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Abstract

In this thesis we apply low-energy effective field theory to the first moments of generalized
parton distributions and to baryon distribution amplitudes, which are both highly relevant
for the parametrization of the nonperturbative part in hard processes. These quantities
yield complementary information on hadron structure, since the former treat hadrons as
a whole and, thus, give information about the (angular) momentum carried by an entire
parton species on average, while the latter parametrize the momentum distribution within
an individual Fock state. By performing one-loop calculations within covariant baryon chiral
perturbation theory, we obtain sensible parametrizations of the quark mass dependence that

are ideally suited for the subsequent analysis of lattice QCD data.
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CHAPTER

Introduction

Aside from gravitational effects, the dynamics of elementary particles are described by the Stan-
dard Model of particle physics, which comprises electromagnetic, weak and strong interactions
mediated by gauge bosons. Electromagnetic and weak effects are, actually, remnants of an
underlying unified electroweak theory [1H3], whose spontaneous breaking via the Higgs mech-
anism [4] gives rise to one massless gauge boson (the photon), which is the gauge boson of
quantum electrodynamics (QED), and three massive gauge bosons (W* and Z°), the exchange
of which generates the weak force. The strong interaction due to gluon exchange is described by
quantum chromodynamics (QCD), which is a Yang-Mills theory [5], i.e., a non-Abelian gauge
theory, based on SU(3) gauge symmetry. The corresponding conserved charges are called colors:
red, green and blue. In contrast to the Abelian case also the agent of the interaction itself is a
color-charge carrier, which leads to gluon self-interaction via the three- and four-gluon vertices.
The probably most important consequence of this behavior is that the beta function, which de-
scribes the running of the coupling constant, can be negative depending on the number of colors
N, and flavors Ny. In particular for N, = 3 the one-loop beta function is negative as long as
Ny <16 which is the case for QCD, where Ny = 6. Therefore, the strong coupling decreases with
increasing four-momentum squared allowing for a perturbative treatment of QCD effects, and,
eventually, leads to the asymptotic freedom of quarks and gluons. However, to a large extent the
complexity and richness of QCD effects is a consequence of its strong coupling at low energies,
where the opposite is the case: the coupling becomes large, denying a perturbative treatment,
and the microscopic degrees of freedom (quarks and gluons) are confined to directly observable,
colorless hadrons. Even very hard processes with large momentum transfer and relevant dis-
tances much smaller than the size of a hadron are influenced by the low-scale dynamics, since
all measurements take place after hadronization.

The disentanglement of the short and long range contributions to hard processes is the basic
concept behind QCD factorization [6HI0], where one rewrites the cross section (in case of inclusive

processes) or the scattering amplitude (in case of exclusive reactions) as a convolution of a hard




INTRODUCTION

scattering kernel and a soft part parametrizing the low-energy dynamics. The process-dependent
hard scattering part is accessible by perturbation theory in the strong coupling a5 using the usual
diagrammatic techniques. The soft part consists of universal, process-independent functions that
resolve the inner hadron structure and are intrinsically nonperturbative quantities. Both the
hard and the soft parts depend on the factorization scale. The scale dependence is determined
by evolution equations. The most prominent example are the DGLAP equations [TTHI3], which
govern the evolution of parton distribution functions (PDFs) relevant in inclusive deep inelastic
scattering (DIS). The exact physical cross section has to be independent of the factorization
scale. However, in practice one finds that the perturbative expansion is most efficient if one
chooses a factorization scale of the order of the large momentum scale of the process (cf., e.g.,
ref. [14]).

The functions which parametrize the nonperturbative part of the scattering in different ex-
perimental setups provide us with manifold information about the internal hadron structure. For
instance, ordinary form factors (FFs) are relevant in elastic scattering processes (e.g., e”p — e~ p)
and encode information about the charge distribution. In contrast, the PDFs mentioned above
are needed in inclusive deep inelastic reactions, e.g., e”p — e~ X, where X is not measured and
can contain a large number of hadrons and leptons. They can be interpreted as the probabil-
ity density to find a parton carrying a fraction z of the longitudinal momentum of the parent
hadron. As depicted schematically in figure[I.T] these seemingly unrelated concepts are subsumed
by generalized parton distributions [I5HI8] (GPDs, also known as nonforward or off-forward par-
ton distributions), which are relevant for the description of exclusive processes, like deeply vir-
tual Compton scattering (DVCS: v*(q)p(p) = v(¢')p(p’)) and deeply virtual meson production
(DVMP: e.g., v*(q)p(p) — p°(¢")p(p’)). On one hand, in the forward limit A = p’ —p — 0,
where the initial and final state baryon have the same momentum, GPDs reduce to ordinary
PDFs. On the other hand one obtains the usual form factor if one integrates over all momentum
fractions . However, GPDs contain a surplus of information: e.g., the first z-moments of the
chiral-even GPDs provide the total angular momentum carried by a specific parton species (for
details see chapter [3]). Therefore, both experimental measurement and numerical calculation
of GPDs provide an important ingredient for the solution of the proton spin puzzle posed by
the seminal measurement by the European Muon Collaboration (EMC) [19]. Contrary to the
prevalent expectation the latter showed that only a small fraction of the proton spin is composed
of the spin of the constituent quarks, which (heuristically) means that the remainder has to
originate from the orbital angular momentum of the partons and the gluon spin.

All the nonperturbative functions described in the last paragraph have in common that they
parametrize the hadron as a whole, i.e., they do not discriminate between different Fock states.
However, in hard exclusive processes with a wide scattering angle and very large momentum
transfer between the initial and the final state hadron, only the first few Fock states are relevant
(see, e.g., ref. [9]). The heuristic explanation is, that each parton has to change its direction to
form an intact hadron in the final state, which requires the exchange of a highly virtual gluon. In
this kinematic situation, the relevant nonperturbative functions are distribution amplitudes [8-

10] (DAs), which determine how the longitudinal hadron momentum is distributed amongst the
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Figure 1.1: As depicted in this schematic diagram, generalized parton distributions unify the
seemingly unrelated concepts of form factors and parton distribution functions. All of these
functions are independent of the transverse momentum (which is integrated out). One could add
a third dimension to this picture by showing also the relation to transverse momentum dependent
distribution functions (see, e.g., ref. [20]).

partons within a specific Fock state. The leading contribution for octet baryons are three-quark
DAs which will be treated in chapter[d] At asymptotically large momentum transfer (generalized)
form factors can be calculated as a convolution of a hard scattering kernel with the distribution
amplitudes for the incoming and outgoing hadron. As the momentum transfer decreases, the
expansion in Fock states becomes less and less meaningful since one would have to take into
account an increasing number of states. Yet, even in such less extreme kinematic situations one
can establish a connection between form factors and distribution amplitudes by using light-cone
sum rules [21H24], as demonstrated in ref. [25].

Pinning down the functions describing the nonperturbative part from experimental measure-
ments is a highly nontrivial task, since the quantities of interest (e.g., DAs or GPDs) appear
in convolutions with a hard scattering kernel. Especially in the exclusive channels one faces
the additional difficulty that the final state phase space is very small, and that reactions with
a small number of hadrons in the final state are power-suppressed at high momentum transfer.
Therefore, statistics for such processes are poor and one needs very high luminosities to obtain
exact measurements. Hence, complementary input and guidance from theoretical tools that can
be applied in the nonperturbative regime and allow us to narrow down the set of possible mod-
els and parametrizations is of vital importance. One option for this task are QCD (or SVZ)
sum rules [26H28], where one calculates correlation functions perturbatively, by approximating
the full QCD vacuum in terms of a few vacuum condensates, which parametrize the relevant
nonperturbative part. Based on the assumption of quark-hadron duality (cf., e.g., ref. [29]) the
results can be matched to dispersive integrals over (modeled) hadronic spectral densities. Being
computationally cheap, sum rules are even nowadays the most efficient tool to obtain a first
qualitative insight into the nonperturbative dynamics. However, mainly due to the approximate
description of the vacuum, they suffer from systematic errors which are hard to estimate, but are

typically assumed to be ~ 10% — 30% depending on the considered quantity. Another method
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that can treat nonperturbative quantities is lattice QCD (see, e.g., ref. [30] for an introduction).
It is based on the numerical evaluation of the path integral on a finite, discretized, Euclidean
spacetime using Monte-Carlo importance sampling. Its first formulation in the seventies [31] was
mainly driven by the desire to gain a better qualitative understanding of quark confinement.
However, reflecting the (still ongoing) vast hardware and algorithmic development, lattice QCD
is metamorphosing into a multi-purpose and high-precision tool in particle physics. In particular
simple observables, like hadron masses, can be computed with unprecedented precision (including
isospin breaking and QED effects; see ref. [32]). Obvious systematic uncertainties of lattice QCD
are discretization and finite volume effects. Others originate from operator renormalization, scale
setting and excited state contributions. The latter are particularly relevant for three-point func-
tions, where the distances from the source to the insertion and from the insertion to the sink are
relatively small. In addition to that one has to extrapolate the results to the physical point, since
most simulations are carried out at unphysically large quark masses, which is computationally
cheaper.

Having control over the various systematic uncertainties is a crucial ingredient to obtain
reliable quantitative results. Here chiral perturbation theory (ChPT) comes into play, since it
allows us to describe the quark mass dependence and also the leading finite volume dependence,
which can be traced back to pions “traveling around the box”EI ChPT is the unique effective
field theory (EFT) that reproduces all relevant symmetry properties and symmetry breaking
patterns of QCD in the low-energy regime (cf. section . The calculation of the studied
matrix elements within the effective field theory helps to find sensible parametrizations for the
low-scale dynamics. E.g., understanding the implications of flavor symmetry and its breaking
can be seen as a necessary prerequisite for a successful analysis of lattice data on baryon octet
DAs (cf. chapter . Additionally, in cases where one already has data points at physical quark
masses, ChPT may serve as a tool to spot possible systematic errors (see ref. [33], where such
an analysis has been carried out for (x)*~¢ with the help of the results presented in chapter .

Let us give a short outline of this work. It consist of two separate projects, which are
presented in chapters [3] and 4l Both projects are in large part based on the same theoretical
framework, which is set up in chapter [2l Chapter [3]is dedicated to the calculation of the first
moments of nucleon generalized parton distributions by the use of two-flavor covariant baryon
ChPT. The calculation is carried out at full one-loop accuracy (i.e., all orders that do not yet
contain two-loop contributions are taken into account), and thus can be seen as an extension
of ref. [34]. Section contains a preliminary analysis of QCDSF and RQCD lattice data with
two light, mass-degenerate dynamical quark flavors. In chapter [ we present a baryon ChPT
study of baryon octet three-quark DAs to leading one-loop accuracy, which is based on our
experience with nucleon wave function normalization constants [35, B6] and with the first and
the second moments of nucleon DAs (cf. ref. [37]). However, it exceeds the latter in two central
aspects. First, since the calculation is carried out for nonlocal three-quark operators, we obtain

results for the complete DAs instead of single moments. Second, we use three (instead of two)

1In simulations one usually uses periodic boundary conditions in spatial directions.
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quark flavors, which allows us to understand the role of flavor symmetry and flavor symmetry
breaking. The results are tailor-made for the analysis of CLS lattice data with Ny = 2 +1
dynamical quark flavors presented in section [£.6, Both main chapters are structured similarly:
after an introductory overview, we review the decomposition of the relevant matrix elements in
terms of (generalized) form factors and distribution amplitudes, respectively. Next, we perform
the operator construction within the effective theory, outline the calculation within baryon chiral
perturbation theory (BChPT) and present its results. Finally, we show the application to lattice

data and give a summary. We conclude this work and give a short outlook in chapter [5]






CHAPTER

Basic concepts

In this chapter we provide the theoretical setup for this work by compiling the relevant textbook
knowledge. Section[2.I]contains an exposition of chiral perturbation theory as a low-energy effec-
tive field theory for QCD. The properties of the fields under discrete symmetry transformations,
which are relevant for the construction of operators within the effective theory, are discussed in
section [2.2] Fierz transformations, which are needed for the construction of baryon interpolating
currents in chapter 4] are explained in section

2.1 Low-energy effective theory for QCD

Due to the confinement of partons to colorless hadrons neither free quarks nor free gluons can
appear in the intial and final states of scattering experiments. Therefore, any useful interpreta-
tion of QCD cross sections or correlation functions relies on our understanding of the effective
(hadronic) degrees of freedom. As will be explained in detail in this section, the observed hadron
spectrum indicates that the approximate global chiral symmetry of QCD is broken spontaneously,
which yields nearly massless pseudo Goldstone bosons. Owing to a systematic power counting
scheme established in ref. [38], the associated effective theory (namely ChPT) can treat the
dynamics of the hadron fields perturbatively in the low-energy region. Following a top-down
approach, we start our discussion of chiral perturbation theory with an analysis of the QCD
Lagrangian, its symmetries and, in cases where it is necessary, their breaking. In doing so, we
will take special care of chiral symmetry breaking, since it plays the most important role in the

derivation of the effective theory.

2.1.1 Quantum chromodynamics

As already mentioned in the introduction, QCD is a SU(3) gauge theory formulated in terms
of N. x Ny = 3 x 6 quark and N2 — 1 = 8 gluon fields. The quark fields ¢%* are massive

[e3

spin % fermions (with masses m,) and carry color (i = 1,2,3), flavor (a = w,d,s,c,b,t) and

7
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Dirac (« = 1,...,4) indices. The gluon fields A,ﬂ are massless spin 1 gauge bosons. Being vector
fields they carry a Lorentz index (u = 0,...,3) in addition to their color index (I = 1,...,8).
Using the usual summation convention for Lorentz indices and the Dirac slash notatiorEI the

gauge-invariant Lagrangian density of QCD has the fornﬂ

Laco =D DD aw (ills — mad6as)gs” — § tre{ Fu '}
a i) op
(2.1)
= cha (i) — ma)q® — & tre{ Flu, F* }
a

where § = ¢'7° and tr. denotes a trace in color space. The second line shows the usual abbrevi-
ated form in which color and Dirac indices (and sums over them) are implicit. In perturbative
QCD the Lagrangian is usually supplemented with a gauge fixing and (using the wording of [14])
a gauge compensating term in order to remove unphysical degrees of freedom (see the brief
discussion below). In eq. the gluon fields are hidden within the covariant derivative

D, =0, +igA, , (2.2)
and the gluon field strength tensor

Fl = 0,A, — 0,4, +ig[A,, A)] = —~[D,,D,] , (2.3)

7
g
where ¢ is the strong coupling constant, and A, is a 3 x 3 matrix containing the gluon fields:
A, =3, Alt!. The t! are the eight generators of SU(3) related to the Gell-Mann matrices given
in appendix by t! = A /2. They obey the commutation relation

(e =iy R (2.4)
K

which determines the associated structure constants f1/% (see also eq. (A.7)).
One can easily verify that the Lagrangian (2.1)) is invariant under the local gauge transfor-

mation in color space

q(z) = U(z)q(z) , (2.5a)

A (2) = Ua) A (@)U () + é(@uU(z))UT(a:) , (2.5b)

with U(xz) = exp (i }_; 60/ (z)t!). To be able to use standard diagrammatic methods (based on
the path integral quantization) for the perturbative calculation of loop corrections, one has to
remove unphysical degrees of freedom corresponding to gauge-copies of the same physical field
configuration (otherwise one cannot write down a gluon propagator). This can be achieved by
fixing a gauge with the Faddeev—Popov method [41], where one adds a gauge fixing term and

a gauge compensating term to the Lagrangian. The latter contains the ghost fields and does

1¢ = auy*, where v# are Dirac matrices; cf. appendix
2The QCD Lagrangian and the discussion of its symmetries are part of nearly every quantum field theory
textbook. See, e.g., refs. [14} [39] [40].
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only affect non-Abelian theories, since it decouples from the theory in the Abelian case. In the
modified Lagrangian gauge invariance is superseded by BRST invariance [42] 43]. Anticipating
that our subsequent discussions are not affected by the peculiarities of gauge fixing, we con-
tent ourselves with two concluding remarks on the issue: first, gauge invariant operators are
automatically BRST invariant (see, e.g., ref. [14]), and, second, gauge fixing is not necessary in
nonperturbative lattice QCD as long as one restricts oneself to the calculation of gauge invariant
quantities.

