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Abstract

Non-leptonic B decays are with their rich phenomenology ideally suited to study the quark
flavour sector of the Standard Model (SM) of particle physics. They have been measured
extensively at collider experiments. On the theoretical side their description is complicated
due the appearance of strong interactions ranging from short- to long-distance physics scales.
QCD factorization (QCDF) is a model-independent framework that disentangles such short-
distance and long-distance effects in the heavy-mass limit. It allows one to systematically
calculate transition amplitudes to leading power in Aqep/my in a perturbative expansion in
the strong coupling. QCDF has already been successfully applied to non-leptonic two-body
decays. In contrast, for non-leptonic three-body decays no genuine QCD-based description
has been developed so far. In this work we consider two applications of QCDF.

First, we evaluate the perturbative vertex corrections to the colour-allowed tree topology
of the decay B® — D7~ to next-to-next-to leading order accuracy. The calculation is tech-
nically challenging and involves the reduction of several thousand scalar two-loop two-scale
integrals to master integrals which have to be evaluated thereafter. For the reduction we
apply the Laporta algorithm and for evaluating the master integrals we use common methods
like differential equations and Mellin Barnes representations. In addition, we apply a novel
approach to obtain analytical results for all master integrals in a canonical basis. As the
decay B — D7~ is dominated by SM physics a comparison of theoretically calculated
observables with experimental data allows us to estimate the size of the neglected power
corrections that arise in QCDEF due to the finite mass of the b quark.

In the second part of the thesis we apply QCDEF to non-leptonic three-body decays such
as Bt — wt7 7", As the kinematics of three-body decays is not fixed in contrast to two-
body decays, the final-state particles populate a kinematic phase space (the Dalitz plot). We
identify special kinematic configurations as regions in the Dalitz plot. Adopting the well-
established factorization properties of non-leptonic two-body decays, we employ different
descriptions in the central region and in the edges of the Dalitz plot. In contrast to the two-
body case, this requires introducing generalized non-perturbative quantities such as B — nrw
form factor and two-pion distribution amplitudes. We evaluate the transition amplitudes in
the different regions to leading power in Aqep/my and to leading order in the strong coupling.
Finally, we investigate the prospects of a matching of the descriptions in both regions for a
physical value of the b-quark mass.
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Zusammenfassung

Nicht-leptonische B Zerfalle besitzen ein breites Spektrum an phanomenologischen Obser-
vablen um den Quarkflavoursektor des Standardmodels (SM) der Teilchenphysik zu un-
tersuchen. Deshalb wurden (und werden) diese Zerfille an Beschleunigern sehr intensiv
gemessen. Jedoch ist ihre theoretische Beschreibung aufgrund des Auftretens von starken
Wechselwirkungen, die sich tiber physikalische Skalen von kurzer bis langer Reichweite er-
strecken, sehr anspruchsvoll. Eine Modell-unabhéngige Herangehensweise, um Effekte dieser
sich iiber grofle Skalen erstreckenden Wechselwirkungen zu entkoppeln, stellt im Grenzfall
einer unendlich schweren Masse des b Quarks die Methode der QCD Faktorisierung (QCDF)
dar. QCDF ermoglicht eine systematische Berechnung der Ubergangsamplituden zu fithren-
der Ordnung in Aqep/myp in einer perturbativen Entwicklung in der starken Kopplung.
QCDF wurde schon erfolgreich auf nicht-leptonische Zweikorperzerfalle angewandt. Fiir
nicht-leptonische Dreikorperzerfille hingegen exisiert derzeit keine generische QCD basierte
Beschreibung. In dieser Arbeit werden zwei Anwendungen von QCDF betrachtet.

Im ersten Teil werden zuerst die perturbativen Vertexkorrekturen zur farberlaubten Tree
Topologie zum Zerfall B° — D¥7n~ zur zweiten Ordnung berechnet. Diese technisch an-
spruchsvolle Berechnung beinhalted das Reduzieren einiger Tausender skalarer Zweiloop-
Integrale zu Masterintegralen, die im Anschluss berechnet werden miissen. Fiir die Re-
duzierung wird der Laporta Algorithmus verwendet. Die Berechnung der Masterintegrale
kann unter Zuhilfenahme von allgemein gebrauchlich Methoden, wie die der Differential-
gleichungen oder Mellin-Barnes-Darstellungen, durchgefiithrt werden. Zusatzlich werden die
Masterintegrale mit einer neue Methode berechnet, durch die fiir alle Integrale analytische
Ergebnisse in einer kanonischen Basis gefunden werden kénnen. Im Zerfall B — D¥n~
sind keine dominanten Beitrage zu erwarten, die nicht vom SM beschrieben werden. Des-
halb erlaubt dieser Zerfall durch einen Vergleich von theoretisch berechneten Observablen
mit den experimentell gemessenen Groflen eine Abschéatzung der Groflenordung der Korrek-
turen, welche in QCDF aufgrund der endlichen Masse des b Quarks enstehen.

Im zweiten Teil der Arbeit wird die Methode der QCDEF auf nicht-leptonische Dreikor-
perzerfille, insbesondere den Zerfall Bt — wt7 7", angewandt. Da im Gegensatz zu
Zweikorperzerfallen die Kinematik von Dreikorperzerfallen nicht eindeutig bestimmt ist, be-
setzen die Mesonen im Endzustand einen kinematischen Phasenraum, der im Dalitz-Plot
dargestellt werden kann. Die moglichen kinematischen Konfigurationen der Zerfallsprodukte



konnen in verschiedenen Regionen des Dalitz-Plots identifiziert werden. Unter der Verwen-
dung der Faktorisierungseigenschaften von nicht-leptonischen Zweikorperproblemen kénnen
die zentrale Region und die Rander im Dalitz Polt unterschiedlich beschrieben werden. Im
Gegensatz zur Beschreibung von Zweikorperzerfallen ist es hierbei notwendig, generalisierte
nicht-perturbative Groéflen einzufiihren, wie die B — nm Formfaktoren und die Zwei-Pion-
Verteilungsamplituden. Die Ubergangsamplituden in den verschiedenen Regionen werden
zur fithrenden Ordnung in Aqgcp/my und in der starken Kopplung berechnet. AbschlieBend
wird untersucht, ob ein Zusammenfiihren (“Matching”) der Beschreibungen beider Regionen
fiir eine physikalische Masse des b Quarks moglich ist.
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Introduction

Over the last decades the Standard Model (SM) of particle physics has proven to be a
successful theory describing the interactions between all particles known to date. The six
quarks and leptons are grouped into three families such that the families are identical,
except for a strong hierarchy in the quark and lepton masses with increasing family number.
The SM covers the electromagnetic, strong and weak interactions, which are mediated by
gauge bosons. The last missing ingredient to complete the particle content of the SM is
the Higgs boson. Its interactions with the quarks and leptons are described by the Yukawa
sector of the SM. By spontaneous symmetry breaking the Higgs field obtains a non-vanishing
vacuum expectation value which couples to the fermions and the heavy gauge bosons and
consequently gives masses to these particles. A Higgs boson was finally discovered in 2012 by
the ATLAS [1] and CMS [2] experiment at the Large Hadron Collider (LHC). Its quantum
numbers are compatible with the SM Higgs boson [3, 4]. Englert and Higgs who had proposed
this particle as early as 1964 were awarded the Nobel prize in 2013.

However, there still remain open questions that cannot be answered within the SM, such
as dark matter, dark energy or the observed baryon asymmetry in the universe. The latter
is significantly larger than the baryon asymmetry calculated from the measured CP (charge
conjugation and parity) asymmetry in weak decays. Another puzzle of the SM is the origin
of the quark and lepton mass hierarchy. This concerns the flavour sector of the SM that
describes the mixing of the quark and lepton flavours induced by weak interactions and the
associated CP violation.

Flavour physics started to develop after the discovery of parity violation in weak decays
in 1957 [5, 6], which gave a better understanding of weak interactions of the three quarks
known at that time. In 1964 it was further discovered that the combined CP symmetry is
not conserved either [7]. A possible theoretical explanation for this phenomenon was the
existence of three additional quark flavours and hence, a third family'. The top quark was
the last of the three quark to be discovered in 1995 at Fermilab [8]. The mixing of the six
quarks is described by the Cabbibo-Kobayashi-Maskawa (CKM) matrix [9, 10]. In the SM
it is a unitary 3 x 3 matrix. The values for the entries are not predicted by the SM but must

!There were also other indications for the existence of at least a fourth quark like for instance the discrepancy
of the theoretical and experimental branching ratio for the decay Ky — pu, which could be explained
by the contribution of an additional quark flavour.

x1



be extracted from a comparison of theoretically calculated observables with experimental
data. A discovery of deviations from unitarity of the CKM matrix would be a clear sign of
physics beyond the SM. The lepton flavour sector in the SM including neutrino masses? has
a similar structure. Charged lepton flavour violation is predicted to be negligibly small and
has not been observed yet.

Decays of heavy mesons, which are bound states of a light and a much heavier quark, are
among the primary objects to study quark flavour in high-energy physics. They yield a broad
spectrum of observables for investigating the CKM structure of the SM. In particular, we are
interested in non-leptonic two-body and three-body decays of B mesons, which constitute a
large portion of the branching fraction. They allow for CP studies including the extraction
of the CKM angles «a, 3,y [11-13]. In most cases three-body decays proceed dominantly
via quasi-two-body final states as intermediate resonances, however, in some decay channels
the contributions from the non-resonant three-particle states seems to be rather large [14].
The study of the interference pattern of the resonances in Dalitz plots also allows to infer
information on the strong resonances, such as masses, widths and quantum numbers [15].

The searches for physics beyond the SM, also called “new physics”, can be divided into
two classes: On the one hand, there are the direct searches for new particles which may be
produced on-shell in collider experiments; on the other hand, there are the indirect searches
that look for the impact of new, heavy virtual particles on SM observables. For latter searches
(precision) calculations of SM observables are essential to be sensitive to possible deviations
when comparing to experimental data. In the last two decades non-leptonic two-body B
decays have been studied extensively in ete™ collider experiments like CLEO, Babar and
Belle. In addition, the LHCb experiment, which is located at the pp storage ring LHC, has
started to collect data in 2010. Recently, also a sizable amount of observables from branching
ratios and CP asymmetries from Dalitz plot analyses of several non-leptonic three-body B
decay channels (cf. [16-20]) has become available, raising the interest in these decays, and
more is expected to come in the next run of LHC [21] and from Belle II [22].

However, the theoretical description of this kind of decays is complicated due to the
purely hadronic environment, entailing QCD effects from many widely separated scales.
Non-leptonic two-body B decays have already been extensively studied in the literature. In
a first approach, known as naive factorization, the hadronic matrix elements are expressed as
products of a decay constant and a form factor, see e.g. [23]. At the present day, the two main
approaches to these decays are flavour symmetries of the light quarks [24] and factorization
frameworks such as perturbative QCD (pQCD) [25] and QCD factorization (QCDF) [26-28].
The latter is a model-independent framework that systematically disentangles perturbative
from non-perturbative effects in the heavy-mass limit. It has proven successful in several
applications [26, 27].

The theoretical description of non-leptonic three-body decays, on the other hand, is still
in the stage of modeling. Common methods, reflecting the state of the art, are the isobar
model [29, 30] and the K-matrix formalism [31]. In these approaches resonances are modeled,
for example by Breit-Wigner distributions, and the non-resonant contributions are often

2The discovery of neutrino oscillations has shown that, in contrast to the SM prediction, neutrinos have
small but non-vanishing masses. Nowadays, massive neutrinos are often considered as a trivial extension
of the SM.

xii



described by an empirical distribution in order to reproduce the full range of the phase
space (cf. [32]). Flavour symmetry relations of three-body decays have been studied in order
to obtain new constraints on SM parameters [33, 34]. Studies in a factorization framework
have been performed. In [35-37] the matrix elements were factorized naively, but no attempt
was made to discuss the breakdown of factorization in the regions of phase space where they
are not expected to apply. In a recent work relying on pQCD [38] experimental values for
branching ratios and CP violation could be reproduced [39]. However, if the conceptual
issues of pQCD [40, 41] cannot be resolved, the predictive power of this approach is limited.
In the future also the Miranda procedure could become interesting, which is a novel model-
independent approach that directly accesses CP violation by significance analyses of density
populations in the Dalitz plot [42, 43]. However, for a quantitative approach a QCD based
description of the Dalitz distribution as well as the phase information on the amplitudes is
indispensable.

In this work we consider two different applications of QCDEF. In the first part we calculate
the two-loop correction to the heavy-to-heavy decay B — D7~ in QCDF. In QCDF, next-
to-leading order (NLO) corrections to both, heavy-to-heavy [27] and heavy-to-light [26, 44]
transitions have been known since more than a decade. More recently, also next-to-next-to-
leading order (NNLO) results for heavy-to-light decays have become available [45-48]. In
the heavy-quark limit, the decay amplitude for B® — D7~ is given by [27]

(D' 1B = 3 EP P ) [ e, 1)

0

where Q; are the operators from the effective Hamiltonian that describe the underlying weak
decay. The F7P form factors and the pion light-cone distribution amplitude (LCDA)
@, (u), with momentum fractions u and 1 — u shared among the pion constituents, are
the non-perturbative inputs. The hard-scattering kernels 7;;(u) on the other hand can be
evaluated in a perturbative expansion in the strong coupling. They give rise to a perturbative
contribution a; which in naive factorization simply has the value a; = 1 [23]. QCDF predicts
that for the set B — D® L with L = {r, p, K}, a; only mildly depends on the light meson
L which can be seen from the quasi-universality of a;. As an example the results for a; to
NLO accuracy are given below where light meson LCDA has been expanded in Gegenbauer
moments up to the first moment af [27]

|ax(B® — DL)| = (1.055255;7) — (0.013%050)art
|ay(B® — D*L)| = (1.054255;7) — (0.015X0557 oy (2)
In case of m and p we have oy ™) = 0 and for the kaon |af| < 1 is assumed [27]. One finds a
quasi-universal value |a;| ~ 1.05. For the decays B — DY L with L = {r, K}, values for
a; have been recently extracted from experimental data [49] and here, the favored central
value is |a;| ~ 0.95, with errors in individual channels at the 10-20%-level.

Yet it is interesting to go beyond NLO in B — D transitions: Since the contribution
at NLO is colour suppressed and appears alongside small Wilson coefficients, the NNLO
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corrections may be comparable in size*. We calculate these and check whether there still
exits a quasi-universal value. Moreover, since there is neither a colour-suppressed tree ampli-
tude nor penguin contributions, and spectator scattering and weak annihilation are power-
suppressed [27], we have only the vertex kernels to the colour-allowed tree amplitude. A
precise theory prediction of this single contribution, together with comparison to experimen-
tal data, might give a reliable estimate of the size of power corrections in QCDF.

The second part is concerned with a new application of QCDF. We outline a new method
based on QCDF for the description of three-body and quasi-two-body decays. To set up the
method we focus on the decay BT — 77~ 7. We start by identifying the different regions
in the Dalitz plot, in which the well-established factorization properties of two-body decays
apply to three-body decays. In the heavy-quark limit, we discuss how to compute the central
region of the Dalitz plot as well as its edges. We will see that the methods and the theoretical
inputs to be used are different in the different regions: While the center can be described
in terms of regular from factors and pion distributions, the description at the edges requires
introducing generalized versions of these hadronic matrix elements. As an application, we
consider the BT — p7" branching ratio by integrating the differential rate around the p
resonance. Finally, we reconstruct the full Dalitz plot by matching the descriptions of these
different regions.

This work is structured as follows: In Chap. 1 we give an introduction to the description of
exclusive non-leptonic B decays. We present the basic concepts of QCDF and briefly discuss
the application of QCDF for B — Dm and for non-leptonic three-body decays. Moreover,
we comment on the two main alternative approaches, flavour symmetries and pQCD. The
further work is then divided into two parts which deal with two different applications of
QCDF. The calculation of the two-loop correction to the decay B® — D*7~ in QCDF is
topic of Part I. In Chap. 2 we give a brief introduction to Soft Collinear Effective Theory
(SCET). Moreover, we derive a master formula for the hard scattering kernels by performing
a matching from QCD to SCET. In Chap. 3 we present the calculational techniques for the
two-loop Feynman diagrams that enter the master formula. They consist of the reduction of
the two-loop integrals to master integrals by the Laporta algorithm and the reduction of the
Dirac structures to a set of known operators. The evaluation of the two-loop two-scale master
integrals is presented in Chap. 4. Here, we show several computation techniques including
a new method which allows us to obtain the results for all master integrals analytically in a
canonical basis. The result for the two-loop amplitude is presented and discussed in Chap. 5.
Part II is discussed in Chap. 6, where we investigate the application of QCDF to the decay
BT — nmtx ", Adopting the factorization properties of non-leptonic two-body decays, we
construct factorization formulae for the three-body transition amplitude in different regions
of the Dalitz plot. We evaluate the amplitudes to leading order in the strong coupling and
to leading power in the heavy-quark mass. In addition, we investigate a possible merging of
the descriptions in these different regions and check the “goodness” of the matching for the
physical value of the b-quark mass (compared to the heavy-mass limit). Finally we conclude
with a summary and an outlook to future work in Chap. 7.

3Note, that this does not imply a breakdown of perturbation theory, as was already pointed out for two-loop
corrections to the colour-suppressed tree-amplitude in B — 7w decays in [47, 45, 46].
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Chapter 1

FExclusive Non-leptonic B Decays

In this chapter we provide the basics for the two applications of QCD factorization (QCDF)
which follow later in Part I and II of this thesis. We give a brief introduction to QCDF and
present the factorization formula for non-leptonic two-body B decays, which disentangles
perturbative from non-perturbative effects in the heavy-mass limit. Moreover, we review the
decays B — D7 in QCDF and briefly discuss the applicability of QCDF to non-leptonic
three-body B decays. At the end of this chapter, we comment in short on alternative ap-
proaches and present the effective Hamiltonians that describe the underlying weak transitions
for the decays B — D7 and B — nrm.

1.1. QCD Factorization

QCDF has been developed in 1999 by Beneke, Buchalla, Neubert and Sachrajda [26, 27].
They provided the first systematic description of non-leptonic two-body B decays by a neat
merging of two theoretical approaches: factorization in hard exclusive processes for large
momentum transfer [50, 51] on the one hand and the heavy quark expansion [52] on the
other hand. We briefly explain the basic ideas in the following.

Weak decays of heavy mesons involve three fundamental scales: the weak scale My, the b
quark mass m; and the QCD scale Aqcp ~ 0.5 GeV, where quarks and gluons hadronize. We
remark that My > m, > Aqep. QCD effects which vary over the range of these different
scales complicate the evaluation of the decays. One has to get a handle on these effects in
order to identify perturbative and nonperturbative contributions to the decay amplitude. We
start by considering particles which are much heavier than the B-meson mass like the massive
gauge bosons W and Z, and the top quark. Effects of these particles can be absorbed into
short-distance coefficients C;, which are referred to as the Wilson coefficients. The transition
amplitude then takes the form

A(B = Mid) = 22 3TN G (M@ B) 1) (1)



1. Exclusive Non-leptonic B Decays

where G is the Fermi constant and \; are CKM parameters. The weak interaction is de-
scribed by local four-fermion operators Q;. The scale p is a specific scale, usually denoted
as factorization or renormalization scale, which is sizably larger than Agcp. The Wilson
coefficients contain the effects above p and are therefore calculable as perturbative expan-
sions in the strong coupling a,. They can also be regarded as effective coupling constants
which indicate the strength of the different contributions of the local operators. The matrix
elements of the latter, in contrast, depend on the physics below the scales p. Note that their
scale dependence is such that it compensates the one of the Wilson coefficients, since the
amplitude (1.1) is independent on the factorization scale.

At leading power in 1/My, Eq. (1.1) is equivalent to the full SM amplitude with the only
difference that the gauge bosons W and Z, and the top quark do not appear as dynamical
degrees of freedom anymore. This corresponds to integrating out these heavy particles on
the level of the Lagrangian and thus Eq. (1.1) can also be considered as the amplitude cor-
responding to an effective theory which for p 2 my, has five dynamical (active) flavours. The
Wilson coefficients are usually obtained by a matching of the full theory to the effective one
at the weak scale. By applying the renormalization group equation they are then evolved
down to an arbitrary scale 1 > Aqgcp such that they are still accessible in perturbation
theory. The matrix elements (M; M,|Q;|B) on the other hand cannot be evaluated straight-
forwardly due to the appearance of strong interactions at scales of order Aqcp. However, in
QCDF they can be reduced to simpler objects. The factorization properties rely on the fact
that the mass of the b quark is heavy compared to the typical hadronic scale. By choosing
p ~ O(my) in Eq. (1.1)* the hadronic matrix elements do not depend on virtualities larger
than my, which then can be seen as the hard scale of the process. Performing an expansion of
the amplitude in powers of Aqcp/my a systematic separation of soft scales of O(Aqep) and
hard scales can be achieved by power counting. In the heavy-quark limit, i.e. for m;, — oo,
perturbative and non-perturbative effects are disentangled and the matrix elements can be
expressed in terms of hadronic functions and hard scattering kernels. The former are non-
perturbative but universal objects (like form factors and meson distribution amplitudes)
and can be obtained using other techniques (see Sec. 1.1.1). In contrast, the hard scattering
kernels are process specific and contain the effects from short-distances. Thus, they only
depend on the large scale m; and are calculable in perturbation theory. At leading power in
Aqcp/my, and leading order in oy QCDF reproduces naive factorization. Note that this is
not necessarily the case for other factorization approaches (see e.g. Sec. 1.2).

QCDF has been successfully applied to many non-leptonic two-body B meson decays such
as B — 7, B — D7 and B — K [26, 27]. Below, we present the general factorization
formula for these decays.

1.1.1. Factorization Formula for Two-body Decays

The leading Fock state of the B mesons consists of a b quark with mass m; and a much
lighter u or d quark®. In the heavy-quark limit almost the total momentum is carried by the

I'The exact choice will be specified in Chap. 5.
2Note that assuming SU(3) flavour symmetry, one could also take B, mesons into consideration, which have
a strange quark as light partner of the b quark. However, this is not of any concern for our applications.
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heavy b quark while the light spectator quark has only a residual momentum of order Aqcp.
Thus, we approximate my ~ mp, where mp is the mass of the B meson.

The factorization properties of the matrix elements (M; M5|Q;|B) depend on the invariant
masses m of the final states. A final state meson is taken to be light (compared to mp) if
m ~ O(Aqep). On the other hand, a meson is considered as heavy if its mass scales
with mp in the heavy-quark limit, i.e. the ratio m/mp remains fixed for mp — oco. In
this sense the B meson is heavy and mesons like the pion are light. A problem arises in
the classification of D mesons, which consist of a charm quark and a light v or d quark.
The mass m,. of the charm roughly scales as /mpAqgcp. Since we have the hierarchy of
scales Aqep < /mpAqep <K mp, it is neither heavy nor light. In this work m. and
correspondingly D mesons are regarded as heavy. The case, in which m, is treated as a light
quark, can be adopted from B — mm decays [45-47].

In [27] factorization has been studied for the cases that both final state mesons are light
and that one meson is heavy and the other one is light, which we call a heavy-light final
state in the following. The corresponding factorization formulae in the heavy-quark limit
read?

1
(MM|QB) = Y0 P o) [ duTh )@ (w) + (s M)
; 0

1
T / 06 du do TH (€, 1, 0)® 5(€) s (0)Bass (1), (1.2)
0
if My and M, are both light,

(MM|QIB) = 3 FF(md) [ duT] () (w). (1.3

j 0

if M is heavy and M, is light. Here FjB Mt denotes the B — M form factors and v, u and
¢ are the momentum fractions of the constituents of the mesons M; o and B, respectively,
which are described by the light-cone distribution amplitudes (LCDAs) ®,;, , and ®5. The
Té and T!! are the hard scattering kernels corresponding to the operators Q;. For a finite
B-meson mass, Eqgs. (1.2) and (1.3) receive corrections, which are suppressed by powers of

AQCD / mpg.

The first (second) term in Eq. (1.2) describes the interactions where the spectator quark of
the B meson goes to the meson M; (M,). Hard interactions involving the spectator quark,
in short “spectator interactions”, cannot be reduced to F2~M form factors and are collected
in the last term in Eq. (1.2).

In the case of M; being heavy (cf. Eq. (1.3)) the contribution from the light meson re-
ceiving the spectator quark does not factorize anymore but fortunately is power suppressed.
Also spectator interactions only arise beyond leading power. Last but not least, there are
contributions to both final state configurations, in which the two final state mesons M; and
M, emerge from the weakly annihilating constituents of the B meson. These as well are

3Note that we have suppressed the p-dependence of the matrix elements in the notation.
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power suppressed. We will discuss all these power corrections in more detail in Sec. 1.1.2
for the decays B — Dm. Note that an essential condition for factorization to apply is that
the contributions from the endpoint regions u ~ Aqep/mp and @ ~ Agep/mp in Egs. (1.2)
and (1.3) must also be power suppressed. Otherwise endpoint divergences arise, i.e. the
convolution of the hard scattering kernels with the LCDAs will diverge at the integration
borders. This is a sign that no clear separation of long-distance and short-distance physics
has been performed. We will use this fact in the discussion of three-body decays in Part

IT of this thesis. Next, we identify the perturbative and non-perturbative contributions in
Egs. (1.2) and (1.3).

Non-perturbative Parameters

The scalar B — M form factors FP~(¢%) and F’ 7" (¢*) are defined in the decomposition
of the matrix elements (M (p')|¢T' b|B(p)), where ¢ = p — p’ and p and p’ are the momenta
of the B meson and the meson M, respectively, and I' is a Dirac matrix. For instance for

a pesudoscalar meson P the decomposition of the matrix element with the vector current
[ = ~* reads [53]

2 2
(PEerD|B ) = 27 @)@ + ) + [FP0(6) = FEP) =2 e (1)
It is convenient to consider physical form factors, which contain effects from soft and hard
gluons and therefore do not correspond to purely non-perturbative objects. This allows one
to obtain the form factors experimentally by comparison to semi-leptonic decay rates or,
on theory side, from lattice QCD [54] and QCD sum rule [55] calculations. Working with
the physical form factor will not spoil factorization when omitting the corresponding hard
contributions from the hard scattering kernel.

The LCDAs @), are non-perturbative quantities. For a light pesudoscalar meson P, like
the pion, its leading-twist expression is defined as follows*

ifp

(P(@)ld(y)aly, zu(z)s]0)|z—yy2=0 = T(f/ﬁs)m/o du "D p(u, p1) (1.5)

where ¢ is the momentum of the meson, fp the P meson decay constant and we use the
abbreviation & = 1 —u. «, 8 are Dirac indices and p is the renormalization scale of the non-
local operator. The LCDA ®p is a colour singlet and is normalized to fol du®p(u, p) = 1.
Note that the Wilson line [y, x] renders the operator gauge invariant. The LCDAs are
universal objects that can be probed experimentally e.g. in yy* — 7 processes in the case of
the pion. A theoretical description is given by the Gegenbauer expansion (see Eq. (5.29)).
The leading term of this expansion coincides with the asymptotic limit of the LCDAs, which
are defined by taking the renormalization scale to infinity

®p(u, p) =" 6ui. (1.6)

4The subleading-twists are power suppressed.
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For convenience we will use the definition of the leading-twist LCDA in momentum space
and substitute

w(uq)aal (u. .. )apv(Ug)s —

iﬁ/o du @p(u, 1) (g75) ol (4, - - Jaa,pe » (17)

where a, b are colour indices and N, denotes the number of colours (in our applications
we have N, = 3). The quark and the antiquark spinors with momenta ug and ugq, respec-
tively, form the leading Fock states of the pseudoscalar meson. Note that for longitudinally
polarized vector mesons V' Eq. (1.7) modifies to [27]

ifv [
AN, J,

w(uq)aal (w. .. )apv(tq)s — — du Py (u, ,u)gﬁaf(u, o aa,b (1.8)
whereas the normalization and the asymptotic limit are the same as the one for the LCDAs
of pesudoscalar mesons.

LCDAs for pseudoscalar heavy mesons like the B meson are defined in a similar expan-
sion [27], but are less understood theoretically and experimentally (see e.g. [56]).

Perturbative Parameters

At leading power the infrared (IR) contributions of the amplitude match those of the form
factors and the LCDAs. This means that the hard scattering kernels 777 are IR finite and
indeed only receive contributions from short-distances above the scale mpg. Considering that
as(my) ~ 0.22 is still rather small, a perturbative expansion in the strong coupling at the
scale u = my is expected to be well-behaved. Thus, the kernels 77! can be evaluated in a
perturbative series

T=T9 +a,7Y +27% + 0(a?). (1.9)

We shall remember that when using physical form factors the corresponding hard contribu-
tions have to be removed from the hard kernels as mentioned before.
In the following, we discuss the decays B — D7 within the framework of QCDF.

1.1.2. B —- D7 in QCDF

We consider the following set of weak decays B — D which at parton level are all described
by a b — cud transition: B® — Dt7~, B® — D2% and B~ — D°r~. The corresponding
decay amplitudes can be decomposed into the flavour topologies depicted in Fig. 1.1: (a)
commonly is referred to as colour-allowed or tree topology, (b) as colour-suppressed topology,
and (c) is denoted as weak annihilation topology. In the decay B® — D*r~ the pion can be
directly created by the weak current or both final states can emerge from the weak annihila-
tion of the two constituents of the B° meson. Thus, B® — D*7~ receives contributions from
the topologies (a) and (c¢). From similar considerations one finds that the flavour structure
in the decay B~ — D~ is given by the topologies (a) and (b), and in B® — D% by (b)
and (c).
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(a (b) (c)

Figure 1.1. — The basic quark topologies (a), (b) and (c) show the flavour flows for B — D= decays with
q = u,d. Quarks grouped together in pairs form mesons. The black squares denote the
different effective vertices from the weak interaction. B — D+~ receives contributions
from (a) and (c), B~ — D7~ from (a) and (b), and B® — D70 from (b) and (c).

QCDF for non-leptonic two-body B decays has been discussed in the previous section. The
B meson in our case decays into a heavy D meson and a light pion. A consequence of the
factorization properties for a heavy-light final state is that the tree topology can be factorized
in the heavy-quark limit (cf. Eq. (1.3)), whereas perturbative and nonperturbative effects
cannot be disentangled in the contributions from the colour-suppressed topology. This can
be understood by a rather simple argument known as colour-transparency, which had been
used to justify naive factorization.

Without loss of generality we consider the decay of the B meson in its rest frame where
both final state particles decay back-to-back with large energies. The pion has a small
invariant mass and therefore gets highly boosted, while the rather heavy D meson is less
boosted. In the tree topology the pion is created by the weak current moving away from
the interaction point with high velocity. Thus, in a first approximation it can be considered
as colour singlet which cannot be resolved by soft gluons emitted from the heavy B and
D mesons. Soft gluon interactions between the B and D mesons, on the other hand, do
not cause a problem since they can be absorbed in the F/®7? form factor. Hence, the tree
topology can be decomposed into a F®~P form factor and a compound object describing
the fast moving pion.

From the above considerations it is evident that factorization does not work for the colour-
suppressed topology. This time the D meson emerges from the weak interaction. Since its
velocity is small soft gluon exchanges with the B meson and the pion will occur making a
clear separation of perturbative and nonperturbative effects impossible. It was shown that
in the heavy-quark limit this contributions is power suppressed in comparison to the leading
amplitude [27]. However, rather large deviations for the scaling occur for a finite b quark
mass. Thus, QCDF is expected to be more accurate in the description of decays where the
colour-suppressed topology does not arise, like e.g. in B° — D7,

Next, we consider the weak annihilation topology. The constituents of the B meson weakly
annihilate to a cti (cd) pair in the case of the B® (B~) meson. Two additional quarks which
are needed to form the final state mesons emerge from a gluon in a quark-antiquark-pair
(gq) production. The hard part of this topology would contribute to the hard scattering
kernel 77!, whereas the soft part would spoil factorization. However, in any case the weak
annihilation topology is power suppressed compared to the leading amplitude [27].

The last category that remains to be discussed are the hard spectator interactions in the
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— D

Figure 1.2. — Schematic visualization of the factorization formula for the decay B — Dtn~.

tree topology®. As already mentioned in the previous section, in the heavy-quark limit the
heavy b quark carries almost the total momentum of the B meson, and the spectator quark
has momentum of order Aqcp and is thus treated as soft. The same considerations apply for
the heavy D meson and we assign the momentum fraction v ~ Aqep/mp to its soft quark®.
Due to momentum conservation it is forbidden that a soft quark emits a hard gluon without
a significant change of momentum of order of mp (the hard scale). Thus, after the hard
interaction the spectator quark carries momentum of order mp and is then absorbed into
the D meson. The latter gets a contribution from the endpoint region of o ~ O(1), meaning
that the heavy ¢ quark carries almost no momentum. This configuration is highly unlikely
and one can show that it is power suppressed relative to the tree topology [27].

We summarize that the tree topology can be factorized in the heavy-quark limit and the
colour-suppressed and the weak annihilation topology are power suppressed, as are inter-
actions with the spectator quark. In the following, we focus on the decay B° — Dtn~
which only receives contributions from vertex corrections of the tree topology at leading
power. Moreover, the flavour structure of the tree topology does not allow for contributions
of penguin operators which could provide a source of new physics in form of new heavy
particles running in the loop. Thus, new physics effects are expected to be negligibly small
and this decay is dominated by SM physics. By calculating the vertex corrections to NNLO
accuracy one can estimate the size of the power corrections and provide a reasonable test
of the framework of QCDF (see Sec. 5.5). In the heavy-quark limit the B® — D*7~ decay
amplitude takes the form (cf. Eq. (1.3)

(D |QuBY) = 7 PP ) / du T () (u) (1.10)

where FjB”D are the B — D form factors and @, is the pion LCDA. The ng are the
hard scattering kernels corresponding to the local four-fermion operators Q;, which will be
specified in Sec. 1.3. Eq. (1.10) does not contain spectator interactions. Thus, we will drop

5Note that in principle only the interactions between the constituents of the pion and the spectator quark
have to be considered since the interactions involving the b and ¢ quark are part of the physical form
factor.

5From the view of power counting we take mp ~ mp.
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the index “I” in what follows and do not draw the spectator quark in the Feynman diagrams
in Chap. 2. A graphical illustration of Eq. (1.10) is given in Fig. 1.2. Next, we briefly discuss
the application of QCDF to non-leptonic three-body B decays.

1.1.3. QCDF for Three-body Decays

The factorization properties in QCDF depend on the final states, as we have seen in the case
of non-leptonic two-body decays. Thus, we restrict ourselves to the analysis of B decays to
three pesudoscalar light mesons in this thesis, to be specific to the decay BT — wtn~xt.
Note that most of the discussion also applies to final states involving different final-state
pions or even kaons, like e.g. B — Knmor B - KKK.

In contrast to two-body decays the kinetic energy can be arbitrarily distributed among the
three final-state mesons resulting in a kinematic phase space for three-body decays. In the
different regions of the phase space factorization properties similar to two-body decays apply
and the amplitude might be factorized into regular form factors and LCDAs. However, as
non-leptonic three-body B decays proceed dominantly through intermediate quasi-two body
states we expect resonances to appear in certain corners of the phase space’. In these regions
the non-perturbative quantities in the factorized amplitude have to be generalized: beside
B — m form factors and pion LCDAs, one encounters generalized B — 7wm form factors
and two-pion light cone distribution amplitudes (27-LCDAs), which in general cannot be
factorized further. The B — 7m form factor and the 27-LCDA have been discussed in the
literature (see e.g. [57—-68]) and are still subject of current studies [69, 70].

