — 04 —1.6434c —04  0.9967 1.2083
14 —5.082020292¢ — 05 —5.1024¢ — 05 —4.1804c — 05  0.9960 1.2157
16 —1.365120445¢ — 05 —1.3714e — 05 —1.1227¢ —05  0.9954 1.2159
18 —3.804753682¢ — 06 —3.8243¢ — 06 —3.1416¢ — 06  0.9949 1.2111
20 —1.091674299¢ — 06 —1.0978¢ — 06 —9.0873¢ —07  0.9944 1.2013
22 —3.206582357¢ — 07 —3.2258¢ — 07 —2.6837¢ —07  0.9940 1.1948
CgéQ,O)
2 1.269706065¢ — 01  1.2691e — 01  1.2697¢ — 01 1.0004 1.0000

Continued on next page
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4 7.773989042¢ — 03 7.7697¢ — 03  7.7740e — 03 1.0006 1.0000
6 8.451385732¢ — 04  8.461le — 04  8.4514e — 04 0.9989 1.0000
8 1.218724089e¢ — 04  1.2232e — 04  1.2187e — 04 0.9964 1.0000
10 2.086984108¢ — 05  2.1002e — 05  2.0870e — 05 0.9937 1.0000
12 4.015640039¢ — 06  4.0518¢ — 06  4.0156e — 06 0.9911 1.0000
14 8.409051715e — 07  8.5059e — 07  8.4091e — 07 0.9886 1.0000
16 1.878096423e — 07  1.9041e — 07  1.878le — 07 0.9863 1.0000
18 4.413049803e — 08  4.4839¢ — 08  4.4130e — 08 0.9842 1.0000
20 1.080458841le — 08  1.1000e — 08  1.0805e — 08 0.9823 1.0000
22 2.736748775e — 09  2.7912¢ — 09  2.7367e — 09 0.9805 1.0000

cg;l(2,0)
2 3.828697684e — 01  3.8268¢ — 01  3.8287e — 01 1.0005 1.0000
4 1.899084702¢ — 02  1.8981le — 02  1.8991e — 02 1.0005 1.0000
6 1.9535556304e — 03  1.9556e — 03  1.9536e — 03 0.9989 1.0000
8  2.757969313e — 04  2.7672e — 04  2.7580e — 04 0.9967 1.0000
10 4.678690020e — 05  4.7059e¢ — 05  4.6787e — 05 0.9942 1.0000
12 8.963806878¢ — 06  9.0378e¢ — 06  8.9638e — 06 0.9918 1.0000
14 1.873670645¢ — 06  1.8935¢ — 06  1.8737e — 06 0.9895 1.0000
16 4.182500377e — 07  4.2360e — 07  4.1825e — 07 0.9874 1.0000
18 9.829615433e — 08  9.9755e — 08  9.8296e — 08 0.9854 1.0000
20 2.408000184e — 08  2.4483e — 08  2.4080e — 08 0.9835 1.0000
22 6.104188218e — 09  6.2172¢e — 09  6.1042e — 09 0.9818 1.0000

5.1.3 Asymptotic Limit

As a further consistency check on the Mellin moments, we extend the comparison to
the region v — 0, that is the limit of asymptotically small masses. This limit is of
particular interest because exact results are not available for all heavy-quark coeffi-
cient functions at NLO, so the asymptotic expansion provides the only independent
benchmark against which our Mellin moments can be validated.

Here the Mellin moments C3); are found to agree with the literature, which Ref. [43]
expresses in terms of harmonic sums [251,252]. Our calculation recovers the cor-
rect factorisation into heavy-quark operator matrix elements and massless coefficient
functions, confirming the consistency of the results with the expected structure of
the expansion. These asymptotic expressions are obtained using the MATHEMATICA
packages HPL [253] and HypExp [254], collected in Eqs. (5.22)—(5.33), further yield the
higher-order corrections, previously unavailable, in a straightforward manner:

G =0 (5.22)
2,(1,0) g g , 44,
Cogre = —Trlgvyy)®m+ Tr(hyyyy)snn | — 1207 — 3Y log(v) 4+ 6v
20 4
+ gvlog(v) —3 log(v) — 1+ O(U3):| (5.23)
2,(2,0) . [115 : 4799 32
2,g,vv OATF<1{ V"'}> " {IQTQ B 4C3} + CFTF<1{V,v}>gm { ~ 105 + EC:&
: 7364 196786 131
+ CrTp(hyyyy)®nn { - EUQ log*(v) — 675 v?log(v) + ?Ulog2(v)
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16 1901 160 32 147959
2 ey iy —
90g<>+ 18vog<> 7og<>+v( G- )
C 14407 C 1961
571080 T
 [1084 79799
; cATF<h{V,V}>gnh{ o log?(0) — D 0g(0) — log’(v)
) 925 16, _ 321337
2 220 —-——1 2( _ 2 —
+ g log’(v) + rvloa(v) og(v) +v ( 5 ¢ 4mmo)
27113 11
20 %) —ag - — 24
(3%0 @) G m2+o()y (5.24)
T =0 (5.25)
4 | | 6402 20
%ﬁgl,’\?g = §TF <1{ V,V}>gn1 + TF<h{ V7\,}>g77,h |: — (U) + ?U + 8’U lOg(U)
4
+§+O@ﬂ} (5.26)
220) 346 _ ‘ 932 32
L = o7 CaTr(livwy)® i+ CpTr(livny)®m { T TR
2852 81278 110
# CRTilom | = 20 logt(0) - 2 og(o) + v log(w)
505 16log(v) ,/ 192 587707 35221
| _ 20\ _ 2 kit
+ g vlos(v) 9 v 5% o0 ) T\ w0
96 232
- = G- == 100
2a) - Za- 220w
4 9134 2%
Ol | 5 1o (w) - 2 og(o) — Folog?(0)
323 38087 48 11353
=0l 2 - it
+ gvog(v)—l—v( <3+6750)+U(5<3 540)
346
20 O(U?’)] | (5.27)
g = {gvry)" (5.28)
210) _ Lo g 5.29
2,q,vv _g F< {VV}> ( : )
266 3677 128
320 = —8CETp (I ) — <7 CFTr vy + CaCr(livay)? {ﬁ e 3]
) 4189
2 1 ) ql _ -7 i
+CF<{V,\ }> 310 + 5 <3
] 9689 , 28 2482 92
T 1 q ) s 2 => 21 2 _ arve 21 e
+ CrTi{livy) "1[22501} 15U o () = Hopvtlog(v) + oo
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2 log(v) — 52w log(v) — o og(v) — 2 + O(?)
o sy B
+ 0 Dtog?(0) — S log’(v) + v loa(v) ~ o
- Zilo log(v) + O(US)] : (5.30)
C%,(qo,’\?\)/ —0 (5.31)
L = %CF<1{V,V}>Q (5.32)
ci(jfv) = —%CFTF<1{V,V}>QTL1 - %CFTF@{VNQQW + Cr (v )" [ N % * %Cz&}
+CaCrin) o - el
— 32vlog(v) — % log(v) — %74 + O(U3>}
+ CrTr(hiyyvy) [ — 7;?32802 — 41156212 log?(v) + %Ug log(v)
+ %v + %vlogQ(U) + %vlog(v) - % + O(UB)} : (5.33)

Ultimately, we highlight that the limit v — 0 agrees with the limit £ — 0 only at
leading power. Beyond this order, corrections are need,

v=E-28 4584+ 0(¢Y), (5.34)
22¢3

logv = log(€) — 26 + 362 + - o(¢h. (5.35)

5.1.4 Axial-Axial

For products of two axial-vector currents, we computed only the first non-vanishing
Mellin moment, namely N = 2. Higher Mellin moments follow in direct analogy,
since all master integrals and IBP tables can be recycled. Unlike the VV case, the
extraction of the finite coefficient function is no longer straightforward whilst the
numbers of light and heavy quarks, m; and ny, are kept general. To simplify the
notation, we write Eq. (2.105) as

ren ,;ren = — a:?ren N,(m,n
L") = (DY Y CL@ZeAT™ )| 430D ™™ (5:36)

j,keS p= m=1 n=1

which introduces new constants that vanish once the coefficient functions are success-
fully renormalised and mass factorisation holds.
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Gluon-initiated processes renormalise as they should, whereas the quark-initiated
ones leave behind divergent contributions,