As most relativistic quantum field theories, QCD contains ultraviolet divergences, which have
to be made well-defined by the choice of a regulator. In lattice QCD, e.g., the finite lattice spacing
itself is the regulator, since it acts as a momentum cutoff. Within perturbative QCD one usually
uses dimensional regularization [44]E| since it preserves all relevant symmetries throughout the
calculation. After the regularization one uses the freedom to rescale the field variables and the
parameters of the theory in such a way that all divergences are canceled. This procedure is
known as renormalization. The condition that the divergences have to cancel, however, does not
completely fix the finite numerical values of intermediate results. This ambiguity can be overcome
by the definition of a so-called subtraction scheme, where the modified minimal subtraction (MS)
scheme [46] is without doubt the most popular choice in perturbative QCD. The definition of a
subtraction scheme necessarily involves the introduction of an unphysical scale, whose meaning
is directly clear for a cutoff regularization, where it corresponds to the choice of a specific cutoff,
but is less intuitive for dimensional regularization (see, e.g., ref. [44]). It should be noted that
the exact results for physical observables (say, e.g., a DVCS cross section) have to be scheme and
scale independent, while the field theoretical ingredients (in case of DVCS: generalized parton
distributions and the hard scattering kernel) are not. In practice, however, it has been shown
(cf., e.g., ref. [14]) that the perturbative expansion yields the most precise results if one chooses
the renormalization scale in the vicinity of the (large) scale of the process (the virtuality of the
exchanged photon in case of DVCS; see, e.g., ref. [18]). A more technical description of the
regularization and renormalization procedure will be given in section [2.1.5] where we will discuss
its application to chiral perturbation theory.

The Lagrangian is (individually) invariant under time reversal (7), charge conjuga-
tion (C) and parity (P) transformation. Actually this is not a fundamental condition from the
theory side, and the possible occurrence of the so-called theta term (a product of the gluon field
strength tensor and its dual o FWFW = F,,e"P?F,,) has been explored in the literature. It
would be a suitable source for strong CP violation, since it breaks the symmetries under time
reversal and space inversion. However, the experimental upper bounds on this term from mea-
surements of the neutron dipole moment are so strict (see, e.g., ref. [47]) that it can be safely

ignored in most calculations.

3A didactically valuable presentation of dimensional regularization applied to classical electrostatics can be
found in ref. [45].
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Table 2.1: The table shows the electric charge (in units of the positive elementary charge e)
and the quark masses obtained from fits to experimental data taken from ref. [48]. The light
quark masses of u, d and s quarks are given at the MS scale = 2 GeV. The masses of the
heavy quarks are given at the MS scale which equals their own mass. Note that these masses are
strongly scheme and scale dependent. E.g., the top mass obtained from a pole-mass definition
yields a value that lies roughly 13 GeV higher.

~ 0.25 —— — S
q mass charge = I —&— CMS A, ratio —O— HERA
S R —#— CMS ti prod. —— LeP
2.310.7 VeV 2 0.20 —A— CMSincl. jet —h— PETRA ]
B 05 ¢ T3¢ —— CMS3-jetmass —Y— SPS |
d 48t8§ MeV —%e —O— Tevatron |
0.15} .
c 1275 + 25 MeV +3e
s 95 + 5 MeV —3e
0.10} .
+5 2
t 16075 GeV t+3e as(Mz) = 0.1171+£33375 (3-jet mass)
b 4.18 £ 0.03 GeV —%e 0.05 |- B os(Mz) = 0.1185 4+ 0.0006 (World average)
10 100 1000
Q[GeV]
Figure 2.1: The picture shows the running of the strong coupling a, = 2° in the perturbative
g p g g pling i p

regime. Here @) corresponds to the MS scale. This figure has been taken from ref. [49].

Pure QCD has seven free parameters that have to be specified and are determined from
experiment: the 6 quark masses and the coupling constant given in table and figure

respectively. One immediately notices the strong hierarchy in the quark masses
my S mg K ms < Agep K Apad. < me < mp K my (2.6)

where Aqcp &~ 200 MeV is the typical scale of nonperturbative effects in QCD (to be more
specific: it corresponds to the scale where the perturbatively calculated running of the coupling
shown in figure would diverge) and Apaq. & 1 GeV is the scale of the lowest-lying nonpseu-
doscalar hadrons. Since m,, mq and ms have values below the relevant scales of QCD, we may
consider them as approximately massless (i.e., we start without masses and introduce them as
a small perturbation later on). A reexamination of the fermionic term in the QCD Lagrangian

density,

D a (i —ma)g =Y (a1iPaf + aRiPa — m ahat — mqtaf) | (2.7)
a

a

shows that quarks of different chiralities, q;,r = v1/rq = %(]1 F v5)q, are coupled by the mass
term only. This enables us to perform symmetry transformations individually on left- and right-

handed quarks, such that the QCD Lagrangian is approximately symmetric under global

SU(ns)r @ SU(ng)r @ U(1)L @ U(D)g , (2.8)

10
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transformations, where ny is the number of light quarks equal to three or two, depending on
whether one treats the strange quark as light or notE| On a classical level, these symmetries

correspond to the conservation of the currents

P _ ; . _ q"

It Ry = QWYL/RO' Qs Jr/rp = QpyL/rRle, g = (qd> , fornp=2, (2.9a)
qu

Jirp = QWYL/RNG s drjrp = @pvrle, = [qt| . forny =3,  (2.9b)
qS

by virtue of the Noether theorem [51]. o° and ! are Pauli and Gell-Mann matrices acting on
flavor space, and the superscript ¢ can take values between 1 and nfc — 1. These currents can be

combined to the usual vector and axialvector currents:

Vi = Jhu +Jbg AL =GRy = (2.10a)
Vi=Jru+JLu, AM = JRu — JLu - (2-10]3)

It is already clear that, apart from the U(1)y case, these currents can only be partially conserved:
in the presence of degenerate light quark masses the Lagrangian (2.7) is only invariant under
vectorial symmetry transformations. If the masses of the light quarks differ from each other also
the SU(ny)y symmetry is broken explicitly. However, the predominant reason for the breaking
of the axial symmetries lies elsewhere. U(1) 4 is broken due to the axial anomaly [52], which gives
rise to the coupling of 7° (the physical states  and i’ are mixtures of n° and 1®) to two gluons and
yields a nonvanishing mass of n° in the chiral limit (i.e., the limit of vanishing quark masses). In
pure QCD without other standard model interactions the currents AL do not exhibit an anomaly.
But, as is well known, the continuity equations for A4,,, AZ and Ai are broken anomalously due
to QED effects which opens the electromagnetic decay channels 7%, 7,1’ — ~v. Historically, the
7% — ~v decay was the first measurement of the axial anomaly. It has a branching fraction
of > 98% leading to a rapid decay of the 7 (compare the mean lifetime 7(7%) = 8.4 x 10717 s
versus the mean lifetime of the charged pions 7(7%) = 2.6 x 1078 s due to weak decays; cf.
ref. [48]).

Neglecting the explicit breaking of the symmetries for a moment, we find conserved charges
for the symmetries which are not broken anomalously in QCD: 9,,j# = 0, where j can be V', A’
and V from eq. . Using a simple quantum mechanical argument (see, e.g., ref. [53]) one
can show that this leads to the occurrence of hadron multiplets with degenerate mass: being
conserved, the currents commute with the QCD Hamiltonian, [Hqcp, Q] = 0, such that one finds

for any hadronic state |h) at zero three-momentum and with mass my,

Hqgcep|h) = my|h) = Hqcep(Qlh)) = QHgeplh) = muQlh) (2.11)

ie., |h') = Q|h) has the same mass as |h). For the vectorial currents h’ has the same parity

and lies in the same isospin/flavor multiplet as h. In particular for the ny = 2 case the mass

4Yet another symmetry of a massless QCD Lagrangian is conformal symmetry. It is broken by quantum
effects and we will not discuss it in detail here. See, e.g., ref. [50] for a review.
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degeneracy is realized almost exactly for the isospin multiplets in the hadron spectrum. Re-
calling the mass differences within the baryon octet (up to mz — my & 377 MeV; cf. [48]) one
immediately sees that this is not the case for ny = 3. This can be attributed to the rather
large explicit symmetry breaking due to the strange quark mass. For the axialvector currents h’
has inverse parity compared to h, which means that each hadron should have a parity partner
of similar mass. This is not the case at all. Even for ny = 2 the mass difference between a
nucleon and its (lowest-lying) parity partner is my~ —mpy ~ 597 MeV (cf. [48]). The way out of
this dilemma is the interpretation of |h') as a threshold state |hr) with a massless pseudoscalar
hadron 7. The necessary massless bosons are provided by a well-known mechanism: according to
the Nambu—Goldstone theorem [54] [55], N massless bosons (so-called Goldstone bosons (GBs))
occur when a global symmetry created from N generators (in our case N = n?c — 1) is broken
spontaneously, which means that the Lagrangian is invariant under symmetry transformations,
while the ground state is not (a detailed description is given in section . In QCD the
symmetry is, in addition, broken explicitly due to nonzero quark masses which provides also the
GBs with a mass, and allows us to identify them with the three pions (in case of ny = 2) or the
pseudoscalar meson octet (if ny = 3) in the experimentally measured hadron spectrum.

We can summarize that symmetries in QCD are broken in manifold ways: U(1),4 is broken
anomalously and explicitly, SU(ns)r, ® SU(ns)r is broken spontaneously to SU(nf)VE which in
turn is broken explicitly. The only global symmetry of those stated above that stays completely

intact is U(1)y, which guarantees exact baryon number conservation.

2.1.2 Spontaneous breaking of the chiral symmetry

Spontaneous symmetry breaking (SSB) is by no means a phenomenon limited to quantum field
theories. It can be encountered in nearly every branch of physics. A simple example from classical
mechanics is a particle of mass m sliding (without friction) along a ring (with radius R) that
rotates around its vertical axis in a gravitational field with angular velocity w (cf. refs. [57), 58]
and figure[2.2(a)]). After implementing the constraints the Lagrangian function of such a system
reads

1 .

L= 5mR2 (6% + w?sin®(0)) + mgRcos(0) , (2.12)
where the symmetry under the parity transformation of the angle § — —6 is evident. Using the
Euler-Lagrange equations of motion one finds static solutions if

. g
0 = sin(6) (cos(0) ~ =) - 2.13
sin(6) (cos(®) ~ =2 (213)
For w? < £ there is only one stable equilibrium position at # = 0. However, for larger angular

velocities (w? > 4) the solution at # = 0 becomes unstable and two ground-state solutions

g
Rw?

symmetric under the parity transformation mentioned above, which means that the symmetry

at 0 = :l:arccos( ) occur. In contrast to the Lagrangian, the latter ground states are not

is broken spontaneously.

5Tn ref. [56] it is shown, that a spontaneous breaking of the vectorlike global symmetries is not possible in

QCD.
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$1

(b)

Figure 2.2: Subﬁgure@ shows the setup for a massive particle that slides frictionlessly along
a hoop rotating around its vertical axis in a gravitational field. This is a simple example from
mechanics of a system that exhibits SSB of a discrete symmetry. Subfigure is a plot of the
so-called Mexican hat potential V' used in eq. (2.14), which is the prime example for a potential
that leads to SSB.

The situation described in the last paragraph is an example for the breaking of a discrete
symmetry. In the continuous case one has to differentiate between global symmetries and local
gauge symmetries. As already mentioned in the last section in the context of chiral symmetry
breaking, the spontaneous breaking of a global symmetry leads to the occurrence of a massless
boson for each broken generator. Another typical example for SSB of a global symmetry are
ferromagnets (below the Curie temperature), where the alignment of the spins in the ground
state breaks rotational invarianceﬂ As pointed out by Higgs [60} 61], the spontaneous breaking
of a gauge symmetry does not necessarily lead to massless bosons. Instead, the affected gauge
bosons acquire a mass and a longitudinal degree of freedom.

Let us illustrate the spontaneous breaking of a continuous global symmetry using a complex
boson field (this example dates back to Goldstone himself [54]). Consider the Lagrangian density

2

1 . . 1 . o Ao, .
£ = 5@0u")d"0 = V(g"0) = 5(0u)0" 0 + F0"0 = T(@"0) . (214)

where ¢ = @1 + ipo, with real-valued fields ¢1 and @o. Obviously, £ is invariant under phase
transformations ¢ — e¢*®p. The parameter A\ has to be positive in order to have a lower bound
for the potential. If 2 < 0 the potential has a unique minimum at |¢| = 0. For u3 > 0, however,
the potential has a minimum at x, where |x| = p0/v/\, while the phase is undetermined, which
yields an infinite set of possible vacua as illustrated in figure The choice of a specific
phase for the vacuum destroys (or hides) the symmetry. We can expand the Lagrangian

around the vacuum using the new variable ¢’ = ¢ — x. For real and positive x the result reads

1 1 " Ao "
£ = 5 ((9uph)d"eh — 2u507) + 5 (0up2) "0 = Moxphe™ " = £ (¢ ¢ —x", (2.15)

6 Actually, in the ferromagnet only one Goldstone boson occurs, instead of the two one would expect naively.
Such a reduction of GBs in the spectrum can happen in Lorentz-noninvariant systems, if two Goldstone boson
modes occur as canonically conjugate pair that corresponds to one joint degree of freedom (see ref. [59]).
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where the absence of the mass term for ¢} identifies it as the Goldstone boson.

Finding the correct low-energy description of QCD is a much less trivial task: since the SSB
occurs dynamically on the level of the hadrons, it is an entirely nonperturbative effect, which
means that (in contrast to the example above) we do not have direct access to the potential that
governs the symmetry breakdown. However, already the knowledge of the underlying group the-
oretical structure, i.e., SU(ny)gr ® SU(ns)r — SU(ns)v in case of QCD, enables us to derive the
transformation properties of the Goldstone bosons by group theoretical means. Our description
of this procedure follows the derivations given in refs. [62H64] (cf. also [35]). For fundamental
group theory definitions the reader may consult ref. [65].