We will apply QCDEF to non-leptonic three-body B decays in Part II of this thesis and
construct factorization formulae analogous to Egs. (1.2) and (1.3). In the last part of this
chapter we comment on alternative approaches and present the effective weak Hamiltonians
that describe the decays B® — D*7~ and Bt — ntr—nt.

1.2. Alternative Approaches

Besides QCDF, the most famous approaches to study non-leptonic two-body B decays are
perturbative QCD and flavour symmetries, which we briefly describe below. Note that these
frameworks have also been used in the study of non-leptonic three-body B decays.

Perturbative QCD

Perturbative QCD (pQCD) [71-73], also known as kg factorization, is similar to QCDF
at first glance. The amplitudes of two-body decays are expressed as convolutions of hard
scattering kernels and meson wave functions. However, there are major differences: First, the
separation of effects from different scales is not performed systematically by power counting
as in QCDF, but long-distance effects are assumed to be suppressed by Sudakov form factors.
Second, as a consequence of the Sudakov effects, the dynamics from hard gluon exchanges

"Their exact location and shape depends on the specific decay.
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dominates and the meson wave functions are accessible in perturbation theory. Third, in
contrast to QCDF, naive factorization is not recovered in any limit.

It should be mentioned that in [40] the authors have found sizable contributions from long-
distance effects that were supposed to be Sudakov suppressed. Doubts about inconsistencies
in pQCD have also been raised in [41].

Nevertheless, NLO corrections in pQCD have been available for some years (cf. [74, 75]).
This framework has also been adopted to non-leptonic three-body decays [38, 39]. Here,
the decay amplitudes are written in terms of hard scattering kernels and two-meson wave
functions. NLO corrections are not yet available.

Flavour Symmetries

The approximate symmetries of the light quark flavours u, d and s can be used in order
to relate observables from different decay amplitudes. SU(3) flavour symmetries of two-
body decays have already been studied in the 80’s [24, 76] and later analyses also concern
isospin [77] and U-spin (see e.g. [78]). From the symmetry relations one can infer information
on CP violation [79] and on the weak angles [80] and it is possible to probe new physics [81].

Recently, flavour symmetries have been used in combination with QCDF. For instance
in [34] the study of SU(3) and U-spin breaking effects in different decay channels was found
to give a measure on the size of non-factorizable contributions to the decay amplitude.
Moreover, symmetry relations of the light quarks have also been found for three-body de-
cays [33, 34].

1.3. Effective Hamiltonian for Weak Decays

We have argued in Sec. 1.1, that the physics at the weak scale does not couple to the dynamics
at the scale mp since My > mp > Aqcep. Thus, effects of particles with masses at and
above the electroweak scale can be absorbed into short-distance coefficients and we work in
the effective five flavour theory where the top quark and the heavy bosons are integrated out.
The decays B — Dm and B — wwm proceed by the underlying weak transitions b — cud
and b — qqd with ¢ = u, d, respectively. The b — qqd transition is described by the weak
effective Hamiltonian [82, 28]

Gr
Hegg = —= A | CLO) + C2 95 + C;Q; | +h.c., 1.11
{f \/épzzw p( 1% 2%9 i:;’ﬁ ( )
whereas the weak effective Hamiltonian for the b — cud transition is more simple [82, 28]
G
Heg = TSA,, (C1 QP + C,QP) + hee., with p=c. (1.12)
Here and above, we have \, = VprJi and \; = =\, — A.. The effective local four-fermion
current-current operators in the Chetyrkin-Misiak-Miinz (CMM) basis [83] read
Qf = (1 = 35) T4 (1= )T, (1.13)
QY = py"(1 — )b dvy,(1 —ys5)u, (1.14)
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where T4 are generators of the SU(3) colour gauge group. QF is referred to as the colour octet
operator and Qb as the colour singlet operator. The use of the CMM basis allows a consistent
treatment of 5 in the naive dimensional regularization scheme with anticommuting 5. The
QCD penguin operators Qs, ..., Qg are defined as follows®

Qs =dy"(1—)b Y. (1l =g, (1.15)
q=u,d,s,c,b
Qi =dy"(1=)T* > gyl — )T, (1.16)
q=u,d,s,c,b
Qs =dy"(1—)b Y, qu(l+7)q, (1.17)
q=u,d,s,c,b
Qs =dy" (1= )T > qyu(1+75)T". (1.18)
q=u,d,s,c,b

Note that they do not arise in the description of B — D decays as they do not involve
flavour transitions in both currents. The values for the Wilson coefficients (', ... (s can be
found in [28] up to NLO accuracy. For the calculation of the two-loop transition amplitude
of the decay B — D+~ we further need the NNLO expressions for C; and Cs, which can be
obtained from [84, 85]. Moreover, as we perform the evaluation in dimensional regularization,
the operators Qf and @5 are supplemented by evanescent operators [84]

E{Y = [e7"9"97(1 = 45)T40] [a,m70(1 — 95)Td] — 165, (
ESY = [ey"9"7 (1 = 75)b] [i7,77,(1 — 75)dl] — 16Q5 , (1.20
B = [ev"y" 7 (1 = 35)T8] [ty e mn (1 — ) T4d] — 20EY — 256Q5,  (
B = [ev"y" v 7y (1 = 35)b] (09970701 (1 = 75)d] — 20E5Y — 25605 . (

These are unphysical operators that vanish in d = 4 dimensions. However, they have to be
taken under consideration, since they mix with the physical operators under renormalization.
At two loops the set of operators given in Eqgs. (1.13), (1.14) and (1.19)-(1.22) closes under
renormalization and thus will be sufficient for our two-loop calculation.

Finally, we have provided the basic framework for the two applications of QCDF. In the
next four chapters (Part I) we consider the first application, which is the calculation of the
NNLO vertex corrections to the decay B® — D*7~ in QCDF. Then we apply QCDF to the
decay BT — n"n~ 7" in Chap. 6 (Part II).

8At leading order in ay the only contributions to the decay B — mmm come from operators where the
quark-antiquark pair is either au or dd.
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Chapter 2

Soft Collinear Effective Theory and
Matching

We provide a brief introduction to Soft Collinear Effective Theory (SCET) and present the
leading power SCET Lagrangian for collinear and soft fields. Heavy quarks are described
in the framework of Heavy Quark Effective Theory. Moreover, we present the kinematics of
B — D*71~ and briefly discuss this decay within SCET. In the last part of this chapter we
derive a master formula for the hard scattering kernels, which enter the factorization formula
Eq. (1.10), in terms of bare amplitudes and renormalization factors up to two-loop accuracy
by performing a matching of QCD to SCET.

2.1. Introduction to SCET

Soft Collinear Effective Theory (SCET) was developed in the beginning of this century [86—
88]. Tt provides a good description for physical processes involving jets of light hadrons, as
well as hard exclusive decays of heavy mesons with at least one light but energetic meson
in the final state. The effective theory is constructed in a systematic expansion in inverse
powers of the large scale of the process (e.g. the jet energy or the final-state energy) and
separates low-energy contributions from high-energy ones. This expansion is valid up to a
certain momentum cut-off and correctly reproduces the infrared behaviour of the process.
Effects of scales above this cut-off are absorbed into short-distance coefficients. Note that
the systematic expansion in the large energy leads to a non-local theory. Hence, SCET is
technically more challenging than QCD. For a good introduction to SCET see [89, 90].

We remark that in the description of exclusive non-leptonic B decays SCET is a tool to
prove QCDF in the heavy-quark limit. Factorization in SCET manifests itself on the level
of the Lagrangian and is therefore valid to any order in perturbation theory. In contrast,
factorization in QCDF is based on the analysis of momentum regions in Feynman diagrams
at a given order in perturbation theory.

In the following, we discuss the scaling of certain fields in terms of the expansion parameter

13
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of the theory. Moreover, we present the leading power SCET Lagrangian, which is suitable
to describe the decay B® — DTr~. Heavy Quark Effective Theory (HQET) [91] is a natural
part of SCET and heavy quarks thus will be described in HQET.

2.1.1. Scaling of the Fields

Power counting is performed in the expansion parameter \ of the effective theory, which
explicitly depends on the physical process. For B decays A ~ Aqcp/E, where E > Aqep
is a large scale (typically of order mp) and Aqep is the typical hadronic scale. Fields and
single components of the momenta scale differently with the large scale. To see their explicit
scaling behaviour, we define two light-like vectors n; and n” which obey

ni =0, ny-n_=2. (2.1)
Furthermore, we introduce a time-like vector
1
v“:§(ni+n‘i), v =1, (2.2)

which will be used later to describe the velocity of the B meson in its rest frame. Any
four-vector p* can be decomposed in terms of light-cone coordinates according to

nt nly
P = (s p) + (ne o p) o P =P+l 4l (2.3)
where the index | denotes the components perpendicular to n, and n_. The scaling of
the different light-cone components p* = (p&,p",p//) can be expressed in terms of the

expansion parameter A. For exclusive decays, such as B — D, the relevant degrees of
freedom are collinear Fourier modes (corresponding to the scaling p* ~ (A%, 1, \)) to describe
the partons of the light energetic final-state mesons, and soft modes (corresponding to the
scaling p* ~ (A, A\, \)) for the soft partons inside the heavy mesons!. To obtain the scaling
behaviour of quark and gluon fields when restricted to collinear and soft modes, we first
consider a spinor . in full QCD that describes massless quarks with collinear momentum
and decompose it into two-component spinors

Ve =¢(x) +n(2), (2.4)
where

6 = P—i-wc = ¢+4¢_wc> n= P—% = ¢_47L+wc-

Py are projectors, i.e. P = Py and P, + P_ = 1. The spinors (2.5) satisfy the conditions
#.& =0 and y_n = 0. Their scaling can be found by analyzing the two-point correlation
function of collinear fields

O Weale) bas}0) = [ o0 Lot v, 26)

(2.5)

'The theory for the description of exclusive decays is commonly referred to as SCETy;. Fields and momenta
with a different scaling behaviour are used in the description of inclusive decays, where the corresponding
theory is denotes as SCET].
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where o and 3 denote the Dirac indices. Since 1. only contain collinear Fourier modes the
integration measure d*p = Sdp,dp_dp? scales as A* and p* ~ (A%, 1, A). Projecting on the
two-component spinors one finds that & ~ X and n ~ A\2. Hence, 1 is suppressed by a factor
A with respect to &. In a similar manner, the scalings of ¢, which is the full QCD quark field
restricted to soft Fourier modes, and the soft and collinear gauge fields A% and A# can be

obtained. One finds g5 ~ A\%/? and the gauge fields scale like their corresponding momenta,
e AP ~ (A%,1,)) and A¥ ~ (AN N).

2.1.2. Leading Power SCET Lagrangian

The derivation of the SCET Lagrangian for collinear and soft quarks interacting with
collinear and soft gluons is rather involved. Here, we only outline the most important
steps towards the leading power Lagrangian. For details see e.g. [88, 89].

We consider the QCD Lagrangian for massless quarks and gluons which are restricted to
soft and collinear momenta and decompose the full QCD spinor into a soft and a collinear
component, and similarly the full QCD gluon field A* = A# + A#

ﬁQCD _ @Zlmﬁ . i(Fa)wj(Fa),uu

= (G4 D) (i + g o+ g A (G + D0) — S(F) o (FO) 2.7)

4

First, we focus on the collinear sector of this Lagrangian, which is given by

LIV =il + (FY),, (FH™. (2.8)

Here, D¥ = 0" — igA" and (F2)" = OFAY — OV Al — ig [A#, AY] are the collinear covariant
derivative and the collinear field strength tensor, respectively. We proceed by splitting the
four-spinor v, into a large (£ ~ \) and a small ( ~ A\?) component and expand the Dirac
matrix 7y in terms of light-cone coordinates. Using the relations # & = 9%_n = 0 and

. & =7l n = 0% the Lagrangian becomes
£80 = ifn, - D)= 4 it DSt 4 iDL+ EDun + (P, (FY” . (29)

We further remove the small component 7 from the Lagrangian by solving the classical
equations of motion 5£§CD /o1 =0 and 5£(§CD /én = 0, which results then read

n= 7/;_ n_l i &, 0= —g%u%m—lﬁ (2.10)

Inserting these expressions back into Eq. (2.9), one obtains after a few simplifications

£o=e%io pycrelsin, St () (BN, (211

?This is consequence of {yt, D, } = 0.
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2. Soft Collinear Eftective Theory and Matching

This Lagrangian is exact to all orders in A and is equivalent to the QCD Lagrangian Eq. (2.8),

but boosted to a reference frame where all fields are collinear®. Hence, a collinear sector in

which the quark and gluon fields are restricted to collinear Fourier modes is equivalent to

full QCD restricted to only soft momenta and then boosted. We will make use of this fact

in the explicit calculation of the two-loop colour octet hard scattering kernels in Sec. 5.1.
Next, we consider the soft sector of Eq. (2.7). It is simply given by the Lagrangian

Ls - QSZ'lDSCIS + (FS)MV(FS)#V ) (2'12)

where DF = OF — jgAY and (F&)" = OFAY — OV AY — ig [AX, AY] are the soft covariant
derivative and soft field strength tensor, respectively. It is exact to all orders in A and thus,
also the soft sector when restricted to soft fields is equivalent to full QCD restricted to soft
momenta.

Finally, there are also interactions between the two sectors. Soft and collinear fields cannot
couple directly as such interactions would result in highly off-shell momenta and therefore
are absorbed in the short distance coefficients of the effective theory. However, there is an
additional long-distance mode which scales like p* ~ (A%, A\, A%2) and is commonly referred
to as soft-collinear or “messenger” mode. Although such fields do not appear as external legs
they need to be included in the effective theory, since they can interact separately with the
soft and collinear fields without changing their scaling properties. The soft-collinear sector
is described by the soft-collinear Lagrangian L,.. Its derivation proceeds analogously to the
collinear sector, splitting the soft-collinear spinor gy, into a large (~ A?) and a small (~ \%/?)
component and removing the small component from the Lagrangian. The result has a similar
structure as L.. Since the explicit form of L. is not relevant for this work we refrain from
specifying it and refer to [89] for a definition. The leading power interaction term consists
of collinear and soft quarks and gluon fields coupling to a soft-collinear gauge field Ag.. It
has to be expanded in A for obtaining a Lagrangian with a single and homogeneous scaling
behaviour. To this point, we have omitted the dependence on position and considered all
fields as local. We do not go into further details here as they are not relevant for this
work, but just mention that in interactions with collinear and soft fields the light-cone
components of Ay (x) scale differently. At leading power one finds A,.(z) = Ase(x_) + O(N)
in collinear interactions*. The soft-collinear gauge field has to be evaluated at the position
z" = (z-n_)n!, /2, whereas all collinear fields remain at the position z. Similar, in interaction
with soft fields As.(z) = Ase(z4) + O(N) is the leading component. Hence, the requirement
of a homogeneous scaling leads to the non-local nature of SCET. The final leading power
interaction term reads

h

2

e

g - Ase(z4)gs(z) + 5(1:)7 gih, - Asc(r-)&(x) + pure gluon terms.
(2.13)

£(0) —q. (x)

int,s,c

So far, we have only considered the massless case. Particles with masses of order Agcp
can be included in above considerations by adding suitable mass terms. In contrast, effects

3Note that the factor n_ - D. in the denominator only becomes meaningful after introducing Wilson lines
in SCET.
4This expansion is also referred to as multipole expansion.
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2.1. Introduction to SCET

of heavy quarks, which cannot be described by collinear and soft fields since their mass m
is much larger than Aqcp, are described by the HQET Lagrangian [91] and short distance
coefficients. Taken into account that interactions of heavy quarks with collinear fields only
arise at subleading power, as they put the quark highly off-shell, the HQET Lagrangian
reads

EHQET = hv(z'v . Ds)hv + 0 (1/777,) . (2.14)

The field h, describes a heavy quark moving with velocity v and satisfies yh, = h,. It scales
like a soft quark field and the leading power interaction to soft-collinear fields takes the form
0 7 hy v
Ei(nt),HQET = hv(x)%gn, » Ase(w4) by ().
Putting all pieces together, the leading power SCET Lagrangian reads

Lsorr = Lo+ Lo+ Lo+ Luger + Lo + Lo wapr - (2.15)

Note that for processes which involve two different heavy quarks a second heavy-quark
Lagrangian and a corresponding interaction term to the soft-collinear gluon field can be
added. It turns out, however, that by performing suitable field redefinitions the leading
power interaction terms vanish. To see this, we first consider the heavy-quark Lagrangian
Lugrr and introduce Wilson lines in HQET. They arise from the fact that attachments of
soft gluons to a heavy quark are not power-suppressed. These interactions therefore need to
be resummed and as a result we obtain a Wilson line S, () = P exp(ig ffoo dsv-As(z+vs)),
where P is the path-ordered exponential. The Wilson line has the properties S}.S, = S,S] = 1
and (more importantly) Sliv - D,S, = iv - 0. By a suitable field redefinition h,(x) =
Sv(a:)hz(,o) (x) we find that at leading power Luqrr transforms to the free-particle heavy-
quark Lagrangian Lpqer = K% - on + 0 (1/m). The soft gluons do not couple to
the “sterile” fields A\ anymore but only interact with the Wilson lines. Whereas this
decoupling affects for instance the normalization of heavy-to-heavy form factors at zero recoil
in HQET [92, 93], one finds that suitable field redefinitions of the soft and collinear fields,
which involve soft-collinear Wilson lines, remove the leading power interactions between
these fields [88]. Hence, at leading power all interaction terms in Eq. (2.15) can be dropped.
This decoupling of soft and collinear interactions results in factorization of many physical
processes at leading power provided that external operators do not reintroduce soft-collinear
fields. In contrast, the existence of these interactions at subleading power usually implies
a breakdown of factorization. Next, we present the kinematics of B® — D*7~ and briefly
discuss this decay within SCET.

2.1.3. B — Dm in SCET

The decay B — D7~ is mediated at parton level by the process b — ctid. The kinematics
of the latter are shown in the tree-level Feynman diagram depicted in Fig. 2.1. All external
momenta are taken to be incoming here and throughout the rest of this work. The b and the
¢ quark are considered to be massive, while we treat the light d and u quark as massless. gy
and g3 denote the momenta of the b and the ¢ quark, respectively, which fulfill the on-shell
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2. Soft Collinear Eftective Theory and Matching

U d
(]1\ /(]2

Figure 2.1. — The tree-level Feynman diagram for the b — ctd transition in full (five flavour) QCD:
the black square represents the vertex of the effective weak interaction. g4 and g3 are the
momenta of the quark lines with masses m; and m,, respectively. g1 + g2 = q where ¢ is the
momentum of the pion. All momenta are taken to be incoming.

constraints qiS = mac. The constituents of the pion share the momentum ¢ with ¢; = uq
and ¢o = (1—u)q = ug, with u € [0, 1] being the momentum fraction of the quarks inside the
pion entering Eq. (1.10) in a convolution of the hard scattering kernel and the pion LCDA.
The pion has a small invariant mass ¢? ~ A?QCD. Note that for practical purpose we can set
¢*> = 0 in the calculation of the QCD Feynman diagrams.

We choose a reference frame such that the heavy b quark within the B meson moves with
velocity g, = myv + k, where k is a residual momentum of order Aqcp and v is the velocity
of the B meson®. The b quark can then be described by the HQET Lagrangian Eq. (2.14).
In the B meson rest frame the pion and the D meson travel back-to-back, carrying an
energy E/ = mp/2 each. The invariant mass of the pion is of order A(QQCD and we define the
expansion parameter A = Aqcp/E. We further choose a reference frame such that the fast
pion moves in the light-cone direction n, and assign a collinear momentum ¢* ~ (A2, 1, \)
to it. The leading Fock states of the pion can be described by the collinear Lagrangian
Eq. (2.11). As they nearly move in the same direction we describe them by the same type
of collinear SCET field x, which satisfies the equations of motion 7, x = 0 and 7, = 0. In
the derivation of the factorization formula Eq. (1.10) the charm quark and consequently the
D meson were assumed to be heavy. Hence, we approximate the D meson by another heavy
meson moving with velocity v. We can then describe the charm quark with momentum
q. = m' + k', where k' is another residual momentum, by the HQET Lagrangian Eq. (2.14)
with the substitution v — v’. Since m./m; ~ O(1) we find that v - v' ~ O(1).

The tree-level operators for the corresponding heavy-to-heavy transition have been worked
out in [88]. For the calculation of the two-loop Feynman diagrams shown in Figs. 2.4 and 2.5
the basis has to be extended to include evanescent operators, which have been defined in [47]
for heavy-to-light transitions, and operators with a different chirality, to take into account
the non-vanishing mass of the charm quark. The complete basis is presented in the next
section in Egs. (2.18)-(2.23).

Moreover, it was shown in [88] that in the leading power B® — D* 7~ transition soft and
collinear interactions decouple to all orders in perturbation theory. The leading power decay
amplitude can be described by a B — D form factor and a pion LCDA, reproducing the
QCD factorization formula (1.10) in the large energy limit®. Hence, at a certain scale called,

5In the explicit calculation of the Feynman diagrams we use on-shell momenta and set k* = 0.
6This is not a complete proof of factorization, as it is not shown that the convolution integrals [ du T'(u)®(u)
exist to all orders in perturbation theory.
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2.2. Derivation of the Master Formula

the matching scale (which lies below the momentum cut-off upon which the effective theory
is valid), the decay amplitudes in QCDF and SCET are equivalent in the heavy-quark limit”
and we can perform a matching of QCD onto SCET. From this a master formula for the
hard scattering kernels can be extracted. This is the topic of the next section.

2.2. Derivation of the Master Formula

We have seen in Chap. 1.1 that the hard scattering kernel can be calculated perturbatively
in an expansion in the strong coupling «,. For convenience we modify Eq. (1.9) and take
out an explicit factor 1/(4m) for each loop. The hard scattering kernel for the colour octet
and colour singlet operators is then given by an expansion of the form

2
T =70+ 270 4 (22) 7@ 1 0(a) 2.16

+ 270 4 (2) 770 1 0(ad) (216)

Here, we derive the expressions for 7 in terms of bare amplitudes and renormalization
factors by performing a matching of QCD to SCET. The reasons for this matching are
twofold: First, the degrees of freedom of the decay are naturally described within SCET.
Second, in the matching many “factorizable” Feynman diagrams cancel (see Sec. 2.2.2 for

the proper definition of the diagrams).

0,1,2)

2.2.1. Matching

The QCD amplitude for the b — cud transition, which underlies the decay B° — Dtrn~
at parton level, is described by the weak effective Hamiltonian given in Sec. 1.3. The
contributing operators are the QCD current-current operators Qf and Q3 (see Egs. (1.13)
and (1.14)). We will omit the superscript “c” on these operators throughout Part I of this
thesis. At the matching scale, the amplitudes in full QCD and in SCET are made equal
by adjusting the corresponding hard coefficients. The renormalized matrix elements of the
QCD operators Q; can then be expressed as a linear combination of a suitable basis of SCET
operators at leading power®

(Qi) = [Hia(Ou) + H;,(O,)] . (2.17)

a

Here, H;, and H/, are the matching coefficients, which by construction are finite in e. The
basis of SCET operators is given by

b .

01 :X7(1 — ’)/5>X hv/’l/2+<1 — ’75)]1@ s (218)
_ﬁ— o A

O, =X7(1 —)VEYIX Pty (1= 75) 7L 87 Ll (2.19)
T o -

O3 =x— (1 - V)VEVIVIVIX Porth, (1= ¥5) VL8V LY L8V Lol (2.20)

"Note that even though the hard fluctuations of the heavy b quark are integrated out, the energy F is still
of the order mp.
8 We use the same convention as in [47].
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2. Soft Collinear Eftective Theory and Matching

and
;e .
O1 =x—5 (1 =%)x ot (1+75)hs (2.21)
b N .
Oy =X (1= )7 8YIX R, (14 %) 071 500 (2.22)
b . _
0, :X7(1 — VIV x Pt (14 V5) VLoV LAY LA YL - (2.23)

For simplicity the Wilson lines in the operators (2.18)-(2.23) have been suppressed. Since the
latter are non-local on the light-cone?; the full notation would be (tn_)[...]x(0). Therefore,
the coefficients H;, are also functions of the variable ¢t and Eq. (2.17) must be interpreted as
a convolution product. The operators Egs. (2.18)-(2.23) are all colour singlets. In that way
we have already take into account that the contributions of the colour octet operators vanish
when projected onto the pion, which is a colour singlet state. Moreover, all operators with
index a > 1 are evanescent, i.e. they vanish in d = 4. Note that the evanescence of these
operators can be shown by reducing them to the 16 bilinear covariants in d = 4 dimensions.
For technical details on the operators see [91, 94].

Eq. (2.17) is the matching relation from full (five flavour) QCD to SCET with three active
light flavours. Thus, (Q;) can be evaluated in a perturbative expansion in terms of both,
the matching coefficients and SCET operators on the one hand and the QCD amplitudes on
the other hand. We work in dimensional regularization and evaluate the one- and two-loop
amplitudes in the on-shell subtraction scheme. The renormalization of the strong coupling
is performed in the MS scheme. We first consider the expansion of (Q;) in terms of QCD
amplitudes in the following.

QCD Side

The expression for the renormalized matrix elements of the operators Q; (1.13) and (1.14)
up to the two-loop accuracy reads

<Q¢>={A§2)+Z—W[A + ZOAQ + Z() A ]

n (O‘_> { A 1+ 704D 4 2D A0 4 704D 4 73 40 4 70 7D 4O

47T ext ext ext
+ (=i)om) ALY + (—i)om® A + 20 AL + 0(a2) Ho)©
+ (A & A OHO) (2.24)

Here, a sum over a is understood with a = 1,2,3 and a, is the MS strong coupling con-
stant with five light flavours. The index ¢ denotes the physical operators only (e.g. i = 1,2)
whereas j includes also evanescent operators (i.e. 7 = 1,...,6) (see Sec. 1.3 for the defi-
nition of the evanescent operators). The A®) are the bare I-loop on-shell amplitudes (the
corresponding Feynman diagrams up to two loops are given in Sec. 2.2.2). A*() (A*(1)

9The non-locality is a result of the momentum distribution of the quarks forming the leading Fock states
of the pion LCDA.
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2.2. Derivation of the Master Formula

is the one-loop bare amplitude with a b (¢) quark mass insertion on the heavy b (c) line.
The primed amplitudes are defined analogously. Z, Z.,; and Z, are renormalization factors
from operator renormalization, self-energy renormalization of all external legs and coupling
renormalization, respectively. They are defined in a perturbative expansion

k=1

(2.25)

Their explicit one-loop expressions are given in Sec. 5.1. The renormalization is performed
such that matrix elements of evanescent operators vanish also beyond tree level. However,
evanescent operators cannot be neglected right from the beginning as they yield physical
contributions as intermediate states in the products Zi(jl)Ag»?l’l) and Zi(J-Z)AE?. Note that we
have already substituted the SCET operators O, and O/ in Eq. (2.24), since at tree-level
their matrix elements are equivalent to the corresponding QCD operators, which are given
by the operators in Eqgs. (2.18)-(2.23), except that all fields are QCD fields.

SCET Side

Similar to the QCD case, we can write down the expression for the renormalized matrix
elements of the SCET operators Egs. (2.18)-(2.20). We find

<Oa> = {5ab + Z_S |:M( ) 1/’e(aslt)éab + Y:z(bl)i|
T

~ 2
! <Z_7r) (MG + YU + YOME + ZOMY + Yo

+K$W”+Y]+O()MQW% (2.26)

where a = 1,2, 3 and a sum over b = 1, 2, 3 is understood. &j is the strong coupling constant
in the MS scheme for three light flavours and M® are the bare I-loop SCET amplitudes. Ye(gg,
Y® and Z&l) are the [-loop wave-function, operator and coupling renormalization constants,
respectively. They are defined in a perturbative expansion analogous to Eq. (2.25) except
that the strong coupling has only three light flavours. Note that there are no mass counter
term insertions with the b and ¢ quarks, since the latter are treated as heavy quarks and
thus do not appear as dynamical fields anymore. The expression for the primed operators
Egs. (2.21)-(2.23) is given by substituting M — M’ and O — O’ in Eq. (2.26).

Eq. (2.26) can be simplified by a large amount. In dimensional regularization the on-shell
renormalization constants Y. are equal to unity and the bare on-shell amplitudes are zero,
since they contain only scaleless integrals, which vanish in dimensional regularization. We
thus arrive at the following simplified expression of Eq. (2.26)

~ N 2
as 1 As (2) ~
(O = {bu+ §2Y8) + (52) 8+ 0@ Fon, .2

which for the primed operators takes a similar form. The Y2 can be obtained from
Eq. (2.26) by using another regulator than dimensional regularization for handling the IR
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2. Soft Collinear Eftective Theory and Matching

divergences. We remark that since we will evaluate the one- and two-loop amplitudes in the
on-shell subtraction scheme, the quantities H®, A® and the hard scattering kernels 7",
to be defined later, depend on the momentum fraction u of the pion (as do the correspon-
ding primed quantities). Whenever they appear along a renormalization factor Y such as
Ya(c1 ) c(;) we must keep in mind that these expressions must be interpreted as a convolution

product fol du' Yo (u, w HY ().

Hard Scattering Kernels

For relating the matching coefficients H and H' in Eq. (2.17) to the hard scattering kernels
we follow [47] and introduce two QCD operators Q)P = [cj%(l —7s)ql[cth, (1F5)b]. The
renormalized operators are then made equivalent to the renormalized SCET operators Oy
and O] by adjusting the corresponding hard coefficients. For the renormalized light-to-light
current we make the ansatz

e -0 = G- o] 2.5
The matching coefficient Cy, is expressed as perturbative expansion in the five flavour cou-
pling (see Eq. (2.44) for the conversion of the three flavour to the five flavour coupling).
It receives a correction at O(a?) only, i.e. C'q%) = 0, since at one loop only scaleless inte-
grals contribute. The heavy-to-heavy currents with different chiralities mix in the matching.
Thus, we make the ansatz

e, (1= 75)b] = C¥p [hutp, (1= 35)he] + Cpp [hoh (L+95)h0] . (2:29)
[6%4_(1 + 75)b} = O?II; [Bv”'/h_(l - 75)}%] + C?l% [ﬁv’¢+(1 + ’75)}%} . (230)

The matching coefficients C'rp are also given in an expansion in the five flavour coupling. For
the diagonal coefficients we have C’II;I;’RR = 140O(as). In contrast, the non-diagonal matching
coefficients that induce the chirality mixing only arise beyond tree level, i.e. C;%’LR = O(ay).
The explicit one-loop expressions for the heavy-to-heavy coefficients are give in Sec. 5.1. One
finds at this order

1 1
(CH)Y = (R = DD (2.31)
1) 1) _
(CE)" = (CFp) = cpp? . (2.32)
Finally, we obtain
b _ /
QP = {QT(l —75)4| [e7h, (1 = 75)b] = CgCriO1 + CeCrr Oy (2.33)
, e _ )
Q'QCD _ {QT(l —75)q| [erh, (1 + 75)b] = CgeCrEO1 + CyCERO, . (2.34)
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2.2. Derivation of the Master Formula

By construction QR and Q'QCP factorize into a light-to-light and a heavy-to-heavy cur-
rent and the matrix element of these operators is the product of a light-cone distribution
amplitude and the full QCD form factor with the corresponding helicity structure!®

We now consider the two hard scattering kernels T; and Ti’ that are defined in following
expression

(Qi) = Ti{QVP) + T/(QP) + ) [Hiu(O4) + H,, (O,)] - (2.35)

a>1

Comparing Eqs. (2.17) and (2.35) T; and T/ can then be related to the matching coefficients

as follows
Ti Ct?qc%“}f«“ CéqC}P«“{% B Hiy
r | T LR RR 1) (2-36)
17 CaCrr CaCrr i

Plugging in the matching coefficients as expansions in the five flavour coupling ay, the

matrix can be inverted and we obtain the following expressions for the one- and two-loop
hard scattering kernels

S 0 Qg 1 D(1 0 ND(1 0
T = Hi(l) + E [Hi(l) - CFI(E‘)Hi(l) - CFF( )Hi,% )}

s\ 2 D(1)\2 £4(0 ND(1)\2 £4(0 LL(2 0 2 0 D1 1
i <E> [(CF;)) HY + (CFF( )) HY — i vy —CE)H}%) — Cpp Hy

+ HY - P B + 20200V Y - ORVH | + 0ad),  (237)

R e e

Qg 2
N <E> [_ NP O _ oPO g0 | i)y 9 oDO NDW) g O) - GRLE) r(0)
B CND(I 1(1) n ( CD(I))2 Hﬁo) X (ng( )) Hﬁo) oY Hﬁo) _ CP}}?(Q) H£§0>

qq

- P H + HP| + 0(a?) (2.38)

Before deriving the explicit expressions for T} 5 in terms of bare amplitudes and renormaliza-
tion factors up to two-loop accuracy, we present the Feynman diagrams that contribute to
the bare QCD amplitudes A and A’V in Eq. (2.24).

2.2.2. Perturbative Contributions

We present the QCD Feynman diagrams that contribute to the amplitudes A®) and A’
to two-loop accuracy. In the following we will only consider A, but the same considerations
apply for the primed amplitudes.

10Using Egs. (2.1), (B.21) and (B.24) one can show that the identity [g7*(1 F ¥5)q|[c7.(1 — 75)b] =
q%(l F 75)q] [5?/L+(1 - 75)1)] holds at leading power.
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2. Soft Collinear Eftective Theory and Matching

N hvd

g

Figure 2.2. — “Factorizable” one-loop diagrams contributing to A/, The first diagram is part of A"
and the second one contributes to AM /1.

N K A

Figure 2.3. — “Non-factorizable” vertex corrections contributing to A(M™f

For performing the matching it is convenient to split the amplitudes into a “factorizable” (f)
and a “non-factorizable” (nf) part

AD — AOF L pWnf (2.39)

All Feynman diagrams where the heavy-to-heavy current factorizes from the light-to-light
current are collected in AW/ . The contributions, where both currents are connected by a
hard gluon exchange are part of AV™ . Note that we have adopted the notation from [27] and
have used quotation marks in order to distinguish from the factorizable and non-factorizable
contributions to the decay amplitude Eq. (1.1). We further divide the “factorizable” ampli-
tude as follows

ADS — AF0 L gD AN (2.40)

Here, AW/ and AWV contain all Feynman diagrams where the hard gluon is exchanged only
between the two heavy or the two light quarks, respectively. All Feynman diagrams with
hard gluon interactions between the two heavy quarks and between the two light quarks are
described by AWM The corresponding one- and two-loop Feynman diagrams are presented
below.

Tree-level and One-loop

The tree-level bare amplitude A©® is given by the single Feynman diagram depicted in
Fig. 2.1. In the following we omit the arrows and the inscriptions on the fermion lines.

The set of Feynman diagrams describing the one-loop bare amplitude A" is shown in
Figs. 2.2 and 2.3. The diagrams in Fig. 2.2 belong to the “factorizable” amplitude AM/.
The first (second) diagram is the single contribution to AN (AW In Fig. 2.3 we find
the “non-factorizable” vertex corrections which constitute AM"/

"The only contribution to AW up to two-loop accuracy is the last diagram shown in Fig. 2.6.
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Figure 2.4. — First part of the two-loop Feynman diagrams contributing to A®)"f (pictures adopted
from [27]). The curly lines denote gluon propagators.
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2. Soft Collinear Eftective Theory and Matching

<
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Va

Figure 2.5. — Second part of the two-loop Feynman diagrams contributing to A"/, Gluons, massless
u,d, s quarks and the massive charm and bottom run in the fermion loop.
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Figure 2.6. — The “factorizable” two-loop diagrams which constitute to A®)/: Gluons and the quarks u,
d, s, ¢, and b run in the fermion loop.