62’(2’71) = 24CFTF<1{a}1{a}>q’m + 24CFTF<1{a}h{a}>qnh . (537)

2,q

This phenomenon admits two interpretations. On the one hand, no physical require-
ments on the neutral current have been imposed so far. The Mellin moments are
renormalisable when, for example, the theory contains even numbers of both heavy
and light quarks, with equal numbers of up-type and down-type quarks in each case.
In such cases the traces over the charge matrices vanish. Within the full electroweak
theory they also vanish, because the charge traces are independent of the mass and
become trivial once the quark masses are non-degenerate. On the other hand, the
products of two axial-vector and of two vector currents acquire anomalous dimensions
that agree only at LO and may differ at higher orders in perturbation theory [255].
Renormalisation is therefore expected to fail if the anomalous dimensions of the prod-
uct of two vector currents are used.

What should be noted, however, is that even with the correct anomalous dimen-
sions the result would remain non-renormalisable, since the anomalous dimensions
depend only on the number of light flavours. The heavy-quark contributions would
then survive, which suggests that the results are meaningful only when a physical
theory is considered.

The Mellin moments of the AA and VV contributions to the coefficient functions
are in general not identical. As a non-trivial consistency check, they should neverthe-
less coincide in the massless limit, where chiral symmetry is restored, provided the
currents have identical coupling constants and anomalous contributions are discarded.

Discrepancies arise in the massless limit solely from anomalous contributions,
which are unique to the product of two axial-vector currents. These originate from
fermion-triangle subgraphs containing merely one 5. In the VV case, such contribu-
tions vanish by Furry’s theorem. Explicitly, for the differences between Egs. (5.2)—
(5.13) and (C.1)—(C.12), we find

G =P =0, (5.38)
2,(1,0)  2,(1,0) 16 9
027g aa — Cogvv = Trnyv |8+ ? log(v) + O(U ) ) (539)
2,(2,0) 2,(2,0 o6 688 2392
C2,g,aa Co, gvv CATF”h [ 9 lOg ( ) + ?1 g( ) _<3 405
392 288 12352
CpTrnyv | — 32log*(v) — == log(v) — —
+ CrTemo| - 32108°(0) - 2P log) - Foa+ B
+ 10T}27<h{ a }h{ a}>gn121
+ Th(hiarhiay)®n; {401} log(v) + 10]
+ T (layhyay) e nnm {400 log(v) + 20} +0(v?), (5.40)
CL(QSJ CL’,(gO,fv) =0, (5.41)
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CLigm ~ Crigw =0, 5.2
176 1232 192
Cigfg CL’,(gQ,fv) CrpTrnyv [ ~ 9 log(v) — T _C3}
1048 96
T, U= b
+ Cy Fnhv{ T : Cg}
+ 4T3 (lfaylpay) 0]

+ T (hpayhyay)®ng [161} log(v) + 4]

+ T7(Liayhiay)Ennm {161} log(v) + 81 + O (v?), (5.43)
i =l =0, (5.44)
) — ) =0, (5.45)
7544 64 992
(& Efa(;) Cg((qvv CrTrnyv {8—1 + 51 og’(v) + o7 log (v )]
- 1004 496
+ CFTF<1{a}h{-q}>q77/h {U (? — 32log(v) + _<3)
_ 32 B 658
57 15
) 658 )
+ OFTF<1{ }1{ }> n| — —C:3 15 + O(U ) , (546)
G — N =0, (5.47)
T =i =0, (5.48)

L,q,vv

16
CL(jeS; — %) = CpTrnyv [ 9 1

1 312

)
128 368
im,

- 128 368
+ OFTF<1{a}1{a}>qnl [ - —§3 + 1—5} + O(UQ) . (5.49)

5.1.5 Axial-Vector

For the parity-violating coefficient function the gluon-channel contributions vanish
identically. In the quark channel, by contrast, a non-vanishing result appears already
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at the first Mellin moment, namely N = 1, since only the odd moments contribute
here, unlike the AA and VV cases where only the even Mellin moments do. Explicitly,
the residual divergence of the quark channel reads

C;):Ef’_l) = —6CFTF<1{ V}l{a}>qm — GCFTF<1{V}h{a}>qnh . (550)

Following the discussion of the axial-axial anomaly in Eq. (5.37), the same rea-
soning applies here. Restricting the light- and heavy-quark numbers to a physically
sensible flavour content, as discussed in Subsec. 5.1.4, removes the anomalous re-
mainder. The Mellin moment of the parity-violating coefficient function are given in

Egs. (C.13)—(C.15).

5.2 Scalar Current at NLO

The computation of the scalar current serves as a consistency check on the setup,
with the first non-vanishing Mellin moments, at N = 2, given in Eqs. (C.16)—(C.21).
Gauge invariance provides a first non-trivial test here, since, unlike the vector-current
case, only the sum of the ghost and gluon contributions is gauge invariant. Renormal-
isation offers a further and more informative check, as a second operator, the Yukawa
coupling, must be introduced to renormalise the coefficient functions and account for
the Weyl anomaly. Along the way the calculation yields every anomalous dimension
needed for the finite Mellin moments, and is in that sense self-contained. Were the
Yukawa coupling omitted, the coefficient function would not be renormalisable and
the divergent part

gV = CpTrmHy | — 483, — 24d? | +12d_, — 124, (5.51)

would remain. Its cancellation is non-trivial and therefore constitutes a strong check
on the setup.

Scalar currents typically require more master integrals than the neutral current,
since scalars couple directly to gluons and thereby generate additional non-Abelian
vertices, admitting graphs with mass configurations absent from the neutral cur-
rent case. These extra configurations have been computed as well and, being mass-
preserving, included among the master integrals of the neutral current.

5.3 Neutral Current at NNLO

At NNLO, only the explicit expressions involving the cubic Casimir operator are
given, since the full moments are quite lengthy. Two reasons motivate the choice of
this specific term. First, the cubic Casimir colour factor makes its first appearance at
NNLO, and the moment already captures almost the entire analytic structure of the
result, with most of the integral kernels present. Second, it showcases a flavour factor
that at two loops was exclusive to the product of two axial-vector currents, yet now
arises for vector currents as well.

Presentation is once again restricted to the first non-vanishing Mellin moment,
namely N = 2, and specifically to the cgggﬂ), although the other coefficient functions
have, of course, been computed as well. Unlike at NLO, the restriction here is not



150 CHAPTER 5. RESULTS

a matter of convenience. Only this moment could be obtained, since computing
higher moments at this order becomes exceedingly expensive and demands further
optimisation and computing resources.

Notably, the full Mellin moment comprises merely 142 iterated integrals, with not
all kernels contributing, whereas the master integrals contain 2216 in total. Such a
disparity is a recurring feature. Most intermediate results in amplitude computations
amount to unphysical content, an effect far more pronounced in the presence of masses
than in the massless case.

Before the result is presented, a few structural remarks are in order. Confirmed
here is the observation that no kernels with a squared period survive at the amplitude
level [215], whether directly or implicitly through the transcendental functions, even
though such kernels do appear in the master integrals and in the rotations to the
canonical basis. Interestingly, under the transformation

(5.52)

= = em)|
the Mellin moment turns out to be an affine function of the parameter e. Only
the zeroth and first powers therefore occur. Likewise, square roots enter solely at
even powers, either directly or indirectly through the integral kernels. Physics must
not depend on the branch choice, so such behaviour is only to be expected. Along
similar lines, the observation regarding the periods may indicate that a comparable
mechanism is at work.