Let ® € P be a field containing the Goldstone bosons, where P is the set of all possible field
configurations. We omit the dependence on the spacetime position, since it is not relevant for
our discussion (see ref. [64] for details). The operation of the group G on P is given by the
mapping

f:GxP—=P, (9,0)— 9, (2.16)

where the identity 1 € G has to map each field configuration onto itself, and consecutive action
of group elements has to fulfill the group homomorphism property (2.17b)). Additionally, we

require that all field configurations are connected by symmetry transformations. Hence, we have

f(1,2) =2, (2.17a)
flg1, f(g2, @) = f(g1092,9), (2.17D)
VO, &' e P, dge G : f(g,9) =9 . (2.17¢)

The goal of this paragraph is the determination of f. Using the properties of the mapping f one
can check explicitly that the set H of group elements under whose action the ground state (i.e.,

the orgin of P at ® = 0) remains unaffected,

H={geG| f(g,0)=0}, (2.18)
forms a subgroup of G, which is sometimes called the stability group of the origin [66]. Looking

at the definition of H, it is clear that it corresponds to the (largest possible) subgroup of G which

is not broken spontaneously. Next, we define
Crr={gH | geG}, (2.19)

which is the set of all left cosets gH = {goh | h € H}. For all elements of a left coset f maps the
origin onto the same field configuration, which can be easily verified using eq. (2.17bf). Hence, f

induces a mapping f of the set of left cosets onto the space of Goldstone boson fields:

fi:Cy—P, JgH)~ f(9,0) . (2.20)

This mapping is isomorphic: its surjectivity follows directly from eq. (2.17c)), while its injectivity
can be proven by showing that for all g,¢’ € G it holds f(g,0) = f(¢’,0) = ¢’ € gH:

0=f(1,0)=f(g7 0g,0)=f(g~", f(9,0)) = flg", f(g,0)) = f(g" ' 2 g,0),

1 (2.21)

=g 'logdeH =g ecgH.
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Therefore, each field configuration ® = f(re,0) corresponds to a left coset r¢ H, where one may
choose a convenient representative rg for each left coset. The inherent beauty of this relation
is that it allows us to determine the operation of the symmetry group on the Goldstone boson
fields (described by f) from the action of the corresponding group elements g on the left coset
roH, which is simply gorgH. The situation can be visualized by the commutative diagram [64]

f
P @/

Fl2 Fle (2.22)

roH rpH =goreH .

Thus, the transformation properties of the Goldstone bosons are uniquely determined by the
geometry up to reparametrizations of G/H

After the discussion of the underlying group theory, we may now move on to its practical
application in (massless) QCD, where the chiral symmetry group is broken spontaneously to its

vectorial subgroup:

G =SU(ns)L ®SU(ns)r = {(L,R) | L,R € SU(ny)} , (2.23a)
H=SU(ng)v ={(V,V) |V €SU(nys)} . (2.23b)
We can now choose a representative r¢ for go H, with go = (Le, Re) € G, that is characterized
by a unique matrix Us € SU(ny) [64]:
goH = (Lg, Ry)H = (Lg, Ry LL Lo)H = (1, Ry L) o (L, Ly)H

= (1,ReLE)H = (1,Ug)H | (2.24)

i.e., we choose the representative always in such a way that the first component is the identity.
This choice is particularly convenient, since it leads to a simple transformation behavior of the

representative matrixﬂ
(I)/ = ’)"q;./H = (]l, qu)H
= goreH = (L,R) o (1,Us)H = (L, RUsL'L)H = (1, RU L H , (2.25)
= Up = RUL" .
Hence, we can represent the Goldstone pseudoscalars by a SU(ny) matrix U (we will drop the
index from now on) with simple transformation properties and the remaining freedom amounts
to the choice of a parametrization for SU(ny) matrices. A widespread and (for most purposes)
convenient choice are canonical coordinates
P = 2?21 Pt forny =2,

U=e¢'% | with =t
O=>%" ¢\, forny=3,

(2.26)

"Fixing the second component to be the identity and using the first one as the representative would be
similarly convenient, and would lead to the transformation Ugs = LUg R, which is also found in the literature.
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where o/ and A correspond to Pauli and Gell-Mann matrices, respectively, and F is the pion
decay constant in the chiral limit [67]. The ¢' are real-valued such that ® is Hermitian (& = ®).

The components of ® can be identified with the pseudoscalar mesonsﬁ

L0 7wt
d=+2[V2 L o] forng=2, (2.27a)
T a7
b =2 T —%’NO + %77 K° , forny =3, (2.27b)
- =0 2

which corresponds to the convention where Fp = Fy + O(m2,mj,m>) =~ 92 MeV. After the
choice of a parametrization, eq. fixes the transformation properties of the Goldstone
bosons. For all parametrizations that map the origin (® = 0) onto the identity one finds that
the pseudoscalar fields transform particularly simple under chiral rotations along the unbroken
vectorial subgroup: ® = V®VT. For general chiral rotations the transformation law is non-
linear (one therefore speaks of a nonlinear realization of chiral symmetry, cf. refs. [66, [68]) and
depends on the explicit choice of parametrization. Note that the seeming ambiguity due to the
free choice of a parametrization is not a problem, since all possible realizations of the symmetry

are equivalent [68].

2.1.3 Meson chiral perturbation theory

In the last section we have derived the general form of the Goldstone boson fields occurring
in an effective theory of QCD. They can be represented by a unique SU(n;) matrix U, which
has a definite transformation behavior under chiral rotations (see eq. ) At low energies
E < Ap.q. the heavier particles in the hadron spectrum decouple from the theory, i.e., they
can be integrated out, see, e.g., ref. [69]. Hence, an effective Lagrangian for massless QCD
can only consist of combinations of the field U and derivatives, that are invariant under both
Lorentz transformations and chiral rotations. Unfortunately, there are infinitely many possible
contributions and an arbitrary choice of terms would automatically lead to a model dependence.
The solution to this problem is chiral perturbation theory, which is based on the observation
that every occurrence of a derivative in a vertex leads to a suppression by a factor p o< E/Apad..
Therefore, we can arrange the terms in the effective Lagrangian according to their order in p

denoted by the superscript in parentheses:
Lo =LY+ +20 4. . (2.28)

The series contains only even powers of p due to Lorentz invariance, and starts at 2, since the
only zeroth order term tr {U tU } = ny is an irrelevant constant. However, this approach would
be pointless if one would have to evaluate an infinite number of Feynman loop diagrams in order

to obtain a result to a desired accuracy, say p”. That this is not the case is guaranteed by the

80ne should note that this identification fixes the phase conventions.
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Weinberg power counting theorem [38], which provides the order D of a Feynman diagram in

terms of the number of loops Ny, and the number of vertices N ](\;) from Cg\z):

D=(d-2)N,+2+> (n—2)Ny} (2.29)

where we are usually interested in the case with spacetime dimension d = 4. Using dimensional
regularization the respective diagram is suppressed by a factor p”. Thus, for any given order
pP the number of loops in the contributing Feynman diagrams is limited to Ny < % — 1. The
lowest order part of the effective Lagrangian is rather simple. In the massless case it consists of

one term only:

) = FTOZtr{(@#UT)a“U} , (2.30)

me=0
where the coefficient is (by convention) chosen in such a way that (after expanding the exponential
U) the prefactor of the kinetic term for the mesons is independent of the decay constant. As
argued in ref. [70], 4w Fy ~ 1 GeV plays the role of the chiral symmetry breaking scale Apaq..
One can show that all other possible contributions of lowest order are either equivalent or vanish

by using the identities

0= 0,0UT+U@©0,U" = (0,UNU +U(0,U) , (2.31a)
0=tr {(9,U)U"} =tr {(8,UNU} . (2.31b)

As expected, Eg&l) ‘mq:o does not contain a mass term for the pseudoscalar fields.

So far we have only considered the chiral limit, where the quarks are massless. However,
in the real world, chiral symmetry is broken explicitly due to finite quark masses. In order to
implement the explicit breaking systematically into the low-energy theory, we apply the source
field formalism developed in refs. [67) [71]: in this formalism one implements the coupling of
massless QCD to external (color-singlet) vector, axialvector, scalar and pseudoscalar background
fields by adding the appropriate source term

Lsvu, au, 8,0] = @Y v, + Y v50,)q — G(s — ivsp)gq (2:32)

= qrY"(vu + au)qr + @Y (v — ap)qr — qr(s +ip)ar — qr(s — ip)qr -

to the Lagrangian of massless QCD. The external fields are Hermitian matrices in flavor space.
Disregarding the anomalous breaking described in section [2.1.1} which would yield corrections

starting from O(p*) [71], the full theory is invariant under local chiral rotations
qr(z) = R(x)qr(z) , qr(x) = L(z)qr(z) , where R(z),L(z) € U(ny) , (2.33)

if the external fields transform as follows:

(v, +au) — R(v, +a,)RY +iRO,RT (2.34a)
(v, — au) — L(v, —a,) LT +4iLd, LT, (2.34b)
(s +ip) — R(s +ip)Lt . (2.34¢)
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The last term in the transformation law for the right- and left-handed vector fields (r, = v, +a,
and [, = v, — a,) allows us to interpret the vectorial part of the source term as the second half
of a covariant derivative, and is therefore responsible for the upgrade of the global symmetry (in
pure QCD) to a local gauge symmetry (in the full theory). Obviously, one can restore massless
QCD by setting all external fields to zero. However, the beauty of the formalism lies in the fact
that one can evaluate nontrivial background field configurations. In particular, we obtain the
case we are interested in (massive QCD), by setting v,,, a,, and p to zero, and the scalar field to
its nonvanishing vacuum expectation value s = M, where M is the diagonal quark mass matrix.
Actually, M is diagonal, because we define the quark fields to be the mass eigenstates of the
theory.

To introduce the explicit chiral symmetry breaking also in the low-energy theory, we simply
have to add all possible scalar source terms to the theory. By setting them to the correct
vacuum expectation value the quark masses are taken into account systematically. The two

possible structures of lowest order including scalar and pseudoscalar source terms are
tr {(s +ip)U' £ (s +ip)U} . (2.35)

They have positive/negative parity (under parity transformation s — s, p — —p and U « Ut
together with an inversion of the position in space; see also section and, therefore, only the
“4+” combination is relevant for the leading Lagrangian density. In the limit s = M and p =0
the latter reads

2 2
£ = % tr {9,UT0"U} + % tr {M(U +U")} , (2.36)

where By is the so-called condensate parameter in the chiral limit. The additional term provides
the pseudoscalar Goldstone bosons with a mass, thereby promoting them to pseudo Goldstone
bosons. Since the mass enters the propagator at the same level as the momentum, it turns out
to be convenient to count the quark mass matrix (or rather scalar and pseudoscalar external
fields) as order p? in the ChPT bookkeeping, which explains why we have added the lowest order
source term to £S\?. With this choice also the hierarchical order in the EFT Lagrangian
and the power counting formula hold unchanged. The higher order Lagrangians of the
meson sector are not relevant for the projects presented in this work. We refer the reader to
refs. [67], [71] for more details. A review of state of the art calculations in the mesonic sector at
two-loop order (i.e., O(p®)) can be found in ref. [72].

To conclude this section, let us emphasize that the effective field theory we have constructed
is Lorentz-covariant. Hence, the requirement for low energies of the external particles only has to
be fulfilled in one freely choosable frame, and one can boost the result to any frame of interest,
which means that ChPT is actually applicable to a much larger set of problems than one might
think at first sight.

2.1.4 Baryon chiral perturbation theory

So far we have only considered a low-energy theory of QCD that was limited to the dynamics

1

Jr
5 ground-

of the pseudo Goldstone bosons. This section is dedicated to the inclusion of J¥ =
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state baryons. We restrict ourselves to the cases where one baryon occurs in the initial and
one in the final state. The main obstacle connected to the description of baryons within the
low-energy theory is their nonzero mass in the chiral limit, which introduces an additional large
scale mg ~ Apaq. into the theory. Therefore, only the baryon three-momentum can be required
to be small (of order p! in the ChPT counting scheme), while its energy is large (order pY). In
particular in loop diagrams containing both baryonic and mesonic propagators, the additional
scale leads to problems with the usual power counting, whose solution will be addressed in
section 2.1.5] One usually works in a quenched approximation, i.e., closed baryonic loops are
neglectedﬂ anticipating that they can be integrated out, and that their effect is parametrized by
low-energy constants (LECs) without loss of generality.

The baryons are built from three valence quarks and should, therefore, be classified into
flavor multiplets that transform under the following irreducible representations of the vectorial
subgroup

29202=20204, for ny =2 , (2.37a)
333=10808d10, forny=3. (2.37b)

Since the vectorial subgroup is only broken explicitly due to quark mass differences, the baryons
within one multiplet are mass-degenerate, as long as the masses of the light quarks are equal.
The totally antisymmetric flavor structure (corresponding to 1) cannot occur in ground-state
baryons (i.e., baryons with a symmetric spatial wave function), since this would require a totally
antisymmetric spin wave function. The latter is simply impossible for the same reason for which
no singlet flavor structure occurs in the two-flavor case: one cannot form a structure that is
totally antisymmetric in three indices, if one has only two possible values for the indices to choose
from. The four- and ten-dimensional representations lead to totally symmetric flavor multiplets
corresponding to the Delta baryons and the full baryon decuplet, respectively, which have spin %
Of the two remaining two-dimensional (eight-dimensional) multiplets one has a mixed-symmetric
and one a mixed-antisymmetric flavor structure, i.e., they are symmetric/antisymmetric under
exchange of the flavors of the first and the second quark. However, under exchange of the
third quark with one of the others, the two multiplets do mix with each other, such that only
one doublet (octet) occurs in the hadron spectrum. In ChPT, the spin % baryons are usually
represented by the nucleon doublet (in case of ny = 2) or by a traceless 3 x 3 matrix which

contains the octet (in case of ny = 3) [74]:

np=2: \1/=<p> , (2.38a)

n
1y0_ 1 +
\/52 +\/6A b)) P
ng=3: B= - ~ 520+ EA n =Kpp+Kan+...,  (2.38b)
c =0 — %A
6

9Note, that this does not at all mean that the resulting theory is a description of quenched QCD (for such a
variety of ChPT see, e.g., ref. [73]). We simply refer to the methodical similarity of neglecting closed fermionic
loops.
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[1]

~T_
Figure 2.3: Illustration of our phase conventions. The A baryon is not shown since one needs a
linear combination for the construction of its wave function, cf. eq. . The blue arrows will
be relevant in chapter [dl They indicate the cases where one has to apply a Fierz transformation
(see ref. [T0]) to relate the distribution amplitudes at the symmetric point. An explicit calculation
shows that this always yields an additional minus sign that has to be taken into account in order

to reproduce eq. (4.73)) and eq. (4.74). This figure is taken from our work [75] and was created
by M. Gruber.

where the second line defines the matrices k. The choice of phases (or rather the absence of
them) in these definitions fixes our phase conventions to a large extent (cf. also our article [75]).
To see this, consider the isospin (7_), u-spin (U_) and v-spin (V_) lowering operators, which
are defined via their action on specific quark flavors: T_u = d, U.d =s, V_u = s and zero
otherwise. If one identifies the flavors u, d and s with the first, second and third unit vector in a

three-dimensional space, respectively, the matrix representations of the lowering operators read

U_ = (2.39)

&

Il
o = O
o O O
o O O
o O O
= O O
o O O

~

Il
— o O
o O O
o O O

We now identify each baryon B with the associated 3 x 3 matrix kg and we further define the
action of the lowering operators T . U_ and V_ on the octet by the usual expressions for the

adjoint representation without any additional phase factors:

T,HB = [T,,KJB] 5 U,I'iB = [U,,KB] 5 V,KB = [V,,KB] . (240)

The above choices specify our phase conventions. Starting from the proton state, the complete
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octet can be constructed by applying the following transformations as illustrated in figure [2.3f"|

T_Ip) = In) ~V_U_-|p) = 2% , TV U lp) =1E7), (2.41a)
~U-|p) = |£7), ST-U-|p) = =) , TTU-|p)=[57),  (241b)
(Vo +U-1)Ip) = [A). (2.41c)

Starting from the mixed-symmetric and mixed-antisymmetric flavor wave functions for the proton

defined as

1 1
— — (|udu) — |duu)) , 2.42
7 ) — ) . (242)
the wave functions of the octet can now be constructed by applying the transformations in (2.41));

cf. tables [4.5] and [£.6] on page
As explained above, the behavior of the spin % baryon fields under vectorial transformations is

IMS,p) = —= (2luud) — Judu) — |duw)) . [MA,p) =

fixed. However, the transformation law for nonvectorial chiral rotations can be chosen freely, and
one may even choose different transformation properties for the baryons of opposed handedness.