Two-loop

The “non-factorizable” bare amplitude A"/ consists of the 66 diagrams depicted in Figs. 2.4
and 2.5. The “factorizable” two-loop diagrams contributing to the bare amplitude are shown
in Fig. 2.6. We proceed with the derivation of the tree-level and one-loop matching relations.

2.2.3. Tree-level and One-loop

For performing the matching we have to compensate for the difference in dynamical flavours
on the QCD and on the SCET side. Therefore, we convert the three flavour coupling constant
to the five flavour one as described in the following!2.

I2Note that the calculation follows similar lines, if instead one converts the five flavour to the three flavour
coupling.
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2.2. Derivation of the Master Formula

The relation between the five flavour (o) and the four flavour (al") coupling constants

can be expressed as
oy = 545ag4) . (2.41)

Here, &45 is four-to-five flavour conversion factor which can be written as an expansion in
the five flavour coupling

5 = 1+ oty + 0(a?) . (2.42)

Inserting this in Eq. (2.41) one obtains
ol =, — a2 + 0(a?). (2.43)

Analogously, one can derive a relation between the four flavour and the three flavour coupling,
which is denoted by ¢&,, with the four-to-three flavour conversion factor £34. The final
expression for converting the three flavour to the five flavour coupling constant is given by

Gy = o, + (=€) =€) a2+ O(ad) (2.44)

At tree level the matching relations Egs. (2.33) and (2.34) for the QCD and SCET currents
are simply given by

(Q¥P) = (o), (2.45)

QYO = (0} (2.46)

Comparing Eqs. (2.17) and (2.24) we obtain Hi(lo) = AE?’ and Hﬁo) = A;(lo). However, the
contribution of A;(lo) and hence Hﬁo) vanishes since at tree level, the QCD operators Q;
cannot mix with O}, which has a different Dirac structure. The tree-level matrix element
of the colour octet operator Q; is zero when projected onto the singlet operator O, i.e.
Hl([l)) = Aﬁ’ = 0. From Eq. (2.36) we further obtain TQ(O) = Hé(l)) and TQI(O) = H;(lo). With
Agi) = Hé(l)) = 1, the result for the tree-level hard scattering kernels is given by

79 =0, T1T]9=o0, (2.47)
=1, 19 =o0. (2.48)

Hence, the tree-level hard scattering kernel is independent of the momentum fraction u of
the pion. In the factorization formula (1.10) the integration over w simply yields the pion
decay constant f,, which is multiplied by a B — D form factor. We find that at leading
order in «a; and at leading power in Agcp/mp the factorization formula (1.10) reproduces
the result of the naive factorization, as anticipated in Sec. 1.1.

Next, we derive the expressions for the one-loop hard scattering kernels. At this order
G5 = ay (see Eq. (2.44)) and hence there do not appear conversion factors &5 and &34 in the
one-loop matching. The one-loop expression for the QCD amplitude can be extracted from
Eq. (2.24)

()W = [AD + Z0)AD + 2D AV (0)© + (A & AN OO, (2.49)
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2. Soft Collinear Eftective Theory and Matching

From the matching relation Eq. (2.17) we also find

(0:)V = H(0)O + HYOND + (H & H,0 < 0. (2.50)
The one-loop matrix element of the SCET operators can be obtained from Eq. (2.27)
(0)® =30, (o)W =¥ (o), (2:51)
and we arrive at
(0 = HY(0)© + HOYW(0)O 4+ (H «» H' .0 + O). (2.52)

We remark that only b = 1, 1’ contribute since the tree-level matrix elements of the evanescent
operators vanish in d = 4 dimensions.

First, we consider the matrix element of the colour singlet operator Qz At this point it
is convenient to bring the corresponding hard scattering kernels T, and T into play. Their
one-loop expressions can be extracted from Eqs. (2.37) and (2.38). For the colour singlet
kernel they read

e B LR e (25
and Eq. (2.52) takes the form (with Hé(co) =0)
(@) = [T + PP + Y[ 00 @ + [BV + RV on®. (259)

Next, we consider the operator Q®CP which has the same colour structure as Q,. Its one-loop
matrix element can be extracted from the matching relation Eq. (2.33)

(@) = |Cpf + Y[ (0@ + oM (0 (2.55)

where we have used Eq. (2.51) and CEv™ = O(a,). On the other hand, (QRP)(M) can be
expressed in terms of QCD amplitudes. By definition Q¢ factorizes into a heavy-to-heavy
and a light-to-light current and thus its one-loop matrix element reads

(QUP)0) = [AW™ 4 (203 + 20 4D + AR + (2 + Z07) AD] (00
+ (A < ANOPO., (2.56)

Here, Z,; is the renormalization constant for the heavy-to-heavy QCD current and Zpgj,
is the well known ERBL kernel for massless quarks which are separated by a light-like
distance [50, 51]. Note that the heavy-to-heavy vector and axial vector currents are conserved
and thus Z5,,A21 = 1 to all orders in perturbatlon theory The one-loop ERBL kernel vanishes
when convoluted with the on-shell amphtude A21 , which is just a constant. The amplitudes
AW and AW with AWM 4 AW = AWS are defined in Fig. 2.2. The wave function
renormalization constant for the heavy—to—heavy (light-to-light) current Zéi%f " (Ze(il)tf " by
definition factorizes for all loops

zW0 = z Wi 707 (2.57)
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2.2. Derivation of the Master Formula

The simplified version of Eq. (2.56) then reads
(QQCDY() — [ADF 4 7(1) 4( ]<og (Ao ANODO (2.58)

We remark that the corresponding expression for the one-loop matrix element of the primed
operator Q Q°P is not independent of Eq. (2.58) and thus does not yield any new information.
By equating Eqgs. (2.55) and (2.58), we can extract an expression each for C’?g) and ng(l)
in terms of bare QCD amplitudes and renormalization factors, which can be substituted in
Eq. (2.54). In a comparison of the coefficients proportional O; in Eqs. (2.54) and (2.49)
the “factorizable” contribution A7/ cancels on each side of the equation and we obtain the
simple result for the hard kernel

~(1 n 1) 4(0
1) = AW + 2 A (2.59)
The amplitude A21 anishes when projected onto the singlet operator O;. Moreover,

A§1 =0 for j #2 and Z22 = 0, which can be seen in the explicit expression of Z() given in

Eq. (5.2). Thus, 7 5/ is equal to zero. Similar considerations can be applied for the primed
one-loop kernel and we find that TQI(I)
hard scattering kernels vanishes.

Let us in the following consider the contribution of the colour octet operator Q;. The

one-loop expressions for 7} and 7 can be obtained from Eqs. (2.37) and (2.38) and read

vanishes as well. Hence, at one-loop the colour singlet

™™ =ny, Y=Y, (2.60)
Eq. (2.52) then simplifies to (considering that Hl(g) = H{(CO) =0)
(@) =T{(00) + (1) (0. (2.61)
Comparing this expression with Eq. (2.49) we find (with Aﬁ) = All(f ) = 0)
T =AY + 2040, W= AP+ zHAD. (2.62)

The diagrams contributing to the “factorizable” amplitudes AN/ and A’M/ are shown in
Fig. 2.2. The first diagram vanishes for the insertion of the Q; when projected onto the
singlet SCET operator. The second diagram does not contribute either, since it is a scaleless
diagram and thus vanishes in dimensional regularization. Hence, only the “non-factorizable”
diagrams shown in Fig. 2.3 survive. The final results for the one-loop hard scattering kernels
then read

Tlu) _ A( mf Z(l)A Tlf(l) _ Afl(ll)nf 4 ZS)A;(P) : (2.63)
W, o —o. (2:64)

We shall remember that in the convolution of Z() with the tree-level QCD amplitudes
evanescent operators appear.
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2. Soft Collinear Eftective Theory and Matching

2.2.4. Two-loop

At two-loop accuracy we obtain a contribution from the conversion of the three-flavour to
the five-flavour coupling (2.44). Whereas Eq. (2.24) remains the same, namely

2 1 1 2 0 1 1 2 0 1 1 0
<QZ>(2) = Aga) + Z7,(])A§a) + Zz(])A§a) + Z( )A( ) e(mzfAz(a) + Ze(:E?sz(])Aga)

ext

+ (=)om A0 + (—iyem® AV 4 20 AP [(0,))

+ (A & ANOHO (2.65)

the two-loop the SCET matrix element in Eq. (2.27) acquires an additional contribution

(0a)® = [V - (& + ) v (o0 ®. (2.66)

A similar modification applies to the matrix elements of the primed operators. Next, we
write down an expression for Q; from the matching relation Eq. (2.17)

(@)@ = {HY + 7PV + > M DY+ HY [V - (&) + ) vi] Hon©
+(H & H)(0)© (2.67)

In the following, we focus on the contribution of the colour singlet operator. From Egs. (2.37)
and (2.38) we obtain the two-loop expressions for the hard kernels

LL
2( ) = HQ(?) - CFF(2) - ch) ) (2~68)
7% = m)P — o) (2.69)

Here, we have made use of Eq. (2.53) and the fact that the one-loop colour singlet kernels

T2(1) and TQI( are zero. From these equations we can extract expressions for H. (1 and Hy; @
and substitute them in Eq. (2.67), which then reads

~(2 2 LL(2 2 ¢! 1
(@)@ = {1 + € + O + v — () + &) Vil + BV + 3 HR v Hon®
b£1

+ {1 + PP+ BV + 3 (Hy) O o) @ (2.70)
b£1

Next, we consider the two-loop matrix element of Q%P which in terms of QCD amplitudes
is given by

@20y = { AR 1 (70) 1 2) + Z8) AR + (22 + 2} + 28)) AY
+ 2525 A0 + 25) (28 + 25)) AR + 20 AR
+ (=)dmM AT 1 (—i)em® A**(l)f} (0)©
+ (A & AN OO, (2.71)
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2.2. Derivation of the Master Formula

This expression can be simplified considering that Z}(Li’l)Agi) and Z}(;l)Agll)(f ) vanish, as the
heavy-to-heavy current is conserved. Moreover, the convolution of the ERBL kernel with an
expression which is a constant in u yields zero. Hence, Zgil)Aéq) = 0 as well as ZggAéll)f

(Two diagrams contribute to Agll)f (see Fig. 2.2), the first is a constant with respect to u
and second is a scaleless integral vanishing in dimensional regularization). Eq. (2.71) then
takes the form

<QQCD>(2) _ {A( )f Z(l)A(l Z)A 0) + Z(l)Aéll)f

exrt ext
+ (=iomy AR + <—z’>6m9>A;’;‘”f}<ol><°>
+ (A & A (Oo)H© (2.72)
On the other hand, (Q®“P)®2 can be obtained from the relation (2.33)
(@)@ — {2 + O + PV + v — (e +€) Vi Hon©
+{Ci® + v Hop©. (2.73)
By equating Eqs. (2.72) and (2.73) we can extract an expression for Cég) and substitute in
Eq. (2.70). A comparison of the coefficients proportional to (O;)® in Egs. (2.70) and (2.65)
then yields
T = AR — AQ! + 20) (A — AQ7) + 20 (AQ - AQ") + 2 AD + 2 A
+ (=i)omi” (A5 = a5 + (—ijom® (A0 - a5 4 252 A
1 D(1 1 )y -(1
=i (—oR ) = S HYY. (2.74)
b£1

We find that the “factorizable” one-loop amplitudes cancel and the one-loop “non-factorizable”
amplitudes Wlth and without mass insertion are zero. Moreover, the last three terms vanish
since either A ;1 or Z( ) is zero and T(1 —C’D(l) —i—HéP =0, as well as HQ(;) =0 with b > 1,
which can be seen by an explicit calculation. Finally, we arrive at the simple result

~(2 2)n 1 1 2 0
7O = (A 4 ZDAY + ZAY) 279

The derivation for T/( ) follows the same lines. But instead of Egs. (2.71) and (2.73) w
use the corresponding equations for the primed operator Q'QCD {4 extract an expression

for C’?{;@) The final result has the same form as 7 12 and is given by Eq. (2.75) replacing

A Al
At last, we derive the two-loop contribution of the colour octet operator. From Eqs. (2.37)
and (2.38) we obtain an expression for two-loop hard scattering kernels

= —opWHy - oV + Y (2.76)
) 0§2<1>H{1> _ PO D (2.77)
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2. Soft Collinear Eftective Theory and Matching

From these we extract H 8) and H {(12) and insert them into Eq. (2.67), which using Eq. (2.60),
takes the form

(0)® — {T<>+T<1> (O <>+Y<1)> +T'(1)CND(”+ZHU, <1>}<@1>(>

b£1
+ {T}“” + (C’D(l) +v{ >) + T + Y H Y }<(9'> (2.78)
bAL

A comparison of this equation with Eq. (2.65) yields
177 = AD + 20 A + 22 AQ + (—i)omP ALY + (—i)omD AGO 4 20 A

1) 1) 0 D 1 - NI) 1 1
Z( A( é )ZS)A( ) (OFJ(Tl) + Y'l(l)> 1(1) T( ) Z Hlb 1) ) 2 79)

ext 71
b#1

For the colour singlet operator, all one-loop “factorizable” amplitudes with and without mass
insertion are zero (see discussion for the one-loop kernels). Moreover, the “factorizable” two-
loop amplitudes Aﬁ) J (see Fig. 2.6) are zero, since the corresponding diagrams are either
scaleless and vanish in dimensional regularlzatlon or they do not yield a contribution to the
colour singlet SCET operator. With Z )A§I) = T( ) Agll)"f (Eq. (2.64)) we obtain the
following expression for the two-loop octet hard scattering kernel

T2 = A + 20 A + 22 A + ZW A 4 (—i)om)! A’{ﬁ”"f + (=) omP A7

R A e R A S (2.80)
b#£1

The quantities Yb(ll) and Hg) are explained in more detail in Sec. 5.1. Similarly, one can
derive the expression for the primed kernel T{(z). The result is given by Eq. (2.80) with the
replacement (A < A", H < H', T < T").

We remark that Egs. (2.75) and (2.80) have a structure similar to the corresponding
expressions for the two-loop hard scattering kernels for the decay B — mm, which are given
in Eq. (24) in [47]'3. The main differences are the additional mass counter term in Eq. (2.80),
which arises from the massive charm quark, and the off-diagonal element C’??(l)ﬂ(l), which
is a result of the mixing of the heavy-to-heavy currents with different chiralities.

Since the two-loop amplitudes A" in Eqs. (2.75) and (2.80) are technically the most
challenging contributions to the hard kernels, we proceed with their evaluation in the next
two chapters. The renormalization factors and matching coefficients will be discussed in
Sec. 5.1, as well as the results for the hard scattering kernels.

13Note that for the colour singlet kernel Eq. (24) in [47] reduces to Eq. (2.75).
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Chapter 3

Simplification of the Two-loop Amplitudes

In this chapter, we present the calculational techniques and tools that we use for the evalua-
tion of the two-loop two-scale Feynman integrals shown in Figs. 2.4 and 2.5. First, all tensor
integrals are decomposed into scalar ones and tensorial structures by applying the Passarino-
Veltman decomposition. The subsequent calculation is then divided into two parts: the
evaluation of the scalar integrals on the one hand and on the other hand the reduction of
the strings of Dirac y-matrices which are contracted with the tensorial structures to a set of
known operators.

We use the Laporta algorithm which is based on integration by part identities to reduce
the large number of integrals to a set of a few rather simple ones, the master integrals. The
evaluation of the latter is topic of Chap. 4. Finally, we briefly comment on the reduction of
the v-matrices to the operator basis given in Eqgs. (2.18)-(2.23).

3.1. Passarino-Veltman Decomposition

Most of the techniques that we use for the evaluation of the two-loop two-scale Feynman
integrals have been worked out for scalar integrals. Therefore, we first reduce all tenso-
rial integrals to scalar ones. A well-known procedure for performing this reduction is the
Passarino-Veltman (PV) decomposition [95] which will be explained below!.

In QCD, by definition, all tensor integrals stemming from multi-loop Feynman integrals
are Lorentz invariant quantities. One may easily check that the two-loop integrals shown
in Figs. 2.4 and 2.5 carry at most four Lorentz indices. For simplicity we consider in the
following an integral with m internal loops and two Lorentz indices (i, v) that depends on
two external independent on-shell momenta ¢; and g

KEkY

i = [ d%, ... d%,——21
(QIa Q2) / 1 Efl B

(3.1)

'Tn the amplitude, there also appear scalar integrals that will not change during this decomposition.
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3. Simplification of the T'wo-loop Amplitudes

Here, k; ; are the loop momenta and the indices 4,7 run from 1 to m. The a; are positive
integers and the E; denote the denominators of the Feynman propagators (or just propagators
for short). The explicit expression for the propagators is given by E; = p? —m?+in, where p; is
the off-shell momentum flowing in the internal line [ and m; is the mass of the corresponding
line (p? # m?). The p; can be expressed as linear combinations of ¢;, g2 and the loop
momenta k;. The small imaginary part in, n > 0, indicates the location of the poles of the
propagator in the complex plane. For compactness of notation we will omit the 7 description
in the following. In the final results displayed in this chapter we anyway find that in can be
safely dropped.

We further assume that the integral (3.1) is symmetric in x4 and v. After integrating over
all loop momenta, the result only depends on the external momenta ¢; and ¢, as well as the
initial Lorentz structure. Hence, we construct the following ansatz for the decomposition

I" (g1, ¢2) =¢' 7 C1 + ¢ 5 Co + 57 Cs + 45 Ca + ¢ Cs . (3.2)

The C} are linear combinations of scalar loop integrals and only depend on the Lorentz
invariant combinations of the external momenta (¢7 = m?2,q¢3 = m3,q - ¢2). All information
about the Lorentz structure of I*(qi, ¢2) is now contained in the four-vectors ¢/'¢” and the
symmetric tensor g"”. The explicit form of the scalar loop integrals will be addressed in
the next section. Multiplying Eq. (3.2) by ¢*¢% and ¢", respectively, the tensor integral
on the left hand side reduces to a scalar integral, denoted by I, ..., I5 for the five different
equations. We obtain a set of five independent equations that suffices to determine the five
unknown coefficients C'_5 in terms of the scalar integrals I, ..., I5.

As an example we consider the decomposition of the one-loop integral

[ d% kiR
™0 = | Gt 33

where k is the loop momentum and p the on-shell external momentum with p?> = m?. For
this integral the ansatz (3.2) simplifies to

' (p) = p"p"Ci(m?) + g™ Ca(m?) . (3.4)

Multiplying Eq. (3.4) by p.p, and g,,, respectively, we obtain two equations

| o g = 1= ) Gt 7t 4
| G =i s = 1= PO st 30
from which we can extract the coefficients
Cr(m) = o —dl)m4 h- d—11)m2 L. (3.7)
Co(m?) — _(d—ll)m2 L+ (di b (3.8)
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3.2. Scalar Integrals

Note that Eq. (3.2) is only based on Lorentz invariance and thus this general ansatz is
independent of the number of loop momenta and propagators. Moreover, it can easily be
extended to integrals with a different Lorentz structure and an arbitrary number of external
momenta.

3.2. Scalar Integrals

The scalar loop integrals that appear as linear combinations in the coefficients Cj, in Eq. (3.2)
are formally given by expressions of the form

K
A% ... d%,, —————— . .
/ ! ES ... Eon (3:9)

Here, K consists of products of the various possible combinations of the scalar products
(ki - kj) and (g, - k;j) (or it simply is 1). For later purpose it is convenient to express the
products in terms of the propagators FEj. Using the on-shell conditions ¢> = m? we can
rewrite (k; - k;) and (g, - k;) and as follows

1
ki ky =5 (it by +5)°] = 5 [+ K5+ P* + 2kip + 2k;p] (3.10)

N~ DN~

@ kj == (¢ + k;j +p)° —mi] — % (K2 + P + 2. + 2k;p] . (3.11)
Here, p is a linear combination of external and loop momenta chosen such that the first
bracket of the right hand side of each equation exactly matches one of the propagators FEj.
By successively applying replacements similar to Egs. (3.10) and (3.11) one may be able
to express all scalar products which appear in K in terms of the propagators. However,
if the number of possible scalar products of a given Feynman integral exceeds the number
n of propagators, not all scalar products can be reduced to propagators. We write these
irreducible scalar products in form of new “propagators” which appear in the numerator
only. Thus, formally they look like propagators raised by a negative power. Hence, after
expressing all scalar products in terms of propagators Eq. (3.9) takes the form

/ddkl...ddkm—~ L s (3.12)
Eft ... Eis

Here, the F; with n < [ < s arise from the irreducible scalar products and thus the corre-
sponding powers a; are negative integers. The a; with [ < n are equal to the original powers
a; in Eq. (3.9) or reduced by integers, if they were canceled by a corresponding expression
resulting from some scalar products.

As an example we consider the integrals I; and I defined in Egs. (3.5) and (3.6) and
reduce all scalar products which appear in the numerator to the corresponding propagators.
Using

1 1
p~k:—§ [(p— k)* —m? —|—§k2, (3.13)
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3. Simplification of the T'wo-loop Amplitudes

we can rewrite [; and I as follows

A’k (k-p)(k-p)

= / @) [(p — k)2 — m? 2
_ / d'k (=310 —k)? —m?| + 5 [K]) (=5 [(p — k) — m?] + 54)
(2r) (0 — k) —m2] [17]
N N R ) R I O k2]
1 / @ryd W4 / @) [(p— k) — )
1 Ak 1 1 dk 1
=i/ omm 1) G .
[ A% (k- k) [ d% 1
b= / 2 [(p— kP —m2 2] / @) [(p— k) — 2

'k 1
- / (2m)? EYES
with By = [(p — k)? — m?] and E, = [k?]. Tt is not necessary to introduce further propagators
since the scalar products (here k - p and k?) can be completely reduced to E; and E,. The
results for the integrals I; and I, can be easily obtained. I; receives contributions from two
integrals. The one with the denominator E; ' E} is a scaleless integral and therefore vanishes
in dimensional regularization. With (E.1)-(E.3) we obtain

1 4 1
(47r)d/2r( 2) (mz)—% '

(3.15)

I =

(3.16)

A~ L

The integral I, is a tadpole (one-propagator integral) and can be evaluated by using Eqs. (E.1)
and (E.3)

1 1
-4y —
(47)d/2 (-5 (mz)l—g

Finally, let us introduce the terms topology and subtopology. Therefore, we consider a set
of integrals

I=— (3.17)

1

m 1Haq a an+1 as )
E& . Ee BT Eos

F(al,...,as)z/ddkl...ddk s>n, (3.18)
which completely determines all scalar integrals of a particular Feynman diagram. Here, the
E; with n < [ < s are a result of the irreducible scalar products®. The topology of this set
is characterized by the integrals where all powers a; (I < n) take arbitrary positive values.
All integrals where some of the a; (I < n) are zero or negative integers, are subtopologies of
this topology. For instance the integral given in Eq. (3.3) formally belongs to the topology

d?k 1 1
F(ay,as) = / @) o= W2 = 2 R ai,as > 0. (3.19)

2We shall remember that by construction all a; with n < [ < s are negative integers or zero.
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3.3. Integration by Part Identities and Laporta Algorithm

However, we find that it only recieves contributions proportional to integrals I; and I, which
obviously can be expressed in terms of F'(1,—1) and F(1,0)
1
I, =F(1,0), (3.21)

and hence are subtoplogies of (3.19).

3.3. Integration by Part Identities and Laporta
Algorithm

In the previous section we have shown that all tensor loop-integrals can be reduced to scalar
integrals of the form (3.12) (or equivalently (3.18)). Thus, we are left with the evaluation
of these integrals. Their number is process dependent and in the case at hand exceeds
a few thousands. Therefore a straightforward calculation is not advisable. The Laporta
algorithm [96, 97] is a powerful tool to reduce this large amount of integrals to a limited
number of linear combinations of rather simple integrals, the master integrals, by exploiting
integration by part identities (IBPs) [98]. They follow from the vanishing of the surface
terms for dimensionally regularized integrals [99]?

/ddkl...ddkma o 1 0
(2m)dm Okt E® . Fas ) T

— IBP(k, () (3.22)

Here, ¢ is g, or k;. By performing the derivatives 0/0k; for the various ¢ one obtains a set
of linear equations for the different integrals, the IBPs. The number of independent IBPs is
given by

-/\[IBP = m(m + Nr) s (323)

where N, is the number of the independent external momenta. Reducing all scalar products
to the propagators, the IBPs (3.22) can be written as follows

> aF(ar+bras- . as+brs) = 0. (3.24)
k

Here, the by are integers and the coefficients ¢, are polynomials in the invariants of the
problem (for our two-loop integrals these are the momentum fraction u of the pion, the ratio

3For the evaluation of our two-loop Feynman integrals, it is more convenient to use the modified IBPs

/ddkl...ddkm8 L1 4
emim ok \PVER EE ) T

with E; = p? —m7. This will simplify the explicit reduction of the numerators to the propagators.

37



3. Simplification of the T'wo-loop Amplitudes

of the quark masses z. = m?/m? and the dimension d). For the topology (3.19) of our
previous example there exist 1 x (14 1) = 2 independent IBPs, which read

k0 1
H = 2
[ o (7 ) =0 329
d'k 0 1
z —
[ e () = 320

Explicitly performing the derivative and reducing the scalar products to the propagators
using Eq. (3.13) the identities takes the form

20:m*F(ay + 1,a2) + (a1 — az) F(ay, as)
—alF(al —+ 17 Qa9 — ].) + agF(al — ]., as + 1)
(d —a] — 2@2)F(6L1, CLQ) — CL1F(CL1 + 1, Ao — 1)

0. (3.27)
0. (3.28)

The IBPs form a homogeneous system of linear equations. The unknowns are the integrals
F(ay,...as). As not all IBPs are linearly independent, the system of equations is under-
determined [97] and there exist integrals that cannot be evaluated from this system. These
are referred to as the master integrals.

Let us go back to our previous example. We have seen that the integrals /1 and I, can
be expressed in terms of the two integrals F'(1, —1) and F'(1,0) (cf. Egs. (3.20) and (3.21)).
Now, let us evaluate I; and I using a different subset {F(1,—1), F'(2,—1)}. The integral
I, remains as before but applying Eq. (3.28) with (a;,as) = (1,0) we find that I, can be
expressed as follows

F(2,-1). (3.29)

For consistency let us check whether this result coincides with the one given in Eq. (3.17).
F(2,—1) can be evaluated by using Egs. (E.1)-(E.3)

F@-1)=(1—d)— P19 (3.30)

We indeed find that the explicit results fulfill the relation F'(2,—1) = (d — 1)F(1,0). Thus,
both sets {F'(1,—1), F'(1,0)} and {F(1,—1), F(2,—1)} allow us to determine I; and Is.
Such irreducible integrals are referred to as the master integrals. We are free to choose
either set as basis. In this simple example the integrals in both sets are easy to calculate.
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3.4. Reduction of Dirac Matrices to Operators

The Laporta algorithm has been constructed such that all scalar integrals of a given
topology can be expressed in terms of master integrals by solving the corresponding system of
IBPs*. The procedure goes as follows. First, all IBPs from the topology and all subtologies of
the unknown integral of interest are generated. As the number of relations grows faster than
the number of unknown integrals in this system of linear equations the latter becomes over-
constrained [97]. By successively extracting integrals from certain relations and substituting
them into the remaining ones one can find an expression of the integral of interest in terms
of the master integrals. For a detailed description of the algorithm see [97]. We only remark
here that for the procedure to be applicable in practice one has to introduce an ordering for
the extractions of the integrals. Any ordering leads to the same solution, however there are
huge differences in the evaluation time. Moreover, the explicit form of the master integrals
can change for different choices of ordering and the master integrals are not unique as
already demonstrated in the previous example. It is convenient to find a set (basis) with
rather simple master integrals since their evaluation will be less complicated. Moreover, we
will see in Sec. 4.5 that a suitable choice of the basis has advantages.

The Laporta algorithm has been implemented in several computer programs. To the
present day there exist three public versions AIR [100] (Maple), FIRE [101, 102] (Mathe-
matica, C*1) and Reduze [103] (C*"), as well as a few private implementations. For the
reduction of the set of two-loop diagrams depicted in Figs. 2.4 and 2.5 to master integrals
we used FIRE. It can be run in the pure Laporta mode, that is the reduction to master
integrals is performed by applying the Laporta algorithm only, or can be combined with
other features. We have applied it in combination with s-bases [104-106], which is another
algorithmic approach to solve IBPs. It is implemented in the Mathematica package SBases.m
and reduces the evaluation time by a large amount. For more information on the implemen-
tation of the Laporta algorithm and of the s-bases approach we refer to [101]. As an explicit
example the reduction of diagram 14a) in Fig. 2.4 is given in App. A.

After completing the reduction of the set of Feynman diagrams in Figs. 2.4 and 2.5, we
have found 23 unknown master integrals. Their evaluation will be the topic of the next
chapter.

3.4. Reduction of Dirac Matrices to Operators

We finally consider the tensorial structures from the PV decomposition (cf. Sec. (3.1)) in-
volving the momenta ¢y, . .., g4 and the symmetric tensor g*”. In the further calculation they
are contracted with the Dirac y-matrices that arise due to the fermion propagators and the
gluon-fermion vertices. The resulting ~-structures are reduced to the operator basis given
in Egs. (2.18)-(2.23)°. We perform the reduction in Mathematica by using simple algebraic
transformations like the Dirac algebra, on-shell conditions and applying the equations of

4The number of master integrals grows rapidly with the number of loops and legs of the corresponding
Feynman diagram [97]. If the corresponding system of IBPs becomes too large a solution by applying
the Laporta algorithm may not work in practice.

°In fact, we reduce the y-structures to the QCD equivalent of Eqs. (2.18)-(2.23), meaning the fields are still
defined in full QCD. The explicit matching onto the SCET operators is performed in Sec. 2.2.
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3. Simplification of the T'wo-loop Amplitudes

motions for the spinors and finally decompose the Dirac matrices into their light-cone com-
ponents. The calculation is rather lengthy but not complicated and is briefly described in
App. B.

Using the above methods we are able to express the amplitudes A©, AM and A@nf
as products of the operators Eqs. (2.18)-(2.23), the master integrals and some coefficients,
which are functions of the invariants of the problem. These amplitudes then enter the master
formulae for the two-loop hard scattering kernels T1(,22) given in Egs. (2.75) and (2.80). The
results for the latter are discussed in Chap. 5. In the next chapter, we present the evaluation
of the master integrals.
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Chapter

Fvaluation of the Master Integrals

We present the calculation of the 23 not yet known two-loop two-scale master integrals,
that we have found after the Laporta reduction in Sec. 3.3. The results for the integrals
which are simply products of one-loop integrals can be expressed analytically in terms of
hypergeometric functions. We employ differential equations to find analytical expressions
for genuine two-loop master integrals that only depend on one scale, in the case at hand
on the ratio of the heavy-quark masses 2. = m?/m?. The master integrals with three
or four external legs and involving both scales are expressed in terms of Mellin-Barnes
representations. Therefore their result is “semi-analytical”, since for reasons explained later
we perform the integrations over the Mellin-Barnes parameters only numerically. In addition,
we present a new method developed by Henn [107] which is based on solving differential
equations in a canonical basis. We apply it to obtain analytical results in terms of iterated
integrals, also for our two-scale master integrals. At the end of this chapter, we briefly
comment on the preformed cross-checks in order to validate our results.

4.1. The Master Integrals

The calculation of the set of two-loop amplitudes A@™ depicted in Figs. 2.4 and 2.5 yield
several master integrals. Many of those are already known from several B — 7m calcula-
tions [45-47], but we find the 23 diagrams depicted in Fig. (4.1) yet to be unknown. The
notation of the diagrams is as follows: The double (curly) line represents a propagator with
mass my, (m.) and the dashed line denotes a massless one. The dot on a line indicates a
squared propagator. ¢; = uq, g2 = uq, g3 and g4 are the incoming external momenta. Due to
the linear dependence of the momenta ¢; + ¢ = ¢ = —¢3 — q4 the kinematics is completely
determined by two of the on-shell conditions and one additional kinematic invariant, for
instance

1
G =my, q;=m, Q3'Q4:—§(mg+mz)- (4.1)
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4. Evaluation of the Master Integrals

1+4 1+4

]Ww(zc) Afls(% Zc) ]\/119(2(;) Mzo(% Zc)

1+4

Mo (u, 2c) Maa(u, zc) Mas(u, z)

Figure 4.1. — Set of master integrals obtained in the calculation of the two-loop Feynman diagrams; 1 —4
denote the incoming external momenta ¢, ...,qs. The double/curly/dashed line represents
a propagator with mass m;/m./0. A dot on a line indicates a squared propagator.
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4.2. Feynman Parameters and Hypergeometric Functions

In the derivation of the factorization formula (1.10) the charm quark was assumed to be
heavy. Hence, the ratio m./m; remains fixed in the heavy-quark limit and the master
integrals depend on two scales: the momentum fraction u of the quarks inside the light meson
and the ratio of the heavy-quark masses z. = mZ/mj. The exeptions are My 5 15.16,1719, Which
only depend on z.

In the amplitude the master integrals in Fig. (4.1) also appear in the following variations:
the my <> m, flipped integrals, the u <+ u flipped ones, and both flipped at the same time.
In addition to the set from Fig. (4.1) we calculate the mass-flipped master integrals, denoted
by M*, since some contain additional imaginary parts. A u <> u interchange does not yield
any additional imaginary part and thus, can be performed straightforwardly. We work in
dimensional regularization with d = 4 — 2¢ dimensions and calculate all master integrals
as expansions in €. The Feynman diagrams contributing to the bare two-loop amplitude
A®nS that enters the hard scattering kernels (2.75) and (2.80) contain up to 1/¢* poles
stemming from infrared and ultraviolet regions. Thus, we investigate the factors multiplying
the master integrals in the amplitude for possible divergences in € and then calculate the
master integrals up to the required order.

Below, we present four calculational techniques for the master integrals. The results for
the integrals evaluated by the first three approaches are given in App. C.

4.2. Feynman Parameters and Hypergeometric
Functions

There are simple integrals like e.g. the one-loop factorizable ones M;3 and M, that can
be evaluated by text book knowledge. By introducing Feynman parameters (cf. Eq. (E.6))
and performing a suitable shift of the integration variables the integration over the loop
momenta can be carried out applying Eqgs. (E.2)-(E.4). The remaining integrations over the
Feynman parameters can be performed analytically e.g. by matching the definition of the
beta function (see Eq. (E.7)) and/or the hypergeometric function [108]

JFJ,l(Al,...,AJ;Bl,...,B],l;z) =

I'(B; ! T/ (1 — ) P A
/=t (B:) / dty...dty —=" (1= f) : (4.2)
I'(A)T(B: — A | Jo (1—zty ...ty 1)

For J = 2 the expression simplifies to

. B F(B) 1 tAlfl(l _ t)BfAlfl
ZFl(Al’A%B’Z)_r(Al)r(B—Al)/o I (4.3)

Since we work in d = 4 — 2¢ dimensions, at least one of the parameters A;, Ay or B will
depend on e. This is clear considering that by applying Eqgs. (E.2)-(E.4) we introduce a
dependence on d in the exponent of the denominator which then will enter some of the
coefficients A;, As and B. The hypergeometric function can be expanded analytically in e
by using the Mathematica package HypExp.m [109].
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4. Evaluation of the Master Integrals

Note that for more complicated Feynman diagrams it is often not possible to perform the
integrations over the Feynman parameters straightforwardly or to express the result in terms
of beta or hypergeometric functions. In those cases introducing Mellin-Barnes integrations
may help, which we describe in the next section.