The structure of the result warrants further investigation in future work, in partic-
ular in relation to approaches such as the Landau bootstrap [256]. In this context, it
would be ideal to find criteria that exclude certain integral kernels, thereby enabling
a more constrained ansatz.
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5.4 Conclusion

Heavy-quark production in deep-inelastic scattering has been investigated here for
neutral, charged and scalar currents. For the neutral current, the first eleven even
Mellin moments of the VV contribution were obtained at NLO [211]. It was found that
AA and VV contributions agree only at LO as a consequence of the chiral anomaly.
However, agreement is restored in the limit of vanishing masses where chiral symmetry
is recovered.

At NNLO, the first even Mellin moment was determined, where the earliest elliptic
structures in the neutral current case emerge through the K3 cohomology underlying
the Picard—Fuchs operator of the three-loop banana integral [217-219]. The charged
current case was treated in direct analogy, although elliptic structures already appear
at two loops via the two-loop banana subtopology [234,236,237]. A scalar current
was also computed, serving as a consistency check of the setup, both through gauge
invariance and through the renormalisation of the additional Yukawa operator.

Many of the master integrals obtained along the way suffice for a range of further
structure functions, remaining unaffected by changes of the projectors. Beyond deep-
inelastic scattering, these same integrals serve the study of QCD self-energies in the
presence of heavy quarks [133].

Computation of higher moments at NNLO is a natural first extension, both for the
VV contribution and for the AV and AA contributions, the latter pair still undeter-
mined. Such contributions gain phenomenological weight in light of the Electron—Ion
Collider [26,27], where Z-boson exchange and parity-violating observables become
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accessible and where the projected experimental precision on heavy-flavour observ-
ables demands theory beyond NLO. On the charged current side, the same holds for
the neutrino programmes at the intensity frontier, most notably the SHiP facility at
the CERN SPS [257], whose neutrino-interaction data will probe charm production
in charged current scattering at momentum transfers where the full mass dependence
of the coefficient functions is indispensable. Conceptually the calculation should be
straightforward, since no new master integrals arise and the IBP tables already assem-
bled cover most, if not all, of the integrals encountered. This same reasoning carries
over to polarised scattering, where no structural difference appears at the amplitude
level and only the projectors require adjustment. Polarised coefficient functions may
at first appear as low-hanging fruit, yet in the presence of masses the additional
v5 insertions bring the full subtleties of dimensional regularisation and of the ax-
ial anomaly [258,259], rendering them both more demanding and physically more
intriguing than a first glance suggests.

The Mellin moments may be used to improve the approximate parametrisations of
the coefficient functions at NNLO [87,260], in the same spirit in which fixed moments
have long sharpened massless analyses, although an analytic reconstruction may be
out of the question, given the complexity of the moments.

Pushing to higher moments is obstructed chiefly by the IBP reduction itself. Al-
ready at the fourth moment the Laporta algorithm becomes unfeasible, owing to the
proliferation of dotted propagators alongside the many scalar products appearing in
the numerators. Memory on the order of terabytes is demanded by the reductions at
this stage. Progress will most plausibly come from improved reduction strategies, for
instance a fully symbolic reduction within FOrRM [139], by analogy with the FORCER
framework [171], which trades the memory bottleneck for a more manageable demand
on disk space.

Even the moments already obtained retain significant value for this purpose, al-
though two caveats should be noted. The present results are fully inclusive. In par-
ticular, for neutral current final states, configurations containing two and four heavy
quarks cannot be separated. Similarly, for charged currents, contributions with one
and three heavy quarks are not distinguished.

Furthermore, the Mellin moments computed in this work are valid for all strictly
positive z, although the evaluation of the iterated integrals may not be straightfor-
ward. This reflects the singularity structure of the amplitude. While no singularities
are present in the deep-inelastic scattering regime, singularities do occur in the physi-
cal region and constrain the radius of convergence of series expansions of the iterated
integrals and the associated periods. As a result, several expansions are required to
cover the full kinematic range. One caveat is that, at each stage, it must be verified
that expansions respect the Picard—Fuchs equations used to derive the e-factorised
form of the master integrals [220,230]. Otherwise the construction would become
inconsistent.

Extension to four loops is a further natural step (see Fig. 5.1), where the same
formalism applies, in particular because a single momentum routing suffices to cover
all independent graphs. Four loops nonetheless remain out of reach for the moment,
as the IBP reductions become a severe bottleneck. No new elliptic curves are ex-
pected for the neutral current, since all elliptic contributions should descend from the
two- and three-loop banana subtopologies. More interesting is the charged current,
where the four-loop banana subtopology appears for the first time and brings with
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it Calabi—Yau threefolds [218,219,224]. Unlike the K3 surfaces of three loops, these
threefolds are genuinely new objects, since their Picard—Fuchs operators are no longer
symmetric squares of second-order operators, so a richer class of special functions
must be anticipated.

Scattering of heavy quarks with two distinct masses offers a further, phenomeno-
logically motivated direction, relevant wherever the charm and bottom scales act
together, as studied at asymptotic virtualities in Ref. [64,65,67,68,261]. Here the set-
covering construction extends to that case almost verbatim, the only change being a
move from a binary to a ternary basis.

As a closing and more mathematical remark, this work ranks amongst the first
applications of the method of differential equations [97,99,100, 189] involving elliptic
integrals at NNLO to a physical observable in deep-inelastic scattering, confirming in
a genuine QCD setting many structural observations previously made only for QED
propagator-type integrals [215,238].

Figure 5.1: The graphs on the left show contributions to the forward scattering ampli-
tude involving two and three distinct heavy quarks in the neutral current, where the
quark masses are indicated by different shades of green. The two graphs on the right
show the extension to four loops: in the neutral current case, only four heavy-quark

cuts are present, whereas in the charged current case five heavy-quark cuts appear,
opening the door to new geometries.
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Adapted from J. Tenniel, “Shower of Playing Cards,” in Lewis Carroll, Alice’s
Adventures in Wonderland (1865).



Appendix A

Integrals

A.1 Neutral Current

Table A.1:

Master integrals contributing to the moments of the neutral current
through three loops, ordered by their e-values. For each master integral, its factori-

sation, its sector symmetries and a single representative are provided.

Int. Family Weights Sector Symmetries Factors
Iy By (1,0) (BYS) -
I BYS (1,1) (BYS) -
ng B (1,1) (BYS)

I%I:];gl ngo (1707 170’0) (ng% Bé\ISCO) (INC)
I%\T(% B%\],go (1)17170’0) (B%\T(C)J% B2 30) IN? Ii\fgj
12 g?) B2 go (0’17170’ 1) (BQ (())7’ B2 30) -
I%\ngl Bgigo (0’ 17 17 O’ 2) (Bgi(())?’ Bé\]‘SO) -
I%\TOCS Bgi(% (1’170’07 1) (Bgl(%) IE? Ii\fg
I%\T(()jés Bgi(()jo (07 1, 1,0, 1) (Bgi(()jo) —
]§g7 Bé\igo (171717170) (Bgisco) IE;)Q
I%\i(()jS Bgi(% (171717170) (ng(%) Ii\fg Ii\fg
L BYo  (LLLLO) (BYG0) (IY§)?
I%\Tlo 32,07 (1v1717171) (BQ 07) -