For an arbitrary chiral rotation g = (L, R) the most general transformation law reads

U, — Ki(9)¥ , Ki(g) € SU(2) } Ki(g) =K:(9) =V, (2.43)

Up— K. (9)Vr, K,.(g9) € SU(2) for g=(V,V), Ve SU(2),

for two light flavors, and

Br, — Ku(9)BL K}, (9) , Kulg) € SU(3) } Ky (9) = Ko (9) = Ki,(9) = Kor(g) =V,
B — K1,.(9)BrK3 (9) , Kir(9) €SU3) | for g=(V,V), V € SU@3), (2.44)

in the three-flavor case. I.e., there are many possible realizations of chiral symmetry for baryonic
fields. However, all of them are equivalent to each other, since one can switch from one to another
by field redefinitions (see refs. [74} [77] for detailed explanations). Obviously, one will make use of
this freedom and select the most convenient one. We choose the realization which is commonly
used in contemporary BChPT applications, since it combines two advantageous properties: its
definition is parity invariant and only derivative couplings to Goldstone boson fields occur. To
this end, let us define a new matrix-valued field u = exp{iq) / (2F0)}7 which contains the GBs

and fulfills u? = U. This fixes the transformation properties under chiral rotations to
u—u = RuK'" = KuL' | (2.45)

in order to reproduce the transformation properties of the original field U. That the compensator
field K = (/) 'Ru = (RuZLT)_%Ru is slightly unhandy does not have to bother us, since its
explicit form will not be needed. However, one immediately notices that K is a local transfor-
mation and, accordingly, we will have to define a suitable covariant derivative (see below). One
can convince oneself that K meets the conditions stated above (see eqs. and (2.44)) for
the case g = (L, R) = (V,V):

U =u? - KuL'RuK' = KuViVuk" = KUKt 2 vUV! | (2.46)

10These phase conventions have been worked out in collaboration with M. Gruber.
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Hence, we can choose the baryon fields to transform as ¥ — KW and B — KBK', where we
do not make use of the possibility to discriminate transformation properties for left- and right-
handed fields. Suitable chiral building blocks for the mesonic and source fields (transforming as
X — KXK') read

Uy = i(uTauu = uaﬂuT) , (2.47)
Yt =ulyul £uxfu, (2.48)

where xy = s + ip — 2By M implements explicit chiral symmetry breaking without additional
external fields (cf. explanation in section [2.1.3). Sometimes w,, is called the chiral vielbein. The
covariant derivative is defined as
D,V =(0,+T,)¥, (2.49a)
D, X =3,X +[[,,X], with X € {B, B,u,,x*} , (2.49b)

where the chiral connection I', has to transform under chiral rotations as
T, — KT,K'+ K(0,K"), (2.50)

in order to obtain a similar behavior for the covariant derivatives as for the fields themselves.
Having introduced the local transformation behavior by hand, it is clear that the chiral connection

does not correspond to a new gauge field. Instead, it is composed of Goldstone boson ﬁeldﬂ

r,= (uT(’?#u + uB#uT) . (2.51)

N | =

As already discussed at the beginning of this section, the baryon mass has to be counted
as zeroth order in the chiral counting scheme and, correspondingly, four-derivatives acting on
baryonic fields are not suppressed. However, the free equation of motion is fulfilled exactly in the
chiral limit and the interaction terms are of first chiral order. Hence, the combination i) — mq
has to be counted as O(p') and the expansion of the meson-baryon Lagrangian in ChPT starts

at first order:
Lap =L+ L0 +8+ ... (2.52)

In contrast to the mesonic sector the chiral order is not restricted to even values, since the occur-
rence of a four-vector does not automatically lead to a suppression by one order in p. Allowing
only for terms that are separately invariant under charge conjugation, parity transformation and

time reversa]E| the lowest order two-flavor meson-baryon Lagrangian reads [77, [7§]

1
Lilp

= \Il(le —mg + 97‘47“7511“)\1/ , (2.53)
nf:2

H1In the presence of external fields one would need additional terms, see, e.g., ref. [77].
121.e., one ignores contributions due to a theoretically possible (but experimentally unsupported) theta term.
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where g4 is the axial coupling constant in the chiral limit. The first order meson-baryon La-

grangian for three light quark flavors taken from ref. [79] reads:

_ _ D _ F -
55\14)3 =tr{Bil)B} —motr {BB} + > tr { By, vs{u", B}} + 3 tr { By, vs[u*, B} .
ny=3

(2.54)

This version differs from that of refs. [77, 80] by a minus sign in the terms containing the
low-energy constants D and F' in order to be consistent with the standard sign convention
ga =~ D + F > 0. For our calculation in chapter |§| we also need a term from the second order

two-flavor Lagrangian

EE\?B =catr{xT}OV+.... (2.55)
nf:2
For a full list of terms up to fourth order in two-flavor ChPT we refer the reader to ref. [81]. The
three-flavor Lagrangian up to third order is presented in ref. [82]. Since the Feynman diagrams in
BChPT also contain fermion propagators, one has to adjust the power counting formula, which
then reads [83]

D=(d—-2)Np+1+> (n 2N + > (n— )Ny} , (2.56)

where N ](\; ) and N J(\Z)B are the number of vertices from the meson and meson-baryon Lagrangian
of n-th order, respectively, and d is the spacetime dimension. As in the meson case, for each
order D the number of possible loops Ny, is limited. The problem is, that in loop diagrams
containing baryon propagators not all occurring scales are small such that a diagram of order
D is actually only suppressed by a factor m§p! o p! with k +1 = D. Tt is absolutely crucial
that one finds a way to eliminate the contributions which violate the power counting (those with
chiral order [ < D), since, otherwise, one would have to calculate an infinite number of Feynman
diagrams to reach an accuracy of p”. Possible solutions to this problem will be discussed in the

next section.

2.1.5 Regularization and renormalization

As almost all relativistic quantum field theories chiral perturbation theory contains ultraviolet
divergences in loop contributions that have to be taken care of. After making the results well-
defined by employing a suitable regulator (in perturbation theory, e.g., a fractional dimension or
a momentum cutoff), the divergences are canceled by fine-tuned counterterms that have to be
added to the Lagrangian in order to make the theory meaningful. As outlined in section [2.1.1]
QCD relies only on a finite number of counterterms which can be obtained by rescaling the field
variables and the parameters of the Lagrangian. Theories that require an infinite set of counter-
terms are called nonrenormalizable, which has the negative connotation of being nonpredictive
due to the unlimited number of free parameters. While this is a major problem for fundamental

field theories, the situation is different for effective field theories, where the cutoff has a physical
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meaning and marks the mass scale of the particles which have been integrated out: at any given
order in the power counting the effective theory can be renormalized with a finite number of
counterterms such that its predictive power persists. Actually, one does not have to add a single
structure to the ChPT Lagrangians, since they contain all possible terms from the beginning.
Still, the increasing number of parameters at higher orders is a generic feature of effective field
theories and, in practice (due to the limited amount of data), one has to restrict oneself to
a certain accuracy (in the perturbative series) to get a meaningful result. The terminological
problems which arise if one tries to apply the concept of renormalizablity to EFTs is apparent:
on one hand, ChPT is not renormalizable in the usual sense to all orders (i.e., one needs an
infinite number of counterterms), but, on the other hand, it is perfectly renormalizable order by
order in the chiral counting, which is all one needs.

Let us now get back to the power counting violation in BChPT stated at the end of sec-
tion Historically, the first solution to this problem was obtained by treating the baryons
as heavy, nonrelativistic particles. This approach is called heavy baryon ChPT (HBChPT) and
detailed discussions can be found, e.g., in refs. [84] [85]. However, as explained in ref. [86], this
approach has the deficiency that the corresponding perturbative series does not converge in the
whole low-energy region. In particular production thresholds in triangle diagrams are problem-
atic (cf. discussion in chapter . Another, slightly more elegant approach, which keeps Lorentz
invariance intact throughout the calculation, is based on the idea to treat the power counting
violating terms in a similar way as ultraviolet divergences: cancel them by the introduction of
suitable counterterms. While such a renormalization procedure is automatically well-defined for
the terms which violate the power counting, it leaves an ambiguity in the treatment of analytic
higher order contributions which forces us to choose a specific scheme. The most trivial ansatz
is a scheme which performs a minimal subtraction, known as modified infrared regularization
(IR, see ref. [87]), where one only removes the terms which violate the power counting and leaves
the remaining terms untouched. Another popular scheme on the market is the extended on
mass shell (EOMS) renormalization, see, e.g., refs. [88] [89]. The scheme we will use is infrared
regularizationﬁ (IR, proposed in ref. [86]), where one removes all terms from loop integrals of
fractional dimension that occur with integer chiral order. The advantage of the latter choice is
that it can be implemented directly in the loop integrals via a particularly simple prescription
(see below). Furthermore, it is defined in such a way that the power counting formula
also holds for noninteger spacetime dimensions d: i.e., a Feynman diagram that has (fractional)
order D according to eq. will only contain terms that are suppressed by pP**. where
k=0,1,2,..., but no integer powers of p. While the latter property is not a necessity, it is still

a nice feature.

B3Infrared regularization is sometimes also called infrared renormalization in the literature, which actually
describes the situation even better than the original name.
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In order to clarify which parts of the Feynman diagrams are subtracted in the IR scheme, we
will analyze arbitrary one-loop graphs following ref. [86]. Their general form reads

1 de Hi ... gHr
Z_/( ¢ _am-a (2.57)

2m)e aq - agby -+ by

where the a; and b; are the denominators of meson and nucleon propagators, respectively, and

are defined as
ai:mi—(q—Ki)Q—ie, bizmg—(q—Pi)Q—ie, (2.58)

the K; and P; being external momenta. Using Feynman parametrization (see, e.g., ref. [39])

1
1 F(a1+ —|—ak /du 6(1-3, uz)u({“ RERRE T
1°

et - T (wizr + - - + upzg ) Tt

, (2.59)
0
we can combine all mesonic and all baryonic propagators such that, after a shift in the integration
variable, the result can be written as a sum over integrals of the form
]_ ddq qﬂ'l e qﬂs
daudv — _—, 2.60
/ i / (2m)d  akbl (2.60)

where s < r. The integration over Feynman parameters is indicated by dU (and dV'), which rep-

resents the integration measure, the prefactor and the numerator stemming from the application

of eq. (2.59) to the meson (baryon) propagators. The denominator is given by
a=m?>—q* —ie, b=M?—(p—q)* —ie, (2.61)

where m = m(u), M = M(v) and p = p(u,v) are functions of the Feynman parameters, external
momenta and masses, with m being O(p'), while M and p are O(p®) in the chiral counting. For
the case Kk = 1 = 1 one simply has m = m, and M = myg. For the explicit calculation of the
nontrivial cases with three propagators, which will be needed in chapter [3] on generalized parton
distributions, see appendix The Feynman parameter integrals [ dUdV are not relevant
for the power counting discussion, and, therefore, we will ignore them for the rest of this section.
In an actual calculation one would perform them at the very end. Note, however, that already in
the seemingly simple cases involving three propagators (i.e., the triangle diagrams occurring in
chapter|3|) one has to evaluate these integrals numerically, since an analytic integration over these
Feynman parameters is not possible. Next, making use of Lorentz invariance, we can perform a

tensor decomposition such that every integral can be expressed in terms of scalar integrals

1 diq 1
Hyy=~- | —— - 2.62
k,l i / (27T)d akbl ( )

For an explicit tensor decomposition up to four open Lorentz indices see appendix[A:4.3] For the
calculation of Hj; we, again, use Feynman parametrization to combine the meson and baryon

parts of the denominator

1 dq 1
gh—1,1-1 9.
dz 2 / (27)4 (za + 2b)FH 7 (2.63)

=
Il
,1
)
+
O\H
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where Z = 1 — z. This integral can be split into the so-called infrared singular part I ; and the

regular part Ry, where Hy; = I ; + Rj,;. The infrared singular and regular parts are defined

as
_Dk+1) 7 k-1 11 1/ d’q 1
Tt = Ry / @220 | G Gat by (2.64)
0
1
T+ k—1_1-1 1/ d’q 1
Bt = pimrq) / =220 | @ Gat by (2.64b)

o0
which corresponds to the unique decomposition of the integral in parts of fractional and integer
chiral order for fractional spacetime dimension d (see ref. [86]). All terms that violate the power
counting are contained in R, which is real and analytic in the low-energy region. Note that also
the tensor decomposition mentioned above holds for both parts separately. To obtain the result
in the IR scheme one replaces Hy; by Ij; everywhere, which is equivalent to the cancelation of
Ry, by appropriate counterterms. Purely mesonic integrals already fulfill the power counting
exactly such that I o = Hy o, which implies that Ry o = 0. For integrals that contain baryonic
propagators exclusively the opposite is the case: Ip; = 0 and Ry; = Hp,, which is consistent
with the absence of baryonic loops (for more details see ref. [86]). In fact, one can obtain all

integrals from three basic integrals by using

1 0 1 0

et = =5 g 1t = = g o (2652)
1 0 1 0

Hgp11 = _IWH]C,Z = _TWWHk’l , (2.65b)

which holds similarly for I;; and Rj;. The infrared singular parts of these basic integrals
are given explicitly in appendix One should note, that the integrals over the Feynman
parameter z in diverge for d > 3. Therefore, one defines their value in the limit d — 4 as
the analytic continuation from d < 3. After a shift in the integration variable (¢ — ¢ + zp) one
finds for the basic integral

i 1 d’q 2\—2 1 T2- g) T d_o
Iia —/dz ;/ (271-)(1(A_q ) = 7/dzA ) (2.66)
0 0

where A = zm? + zM? — 2zp?> — ie. The latter equality follows from the master formula of

d-dimensional integration (see, e.g., ref. [39])@

1 [ d% 1 1 Tm=9%) .,
i/(2ﬂ)d(A—q2)"(4w)§ o (2.67)

In order to find the analytic continuation to d — 4, we follow ref. [86] and rewrite

1 0A
A:do-i-dl(Z—Zo)Q :d0+§(2’—20)$ R (2.68&)
2 Af2 42
do =m?* —ie —dy 23, dy =p?, 20 = % , (2.68b)

14One obtains I1,0 from this formula directly by setting A = m? — e and n = 1. Cf. eq. (A.27a).
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such that

1 ONF
AF doAk ! + %(2 - Zo) 97 (269)

where in our case k = % — 2. Integration by parts leads to

T 1
/ﬁzAh—%/ﬁzAkl L%@—¢0Aﬂ /ﬁzAk (2.70)
0
T R I
:ﬁ/d Lk+1( z@A]O+2k+l/dzA . (2.71)
0 0

The upper boundary of the surface term diverges for d > 3 but vanishes for d < 3. Hence, the
unique analytic continuation is given by the remaining parts (the lower boundary of the surface
term and the integral), since they yield the same result at d < 3 but, apart from the usual

singularities at integer values of d, converge for d < 5. Therefore,

1 re-4 1
L= ( 2)( 2

d—4 .
—ie)z 2 44 L/d A3 2.72
@nf T g—3-om i) 72+ 073 / : (2.72)

The explicit result is given in eq. (A.27d).

