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Chapter 1
Introduction

The Standard Model summarizes our current knowledge of particle physics.
As a part of the Standard Model, the non-abelian SU(3) gauge theory, quan-
tum chromodynamics (QCD), describes the strong interaction between the
color-charged quarks and gluons [1, 2]. In nature quarks and gluons can-
not be observed individually, which is often referred to as confinement [3].
Only colorless particles, which are built of quarks and gluons, the so-called
hadrons, can be detected [4, 5]. Their description in terms of a perturbative
expansion in the QCD coupling constant fails, as its size is too large at low
momentum transfer [6].

A non-perturbative approach, lattice QCD, has been established by Wilson
[3]. It is an attempt to calculate properties of QCD numerically on a discrete,
finite-size space-time lattice. The extrapolation of these properties to the con-
tinuum limit needs special attention [7, 8]. With lattice QCD, quark masses
can be tuned and therefore their effect on observables studied. These cal-
culations are computationally very expensive. Therefore it is so far possible
to predict or postdict only few observables of QCD, most of them static, not
dynamic.

Analytical expressions of observables in terms of quark masses can be
derived in SU(Nf )-Chiral Perturbation Theory (χPT) [9]. It is an effective field
theory (EFT), based on QCD symmetries and the limit assumption of vanish-
ing quark masses, the so-called chiral limit. SU(Nf )-χPT considers the Nf
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10 CHAPTER 1. INTRODUCTION

lightest quarks only [10], where typically Nf = 2 or Nf = 3. It is therefore
only valid in the low-energy region of QCD where hadrons are the relevant
degrees of freedom. Perturbations such as non-vanishing quark masses can
be incorporated in a systematic way. As an EFT, χPT can only provide results
for observables up to unknown constants, the so-called low-energy constants
(LECs). It is possible to determine these LECs by confronting the χPT results
with QCD lattice data. Therefore the combination of lattice QCD and χPT
forms a powerful tool in modern hadron physics. In many applications χPT is
used with the up and down quark only (Nf = 2), often in the isospin limit of
equal quark masses. In this work we want to address the question whether
the framework is limited to the treatment of these lightest two quark flavors,
as claimed in Refs. [11, 12]. Or do appropriate adjustments in χPT allow to
include the much heavier strange quark, as suggested in Ref. [13]?

Remarkable progress in lattice QCD has been made during the last dec-
ades in the determination of hadron masses and in the description of hadron-
hadron interactions. Nf = 2 QCD lattice data [14] of the masses of the nu-
cleon and its isobar, the ∆-resonance, was analyzed in Ref. [15]. The con-
clusion, that the inclusion of the isobar (the decuplet in flavor-SU(3)) as an
explicit degree of freedom is crucial in χPT, can now be considered as con-
sensus (see e.g. Refs. [12, 16, 17, 18, 19, 20]). This adds an extra scale
to the problem, namely the mass difference between the nucleon and the
isobar in the chiral limit. There are various schemes how to implement this
scale consistently. The small-scale expansion [21] treats the mass difference
as a small quantity. Lutz et al. [22] use a suitable subtraction scheme and
with that successfully describe Nf = 3 QCD lattice data from various collab-
orations [23, 24, 25, 26, 27, 28]. A very interesting feature is the use of a
self-consistent scheme with on-shell masses in the loop contributions, pre-
sented in Ref. [22]. It leads to the possibility of a first-order phase transition
[29]. Can this behavior also be found in other observables, e.g. in axial-vector
form factors?

The determination of hadron-hadron interactions on the lattice is not as
advanced yet as the description of masses, although promising first attempts
have been published. Pion-nucleon scattering phase shifts using partial-wave
analysis were calculated on the lattice with unphysical pion masses [30], us-
ing three quark flavors. The axial-vector form factor is connected to the β
decay of the nucleon and the semileptonic hyperon decays [31, 32]. A lot of
QCD lattice data for the axial-vector form factor of the nucleon using two quark
flavors has become available in the last few years (e.g. Refs. [33, 34, 35, 36]).
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The use of physical masses in the loop contributions in Ref. [37] to reasonably
describe this data restricts the validity to rather small pion masses mπ < 400
MeV. Does the use of on-shell masses in the loop contributions lead to a bet-
ter description of the axial-vector form factor of the nucleon for larger pion
masses?

A full lattice description of all axial-vector form factors in flavor-SU(3) is
not available yet. The works of Refs. [38, 39, 40] are restricted to the axial-
vector form factor of the nucleon. In Ref. [41] first results for axial-vector
form factors of the Σ and Ξ hyperons are presented and more results, also for
strangeness-changing axial-vector currents, are announced. This motivates
us to scrutinize the axial-vector form factors in χPT in detail.

In this work we calculate the axial-vector form factors in SU(2)- and SU(3)-
χPT. The isobar/decuplet is included as an explicit degree of freedom and
consistently incorporated via a suitable subtraction and renormalization
scheme. It is tested whether the use of on-shell masses in loop contributions
leads to better convergence properties of the chiral expansion. We organize
this thesis in the following way: Chapter 2 sets the framework of determining
the axial-vector form factors in SU(3)-χPT. Its applications, like the conver-
gence properties and first numerical estimates for unknown LECs, are given
in Chapter 3. In Chapter 4 we restrict ourselves to two quark flavors, which
simplifies the discussion, and allows us to compare our findings with QCD
lattice data.
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