We have applied the above procedure to calculate the master integrals Mjs_15. As an
example the evaluation of M5 is presented in App. D.1.

4.3. Mellin-Barnes Representation

A method for evaluating more complicated multi-loop multi-scale master integrals makes use
of Mellin-Barnes (MB) representations. We have previously mentioned that a straightforward
evaluation of master integrals by introducing Feynman parameters (see Sec. 4.2) can fail when
it comes to performing the integrations over the Feynman parameters. MB representations
can allow one to carry out those integrations analytically, at the cost of introducing additional
integrations in the complex plane. The latter can be evaluated numerically by using the
Mathematica routine MB.m [110], and even analytically, but to do so quite some effort is
required. However in our case, the structure of the lowest coefficients in the e-expansion
usually is simple and thus, the e-pole terms can often be extracted analytically by applying
Cauchy’s theorem. This feature represents one of the main powers of MB representations.

The idea of exploiting Mellin transformations as a tool for Feynman integrals goes back
to the 70’s [111] and was then also employed to calculate individual Feynman integrals [112,
113]. A first systematic evaluation followed by Smirnov [114] and Tausk [115] in the end of
the 90’s. We will explain the method below, a detailed description can also be found in [116].

By using MB representations one can expresses a sum of two variables in terms of products
raised by a complex parameter z

(A +1 By 275;(70) / @ ATBT(—l(o + 2). (4.4)

Here A, B and o are some (possibly complex) variables and I' is the Gamma function. The
integration contour is parallel to the imaginary axis with negative ¢ with 0 < |¢| < Re(0).
The integration over the complex parameter z is often referred to as Barnes integration and
z as Barnes parameter. The poles of I'(--- F 2) go to the right/left and thus, are called
right /left poles in the following.

The integration in the complex plane can be performed by applying Cauchy’s theorem.
We will demonstrate this for a concrete choice 0 = ¢ — i, € > 0 and o > 0. If A and
B are analytic functions, the poles of the integrand lie in the complex plane as shown in
Fig. 4.2. The contour is chosen such that it separates right and left poles, a possible choice
(' is shown in Fig. 4.2. The integral can be evaluated by applying Cauchy’s theorem closing
the contour in a huge semi-circle to the right or to the left and summing up all poles in the
enclosed region'. For d = 4 — 2¢ the integration contour lies within —e < Re(z) < 0. In
the limit € — 0 the first left pole at z = —e + /2 hits the contour C;. In this case, the

'Note the minus sign when closing to the right.
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4.3. Mellin-Barnes Representation

Imz
Cy Ciqt 2
+ 1
N/
-2 —¢ —1 —¢ —e| |% 1
X X X | rra
'I
} } ® o— Rez
_9 1 0 1
1 1

Figure 4.2. — The poles of the function (4.4) with ¢ = € — ia, € > 0 are shown in the complex z plane
with three possible contours C1, Cf and Cy. x denote the left and e the right poles.

contour can be deformed around the pole at z = /2, as long as the new contour does not
encounter any singularity. A possible choice is C] in Fig. 4.2. We now consider the case
where all poles lie on the real axis (this corresponds to the limit & — 0). For € — 0 the first
left pole at z = —e and the first right poles at z = 0 merge, which makes above mentioned
deformation impossible. Still working in d dimensions we circumvent this problem by shifting
the integration contour such that the pole at z = —e¢ lies to the right of it, e.g. C in Fig. 4.2.
The integral along the shifted contour can safely be expanded in € and then can be evaluated
by closing the contour to the right. We compensate for the change of the nature of the pole
at z = —e by adding the residue at this point. Note that in general, the procedure of shifting
contours, performing the limit ¢ — 0 and taking the residues extracts the pole terms in € of
a master integral in an algorithmic manner.

From the discussion above we summarize that when evaluating Barnes integrations the
location of the integration contour in the complex plane is very important. We have to keep
track of it in order not to miss or double count poles and it must be chosen such that is does
not hit any of the latter.

Next, we demonstrate that MB representations allow one to perform the integrations
over the Feynman parameters analytically. Consider a simple example with one Feynman
parameter x

L el — g
/0 dx mf(y)a (4.5)

where A, B are variables and f(y) is an arbitrary function. We apply Eq. (4.4) and obtain
the following result
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4. Evaluation of the Master Integrals

(yB)~

c+i00 1
mf(y)/c dz A*(yB)*T'(—2)['(z + o) /0 dxx"t*(1 — 2)°. (4.6)

—100

The integration over z yields the beta function. The integration over the Barnes parameter z
can be performed by applying Cauchy’s residue theorem, but the calculation is quite involved
and not very illuminating. For a simpler example where the integrations over the Barnes
parameters can be carried out more easily see Eq. (E.8) in the appendix. In that way, by
introducing a sufficient number of new Barnes integrations, all Feynman integrations can
be traded for MB integrations. For simple MB integrals, which usually appear in the pole
terms of our master integrals, the integrations over the Barnes parameters can be carried
out analytically by applying the residue theorem as described above.

A generalization of the MB representation to a sum of arbitrary many variables in terms
of products can be derived by induction and is given by the following expression [116]

— . . A7
(A +---+ A>T\ (2mi) (=D /_ioo /—ioo Tz o g l

y Al_)\_ZQ_.--—an(/\ + 2o+ Zn) H F(—Z,‘) . (4'7)
=2

)

The dimensionality of a MB representation for an integral is defined as the number of
Barnes integrations. Note that there is no unique MB representation for an integral, however
it is convenient to search for a low dimensional representation. Next, we briefly explain the
numerical evaluation by the Mathematica routine MB.m.

4.3.1. Numerical Evaluation with MB.m

The Mathematica package MB.m is designed to solve Barnes integrations numerically by
Monte Carlo integration. Consider a given MB representation for an arbitrary integral. In
this representation all singularities in € are contained in Gamma and polygamma functions,
defined in Eq. (E.2), since these are the only functions that are analyzed by the routine
for possible divergences. MB.m proceeds as follows. First a suitable integration contour is
found that does not hit any pole and separates left from right poles. Then, the analytic
continuation € — 0 is performed. MB.m also gives the real part of all Barnes parameters
that fix the integration contours along the imaginary axis. Finally, the Barnes integrations
can be performed numerically specifying the desired accuracy of the calculation. The result
is presented as an expansion in € along with the corresponding errors.

Note that usually the numerical integration is more complex for a higher dimensional
representation. Hence, in general the accuracy of the evaluation decreases and the runtime
increases with the number of dimensions.
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4.3. Mellin-Barnes Representation

4.3.2. Automated Derivation of MB Representations with
AMBRE.m

AMBRE.m is a Mathematica routine that automatically constructs a MB representation for a
given planar integral [117]. Consider a scalar L-loop Feynman integral with N internal lines

1 1
G(mi,...,m3 P:—/ddk...ddk - > 4.8
(oo )= Gy | e Oty gy Y
where P = (p1,...,p.) are the r independent external momenta, g; are linear combinations

of P and the loop momenta k;, m; are masses, and v; > 0 some arbitrary integers. First,
AMBRE.m replaces the momentum integrals by Feynman integrals

I'(N,— L) ' - al
G(m?,...,m%, P)=(-1)™ L2 / de;z7 61— T
(o, P) = (S S H i 2

U(x)Nu_d(L+1)/2

X F () NodL ]2 (4.9)
with N, = SV, v;. The functions U(z) and F(z) can be derived from
N
N = sz(qf — mf) = klMll’kl’ — 2]{3[@[ + J, (410)

=1

where My = Zf\il aipzioy, Q) = Zf\il a; Px; and J = Z?LI(PZ? — m?)x;. One finds them
to be polynomials in x; and they are formally given by the expressions

U(z) =det (M) , (4.11)
F(l’) = —det (M) J + QlMll’Ql’ — i??, (4.12)

where M = det (M) M~' and n marks the location of the pole of the combined Feynman
propagators in the complex plane.

Next, a sufficient number of MB representations is introduced such that the integrations
over the Feynman parameters can be performed analytically. Note that the sequence of
replacing the momentum integrals by Feynman integrals and later by MB integrations is done
for each momentum separately. The integration over the two loop momenta is performed
one after another. The choice of which comes first, influences the MB representation but
not the final result. For more details see [117].

AMBRE.m is not optimized to construct the lowest dimensional MB representation but
rather finds some representation and often, an integral is expressed as a sum of different
dimensional representations. In many cases it is possible to reduce the dimensionality by ap-
plying the residue theorem or by using the first or second Barnes lemma or modified versions
of the latter (see App. E.2). Indeed, there are reasons for aiming at a lower dimensional
representation: The extraction of the pole terms is much simpler and the numerical pre-
cision of the result obtained with MB.m decreases with the number of Barnes integrations
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4. Evaluation of the Master Integrals

while the runtime increases. Moreover, MB.m fails to evaluate representations that contain a
highly oscillating factor, if the convergence of the result is too slow. Such oscillating factors
can arise from kinematic thresholds of the integral. Sometimes, they can be removed by
performing some of the Barnes integrations analytically.

We have evaluated the master integrals M;_36_1216-1820—23 applying this method. In
App. (D.2) we present the calculation of M3; by “manually” introducing MB representations
and of Mg by using Ambre as an example.

4.4. Differential Equations

A very powerful method for evaluating master integrals analytically is based on differential
equations. In 1990, Kotikov was the first to show that by differentiating an unknown scalar
integral with respect to one of the propagator masses one could evaluate the master integral
by solving the resulting differential equation [118]. He was able to produce results for 2-
and 3-point functions. Based on this idea Remiddi [119] proposed to use IBP identities for
obtaining a linear system of first order differential equations for the master integrals in one
of the kinematic invariants of the process. Finally, this method was fully developed and
extended to multi-leg and multi-loop graphs by Remiddi and Gehrmann [120-122] and has
already been applied in the calculation of various processes?.

The differential equations can be solved by variation of constants. The boundary condi-
tions to obtain the integration constants correspond to pseudo thresholds of the kinematic
invariants and finding the boundary conditions can be a tedious task. Fortunately, for the
master integrals that we have calculated by this method simple conditions could be found.
The differential equations are Laurent-expanded about a certain value of the spacetime di-
mension, usually d = 4, up to the required order and then solved iteratively order by order
in the expansion parameter, here ¢ = (4 — d)/2. The result can be expressed in a basis
of iterated integrals, the harmonic polylogarithms (HPLs) [124]. Using the Mathematica
package HPL.m [125, 126] the HPLs are rather easy to handle and allow for an efficient
calculation. Before we describe the method of differential equations in detail we present the
definition of the HPLs and provide a short description of the most important relations.

4.4.1. Harmonic Polylogarithms and HPL.m

The harmonic polylogarithms (HPLs) [124] are a generalization of the ordinary polyloga-
rithms [127] and the Nielson polylogarithms [128]. They are defined by the following recur-
sive relation

Hy.oon(z) = / 0t fur(t)Hoy o (1) (4.13)

2A good description of this method can be reviewed in [123], where the authors also provide a copious list
of references for applications.
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4.4. Differential Equations

where @ = (ay,...,a,) and each a; can be 0 or 1. The functions
1 1 1

t) = —— t) = — _1(t) = —— 4.14

A= R=1.  fa0)=1 (4.14)

are called weight functions and correspondingly n is called the weight of the HPL. For
integrals with trailing zeros the recursive relation (4.13) does not hold, but diverges. In
order to handle HPLs in such cases, one defines

Hy (v) = %logn(x). (4.15)

We find the following relations between HPLs and ordinary logarithms

Hl(x):/Oxdtfl(t):/Oxdt%_t:—logu—x), (4.16)
Ho(x) = log(x), (4.17)

H_l(x):/Oxdtf_lu):/:dtl%t:10g(1+:c). (4.18)

The HPLs obey a Hopf algebra and hence, the products of two HPLs with weight n and m
can be written as a linear combination _pf HPLs with weight n + m. The product of two
HPLs with vectors @ = (aq,...,a,) and b = (by,...,by,) is given by the following expression

Ha(x) Hy(z) = ZH5($)7 (4.19)

where the sum runs over all vectors ¢ of length n+m containing the elements of @ and b such
that the ordering of all a;’s and b;’s separately is conserved. For examples see Eqgs. (4.20)
and (4.21) below. Note that some of the HPLs might diverge for x = 0 and x = 1. HPLs with
n trailing zeros contain as leading logarithmic divergence log"(x), which can be extracted
explicitly by applying the product algebra (4.19) recursively. E.g. the logarithmic divergence
of Hy, 40(z) can be extracted from the following equation

Hal,az <x>H0(x) = Hal,az,o('r) + Hal,O,az(x) + HO,U«LG«Q ('T) : (420)

Similarly, HPLs with n 1’s to the left result in leading logarithmic divergences log"(1 — )
and we can extract the logarithmic divergence of e.g. Hj 4, 4,(2) from the following relation

Ha, (z)Hi(z) = Hi a0, (z) + Hahl,az(x) + Ha1,a2,1(x) . (4.21)

For practical applications it is also convenient to define the “plus” and “minus” weights
2

Fula) = Fila) + frla) = (1.22)
Fo(@) = i) = forla) = Ty (1.23)

The product algebra, the derivative and integration properties, series expansion, numerical
evaluation and many more features of HPLs have been implemented in the Mathematica
package HPL.m [125, 126].
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4. Evaluation of the Master Integrals

4.4.2. Evaluation of the Integrals

The method of employing differential equations proposed by Gehrmann and Remiddi works
well for master integrals that depend on one scale. Hence, we apply it to obtain analytic
results for some master integrals in Fig. 4.1 that only depend on the scale z. and whose
result is hard to obtain by using the standard text book techniques:

M475 and M19 . (424)

Their evaluation will be explained below.

The master integrals of the set (4.24) depend on the ratio of the heavy-quark masses
z. = m?/m} and on the expansion parameter ¢ = (4 — d)/2. Moreover, they are functions of
the kinematic invariants (4.1)

M<ZC76) = M(Q§7Q3 : q47q272676) . (425)

The total derivative of M with respect to z. is then given by

dM(z.,€) OM  OM dq3 OM  d(qz-q4) OM dg?
= — —_—. 4.2

OM 0z, can be easily computed whereas the partial derivatives of M with respect to the
kinematics on the r.h.s of Eq. (4.26) can be obtained from [123]

N
0s, \ OM (s OM (s
a=1 Pk, p Sa Pk,
where s = {sy,...,sn} is the set of N kinematic invariants formed by the momenta py ,,
pju- Inour case s = {3, ¢3 - 1,43} and py, = {g3,,qa,}- One obtains
oM oM oM
2375 + (G- @) 5—— = GBus— 428
o T W)~ 0, 428)
oM oM oM
2
- _|._ 2 . _— = _, 4.29
o 0(q3 - qa) (0 ) 9q} T o (4.29)
oM oM oM
2(gs - i =iy 4.30
(s 98) 58+ Wiy g~ g3, (430
oM oM oM
: +20i =5 = Q- 4.31
(4 q4>a(613 “a) o 9q} A Oqu,p (4.31)

The derivatives with respect to the four-momenta on the r.h.s can be carried out explicitly
and yields linear combinations of M and several integrals belonging to subtopologies of M.
Substituting the expressions for the derivatives with respect to the invariants in Eq. (4.26)
and considering that dq3/dz. = 0 we obtain

aM oM 1 ( oM aM)

_ - 4.32
dz. 0z. 1— 2z 3,1 g3, +ap g3, ( )
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4.4. Differential Equations

This is a general differential equation valid for master integrals of the form Mz, €). Applying
the Laporta algorithm all integrals appearing on the r.h.s. of Eq. (4.32) can be expressed
in terms of M and in terms of master integrals of the considered topology having a lower
number of lines than M. Here, the master integrals of the subtopologies are either known or
very easy to calculate and thus we assume them to be known. Note that Eqs. (4.28)-(4.31)
are not independent of each other, i.e. 9M/9q3 can be either determined from Eqs. (4.28)
and (4.30) or from Eqs. (4.29) and (4.31). Each way will lead to the same result which
provides a check for this part of the calculation.

Inserting the results for all partial derivatives in Eq. (4.32) one obtains a differential
equation of the form

de(ZZ:, €) — ; Ai(ze, €)S1(ze, €) + D(ze, €)M (2, €) (4.33)

where the A; and D are known functions depending on z. and €, and .S;, which also depend on
2. and €, are the known masters with fewer lines® belonging to the same topology as M. There
might exist cases where D = 0, however we did not come across them. One can simplify
Eq. (4.33) by multiplying it by the exponential exp(—D), where D(z.,€) = f;: dz.D(z.,€)
and z., is an arbitrary lower integration bound. Using the following trick ’

(‘fi{ — MZZ) exp [-D] = di (M exp[-D]), (4.34)
we arrive at
dic (M (zc, €) exp [-D(z, €)] ) = Z Ai(2e,€)S1(2e, €) exp [—D(ze, €)] - (4.35)

The r.h.s. of Eq. (4.35) is a function of z. and € and can be evaluated explicitly. Performing
in Eq. (4.35) the integration over z. order by order in € and afterwards multiplying both
sides by exp (D) one obtains the following expression

M (zc,€) = (f(ze,€) + C) exp [D(zc, €)] (4.36)

where f is the integral of the r.h.s. of Eq. (4.35) and C is an integration constant. The latter
still needs to be determined using boundary conditions. It is known that the master integrals
are analytic functions of z. for all z. > 0*. Observation shows that for each master integral
of the set (4.24) there exists a value z. > 0 for which the exponential exp (D) and thus the
master integral given by Eq. (4.36) diverges®. Let us denote it by z.poung- For all masters

3If there are more master integrals in one topology there might also appear integrals with the same number
of lines as M. In the case at hand we find that My and M; lead to a system of coupled equations. Its
solution is presented in App. (D.3).

4Note that the master integrals can have infrared divergences for z. = 0 (2. = 0 implies m. = 0).

5The divergence in D will be logarithmic so that together with the exponential we just face a simple pole
and not an essential singularity.
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4. Evaluation of the Master Integrals

in the set (4.24) we have found z.pouna = 1. This artificial divergence can be removed by a
proper choice of the integration constant C such that

M<ZC7 6) = (f(zca 6) - .f(zc,bounda E)) exXp [D(Zc, 6)] (437)

is finite for all z. > 0° . Finally, we obtain a result of the master integral M as a series in €
expression with some analytic coefficients B;(z.)

B_4£Zc) + B_3(Zc) 4 B_22(Zc> + B_1<Zc) + Bo(Zc> i Bl (ZC)E T (438)

M(zc, €) =
(2e:€) :

€ €3 €
Some of the B; may be zero and the expansion may just start with a double or single pole in
€. For M, and M9 we have found that the expansion starts with a double pole in ¢, whereas
My is finite.

In App. (D.3) we present the evaluation of the master integrals M, and Mj; as an exam-
ple. As mentioned before there arises an additional complication since in constructing the
differential equation for M, one finds that it couples to M5 and vice versa.

4.5. Differential Equations and Canonical Basis

Recently, the method of employing differential equations for obtaining master integrals has
been further developed by Henn [107]. As discussed in Sec. 3.3 the basis of master integrals
is not unique. Henn discovered that in a suitable basis — denoted as canonical basis —
the differential equations can be cast into a form that factorizes the dependences on the
kinematic variables from that on the number of space-times dimensions d. The solution
can be expressed in terms of iterated integrals, which in our case are the Goncharov poly-
logarithms [129]. This method was recently applied to a number of problems for loop [130—
138, 48] and phase-space [139, 140] integrals. A great advantage of this approach is that,
in comparison to the previous techniques, we obtain analytic results, also for the master
integrals depending on both scales u and z.. Moreover, in the basis of iterated integrals the
convolution of the hard scattering kernel with the pion LCDA simplifies to a large extent.

To the present day, the construction of the canonical basis is mostly based on experience
and experimentation rather than on a systematic procedure, although developments in this
direction have recently become available [141-144]. In the future it would be most desirable
to have a general algorithm for finding a canonical basis for arbitrary numbers of loops,
legs, scales, and even space-time dimensions. Each calculation of master integrals by this
new approach provides an important contribution towards finding a general algorithm for
constructing the canonical basis. Before describing the method we present the definitions
of the Goncharov polylogarithms, which is the class of iterated integrals that appear in the
solution of our master integrals.

SWith the exception of course that there still appear divergences as poles in e.
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4.5. Differential Equations and Canonical Basis

4.5.1. Goncharov Polylogarithms

The Goncharov polylogarithms [129] are a generalization of HPLs to arbitrary weights. They
are defined in a similar recursive relation (cf. Sec. 4.4.1)

Gal.“,an (LU) = / i Gag.“,an (t> ) (439)
0

t—a1

but the a; can now take arbitrary values. Eq. (4.39) does not hold for trailing zeros and in
analogy to Eq. (4.15) we define

Gy () = %log"(aﬁ). (4.40)

The concept of weight will become important in the discussion of the canonical basis. Note
that due to Eq. (4.40) log®(z) is assigned a weight k.

The relations between the weight one Goncharov polylogarithms and ordinary logarithms
read as follows

Gi(z) =log(l — ), (4.41)
Go(z) = log(z), (4.42)
G_1(z) =log(1+ ). (4.43)

Moreover, we find a connection to the Riemann zeta function

Go,...01(1) = =C(k) (4.44)

with & — 1 zeros and k > 1. ((k) ~ 7* for k even, and thus, we assign a weight k to both,
¢(k) and 7*.
For a,, # 0 the Goncharov polylogarithms can be rescaled by an arbitrary variable y # 0

77777 an (ZU) - Gyal,-wyan (y‘r) . (445)

Note, that it is most convenient to choose u as the argument of the Goncharov polylogarithm
whenever there is a dependence on this scale, bearing in mind that this choice simplifies a sub-
sequent convolution with the pion LCDA, which in a Gegenbauer expansion (cf. Eq. (5.29))
is a u-dependent polynomial.

The definitions of the Goncharov polylogarithms (4.39) and of the HPLs (4.13) are closely
related. For Goncharov polylogarithms with weights +1 and 0 we find the correlation

Ha, () = Ga, () (—1)% e (4.46)

Converting the Goncharov polylogarithms to HPLs, one may use the features implemented
in the Mathematica package HPL.m, like the product algebra and the extraction of logarith-
mic divergences (cf. Sec. 4.4.1). In addition, the C*" routine GiNaC [145] allows one to
numerically evaluate Goncharov polylogarithms for arbitrary weights.
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4. Evaluation of the Master Integrals

4.5.2. Canonical Basis

For defining the canonical basis, we first need to define the term “pure function”. Consider
a specific power in the e-expansion of a master integral, the associated function is called
uniform, if each summand has the same weight. Moreover, a uniform function is defined
as pure, if its derivative with respect to any one of its arguments again yields a uniform
function whose weight is lowered by one unit.

Now, let us consider a system of differential equations in the kinematic variables z; for
master integrals in an arbitrary basis

d

M (z;,€) = Bi(z;, €)M (z;,€) . (4.47)
]\7[(:cj, €) denote the N master integrals and B;(x;, €) are N x N matrices. Note that Eq. (4.47)

is the analogue of Eq. (4.33) from the previous approach with a single variable z; = z. and
for N = 1. In the canonical basis, the differential equation is cast into the form [107]

d - .
%C(xj, €) =€Ai(z;)C(zy,¢€), (4.48)
where é(l‘j,E) are the new N master integrals. The matrix coefficients A;(x;) are now
independent on ¢, in contrast to the ones in Eq. (4.47), which explicitly depend on €.

It turns out that the functions A; are the coefficients of the gradient of a function A, i.e.
dA/dx; = A;. Eq. (4.48) then takes the form

—

-0ty =< (4 A Gy, (1.49)

By construction, A contains all information about the differential equations with respect to
the different kinematic variables. Hence, A together with the boundary conditions, which
are specific in each case, completely determines the master integrals.

The master integrals in such a basis have in turn several pleasant features: First, the
solution decouples order-by-order in the e-expansion. Second, it is given by pure functions
to all orders in e. Consequently assigning a weight —1 to each power of the expansion
parameter ¢ and multiplying each master integral by an appropriate power of ¢ renders the
total weight of the master integral zero to all orders. Third, the solution can be expressed
in terms of iterated integrals. If the coefficients A;(x;) are rational functions of the z;, the
Goncharov polylogarithms discussed above represent a suitable class of iterated integrals to
describe the master integrals. We will refer to a basis that obeys Eq. (4.49) as a canonical
basis.

In the absence of an algorithm for the systematic construction of the canonical basis, we
obtain a canonical basis by searching for pure linear combinations of master integrals in a
“traditional” basis that consists of undotted and singly-dotted integrals, and compute them
up to terms that involve functions of weight two. This method is based on trial and error,
but has proven to be successful. As only disadvantage, an analytic representation of the
master integrals in this other basis up to weight two has to be known from other sources,
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4.5. Differential Equations and Canonical Basis

like for instance from MB representations. An illustration of this procedure can be found
in App. (D.4) where the calculation of a set of master integrals in the canonical basis is
presented as an example. Next, we consider the differential equations in the invariants.

4.5.3. Solving Differential Equations

In the case at hand, the master integrals depend on the two scales z. and u. The differential
equation with respect to z. can be derived analogous to the previous section and is given by
Eq. (4.32). The one for u is simple and we find

dc; 9C; 1 oG . 9C (4.50)
ch N 82’0 1—z B aq3,u in 0@3,# 7 ‘

du — Ou’
For our master integrals in the canonical basis the explicit expressions for Eqs. (4.50)
and (4.51) factorize in € and take the form

dc;
i € (ai(u, z.) C; + Z aj(u, ) Cj) : (4.52)

J#

dC;

ik <bl~(u, 2.) C; + z?; bi(u, 2.) Cj) : (4.53)
VD

where the a; ; and b; ; are rational functions and C; are master integrals with equal or lower
lines than C;. We calculate the master integrals in the canonical basis successively, starting
with the lowest line integrals. Thus, we assume all lower line master integrals to be known
and take the lowest order in e coefficients of the master integrals with equal lines from
elsewhere, i.e. from MB representations’.

In order to obtain an analytic expression for the master integral C;(u,z.) in terms of

iterated integrals we first consider the differential equation (4.51) and integrate it in u

/ du' W = Cj(u, z.) — Ci(ug, 2¢) (4.54)
ug U

where ug € [0,1] is an arbitrary lower limit. The integrand on the Lh.s. which given by
Eq. (4.53) can be integrated over and the master integral C;(u, 2.) is determined except for
the function Cj(ug,z.). The latter can be extracted from the differential equation (4.50)
evaluated at u = up and integrated in z, over an interval 0 < z,, < 2z, < 1:

/ZC 5 dC;(u, z)
. O dz

0 C

= CZ‘(U,(), ZC) - CZ'(U(), Zco) . (455)

u=ug

7If there are more master integrals in a topology the corresponding differential equations decouple order-
by-order in €, as it can be seen from Egs. (4.52) and (4.53), and thus can be solved.
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4. Evaluation of the Master Integrals

The integrand on the Lh.s. given by Eq. (4.52) is known and thus the integration can be
performed. The constant C;(uo, z¢,) can be matched to the analytical result of the master
integral at the point u = ug and z. = 2., obtained e.g. from MB representations.

Similar to the previous approach described in Sec. 4.4, the differential equations are solved
iteratively order by order in €. Note, that it is useful to find boundary conditions for which
the master integrals vanish or take a simple expression. This might simplify the calculation
to a large extent.

We find that in the differential equations of the 23 master integrals in Fig. 4.1 there appear
in addition 14 lower line master integrals, which are known from previous calculations but
also have to be converted to the canonical basis in order to close the system of differential
equations. Thus, we need to calculate in total 37 integrals. The full set including results
can be found in [C] 8.

We have evaluated Mgy, Mgfg and M5 in the canonical basis using the steps outlined
in Eqgs. (4.54) and (4.55). These integrals correspond to the master integrals Cj 7 in the
canonical basis (see App. D.4 for the definition of the C;) and we have found that they all
vanish in a certain kinematic point. However, there are master integrals such as C} 2, which
correspond to Mg 7, for which we have only obtained non-vanishing boundary conditions and
more importantly, for which we find Goncharov polylogarithms with non-trivial dependence
on z. in the weights in differential equation with respect to z. (see Eq. (4.55)). Thus, this
differential equation cannot straightforwardly be integrated by using the definition (4.39)
but a suitable algorithm for the integration needs to be constructed. This is in principle
possible and we use it in Sec. 5.1.2 to reexpress such Goncharov polylogiarhms in terms of
HPLs. Instead one can follow another option which is to discard the differential equation
with respect to z. and obtain the function C(uy, z.) from MB representations, as it was
done in [C]. In App. D.4, the details of the calculation of Mgz, Msgg, Mgy and M5 in the
canonical basis are presented.

4.6. Checks

For numerical cross-checks we have evaluated the master integrals for twelve points in the
2. — u plane. We have found that the results obtained in different MB representations agree
to order 1079 for the highest e-coefficients. The agreement is even better for the pole terms
and the integrals with different analytic representations in terms of HPLs or hypergeometric
functions. However, for the integrals Mg 99 and their mass-flipped counterparts, both ob-
tained in a MB representation, the Monte-Carlo integration implemented in MB.m has failed
due to highly oscillating integrands. In this case, we have relied on the numerical results of
the sector decomposition method implemented in SecDec [146].

The master integrals in the canonical basis were evaluated in GiNaC, yielding an agreement
to the previous results obtained in the former basis at the level of 5 - 1071°. The only
exceptions are Cyg 3¢ (see [C] for the definition) which correspond to the master integrals
Moy_99. Their agreement is at the level of 81077 for the highest e-coefficient, and 6-10~* for

8Note that in [C] two additional integrals are included which are the master integrals stemming from
massive quarks in the gluon self energy correction.
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the corresponding mass-flipped counter parts. For the lower coefficients in the e-expansion,
the agreement is several orders of magnitude better. We remark that having calculated the
numerics in two different integral bases constitutes a non-trivial check.

In the further calculation, we will use the analytic expressions for the master integrals
obtained in the canonical basis.
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Chapter 5

Results and Phenomenological Applications

In this chapter, we present the renormalization factors and matching coefficients that enter
the master formulae for the hard scattering kernels and briefly discuss the result for the
latter. We calculate the perturbative contributions a; for the set of decays B° — D™ L
with L = 7, p and study the dependence on input parameters and on the factorization scale.
Moreover, we evaluate the corresponding branching decay rates and confront the results with
experimental data. In addition, we test how well the transition amplitude is described by
Eq. (1.10) in the heavy-quark limit by comparing of ratios of non-leptonic decay rates on
the one hand and ratios of non-leptonic and semi-leptonic decay rates on the other hand.
We finish this chapter with a brief discussion of our results.

5.1. Hard Scattering Kernels

We have derived expressions for the one- and two-loop hard scattering kernels in terms of
bare amplitudes, renormalization factors and matching coefficients in Sec. 2.2 . They are
given in Egs. (2.63), (2.64), (2.75) and (2.80) (and the corresponding expressions for the
primed kernels). In the following, we give the explicit expressions for the renormalization
factors and matching coefficients that enter these formulae and briefly discuss the results of
the hard kernels.

5.1.1. Renormalization Factors and Matching Coefficients

The renormalization of the strong coupling is performed in the MS scheme. The correspond-
ing renormalization factor Z, can be found in [147] and reads

Zo—1- %1 (1ch _ 4”fo> + 0. (5.1)

3 3 B

Here, ny = 5 is the total number of active quark flavours, and Cy = 3 and Ty = 1/2. The
operator renormalization factors Z;; of the operators ); have been calculated up to two-loop
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5. Results and Phenomenological Applications

accuracy in the MS scheme [148, 84]. The explicit one- and two-loop expressions are given by

1/-2 2 2 200
1 = 3 12 9
z p ( 01 000)° (5.2)
4n T
g _ L[ =75 §Un Ty =39) 5(n Ty —15) 58Ty = 93) 55 s
2 \ 4n Ty — 39 4 Iy 8 0 5 1
1 8n ;T LT 20nsTy 205 1531 _ 5ngTy _ 2mgTy 1 1 _ 35
- 9 12 27 18 288 108 81 72 384 864 (5 3)
P Y VR 3 19 _ ngTy 8 _35 7 )
3 4 16 9 9 192 72

The row index of these matrices corresponds to (Q1, Qa, EF), Eél), Ef), EéQ)) (see Sec. 1.3 for
the definitions of the evanescent operators) and the column index to (Qi, Q>). In contrast,
the renormalization of the mass and the wave-function is performed in the on-shell scheme.
The one-loop expression for the mass renormalization factor Z,,, can be found in [147] and
reads

as Cp(2¢ —3)I'(1 — €)T'(¢) St

o Qs 2\ ¢ 2 _
Zm, =1 pm 2= 1) (m2) "+ 0(2), q=b,c. (5.4)

Here, St is defined in Eq. (C.2) and Cr = 4/3. The wave-function renormalization factor
Zext 18 given by the product of the on-shell field renormalization factors Z; /% and Ze /% \which
relate the bare quark field ¢y (¢ = b,¢) to the renormalized field ¢ via gy = qu/gq. To
the one-loop accuracy Z, coincides with Z,, [147]. Hence, the explicit expression for the
wave-function renormalization factor is given by the following expression

as Cp(2¢ = 3)I'(1 — €)T'(e) S (1 + 2.9)

Zex =1-—
’ Ar 2(2¢ — 1)

(mp) ™" +0(a3). (5.5)

In Eq. (2.80) we further encounter the SCET operator renormalization factor Yj;. If Yy
appears alongside a u-dependent function like Tl(l) we shall remember that this expression
must be interpreted as convolution product, i.e. TNV = fol du' T (! )Yl(ll)(u’ ,u). By
construction Yj; “factorizes”and hence can be split into the following two parts

Yii(u' u) = Zjpo(u—u') + Zpp(u',u). (5.6)

Here, Z;, and Zp; are the renormalization factors for the HQET heavy-to-heavy and the
SCET light-to-light currents, respectively. Since one collinear sector in SCET is equivalent
to full QCD — when restricted to soft fields and then boosted (see Sec. 2.1.2) — the renor-
malization constant Zp; coincides with the ERBL kernel in QCD [50, 51]. We take Zp,
from [149]

Zpr(v,w) =6(v —w) — Z—;%{ﬁ {vw% + wo w}+ — %(5(2} —w)
+A [%@(w —v)+ %@(v — w)} } + 0(a?). (5.7)
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5.1. Hard Scattering Kernels

Here, A = 1 for pseudoscalar and longitudinally polarized vector mesons and A = 0 for
transversally polarized vector mesons. The plus-distribution for symmetric kernels f is
defined as follows

/ dw (v, w)], g(w) = / dw (v, w0)(g(w) — g(v)). (5.8)

The renormalization factor Z,; can be obtained in a matching of the heavy-to-heavy QCD
current ¢, (1 —75)b to the HQET current BU/7/L+(1 — 75)h,. Note that in this process also
the matching coefficients Crr can be determined. Since we treat the charm quark as heavy,
it scales as of the order of the heavy-quark mass and we perform the matching at a scale of
O(my,). Beyond tree-level the QCD current mixes with the chirality flipped HQET current
) (1 +75)h,. Hence, we make the following ansatz for the renormalized currents

67L+(1 - /75)6 = CIEII:“ [Bv’¢+(1 - ’75)hv} + CI{:FI; [Bv’¢+(1 + VB)hv] ) (59)
e (L+75)b = Cip [huth, (1 — v5)ho] + CRR [hoth (14 75)h0] | (5.10)

where the different Crp are the matching coefficients. We evaluate the latter in expansions
of the strong coupling with five light flavours. The diagonal coefficients are given by Okl =
CRR = 1 + O(as), whereas the non-diagonal coefficients arise beyond tree-level only, i.e.
CRL = CRE = O(a,). In order to obtain the explicit one-loop expressions, and in addition
Zglil), we evaluate both sides of Egs. (5.9) and (5.10) to one-loop accuracy. The renormalized
matrix element of the QCD currents takes the form

(e, (L F )0 = [(250 + 20} ) AULRRO) 4 ALLRRD | (@ (1 35)5) @
+ AMRRE G (1 45)0)©) (5.11)

Here, the A®Y are the bare tree-level /one-loop on-shell amplitudes. An explicit calculation
yields

(e, (1F 1)) = [ (1 ; L) Cr (<Zc * C”jjg(%) _ 2) 4t ] ?Zgj@c)

e | [TNIESRTL
- (CF%%ZCU (@, (1)) (5.12)

The one-loop matrix element of the HQET currents is given by!
(hor g, (LF 1)) = | (YD + Z03)) MO 4 MERO] (i (15 95)h) @ (5.13)

The SCET on-shell amplitudes MR and the on-shell wave-function renormalization factor
V. receive only contributions from scaleless integrals and therefore vanishes in dimensional

ext

"'We shall remember that at the one-loop accuracy the coupling constants with five and three light flavours
coincide (see Sec. 2.2).
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regularization, whereas the tree-level amplitudes M™% are equal to unity. Thus, the only
surviving contribution comes from Zgl,l) Comparing Egs. (5.12) and (5.13) we can identify

Zf,lh) as the pole term in e, that is

Zv _ Cr <(Zc +1)log(z:) 2) ’ (5.14)

€ z.— 1

which correctly reproduces the IR behaviour of QCD in the effective theory. The C'rp on the
other hand are given by the coefficients in Eq. (5.12), which are finite in e. We find that the
explicit one-loop results each for the diagonal and off-diagonal expressions coincide, which
is not surprising as Egs. (5.9) and (5.10) are symmetric under interchanging P < Pg.
Introducing the notations C’FDS) = C’II;I;(D = 0?2(1) and C’?FD(I) = Cﬁ“) = C’II;”JLQ(I) the

expressions read

D) (2 + 1)log(zc) (2e + 1) log*(z.)  (5ze + 1)log(z.) B
Crr _OF[L( Ze— 1 2]+ 222, 2(ze — 1) 4
(5.15)
Cl C
Cpp) = C <‘/i+g<12>) . (5.16)

As last contribution the sum Zb# H{;)Yb(ll) in Eq. (2.80) needs to be further specified.
Considering Eqgs. (2.49) and (2.52) we find that only H 1(;) with b = 2 yields a non-vanishing
contribution which, comparing the coefficients proportional to O,, is given by H 1(;) = A%) +

1
Zex,
A{él) vanish as well (see Sec. 2.2.3). Hence, Hg) = A%)nf + ZS)AE-(;). The derivation for the
corresponding primed contribution follows the same lines and we obtain a similar expression.
The operator renormalization factor Y2(11) has already been used in the NNLO calculation
of the vertex corrections to the decay B — 7w and is given in [45] in Eq. (45). Its explicit
expression reads

Ag%) + ZS)AE.(;). The tree-level amplitude Agg) is zero and the factorizable diagrams

YV (', u) = 16 O (“/@m —v) A= w)Olw - “>> . (5.17)

U 1—u

With this we have specified all renormalization factors and matching coefficients that enter
the master formulae for the hard scattering kernels.