2.2 Symmetry properties of fields

In order to correctly model a microscopic operator, expressed in terms of quark and gluon fields,
within ChPT (in terms of hadrons), one has to make use of its symmetry properties. In addition
to the symmetry properties under chiral rotations, which were discussed in the previous sections,
also the transformation under discrete symmetries (parity, charge conjugation and time reversal)
have to be reproduced. For convenient reference, this section reviews the properties under
discrete symmetry transformations of both quark and hadron fields, which is for the most part
textbook knowledge (see, e.g., refs. [39L [0, [91]). Other relevant, but operator specific symmetry
properties, like the scaling property or behavior under quark exchange, will be discussed directly

in the respective sections on operator construction.

2.2.1 Microscopic fields

In this section we will discuss the transformation of quark fields under discrete symmetry trans-
formations. Since current construction within chiral perturbation can be performed most conve-
niently for operators with simple behavior under chiral rotations, we give the symmetry properties
also for the left- and right-handed parts of the fields, g1, () and gr (), as defined below eq. (2.7).
As a convenient notation we use X as placeholder for R and L. Furthermore, we define L = R,
R=1L,(-1)g=+1and (1), = —1.
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Parity transformation (P) is defined as an inversion of the space with respect to an arbitrary
point. It reverses the three-momentum of a particle, but does not flip its spin. Quark fields are

fermionic spin % fields and transform as

Pa(z)Pt = n)7%q(&) (2.73a)
Pa(x)Pt =l q@)n" (2.73b)

where & = (z¢, —x), and nf is an additional, fermion species dependent phase called intrinsic
parity. For spin % fields one can redefine the parity transformation always in such a way that

nf = :HE For quark fields one usually chooses nf = +1. Parity interchanges the chiralities

Pax (x)PT =n;vqx (%) , (2.74a)
Pax(x)Pt =0l g (@, (2.74b)

since v5 anticommutes with 7°.

Charge conjugation (C) interchanges particles and antiparticles. For the quark fields this

means

Cq(z)CT = nch’(a:)C' , (2.75a)
Ca(x)C" =g Cy(x) , (2.75b)

where C' = i727° is called charge conjugation matrix and ng is the intrinsic charge conjugation
parity. One can define the charge conjugation always in such a way that nqc = +1 (for discussion
see ref. [90]. The usual choice for quark fields is 77(? = +1. For the chirally projected fields one
finds

Cax (z)CT =S qx(2)C , (2.762)
Cax (x)Ct = 1§ Cqx(x) . (2.76b)

Time reversal (7)) literally reverses the time direction. Time reversal has to be defined as a
antilinear and antiunitary operation (see refs. [39,[90]), and, thus, acts as a complex conjugation

on prefactors. For the quark fields one has

Ta(x)T" =y Cysq(—7) , (2.77a)

q
Ta(@)TH = -0l q(-2)Cs | (2.77b)

where an = +1 is the usual choice for quark fields. For left- and right-handed fields one obtains

Tax(@)T" = n! Cysax (&) =} (-1)xCax(—%) (2.78a)
Tax(@)T' =n] (-1)xqx(~F)C . (2.78D)

15Except for Majorana fermions, for which one can achieve 775 = +4; compare refs. [90, [O7]
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Hermitian conjugation can also be used to obtain information about the transformation

properties of the operators. However, this does not yield additional information, since
CPTq(x)TPICT = n] CP(Crysq(—))PiCt = nlnl C(Cys~y q(—x))CT

(2.79)
=nSnEnla(—2)C(Cy")" = —nnEnlq (—2)s |

and
CPTax(2)TPICt = — (1) xnSnl 0T gk (—=) . (2.80)

Phase conventions: A violation of CPT symmetry, i.e., invariance under consecutive time
reversal, parity transformation and charge conjugation, has never been measured experimentally.
To incorporate CP7T symmetry into the theory one uses the famous CP7T theorem. It states that
every Lorentz-invariant theory is invariant under CP7T transformation if the inversion phases are
chosen appropriately for each particle. One possible choice (consistent with CPT symmetry)
is n°nnT = +1 for all particles (compare refs. [90, 02 ©3]). Note that for spin % fermions
the actual condition to have a CPT conserving theory is much weaker, since they occur in
bilinears only. Therefore it would be sufficient to have n°n"nT equal for all spin % particles and

InCnfnT| = 1.

2.2.2 Hadronic building blocks

For baryon fields the transformation properties look similar as for the quark fields, since they

are also spin % fermions

PU(z)P = nf7°0(z) , PB(x)P' =n/7"B(%) , (2.81)
C\I/(JI)CT = nbclif(x)C , CBuy(z)CT = nEBba(a:)C' , (2.82)
TU(@)T' =nf Crs¥(—i) , TB(x)T" =y CysB(—7) , (2.83)

where we have written out the flavor indices a and b explicitly for the charge conjugation of
the baryon octet to avoid confusion. For the ground-state baryons it holds n} = nbcan = +1.
While the choice of the phases for the unobservable quark fields is highly arbitrary, the phase
conventions for hadrons are meaningful. E.g., changing 7/ and n<'nf to —1 for the octet (while
keeping it fixed for the quark fields) would correspond to a description of the parity partners of
the octet.

For the pseudoscalar fields, which are collected in u = exp (i<I> / (2F0))7 where the definition

of ® is given in eq. (2.27)), one has

Po(2)PT = —®(7) , Pu(x)PT =u'(z) , Pux (z)PT = ug(7) , (2.84a)
To(z)T! = —0(-7) , Tu(@) T =u(-2), Tux@)T =ux(—%), (2.84b)
Co(z)Ct = " (z) = o7 (2) , Cu(z)C = uT(2) Cux (z)CT = vk (x) , (2.84c)

where we have used the convenient definition ug = u and u;, = u' in the last column. For
the mesonic building blocks u,, and x* used in BChPT, which have been defined in eqs. (2.47))
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and ([2.48)), this leads to the following properties under discrete symmetry transformations and

Hermitian conjugation:

Puy(z)Ph = —(=1)u,(7) PxE(x)PT = £y E(3) | (2.85)
Cu,(2)Ch = ul(z) Cx*E(z)Ct = (x* ()", (2.85b)
Tu(@)TT = (1), (—7) T (@) T = x=(—%) (2.85¢)

uf (2) = uy (@) , (E@)' = 2t (@) - (2.85d)

where (—1), is 1 for 4 = 0 and —1 for p = 1,2,3. In order to allow for a general construction
independent of the used building block one can define nf = —1, n¢ = +1, n = +1, nf = +1
and nfi = +1, ngi = +1, nfi = +1, nfi = =41 such that

PA(z)PT = nh A(%) , (2.86a)
CA(z)CT =G AT (z) , (2.86b)
TA@@)TT =0 A(-7) , (2.86¢)

Al(z) = nf A(z) , (2.86d)

holds for A € {ug,x",x"}. Additional covariant derivatives acting on the mesonic building
blocks do (apart from the typical (—1), and —(—1), factors occurring in parity transformation
and time reversal due to open Lorentz indices) not affect the symmetry properties.

Often nucleon bilinears of the form W(z)AT'¥(x) occur as fundamental structures, where A
and I" are placeholders for chiral building blocks and gamma structures. ¥ here is the isospinor
containing the proton and the neutron field. For the three-flavor version the flavor structure
would look slightly different, since the baryon octet is contained in the matrix-valued field B.
For the operator construction in chapter [J|it is convenient to define covariant left-right derivatives

that only act on the baryon fields
_ + _ — <
VAI'D U = \I'(AFDM + DMAF)\I/ , (2.87)

such that they do not interact with the mesonic building blocks. Note that D:[ has to be counted
as small (first order) since the nucleon mass term drops out in the momentum difference. To see
how such a derivative affects the symmetry properties we compare bilinears with and without

derivatives. Let us neglect A in the following discussion for simplicity. One finds

PU(2)TV(2)PT = U(2)y0l0P(2) , (2.88a)
CU(z)I'V(x)CT = —T(z)CTTCW () , (2.88b)
TU(2)DW(2)TT = —U(—2)CysT* Cys ¥ (—7) , (2.88c¢)

(B ()T (2))" = T(2)yl 0¥ (x) (2.88d)
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PU(2)I DV (2)Pt = (—1), ¥ (&)v0T DI ¥(3) , (2.89a)
CU(x)IDFV(z)CT = —(£1)¥(x)CTTCDEV(x) (2.89h)
TU(2)I DU (x)TT = (1), ¥(—2)Cys[*Crys Dy U (-) (2.89¢)
(D) DFW(2)" = £0(2)rT DU (2) | (2.89d)

which means that one gets an additional factor (—1), in a parity transformation, (£1) in charge
conjugation, —(—1), in time reversal and £1 in Hermitian conjugation. In a case where we have

more than one covariant derivative we define a string of plus and minus derivatives as

+ 1)
+ 5(1) ( o (k)
pieni =3 3 e

k=00c€S,

(2.90)
— — —

% Dy -+ Dy D -D

Po(k) T Mo (k1) Po(n) *
where S, is the symmetric group of degree n. Again, the derivatives are meant to act on the
nucleon fields only. The symmetrization within the covariant derivatives acting to the left/right

is possible due to the curvature relation
1
[DN,D,,] = Z[umuu] s (2.91)

where the right-hand side is of second chiral order. It also holds for derivatives acting to the left.
If such a multiple derivative occurs in a bilinear, it yields for each derivative the same additional

factor in the transformation properties as described above for the single derivative.

2.3 Primer to Fierz transformation

In this brief section we provide a derivation of Fierz identities [94]. We will make extensive
use of them in chapter [4 to construct operators with correct symmetry properties under quark
exchange. However, the original form of Fierz transformations, which is found in many textbooks
(see, e.g., ref. [95]), is restricted to the case where all Lorentz indices are contracted (e.g., v, ®v*).
We will need a slightly more general form, that allows for open indices. Our derivation of these
generalized identities will follow ref. [96] and was already presented in [35]. We use the standard

Dirac basis that spans the space of complex 4 x 4 matrices:

{FA} = {]1,’Y57’Y“»’757”aaw} ) p<v. (292)

We define the dual basis as {FA} = {1,%5, Y, VY5, 0} (1 < v), where 7, and 75 are in-
terchanged in the axialvector part. The latter is important in order to have an orthogonality

relation of the form
tr {T4Tp} = 465 , (2.93)

which can be verified by a straightforward calculation. Obviously, every 4 x 4 matrix X can be

written as a linear combination of elements of the Dirac basis X = X 4I'*, where here and below
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a sum over indices occurring twice is implied. Utilizing the orthogonality relation (2.93)), the
coefficients can be obtained from tr {XT'p} = X 4 tr {I‘AI‘B} = 4Xp. Hence, we can derive the
completeness relation as follows:

1 A
= Xk (1), (1),

17 4 17

1
= Siulj = Z(FA)M(FA)M : (2.94)

1
X, = 1tr{XrA} (T4)

Using the completeness relation twice, we obtain Fierz-like identities for general 4 x 4 matrices
X and Y:

1 1

Xij Y = XimYni0mjonk = ZXimYnl (FA)kj (Ta) 1, = Z(XFAY)U (FA)kj

L

16
1

= l—ﬁtr {XFAYPB} (FB)Z'[ (FA)kj :

= %(X ray), - (PA)kjéimdm = (XFAY)mn(FA)kj (Ts),, . [T7), (2.95)

Due to the definition of the basis elements in eq. (2.92)), the summation only runs over indices
p < vif T4 = ¢, In order to restore the usual summation convention one has to use that
the expression summed over is symmetric (f(u,v) = f(v,p)) and traceless (f(u, u) = 0) with

1.

respect to the summation indices. Therefore, one acquires an extra factor 35

S fmw) = (Z 3 ) Flw) =5 S Flw) (2.96)

p<v p<v  pu>v. p=

If T4 = 0% and T'B = 6" one obtains a factor i, accordingly. Choosing X =T'C and Y =T'P
in particular, eq. (2.95) leads to the Fierz identities:

(1), (P7),, = 16 tr {TOTATPT} (1) (04, (297)

which reproduces the textbook type Fierz transformations (see, e.g., ref. [95]), if one chooses
I’®IP e {1®1,7 ® 75, 7" @ YV, 57" @ V5Ypus oM @ 0}
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CHAPTER

Generalized parton distributions

In this chapter we discuss generalized (or off-forward) parton distributions, which unify the
seemingly unrelated concepts of elastic form factors (relevant for elastic scattering processes)
and parton distribution functions (relevant for deep inelastic scattering). The main part of this
chapter has been published in ref. [97] and is dedicated to the derivation of the quark mass
dependence of the first moments of nucleon GPDs using chiral perturbation theory at full one-

loop accuracy.

3.1 Overview

By the end of the last century generalized parton distributions have been identified as a suitable
tool to parametrize exclusive processes and to extract the contained information on hadron
structure [I5HI7, O8] (for a detailed description we refer to the reviews [I8, [99] [T00]), which has
triggered large activities in both experimental and theoretical communities. The contemporary
experimental data mainly comes from the measurement of deeply virtual compton scattering
(DVCS) and deeply virtual meson production (DVMP) in electron-proton and positron-proton
collisions (at JLab and DESY) and is complemented by data from muon-proton collisions (from
the COMPASS experiment at CERN). Additional information may come from neutrino-induced
DVMP measured at neutrino beam experiments (see ref. [101]).

On the experimental side one faces the difficulty that (hard) exclusive processes are power-
suppressed. Hence, precision measurements are challenging and require high luminosities. In
addition, GPDs enter the cross section not directly, but via a convolution with a hard scattering
kernel, which complicates their extraction from experimental data (for a recent review of the
current status of phenomenological fits see, e.g., refs. [I02] (DVCS) and [103] (DVMP)). Com-
plementary information from the theoretical side which constrains the functional form of GPDs
(e.g., by providing bounds for their moments) is therefore most valuable. One framework capa-

ble of providing such information on nonperturbative quantities is lattice QCD. Unfortunately
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simulations suffer typically from systematic errors associated with discretization, finite volume
and unphysical quark masses. Therefore, having a better control over some of the various ex-
trapolations and the associated systematic errors is very helpful to obtain reliable quantitative
results. As argued in chapter [T} the most rigorous way to gain such control is given by chiral
perturbation theory (see chapter |2/ and references therein) as opposed to ad hoc or model-based
extrapolation formulas.

In this chapter we focus on the first z-moments of chiral-even GPDs. In the positive parity
sector those encode information on the momentum distribution of the considered parton species,
since the corresponding local operators coincide with the off-diagonal elements of the energy-
momentum tensor. In the forward limit one has simple relations to the momentum fraction and
the total angular momentum carried by a specific parton species (as pointed out by Ji [15]). The
first moment of the parity-odd quark GPD has been linked to the quark spin-orbit correlation
(see ref. [104]). We use the framework of two-flavor BChPT described in section applying
infrared regularization [86] (see section to obtain analytic formulas describing the pion
mass dependence of the first moments at full one-loop order (~ O(p?), where p represents both
the scale of the pion mass and the momentum transfer, which are considered to be small in
the low-energy regime). There already exist various heavy baryon calculations on the topic (see,
e.g., refs. [I05HIT1]) as well as covariant leading one-loop calculations [34, [112], where third order
effects are only partially included. The work presented in this chapter is an extension of ref. [34].