IB gl B}S\I(()TQ7 (0,0,0,071,0,0,1,1) (BS 027> BE?OBV B3 414> BB 482> B}S\{gOS) (INC)
1:13\1672 35827 (0,1,1,0,1,071,0,0) (B3 027a 33482) INC INC
Iig(% Bg(?27 (171a030717070a170) (B}%\Ig27a B3 103? BS 414’ BS 482) (INC) INC
1113\1634 3%827 (1,0,0,0,1,0,1,1,0) Bs 027 By 103 B, a4 3%4827 Bs 505) -
I:f\y?(;s B:f’\j(g” (0,1,0,0,2,0,1,1,0) Bs 027 B:f\fwsa Bili\f4147 Bsﬁgsm Bs 505) -
1113\1%6 B:’f\f%w (0,2,0,0,1,0,1,1,0) B3 027 B:)N1o3v B?f\f“‘l’ B:Jf\fz;szv Bs 505) -
1%107 B?f\f027 (0’ lv 07 07 17 0’ 1’ 17 O) B3 0277 B?N1037 B?f\f4147 B?f\f4827 B3 505) -
I?\ng B?ﬁ(??? (0’250707170’05171) BS 0277 B?N?Ofiv B?f\fglm B?NES% BS 505) Ig? I%Izlc
Iili\j(()jQ B?f\f027 (0’150707170’05171) BS 0277 8%1037 B?f\f4147 B?NES% BS 505) Il,? 12,3C
I?\T?O 8%827 (0’050707171’05171) B3 027> B3 1037 B3 414> B3 482> BS 505) (15?)2 Ii\zg
I3 ?1 B3 51314 (1’050707170’15170) (B3 1037 B3 4(13147 B3 gOS) -
I?ggé B?z414 (0’150707170’15370) (B3 1037 Bzg%m B?1>\T505) -
I?\j% lea\],gm (0’170707170’17270) (BS 1037 BS 4?147 B3 005) -
I?N& Bi”\f‘%‘l (0’170707170’171’0) (BS 103> BS 414> BS 505) -
I?N?S B?f\ngO (0’150707170’1a1’0) (BS gOO) -
1213\196 B?I)\T(%? (1’1’17171’0’()’0’0) (B?f\j027’ B?I)\]JOS) I%\I? (IN )
13,17 BS,(())27 (0’ 1’ 17 07 1’ 1’ 15 O’ O) (33,027’ 33,482) Ii\lg 12 6

Continued on next page
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s BYS clents Sector S
nyz B?N(()JQ? (1’1’0:171,0,0 1,0) o r Symmetries "
3 ’ o o
e gler (1,1,0,1,2,0,0,1,0) (BYSor. By S DY) v
INC B?l)\f%27 <1’170707171’0 1 O) (B3 027> B?l)\flc(] BNCSQ Ii\lc INC
Iz\%l B?\f(()zw (2,0,0,1,1,0 171,0) (B?l)\f(()3277 B},)\fglj B:f’\fé&) IBP
Ig\% B?\T%w (1,0,0,1,170’1’1’0) (33 o B?: 3)482) NG ING INS
Ié\%i Bil’)\f%w ELO,O,Q’L1 1a1,0> (BN (B§027, Bgszz) =
0,1.0 o 302 BN
[‘NCr B?\f%27 IR »171,0’0’2 1 7 31037 B3 i 7B _
I;)?\%O B?\T%W (0,1,0,1,2,0,0 1’13 (gs 627> B3 ?037 B} %i Bil’)\f4827 B3 505) _
IN%6 Bi&l%w (0,1,0,1,1,0 0’ 1’1 ( 30277 B},f?os’ B;Iff ’ Bifé% B3 o B
IzN%? les\%u (1,0,0,2, 1’07 1; 17(); (Bs 027 B?\]11037 B:Is\f;j B:Is\fzés% B3 005) B
e g’ (1,0,0,1,1,0,1,1,0) (B3 Jos: BNCT BNE 505) _
e gt (1,1,0,0,1,0,1,1,0) (Bs fo3: B¢ ’3?@505) _
Iz\j%o 3%682 (]‘71,1,1707070’1,0) (B3 1037 Bili\fz%j Bd 505) _
I?l)\ié; B%\fé‘SQ (1’1’0,271,07021’0) (BS 4147 B§482: 33 505; _
I};\TC B%\fé& (17 1,0,1,1,0,0, 1’0) (BS 4147 Bé\jfw 33 505 IE? ([FQC)z
IN%g B%%OO (0,1,1,0,1,1,1 0’0) (B3 14> B;la\jz(f 733 505) IBP,
ﬁ\%‘l B%\T%OO (1’0’0,1,1707{1,0 (B;la\j 823 3505) I%\IC [NC
335 73,027 (1,1,1,1 '1,1,0) Lo INC 32
IC BNC s 4Ly ,1,1,000) (3300) 1.3 ‘[26
336 73,027 (1,1,0,0,2 Y (BNC 0 w s
1%137 B?1’\18;27 (2 1’07 s ,1,1,1,0) BNC 3027) INC (N
e pN¢ ,1,0,0,1,1,1,1,0) ( S B3482) NG (ING)?
I3 Bz\f%w 5(11’1’07071’1’1’170) EB%\f%27’ B3 s 2) -
INC 3,027 ,1,1,0,1,1,1 B ’ _
:1)’\1%30 By (?27 (2,1,1,1,1 +1,0) (B%\TOCW 348 2) B
I35 BNC »1,1,1,0,0,0 1) 3,027 B348)
INC B?f\f%% (1,1,1,1,1,0,0 0’1) (BXS,.) ? _
[:1)’\1%12 Bzf’\f%” (lal,O,l,l,O,o’l,l) (Bé\fo;) _
36 ¥ (0,0,1,1,1,1 2 (BNC e _
1344 BNC ) Ly by ,071 1) 3027, B348 )
344 73,027 (0,1,1,0,1,0 ’ (BYS,,, BY 2 -
1345 B?l)\fc (0 [ ?171,1) 0271\} 34147 B3482) N
e g’ ,1,1,0,2,0,1,1,1) (BY g% B, ) e NG,
e e (0,2,1,0,1,0,1,1,1) (Bif\flog, BYC., e _
INAé? B?\Téhl (0’3’17071,0 1,1,1 (BS 103> B?{\f 7B?1)\1505) —
348 3414 (1,1,1,1 L1 1) (BNC o 5 505) _
Ig BNC 1 717170 0 O) 3,103> B3 14 BNC
xE g (1,1,0,1,1,0,1,1,0) BN 5.505) B
3,50 E I e et ,414
e g’ (1,1,0,1,2,0,1,1,0) (BYG140 BYSs) (10Y9)2 NG
S 24 (1,1,0,0 ’ (BNC 31205 T
IBC BC ’ 71717210) 3414aBSC )
o sq4 (1,1,0,0,1 T (B C 31205 _
1S, BYS ,0,0,1,1,1,1,0) 3 141 B3 505)
el 3452 (1,1,0,1,1 ’ (BY¢ 3,005 B
1354 BNC ,0,1,1,0,1,1 0) 3,414 _B35 )
N Tase (1,1,1,1,1 ’ (BY¢ 3,005 B
1355 BNC 1 s Ly 4y ,0,0,0,1) 3,482 33505)
]é\fc 3%5005 (1,1,1,1,1,1,0,0,0) (33582’ B;)\TC ) _
N e (1,1,1,1,1,1,0,0,0) (BYe 3™ _
B B (1LL0.0LLLLO (B ()
358 3,027 (1,1,1,1 '1,1,0) e NC\3
I BNC ,1,1,1,1,0,1,0) (B3 600) (113)
R gk (L1.1,1,1,0,0.1.1 (ngco) 3
s o (2,0,0,1,1,1’1’1’1) (B§%27) INS N
e ke (1,0,0,1,1 1’1’1’1) (BYG, BN e
?\162 BN, (1,1,1,1 ,1,1,1,1) (BNC% 3.482) B
IS BNC ,1,1,1,1,1,0,0) 3.027> B3 482)
e phe” (1,2,1,0,1,1,1,1,0) (BYG) -
:1)’\1%4 3480 (1,1,1,0,1 1’ o (BNCM INC JNC
I3 65 BNC »1,0,1,1,1,1,0) 3 482) 1,2 42,10
JNC Bif\féSQ (1,1,1,1,1,0,0 1’1 (le))\fij ) _
3,66 ~3.482 (1,1,1,1,2 0 1.1) (BC’82 _
1367 BNC ) ,0,0,1,1) 3,482 B3505)
NC e (L1, 11 (BYS; _
Ig BNC 1, 1,1,1,1,1 O) 3,482 Bg )
N ke (1,1,0,1,1,1,1,1,1) (Yo 3™ _
AP e (1,1,0,1,1,1,1,1,1) (BN _
Iz\io B?\TSCOS (2,1,0,1,1 1’1’1’1) (Bil’)\fsczi) _
,71 3,000 1,1 [t Rk Rt 3
( ’0,171’171a1,1) <B?1)\f§05) -
(B3.600) -
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A.2 Charged Current

Table A.2:

Master integrals contributing to the moments of the charged current

through three loops, ordered by their e-values. For each master integral, its factori-
sation, its sector symmetries and a single representative are provided.