5.1.2. Discussion of the Results for the Hard Kernels

We find that our expressions for the one-loop kernels agree with the results given in Egs. (89)
and (90) in [27]. For performing this comparison one has to take into account that the one-
loop result given in Eq. (90) was calculated in the “traditional basis” given in Eq. (V.1)
in [82] (cf. [150]). The converted results are equal up to higher order corrections. The
explicit results for the two-loop hard scattering kernels are not presented here as they are
rather lengthy and not very illuminating. Instead we comment on some interesting features of
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5.2. Perturbative Amplitude a,

the master formulae (2.75) and (2.80). Analogous considerations apply to the corresponding
formulae for the primed kernels.

As mentioned in Sec. 1.1.1 the hard scattering kernels must be free of IR divergences. The
UV divergences are removed by considering renormalized amplitudes. Even though most of
the individual terms in Egs. (2.75) and (2.80) contain divergences, the total expressions are
free of poles in €. For calcuating the hard scattering kernels we use the master integrals in
the canonical basis, which are written in terms of Goncharov polylogarithms. As we apply a
numerically routine for evaluating the latter (see Sec. 4.5) we obtain only a numerical result
for the kernels. We find that for TI(Q) all poles cancel, for the 1/¢ poles at the level of 2 x 107°
for 12 different points in the u-z. plain. The pole cancellation for the higher poles is much
better as well as the pole cancellation of the colour singlet kernels, which is at the level
of 3 x 1077. We remark that after the convolution of the hard scattering kernels with the
LCDAs we can express the result in terms of harmonic polylogarithms, which can be easily
simplified in Mathematica (see Sec. 4.4.1). We find that the poles then cancel analytically.
Note that the master formula (2.75) for the two-loop colour singlet kernel is simpler than the

one of the colour octet kernel. The reason is that the one-loop kernel T2(1) as well as other
one-loop colour singlet amplitudes are zero due to their colour factors. Hence, already A(zzl)”f
is free of IR divergences, i.e. the 1/e* and 1/€? poles cancel in the sum, and performing the

UV renormalization is sufficient for obtaining an in € finite result.

Finally, we remark that after performing the convolution of the hard scattering kernels
with the pion LCDA we reproduce the result for the vertex correction to the colour-allowed
topology of the decay B — mm given in Eq. (48) in [47] in the limit m. — 0. Next, we
present and discuss the results for the perturbative amplitude a;.

5.2. Perturbative Amplitude a;

The perturbative amplitude a; is defined as the convolution of hard scattering kernels and the
light meson (here the pion) LCDA multiplied by Wilson coefficients. As the hard kernels only
contain the short distance physics above scales 1 > m;, (see Sec. 1.1.1), they are independent
of the explicit final-state mesons. Therefore, we can use the result for the hard scattering
kernels to calculate the NNLO vertex corrections to the transition amplitudes for the set of
decays B® — D™ L with L = 7, p, whose weak transitions all are mediated by the operators
9, and Q,. Note that our calculation only applies for longitudinally polarized vector mesons
in the B — D**p~ transition amplitude (see Eq. (5.7)). However, the contribution from
transversally polarized vector mesons was found to be small [27] and thus can be neglected
(see also Sec. 5.3). In the following, we define the hadronic quantities and identify the
perturbative contribution a; in the transition amplitude Eq. (1.1). Then, we present the
results for a; up to NNLO accuracy and analyse their dependence on the input parameters
and on the factorization scale.
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5.2.1. Hadronic Matrix Elements and Definition of a;

For the decays B® — DL the transition amplitude Eq. (1.1) reads

A(B° — D" _Gr Z *Vea Ci(p)(DWL|Q;| BYY . (5.18)

The factorized hadronic matrix element is given by Eq. (2.35) which in d = 4 dimensions
reduces to

(DWL|Qi|B°) = Ti(DWLIQYP|B) + T(DWLIQP|BY). (5.19)

We shall remember that at leading power Qg)CD factorizes in the product of a LCDA and
the full QCD form factor and thus, Eq. (5.19) takes the form

(DWLIQi|B%) = (LIdy"(1 = 75)ul0)(DP e, (1 — 75)b| B°) /du Ti(u) P (u)

(LA™ (1 = 1)l (DO (1 + 15)b| BY) /du D). (5.20)

Note that in this expression all hadronic matrix elements are local. A comparison of Eq. (5.20)
with Egs. (1.7) and (1.8) yields the following relations for the local matrix elements

(m(@)|d A" (1 = 5)ul0) = ifrg", (5.21)
{p()|dA*(1 = 75)ul0) = —ifompn™ (5.22)
where 7 is the polarization vector and m, the mass of the p meson. For a longitudinally
polarized p meson we have n* = ¢*/m,*. The decomposition of the B — D vector form
factor is given in Eq. (1.4), whereas the axial form factor vanishes due to parity. The form
factors for transitions involving the D* can be found in [53] and read
2iV (q%)

D*(p/, )&y 5b| Bo(p)) =
(D', )" sbl Bolp)) = =7

S I (5.23)

*

/I K\ | = D, € -
(D*(p', €)|ey"y5bBo(p)) = 2mp-Ao(q?) =

* E* '
L4 + (mp + mp) Ai (¢2) (6 - ngq“)

. 2 € -q o /;A_mZB_m2D*u
As(q )—mB . (p AT ) : (5.24)
Here, € is the polarization vector and mp+ the mass of the D*, and ¢ = p—p’. The A; and V'
are scalar form factors. Note that the B — D* vector form factor vanishes when contracted
with the matrix elements given in Eq. (5.21) and in Eq. (5.22) in the case of a longitudinally
polarized p meson. Hence, neglecting the contribution from transversally polarized vector
mesons we define a; as follows

(jf 52 Vieaan (D) (1= 35)ul0) (DIl B (5.25)

A(B® = D*L) = Z riVea a1 (D*L) (L|d~"(1 = 45)ul0)(D*[e 7,750 B®) ,  (5.26)

A(B° — DL)

%In general 7 is a linear combination of p and p’ but in the limit ¢*> — 0 can be approximated by n = ¢/ /m,,.
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with

mmm=2amAMWmeWmmw, (5.27)

1=1,2

-3 a / T3 oty 1) — 2oty 1)) @ a1, 1) (5.28)

Here, we have made explicit the dependence on the factorization scale y. We take the values
for the Wilson coefficients at the weak scale and evolve them down to a scale of order of the
b-quark mass. The RG evolution can be found in [84, 85]. We take the running of the strong
coupling from [151] to NNLO accuracy, also in the evolution of the LO and NLO Wilson
coefficients. The light meson LCDAs are expanded in a basis of Gegenbauer polynomials
32 . I

/" () with Gegenbauer moments oy,

Oy (u, ) = 6u(l — u) <1+Zak (2 u—l)). (5.29)

Following [27] we assume that the leading-twist LCDA is close to its asymptotic form given
in Eq. (1.6) and truncate the expansion at the second moment. The first two Gegenbauer
polynomials read C’f/Q(x) = 3z and 023/2(1:) = 3(52® — 1). The Gegenbauer moments are
eigenfunctions of the one-loop renormalized ERBL-kernel. Hence, to leading-logarithmic
(LL) accuracy they are multiplicatively renormalizable [152]

(0)
n /(2B0)
Ly, 2 ()és(/ﬂ))W L, 2
k) = ( ol (13), (5.0
)= \ai) " )
with 8y = (11C4 — 2ny)/3 and leading order anomalous dimension

n+1 1 3 1
0) _ - . 31
T = 8CF (; k4 2+t 1)(n+2)> (5:31)

The next-to-leading logarithmic (NLL) evolution has been derived in [152-154]. Here, we
use the result presented in [155], which has the form

ar (W) = af(u) N + z%%www (5.32)
with
(0)
2\\ " /(250) (0)
N _ <ozs(/~e )> H@W — BT 02— a2 ] 5.33
e e (") — ) (5.33)

For the evolution of the lowest moments n =0, 1,2 we use

(1) 1 1 23488 _ 5127’Lf n 34450 _ 830nf
Too =T o 81 ' 2 T Tos3 81

(5.34)
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5. Results and Phenomenological Applications

Parameter Value/Range Parameter Value/Range
as(my) 0.1185 4 0.006 my 173.21 + 0.87
AP (NNLO) 0.2143 me 4.78 4 0.06
AP (NLO) 0.3957 me 1.67 +0.07
My 80.385 4 0.015 af(1GeV)  0.2940.08 [156, 157]
My 91.1876 £ 0.0021 | ol’(1GeV) 0.17 £ 0.07 [157]

Table 5.1. — Dimensionful quantities are given in units of GeV. If not otherwise stated the values are
taken from the Particle Data Group [158]. The given masses are the pole masses. aIQ‘p is the
second Gegenbauer moment of the longitudinally polarized p meson.

and

N0
D — 1(5CF — Bo)— 750) 1— (O‘S(NQ)) /25
230 A0 _9p, as(115)

(5.35)
The Gegenbauer moments usually are obtained from lattice or sum rule calculations at scales
around 1-2 GeV and are then evolved to scales p ~ m;. For the evolution we consider the
running of the strong coupling with ny = 3 light flavours. Note that in the case of the pion
and the p meson the first moment af"” vanishes in the isospin symmetry limit.

Next, we calculate the perturbative amplitude a; and study the impact of varying the
input parameters and the factorization scale.

5.2.2. Results and Dependence on Input Parameters

We evaluate the perturbative amplitudes a; (D™ L) for the set of parameters given in Tab. 5.1
up to NNLO accuracy. The top mass enters the running of the Wilson coefficient only at
NNLO and we find that changes of the mass in the range of 172GeV < m; < 175GeV
do not have any affect on our result within the considered accuracy. The same applies for
varying My,, Mz and the second Gegenbauer moments within the given uncertainties. In
the evolution of the Gegenbauer moments we take the NLO strong coupling with ny = 3
light flavours. Note that a change to the coupling constant with ny = 4 light flavours has a
negligibly small impact on a;. Moreover, we find that dependence on z. = m?/mj is given by
a smooth function and changes of z. in the range of 0.10 < z. < 0.15 affect a; only at the per
mill level. The z.-dependence for the decays B® — D™ is visualized in Fig. 5.1 where we
have plotted the real and imaginary parts of a)*© and alN*© as a function of z.. Note that
the z.-dependence of the decays B® — D™7 shows a similar behaviour. Although we do
not expect any significant changes, it would be interesting to investigate the z.-dependence
when choosing a different scheme than the on-shell scheme for the renormalization of the
quark masses; for instance choosing the MS scheme. This is beyond the scope of this thesis
but will be analyzed in a forthcoming publication [E].
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5.2. Perturbative Amplitude a,
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Figure 5.1. — z.-dependence of the a; varying z. in the range of physical values 0.10 < z. < 0.15. The
upper panels show the values for real parts of aq (D) (left) and a; (D*7) (right), whereas
the size of the imaginary parts are given in the lower panels, left for a;(Dn) and right for
a1 (D*7). The dashed/solid lines represent the NLO/NNLO results.

The largest uncertainty of a; comes from varying the factorization scale p (see Eq. (1.1))
within mp/2 < pu < 2my. The p-dependence is visualized in Fig. 5.2 for the decays
B° — D®x. We find that for the real parts the LO and NLO results have a large scale
dependence, which gets significantly reduced in the NNLO results. This behaviour cannot
be observed in the scale dependence of the imaginary parts. However, this is not surprising
as the imaginary parts only arise at NLO. Hence, the NNLO results are in fact the first
correction and we do not expect the scale dependence to be sizably reduced at this order.
Note that the plots for the decays B — D™ p show a similar behaviour. Taking the specific
value p = my for the calculation of the central values we then obtain the following results for
the perturbative amplitude a;: At LO the values for the four different amplitudes coincide,
are real and read

aXO(DWL) = 1.025 +0.024 . (5.36)
The NLO results as functions of the second Gegenbauer moment are given by

a0 (DL) = (1.054739% +0.0164 739531 + (0.002+9:992 — 0.001i 901 el | (5.37)
ay " (D*L) = (1.05270:012 4 0.010i75005) + (0.000+3 900 — 0.001i 0001 as . (5.38)
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Figure 5.2. — Factorization scale-dependence of the a; in the range of 2 < p < 10. In the upper pan-
els the real parts of a; (D) (left) and a;(D*7) (right) are shown. The dependence of the
imaginary parts of a;(Dm)and aq(D*m) on p is given in the left and right lower panels, re-
spectively. The dashed-dotted/dashed/solid lines represent the LO/NLO/NNLO results.

Note that the imaginary parts just starts at NLO.

We remark that these numbers have been calculated with updated values of input parameters
in comparison to the NLO values given in Tab. (4) in [27]. However, even though using the
input parameters provided in [27] we find a small discrepancy at the per mill level for the
central values. This difference arises due to the neglected higher order corrections that are
different since both calculations have been performed using different operator bases (see
Sec. 5.1.2). At NNLO we obtain the following values

aXNO(DL) = (1.0717391 + 0.0444 739221 4+ (0.00319:993 — 0.007i T9-9020) | (5.39)
afNFO(D*L) = (107110513 + 0.033i09104) + (0.00010:005 — 0.009i 0003 as . (5.40)

We find that in comparison to the NLO results the central NNLO values are increased by
about 2%, whereas the imaginary parts obtain a correction which is even larger than the
NLO imaginary parts themselves. Moreover, the uncertainties in real parts get reduced by
approximately 30%, the uncertainties of the imaginary parts on the other hand are still
sizable. The central values for real and imaginary parts of the LO/NLO/NNLO amplitude
a1(B° — D*7n~) are shown in Fig. 5.3 including the corresponding uncertainties. We find
that the number of the real and imaginary part of the central values increases with the
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5.3. Branching Ratios
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Figure 5.3. — The real and imaginary part of the LO/NLO/NNLO corrections are plotted for the decay
B% — D7~ including error bars that show the corresponding uncertainties. Note that the
LO result has no imaginary part.

considered order in the perturbative expansion. Within the uncertainties the NLO and
NNLO reals parts are in good agreement, whereas there is only a small overlap of the NLO
and NNLO imaginary parts. Finally, we remark that within the given uncertainties the
NNLO corrections agree and point towards a quasi-universal perturbative contribution of
the vertex corrections to the decays B° — D™® L in the framework of QCDF.

In the subsequent calculation of the branching ratios we will use the following results for
a0 that include the values for the Gegenbauer moments given in Tab. 5.1

ay O (Dm) = 1.07250515 + 0.043i 5075 (

N (Dp) = TOT2FRG + 0.044i 612 (
af™MO(D*rr) = 1.07110015 + 0.032i 13015 (5.43
)™ (D"p) = LOTITG5 + 0.032i 410 - (

5.3. Branching Ratios

We evaluate the branching ratios (BRs) for the decays B® — D*TL~ and compare the
result with the experimentally measured ones. They are related to the decay rates I' by
BR(B® — D**L7) = 150/h ['(B® — D**L™), where 750 is the B meson life time. The
expression for the rates are given by [27]

2/ 92 9232
0B = prr) = SO0 ey 2oy (Do) 232, (5.49)
s

3
(B — D7) = Grldlp-s

i ViaVal la(D'm) PR AG(m2) (5.46)
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5. Results and Phenomenological Applications

Parameter Value/Range Parameter Value/Range
Myt 0.13957 0 1.185 4 0.054 [14]
m, 0.77526 P 1.207 +0.026 [14]
mp+ 1.869,61 newG(1)|Vi|  (42.65+£1.53) x 1073 [14]

M Pt 2.01026 newF(1)|Ve|  (35.814£0.45) x 1073 [14]
m o 5.27958 Ro(1) 1.151 £ 0.023 [162, 14]
Vaud| 0.974 Ri(1) 1.406 + 0.033 [14]

fr 0.131 Ry(1) 0.853 & 0.020 [14]

fo 0.216 THo 1.519 ps

Table 5.2. — Dimensionful quantities are given in units of 1 GeV except the life time of the B meson. If
not otherwise stated the values are taken from the Particle Data Group [158].

_ G%|q3

DB = D7) = “E PV o (Do) F2E2 00), (5.47)
_ et G

(B° = ™) = SHAL v (2 + 1,2+ 1), (5.4

where |Gy = 5,—+/(my —mj —mi)? —4mim7 is the three-momentum of the H and

L mesons and H 4 are helicity amplitudes corresponding to the polarization of the vector
meson. Both |l and Hy + are defined in the B meson rest frame. The explicit expression
for Hy reads

Ho_al(D*P)fp ( 2 2

Amz|q)p.
S mB—mD*—mi)(mB—i—mD*)Al(mp) ﬂflg( )
mp

mp + mp=

(5.49)

The amplitudes Hi are contributions from transversally polarized p mesons. They are
suppressed with respect to Hy with Hy/Hy = O(m,/mp) and we therefore neglect them in
our analysis. For the scalar form factors Fy_ and Ag; 2 we take the parametrization given
in [159-161] and describe them by normalization factors and a slope function p, which are
newG (1) (newF (1)), Ri1(1) (Ro2(1)) and pp (pp+) in the case of the B — D(D*) transition®.
For performing the error analyses we neglect any correlations between these parameters but
rather perform a conservative error estimate. The uncertainties taking into account these
correlations are expected to be smaller and will be included in a forthcoming analysis [E].
We evaluate the BRs for the specific input parameters given in Tab. 5.2. The meson
masses, the B-meson life time and |V,,4| are well known and their uncertainties are below
the accuracy of our result. We do not use any specific value for |V| but rather take values
for the combinations npwG(1)|Vy| and nepw F(1)|Ve|, which have been determined from

3The one-parameter functions that describe the form factors include only short-distance and 1/m; correc-
tions to the heavy-quark limit. Thus, to obtain a full NNLO result for the BRs the order o2, o /m; and
1/m? should be includes as well, which have not yet been worked out. The uncertainties arising due to
these corrections are not accounted for in the uncertainties of the slope and the normalization.
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5.4. Factorization Tests

Decay LO NLO NNLO Experiment

BR(B? — D**n™) | 3.197033 336703  3.49%92% | 2.76+0.13
BR(B® — D*p~) | 9.507598  10.06719F 10411758 | 7.8 +£1.3
BR(B? — D*tp~) | 845702 8911038 9237048 | 6.840.9

BR(B? — Dfr~) | 3.63%032  3.8470%3  3.97799% | 2.68+0.13

Table 5.3. — BRs for the decays B — D)L~ in units of 103. The experimental values are taken
from [158].

exclusive semi-leptonic decays. The results for the BRs up to NNLO accuracy are given in
Tab. 5.3. We find that the BRs rise from LO to NNLO which is due to the increasing of the
perturbative amplitude a; with higher order in the perturbative expansion. The calculated
observables are about 20 — 30% larger than experimental BRs and show a tension at the
level of 2-3 0. We will comment on this in Sec. 5.5. Next, we test the framework of QCDF
by comparing non-leptonic and semi-leptonic decay rates.

5.4. Factorization Tests

We have seen in the end of Sec. 5.2 that the calculated NNLO amplitudes a; for the decays
BY — D** L~ are quasi-universal. In the following, we investigate whether also experimental
data points towards a quasi-universal value a; in these decay channels. We follow [27] and
probe the quasi-universality of a; by taking ratios of non-leptonic and semi-leptonic decay
rates.

5.4.1. Ratios of Non-leptonic Decay Rates

We consider the following ratios of non-leptonic decay rates

D(B® = D*n7)  (m} —m})*|dlo <Fo(mi)>2 jax (D) ? (5.50)

[(B — D*r-) AmZ| g3, Ag(m2) ) |ar(D*m)|?’ '
DB = Dtpr)  Ambldlh,  f <F+<mi>)2 ja1(Dp) (551)
[(B°— Dtn-)  (m% —m%)2|dlpx f2 \ Fo(m2) ) |ai(Dm)2’ '

For their evaluation we use the values for the BRs give in Tab. 5.3 taking into account that
the B-meson life time drops out in the ratios. The results are presented in Tab. 5.4. We
find that the LO/NLO/NNLO and experimental values are in good agreement within the
given uncertainties. Moreover, taking the values for the experimental decay rates as input
Egs. (5.50) and (5.51) directly probe the experimentally determined ratios of different a;.
The ratio of I'(B° — D*7~) and I'(B° — D**7™) is sensitive to the differences in a; given
in Egs. (5.39) and (5.40). In contrast, the ratio of I'(B® — D*7~) and I'(B® — D*p7) is
sensitive to difference in the LCDAs of the pion and the p meson which only enters at the
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5. Results and Phenomenological Applications

Decay LO NLO NNLO Experiment

I'(B" - D*n™)/T(B° = D*fn7) | 1147075 1147035 1143930 | 0977040
[(B® —» D*p)/T(B” » Dfn) | 2627580 2627080 2627005 | 2.937068

Table 5.4. — Ratios of non-leptonic decay rates.

second Gegenbauer moment and is therefore expected to be small. We obtain the following
results

2
my

lan(Dm)| Fo(mz) _ +0.05

lay(D*7)| Ag(m2) 0.950.04 » (5.52)
jax(Dp)| Film2)

(D) Fo) — 09 £ 012 (5.53)

Considering that the ratio of the form factors Fy (m2) (F(m2)) and Ag(m2) (Fo(m2)) nu-
merically deviate from one only at the percentage level, we ﬁnd no evidence for deviations
from naive factorization within the given errors. Next, we consider ratios of non-leptonic
and semi-leptonic decay rates.

5.4.2. Ratios of Non-leptonic and Semi-leptonic Decay Rates

Ratios of non-leptonic decay rates and the corresponding differential rates of semi-leptonic
decays evaluated at the same momentum transfer ¢*> = m? provide another possibility to test
factorization as they directly probe the magnitude of the perturbative amplitude a; [163].
They are given by the following expression [164]

I'(B° — DWL7)

R(*) _ _
b dr(BY — DWI-p) Jdg?| ez

= 67| Vya|* f7]ar (DY L) P Xp . (5.54)

The right hand side of this equation is true assuming that factorization holds and X p deviates
from 1 below the precent level. The experimental decay rates are obtained from the branching
ratios given in Tab. 5.3. In order to obtain the differential rates at ¢*> = m? we take
the parametrization for the form factors given in [159] in terms of a normalization and
a slope function. The form factors are written in the variable w = vp - vpw = (Mm% +
m3 ., —q°)/(2mpmp ), where vg and vp.) are the four-velocities of the B and D™ meson,

respectively, and can be related to ¢ via the transformation

ar 1 dr

_— = 5.99
dg®>  2mpmpe) dw ( )

For the slope functions and the normalizations including |V.4| we use the input values given
in Tab. 5.2 in the previous section.

The preliminary results for R(L*) and |a; (D™ L7)| are presented in Tab. 5.5. We find that
the experimentally determined values for the magnitude of a; lie below 1, the value for naive
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5.5. Summary and Discussion

Decay Rf) |a1]
B° - Dt~ 0.7570:09 0.88 +0.05
BY = D*tn— 0.89 £ 0.06 0.96 £ 0.02
B° — D*p~ 2.26104 0.91508
BY — D*tp~ 1.96 £ 0.27 0.86 & 0.06

()
L

Table 5.5. — Preliminary results for the non-leptonic to semi-leptonic ratios R; ' and for the experimen-

tally extracted values for |a;(D™+L7)].

factorization, favoring a central value |a;| ~ 0.94, which we obtain as the mean of the central
values of Tab. 5.5. Moreover, the experimentally predicted amplitudes a; show a tension
of 4-5 o compared to the NNLO absolute value |a}N"O(D®* =) = 1.07 £ 0.01, except for
la; (D" p~)| which has rather large uncertainties. We note, however, at this point that these
results are still preliminary. The values given in Tab. 5.5 will be updated in a forthcoming
publication [E]. We summarize and discuss our results in the next section.

5.5. Summary and Discussion

We have evaluated the NNLO vertex corrections to the colour-allowed tree-topology of the
decays B® — D®+L~ with L being 7 or p. The final result is given by a perturbative
contribution ay, which in naive factorization has the value 1. We find that our NNLO results
for a1, given in Egs. (5.39) and (5.40), are close to one but have a small non-zero imaginary
part. In comparison to the NLO results, which have been calculated in [27], the real parts
have increased by 2%, whereas the imaginary parts obtain a contribution which is even larger
than the NLO imaginary parts themselves. Moreover, a; only mildly depends on the ratio of
the heavy-quark masses z. = m?/m} and variations of z. within its physical ranges affect the
result only at the per mill level. Changes in the second Gegenbauer moments within the given
uncertainties do not have any impact on a; within the considered accuracy. The dependence
on the factorization scale on the other hand yields the largest uncertainties. Nevertheless,
for the real parts we find a significant reduction of the scale dependence compared to the
NLO result. This reduction does not occur in the imaginary parts, which is expected as the
latter only arise at NLO. In [27] it was further pointed out that to NLO accuracy there is
a quasi-universal perturbative correction a; for the decays B — D**L~ in the framework
of QCDF. Our results confirm the quasi-universality of a; to NNLO accuracy with a value
la;| ~ 1.07 £ 0.01.

We have evaluated the BRs to NNLO accuracy and find a 2-3 o tension compared to
the experimental BRs, whose central values are about 20 — 30% smaller. This tension had
not been observed in an earlier analysis by Beneke et al [27] in 2000 using NLO BRs (the
experimental and NLO BRs can be found in [27] in Tab. 5). Since then, the form factors
have improved and increased at around 10% and the uncertainties of the experimental BRs
have decreased significantly in most of the decay channels. In addition, the NNLO values of
a; are slightly increased compared to the NLO values.
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5. Results and Phenomenological Applications

Moreover, we have analyzed whether data favors a quasi-universal value of a; in the decay
channels B — D** L~ by considering ratios of non-leptonic and semi-leptonic decay rates.
The ratios of different a; extracted from non-leptonic rates turn out to be compatible with
naive factorization. The preliminary values for a; that we obtain from ratios of non-leptonic
to semi-leptonic decay rates on the other hand favor a central value |a;| ~ 0.94, with errors
in the individual channels at the 2-10%-level. These two results agree with an analysis
performed in 2011 by Fleischer at al [49], which use the same data for the BRs and similar
input parameters. From the ratios of non-leptonic to semi-leptonic decay rates they had
extracted a central value |a;| ~ 0.95 for the decays B® — D®r and B® — D®K. The
corresponding errors in individual channels are at the 10-20%-level.

As mentioned in Sec. 1.1.2 our results for the perturbative NNLO amplitude and the
factorization tests provide a better understanding of power corrections to the factorization
formula (1.10). The 2-3 o tension in the experimental and theoretical BRs indeed gives
an indication towards non-negligible power corrections, together with the experimentally
extracted favoured central value |a;| ~ 0.94, which is smaller than the central NNLO value
la;| ~ 1.07. Given the uncertainties of the BRs and a; (see above) the power corrections
could be 10-20% in size, which coincides with a numerically estimated value of Agcp/m.
Moreover, as data points towards a quasi-universality of a; and all central values for the
NNLO BRs are about 20 — 30% larger than the experimental BRs one could suspect a
common mechanism that pushes the power correction in the same direction. This would
also be supported by the good agreement of the experimental and theoretical values for
the ratios of the non-leptonic decay rates. Additional contributions of similar-sized power
corrections could cancel in the ratios.

We remark that still it remains to be clarified to what significance the deviations for the
experimentally extracted and the NNLO value for a; occur. Moreover, for an interpretation
of tensions one should take into account that the HFAG results for the normalizations and
form factors given in Tab. 5.2 are global averages of several experimental measurements.
The single measurements have different central values and mostly larger uncertainties. In
addition, a small uncertainty also arises since the one-parameter functions that describe the
form factors are only known to order a;; and 1/my,.
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Chapter 6

Three-body Decays from QCD

We investigate the prospects of a QCD-factorization study for the decay BT — w7 7t.

Therefore, we identify different regions in the Dalitz plot where the final-state particles have
special kinematic configurations. We claim that these regions can be treated in QCDF with
appropriate non-perturbative input, which includes generalized form factors and generalized
distribution amplitudes. We construct corresponding factorization formulae and give the
definitions for the B — w7 form factor and the two-pion distribution amplitudes. We
calculate the three-body amplitude in the central region of the Dalitz plot and analyse it in
the limit when moving towards the edges. Moreover, we evaluate the amplitude in the edge
and integrate the corresponding differential decay rate in a window around the p resonance
for a rough estimate of the branching ratios. Finally, we discuss how both descriptions merge
to describe the full Dalitz plot, and what we can expect for a physical value of the b-quark
mass.

The main results of this chapter are published in [D]. We further remark that the main
ideas developed here have been discussed qualitatively by M. Beneke [165] and 1. Stew-
art [166].

6.1. Identifying Regions in the Dalitz Plot

We consider the decay BT — nt7~ 7", and define the external momenta as
BT (p) = 7t (ki) 7 (ko) 7wt (ks) with p=Fky + ke + ks . (6.1)
We set the pion masses to zero in the kinematics and thus have
pPP=m%, ki=0 for i=1,23, (6.2)

where mp is the mass of the B meson. The invariant masses of each pair of particles,

normalized to m%, are given by

sy= 2 g, (6.3)

B
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6. Three-body Decays from QCD

Due to momentum conservation they fulfill the following kinematic constraints
S12+s13+s3=1 and 0<s;; <1. (6.4)

The center-of-mass energies E-M of any one pion can be expressed in terms of these invari-
ants, and read EC™M = mp(1 — s93)/2, ESM = mp(1 — s13)/2 and E{M = mp(1 — s12)/2.
Eq. (6.4) fixes one of the invariant masses, e.g. s13, whereas the remaining two are free
parameters. The differential decay rate of the three-body decay (6.1) in terms of those two
invariants is given by [167]

1
dl’ SmB’A|2d812d823 s (65)

- 32(27)
where A = A(s12, S23) is the transition amplitude. A scatter plot dI'/(dsi2ds23) is known as
a Dalitz plot!. In the case of massless final-state particles the physical kinematical region
in the s1o — so3 plane is given by a triangle. If |A|? is constant the Dalitz plot is uniformly
populated, otherwise structures arise due to dynamical effects. Resonances of intermedi-
ate two-body states appear as bands, which exhibit a characteristic shape that depends on
the type of the resonance (scalar, vector or tensor) [170]. The regions of overlapping reso-
nances yield information on strong and weak phase differences which allow for a study of
CP violation [171].

In the case at hand, we encounter two identical particles in the final state and the invariants
s12 and so3 are not distinguishable anymore. Hence, we label the two 7 according to their
CM energies. Choosing EFM < E?(;M we find that s15 < 523 and adopt the notation s = s'°%

+—
high . . . . . . .
So3 = 542" and s13 = s44. The physical kinematical region in the plane of the invariants slﬁvj
high high low

and s> shown in Fig. 6.1 is then given by a triangle, where the region with s> < sP¥ is
unpopulated by definition.

We distinguish three regions in the Dalitz plot where the final-state particles have special
kinematical configurations:

I. “Mercedes Star” Configuration: This configuration occurs in the central region of
the Dalitz plot, where all the invariant masses are roughly the same and of O(mp)

Region I : s, ~ s ~ s~ 1/3, (6.6)

corresponding to the kinematical situation where all three pions have a large energy in
the B-meson rest frame and none of the pions moves collinearly to any other.

II. Collinear Decay Products: This corresponds to regions of the Dalitz plot where
one invariant mass is small and the other two are large. The kinematic configuration
is such that two pions are collinear, generating a small invariant mass recoiling against
the third pion. In our case there are two such regions:

Region ITa: 5., ~0, %~ ~1/2, (6.7)

IThis visualization method goes back to Dalitz [168] who employed it for the study of the § — 7 puzzle in
1953 and shortly afterwards was extended to a relativistic formulation by Fabri [169]. The latter version
is commonly used in the current applications of Dalitz plot analyses.
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Figure 6.1. — Left: Dalitz plot distribution for BT — 7#tx~ 7" from [19]. Right: Dalitz plot divided into
the different regions with special kinematical configurations: I - Mercedes Star configura-
tion, Ila,IIb - Two collinear pions, IIla,b - One soft pion.

which is the region where the two 7™ move collinearly, recoiling against the 7—, and
Region ITb : 8% ~ 0, s, ~st® ~1/2, (6.8)
where the 7= and one 7" move collinearly, recoiling against the second 7.

ITI. One Soft Decay Product: The regions of the Dalitz plot where two invariant masses
are small and one is large correspond to kinematical configurations where one pion is
soft and the other two are fast and back-to-back. In our case there are two such regions:

Region Ila :  s;, ~ s ~0, 7 ~1, (6.9)
which is the region where one 7 is soft, and

Region ITIb : s ~ s ~ 0, s, ~ 1, (6.10)
where the 77 is soft.