This chapter is organized as follows: we will start our analysis with a short review of the
matrix element decompositions that define the generalized form factors (see section . Ad-
vancing to third chiral order, the number of possible low-energy structures rises significantly.
Eliminating some of them using the equations of motion (EOM) will therefore be an important
topic in section [3.3] which contains the construction of the operators in terms of hadronic fields.
It turns out that the full one-loop calculation (see section contains numerous new low-energy
constants (LECs). In section we therefore discuss two possibilities to reduce the number of
free parameters, since the currently available lattice data is not sufficient to pin down all LECs.
The reduction of the results to the heavy BChPT version is presented in section Sec-
tion [3.6] contains a first application of our results to two-flavor lattice QCD data. We summarize
in section B.71

3.2 Matrix element decomposition

There are in total four different kinds of chiral-even GPDs: two quark distributions F?, F,
which are defined for each quark flavor separately, and two gluon distributions F9, F9, where
F? and F9 are (parton-) spin dependent. The n-th z-moments of these quantities are defined
as the integral over z from —1 to 1, with the weight factor z™ for quark and z"~! for gluon

distributionsﬂ Mirroring the fact that gluons are their own antiparticles, F'9 is an even and

INote that there is no standard naming convention in the literature: sometimes the n-th moment is related
to weight factors "~ ! and z"~2 for quark and gluon distributions, respectively.
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3.2. MATRIX ELEMENT DECOMPOSITION

F9 an odd function of 2 and all odd moments of F¢ vanish accordingly. The three GPDs with

nonvanishing first moments are defined as [18]

oo

1 dz= o+ - _
=g [ e a2 a2l )
—00 (31&)

= L) [H%x, v+ B9 €, t)m] u(p,s)

2m
1 dz™ uot .- _

Bi= / -7 (0, $'a(—z/2)v sa(2/2) p, 5)
J (3.1b)

- ~ AT
= 1) [ 07+ B 60 B )
my

- ixpt 2~
= [ e G (=226, (/2 5)
p
—00 (31C)
1 oA,
= ﬁ’a(p/7 S/) |:Hg(x’ 57 t)7+ + Eg(x7 ga t)za27nN:| u(pu S) ’
where z is a lightlike vector with vanishing plus component (for the definition of plus and minus
components see ref. [I8]; compare also [16]). To assure gauge invariance the fields in the nonlocal
operators are connected by Wilson lines which we do not write out explicitly. The kinematic

variables are defined as

1
23=§(p'+p), A=p —p,
A+

The first moments of the GPDs are related to the matrix elements of the local twist-two operators

e o
OZ,V = 5 S q’YMZDy q, (33&)
A 1o .
O = 585Dy q (3.3b)
0, =SGLG", , (3.3¢)
— —
where D, = D, — D,, with
— — ] — — )
D,=0,+ig4A,, D,=0,—-igA, , (3.4)

and the operator S projects onto leading twist by symmetrizing in Lorentz indices and subtracting

traces. When acting on an object with two open indices S has the explicit form

v 14 o 1 1% v 2 v (03
SO"™ =850 = 5 (9595 + 9590 — agu ga;a)(’) o (3.5)

In contrast to the matrix elements of the nonlocal operators with quarks at lightlike separations

the nucleon-to-nucleon matrix elements of these local currents are directly accessible by lattice
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simulations. Taking into account symmetry properties under discrete symmetry transformation

a covariant form factor decomposition of these matrix elements reads [I§]

i0 40 A% ALA,

0, s'|O%,p, s) = Su(p',s) _%ﬁuAg,o(t) e PuB3o(t) + i —E==C(t )_ u(p,s), (3.6a)
. [ . A
(', 5'10%,Ip,s) = Sa(p', s") | 500 A o () + ;5 2y B o(t) [u(p, s) (3.6b)
[ 10,0 A" ALA,
(0',5'109,|p,s) = Sa(p',s") | vupu A3 (t) + 2”71»33,0(7?) —E==C(t ) u(p,s) . (3.6¢)
L my mn J

All symmetry arguments used to derive the matrix element decomposition are also taken into
account in the construction of effective low-energy operators (see below). It is therefore guar-
anteed that the results of the effective theory calculation can be cast into a similar form. The

occurring generalized form factors (GFFs) are related to the GPD moments via

1 1
/dxxHq(:mg,t) = A3, (t) +48°C4 (1) , /dmeq(x,f,t) = Bj,(t) —4°C4(t) , (3.7a)
1 -1

1 1
/d:cxf{q(x,f,t) = flg’o(t) : /dxxEq(x,f,t) = Bg’o(t) ) (3.7b)
—1 —1

/ d H(x,€,1) = AL o(1) + 4€2C3(1) | / dr B9(x,€,1) = B o(t) — 4€2CL(t) . (3.7¢)

The generalized form factors, which are introduced to parametrize the matrix elements of the
local operators, carry manifold information on hadron structure. Their physical interpretation
is given by the operator they describe. For instance the form factors connected to the zeroth
moments of the spin independent generalized quark distribution coincide with the Pauli and Dirac
form factors, because the examined operator is the standard vector current. In the spin dependent
case the corresponding operator is the axialvector current described by the pseudoscalar and
axialvector form factor (cf., e.g., ref. [I§]). The interpretation of the form factors connected to
the first moments of the spin independent GPDs is given by the observation that the examined
operators defined in eq. are equal to the off-diagonal elements of the energy-momentum
tensor linked to the considered parton species (cf. refs. [I5, [TT3], where it is shown that the
decomposition of the energy-momentum tensor in quark and gluon parts is gauge-invariant).
They therefore allow a resolution of the spatial distribution of parton momenta within a hadron

by calculating the following spatial moments

[, 5108 ) =

0 0 ;
_mn 3 . —iAX = 4,9 =
. 0 0
— 3¢(3) " L = 9,9 =
rF50(A) (i)' 55— 5a— b+ A/2 50K O)p — A/25).
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3.2. MATRIX ELEMENT DECOMPOSITION

where s is the polarization direction (with unit length). These moments must not be con-
fused with the aforementioned z-moments of the GPDs. The zeroth moment (corresponding
to the momentum), and the first moments (which yield the angular momentum) are certainly
the most important ones. Taking into account the normalization factor from (p’,s|p,s) =
2F,(27)36®) (p’ — p) one obtains

1
P(B;s) = 55 (P + A/2,8[057(0)p - A/28)| (3.92)
p A=0
_ 1 ) 0 ,_ _
TP(B.8) = 505 (“i)ein g (B + A/2 IO (O)Ip — A/2:s) (3.90)
p J A=0

On the right-hand side of the equations, one now inserts the matrix element decompositions

given in (3.6]) to arrive at

P?9(p,s) = pA35(0) , (3.10a)
1 1
J9(p,s) = S§(A313(0) + B3§(0)) + 2m(m + 7o) (p”s — (p-s)p) B5§(0)
3(AZ8(0) + BEE(0) ,  ifs|p, (3.10b)

=8s X
3(A35(0) + 22 B35(0)) . ifsLp.

Here it becomes clear that the forward limit of the form factor A7 corresponds to the mean
momentum fraction carried by a parton species, while the combination (A3 + B3g)/2 yields
its total angular momentum in a longitudinally polarized nucleon. From the fact that all parton
species together have to carry the (total angular) momentum of the nucleon one directly deduces

sum rules for the generalized form factors [I5]:
A50(0) + D A3,(0) =1, B5o(0)+ > Bio(0) = 0. (3.11)
q q

If we consider the form factors connected to the first moments of the (quark-) spin dependent
GPDs we have to analyze the matrix elements of the operator @fw. In contrast to the situation
in the spin independent case, quarks of different helicities occur with different signs. Therefore,
we can interpret the corresponding matrix elements as the spatial distribution of the momentum-
asymmetry between helicity plus and minus quarks. Defining everything analogously to the spin

independent case one obtains

2 1 .
~ m 2p0 +m ~ po(lf%)Ag,o(O) , ifs|p,
Bip.s) = (G5t gor sl ) A (0 =5 4
0 0 ™ A% 6(0) ifs L p,
(3.12a)
- 1 -
ja B S 1| , 12b
(p;s) 2(m+p0)p 2,0(0) (3 )

37



GENERALIZED PARTON DISTRIBUTIONS

Putting everything together we can calculate the separate contribution of helicity plus (1) and
minus () quarks to the nucleon momentum and total angular momentum. For the momentum

we find

P(3A%(0) £ 328 (1 — 25) A9 ,(0)) , ifs = AR

1 ~ - 2 )
P17/ (p,s) = - (P!(p,s) £ P(p,s)) = SR .
p%Ag,o(o) +s7A3,(0), ifslp,
1(A%3,(0) £ A ,(0)) , ifs=AR
m 2,0 2,0 ) )
P x{ P (3.13)

%A%O(O) , ifslp,

i.e., at high energies a momentum asymmetry between quarks of different helicities can only occur

in longitudinally polarized nucleons. A similar picture arises for the total angular momentum

Jit(p s) = %(Jq(p, s) £ jq(va))

A 1 .
s1(A%,(0) + B ,(0) = 2BLAZ (0)) , ifs=AZ2

m+po

s3(4%(0) + 2B ,(0)) + pyrsy A% 0(0) , ifs Lp,
am 1(AL0(0) + BL(0) £ AAL((0)) , ifs= AR

~ S X (3.14)
%BS,O(O) , ifslp,

i.e., quarks of opposite helicity in a longitudinally polarized nucleon can carry different fractions
of the total angular momentum. Note that a consideration of higher moments of the momentum
densities is straightforward. However, the expressions get a bit lengthy (including the C-type
form factors and derivatives of the form factors in the forward limit) and their physical signifi-
cance, apart from encoding information about the momentum distribution, is not as clear as for

the zeroth and first moment.

3.3 Operator construction

In this section we construct the low-energy version of the local operators given in eq. . We do
this by taking into account all possible Lorentz-covariant combinations of chiral building blocks
that have the desired properties under chiral rotations (¥), parity transformation (P), charge
(C) and Hermitian conjugation. As explained in section one can use time reversal instead
of Hermitian conjugation at will, because of the famous CP7T theorem. Note that the derivation
of the matrix element decomposition given in eq. relies, aside from chiral behavior, on the
same symmetry principles. This automatically ensures, that the results we obtain for the matrix

elements are compatible with the form factor decomposition.
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3.3. OPERATOR CONSTRUCTION

3.3.1 Symmetry properties

For the following construction it is convenient to define operators with arbitrary quark flavors
by
0%, (x) =

nv

S qa(x)’yHiD;Qabqb(a:) , (3.15a)

»—ll\J\»—t

O, (@) = 584" (@)D, Q™" (@) , (3.15b)

where @ is a 2 X 2 matrix and a, b are flavor indices. Since the operator is local the quark and
the antiquark field are at the same spacetime position z. Being chiral-even, the operators can

be split into parts that contain left- or right-handed quarks (¢x = vxqx, Yr/L = (1 £75)/2)

exclusively:
O;?u (x) = Q (OR p,l/(m) O%b;uj (.’L‘)) ’ (3163“)
@/?u(x) = Q (OR uu(l') OL,MV(SC)) ’ (316b)

where the operators Ox, X € {R, L} are given by

1. . o
O% (@) = 58 T ()i Dy, a5 () - (3.17)
Under chiral rotations these operators transform either only left- or right-handedly:

0L, (x) 55 Xpy O%" () (X1) (3.18)

a’a ’

Using the transformation properties of the quark fields under discrete symmetry transformations
and Hermitian conjugation described in section yields the following symmetry properties

for the composite operators:

POR (@)PT = (=1),(-1),0% ., (3) , (3.19a)
COX ,ul/( )CT Ol))?u (.’E) ) (319b)
TOX ;u/( )TT ( )t( 1) X ;Ll/( ‘i) ) (319C)

where (—1), is 1 for 4 = 0 and —1 for u = 1,2,3. These transformation properties have to be
reproduced by the low-energy version of the currents and will guide the construction performed
in the following sections.

3.3.2 Pion sector

In the mesonic sector we can easily write down the operator in terms of chiral fields which have

the correct properties under chiral rotations

ab a s
o =S ZLX,A(UXAW“X) +1%8 ZLX»A tr{ux Awus} (3.20)
A A
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where the As have to be combinations of chiral building blocks. To comply with the remaining
symmetry properties given in eq. (3.19) we have to demand that the LECs fulfill the following

constraints

{0} ) if ngni =-1 ’
Lya=Lxanh €ESR, ifnf=1, (3.21)
I, ifpf=-1,

and similar for L% 4. Up to second (chiral) order there is only one possible structure for A,
which is u,u,. The other possible candidate which immediately comes to ones mind, D,u,,
does not occur, since it has 7727711: = —1, i.e., it has wrong transformation properties under
CP transformations. Defining the LECs such that isosinglet and -triplet are neatly separated
(l=Lgaandl®= Li s+ Lg 4/2), we find for the mesonic parts of the complete operators

0f,|  =su{(Q+ru{Q}) (wuuu’ +uluuu)f . (3.22a)
09, ﬂiQ =Str {l@(uuﬂuyzﬂ - uTu#uyu)} : (3.22b)

where
Q=Q- %tr {Q} . (3.23)

These structures are of second chiral order. We will not discuss structures of higher order since

they do not contribute to our calculation.

3.3.3 Nucleon sector

A power counting analysis of all possible Feynman diagrams (compare figure on page
yields that only zeroth and first order NowwN- and N7 N-operator insertions contribute to graphs
@, @ and @ at full one-loop level. Thus, in the nucleon sector, we only have to construct
second and third order operator structures without additional pions. Working in the limit of
exact isospin symmetry this leaves us, aside from covariant derivatives acting on the nucleon
fields, with only three possible chiral building blocks, 1, tr {x*}1 and u,, where the chiral
vielbein only occurs at most once in operators of first chiral order. As a first step we write down

all structures with correct behavior under chiral transformations,

0%, =83 i a((PArug) " Ar (ux 42)" + (PAzug) Ar (ux 4,9)")
(B (3.24)

s ba /=
+8) Ly a(uxArug)™ (PA2ArY)
(A
with A = A; ® Ay ® Ar, where A; and A, are chiral building blocks while Ar contains elements
of the Clifford algebra and derivatives acting on the nucleon fields. Obviously, the antisymmetric

contribution in the first line can only occur if A; and Ay are not equal. In order to have correct
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properties under parity transformation, charge and Hermitian conjugation the LECs have to
fulfill the following relations

{0}, ifngnk =+1,
Li — Li P . H _ 2
xA—Lxana €(R, ifn, ==£1, (3.25a)
{0}, ifnSnk =+1,
Ly a=Lians € (R, ifn{ =+1, (3.25b)
I, if ng =-1,

where njy = 0 ni 04, 1% = 19 ,19,19, and i = nf 8 nfl . As expected, the constraint
obtained by time reversal is compatible with the ones given above and does not yield any further
restrictions on the operator. For the actual construction the general form of the operator is
quite unhandy. It is more convenient to treat the parts of the operator containing different chiral

building blocks separately. The simplest case (A; = As = 1) reads

O™ =8 3 (L (Bus) Ay (x¥)" o+ Ly 1 (4,09 ) (3.26)

where the sum runs over 4, € Dg?y}, see table and the number in parentheses denotes the

chiral order. The low-energy constants have to fulfill the following constraints

{0}, ifnny =+1,
L) =Lk e SR, gl =41, (3.27)
I, if pfl = -1,

where 77557 nY and nf{ are given in table The operators containing the quark mass insertions

start at second chiral order. They have the form
ab,xt,(n>2 o= a b ts a (T,
O 2D gy (Y SZ(Lﬁ‘(,A(\PuX) A (ux®)’ + DX 5 10 (\IIAW\II)> L (328)
A

where A, can be chosen from D%Z;}Q ). The LECs are constrained by

{0}, ifnGnf =+1,
+ S + S
L =X il ed R, il =41, (3.29)
I, ifpfl=-1.