Int. Family Weights Sector Symmetries Factors
IIC? B (170) (Blcg) -
IS 692 (1,1) (B) -
59 BSG (0,1,1,0,0 (BS 5o, B%w) (I75)?
I2§ 82 13 (17171a070) (BQ 107 82 13) Ilcg Ilc?g
55 BSG (0,1,1,0,1) (BSS) -
IQC:A(E Bg%’) (07 27 1, 07 1) (82 13) -
Igg B2d§3 (17 07 0’ 17 1) (82 10 BQ 13) -
I2Cg Bg%’) (170’07172) (Bg%) Bg%’)) -
I2d$ Bg%) (171’1v170) (Bglm Bgl?)) (155)2
I2dg Bg,(lj?) (171’1’171) (821 ) -
Iggl Bg(ljm (O’ 17 Ov 1’ lv 07 07 Ov 0) (BS 1687 BS 179> BB 207> B3 310> 83 330 BS 337) (IS?)S
€S, BSS, (1,1,0,1,1,0,0,0,0) (63 Iss: BSC o, BSSyr. BSS10 BSSao, BSSar) (IE9)? IS
ac ele) dc [¢l¢ lele) dc dc ¢Cy jCC
I3s  B3ize (0,1,1,0,1,0,1,0,0) (83 Ios: B3 579, B3 5075 B3 5100 By 3305 Bagsr) (1) I35
I:SC(()ZL Bg(ljﬂ) (072717071,071’070) (Bd 168> 83 179 BB 207> 83 310 Bd 330 83 337) (IP?) IQCg
Ig(()js std%g (0717071’1’07071’0) (859(13797 Bg2077 B§3107 Bsdgso) (IS?) Igg
I?SSJG 632?79 (07 17 07 2’ 17 07 07 17 0) (8321797 622077 8333107 Bi’ggSO) (IS?) 1271?
Iig(% B%?m (1707070’ 1’ 07 17 170) (3%1687 3381797 8%2077 6%310’ 8%330’ B%%?) -
I?agS B3C7(1379 (1’ 07 07 0’ Ov 17 17 17 0) (83 1687 BS 1797 8%2077 B:églo’ B3dg307 B?ég?)?) -
13,(?9 83 (1:79 (1’07070’05 1717270) (BS 1687 BS 1797 83 2077 B3 310’ 83 gSO? BS gS? -
IL??O 85?79 (071’07071a071a170) (83 179 BS 207> BS 310 83 330> 83 337) -
Ig% Bg(ljﬂ) (071707071a072»170) (Bsdng, B§2077 nglov ngso, ngB7) -
I:g?Z Bg(ljw (072707071,0717170) (Bsdl?m ng{)% 89%07 BgdSOv 89337) -
I?E??S B:sd%g (0717071’1’07070’1) (BS 179> 83 207> BS 310> 83 337) -
I?SEL Bg?ﬂ) (1717171’170707070) (BS 168’ BS ?797 BB gO?? 83 g107 63 g30’ ng?)?) Ilcj? (155)2
I???S Bg?ﬂ) (0717170’1v1717070) (‘83 1687 33 1797 83 2077 63 310’ B§3307 B§337) (11020) I2CSC
Iglcﬁ B3d(1379 (0’27170’151717070) (83 168> BS 179> BB 2077 BS 310’ B3d3307 Bg337) (Ildg) Igg
56 BSSy  (1,1,0,1,1,0,0,1,0) (BS Sror BSr> BS 510 BS 520) (I55) IS
Ig?S 85?79 (171’07271a070a170) (BS 179> B?) 207> 83 310> BgBSO) (ISS) Igg
155 Bg%g (1,0,0,0,1,1,1,1,0) (81??687 B; ?797 BSSy7, BS glOa B; gso» ngﬂ) -
I?Ej,go Bg(ljm (071717070,1717170) (83 1687 BS 1797 Bs g(ﬁ? 83 310, 83 5307 BS 337) -
I?Sgl B:zd%g (0727170’0’1717170) (63 168> BS 1797 83 2077 BS 3107 83 330> BS 337) -
I?)C,gQ BS??Q (1707071’170717170) (BS 1797 63 2077 83 3107 BB 330) -
I??% Bg??f) (1a07072’1v0717170) (33 1797 83 207> B3 310 ‘83 330) -
152C4 Bg(ljm (1a07071v250717170) (BS 1797 BB gO?? 33 glO’ B3 330) -
55 BSS, (1,1,0,1,1,0,0,0,1) (BS 51, BS S, BS S, B 57) -
I§5 BSS (0,1,0,1,1,0,0,1,1) (BSSror B> BS10) -
I§5: B (0,1,0,1,1,0,0,2,1) (BS Sror B or> BS510) -
I:ggs Bg(ljm (072707171,0707171) (Bg1797 ngow 3310) -
I:ggg ngBO (0717071’1’0707171) (BgIGSv ng{iov 333 ) -
ISC,?()JO BSgBO (0717071’170707271) (ng& B§3307 BS 337) -
I??gl Bg??f) (1a17171’1v1707070) (‘83 168> 63 179> 63 207> 83 310> B3 330> B§g37) (IES)S
Ig?% B3d(1379 (0’17171’151707170) ( ?(aj1797 BgQO?? BgSlO’ B3d330) IS? Ig,g
55 BSSy (1,1,0,0,1,1,1,1,0) (BS 570> BS o BS S100 B 50) -
115304 Bg??Q (171’07071a171a270) (83 179’ BBCQO% BgSlOa B§330) -
Ig?% Bg,(ljﬂ) (172707071,1717170) (BB 179> 83?2077 Bg3107 BgBSO) -

Continued on next page
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Int. Family Weights Sector Symmetries Factors
I?Ejgﬁ 63 179 (0,1,1,0,1,1,171,0) (63 1793 83 207’ BS 3107 BS 330> 63 337) -
IS 37 BS 179 (072’17071a171a170) (83 179? B3 2077 BS 3107 89330’ 89337) -
13958 Bg179 (171707171a0717170) (83 1797 BB 207> BS 310a 83 330) -
I?Ej,f% B§179 (171717171,0707071) (83.1797 Bs g(ﬁ? 83 310 83 537) -
I?E?EO 83 179 (17 17 17 1’ 2’ 07 07 07 1) (8399797 83,53077 83,:%07 BBES?) -
ISC,EI BSl?Q (17 17 07 1’ 17 07 07 17 1) (Bg?ﬂ)v ngow B3C,g1o) -
13222 332179 (0717170’1v0717171) (33 1797 83 207> B3 310’ ‘83 330) -
IS,ES B3 179 (0’27170’150717171) (BS 1797 BB 2077 33 310’ B3 330) -
13924 83 (1379 (1a070717031717171) (63 179 83 207> BS 310 B3 330> 63 337) -
I:g% B§179 (170’07170a171a271) (89179; B3 3077 nglm ngBO’ ng37) -
ISEG ngBO (1717171711070»071) (Bg%& ng:so» ngm -
159,4(137 Bg(ljm (171717171,1707170) (85 179> ng(ﬁ? BSgIOﬂ ngso) Il I
I?E?ES Bzzd%g (1717071’1’1717170) (Bglmv ngm» nglm ngSO) -
ISC,EQ 632?79 (1717071’171717270) (351797 ngo% nglO’ ngSO) -
I?ggo B%??Q (1a17171’1v0707171) (63 179’ 33 2077 BS 310) -
IS,5C1 B3 (1379 (1’07071’151717171) (BS 1797 BB 2077 33 310’ 83 330) -
55, BSG (1,1,1,1,1,0,0,1,1) (BS s B 5a0: B Syr) -
138503 B§g30 (171’27171a070a171) (83,1687 ngi%Ov 85337) -
139594 83d(1379 (1717071711171»171) (Bg?ﬂ)) -
I:ggs Bg%g (171707171,1717271) (Bg(fm) -
I?E?E()JG ng07 (1717171’171717170) (ngo% ngm) -
158 BSS, (1,1,0,1,1,1,1,1,1) (BSSs0) -

A.3 Boundary Values

Table A.3: Master integrals contributing to the boundary values through three loops,
ordered by their e-values. For each master integral, its factorisation, its sector sym-
metries and a single representative are provided.