The different regions are shown in the right-hand panel in Fig. 6.1. Next, we discuss the
factorization properties that are expected to apply in the different regions.

6.2. Factorization Formula

We have briefly discussed the factorization properties of three-body decays in Sec. 1.1.3,
which depend on the invariant masses of the final-state mesons. In the cases at hand at least
one particle, which we denote by 7* in the following, has? EM = O(mp). We take 7 as the
fastest particle in the following. The other two particles constitute a system, or a “compound

2As mp/ V3> Aqcep where Agep is the typical hadronic scale we adopt the power counting mp/ V3~
O(mB)
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6. Three-body Decays from QCD

Figure 6.2. — Factorization formula in the edges (Regions IT and IIT)

object”, with invariant mass s;; m% with i, j # k, moving in the direction opposite to ik
with large energy but not necessarily large momentum. With s;; = 1 — 2EM /mp one
finds 0 < s;; < 1/3. From the point of view of power counting this compound object
can be light (s;; ~ A4 cp/m3), or heavy (s;; ~ 1), or anything in between. We describe the
(7'm7) sub-system in terms of generalized form factors or generalized distribution amplitudes.
Depending on the size of s;; we adopt the factorization formulae of two-body decays (see
Sec. 1.1.1) to describe the three-body decay amplitude in the heavy-quark limit. The regions
IT and IIT are part of the “edge” of the Dalitz plot, where s;; < 1. This is where the physics
of rescattering and resonance formation in the (7'7?) sub-system is mostly contained. The
central region of the Dalitz plot (Region I) on the other hand is expected to be dominated
by standard QCD factorization. We start by considering the decay amplitude at the edges
(Region II and III).

Factorization in the Edges (Regions Il and Ill)

If s;; is small, the three-body decay resembles a two-body decay into two light hadrons, the
only difference being that one of the final light hadrons is replaced by the (light) system
(mim?). The QCD-factorization ansatz takes then the following form (cf. Eq. (1.2))

(T Qu| BYser = TI@FP?™ @ Gy + T @ FE7™™ @ @

+ THRdp® Ok @ Ppig (6.11)

Here FB2™ and ®,. denote generalized B — 7 form factor and the two-pion light-cone
distribution amplitude (27-LCDA) to be defined more precisely in Sec. 6.3. The expressions
for the F2=™ vector form factor and the single-pion LCDA &, are given in Sec. 1.1.1, and
the hard scattering kernels T and T are perturbatively calculable in an expansion in the
strong coupling a; (cf. Eq. (1.9)). The operators Q, are defined in Sec. 1.3. A schematic
illustration of the factorization formula is given in Fig. 6.2.

The region s;; < 1 of the Dalitz plot corresponds either to the kinematic configuration
IT or IIT in Sec. 6.1. However, in the limit where one pion is soft and the other two decay
back-to-back (Region III) the 27-LCDA reduces to a single-pion LCDA [60]. To what extent
this configuration is included in Eq. (6.11) needs to be investigated in more detail. As this
exceeds the scope of this thesis we will not consider Region III any longer.

80



6.2. Factorization Formula

Figure 6.3. — Factorization of the FE="™ form factor for a large invariant mass.

Factorization at the Center (Region I)

In the center of the Dalitz plot, where s;; is large®, the three-body decay resembles a two-
body decay to one heavy and one light meson, e.g. B — Dm. If the spectator quark goes to
either 7 or 77, then the factorization theorem for a two-body decay to one heavy and one
light meson Eq. (1.3) can be applied directly to the case at hand, resulting in a convolution
of a generalized form factor FP7™(s;;) and a regular LCDA ®,. In addition, at large s;;
the FB=™ form factor factorizes further?

FPommlaps = T'QFP 7" @0, + T @ Pp @ ©p @ P (6.12)

This factorization is visualized schematically in Fig. 6.3. The situation in which the spectator
goes to 7% is more subtle. We know that the corresponding B — Dm analogue does not
factorize. This is because the D meson sits at rest interfering with the B — 7 transition,
and the idea of color transparency does not apply, as it was discussed in detail in Sec. 1.1.2.
Therefore in the resonant contributions B — H|[— win/|r* where H represents the heavy
meson the description of the H resonance within the generalized LCDA ®,.(s;;) cannot be
argued on the basis of present factorization theorems. One may now wonder if such decays
pose a difficult background to B — mrww. However, since the D meson in our example decays
weakly, it is a very narrow resonance in the (77) invariant mass distribution of the B — wrm
decay. Thus it can be described separately with good precision, or even directly removed
from the measurement without introducing large systematic effects.

A different situation arises in the case in which H is a genuine QCD resonance, decaying
strongly into 7im?. The masses mpg of these resonances however do not scale with the
heavy B-meson mass and hence the width of the Region II scales as mg/mp, showing
the dominance of Region I in the infinite mass limit. Therefore (in the heavy-mass limit)
the decay B — mimir* at large s;; ~ 1/3 is purely non-resonant, and involves two fast light
mesons 7', 7/ flying away with large invariant mass. The (7'77/) system can then be described
in terms of ¢ and ®,;, which factorize from the F B=7* form factor. This picture can be
related to the perturbative limit of 27-LCDAs, where @, ~ & ® &, [172].

In addition, there are non-factorizable contributions to B — [rin/|7x*, which are power
suppressed for s;; < 1, but are of leading power for s;; ~ 1/3. However, when s;; ~ 1/3

3We recall that, by construction, si; < 1/3.

4In the calculation of the amplitude in the central region (see Sec. 6.4) we have shown that factorization
applies for the leading order form factor in an expansion in the strong coupling as. The next-to-leading
order proof is in preparation [70].
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6. Three-body Decays from QCD

Figure 6.4. — Factorization formula in the center (Region I)

these contributions are perturbative and thus further factorize (see Sec. 6.6 for more details).
All in all, for large s;; the factorization formula reads:

<7T+7T77T+|Oi|B>5ile/3 = TI ® FB%W+ ® (I)ﬂ— & (I)ﬂ+ + TI ® FBHTF_ X (I)ﬂ+ ® (I)ﬂ+
+ THRdp 0+ @0, @Dy . (6.13)
A graphic visualization is given in Fig. 6.4.

The factorization formulae Eqs. (6.11) and (6.13) yield the transition amplitudes for certain
regions in the Dalitz plot. We will evaluate these to leading order in the strong coupling in
the sections 6.4 and 6.5. Next, we give the definitions for the generalized form factors and
distributions amplitudes.

6.3. Generalized Form Factors and Distribution
Amplitudes

Generalized form factors and distribution amplitudes have been studied in the literature,
the former in the context of semi-leptonic B decays [57], and the latter in connection with
two-meson electroproduction [59] or semi-leptonic 7 decays [58] (see also [60-68]). Here, we
present the definitions that we use in the evaluation of the transition amplitude to leading
order in mp and in the strong coupling a; in Sec. 6.5.

6.3.1. Two-pion Distribution Amplitude

To leading twist, the 27-LCDA for a (717 ~) system is formally given by the non-local matrix
element [59, 60, 62]

J’_
k12

Sgﬁ(za kl) kQ) - An

/ dae =0 2t (e (1) G5 (2) 2, 0] (0)]0) g = =0, (6.14)

where «a, [ are Dirac indices, ¢ = u, d, and [z, 0] is a Wilson line. We take k12 = k; + ko and
define two light-like vectors n/, = (1,0, 0, 41), which obey n% = 0 and n,n_ = 2, such that

Kok + -
Ky = %ni + %n‘i and z* = %ni + %n’i + . (6.15)
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6.3. Generalized Form Factors and Distribution Amplitudes

Moreover, in the limit k%, — 0 one has k;, — 0. The variable z is the fraction of the mo-
mentum kqo carried by the quark q. Note that due to isospin and charge conservation the
operator ¢gq, cannot create two equally-charged pions and hence the leading-twist distribu-
tion amplitude for the (777" )-system is zero.

The Lorentz decomposition of the matrices Sgﬁ consistent with parity invariance, keeping
only terms that contribute at lowest twist, is given by®

1 v
gzﬁ - Z(I)ﬁ(z, C? k%Q) '%12 + CI)(J]_(Z7 C? k%z) U/kakb ) (6’16)

which defines the vector () and tensor (®,) 27-LCDAs. The variable ¢ = ki /k{; is the
light-cone momentum fraction of the 7. In terms of invariants, we have

S
2 2 13
]{712 =mpgS12 , C =

. 6.17
T~ (6.17)

Isosinglet (®° = 1[®" + ®9]) and isovector (@' = $[®" — ®9]) 27-LCDAs have been
discussed in the literature (e.g. Refs [60, 62]). The I = 1 27-LCDAs are normalized as [60]

/dz D(z,¢s) = (20— 1)Fx(s), (6.18)

where F}(s) is the vector time-like form factor of the pion. The latter satisfies the normaliza-
tion F(0) = 1. Isospin and C-parity invariance imply that the corresponding integral is zero
for the isosinglet component [60]

/dz@(z,ﬁ,s) = 0. (6.19)

We do not display the relations for the tensor distribution @, here, as they do not contribute
to leading order in as.

The renormalization group equation (RGE) for the 2m-LCDAs is given at leading order in
o, by the ERBL evolution equation [173, 50]. Hence, the z-dependence of the 2m-LCDAS can
be expanded in Gegenbauer polynomials C3¥%. The (-dependence is additionally expanded
in Legendre polynomials P, and one obtains

oo n+1l

Q)ﬁ(z, ¢,s;p) =62(1 — 2) Z Z Boo(s, 11)C3%(22 — 1) Py(2¢ — 1), (6.20)

n=1 ¢=0
odd even

co n+l

Oz Cosipr) = 62(1— 2) 305 Buls, ))C¥2(22 — DR~ 1), (621

n=0 (=1
even 44

where we have made explicit the dependence on the renormalization scale y. The normaliza-
tion conditions lead to Byi(s) = Fy(s). In the case of the isovector 2r-LCDA the coefficients

®This definition of ®| agrees with reference [60] (up to the isospin decomposition). However the definition
for @, differs from that in [60] by an overall factor, which we do not address here because to the order
considered ®; will not appear in the amplitude.
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Figure 6.5. — Pion form factor F,(s) = |Fy|e” in the time-like region [174, 175].

B¢ are multiplicatively renormalizable to leading order and the RGE is the same as for
the single-pion LCDA (see Eq. (5.30) in Sec. 5.2.1). The asymptotic form of the isovector
2m-LCDASs is then given by

@ﬁ(z,(,s;u) X 62(1 — 2)(2¢ — 1) Fy(s) . (6.22)

The case of the isoscalar 27-LCDA is more complicated since it mixes with gluon 27-LCDAs.
As a consequence, (IDh) in the asymptotic limit is described by coefficients which belong to
the Belinfante-improved energy-momentum tensor defined in [61]. In order to see how these
coefficients reduce to known form factors, a deeper analysis is required which would exceed
the scope of this thesis. Thus, we disregard the isoscalar 27-LCDAs in the numerical analysis
later. We will find that this does not affect the final conclusions in Sec. 6.6.

We will see in Sec. 6.5 that at leading order the hard kernel T'(z) with which ®(z,(,s) is
convoluted in the B — wrm amplitude does not depend on the momentum fraction z, so the
amplitude depends only on the local form factor F,(s), just as the leading contribution in
B — wm depends only on f;. The vector form factor Fy(s) in the time-like region (s > 0)
can be obtained from measurements of the process eTe™ — 777 () [174]° — see Fig. 6.5.
We employ here the fit parametrization of [175], which is consistent with general principles
of QCD at low energies, and covers the energy range of interest, including the relevant
resonances in that range. The particular choice of parametrization is not very important for
the absolute value |F,(s)|, where a good fit to the data is enough (see Fig. 6.5), but it is
important for the phase, where data is not so precise. A thorough analysis of the phase of
F,(s) and its impact in B — 777 is beyond the scope of this thesis, but it becomes a crucial
issue as soon as one attempts to describe CP asymmetries. We leave this for future work.

6 For simplicity we use only the latest Babar data, but see also Refs. [176-180, 66, 181].
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6.3. Generalized Form Factors and Distribution Amplitudes

6.3.2. Generalized Form Factor

The second nonperturbative input is the B — 7 form factor, which has been discussed
already in the context of B — mwmlv decays in [57]. We consider the generic form factor

Fug(ki, ka2, k) = (m" (ky)m™ (k2)] bs ua| B¥ (p)) (6.23)

where «, 3 are Dirac indices. The most general Lorentz decomposition consistent with parity
invariance is given in terms of four independent form factors

. 1 7 ar.Bry ' \4 k%
F = Ft4—\/k—§k375 + F5 Foyvs + Fs kqyvs + Ficapyuki ks k3y" + mﬂ% . (6.24)

The momentum k; is almost time-like (k3 = m2 ~ 0) and k), k() are (space-like) vectors
orthogonal to k3 and built from k;53. We find that in the leading order BT — nfn 7t
amplitude only the time-like form factor F; contributes (see Sec. 6.5). Its definition coincides
with [57]. Note that for similar arguments as in the case of the 27-LCDA the FZ~™ form
factor for the doubly-charged (77 ™)-system is zero.

In order to be able to make a quantitative prediction, we can relate time-like form factor
F; to the 2m-LCDAS via a light-cone sum rule [69]

m? Vdz [(1 +s122)m%  mj

Fild, o12) V2 pma Jus % P M? M
Here, fB is the B-meson decay constant extracted from a corresponding sum-rule, which
is correlated to the Borel parameter M and to the threshold parameter uy. These three
parameters must be determined simultaneously with the condition that the physical decay
constant and form factor are independent of M and u,. We remark that Eq. (6.25) is
a preliminary result. More details will be presented in the forthcoming publication [69].
While we do not attempt to perform a full error analysis here, we note that the values
fB ~ 0.316, ug ~ 0.6 and M? ~ 10 GeV? satisfy this correlation approximately. F, can be
further decomposed into an isoscalar and isovector component

5 (I)”(Z,C,Slg) . (625)

F,=F +F. (6.26)

The convolution with <I>|(|) in the sum-rule for F? is in general not zero because the integrand
is not even in z. As we do not know the asymptotic limit for @ﬁ in terms of known form
factors (see Sec. 6.3.1) we will neglect this contribution in the numerical analysis later but
note that this will not affect the final conclusions in Sec. 6.6. For the isovector component
we take <I>ﬁ in the asymptotic limit, given by Eq. (6.22), and obtain

3V2m2(2¢ — 1) Fr(s12) [* (1 + sptt)m? m?

1 _ b m _ B b

F((,s12) = G /uo du @ exp Ve e (6.27)
With Egs. (6.18), (6.19), (6.24) and (6.27) we have finally specified the nonperturbative

inputs that are needed in the evaluation of the leading order in Aqcp/mp and o amplitude in

Region 1T of the Dalitz plot (see Sec. 6.5). We proceed with the calculation of the amplitude

in the central region of the Dalitz plot.
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6. Three-body Decays from QCD

6.4. The Central Region of the Dalitz Plot

We have argued in Sec. 6.2 that for a very heavy B meson, the central region of the Dalitz
plot (Region I) is dominant since the width of the edges scales as mpr/mp. The condition
mpsi; > Agcp is satisfied in most of the Dalitz plot and hence the resonances pile up at
the edges. The amplitude is expected to factorize according to Eq. (6.13) which we again
display here

(rt 7 7Oy BYsyiy = TTRFP™ @0, @0 + T @ FP7T @ 0 @ Oy

+ TR @b, @D, @ Py . (6.28)

We calculate the hard scattering kernels to leading order in the strong coupling as. While
the study of a2 corrections” is beyond the scope of this analysis, we expect these to be
about ~ 10% relative to the leading color-allowed amplitude, similar to the case of B — 7
(see e.g. [182]). Below, we present the construction of the leading order Feynman diagrams
that contribute to the kernel T?. We will see that T/ only receives corrections which are
proportional to o?.

6.4.1. Leading Order Feynman Diagrams

We consider the following product of three fermion lines

[(g)a (T)as b5 [(@)5 (D255 (03] a5 (Do) o] (6.29)
where the Latin and the Greek letters denote the colour and the spinor indices, respectively.
The (Fk)g%, k =1,2,3, can be further decomposed into a Dirac part (I'y).s where I'y, is an
arbitrary Dirac matrix, and a colour part C% that will be addressed later. The ¢q pair is
produced by a gluon that couples to one of the other two fermion lines [g, I'1 b] or [¢; I'2 ¢;].
The two quarks contribute to the leading-Fock states of two different pions which have a
large invariant mass of order mpg. Hence, the gluon as well must have virtuality of order
mp. Considering that there are four possibilities for attaching the gluon to these two lines
we have to modify the latter according to one of the following expressions

(@) G (D] @) (D0 ()]

(@) 0% 2 @d] (@5 258 GO (@] - (6.30)
Here, the cross marks the additional Dirac matrices stemming from the gluon insertion.
A schematic visualization is given in Fig. 6.6. Note that diagrams where the gluon inter-
action involves the spectator quark are kinematically forbidden at leading order since the
momentum of the spectator quark in the B meson is of order Agcp and thus, cannot decay

into two particles with momentum of order mpg. Hence, we do not obtain a contribution
to T' in Eq. (6.28) to leading order® in «,. Next, the fermion lines have to be contracted

"The leading order corrections are already proportional to «, as two of the gluons contributing to the
leading-Fock states of the three pions must be produced in gluon-quark-pair production.
8Contributions to T!! arise at order o, when there is e.g. an additional hard gluon interacting with the

s
spectator quark.
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2 I 1

———

4 Iy 3
—¢———

Figure 6.6. — Construction of the LO Feynman diagrams. (1,2), (3,4) and (5, 6) represent the fermion
lines (¢,I'1b), (¢:;T'2¢;) and (qI'sq), respectively. The crosses on the fermion lines mark the
four possibilities where the hard gluon from the ¢g pair (5,6) can couple to.

to form bilinears. We assign numbers to each spinor and denote the trivial contraction
(@, T10] [g; T2 ¢i] [qT3¢] - including the corresponding replacement (6.30) - by the number
pairs (1,2)(3,4) (5,6). Note that each of the pairs (1,2) (3,4) (5,6) has to be a colour sin-
glet and the corresponding colour octet contribution vanishes. Other combinations can be
obtained by once or twice applying Fierz identities

1

(1 Aq2] (g3 Bqs] = 1 Z (@7 q4] [@BT (m)Ags) | (6.31)

m

where T™) = {1, 5, 74,9775, 0°7/v/2} and A, B are arbitrary Dirac matrices and the
Q1, - - -, qq arbitrary spinors. There are six possibilities for contracting the fermion lines (6.29).
Together with the four choices for the gluon attachment, we end up with a set of 24 different
diagrams.

The three bilinears are mapped to a B — 7 form factor and to two single-pion LCDAs &,
(cf. Sec. 1.1.1), schematically

(a,2) = FB2" (b,4) = ®,, (c,6) = &, (6.32)

where a, b, ¢ is a permutation of the numbers 1, 3, 5. In the center of the Dalitz plot the
momentum transfer to the three pions is large, thus for the B — 7 form factors defined in
Eq. (1.4) we find the large-recoil relation [53]

mp
Ff—)w _ FB—)TK'

=m0 (6.33)

where FE, is the energy of the of the pion. We further use the asymptotic form of the
LCDA? given in Eq. (1.6). From the weak Hamiltonian (1.11) we have ¢, = w in the
current-current and ¢, = d in the penguin transitions. Moreover, I'1 5 = {¥*, 775} and

9We assume that the asymptotic form has the same endpoint behaviour as ®, at the scale 1 ~ mp as
argued in [27].
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Figure 6.7. — Leading order Feynman diagrams for the decays Bt — w+rn~ 7. The crosses mark all
possible insertions of the gluon propagator creating the gq quark-antiquark pair.

Cabced = {§b5ed (TB)w(TB)d} where TP is a generator of SU(3) colour gauge group.
(I'3)¢ is stemming from the ¢g production of a gluon and therefore, I's is an arbitrary Dirac
matrix v, and C¢ = (T4)¢/. We find that all eight combinations where the spinors (5, 6)
form a pion render zero as in the projection on the leading-twist LCDA given in Eq. (1.7) only
contributions involving the axial vector survive. Finally, we are left with the 16 Feynman
diagrams shown in Fig. 6.7 that contribute to the leading order decay amplitude. The results

for the diagrams are presented in the App. F.

6.4.2. Differential Decay Rate

We find that all diagrams (a)-(d) in Fig. (6.7) yield non-vanishing contributions to the hard
scattering kernels. Moreover, the convolutions of the latter with the two single-pion LCDAs
in Eq. (6.28) are free of endpoint divergences, which is a necessary but not sufficient condition
for factorization to apply (see Sec. 1.1.1). Note that this is a nontrivial statement already at
leading order since, in contrast to two-body decays, at this order the hard scattering kernels
T} (u,v) depend on the momentum fractions v and v of the two pions.

We have further computed the differential decay rate d°T'/(ds, ds,_) by using Eq. (6.5).
We do not display the full result here as it is not very illuminating but rather comment
on some interesting features. First of all, moving from the central point s, = s, = 1/3
(Region I) toward the edge s, ~ 0 (Region Ila), we find that the rate remains regular, that
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Figure 6.8. — Differential decay rate when extrapolated from the center region of the Dalitz plot towards
the collinear edges. The extrapolation to small s; remains regular, while the limit to
small s, _ diverges. See text for details.

is, it approaches a finite limit as s, — 0. This can be seen explicitly in the calculation,
with no propagator becoming soft as s, — 0. More precisely, moving away from the center
along the line s, = (1 — s, )/2, we find

ar

s -0
d5++ d3+, ++ ~1/2

~ Ty FP77(m%/2)° (6.34)

up to a coefficient of order one, with

Gra2(mg) famp| ViV, dP
321

In Fig. 6.8 (left panel) we show the exact dependence of the rate as a function of s, .,
along this direction in the Dalitz plane. This regular behavior does not depend on how we
approach the s, = 0 edge.

The situation is very different if we consider the behavior of d°T"/(ds, ds,_) as s, _ gets
small (towards Region IIb). We consider now the direction along the line s, = (1 —s,_)/2.
In this region the rate behaves as,

'y =

(6.35)

dr 1
- ~ ——To FP7™(m%/2)* + regular terms as sy — 0 (6.36)
d5++ d$+_ S++ 31/2 -

rendering the rate non-integrable. One may interpret this behaviour as an indication that
the edge of the Dalitz plot with small s, is populated by hadronic resonances. In this
region the three-body decay effectively becomes a quasi two-body decay, and the amplitude
has to be described by generalized form factors and distribution amplitudes. We proceed
with the discussion of the edges of the Dalitz plot.
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qi 4qj U q;

(a) (b)

Figure 6.9. — Leading contributions to the hard kernels given in Eq. 6.11. Here, we have omitted the
spectator quark of the B meson.

6.5. The Collinear Regions of the Dalitz Plot

We consider the collinear Regions Ila and IIb of the Dalitz plot in which we expect factor-
ization to apply according to Eq. (6.11), which is given here again

(w7 Qa| Byt = T' @ FP2™ @ @iy + T @ FP2"™ @ D
+TH R P Pk @ iy (6.37)

The B — m form factor and the 27-LCDA have been defined in Sec. 6.3. At leading order
the contributions to the hard scattering kernels T are given by the Feynman diagrams
depicted in Fig. 6.9, contributions to 7?7 only arise at order ;. The computation of the
Feynman diagrams in Fig. 6.9 is trivial and we see that the hard kernels do not depend on
the momentum fractions of the single- or 2r-LCDAs.

Moreover, we find that in the contribution involving F2~™ in Eq. (6.37) the only relevant
form factor is the time-like form factor F; defined in Eq. (6.24). To see this, we consider
that the Dirac structure of the hard kernel T7 is given by T? ~ I' ® I, where we have
[, 17 € {y*,4"y5} from the effective operators. The convolution of FP7™(s;5) with the
pion LCDA &, is proportional to tr[FP=™ T']tr[}{3v5I']. To leading order, only I = y#v;
contributes, and by orthogonality, the form factor trace is only non-zero for the time-like
component of the axial form factor Fj.

Considering the term with the 2r-LCDA and the B — 7 form factor in Eq. (6.37) we find
that it receives only contribution from the vector 2m-LCDA & defined in Eq. (6.16). The
reason is the simple Dirac structure of the leading order hard scattering kernel T/ ~ I' @ I"
with T, T" € {y*,y*v5}. We further employ the large-recoil relation Eq. (6.33) for the B — 7
form factor since the pion that recoils against the two collinear pions (which are described
by the 2m-LCDA) has large energy.

Altogether, we obtain the following expression for the leading order amplitude in the
Region IIbt°

Alsio<a = G—\/g [fema(ar—as)-Fy(C, s1-)+mi(aatas)(20—1) Fy' 7 (s4-) Fr(s+-)] . (6.38)

19For the collinear Region ITa we have Al, , «1 = 0 as anticipated in Sec. 6.3.
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Figure 6.10. — Differential decay rate obtained from the description in terms of two-pion distributions
for small s, _. Left: extrapolation to sy_ ~ 1/3, with the p”’(1700) apparent, and the
p — w — p’ peak, in logarithmic scale. Right: Zoom to resonant contribution from the
p(770) and w(782).

The parameters a; are combinations of the Wilson coefficients a1 5 = V3, Via(Ca 1 + Ch2/Ne)
and ag 4 = V;;Via(Cs4+Cy3/N,). The isovector contribution of F; can be related to F;; by the
QCD sum rule (6.27). Note that to this order all the convolution integrals are trivial. Hard
kernels are known already at NNLO from studies of two-body decays [45, 47, 48, 94, 183-185],
but the convolutions with two-pion distributions still need to be worked out, in particular
the contribution of ®,. This is beyond the scope of this work. The conclusions derived here
at this order of approximation should nevertheless remain valid.

A qualitative difference of three-body decays in this kinematic regime with respect to
two-body decays is that the nonperturbative input is much richer in terms of QCD effects.
In particular, F) contains resonance and rescattering contributions, including an imaginary
part from non-perturbative dynamics. In contrast, in two-body decays the imaginary parts
that determine the strong rescattering phases are, at the leading power, of perturbative
origin [28]'!. This has also implications for the determination of CP asymmetries. Most of
the information on F(s) can be obtained from data (see Fig. 6.5), allowing for a data-driven
model-independent interpretation of three-body Dalitz plots, at least within the accuracy of
factorization theorems.

As a simple application of this result, we estimate the branching fraction BR(BT — pr™)
by integrating the differential decay rate (see Eq. (6.5)) in a window around the p resonance
which is the dominant resonance in the (777 ~)-system:

— 1 sy drl’ 2
BR(B* — prt) = / ds, . / 75 / ds. . / ds,_ 2B TBmBM' , (6.39)
0 Sp

d
o d=5‘++d3+— 2m)?

where s = (m, & nl',)?/m3 with n specifying the window size in units of the p-meson

' The physical picture behind the perturbative origin of the strong rescattering phases is the hard gluon
exchange between the two final-state mesons [26].
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width. We find*?:

BR(BT — pn") ~24-107% for n=1, (6.40)
BR(BY = prt)~3.0-10% for n=2, (6.41)
BR(BY — pnt)~32-10% for n=3, (6.42)

( )~ 3.3 (6.43)

1076 for n=4

Note that extending the window size beyond m,£4I", does not modify the result very much,
as the resonant p contribution dominates the full decay rate (see Fig. 6.10). Comparing these
numbers to the experimental value [158]

BR(B'T — pr™)®® = (8.34+1.2)-107°, (6.44)

we see that the result is in the right ballpark. However, BR is an object different from
the B — pr branching fraction as given in [158], and can be measured experimentally in
a direct and model-independent manner, without the need to extract the p from the full
distribution!®. A this point we must emphasize that this is still a very crude estimate and a
more careful study would need to be performed to really test the data.

6.6. Reconstructing the Dalitz Plot

So far we have used two different factorization formulas for Region I and Region II. Region
I has been described using the conventional QCD factorization in terms of single pion states
(which we will call QCDF hereafter), while Region II has been described in terms of hadronic
input describing two-pion states with small invariant mass (called QCDFy; hereon). To get
the full Dalitz distribution one needs to match the result from the central region with the
one of the edges. To this end, we assume that there is an intermediate region between the
edge (s = s ~ 0) and the center (s = s ~ s"8" ~ 1/3) where both descriptions apply.
This region corresponds to A2QCD /m% < s < 1/3, and it certainly exists, if mp is large
enough. We will investigate below, whether this happens for physical B-meson masses.

In this intermediate region, one might use QCDFy; (see Sec. 6.5) to write the amplitude
in terms of two-pion states, then take the perturbative limit for the 27-LCDAs and B — 7
form factors and finally compare the result with the factorized QCDF; amplitude of Sec. 6.4.
The idea is, that for s > Agop/m%, we have (schematically)'*

O — fz/dudvT(ﬁ(u,v)qﬁw(u) (V) (6.45)

12The neglected power and a, corrections to Eq. 6.38 are formally of the order 10% and 20%, respectively.

13Usually a parametrization of the p and w mesons is fitted to the experimental line shape of F, (higher
resonances such as p’ and p” may be included in the fit). From this fit the masses and widths of the
resonances can be extracted, which however depends on the parametrization.

14 The dots in Eq. (6.46) account for “factorizable” contributions proportional to the B-meson light-cone
distribution, corresponding to neglected contributions in Sec. 6.4.
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Figure 6.11. — Diagrammatic correspondence between the different contributions at the center (QCDFy)
and the edge (QCDFyp) of the Dalitz plot. The black square denotes the different weak
interaction vertices. Crosses mark the alternative insertions of the gluon. One- and two-
pion distributions are denoted by ®, and ®,, respectively, while F'™ and F™™ denote
B — 7 and B — mw form factors. The last four contributions are leading at the center
but power-suppressed at the edge.

FB=m fWFB_’”(O)/duTF(u,v) Gn(u) + - . (6.46)

Taking this limit for the leading power contribution in QCDFyy, we expect to fully recover
some of the contributions obtained using QCDF.

In Fig. 6.11 we show the correspondence between the different contributions to the am-
plitude in this intermediate region, either in QCDF; or QCDFy. The first column shows
the contributions from two-pion distribution amplitudes. In QCDFyy (lower diagram), this
is a leading-power contribution proportional to the 2r-LCDA, ®,,. As the invariant mass
of the two pions in this intermediate region is also large, the two pions can be factorized
according to Eq. (6.45). The production of two pions with large invariant mass requires a
hard gluon, as shown in by the diagram at the top (corresponding to QCDFy). A similar
argument goes through for the B — 7ww contribution, shown in the second column. The
contribution in QCDF; (where the two pions are assumed to have large invariant mass) re-
quires a hard gluon (top diagram), and can be obtained from the contribution in QCDFy;
(bottom diagram) by factorization of FE7™ according to Eq. (6.46). We have checked an-
alytically that by applying Eq. (6.46) to the part proportional to FB~™ in Eq. (6.37) we
recover the corresponding results in Sec. 6.4. Similar, by using Eq. 6.45 the contribution
proportional to @, in Eq. (6.37) is expected to factorizate reproducing the corresponding
results in Sec. 6.4 [172].

However, some contributions in QCDF; correspond to contributions in QCDFy; that are
power suppressed, and do not arise from the perturbative limit of leading power contributions
in QCDFy;. These are shown in the last four columns in Fig. 6.11. Again, the contributions
in QCDF; (s > Aqcp/mp) require a hard gluon. Columns 3 and 4 show the cases in
which this gluon becomes collinear (in the [77| direction) as s — 0. They are termed “non-
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Figure 6.12. — Contributions from 27-LCDAs to the BT — «tn~nT differential branching fraction, for
sS4+ = (1 — s4-)/3: Full contribution (solid) and perturbative contribution (dashed).
A perturbative region exists for large s;_ in the heavy-quark limit, but probably not for
physical values of the b-quark mass.

factorizable” since the gluon connects the two different collinear sectors. As s — 0, the
quark propagator remains hard, which represents a power suppression with respect to the
leading contributions. Columns 5 and 6 show the cases in which the gluon remains hard for
all s < 1/3. For s — 0, these match onto 6-quark operators that are again power-suppressed
with respect to the leading contributions. There is therefore a one-to-one diagrammatic
correspondence between QCDF; and QCDFy;, but this correspondence does not respect the
power counting.

We note at this point that in the center, since all invariant masses are large and of order
m2%, there are always two hard propagators, leading to an amplitude that is power suppressed
with respect to the amplitude in the edge. In addition, the perturbative nature of the hard
gluon exchange leads to an ag(mp) suppression at the center, which is not present at the
edge, where the gluon becomes soft. All in all, the amplitude at the center is expected to be
both power- and a,-suppressed with respect to the amplitude at the edge.

While the previous considerations imply that formally there must be a good matching
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between both regions, the question is whether this happens in practice for physical B-meson
masses. To this end we focus on the 27-LCDA contribution shown in the first column in
Fig. 6.11. This contribution arises from the second term in Eq. (6.38). We find that, in the
limit of large (m%s, _), this amplitude reproduces the corresponding contribution obtained
from the QCDFy calculation in Sec. 6.4 '°. The particular values of s for which this matching
occurs depends on the value of m%. In Fig. 6.12 we show the results of both calculations for
different values of mpg. We see that for mpg ~ 20 GeV there is enough phase space to reach
a perturbative regime in the central region of the Dalitz plot. However, the phase space gets
reduced considerably when mp is decreased to its physical value, where there seems to be
no perturbative regime.

Similar conclusions are expected for the B — 77 form-factor contribution in the second
column in Fig. 6.11. Adding the rest of the central-region contributions to the perturbative
side, we will get a mismatch at large (m%s,_) of the order of the perturbative contribu-
tion itself, which is expected to be of the same order as neglected power corrections to
the QCDFy; calculation in the perturbative limit. This corresponds to the contributions
in the last four columns in Fig. 6.11. Since we anyway do not expect the two-pion sys-
tem to factorize into single-pion distributions as early as m%s,_ ~ 8 GeV?, we can conclude
that the QCDF| calculation of Sec. 6.4 might not be relevant in any region of the Dalitz plot.

We summarize that the amplitude in the Dalitz plot can be described in certain regions
of the phase space by applying factorization theorems. In the central region of the Dalitz
plot the amplitude factorizes into a B — 7 form factor and/or single-meson LCDAs. For
the description of the edges of the Dalitz plot generalized non-perturbative inputs in form
of 2r-LCDAs and B — 7wr form factors are needed. We have evaluated the amplitude in
the central region of the Dalitz plot and have found that the convolution integrals with
the LCDAs are finite. We remark that although this is not a proof of factorization, it is a
mandatory condition for factorization to apply. Moreover, we have evaluated the amplitude
in the edge of the Dalitz plot and have integrated the corresponding differential decay rate in
a window around the p resonance. This rough estimate of the branching ratio is in the right
ballpark of the experimental result. Finally, we have analyzed the prospects of a merging
of the descriptions in both regions in an intermediate kinematical regime. We find that the
perturbative regime described by the QCDFy calculation seems only kinematically allowed
for B-meson masses several times larger that the physical value.

15This happens by construction, since we force the function Fy(s) to satisfy the perturbative limit asymp-
totically for large sm%. This is in fact the only information we have on Fy(s) at large energies, since
data reaches only up to ~ 3 GeV. For our purposes, the relevant observation is that data shows that the

perturbative regime might lie beyond 3 GeV.
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Chapter 7

Conclusion and Outlook

Hadronic decays of B mesons yield a broad spectrum of observables for testing the CKM
sector of the Standard Model. The theory description of many of these observables from
non-leptonic two-body decays is based on QCD factorization (QCDF), which is a model-
independent framework that exploits the structure of a decay amplitude in the heavy-mass
limit. A genuine QCD-based description of non-leptonic three-body decays on the other
hand is still not yet available. In this thesis we have considered two applications of QCDF.