Finally, we have to take into account terms which contain w,. These operators are of first chiral

order and occur in Feynman diagrams containing at least one pion.

Ot =830 (L a (T ) Ay (ux ®) + 5 (V) " Ay (uxu®w)")

o i o (3.30)
+ L?i}, 1be (\I/uO‘AWa\I/) + LuXSj (uxuau_;{) (\IIAWQ\II)) ,
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Table 3.1: Elements of DELO), Dg?”}, DEL)V}, D‘({i)v}’ Dg?;)u} and D%?L)V}a and their symmetry prop-

erties. The braces indicate, that we only take into account terms that survive the symmetrization
by S.

A nyons o 04
Aep 5Dy, -1 +1 41
Y +1 +1 +1
YuYs -1 -1 +1
(0) N
AeDp, V5D Dy -1 -1 -1
YD +1 -1 -1
Vs Dy -1 +1 -1
(1) -
AeD iy 5Dt D, -1 +1 +1
YD} +1 +1 +1
’)/H’Y5Dj_ -1 —1 +1
0,5DPD;; +1 -1 -1
(2) + D+ _
AeDp,, D Dy +1 1 +1
vsD; D} -1 -1 -1
0,sDTP D} +1 +1 +1
vsD;; D; DD+ -1 -1 -1
vuD, DDt +1 -1 -1 =D D*D*
Y5 D, DD -1 +1 -1
Ac D}f’jy} v DDy DDt -1 +1 41
v, Df DYD+ +1 +1 +1 = pM)  prp+
Y.vsDf DD+ —1 -1 +1 (v}
0,3DPD,; D*D* +1 -1 ~1
(0) e —
AED),, ~vsD;; Dy, D ~1 +1 +1
v.D;; D5 +1 +1 +1
YaDj, Dy +1 +1 +1
Yuys Dy Dy -1 -1+l
YaVs Dy Dy -1 -1 +1
OuaDy, +1 -1 -1
eltapoo—paD; -1 -1 -1

where the A,,, have to be taken from Dg?y}a and ga{#D(o) which can be found in table

v}
For the LECs one finds the constraints

R, ifnff =+nSnk ,

u _ u P
L 4= —Lxana € T, ity = b (3.31a)
{0}, ifngnk =-1,
L1§?;/S2 _ —L?i}l/ﬂni e{R, ifnf =+1, (3.31b)
I, ifpf=-1.
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The number of possible terms can be reduced significantly by using the (free) equations of

motion
— _ < _
iPU =m¥ | i) =—Um, (3.32)

where the dot over the equal sign means up to higher order in the chiral counting. Using eq. (3.32))

one finds two identities
_ — /1 1 — -
ITYP Dl = \1/<2{F,7B} + 2[F,7ﬁ]>Dﬂ\IJ = —imUTV | (3.33a)
_ — /1 1 — _
U Ds¥ = \1/<2{r,7/3} — 2[1“,75])1)6\1/ = imUTV | (3.33b)
which can be rewritten as

/1 1
\1/(2{F,75}D; + Q[F,yﬁ]Dﬁ_)\II =0, (3.34a)

- (1 _ 1 . -

\Il(z{I‘,’yﬁ}Dﬁ + 2[1“775]D§)\IJ = —2imUTY , (3.34b)
where I' € {1, 75, Yu, YuV5: Opv, 0 ¥s - These relations also hold if we insert additional chiral
building blocks or an arbitrary number of derivatives. They are similar to those given in refs. [8T]

1T4]. For the different possible Clifford matrices we find explicitly

1 UyDiw =0, (3.35a)
Uy DG = —2imW¥ (3.35b)
75 Uy D0 =0, (3.35¢)
Uy s DEW = —2imUys ¥ (3.35d)
* Vie"? Dy ¥ = WD (3.35¢)
Vic'? DEW = UD™HW + 2imUAH 0 (3.35f)
_1 _

s \Ilie“ﬁpaopaD;\I/ = Unys DM, (3.35g)

1 _ _
\Pie”ﬂp"aleg\IJ = Uns DTHT — 2imUnytas T | (3.35h)
o VP55 DEW = =il (44 D™ — 4" D)W (3.351)
Ve Py DG W = —il (v DY — 4 D)W — 2im o (3.35)
T s e Py Dy W = —iW (yHys DT — 45 DT (3.35Kk)
\i/e””ﬁ‘s'y(;Dg\I! = —i\II(VH%D_” — 7”’y5D_”)\I/ +mUe"70,, U . (3.351)

Note that, owing to the identity o*"~v5 = %e‘“’paapg, egs. (3.35k) and (3.35l)) are actually only
useful reformulations of eqs. (3.35i) and (3.35). We use egs. (3.35a])-(3.35€) to eliminate all terms

where a derivative is contracted with an element of the Clifford algebra apart from o## D;. We

43



GENERALIZED PARTON DISTRIBUTIONS

Table 3.2: Structures contributing to the full one-loop calculation. We only write down terms
that survive the EOM eliminations discussed in the text and the symmetrization by S later on.

n i o o
0 U0Q,i+s'7uiD; u(cf’f YuiDy,
2 uGy V5D, uds 51D,
1 1 ug’l_'yg)DjD; u%’l+sfy5D:D;
2 u®y o, DYiD; u®y 0,*DtiD;
3 [0 65" ] 751Dy [wusui’s 19s5iD;
4 {u, “?,21_ w {1y, “8?8}%
5 tr{uuulQ,g_ }’y,, tr{uuug’;}’yy
6 {u, “?,’GJFS Fnrs {ps “?,é; J1ys
7 tr{uuugf}%% tr{u“ug’; }'yy%
8 [u®, w3 5D, D;, D [u®, uPs |15iD;, D, D,
9 {u,uPs }y.D; Dy {u uls "}, D, Dy
10 tr{uo‘u?’la }’yuD;D; tr{uo‘ul”lg}fy#D;D;
11 {u, v }va D, Dy, {u,u$ YDy Dy
12 tr{u“uL’l; }'yaD;D; tr{uau%’{g}'yaD;D;
13 {u®, u?y5° s Dy, Dy {u®, u?y3 175D, Dy
14 tr{u”‘u({%ﬁ }7#75D;D; tr{uo‘u?”;1 }’yﬂ'y5D;D;
15 {u uPi5 }vas D, Dy {u*, u?y; }7a7s D, Dy
16 tr{uu?tf }vavsD; Dy tr{uu?ys }va1sD; D,
17 [u®, u?l;] OuaDy, [u®, u?lﬂ OuaDy,
18 {ua, u?”l'gs}e“apaap"iD; {ua, u({?,ig }euapgap"iD;
19 tr{u“ug’lg}ewpgap”iD; tr{u“u?ig }elmpgap”iD;
2 1 ug ™D D} ugy” D} D;f
2 ug’;rs'yuiD; tr{x*} ug’{'yuiD; tr{x*}
3 ug3 4D, D*D* ugy v.iD, D+-D*
4 usy 5Dy tr {xt} ugy YDy tr {x*}
5 U2Q,’5_7u75iD;D+‘D+ U52,75+8%75iD;D+'D+
3 1 u§y 5Dy Dy tr {x*} ugi s D Dy tr {x*t}
2 u$y 5D D, D*D* u§s" s Dif D, DD+
3 U3Q’5+SJHQD§Z'D; tr{x*} ugé_auaDgiD,j tr{x*}
4 u§i o, DYiD, DY-D* u§y 0, *DtiD, DDt

44



3.4. DETAILS ON THE CALCULATION

use eq. (3.35f]), which is the Gordon identity, to replace all terms that simultaneously have the
identity matrix as Dirac structure and contain a minus derivative. The remaining eqs. (3.35g)-
(13.351) are used to dispose of as many structures containing the e-tensor as possible. Another

useful identity is the curvature relation
1
[Du, Du] = Jlu w] (3.36)

which also holds for derivatives acting to the left and allows us to consider only symmetric

combinations of derivatives. The EOM yields three additional relations:
_ _ o e
VDD~ ¥ = \II(I‘]Z)JD — ZDDF)\I/ =0, (3.37a)

_ _ —— —4 Sl
IIDED*V = U (T PP + PPT £2D°T'D,) ¥

) .. (3.37h)
= U(-2m’T £2D°TD,)V ,

which we use to eliminate all contractions of derivatives (acting on nucleon fields) apart from
DD+,

Rewriting the flavor matrix @) as a sum of a traceless matrix Q (see eq. ) and a trace
term one finds that the trace part either vanishes or can (by a redefinition of LECs) be absorbed
into a singlet contribution. We write down the low-energy form of the complete operators Ofﬁ,
and @% as

09,

_ T ()10 NQ _ ST LX)
= S Z TOLW 09, N S Z VO (3.38)

where n indicates the chiral order. The Oﬁl} and @E,}, given in table are expressed econom-

ically using the following abbreviations for recurring structures

ug,’ii =ln,i (UTQU + UQUT) ; (3.39a)
wly =2t {Q} (3.39b)
ud = U@+ udy (3.39¢)

where the [, ; and [J , are real-valued low-energy constants. The superscript s indicates the

n,t

isoscalar contributions.

3.4 Details on the calculation

The different types of Feynman diagrams needed for the full one-loop calculation in BChPT of
the first moments of the quark GPDs are shown in figure[3.1] Full one-loop in this context means
that we take into account all orders of ChPT that do not contain two-loop contributions (i.e., up
to and including third order). Diagram type @ starts to contribute at zeroth, at second
and at third order. Additional diagrams with quark mass insertions from the second order
pion-nucleon Lagrangian are not depicted in figure We take them into account via replacing
mo by my = mg — 4cym? everywhere. Due to this procedure our results sporadically contain

higher order diagrams.
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Figure 3.1: Feynman diagrams needed for the full one-loop calculation. Solid/dashed lines
depict nucleon/meson propagators. The circles stand for vertices from the chiral Lagrangian,
while the squares indicate the operator insertion. Diagramonly contributes to the (isosinglet)
vector current. Diagram @ has to be multiplied with a Z-factor if the operator insertion is of
zeroth or first order. Additional Feynman diagrams containing quark mass insertions from the
second order pion-nucleon Lagrangian are not shown explicitly.

In order to present the results in the most convenient way we match the expressions obtained
for the full matrix elements to the form factor decomposition given in eq. . Special care
has to be taken of diagrams @ and @ since they cannot be matched individually. Only their
sum is compatible with the form factor decomposition. For the remaining contributions the
matching works diagram by diagram. The final results are given for the isoscalar and isovector

combinations of the generalized form factors, which are defined as

Ay = (A5 £ A5,)" = £(A5, £ 45,)" (3.40a)
By = (Bz o+ BS o) (Bg,o + 3270) ) (3.40b)
" = (C2 + C2) = :l:(C2 + Cg)n ) (3.40¢)
A3y = (A5 + A5,)" = £(A5, + 45,)" (3.40d)
Byg = (Bso £ B3)" = £(Bso £ Bio)" (3.40e)

where the superscripts p and n are introduced to differentiate between proton and neutron
form factors. For these form factors we obtain expressions in terms of standard integrals and

a remaining integration over a Feynman parameter (originating from the three-point functions
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contained in diagrams of type [(c)] and [()). The full one-loop result obtained by a manifestly
covariant calculation in the infrared regularization scheme [80] is presented in section [3.5.1}

In general, nucleon four-momenta have to be counted as large (zeroth order) in BChPT.
However, A = p’ — p has to be counted as small (first order) since the nucleon mass drops out
in the momentum difference. This is also true for the As in the decomposition of the matrix
elements (see eq. (3.6)) and, accordingly, our results for A3g, A3} are exact to third, those for
B34, B3 to second and the one for C3"" to first chiral order.

The low-energy versions of the gluon operator Of,, and the singlet combination of the quark

1
nv

chiral rotations, charge conjugation and parity transformation. We therefore define the operator

operator O, , are equal up to the numerical value of the LECs since they behave similar under

by a mere replacement of LECs:

05,=0,, (I°=11;—=1). (3.41)

2V

The generalized form factors inherit this property and are obtained via replacing all superscripts

s by g.

3.5 Results

3.5.1 Full one-loop result

In the following we will present the full one-loop results for the generalized form factors. We
split the result for each form factor X into parts orginating from the different Feynman diagrams

shown in figure 3.1

3
X X X X+ [ (6 X (3.42)
3

where the triangle diagrams still have to be integrated over the Feynman parameter u. As
explained above, the contributions from diagrams @ and @ cannot be matched to the form
factors individually and are therefore treated together. Note that diagrams @ and do not
contribute to all form factors. @ only occurs in the isovector case, while [(f)| is only relevant
for the isoscalar form factors of the vector current, i.e., A3, B3, and C35. The rather lengthy
explicit expressions for the contributions of the different diagrams are given in appendix
in terms of the standard integrals given in appendix The result in terms of elementary
functions can be found in our work [97].

The expressions given in appendix still contain divergences. Up to the order to which
our results are exact the occurring divergences can be absorbed in LECs by the use of eq. .
The higher order divergences have to be canceled by hand which introduces the unphysical
scale dependence in higher order terms typical for manifestly covariant calculations. In order to
obtain a meaningful result one has to set this scale to a hadronic value around 1 GeV, as argued

in ref. [86]. A variation of this scale within reasonable bounds, say 0.8 GeV-1.2 GeV, can be used
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to estimate the systematic error due to higher order effects (cf. [II5], where the p (£) mass has
been chosen as lower (upper) bound).

Taking a closer look at the results one finds that many new LECs occur. They mainly
originate from first order operator insertions in diagrams of type @ and While at least in
principle one would prefer to keep all these structures, the reality of a finite amount of available
lattice data forces us to reduce the number of free parameters in the end, cf. section One
possibility to achieve such a reduction would be a strict truncation of the results at the order to
which they are exact, which leads to the same extrapolation formulas as an equivalent calculation
within the framework of heavy baryon ChPT (cf. section . Doing so one would, however,
lose all benefits of the covariant result, like the correct behavior near the two-pion threshold at
t = 4m?2 and the improved convergence that is often ascribed to the untruncated results. A
reasonable compromise could look as follows: truncate diagrams @ and which yield the
main share of the new LECs, but keep the triangle diagrams and which do not introduce
new LECs, to all orders. This tradeoff is particularly appealing since diagram is responsible

for the threshold behavior that is not described correctly by the truncated version.

3.5.2 Heavy baryon reduction

To obtain the heavy baryon reduced result one has to truncate the simultaneous expansion in the
pion mass m, and the momentum transfer ¢t = A? at full one-loop order. To be consistent with
the chiral counting scheme one has to count ¢ as second order. This can be achieved most easily
by keeping the ratio t/m?2, which is counted as O(1), fixed. After the truncation the remaining
integral over the Feynman parameter u in diagrams and can be carried out analytically,

which allows us to give the heavy baryon reduced result in closed form.