Int. Family Weights Sector Symmetries Factors
f1,1 [;’1,1 (1) (Bl 1) -
Ini Bos (1,1,1) (Bap) (I11)?
Lo Bay (0,1,1) (Ba,3,B2,7) -
Ihs  Bar (1,1,1) (Ba7) —
Iso1 Bsor (0,0,0,1,1,1) (Bs.13, Bs 15, Bs 29, Bs.31, Bsor) (I1)°
Isoo Bsor (0,1,1,1,0,1) (Bs,03, Bs 13, Bs01) -
f3,03 33,03 (1,1,0,0,1,1) (83,07, 33,11, 33,127 33,137 33,15, 83,29, 53,03) -
Isos  Bses (1,0,0,1,1,1) (Bsi1, B3, B3 13, Bsis, Bsos) Lialsy
Isos  Bsas  (0,1,1,1,0,1) (Bs 15, Bs 31, Bs,i3) -
fsos Bsis (0,0,1,1,1,1) (Bs.s1, Bss) Ll
Isor  Bsag (0,1,1,1,0,1) (B331, B3 29) -
Isos B3 (1,1,1,0,1,1) (B3 15, B311) -
Ioo Bsor (1,0,1,1,1,1) (Bs,01) -
Iz10 Bz (0,1,1,1,1,1) (Bs31) -
sy Bsas (1,1,1,1,1,1) (Bs,13) -
Iz Bsis (1,1,1,1,1,1) (Bs.15) —




Appendix B

Bananas

B.1 Three-Loop Banana

B.1.1 Ansatz Functions

Ney(-1) Bt —1322° 4 9122 + 2562 — 6144

_ B.1
“B,311 512(z — 16)(x — 4) (B-1)
Noen T (2at — 832% 4+ 116422 — 5840z + 11264)
“Bal2 = 128(z — 16)(x — 4) (B.2)
NC,(~1 3
apo s = =g (o —44a% 4 4642 — 1024) (B.3)
NC,(0) _ 23 — 3022 4 3362 — 640 (B.4)
B2 8(0 — 16) (2 — 4)/(x — 16)(x — 4) ‘
NCO) _ 22 — 407 + 192 (B5)
B2 /(w — 16)(x — 4)
NG, (0) 8
PR (e = 16)(x — 4) (B.6)
NC,(0) _ xt — 4523 + 69622 — 39527 + 8448 (B.7)
BI2LT16(0 — 16)(z — 4)\/(z — 16)( — 4) '
NCO _ 2% — 402? + 3042 — 256 (B5)
5322 39/(w — 16)(x — 4) '
8
aggjé?é = (B.9)

zv/(z — 16)(z — 4)
NCo) 370 — 14825 + 28722 — 291843 + 14387222 — 360448z + 688128
B,3,1,1 256(x — 16)2(z — 4)2

(B.10)
o) _ 2° = 34z! + 5120% — 26884° + 81927 + 8192 (B.11)
a1z 128(z — 16)(z — 4) ‘
3 2
NC,(0) x° — 402° + 304z — 256 B
- 12
B3.13 4(z — 16)(x — D (B.12)
NC, (x —16)(z — 4) (z* — 4523 + 69622 — 39521 + 8448)
apaig = — v (B.13)

16(x — 16)%(z — 4)?
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veoy V(@ —16)(z —4) (¢ — 4022 + 304z — 256)
B,3

= — B.14
“Bs15 32(z — 16)(z — 4) (B.-14)
B,3,1,6 (x —16)(z — 4)x
B.1.2 Transformation Entries
ey _ @ (ot = 3607 4 40822 — 12162 + 1536) (B.16)
B3LL 256(z — 16)(x — 4) ’ '
_ 1
Bt = gegt (10— 44 + 464z — 1024) | (B.17)
2
NG, xr~ — 40[E + ]_92
thoid = , (B.18)
8y/(z — 16)(z — 4)
3 2
NC, xr- — 40[[’ + 3041’ — 256
tB,gé(B - ) (Blg)
32y/(z — 16)(z — 4)

o) @0 — 34zt 4 5122 — 268827 + 81921 + 8192 (B.20)
BaLL 256(x — 16)(z — 4) ’ ‘

1
tgggog =3 (B.21)
3 2
NC, (0 x® — 40z* 4 304z — 256
thona = — (B.22)

32/(x — 16)(z — 4)
B.2 Two-Loop Banana

B.2.1 Ansatz Functions

ago ) = — 15 (B.23)
agy s = 2% — 30z + 45 (B.24)

B.2.2 Transformation Entries

1
tho ) = {5 (22 — 30z + 45)} (B.25)



Appendix C

More Mellin Moments

C.1 Axial-Axial

i =0 e

SO — T () )¥0 + T (haay) o [ —1+14d; — 30d? + 32d? — 16d}

2,g,aa

4 134
+ Hy (3 3d 1 — —dl +27d? - g d? +40d] — 16 d5)] (C.2)
2,(2,0) 115 ) 4799 32
Cygan = CaTp(lfany)m [162 — 4G | + CrTr(laay)®m| — 205 T g(s

+ 10T%<1{ .d}l{ a }>g’7712 + T%O{ a }h{ a }>gnhn1 |:20 + H()( —20d_; — 20d1):|
+ T (hyayhiay)®ni [10 + H0< —20d_; — 20d1>

+Hoyp <20d_1 +20d?; — 20d; + 20d§>]

szz 2224(11_% 02 6§0 0 - 3;0014
% 0 73940 a4+ 66548 2 152208 a i 13264 at 98356d§> -+ os0d ?>

+Hy (16 — 344d; 4 1800d? — 4832d3 + 7216d} — 5760d5 + 1920d?)

9392 2020 3568 , 124 , 1088 2020 , 3568
H- - 2 VP4 ——od do — 22242
- 1’0<45 R T T S T R R TR
124 , 3488 256
— —d} - 12847 — = —d3
15 0T Tg e
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14248 1010 1784 , 62 4 657 1006 1152
H — — 2_ -2 3 _ 7d _ 7d2 d3
* 0’°< B T3 VT s VT Y Ty T s T
576 , 7543 . T4692 , 242306 463168 .
21952
- 1+—1920d{>

+Hm<&Ly+B&h—1@&ﬁ+3%&ﬁ—8%&ﬁ+9%&ﬁ—6mmﬁ

4—1920d{>
+Hm(_4ﬁ6+u§%_lﬁgﬂ_iéﬁ_?ﬁdl_ugho HM&
g%dg 2959d1——1090d 1540 48 804002 + 993647 — 6720d
4—1920d{>
+ Ho, 10<11258 - 1(1)§8 1 %ﬁsdQ )
+I%@o<—?§+}ﬁfd4_ki?d2>
(5 - St - e,
v 220, - e
+%ﬁmmw%ﬁﬁgkﬁ£7_ﬁ2 gt Pty = i -
0, 0y 2 2
_'3Z§f9d1*'2iﬁ?3dl 7§§;3d +-%€§§d1 1672d5>
-+I{1<%f—-308d1 +220d7 — 724d 352d4)
“%ﬁ?do 1282d1 444d§4-§%§%d§__}%§9d1 704d5>
+Hw<—7§6+12ﬂwﬂﬁgﬁ—?§3—§gd1 ??y 384da