In the first part, we have calculated the vertex corrections to the colour-allowed tree topol-
ogy of the decays B® — D™*7~ and B® — D®*p~ to NNLO accuracy. The calculation has
been performed by applying the Laporta algorithm for the reduction of the several thousand
scalar two-loop two-scale integrals to master integrals. For the evaluation of the master
integrals we have used a new approach and have obtained analytical results for them in a
canonical basis. The final result for the perturbative contribution a; (defined in Sec. (5.2))
to NNLO accuracy reads

a1(DL) = (107159015 + 0.044i73:073) + (0.003X5:005 — 0.007:70 0037 ) vy
ai1(D*L) = (10710013 4 0.033¢50010%) + (0.00019 906 — 0.009i 0005 ausy (7.1)

where af is the second Gegenbauer moment of the light meson L, which is 7 or p. Within the
given uncertainties we can thus confirm the quasi-universality of a; also at NNLO accuracy.
We have calculated the B — D™ L branching ratios and find a tension of 2-3 o with respect
to the corresponding experimental values, whose central values are about 20 — 30% smaller.
Moreover, we have performed factorization tests to see how well these decay channels are
described in QCDF. The preliminary results for experimental ratios of non-leptonic to semi-
leptonic decay rates that directly probe the magnitude of a; turn out to favour a central
value |a;]| ~ 0.94, with errors in the individual channels at the 2-10%-level. This number is
smaller than the quasi-universal value |a;| ~ 1.0740.01 from the NNLO results in Eq. (7.1).
Power corrections which rise to 10-20% could account for this differences in a; and also the
deviations of the calculated and experimental BRs. Moreover, as data points towards a
quasi-universality of a; and all central values for the NNLO BRs are about 20 — 30% larger
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than the experimental BRs one could suspect a common mechanism that pushes the power
correction in the same direction. This would be also supported by the good agreement of
the experimental and theoretical values for the ratios of the non-leptonic decay rates as
similar-sized power corrections could cancel in the ratios. We will update the numbers for
the experimentally extracted values of a; in a forthcoming publication [E]. Moreover, the
results for the hard scattering kernels also apply in the evaluation of the NNLO corrections
to the colour-allowed tree topologies of the decays B® — D®+K®~ or baryonic decays like
A) — Afn~. We will determine the values of a; for these decays and include the results in
the factorization tests.

Finally, it should be noted that the two-loop correction will most probably be the final
word on the perturbative side of the factorization formula (1) since the perturbative series
is expected to be well-behaved and should therefore not be subject of unexpected large
corrections. As the precision on the form factor and Gegenbauer moments of the LCDA is
expected to improve, a comparison to experimental data will allow one to estimate the size
of power corrections more precisely. The uncertainties of the experimental values for the
branching ratios are currently at the 5%-level for the decays B® — D®+7~ and below the
20%-level for the decays B® — D™+p~ and B® — DM+ K™~ [158].

In the second part of this thesis, we have provided a description of non-leptonic three-body
B decays in the framework of QCDF using the decay BY — 77~ 7" as an example. We have
divided the Dalitz plot in several regions which have special kinematic configurations. Based
on the factorization properties of non-leptonic two-body decays we have employed different
descriptions in the central region and in the edges of the Dalitz plot. Whereas the central
region can be described by conventional form factors and LCDAs, generalized B — 7w form
factors and two-pion distribution amplitudes are also needed for the description of the edges
of the Dalitz plot. We have evaluated the transition amplitudes in the different regions to
leading power in A/m; and leading order in the strong coupling. Moreover, assuming that
these two regions are well described by the respective factorization formulae, we have tried a
merging of both descriptions in an intermediate kinematical regime. We have seen that some
of the contributions at the center correspond, in the heavy-quark limit, to the expression for
the amplitude at the edge with factorized B — nw form factors and 27-LCDAs. Therefore,
a parametrization of these nonperturbative objects that is consistent with their perturbative
regime leads automatically to a well behaved limit of the result at the edge when extrapolated
to the center. However, it seems that the perturbative regime is only kinematically allowed
for b-quark masses several times larger that the physical value.

It seems promising to continue the study of non-leptonic three-body decays as the NLO and
even NNLO hard scattering kernels are already known from non-leptonic two-body decays.
However, for a more precise study a better knowledge of the B — 27 form factor and the
2-pion LCDAs and improved sum rule calculations are indispensable. From the theoretical
point decays like B? — D nt7" are also interesting, as factorization is assumed to be
considerably simpler. On the other hand, decays involving kaons in the final states such as
BT — K*™n 7", which have already been measured at the B-factories and the LHC, provide
another avenue to study CP violation (see e.g. [171, 186]). Our descriptions also apply to
these decays. However, for a further study, knowledge about 7K (K K') form factors and 7K
and 2- K distribution amplitudes is required. The former can be obtained from semi-leptonic
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B decays (e.g. [187]) whereas the latter can be probed in 7 decays (e.g. [188]).

Finally, we remark that three-body decays with their large phase space have the potential
of studying factorization and hadronic effects in B decays in different kinematic regions and
may provide a deeper understanding of the nature of power corrections in the framework of
QCDF.
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Appendix A

Laporta Reduction of a Sample Feynman

Diagram

We present the Laporta reduction of the two-loop Feynman diagram 14a) given in Fig. 2.4
by using FIRE [101, 102]. There arises a subtlety which all diagrams of the topology 14 have
in common and which will be explained below.

The topology of diagram 14a) is depicted in Fig. A.1. ¢; (i = 1,...4) and k; 5 are the exter-
nal and loop momenta, respectively. The momenta of the internal lines can be parametrized
arbitrarily. A particular choice for the propagators is given in the following list

{(kZ — g3 — Q)Q - mga (kl - k2 + UQ)27 (kl - (1 - U)Q)2> k%? kg? (kl + UQ)2}7 (Al)

where we have substituted ¢; = uq, ¢ = (1 — u)q and ¢4 = —g3 — ¢q. Four of those are
fermion propagators (the propagators 1-3 and 6 in the list (A.1)). Hence, there can appear
tensor integrals which, at most, carry four Lorentz indices. One can easily see that after the
PV decomposition (see Sec. 3.1) there may show up the following seven scalar products in
the numerator of the integrals (3.9): k%, k2, (ky - k), (¢ - k1) and (g3 - ko) can be expressed
by one of the propagators of the list (A.1) however, for reducing (g5 - k1) and (q - k2) we have
to introduce two new propagators. We find (ks — uq)? and (g3 + k1)? — m? to be a suitable
choice. Thus the topology 14a) can be fully described by the set of integrals

F(al7 az, a3, a4, 0as, Gg, 7, a’S) =

/ dk 1
(2m)d [(k2 — g3 — Q)2 - mi]‘” [(kl — ky + UQ)2]a2 [(lﬁ —(1- U)Q)z]ag [kﬂm
1
(3] [(g5 + Fk1)? — m2]* [(ko — uq)?]™ [(k1 + ug)?]™’

where the a; are some integer powers. In the following we perform the reduction of integrals
of type (A.2) with a particular choice of indices to master integrals by applying FIRE. First,
the packages FIRE_3.5.0.m and IBP.m, which can be obtained from [189], have to be loaded.
We then enter the commands Internal and External, which specify the internal and the
linearly independent external momenta, respectively:

(A.2)
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a1\ - iz

—ki—aq \

I€2—]€1—(11

—— ——

a4 ka2 + qa az

Figure A.1. — Topology of diagram 14a): The external momenta are ¢; = ugq, ¢ = (1 — u)q, g3 and
g4 With ¢ = —q3 — g4 and the loop momenta are k; and k2. The momentum flow in the
internal lines is given for a concrete choice.

Internal = {k1, k2};
External = {q, q3};

Note that the choice for the external momenta is not unique. We use the parametriza-
tion (A.2) for the propagators which are initiated by the command

(¥ original list Propagators x)
Propagators = {(k2 - 93 - @72 - mb"2,(kl - k2 + u @)"2,(k1 - (1 - w q)°2,
k172,k272,(g3 + k1)"2 - mc"2,(k2 - u q)"2,(kl + u q)"2};

The routine
PreparelIBP[ ];

prepares the corresponding IBPs which later are automatically generated. However, for the
case at hand an error message appears:

Out[ ] = Linearly dependant propagators. Perform reduction first.

The reason for this is the following: Two of the eight propagators are linearly dependent,

which are (k; — (1 — u)q)? and (k; + uq)®. Therefore the reduction of the scalar product

(q - k1) is not unique since it either can be expressed in terms of (k; — (1 —u)q)?, (k1 + uq)?

or a linear combination of both. The routine for preparing the IBPs cannot handle linearly

dependent propagators and does not further proceed. Since we do not want to perform a

reduction of the propagators as suggested by the error message, we use a workaround to

this problem [190]. First, we consider only seven linearly independent propagators, here

(k1 + uq)? is left out:

(* new list Propagators *)

Propagators = {(k2 - 93 - @72 - mb"2,(kl - k2 + u @)"2,(k1 - (1 - w q)°2,
k1°2,k27°2,(q3 + k1)°2 - mc"2,(k2 - u q)"2};

PreparelIBP[ ];
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MMA proceeds by preparing the IBPs for the seven propagators:

Out[ ]= Prepared

We then specify the on-shell conditions for the external momenta:

reprs = {q°2 -> 0,93°2 -> mc"2,q 93 -> (mb"2 - mc"2)/2};

For generating all IBPs we also have to take into account the propagator (k; + ug)? that
does not appear in the new list Propagators. Therefore, using the definition (3.22) we
manually evaluate IBP(ky, ky — ko +uq), IBP(ky, k1 — (1 —u)q), IBP(ky, k1), IBP (K1, k1 + uq)
and IBP(kq, k1 + ¢3), reducing the scalar product (¢ - k) either to the third propagator of
the original list Propagators, (k1 — (1 — u)q)?, or to the new eighth propagator (k; + ugq)?.
This yields ten IBP relations. We will denote the IBPs where (¢ - k) has been reduced
to the third and the eighth propagator by IBP3 and IBPS, respectively, i.e. IBP3(ky,...)
and IBP8(ky,...). The remaining four IBPs that contain the derivation with respect to ko,
which are IBP(kq, ko), IBP(ko, k2 — q3 — q), IBP(ko, ko — k1 — uq) and IBP(kz, ks — ugq), can
be generated automatically by means of the command IBP[k2,...]. The reason for this
lies in the notation of the IBPs in FIRE created by the command IBP:

e A propagator that is reduced (raised) by one is described by Ym([i] (Y[i]), where i
marks its position in the list Propagators. The a[i] denote the a; as given in (A.2).

e Propagators which do not receive any change do not appear.

Hence, from the new list Propagators all IBP(ko, ...) can be created automatically by using
the command IBP. The manually derived IBPs have to be converted to the internal form of
the IBP command. Finally, we can generate all IBPs by entering?

startinglist = {IBP[k2, k2],IBP[k2, k2 - g3 - q],IBP[k2, k2 - k1 - u q],
IBP([k2, k2 - u q],IBP3[kl, k1 - k2 + u q],IBP3[k1, k1 - (1 - u) g,
IBP3[k1, k1],IBP3[k1, ki1 + u q],IBP3[kl, ki1 + qg3],

IBP8[k1, k1 - k2 + u ql,IBP8[k1, k1 - (1 - u) ql,IBP8[k1, k1],
IBP8([k1, k1 + u ql],IBP8[k1, k1 + q3]}/.reprs;

Next, we have to specify the topologies for which (A.2) vanishes. We find that for the case
at hand all topologies where the first propagator is raised to a negative integer or is absent,
render zero since the resulting integrals are scaleless. This information can be feed into FIRE
by using the command:

RESTRICTIONS = {{-1, 0, 0, 0, O, O, O, O}};

!The relations IBP3(..) and IMPS§(...) have to be generated manually. The explicit code for these IBPs is
not given here as it is rather lengthy and not illuminating.
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A. Laporta Reduction of a Sample Feynman Diagram

The zeros denote any arbitrary integers whereas the —1 represents a non-positive entry or
zero. As optional input the symmetries of the integral can be provided. However, we do not
find any for diagram 14a).

Considering Eq. (3.23) we find that for the case at hand there are 2(2+2) = 8 independent
IBP relations. However, by the command startinglist 14 IBPs are generated and thus
not all will be independent. In order for FIRE to work properly the following command has
to be added:

LeeIdeas = False;

This option has to be used in case that the IBPs do not form a Lie algebra (or one does not
know if the IBPs form one). Otherwise there might remain additional master integrals after
the reduction [190]%. Finally, FIRE can be run by adding the two commands

Preparel[ ];

Out[ ] = Dimension set to 8
Out[ ] = No symmetries
Burn[ J];

Integrals are automatically reduced by calling F[{...}]. For instance the command
F[{1,1,0,1,0,0,0,1}]
yields the following linear combination of master integrals, which are denoted by G({...})

6(d — 2) (miu —m? —m?u) G({1,1,-1,1,0,0,0,0})
(d—4)(u— D)u?(my — me)3(my + me)?
N (5dmiu — 4dm? — 5dm?u — 12miu + 10m? + 12m?u) G({1,1,0,1,0,0,0,0})
(d — 4)u?(mp — me)%(my + me)?
(3d — 8)G({1,1,0,0,0,0,0,1})

B 2(d — 4)u(my — me)(my + me) (A-3)

F({1,1,0,1,0,0,0,1}) = —

We express the master integral with entry —1 in terms of a master integral with a douply-
dotted propagator. For instance G({1,1,—1,1,0,0,0,0}) can be extracted from the following
equation

3(d —2) (miu — m} — m?u) G({1,1,-1,1,0,0,0,0})
m3(u — 1L)u(my — me)?(mp + me)?
B (dmiu — 2dmi — dm2u — 2miu + 5m? + 2m?u) G({1,1,0,1,0,0,0,0}) (A4

m2u(my — me) (mp + me)

F({2,1,0,1,0,0,0,0}) =

Note that the package Sbases.m [192] turned out to be a useful addition to decrease
the evaluation time. It can be used to obtain master integrals in certain (sub)topologies
(sectors) by constructing so-called sector-bases (or s-bases). In the remaining sectors the
master integrals are found by applying the Laporta reduction. The command BuildAll

2By default Leeldeas is set to true since one knows that the IBPs define a Lie Algebra [191].
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automatically tries to build such bases. It has to be provided directly before applying
Burn. By construction master integrals cannot arise in topologies where the newly added
propagators have positive indices, in the case at hand that are the sixth and the seventh
propagator. Therefore, we apply for instance the following command:

BuildAll[{o, 0, 0, O, O, O, -1, 0}]

The zeros stand for arbitrary integers whereas the entry —1 states that there is no master
integral that has a positive entry on the seventh line. We do not display the output here as
it is rather lengthy, but only note that bases have been build in 35 sectors. For more details
on the s-bases approach and the definition of a sector see [105, 106].

107






Appendix B

Reduction of the ~v-matrix Algebra to

Operators

We consider the various Dirac y-matrices contracted with the tensorial structures resulting
from the PV decomposition (see Sec. 3.4) and reduce them to a set of known operators.
The reduction consists of two parts, which are described below: First, we modify the Dirac
strings and the corresponding spinors by using Mathematica to obtain rather simple patterns
and then, we express the later in terms of operators that have the same Dirac structure as
the SCET operators (2.18)-(2.23) but with spinors defined in QCD. The explicit matching
onto the SCET operators is subject of Sec. 2.2. Finally, we present two examples for the
reduction.

B.1. Part I: Simplification by a Mathematica Routine

We describe the Mathematica routine that we have created in order to simplify the Dirac
~v-strings consisting of y-matrices contracted with the tensorial structures from the PV de-
composition (see Sec. 3.4). For the reduction we use the following conditions and relations:

e The external momenta are on-shell, i.e.

qi:mg, q§:m2 q2:0. (B.1)

c)

e As a result of the on-shell conditions the equations of motion (eom) for the spinors can
be applied!. Since we consider u and d as massless we do not distinguish their flavour
anymore but denote them by q (not to be confused with the momentum ¢ of the light
meson). The eom then read

d,b(qs) = mpb(qa), c(—qs3) d, = —mec c(—gqs),
da(-q) =0, A(—¢2)¢ = 0. (B.2)

We shall remember that all momenta are taken to be incoming.
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B. Reduction of the y-matrix Algebra to Operators

e The Dirac matrices obey the Clifford algebra
{7} = 29" (B.3)

We remark that throughout the reduction, all Lorentz indices are first contracted before any
further change is made. The routine then is constructed as follows.

Preparation

Before starting the reduction we prepare each string such that it has the following form

[a(—q1) Tia(—g2)] [e(—g3) Thb(q)] =T, @ T (B.4)

The I';;, are products of an arbitrary number of y-matrices, contracted amongst each other
or with ¢, ¢§, ¢4. They explicitly contain the projectors Prr) = (1 F 75)/2. Note, that all
Lorentz indices are contracted. There also are strings where all v-matrices can be contracted
among themselves and the momenta ¢, d, 4, can appear more that once in I'; ;. The former
kind of gamma strings will not get modified by the following four reduction steps and thus
one can immediatelly skip to part II of the process (see Sec. B.2).

In the following we write the products defined in Eq. (B.4) in the schematic form

Fl & Ph = {7(117 s 77am7 ga g3a g4} ® {7(11’ <o Vans ﬁ’ g37 g4} ) (B5)
where the y-matrices and the slashed momenta might have an arbitrary ordering and the
Lorentz indices n,m € N.

First Step

The first step includes the elimination of equal momenta appearing twice or three times on
the quark lines I'; and I', (c¢f. Eq. (B.5)) and the removal of the momenta ¢34 and ¢ in I'y,
and I';, respectively. Afterwards the strings have the following form

Lol ={y",... ’fyan’g37g4} @ {Vars -+ Yans 4} 5 (B.6)

where g3 4 and ¢ appear only once. We execute this step as follows: First, the Clifford algebra
is used to exchange the Dirac matrices in order to bring two identical momenta next to each
other. Applying the on-shell conditions Eq. (B.1) we can substitute these two momenta
by their mass squared. Next, we commute the momenta to their corresponding spinors in
order to exploit the eom (B.2). As a consequence there again may appear y-strings with two
identical momenta on one quark line. If so we apply the above mentioned changes as often
as necessary such that all y-strings match the form given in Eq. (B.6).

Second Step

The next step aims at obtaining strings of the following structure

Fl ® Fh — {"me L. ’,ya'm’ g3} ® {'7(11’ e ,’yan} y (B?)
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B.2. Part II: Reduction to Known Operators

where ¢3 can appear even more that once on I';. To achieve this, we make use of the
conservation of momenta and in Eq. (B.6) we substitute ¢ — —4,— 4, and ¢4 = —¢ — d, on
I';, and T';, respectively. Next, exploiting the Clifford algebra we commute the momenta such
that we can apply the corresponding eom. In this process there again may appear y-strings
of the form (B.6). If so this step has to be repeated until all y-strings have the structure
given in Eq. (B.7).

Third Step

This step applies to -strings (B.7) that contain the momentum g3 more that once. By
using the Clifford algebra we bring the two ¢3 together and can eliminate them. In this
process, there might show up ~-strings with g3 on the heavy quark line and we commute
this momentum to the left in order to apply the eom. This might again lead to ~-strings
containing more the one momentum g3 (cf. Eq. (B.7)). Thus, we repeat this step as often
as necessary to arrive at Dirac strings of the form

Fl®rh:{ryalw“nyamag‘g}®{’ya17"'77an}7 (BS)

where ¢3 only appears once.

Forth Step

The remaining task is to order the Dirac strings (B.8) such that the momentum g3 is located
on the left hand end on I

LoTh =449 7" @ {Vars -+ Yan } - (B.9)

In order to obtain this structure we use the Clifford algebra and in Eq. (B.8) commute the
momentum to the correct location. This will introduce ~-strings with an additional momen-
tum g3 on the heavy quark line which can be eliminated using the eom. Again, strings of
the form (B.8) may appear and thus, iterations of this step might be necessary to reduce all
~-strings to the structure given in Eq. (B.9).

After having applied these four steps we are left with structures of the form (B.9) and
strings where all v-matrices are contracted among themselves. At last, we get rid of all
~v-matrices that are contracted on the same quark line by exploiting the Clifford algebra and
then, we replace the remaining scalar products using the on-shell conditions Eq. (B.1) and
also ¢+ g1 = 1/2(mZ —my), ¢ g3 = 1/2(m — m) and g3 - g = —1/2(mj +m3).

B.2. Part 1I: Reduction to Known Operators
We consider the two v-strings obtained from the previous reduction

[a(—¢1) 2Poir) ¢, 0™ - 7Y a(—a2)] [e(—gs) 2P {Vay - - Yan } ()], (B.10)
[a(=q1) 2Pury (™ - v Yal(=q2)] [e(—as) 2PL {7a - - Ya, } D(qa)] - (B.11)
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B. Reduction of the y-matrix Algebra to Operators

Below, we describe the transformation of these strings into the operators

0D _ (—17/%—(2&) ] (e, (2P)b] (B.12)

09" - [aZsCrniatal fex, @Prnal]. (B.13

O:?CD _51 T(ZPL)WinVXViQ} [E7/‘+<2PL)7J_,6’7L,77J_,57L,(1] ) (B.14)
and

0P — 7%(2PL) ] e, (2PR)D] (B.15)

07" = %(QPL)’M’YJ_CI} [e9h, (2Pr)YLaVLb] (B.16)

0w g SeRitta] [k P at] . (BaD

Note that this set of operators matches the definition of the SCET operators Eqs. (2.18)-
(2.23) except that the fields are defined in full QCD.

We start by expressing ¢s 4 and ¢ in terms of the two light-like vectors n4 and the time-like
vector v, defined in Sec. 2.1.1. Working in the B meson rest frame and using momentum
conservation g4 = —q3 — ¢ we obtain

e — B.1
q 2mb ny, ( 8)
2
my m
=——n_— —= B.1
qs 9 n 2mbn+7 ( 9)
qs = mpv. (B.20)

The eom (B.2) then take the following form?

a(—q)nt =0, nq(—q) =0, (B.21)
#b(qa) = 0(qa) - (B.22)

It is convenient to first modify the strings (B.10) and (B.11) such that they take the form

[(‘17/17PL {v*,...,y*} q} [E¢+PL(R){%1, ey Yan b} ) (B.23)

One can easily verify that in the case at hand n = 0, 2, 4, which altogether yields 54 different
~v-strings. Note that exploiting the Clifford algebra, strings with different permutations of
the y-matrices can easily be related to a certain combination, preferable the one given by

2We do not display the corresponding eom for ¢z since we will not use them.
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B.2. Part II: Reduction to Known Operators

the operators (B.12)-(B.17). This combination can then be expressed in terms of the latter
by replacing all v, by the decomposition (2.3), which for v, takes the form

n* n*
L e 7*% : (B.24)
and using the relations
(=0,  {YLsr=0, Alyu=d-2,
Yi-ne =0, (VA =2¢" —nkin” —ntnl. (B.25)

It remains to describe the reduction of the y-strings (B.10) and (B.11) to the form given
in Eq. (B.23). We find that, while simplifying strings of the form (B.10), we also encounter
~-strings with the structure (B.11). Thus, we start reducing the former and substitute g3
by ny and n_ using Eq. (B.19). The term with n, vanishes due to the eom (B.21) we and
obtain

h P {y™, ..., 7"} ® Prry{var - - Yam } - (B.26)

Next, we introduce the momentum g3 on the heavy quark line by applying the reverse
eom (B.2) and then replace ¢3 by ny and v (cf. (B.19) and n_ = 2v —n, ). The contribution
with n, already has the desired structure given in Eq. (B.23) and thus, we do not further
consider it. The remaining ~-strings have the form

poPr{y™, "} @ PPy {Var - Van }- (B.27)
The further reduction consists of the following building blocks:

1) We consider ~-strings of the form

h_ PL{y™,....7"} @ Peamy{Vars - - s Yam»> ¥ » (B.28)

and commute v on the heavy quark line to the right in order to apply the eom (B.22).
From this we encounter strings that have the form given in Eq. (B.26) which, thus,
need not to be further modified®. In addition, v-strings show up with v on the light
quark line. In those we substitute v = 1/2 (n_ + ny) and proceed following (2) and
(4), respectively.

2) We further simplify ~y-strings

VL,PL {7a17 s 77%7%,} & PL(R){rYaU s >7am} ) (B29)

where there appear two n_ on the light quark line. We commute them together by
using the Clifford algebra and apply 7/13 = 0. This will lead to v-strings that involve
n_ on the heavy quark line (see (3)).

3Note that v-strings with different chiralities can mix. In order to reduce those, a system of coupled
equations has to be solved (see App B.3).
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B. Reduction of the y-matrix Algebra to Operators

3)

Next, we deal with strings which have the following pattern

VL_PL {’7(11, s 77%} ® PL(R){IYGU <o Yams VL_} (B?)O)
and substitute n_ = 2v — ny on the heavy quark line. We are done, if we arrive at
Og)QCD or at structures %P, ® Prr)¥ = 1t_Pr ® Prr), which can easily be related

to the operators (’)f)QCD. Otherwise, the terms involving v are reduced following (1).

The ~-strings including n. are pursued in (5).

We consider ~-strings which take the form

7”7PL {/‘Ya],,? P ’,Yan’¢+} ® PL(R){fYal, . e ,’yam} . <B31>

Using the Clifford algebra we commute n, either to the right or to the left in order
to exploit the eom (B.21). While doing so, there will appear 7-strings with n, on the
heavy quark line (see (5)) and eventually also strings of the form (B.11) (see (6)). In
order to avoid the appearance of the latter strings, n, should be commuted to the
right.

There arise strings of the form

h Pr{y",....;7"} @ Pomy{vars - - - ,%mﬂ/LJr} . (B.32)

We are done if they already have the same structure given in Eq. (B.23). Otherwise
n, must be shifted in order to obtain the correct position. In this process there will
appear 7y-strings with n, on the light quark line. For their reduction follow (4).

We also may encounter strings of the form (B.11). In order to reduce those, we insert
the identity

RN

1
4 4

(B.33)

on light quark line next to left spinor. The first term vanishes due to eom (B.21) and
we are left with y-strings

h_th, Pr{y™ v @ Pury\Vars -+ > Yan ) - (B.34)

To further simplify them we follow (4) but commute # . to the right in order to not go
back to the starting point.

For the reduction of strings of the form (B.27), we start with (1). Depending on the explicit
structures of the y-strings, not all might be needed and we finally arrive at strings that have
the desired structure given in Eq. (B.23).

Below, we present to examples of the reduction v-strings of the forms (B.10) and (B.11)
to the operator basis.
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B.3. Examples for the Reduction

B.3. Examples for the Reduction

After applying our Mathematica routine the ~-strings take the forms (B.10) and (B.11).
Here, we give two examples for the reduction of such strings to the set of operators given in
Egs. (B.12)-(B.17). In this procedure we will encounter the following ~-strings

Sir) = [q ¢_PL7a7uq] [a ¢+PL(R)%'yab} = 1h_Ppy*v" @ ph, PLir)VuYa » (B.35)

which have to be related to the operators O; — O5. We first consider Sy, and replace v, by
the decomposition (B.24). Due to Eq. (B.25) and n% = 0 most of the terms cancel and with
ny -n_ =2 we find

1
Sp= i Py @ Proyipve + 5 Py @ty Put o - (B.36)

The first term matches the definition of the operator O3 (cf. (2.19)). Using Prp, =1h, Pr
and nZ = 0 the second term vanishes and thus, the result is given by

S, = %0520” | (B.37)

Next, we consider the Dirac structure Sg. Before substituting v, by the light-cone decom-
position, we interchange the ordering of the v-matrices in order to match the operators with
the primed indices (B.15)- (B.17)

Sr = —1h_PLy"v" @1, Pryay, +2d1h_Pr @1, Pr . (B.38)

The second term can already be expressed in terms of O;QCD and in the first term, we
proceed similarly as in the reduction of Sy. We obtain

1 /
Sp = —50501’ + (d—2)08" (B.39)

Example 1

We consider the Dirac structure

Ky = [@d,Py*y"a] [¢ Priryvuvad] (B.40)

and reduce it to the set of operators Eqs. (B.12)-(B.17). As first step, g3 is replaced by n
and n_ using Eq. (B.19). Taking into account the eom (B.21) the contribution involving n
vanishes and we obtain

mp r_ a _
Kiny = == [@h_Pry*v"a] [e Puiryynyad] - (B.41)
In the following we omit the prefactor —m,/2 and use the abbreviations

’aL(R) = [(_1 7/L_PL'YQ')/#Q} [EPL(R)’YMYab} =n_Py" Y ® Pre)yYuYa - (B.42)
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B. Reduction of the y-matrix Algebra to Operators

Next, we focus on K and introduce the momentum ¢z on the heavy quark line by applying
the eom (B.2)

- 1
Kp=——h_Pry"7" @ ¢, Pryva - (B.43)

Then, g3 is further substituted by n; and v (cf. (B.19) and n_ = 2v — n, ). The resulting
expression reads:

m2

Kp=—“—"4_P PryuYa + —p_P P o - B.44

L 4mbm6¢ LY @y Prya + — ¢ LYY @ Prifvu, (B.44)

The Dirac structure of the first term can be expressed in terms of OFP (cf. Eq. (B.37)). In

the second term we commute v to the right by using the Clifford algebra (B.3) which yields
two additional terms

2
- m? —m? D My
Kp=———"20%P 4 24

dmpm, M,

_ a¢®PRfYa

2m
- 2 Pryh_#7" ® Pry (B.45)

c

where we have used 9P, = Pgit_. Due to $b(qs) = b(qs) the Dirac structure of the second
term matches K. In the other two terms we replace v = (ng + n_)/2. The contribution
of ny in the third and n_ in the last term yield zero due to the eom (B.21) and n? = 0,
respectively, and we find

2

~ m m2 mp ~ my my
Kp=——2L0%P 4 2Ly + —P o Prryy — —2 P, k@ Pry, . (B.46
L= o n+ e rIE_V - ® Pry o rIb_h, V" @ Pry, . (B.46)

We then move n_ to the left in the third term in order to apply n2 = 0, and in the last term
we commute n, to the right to use the eom (B.21)

2
mz; mbOQCD mp ~R 2my, 2mb

K= + =
me

B.47
dmpm, ( )

In third term we substitute n_ = 2v —n_ on the heavy quark line and apply the eom (B.22)
to remove v. The contribution with n, matches the definition of OR“P. Moreover, the last

term can be written as OR“P and with Prif_ ® Pp = iO?CD + 4m—n;O;QCD4 we obtain

2

,€L _ M mb OQCD @KR X O’lQCD _ @O?CD ' (B.48)
dmym, me me
Similar, we find that K mixes with K,,> and using Eq. (B.39) and Pryt_® P, = 2207 +

2(d — 2)O0,%°P the corresponding expression can be derived:

~ — + c - 2 —m} !
Bp = m? mbO qQop | Meg | uw —2) - UL 0P L 0P (B.49)
dmpym, my dmym, me

4This relation can be easily derived following the same lines as the example presented here.
5Note that in the operators with the primed indices, the ordering of the Dirac matrices on the heavy quark
line is reversed.
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B.3. Examples for the Reduction

where d denotes the spacetime dimension. From Egs. (B.48) and (B.49) the expressions for
Kr(ry in terms of the operators (B.12)- (B.17) can be extracted

~ d 1 m

K, = —OQCP _ —»QCD | ¢ ~nQCD B.50
L 91 42 + dmy, 2 ’ ( )

- 1m / 1m, o 1

Kpo— LT d— 20 QCDh __CO QCD OQCD —OQCD B.51
R me( )0, 4my 2 TOT 42 ( )

which then multiplied by —my,/2 yield the results for Kpg).

Example 2
As second example we perform the reduction of the following operators
Riw) = [@Pry*v*77d] [ Poiryvnratsb] = Pry* vy @ Pumytuvas, (B.52)

which have the Dirac structures of the form (B.11). First, we consider R, and insert the
identity (B.33) on the L.h.s. of the light quark line:

1
R = J0hgh b gt )Py ® Pryvats - (B.53)

The first term in the sum vanishes as a result of the eom (B.21). Next, we commute n, to
the right and again applying the E.0.M (B.21) we obtain

R =5 (Prp_v*v" @ Pop,vays — Prit_7*2" @ Pryath, s + Pripb_v*y" @ Pryaysi_) -

(B.54)

DO | —

The first term can be related to O/QQCD, as given in Eq. (B.39). The v-matrices in the second

and third term can be commuted such that they match the structure of (’);QCD as well and
after a few simplifications the final result takes the form

’ 3 ’
Ry = ORFP 4 ZIOQQCD : (B.55)
In an analogue calculation and by means Eq. (B.37) one finds

1 3
Rp=1(-8+ 6d)OR°P — ZO;QCD . (B.56)
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Appendix C

Results for the Master Integrals

We show the results for master integrals given in Fig. 4.1. The calculation was performed
using the techniques presented in Chap. 4 and the integration measure [ d’k/(27)?. In order
to facilitate the presentation of the results we write the master integrals as

M

M=————r—s
(mD)="5%

(C.1)

with an integer n that denotes the sum of all propagator powers, such that the integral M
is dimensionless and St defined as

1

or = (4m)a2T (1 —€)

(C.2)

The results for mass-flipped integrals can be obtained by letting z. — 1/z., keeping in
mind that the analytic continuation is done via z. — z. — in, with infinitesimal n > 0.
We remind that for the master integrals M3 1415 we have found a closed representation in
terms of hypergeometric functions. M, 519 were calculated by solving differential equations
and for Mi_36_1216-1820—23 a MB representation was found. For the master integrals in the
canonical basis and the corresponding results we refer to [C].

The analytic results for My 5 19 are only displayed up to O(e) since the expressions of O(e?)
are rather lengthy. The latter can be derived from the corresponding differential equations
and the boundary conditions given in Sec. 4.4 (see also App. D.3 for the evaluation of My ).
For M,_36-12,16—18,20—22 @ MB representation was derived with AMBRE.m. We don’t present
the results for the integrals Msy_95. Their MB representation contains highly oscillating
integrands which could not be evaluated by MB.m. Here, we rely on the corresponding
analytic results obtained in the canonical basis which we numerically cross-checked by the
sector decomposition method implemented in SecDec (see also Sec. 4.6). We present the MB
representations for the remaining integrals before having performed the analytic continuation
to € — 0 and state the real parts of the Barnes parameters which fix the contours in the
complex plain. The analytic continuation can be performed using MB.m and the expressions
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C. Results for the Master Integrals

for the master integral can be derived up to an arbitrary order in e. Note that for two
integrals, namely M; and Mg, an additional regulator ¢ has to be introduced in order to
fix the contours. One power of a certain propagator then is shifted by the regulator and
subsequently 6 — 0. In the resulting expression, which is independent of 9, the analytic
continuation € — 0 can be performed:

. 9 : 3 . 7 . 1 . 1
M /100—32 le 100—55¢ dZQ 100— 15 ng 100—3 dZ4 100—% dZ5
1 pu—

2mi 3 27 z 2mi —ico—} 2mi —ico—1 2mi

—z’oo—;i2 —i00— 355 —100—7
(_1)5+5 2\ 9 iates - 6—2e—1-ng—zg L (L — €)?
X 23424 —1—= 23125 € 23—25 T 1
TG ) T fz—2q &t Y

F(-Zz)F(-Zg)F(—Z4>F(—Z5)
['(—2e+2 — 0+ 1)['(—€ — 29 — §)
XD(—e+21 — 20+ 1) (—€+ 20— ) (—€— 20— 23— 24— 0 — 1)
xT(e—2z1+22+23+24+25+0+1) (C.3)

[(—2¢ — 21+ D)(e+ 21) (25 + 24 + 1)

with e = %, where we have introduced a regulator ¢ in the dotted propagator (this expression

can now be savely expanded in § and is finite for 6 — 0),

o 13 oL oo L oo 23 oL
M ico— 18 le ico—3 ng 100— 15 ng ico— 353 dZ4 ico—g dZ5
2 = - - - - -
B2me ) 12w f .1 2mwe ) . 232wy J_. 1 2m

16 100 100 100 ED) 100 ]

(1 —¢)?
T(2 -2

00— 2 16

% _uZ3+Z4(_1 o in)—e—1+zl—2zz—Z3—2Z5ZC—E—l—i—zl—QZQ—zg—st F(—€ + 29 =+ 1)

['(—29)T(—23)T(—24)T(—25)
I'(—e— 20+ DI (—2¢+ 2y — 20 — 25 + 1)
XT(—e+21 — 220 —25)T(e+ 21 — 20 — 25)[(—2¢ — 21 + 20 + 25 + 1)
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with 6 = % and € = —}1, where ¢ is the regulator of the undotted massless propagator,
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Appendix D

Examples of Fvaluating Master Integrals

We present the explicit evaluation of a selection of master integrals by applying the methods
presented in Chap. 4. The results for the other integrals are obtained in a similar manner.