C.1. AXIAL-AXIAL

167

L 192
——dt, +=—"=d d? — d dj
5 0Ty T T T 3

2948 880 880 44 352 d5>

+Ho 1 < — % 4+ 11d_; 4 77d; — 19843 +

. 804 1714 1748 , 58 5 344 1714, 1748
1.0 5 15 " 15 A o R TR T

2
dg Ell - dit 24d% — 16d3>

32 2
f 4, - 242,
3 15 15

32
+H07_10( fd 1+ =42 )

45

+H 100

15 1

16 16
H —d - —d?
* 0’1’()(3 15 ' 15 —)

8
Hioof — 2 + —2 D¢
+ 1,0,0< 3+15d 1+15d_>

8 8
+C3<—4+ 5(171 + 5d_1>:|

2,(0,0)

L.,g,aa =0

2,100 4 : . |4 20 44
CL,(g,azz = gTF<1{ a,a}>gnl + TF<h{ a,a}>bnh |:3 + ?dl - ?d% + 16d? - 8(]‘411

5 11
- Hg( —gda - di 13d? — 22d3 + 20d] — Sd?ﬂ

2,(2,0 346 o 232 32
CL,(g,aaz - T7CATF<1{ a7a}>bnl + CFTF<1{ a‘,a}>gnl |: - ﬁ - CS:|

+ATE( oy (a8 + TR ayhia ) Ennm [8 + H0< —8d_; — 8d1>]
+ T (hyayhiay)®ng [4 + H0< —8d_; — 8d1>

+ Ho,o <8d1 +8d%, —8d; + 8 dfﬂ

15436 293 116 ,
- —v
135 5 15
116 9154 11374 296 148
——d? d di — =—a3 +
5O T 3N T gy Mg 9

(1996 322 116 02 77 192
Hy

+ C'A,TF <h{ a,a}>gn}1 |:

d4

128
290 942 - - —=dly - dE +
15 5 VT Y 5 O

116 57143 11897 11959 2354 836
— a2 - d d? — a3 df — —a
50" 180 W g T Ty U g T g A

3883 2731 , 13298 5 4208 464d5 32d(15>

——d

(C.3)

(C.5)
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+H ( - % - ?dl QSSdl %dl 1;6014)
232 d3 @ a — 5;2 2 968 968 45 _ 880 880 14 352 d5>
+Ho,o< @ + ?v— %v% %v?’ - % 1 I—gdﬁl + ?dil
- 1—28&1 %g?dl 11;4d1 678013 704d4 232d5 + 16d6>
+ Ho 1 <5;’d_1 - %dl - ?dl 4§4d3 4;10(14 1;6d5>
i HI’O( B % " %U - %41}2 % - i;d b 91156010 " %dg - 11156d°
1)
+H_ 100 <654d1 (?dQ_1>
+ H0,1,0< — %dfl - 654612_1>
+Ho 10 (352d—1 + 352d21>
+ Hy 0,()( — %d_l — ?d%)
+<3(—458d - )]
+ CpTr(hy,ay)®nn [90— %u 11254 2 1§2d,1 - ng %do 11254d
+% . 1?;’%%?@ 160d4
H0<2(1);2 B 91%2@ 11254 2, %d - 557)6012 324013 %zdo 11254d0
B 11386 a4+ 1011596 o 84508 5 68396 at - 49328 & + 480 d6>

+H,; ( — 176d; + 880d? — 2368d3 + 3584d} — 2880d3 + 960d§)

512 1552 248 384 1552
H 1o == —104 v? — 3 —d 104dg — ——d?
* 1’“( 5 R T T B A T

24 44 12
8d3 8d1 + 64d? — 8d3
3 3
768 L TT6 5 124 5 1939 2452

H I T T B Wttt it it o
+°’°( 5 R T T !
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384 3707 4282 13396 76504 _, 10976
s dy — —=42 a3 dj 4 5840d5 — ——d¢

i L T S B S A T 3 !
+ 960d{)

+ Ho 1 <15d_1 + 81d; — 510d3 4 1860d3 — 3960d] + 4944d3 — 3360dS + 960d{>

256 76, 124 4 117 76, 124
Hyiogl — = 452 v+ = — —d_; —52dg + ——d?
* 170( S T AL S T TS

4 44
+ ﬂdl — 542d? + £d3 3960d{ + 4944d; — 3360d¢ + 960d{>

128 384 384
+H_ 100< 7(1 1+ —d? >

15
128 384 384
+H0,1,0<—— —d- 1——d2 )
15
64 192 192
H g 4+ —==d?
+ 0,1,0(15 + 5 1+ >
64 192 192
H —— - —=d_; - —dQ
+ 1,0,0( 5 5 1 >
32 288 288 2
e300 = ({aa)) (C.7)
2,(1,0) _ 1 1 q
CQ,q aa gCFﬂ{ a,a}> (CS)
266 - . 3677 128
cg:éi;? — —XCFTFO{ a7a}>qm — SCFTF<1{ a7a}>qm + C'AC'F<1{ a7a}> [135 — §3]
- 4189 96 - 658 32
+OE )" [ 810 543] + CrTrlayliay)m [ -4 cg]
- 1328 752 752
+CFTF<1{a}h{a}>qnh|:—45+15d 1 d2
NN LR P T L
45 45 9

964 106 106
*Hl( 4545“450‘0)

+H 1 (48 — 240 4 96d_; + 24d0>

72 1036 228 3008 1504
H - = ——d g =A% —ad  ——at
* 0’°< 5 30— pdat 15 15 )

144 288
H —d_
+ Ho,1 ( 5 5 )
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24 4
+ HI,O (5 + 12v + ;d_l — 12d0>
32 496 496
H et =Y 2
+ 0,0,1( 15—1— 15(1 1+ d )
32 496 496
H =Y 2
+ 0,1,0( 15+ 15(1 1+ d )
64 992 992
Hygo| — — 2md_g — ——d?
* 1’0’”<15 15 ' 15 ‘4>
32 496 496
+C3<—5+d1 ——q% >:|
: 509317 26 16 6484 6484
Tr(l any | — - — 2 o+ ——d?
+ OrTr{lfaay) ”}{ 12525 2025° " 14175”2835t T g3t
26 16
- do — d?
2025 ° 14175 °
18992 104 58 16 1576 596
H, (22222 _ 2% 2 3 22
+ 0( 2835 135 © aras’ Tt T 135 O T gas
1192
B &
2835 1)
4292 104 58 16 104 58 16 .
Hi( — — — — P — —d d2 d3
<2835 135 " " 475" *’14175 1359 " 47259 F 14175
32 56 , 112
Hoo — = — - d*; — ——d?, 20 g4
+ 0’°< 9 15 15 ' 15 )]
8054 1762 56 192 192 1762
Tr(hyaar)in Tt 2, -2
+ CrTr(hiaay) 77h[ 15 T doy +—dZ,; do
176 . 1712, 2368 , 1184
M 104 d? dj — di
Tt g hit g h T
36776 1748 56 112 576 384 1748
6 P i s PP P B Wt 202, 3 1038
+ °< 35 15 0 1Y g d S = s+ do
56 o 2044 1660 , 5944 , 1264 352
—dZ - dy — 2 H dj + ==d8
BT T T Ty Gty 9
16 224 12 4 2
+H%:;+d1 wmh+§f£ “hﬁ
1664 976 1184 , 112 976 . 1184 , 112
H_ — v+ —? 0¥ —16d_; + —dg — ——d3 47@
+ 1[)( 9 5 v+ 5 v+ — 45 6 1+ 5 5 0 0
1 42 12 12
04, 4 2s8dz - 2283 4 12044 512
9 3 3
800 1464 1776 , 56 , 124 968 ;2 768

Hoo — o8 4 -2, - 2002 Dy 2% 4 02 4 D3
+ “°< R S T T T 5 -1

| 4852 984 2608
d; — =242
5 AT art

128
d4 192d%-+:3d§>

64 2144 640 256
+ Ho,1 <9 —8d_; — 56d; + 144d? — —di- d5>
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171

256 488 992 5, 56 5 488 592

56

Hio| — S+ —v— =0 — 2o — —do+ ——dj + —d§
+LO( 3 T VTV Y T T D
512

5
2,(0,0
L,q7a:3 =0
2,100 4 .
CL,(q,aaz = 7CF<1{ a,a}>q
2,200 160 qQ 184 - , . 2878
Crgan — _“557(1F7¥«1{ma}>1”1__‘Tgf(sz}%l{ma}>q”14‘(7A(ZF<1{ma}>q =

= 1906 64 368 128
2
+ CF<1{a,a}>q |: — 1735 C3:| + CFTF<1{ }1{ }> o |:15 — 5C3]
- 476 256 256
+ CFTF<1{<1}h{ a}>qnh |:15 + 7d 1+ d2
144 4 12
Ho{ — — + cv—T2d- 1—@(12 > d3
5 5
184 4 4
T (P R
+ 1( 5 + 5t)+'5 0)

+ H_LO <32 — 16v + 64d_1 + 16d0>

48 904 776 5, 1024
Hoo| — — +24v — =—d_; + —d?,
* QO( 5T ;59T s 5

96 192
()

d3

5

16

+Hip <5

128 32 32
+ Hoo,1 ( - - =da- d2_1)

32
+ 8v + Edfl - 8d0>

15 5 5

128 32 32
H S N s
+ 010( 5 5 d-1 5 1)

15 ) 5

128 96 96
S22 P, -2
+ C3< 3 pdi—- = —1>]

256 64 64
+H100< + —d_1 + d21>

05416 176 32, 10208
14175 4725° " 4725° 135

10208 , 176 32
135 1 4725 % " 47950
- (1808 32 64 , 32 , 10048

015 315" T 1575" 4725”31

+ CrTF <I{ a,a }>qnh [ -

d_q +

512

3808

dil)

d2

(C.10)

(C.11)

32 <3]

7616
d3
135 )
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015 315" T 1515 T amsY T 31590 T 15750 T 47as o

192 s, 192
+H070< 925 38 884 9 192 )}

H<128_32 64 , 32 5 32 64 , 32 3>

12488 316 112 0?4 128 128 316

Tr(hy, .2 - = — 2 =
+ CrTr(h{aay) 77h[ 135 F Ut dg +—/d2; do
112 , 800, 2576 , 1184 , 592
——di 4 —dy - S —di 4+ ——d¥ - —=d]
pOt oyt it g g a
2 344 112 , 4 4., 2 44 112
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5 5 V157
10009 770 2, 9905 632 176 ;
4 32 4., 2 12
+H1(6 +le 70 04, 56d3 8d4>
9 9
256 544 576 , 224 5 80 544 576 , 224
H_ — o - Tt - A+ d——dQ d
* 10(3 R T T S
688 . 416 , 704 , 640 , 256
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gt gy atyam >
BL6, 864 5, 112 5 76, 592 512
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— 5 di - ——d? +144d§’—96d‘1*+3d§’>
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I Py 2y o3 - 25 a2 243
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256
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1,(0,0 7
sl = (fva))® (C.13)
sl = —3Cr (v} (C.14)
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; 97
+ CFTF<1{ V}l{a}n] Y + 16(3
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Appendix D

Feynman Rules

In this section we collect the Feynman rules used throughout this work. Colour indices
in the fundamental representation, as well as Dirac indices, are suppressed throughout,
and the Einstein summation convention is assumed unless stated otherwise. Here
T denotes the generators of the fundamental representation of the SU(Np) gauge
group and f%¢ its structure constants, where Ny is the dimension of the fundamental
representation. Conventions for the colour algebra are chosen to agree with those of
color.h [207], such that

Ny=Nz—1, (D.1)
op = TeE=1), D2
Ca=2TpNrp, (D.3)
dted, — (NE —1)(Ng —4) . (D.4)

Np

All propagators are expressed in terms of the Feynman propagator Dg (see Sub-
sec. 3.1.1). The gluon propagator is given in a general covariant gauge with gauge
parameter «, such that o = 0 corresponds to Feynman gauge. Explicitly, the propa-
gators read:

P
1 a1 rsswssTSTSSSTSSTS 12002 = — 012 Dip () <g#w2 —« %) ) (D.5)
_r 5
P .
——— —i(p+m)Delp), (D.7)
P
@ e - @ =1i§""Dp(p). (D.8)

The vertices below retain their full colour structure; the colour factors are stripped
off later. Couplings of the vector boson to quarks are decomposed into vector and
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axial parts, which are encoded in the charge matrices (), and ()., where the second
subscript indicates the flavour content of the current: 1 (h) for a light-light (heavy—
heavy) quark pair, and [hl], [lh] for the flavour-changing combinations (see Sec. 2.3).
For the scalar, the coupling constant is set to unity, while the strong coupling constant
is denoted by gs. All momenta are taken as incoming, as indicated in the graphs. With
these conventions, the vertices read:

" _< =i (QuaV + QaVE) | (D.9)
7 ‘—< =i (QuuVl + QanVL) (D.10)
p —< =i (Qu) V& + QamyVE) (D.11)
2 —< =1 (Qv,[lh}‘/:,!é + Qa,[lh}‘/z&) 5 (D.12)

------- . = —im Vg, (D.13)
[y a Mm‘< =g, T*VY,, (D.14)
[y a Mm‘< = ig, TV, (D.15)
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My a2 99999999 4 P2 — Z’gsfala2a3 Vgé(pz) ; (D16)

= —i 0" VI (p1, o) (D.17)

= ig, (f““““%’él (P2, p3) (D.18)
+ [V (ps, p1)
+ fa2a3a1‘/gl§3 (p1,p2)> 7

M2, a2

= ig, (f‘”‘”“‘”’Vg‘é,1 (p2, p3) (D.19)
+ [ VE (s, p1)
+ fa2a3a1 ‘/gl;s (p1’p2>) ,

Ha, a4 P, a1

— _gz (faldQCfa3a4C ‘/’g}ilugu3p4 (DQO)
| forasc pazaac V:g’f“?’“w“
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+ f f ‘/Yg4 ) 9

U3, a3 M2, a2
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+ fa1a30fa2a4c V:gﬁim:amm

arasqc pazasce §7H1R4H2 13
+fl4f23‘/'g4 )

In the expressions above we introduced a set of colour- and flavour-stripped vertex
structures, which carry the Lorentz and Dirac content of each vertex. They are defined
as follows:

Vig=17" (D.22)
Vaa =75, (D.23)
Vielp) = p", (D.24)
Via =1, (D.25)
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VA2 (pr,p2) = "2 (p1 - p2) — PP (D.26)
Vg@(pl,pz) = (p1 —p2)*, (D.27)
Vgimzusml — glHB gheta _ g ghaiis (D.28)

It should be noted that the three- and four-gluon vertices with and without an at-
tached scalar are structurally identical. They differ, however, in that momentum
conservation takes a different form, since the scalar injects an additional momentum
into the vertex. Simplifications that use momentum conservation implicitly to reduce
gluonic structures, such as the procedures implemented in Mincer [172,173], therefore
do not extend to the vertices involving the scalar.



Appendix E

Data Availability

This appendix describes the ancillary files accompanying the thesis. All results are
supplied as MATHEMATICA packages (.m), accompanied by an overview notebook
(.nb), and are available at

https://github.com/mnklann/data-heavy-quark-production/

The repository contains the master integrals of the neutral and charged currents
(see Tabs. A.1 and A.2) as e-expansions, together with their numerical values, the
expansions of the associated periods, special functions, and integral kernels, as well
as the Mellin moments at NLO and NNLO, including those presented in Ch. 5. The
notation closely follows Sec. 4.5; the file structure and conventions are documented
in the accompanying README. More intermediate results are available upon request to
the author.
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