D.1. Hypergeometric Functions: My

The master integral M5 depicted in Fig. D.1 is evaluated by using Feynman parameters and
hypergeometric functions. With the parametrization of the momenta as shown in Fig. D.1
the integral is given by the following expression

d%k, dk, 1
/ (2m)d / (2m)4 [(qu — ka)? — m2 +in] [(qs + k1)2 — m2 +in)] [(ky — k)2 +in)] (D.1)

where 1 > 0 denotes the location of the poles in the complex plane. In the following, we
consider the second and the third propagator of (D.1), since those are the only ones that
depend on the integration momentum k;. By introducing a Feynman parameter x according
to (E.6) we find

/ d?k, 1
(2m)7 [(gs + k1)* — mZ +in] [(k2 — k1)? + in]

dk, 1 1
- / W/o o [2(q3 + k1)? —am?2 4+ (1 — x) (ko — k1)? + m]2 ' (D.2)

In order to perform the integration over ki, we simplify and rearrange the denominator and
arrive at the following expression

diky, 1 1
y dz — — (D.3)
(2m) J, (k1 + 2q3 — Tho)? — A% + in]
2.9

where A? = m2x? — zzki — 2xZqsks and T = (1 — ). Since A? is independent of k;, we

shift the integration variable k; — ki + xq3 — Tk according to (E.1). By applying (E.2) the
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D. Examples of Evaluating Master Integrals

Figure D.1. — M5 with a specific choice of the momentum flow of the inner lines. ki and ko are loop
momenta and ¢ = —q3 — q4 is the external momentum.

integration over k; can be performed and we obtain

i 1 r—2+4
(2 - g)/ dr—— (D.4)
(4m)2 0 [AZ _ Z'n] 2

where A2 = A%/z. Note that in (D.4) the denominator has a small imaginary part with a
negative sign. In order to trace the location of the poles in the complex plane in the further
calculation, we take out a factor (—1) of the denominator in (D.4) by applying Eq. (E.5)
such that the sign of the imaginary part becomes positive.

We then combine the result with the first propagator in (D.1) by introducing a second
Feynman parameter y and after some simplifications we obtain the following expression for
the master integral

: 1 1
M5 = ! v (—1)2_% NG g)/ dx/ dy yl_%z_%%(l - 963/)_3Jrg
2 0 0

(4”>
d?ks YTqs — Yqa ? 2, .
X/(Z—)d[<k2+ﬁ - B +Z7]

with B? = (ygmi+ym?)/(1—xy). By means of a suitable shift ky — ko + (yZqz —5qs)/(1—xy)
the integration over ks can be performed by applying (E2) and the simplified result reads

1 —3+d A1 - ay)”
Mhs = o @ 69 / / dy [1—y(1 =z +in)]> "’ (D-6)

with z. = m?/m?. Substituting d = 4 — 2¢ the integration over x can easily be performed by

using
! r (1—y) 't
d = — D.7
/ x(l — zy)?” —1+e€ (D7)

—3+4

(D.5)

[NJIsH
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D.2. MB Representations: Ms, and Mg

and we obtain the following expression

M15 _ _52 (m2)1—25 F(— (1 _ 6) /1 dy y—l—l—ey—l—l-s
b (=1 +e¢) o [1—y(l =z +in)]
€)?

(
B (47r)dmb —1+¢e T(2¢)

oF1(e,—1 4+ 2¢,2¢;1 — 2, + i) . (D.8)

Here, we have used the definition of the hypergeometric function (4.3) to obtain the second
line and Sr is given in Eq. (C.2). Eq. (D.8) can be expanded in € up to the desired order by
applying the MMA package HypExp.m. We find that the leading pole is 1/¢2.

Note that the choice of first contracting the propagators that contain k; was arbitrary. The
final result does not change if we first perform the contraction of the propagators involving
ky'. However, a certain choice which is not always obvious in the beginning can simplify the
evaluation.

D.2. MB Representations: M,; and M;is

We present two examples of calculating master integrals by using MB representations. First,
the mass flipped master integral M3 is evaluated by manually introducing MB representa-
tions in the calculation. In the second example we use AMBRE.m to derive a MB represen-
tation for the master integral Mig and state the input to be provided for the routine. Then,
we take one specific term and simplify it by applying the techniques presented in Sec. E.2.

D.2.1. ”Manual” Evaluation of M

The mass flipped master integral M3 shown in Fig. D.2 is evaluated by applying Feynman
parameters and by introducing MB representations. Using the choice of momenta given in
Fig. D.2, M, takes the following form

o [ A%k [ d
Mo = / (2m) / (2m) [(gs + g1 + k1)? — m2] k2 (g2 — ko)? (ky — ky)2 (D.9)

where we tacitly assume the “+in”-description to be included in the propagators. The
first steps of the calculation are performed analogously to the evaluation of M;5. We start
with the propagators three and four of (D.9) and combine them by introducing a Feynman
parameter x. After some simplifications and a suitable shift of the loop momentum ks the
integration over the latter can be performed as well as the integration over x for d = 4 — 2e,
which only yields Gamma functions. The result then is combined with the second propagator
of (D.9) by introducing another Feynman parameter x. Since both terms are massless and
differ only by light-like momenta the resulting expression simplifies to a large extent and
combined with the first propagator in (D.9) — by introducing a new Feynman parameter y —
yields M3;. Applying a suitable shift &y — k1 + ygs + yq1 — 22yg2 (§ = 1 — y) we are able

!The explicit form of the result may deviate from Eq. (D.8) though.
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143+ a1
g+ q+ ki T~k
/ X
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q4 I V@
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\ /
\ /
\ /
\\ kl_kQ //

Figure D.2. — M35 with an arbitrary choice of parametrization. ¢ ...qs denote the external and k; and
ko are the loop momenta.

to perform the integration over this loop momentum. After some simplifications and setting
d =4 — 2¢ we find

—2e ! 1 1 —2e¢
M;; =— St (mj) *A / dx x_He/ dy yy > {(1 —y)(u+ ux) (— - 1) —y+ in} ,
0 0 Zc
(D.10)

with z. = m?/mZ, A = 27*T(2¢)T'(1 — €)*/T'(2 — 2¢) and Sr defined in Eq. (C.2). Tt is not
possible to perform the integration over z or y analytically. Therefore, we introduce two
Barnes parameters z; and z, according to (4.4) such that?

52 (m2)*25 1 1 c+i00 1 21
M2 = — I b A/ d —1+e/ du ¢ —26/ d 1— - 1 —2e—21
EI Ve N e A A A C

¢ +ico
X (=1 41n) > T (2 + ) / dzo(ux)?u™ "0 (=21 + 29)T(—22) , (D.11)

¢/ —ioco

Now, the terms involving the integrations over z and y are separated. These integrations can
be performed analytically yielding products of Gamma functions. The final result is given
by

o F(l o 6)4 1 1 c+ioco ' +ico 1 21
MO = _ G2 (2) 2 —92¢ / d / d — -1
23 () T(2—26)° (2mi)2T(-3¢+2) /. o, e

X (=1 4in) > T(2e + 2)T(—de — 2 + D (e + 2, + 1)
['(z2+€)
I(za+e+1)°

X u?uP 720 (=21 4 29)[(—22) (D.12)

2The integration constants ¢ and ¢’ are chosen such that right and left poles are separated (see Sec. 4.3 for
details).
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Figure D.3. — Master integral Mg for an arbitrary parametrization of the momentum flow. k; and ks
are the loop and ¢ ...qs the external momenta.

D.2.2. Evaluation of Mg by Using AMBRE.m

We evaluate Mig by deriving a MB representation with AMBRE.m and further simplifying
it by applying the first and second Barnes lemma and Cauchy’s residue theorem. Here, only
a part of the calculation is presented.

The master integral Mg is depicted in Fig. D.3 with some concrete choice of the inner mo-
mentum flow. For using AMBRE.m the following input has to be provided: the propagators
with the choice shown in Fig. D.3, the invariants and the information which loop momentum
is to be integrated first, here we take k;. Feeding the input into the AMBRE.m routine, we
find that ten Barnes integrations are introduced. Further commands automatically check
the applicability of the first and second Barnes lemma. In the case at hand, four Barnes in-
tegrations can be performed and we arrive at a six dimensional MB representation for M.
Next, we apply MB.m to find a suitable contour and perform the analytical continuation
¢ — 0. The final expression is given by two MB representations, a six and a five dimensional
one. The latter reads

Ml(g) _ /vz'oo5/32 dzg [I97T/P12 g pico=T/64 g pico=T/128 . pico=T/256 .

—ic0—5/32 2m —ico—7/512 2m1 —ic0—7/64 2m —ico—T7/128 2m —ico—7/256 2m
_(U)Z7+z8Z—l—se—zS—Z5—Z7—z9(_1 o ”})28
F(l 46)T(1 — €+ 23 + 25 + 29)T(2 + 25 + 27 + 28 + 29)
[(—23)(—25) (1 4 2z5)[(—27)[(—4€e — 27 — 28)[(—3€ — 25 — 27 — 23)'(—23)
C(14 27+ 28)T(—20)T(1 + 27 + 28 + 29) (1 + 3 + 23 + 25 + 27 + 25 + 29)
[(14 2€ + 223 + 25 + 27 + 28 + 29) - (D.13)

[(1 —€)’T(—e)

The real parts in the integration borders fix the contours, which are straight lines parallel
to the imaginary axis. As the contours are not unique the real parts are chosen such that a
better convergence of the integral is achieved. Introducing a new variable s by performing a
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shift zg — s — z5 we are able to apply the first Barnes lemma (E.10) for integration over zs.
In order not to change the contours the real part of this new variable is fixed Re(s) = — 25

512°
We introduce another new variable r according to zg — r — 27 with real part Re(r) = —%.
The complete dependence on z; then is given by the following expression
c+100
/ - dz C(—r+ 20)0(—27) f(27), (D.14)

where f(z7) = (=1 —in) *7z_*" is an analytic function and Re(r) < ¢ < 0. Eq. (D.14) has
exactly the form of Eq. (E.8). Hence, we can perform the integration by applying Cauchy’s
residue theorem. Considering the above discussions about contours we find that in the case
at hand no deformation and no shift is needed. The contour at Re(z7) = —6—74 separates the
left and the right poles and the limit € — 0 obviously is safe. Thus, we close the contour to
the right and sum up all residues inside the region. The integral (D.14) is then given by the
sum

- S 1 -
;}Res [D(=r + 27)D(—27) f(27)] = 2mi ;(—1)”WF(—T +n)(—1—in) "z, "
1 T
=2mi (14— ) ['(—r). D.1
i ( + i m)zc> (—r) (D.15)
A final shift s — w — 23 with real part Re(w) = —é% allows one to perform the integration

over z3 by applying the first Barnes lemma. We arrive at the following two dimensional MB
representation in r and w

101

[(1—e)l(—e) [P fiemmm N e
Ml(g’) = — T do) / B dr/ o dwu" (14 (=1 —in)z.) 2,72 L'2+r)

—i00— {55 —i00— 575
x ['(—4e — )['(=r)D(1 4+ 7)°T(=3e — r — w)(—w)T(1 + 2 + 7 + w)
XxT'(1+3e+7r+w). (D.16)

The six dimensional representation can be simplified in a similar way. Note that in the
derivation of the MB representation we have taken out a factor —S% - (m?)~'7%¢ with Sr
defined in Eq. (C.2). Thus, (D.16) has to be multiplied by this prefactor. The final result
can be expanded up to the desired power in € and can then be evaluated by applying MB.m.

D.3. Differential Equations: M, and Mj

The master integrals M, and M; are evaluated by applying the method of differential equa-
tions. Both M, and M5 depend on the scale z. and on €, but not on the momentum fraction
u, thus, we can construct two differential equations according to Eq. (4.32). Applying the
Laporta algorithm all integrals are written in terms of master integrals and we obtain the
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D.3. Differential Equations: My and Ms

following expressions for the two differential equations (d = 4 — 2¢)

\\1+2_ dz, — 3d — 4z, + 10 ,
2(ze — 1)z,

143z L (24 d)(+2)
(14 =)? 21+ 2oy \__J
—8+3d
+
2(—1+ z.)?my

(=2 +d)?(1+2z.)
_4@3+dx—r+%ﬂ%mg<:xi>7 (D.17)

e (44 d)(-10+3d)
2(—1 4+ z.)zemy

_( 11+ 3d)(1+ z.) 4 4—|—d —2+4d)
2(—1+ z.)?’my =1+ z.)%z:m?

N (—11 + 3d)(—8 + 3d) N (—2+ d)? @Q
8(—1+ 2.)?m? 8(—1+ 2)%z.m;

(=24 d)*(—16 + 4d — 172, + 5d 2.)
— : (D.18)
16(—3 + d)(—1 + z.)%zem3

Here, the labels 1 to 4 in the figures of the master integrals denote the incoming momenta
qi,- - -,qs- In the following we use primed indices for all quantities involved in the differential

equation for Ms. We can read off D(z.,d) = W and D'(z.,d) = % for the

d—z.—4 ,
(ze — 1)z,
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D. Examples of Evaluating Master Integrals

+Q4
qu + k1 T~ q3 — ko
7 X
\
q3 qa + ky — ko \\ q
g3 + k2

Figure D.4. — The topology of the master integrals My and M5 with a specify choice of momentum flow.
k1 and ko are the loop and ¢, g3 and ¢4 are the external momenta with ¢ = —¢3 — qa4.

coefficients in front of M, and Mjs, respectively. Hence, the integrated functions D(z,d)
read

Dz, d) = % ((3d — 10) log(22) — 2(d — 3) log(1 — 2)] . (D.19)
D' (20, d) = (d— 5)log(1 — 2.) — (d — 4) log(=) . (D.20)

All master integrals on the r.h.s. of Eq. (D.17) and (D.18) which are subtopologies of M, and
Ms5 are assumed to be known. However, we find that My appears in the differential equation
of My and vice versa and therefore, we obtain a coupled system of equations. Taking a
closer look at the differential equation for M5 we find that M, appears alongside a factor
(d — 4) ~ e. Hence, the differential equations decouple order-by-order in e. We take the
lowest order in € coefficients of M, and M; from applying Ambre.m (see Sec. 4.3.2) we find

1 5 0
@ + % + O(G ) , (D21)

Ms = O(%), (D.22)

My = () 52

with Sp defined Eq. (C.2). Both finite parts in € contain non-trivial Barnes parameters.
Inserting (D.21) and (D.22) in the differential equation for M; (D.18), we apply (4.34)
and then expand the resulting expression in € up to the finite order. After performing the
integration over z. in (4.35) the master integral is given by the following expression

Ms(ze,€) = (f'(zc,€) +C') exp [D'(2c, €)] (D.23)
with

f'(ze,€) = —(m}) 21 SE [~ log(z.)Lig(2.) + 2Li3(z.)] . (D.24)
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D.4. Canonical Basis: Mg and M-

The unknown integration constant C’ remains to be calculated according to the boundary
condition (4.37). Looking at the explicit expression for D’ given in (D.20) we see that there
is an artificial logarithmic divergence at z. = 1, which in the exponential in Eq. (D.23)
becomes a simple power divergence. As stated above the master integrals are analytic for
2. > 0 and hence this divergence has to be artificial. We remove it by choosing C' = —f’(1, ¢)
and obtain the following result for the finite part of Mj;

—2Li3(z.) + Lia(2.) log(z.) + 23 n
2. — 1

Ms(2e,€) = —(mj) > 1S3 O(e)| . (D.25)
Inserting this result back in the differential equation for Ms yields zero, which provides a
good check of the calculation.

Next, we consider the differential equation for My and plug in (D.21) and (D.25) on the
r.h.s. Following exactly the above mentioned steps for evaluating the finite part of M5 we
find a logarithmic divergence at z. = 1 in (D.19) which can be removed by applying the
boundary condition (4.37). The expression for My up the finite part then reads

1 5 1
My (20, €) = — 272652{_ 2 L
(2 €) ()~ Sr 2¢2 * 2¢  6(z.— 1) |
+ 12Li3(2.) + 62.Lis(1 — 2.) log(z.) + 6z.Lis(2.) log(z.) — 6Lia(2.) log(z.)

— 572 + 62.log(1 — z.)log?(z.) + 62, log(1 — z.) log(z.)
— 121og(1 — 2) log(ze) — 12¢s + 7 + 57] + O(e)} . (D.26)

— 6Lia(1 — z.) + 62.Lia(2.) — 12Lia(2c)

We go back to the differential equation for M; in order to evaluate the O(€) part of M5 and
then to the differential equation for My for the O(e) part of My. This can be repeated, until
we have evaluated the master integrals up to the desired orders in e.

Note, that beginning at O(e) there is a subtlety in evaluating M. In the O(e) differential
equation there only appear HPLs with argument ,/z., since the results for the lower line
master integrals at higher orders in e contain those HPLs. The MMA package HPL.m can
only perform integrations of HPLs with argument ¢ with are multiplied by the weights f; 9 _1
and f1 _ (see Sec. 4.4.1 for the definition of f, 0 and f; _). Therefore we substitute t = /2,
and consider a modified differential equation in this new variable

1 dMs  dM;
- = ) D.27
2t dt dZC Zc:t2 ( )

An analogous change of variables is done for the differential equation for My. By using
these new differential equations we obtain the higher O(e) results for the master integrals
following the above described procedure. The results for My and M5 up to O(e) are displayed
in App. C. Note, that one can also express them in terms of the new variable ¢, however the
result remains more compact, if we chose not to do so.

D.4. Canonical Basis: Mg and My

We present the calculation of the master integrals Mg and M7 by solving differential equations
in a canonical basis [107]. In the differential equation of Mg and M7 there appear ten integrals
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D. Examples of Evaluating Master Integrals

- -@-- -@--
1447 \ 1447 1447 1447 \
- - - @
O1(y) O2(y) O1(y) Os(y)
Figure D.5. — Master integrals in different bases with y = 1—u(1—z.): 1—4 denote the incoming external
momenta ¢, ...,qs. The double and curly line represent a propagator with mass m; and

me, respectively, and the dashed line denotes a massless one. The dot on a line indicates a
squared propagator.

with fewer lines, which are Mgg, Mgy, M5 and five master integrals with three or less lines
(which are known from previous calculations). In order to close the system of differential
equations these lower line master integrals have to be converted to the canonical basis as
well, which is then given by C = (C1,...Ch2). The basis is obtained by searching for suitable
linear combinations of master integrals which yield pure functions (see Sec. 4.5.2). As an
example for finding such a linear combination consider a basis of the two master integrals O
and O, depicted in Fig. D.5 which arise in the Laporta reduction of several master integrals
of the set of two-loop integrals shown in Figs. 2.4 and 2.5. They are subtopologies of Mg
and M7 and are known from previous calculations. Their analytic expressions up to finite
order in € read

01(0) =~y *+ 52 {5z + 1 (5= - Goal) = 2 + 26t - G2+ T sl

22 e \2 4 8 2 2y 3
(D.28a)
—9e 1 1 G1(y |
Oa(y) = —(mj)~* 5?{2—62 + 50— Goaly) - % +Gily) + 5 - 5}, (D.28b)

with y = 1 — u(1 — 2.) and Sr defined Eq. (C.2). Both integrals contain algebraic factors
and moreover, the terms in the finite parts have different weights. However, neither O; and
Os nor any linear combination yield pure functions. We consider a different basis and find
that the doubly-dotted integrals O} and O defined in Fig. D.5 are a good choice®. Their
analytic expressions can be easily obtained from Egs. (D.28a) and (D.28b) by applying the
Laporta algorithm and up to O(e%) are given by

_Gily) | 4Gooly) — Go,l(y))
ye y ’
/ . 2\ —2e—1 a2 1 2(3/ + 1)G1(y)
O4(y) = — () SF((y e
L2 [12(y + 1)Goo(y) + 7%y — (6y + 3)Go,1(y)])
3(y—1)y '

Ol(y) = —(m2) 152 ( (D.290)

(D.29b)

30} and O} are equal to the integrals Ig and Iy in Fig. D.6.
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D.4. Canonical Basis: Mg and M-

The individual integrals are not pure but the following linear combinations yield pure func-
tions

Cs=ey0) = —(mj) > Sk { —eGi(y) + € [4Goo(y) — Goa1(y)] + (9(63)} , (D.30a)
Co =€ (y —1) (04 +20}) = —(m3) >+ {1~ 4e G (y)
2
+é (16G0,0(y) —4Go(y) + §7TZ> + 0(63)} . (D.30b)
Note that the master integrals have to be evaluated to O(e?) since the two-loop amplitude
contains poles up to 1/e* stemming from the infrared and ultraviolet regions. We find that

Cg and Cy are pure functions to O(e?) and the corresponding differential equations in z,
given in Eq. (4.50) and in u given in Eq. (4.51) factorize the kinematics from the space-time

dependence
—1 1
d Cy ‘ZC, o Cs
dZ < C ) =€ ( yﬁ((l—yl)) 4 1 > ( C ) ’ (D31)
¢ 9 y(ze—1)  1—2zc 9

d [ Cs % ZycT_ll Cs
T < Cy ) = 6( 6(1—z0) 4(1—z) < Cy ) . (D.32)

y y—1

Hence, instead of O; and Oy we take Cs and Cy in the canonical basis as new master integrals.
The procedure for finding pure linear combinations of the remaining master integrals is
similar. Finally, we obtain the following expressions for the master integrals C';_;2 in terms
of the integrals I;_j5 defined in figure D.6 (z =1 — x):
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D. Examples of Evaluating Master Integrals

The explicit differential equations for the C; take the canonical form given in Eqs. (4.52)
and (4.53) and we obtain the following expression for A

—4Ly— Ly  3L3y—3Ly  —2L,—-L Lty —Ly+L-L,+L Ly+& -4
3Ly  —4L—Ly— Ly Ly—L —Ly— Ly —2Ly — 4 + Ls
0 0 2Ly — Ly + 2Ly — 2Lg Ly — Lg 0
0 0 2Ly — 2Ly +2Lg  —4Ly + 2Ly — 2Ly + Lg 0
0 0 0 0 2Ly — Ly + 2Ly — 2Ls
A= 0 0 0 0 —2Ly — 2L, + 2L,
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
Lt I L T e R e BT
L= Ly+ 3 i 5t T 0 i ey
0 L 0 0 —2Lg —Le —Ls
0 Ly — 12—6 0 0 Lg Ls Ls
—Ls L Ls 2L3—2L; - Lo 0 0 Lo L
4Ly + 2Ly — Ly —2Ly+ Ls —Li -2+ b Li-L, L_L 0 0 L _ L
0 —2L, 0 0 0 0 Ls
0 0 Ls Li+ Ly 0 0 0
0 0 6Ly —4L, —4L, 0 0 0
0 0 0 0 Le—3Ls  Li—Ls+ 1Ly 0
0 0 0 0 6Ly —6Lg —4Ly+2Ly—4Ly, 0
0 0 0 0 0 0 — Ly
(D.45)
L, ¢ are logarithms which only linearly depend on the arguments v and 2z,
Ly =In(u) , Ly=In(1-z2.),
Ly =In(1—u), Ly =In(1 —u(l —z.)),
Ls =1In(z.) , Ls =In(z +u(l —2.)) . (D.46)

By using the scaling relation (4.45) we can change the arguments of the Goncharov poly-
logarithms. As mentioned above, u is a good choice for the Goncharov polylogarithms that
depend on this scale since this will simplify the convolution with the pion LCDA. Then we
find that the weights are either integer (0,41) or one of the following z.-dependent expres-
sions

1 Ze
= a2:
1—2z'

a (D.47)

Ze— 1
Products of Goncharov polylogarithms of the same argument are expanded by means of the
Hopf algebra.

For details of solving the differential equations we refer to the example in the “traditional”
basis in Sec. D.3. Here, we will only specify the various boundary conditions. C7; and C
both are independent of u and vanish at z. = 1. (54 and Cs g vanish at u = 1. For C' 2891011
we haven'’t found a specific kinematic point where they vanish. Thus, we have evaluated Cs 9
for (uo, z,,) = (1,0) and Cyo 11 for (uo, z,,) = (1,1/2). A difficulty arises when solving the
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-[3(“7 ZC) -[4(“7 ZC)
PR RN
2 (e VP
\ /

I7(zc) IS(U7 Zc)

@~ @~ @~
144/ \ 143/ ‘ 143/ \ @Q

e N et

Iy(u, zc) Lo(u, z.) Iy (u, z.) Ip(z)

Figure D.6. — Set of basic integrals needed in the construction of the pure master integrals C o: 1 — 4
denote the incoming external momenta ¢, ...,qs. The double and curly line represent a
propagator with mass m; and m,, respectively, and the dashed line denotes a massless
one. The dot on a line indicates a squared propagator.

differential equation for C, with respect to z.. We encounter Goncharov polylogarithms
with non-trivial dependence on z. in the weights, e.g. G 4,(up). The integration over z.
cannot easily be performed by rescaling the weights using Eq. (4.45) and applying Eq. (4.39).
As an alternative to integrating the differential equation with respect to z. one can obtain
the function C'(uo, z.) from MB representations (see [C]).
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Appendix FE

Useful Identities and Definitions for

Fvaluating Integrals

We present some useful identities and definitions which apply in the calculation of Feynman
diagrams or can be used to reduce the dimensionality of a given Mellin Barnes representation
(see Sec. 4.3).

E.1. Identities for Calculating Feynman Diagrams

We provide some useful identities and definitions for calculating Feynman diagrams. Most
of the relations given here can be found in [193].
The following type of integrals are invariant under a linear shift of the integration variable

e R [ d% (k)1
/ (27T)d [(p - k)2 — A+ 277]” B / (27T)d [kQ — A+ Zmn ) (El)

where f(k) is some function of k£ and A is independent of k. The momentum p is usually
a linear combination of external momenta and 7 > 0 (infinitesimal) and n € R. After this
shift, the integration over k£ can be performed by applying one of the following identitites

d'k 1 _ (=)™ e — 9 -\ —nt-d

/ (2m) (k2 — A 44n)"  (4m)%2  T(n) (A —in) ; (E.2)
Ak k2 (=) dT(n 4_1) P

/(27r)d (k* — A +in)" = (4m)¥2 2 T'(n) (A —1n) ) (E.3)
Aok (k2)? (=) Pd(d+2)T(n-5-2) N

/ 2m)® (k2 — A+ain)" — (4m)d? 4 T'(n) (A —n) - (E4)

We further find

(Atmy  AFamr ()

139



E. Useful Identities and Definitions for Evaluating Integrals

There are other identities like the Feynman parameters and the Beta functions. The former
can be used to express the product of propagators with a sum by introducing additional
integrations

1 Dl +---+an) /1 der . d S(1 =3 w)agr ™t et | (E.6)
E . Eon Claq)...T(an) Jo [a;lE1+..._|_ann]Zi°‘i

Some of the integrations over the Feynman parameters may be performed (at a later stage
of the calculation) by using the definition of the Beta function

L(a)I'(8)

Tatd)’ Re(a, B) > 0. (E.7)

1
B(a, ) = /0 drz® ' (1 —2)P~! =

E.2. Cauchy’s Residue Theorem and Barnes Lemmas

Mellin Barnes (MB) representations have been discussed in Sec. 4.3. Here, we present
methods that apply in the reduction of the dimensionality of a given MB representation.

The integration over a Barnes parameter z can be performed by means of Cauchy’s residue
theorem, if z only appears linearly in two Gamma functions with opposite sign and all other
dependence on z is given by an analytic function f(z)

271

—100

/ T Pt () = S Res[Dn a4 DD f(n 4 ). (E8)

The integration contour is parallel to the imaginary axis and ¢ is chosen such that I'(- - - F 2)
has poles on the right/left of the contour. For f(z) = x*, x being an arbitrary z-independent
variable, which is often realized in the calculations of the master integrals, and Re(a+b) > 0,
we find

c+i00 d
/ Q—iF(ZﬂLQ)F(—Z—l—b) w7 =2"(1+2) T(a+b). (E.9)
. 77

Moreover, if applicable, Barnes integrations can be performed by the first and second Barnes
lemma, which read

/i e I(a+ 2)I(b+ 2)[(c— 2)[(d - z) = Hex 6)1;((2:?};(06:5))“() = - (B0

/c—i-ioo 2 Dlat 2T+ )P (et 2)I(d = 2)l(e —2) _

. Fla+b+c+d+e+2) N
T(a+d)T(a+e)L(b+d)T(b+e)T(c+ d)T(c +e) (E.11)

I'a+b+d+el(a+ct+d+e)l(b+c+d+e)

The integration contours are fixed such that I'(-- - F z) are right/left poles. There are also
modified versions of the Barnes lemmas, some even involving Polygamma functions

d
O = Z 1T E.12
1/} dZ n ) ( )
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E.2. Cauchy’s Residue Theorem and Barnes Lemmas

Y™ = %W—U . n >0 integer. (E.13)
A copious list of these integrals can be found in [116].

The above mentioned simplifications apply for integrals in d dimensions as well as for
integrals which already have been expanded in a series in €. It is advisable to perform as
many integrations as possible before expanding the integrand since this often reduces the
effort to a large extent. After the expansion, the Barnes lemmas or Eq. (E.8) may still
apply for the lower order € terms. In some cases these simplifications are only possible after
suitable shifts of MB variables.
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Appendix F

Results for the Feynman Diagrams in the

Central Region of the Dalitz Plot

We present the results for the leading order Feynman diagrams depicted in Fig. 6.7 including
the contributions of the form factors and the LCDAs. We find that only the combinations
V —V or A — A yield non-vanishing contributions, where V' (A) denotes the vector (axial)
current. The momentum fraction of the LCDA that involves the spinor g; (g) is denoted
by u (v). The gluon can be attached to the different quark lines and we assign numbers
1-4 to the insertions of the gluon on the b, g,, ¢; or ¢; quark line, respectively. The results
from the colour singlet and colour octet operators are marked by the superscripts “0” and
“8”, respectively. E.g. (AVgy)ar denotes the result of diagram (a) of the vector-vector
contribution of the colour singlet operator with gluon insertion on the b quark line.

AS — (—1+U)CF
vev /e *TON2u(—1+ u(—2+ v) +v))

JeF 77T (mip/3) @ (u) Pr(v)

(A(\)/@)V)al =0,
(Aé\g/@)v)al =0,

0 _ (1 +uw)CF o Bosr, o
(AA®A)a1 = 20437TU(2 T u)N, an+ (mB/S)CI)W(u)CI)W(U) )
(A184®A)0«1 = 07
(A(\)/@V)a? =0,

(A%@)V)a? =0,
C
(Ahoa)ar = 202 2T (m 3)2 () 0 (v)
(A?4®A)0«2 = 07
(A(‘)/®V)a3 =0,
( )
( )
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F. Results for the Feynman Diagrams in the Central Region of the Dalitz Plot

(Aoin = g S B (D [3)0 ()0 (0)
(Aot =0,

(A owlot = im0 )0, (1)1 ),
(Aot = 0,

(Ao = iy ot 2O (20 (i [3)0 ()1 o),

(A ow I = et (P i 30, (1)),

(Ao =~ O 2R 30, 1)1 1)

(A asw%fﬂf%<m23/3>®w<u>q>w<v>,

(Aol = —aum %f P (2, /3) 5 (1) (v)

(A )2 = asw%fﬁf%(mé/mﬂ<u><1>w<v>,

(Ao = —awm b PEFE (0 302 1)1 (1)

(A% 1)e2 asw%fﬁf%( 2 /3)0 (1) ().

(Aronhn = gt FLFE 30,10 (0)

(Aow e = g s LB 30 1)1 ),
(Afov e =~ g D [P 30 (1)),
(Ahois = O s PP ) (1), o),
(Aohis = =g O PP 3), (1)1 (0),
(Ao = = I PR 3) )4 ),

(Abow o = 0 oo e P2 30 (1) (1),

(A% o W 0O 2 o (1 /3)6 () 1)

o N2u(u+ v+ uv)
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(u+v)Cp

A8 —
(Aazales = aum 2N3u(u + v+ FRFE7T (i /3)Pr(u)®
uv) " B m\U
A(‘)/®V L 0’ ) ) 7r<U>7
A%/@\/ el = QgT0 (=1+u—-v)Cr
2 mB—w
FERET(m3)3)®r (u)®r(v)

2
2NZ2u(—1+v)(2+u— 20 +uv)"”

(=1+u+v)Cp

A8A®A cl QSW2N2 (
2u(—1+0)(2 +u— RFPTT(md
A(\)/®V w2=0, )2 +u—2v+uv) * (m/3)0r(u)8r(v),
8
AVov)e = —ag (8+u—v)Cr
[RFZ7T(mE/3)

INZu(—1 4 o) (1 u(—2 1 0) 1))

- (—1+u+v)Cr
2
2N2u(—14v) (=1 4+ u(—2+v) +v)

JAF 7T (mi/3)

s = 20,mCpNau(—1 + v) f2FE
c F —T
Aoy )es =0, B () 8e(0),
AO
Aga)es =0,
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AA@A c3 — VYU,
A?/@&/ 4= —2 Cr
cd — Qg0 2pB—
Ne (—1+va "(mip/3) % ()P
A%/@V =0, ) R
0
Apga)ea =0,
8
AA®A cd — 07
(A(‘)/®V dl = —aSWNQ (=1+u)CF
J— 2 g
8 Tt o2 tu—2oran)inlt (7a/3)2r()2x(0)
— 2 —T
AO Cu( 1+'U)(2+U—21)—|—U'U)f7rFf (sz/g)(I)ﬂ(u)(Dﬂ(v)
(A% a) @, (—1+u)Cr |
— 2 mB—w
) 2q( 1+v)(2+u—2v+uv)fﬂF+ (m%/3) @, (u)Px(v)
(Afoa)ar = s (=1 +u)Cr :
o ué o2t a 2oty (/) 2x() 2 ()
VeVv/)d2 = Oésﬂ'— B—m |
N1 4oy i /3 Pe()®a(0)
(A5 o Jar = ta O
T 2 mB—m
N2u(— 1+v)f FP7m (mi[3)®r(u) @ (v)
(A?4®A)d2 = OZS’/TC—szB—Hr 2
Nea(— 1wy mir B/3)2x(u)(0),

O (u)Px(v),

O (u)Pr(v),
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