Generalized form factors

The heavy baryon reduced version of our result has the advantage that it can be written in a
compact and lucid way. Writing all functions in such a way that only real quantities occur in

the spacelike region, we obtain for the isoscalar form factors

sndzs O

s _ 25,(0) ,(m2) s,(m3) 7(75) ,
A5 =AY + ASTPm2 + A4S mE 4 A 0t~ Sma (i EL )™
,,(0) (3.43a)
3rAy T g4 (SmjlT — 6m2t + t2) ) 1 A
: arcsin [ — | + O(p") ,
16mqg(4mFy)2/—t o
AT 5,(0) 2 1
B3 o= Bs (0 4 By (mQ)(,u)m + By (t)( )t — (ZOF ;J to® arctanh < >
' m o
’(0) ,(0) 7,5,(0) x s,(@) (3.43b)
» A0 + B3 — Ayg m2 A3y g% om2

m2 In - 71?111— +0(p*)

—3 I
74 p? 2(4m Fr)? p?

(47TF7T)2
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3ﬁAg7’g’(0)gimomﬂ (—2mfr + t)

c5 =05+

8(4mFy )%t 3.43
7,5,(0) 2 Qo4 2 2 (3.43¢)
37TA2’0 gamo ( 8m; +2mit +t ) ) 1 o2
16(Arn 2 (—1)5/2 arcsin p +0(p?) ,
0 1s,(m2 1S 1s,
Azo—A ()+A2,E) )(M) 2+ Azé my +A2,(()t)t
_ SAQZE)O)g?LX m2 lnﬁ . O( 4) (343d)
@nFpz 'm0 T
B;o = By ; )+B2((J D(wym? + Byt
(A 5,(0) —|—SB 7(0)) 73 21 mz.— o 5 (3436)
- (47TF71') T 9 + (p ) )
where
2
o=1/1- 4mT” . (3.44)
For the isovector generalized form factors one obtains
Az = Ay + A7 (wm? + A7 (" md 4 Ay
Ay (L433) 4 w2 (3.45)
—me DF—FO(p )
By = By + Bys™ (wym? + Byt
B G e 10T WP S (340
(4nF,)?2 e T
Y = C”a(o) O 2 3.47
2 — VY2 + (p ) ) ( . )
Ay = A" + Agg™ (mym? + A" md + Ayt
A (14268) o, md (349
_ meln—QJrO(p ),
By o= By + By " (wm2 + Byt
510 —6B50, - 0By 210" o (249
3(nF,)? maIn 75+ 007 -

The fit parameters are related to the original LECs defined in sectlonn by egs. (B.4)) and (B.5| -
The parameter A2 0’(0) which occurs in the isoscalar generalized form factors of the vector current
and originates from diagram where the operator couples to two pions, should not be treated

as a free parameter. Instead one should obtain it from a fit to the pion GPD, where it fixes
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the chiral limit value in the forward case. For consistency we propose to use the one-loop result
derived in ref. [T16] (see also refs. [69, [117]), which reads

A3y = AT O+ AT ml 4 AT+ 00 (3.50a)

)

1 m,s, m,s,(Tm ,s,
Ags = = A5 O+ A5y + 4550 ()t

)

L rs,(0) mi—zt m2 4 t+2m3rj ot (3.50b)
1420 s E e\ T3 ) Fow,
where
o —
J=2+ol : 3.51
—|—0n0+1 ( )

In ref. [116] all moments of GPDs have been treated simultaneously by the use of nonlocal op-
erators, which is obviously a very elegant method. For the specific case of the first moments,
connected to the form factors shown above, we were able to confirm this result by a straightfor-
ward calculation with local operators.

Value and slope in the forward limit

For small values of the momentum transfer |t| < 4m?2 the form factors are often represented by

a Taylor expansion in ¢. We use the notation of ref. [34]
X5U(t) = X5(0) + p§'t + O(t?) , (3.52)

where X can stand for arbitrary form factors. For the nontrivial cases one obtains

2, s 37450V
A30(0) = AZY + A3 A 4 20 4 3.53a
5.0(0) St m2 + ( 20t 4m0(47rF7r)2>m” +0(pY), ( )
s s.(m 4A7r,s,(0)gi
B3 ,(0) = BQZ((JO) + (BQZ(S 2) (1) + (;’;JF)Z)mi
A 7(0) Bs (0) _ 4ms,(0) 5 (3.53b)
— 3¢> + 20 9 111% n O(p3)
4 (47TF.,T) w0 :
Aﬂ'vsv(o)gQ m
s s,(0 2,0 A0
G3(0) =03 + g yr e+ O (3.53¢)

(3.53d)
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and

,s,(0
TmAS ( )9124

— Wmﬂ' + O(p2) 5 (354&)

(¢
Py = A3

,s,(0 ,s,(0
4A2,O ( )9124 AQ,O ( )9124 ln m73r + O(pl) (3 54b)

— st(t) —
3(4mFy)? 24mFr)2  p?

PSBQ‘0 = D20 (1) —

ATr,s,(O) 2

s TAyo "gaMmo 4 0
T T T 10(dnF )2 54
P 0(rE) M TOw (3.54¢)
- 11A7r,s,(0) ATr,s,(O) m2
Pz, = A5 () = 201y M 4 op?) . (3.54d)

60(4nF;)2  6(4wFy)?  p?

The formula for the slope is always two orders less accurate than the one for the corresponding
form factor since one has to take a derivative with respect to ¢ to obtain it. The forward limit
values and slopes of the form factors not given here can easily be obtained from egs. ,
and (B30,

Our result is consistent with the heavy baryon result provided in refs. [I07,[108]. In particular
the chiral logarithms in the B-type form factors are reproduced, which was not yet the case for the
leading one-loop calculation presented in ref. [34]. Note that the truncated version of our result
has the same accuracy as the above cited heavy baryon calculations for B-type form factors,
but is one order more/less precise for the A/C-type ones. This is because in refs. [107, [108]
contributions going beyond the one-loop level are taken into account for the C-type form factor.
Note however, that our untruncated covariant result already contains these contributions up to

higher order tree-level insertions, which could be added by hand if necessary.

3.6 Analysis of lattice QCD data

In this section we will present numerical results for generalized form factors obtained from lattice
QCD simulations with two dynamical quark flavors provided by QCDSF and RQCD. The main
lattice analysis and the ChPT fits have been performed by R. H. Rodl.

3.6.1 Correlation functions

To extract information on (generalized) form factors from lattice QCD one has to consider
three-point functions, where one uses interpolating currents at the source/sink (at ¢ and tf)
to create/annihilate states with the desired quantum numbers. The currents in whose matrix
element one is interested in (in our case the ones given in eq. ) are inserted in between, at
the insertion time t;,g, with tf > ti,s > ¢;. We fix the three-momentum at the sink to p’ and the

three-momentum transfer at the insertion to (incoming) A = p’ — p:

<O|Nr(tf)p’ O(tins)A N‘r’ (tia 0)|0> = a6 Z eip'xefiAy <0‘N‘r (tfa X)OT (tinsa y) N‘r’ (tia 0)|0> .
Xy

(3.55)
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The incoming momentum at the source is fixed to p automatically due to momentum conserva-

tion. As interpolating current for the nucleon one uses
(" Cysd)u (3.56)

which (using Fierz identities) can be rewritten as a linear combination of the Ioffe and Dosch
currents (see, e.g., ref. [II8]) and is known to have a large ground-state overlap. To further
enhance the coupling Wuppertal smearing [119] with spatially APE smoothed [120] links has

been applied. The smearing leads to a momentum dependent ground-state overlap
(OIN7(0,0)IN(p, 8)) = V/Z(P)uy (p, 5) , (3.57)
which can be extracted from the two-point functions
7/ Z(p — 1+ Yo)r'r
(1) O 0y K50,0)0) = 37 7B 50 200 i . )

2E(p) 2
_ Zp) E®) +my __pp)
~ 4E(p) E(p) ’

where we have omitted exponentially suppressed excited state contributions. For the case p = 0

(3.58)
e PP tr {(1 +70)(p + mn)} = Z(p)

the parity projector v1 = (1 + 79)/2 removes the leading negative parity contribution from the
two-point function. For the three-point function introduced above one obtains (we, again, only

show the ground-state contribution)
<O|Nf(tf)p/ ( mS) NB(tuO)‘(D ~
~ Y (OINC(0,0)[N (', ') (N, 8)|0(0,0)[N (p, 5)) (N(p, )N+ (0,0)0)

s')s
efE(p/)(tfftim) efE(p)(tinsfti)
2E( ’) 2E( )

Z V V 7E tf tins)efE(p)(tinsfti)

(3.59)

_N

uy (', 8") (N(p', ")|O(0,0)|N(p, 5)) ap (p, ) -
Up to this point the derivation is general, and one could, e.g., insert a standard vector current
for O to obtain the electromagnetic form factors. Using the matrix element decompositions (3.6

and Y ul (p, s)ul(p,s) = (p + mn)sr one obtains for the operators we are interested in (cf.
eq. (3.3))
(0[N () W( ins)A J\/B (t;,0)]0) ~ Z vZ(P)vZ(p) V e~ EP)(te—ting) o= E(P) (tins—t:)

(3.60a)
aA _
xkﬁ+mmshmA%uwfgm,mB%w xﬂ@+mwﬂ ,
W te)pr O (1) 2 N2 (1, 0)]0) = ZV P D) =50t B0
(3.60b)

B A
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3.6. ANALYSIS OF LATTICE QCD DATA

By evaluating traces of these expressions with different parity projection and polarization ma-
trices at various momentum configurations one obtains an overdetermined system of equations,
which can be solved for the generalized form factors (see refs. [121, [122]).

In the preceding presentation we have only taken into account the ground-state contribu-
tion. However, in three-point functions excited state contributions are enhanced (compared to
two-point functions), since the relevant time scale for their suppression is not the sink-source
“distance” tf — t; (as in two-point functions), but the time differences between source and inser-
tion, tins — ti, and between insertion and sink, t¢f — t;,5, which are smaller. It turns out that the
smearing techniques (applied to the interpolating currents) alone are not sufficient to overcome
the problem. Therefore, one (additionally) takes into account the first excited states in the cor-
relation function and performs a multi-exponential fit. To be more specific, the data points used
in the following sections are obtained from a three-exponential fit to the lattice data as described
in ref. [122].

3.6.2 Details on the lattice simulation

The analysis is based on gauge configurations generated by QCDSF and RQCD using a Wil-
son gauge action [31]. The two mass-degenerate dynamical quark flavors (Ny = 2) have been
simulated using a first order Symanzik improved Wilson fermion action [123], also known as
Sheikholeslami—Wohlert or clover action. Table [3.3|shows a list of the analyzed ensembles. The
lattice spacings have been determined from the quark static potential using the Sommer param-
eter 7o = 0.5 fm obtained in ref. [I24] (a description of the method can be found in ref. [125]).
More details on the lattice setup can be found in ref. [I26]. Note that ensemble VII has to
be treated with care, since m,L < 3 can give rise to significant finite volume effects due to
pions traveling around the spacetime torus. Ensemble IX has a pion mass close to 500 MeV and
presumably lies beyond the range of applicability of BChPT.

The bare lattice results are nonperturbatively renormalized using a regularization indepen-
dent renormalization scheme. In a second step they are converted to the widely used MS scheme
using continuum perturbation theory. The method is described in ref. [I127]. All results will be
given at the MS renormalization scale u = 2 GeV.

At the moment, reliable lattice data is only available for the isovector generalized form factors.
The calculation of the isoscalar GFFs is very demanding and costly, since it requires the inclusion
of disconnected contributions. Therefore, we will not be able to make statements about the
individual contribution of up and down quarks to the (total angular) momentum. Instead, we
will only provide information about the asymmetry between the contributions of the different
quark flavors.

The analysis of Cy~%, /quiad and Béﬁad has not been finished up to now, which is why we will
focus on the generalized form factors A;Bd and Bg}ad in the following. (Nevertheless, we will
share some qualitative insights that can already be gained from the pure lattice data on flg’gd
below.) Furthermore, we are in the unfortunate situation that we can only show the result of the
BChPT fits but not the lattice data itself, since the data obtained from the improved analysis
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Table 3.3: N; = 2 lattice gauge configurations used in this chapter. The column labeled
(tf — t;)/a lists the sink-source distances for which measurements have been carried out on the
respective ensemble. This table has been taken from ref. [122]. For more information consider
also ref. [126].

Ensemble S a[fm] K Ny Ny m[GeV] m, L conf. (ty —ti)/a

I 520 0.081 0.13596 32 64 0.2795(18) 3.69 1986 13
LB 529 0.071 0.13620 24 48 0.4264(20) 3.71 1999 15
[ Bl 0.13620 32 64 0.4222(13) 4.90 1998 15,17
[ Y 0.13632 32 64 0.2946(14) 3.42 2023 7,9,11,13,15,17
mv 40 64 0.2888(11) 4.19 2025 15

VI 64 64 0.2895(07) 6.71 1232 15

VI 0.13640 48 64 0.1597(15) 2.78 3442 15
W Vi 64 64 0.1497(13) 3.47 1593 9,12,15

IX 540 0.060 0.13640 32 64 0.4897(17) 4.81 1123 17
[ B 0.13647 32 64 0.4262(20) 4.18 1999 17
W X1 0.13660 48 64 0.2595(09) 3.82 2177 17

method that takes into account the excited states in the correlation functions (cf. ref. [122]) are
still unpublished for A;Bd, B;Ed and C¥~4 (with exception of the forward limit of Ag’ad’ cf.
refs. [33] [128]). One can conceive an idea of such lattice data from figure which shows the
published results for fl;ﬁad and Bgﬁad. The lattice data (for ensembles II, IV, V| VIII, IX and
XI) obtained from the standard analysis method, which takes into account only the ground-state
contribution to the correlation functions and does not consider systematics due to the choice of
the fit window, can be found in ref. [I29].

3.6.3 Chiral extrapolation and numerical results

For the chiral extrapolation and the parametrization of the ¢ dependence we apply the formulas
presented in section In particular we compare the HBChPT-reduced and the tradeoff version,
where only the triangle diagrams are taken into account to all orders. We did not use the original
full one-loop formula since it contains a large number of parameters that only affect higher order
terms in our observables. Taking all these parameters into account would therefore very likely
result in overfitting. To pin down these LECs reliably one would have to consider additional
observables such as, e.g., nucleon-to-nucleon-pion transition GPDs.

For the standard low-energy constants we have used input values: the pion decay constant
was set to F, = Fy + O(p?) = 92.4 MeV, the nucleon mass in the chiral limit mg = 0.893 GeV
and ¢; = —0.784 GeV ! (mg and ¢; have been taken from the fit labeled Sop1 in ref. [124], where
already most of the ensembles listed in table have been taken into account). In the tradeoff
version of the fits the (unphysical) chiral renormalization scale was fixed to 1 GeV, which is a

standard choice.
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Figure 3.2: Result obtained for (x)*~%, which is defined as the forward limit of A'Q"Bd, from
a combined fit to the data (including data at ¢ = 0 and ¢t < 0, but excluding ensembles VII
(cyan-colored; second from left) and IX for reasons explained in the main text) using both the
HBChPT-reduced (green) and the tradeoff (purple) fit ansatz. The color coding for the data
points is given in table [3.3] The histogram plot shows that the given one-sigma errors are
reasonable. The orange band contains the values obtained from phenomenological fits (taken
from ref. [128]) of ordinary parton distribution functions to global experimental data [T30HI33].
It is only given for comparison and has not been used in the fit. The plots have been created in
collaboration with R. H. Rodl.

The result for the generalized form factors A;"Bd and B;"ad in the forward limit as a function of
m2 is shown on the left-hand sides of ﬁguresand They have been obtained by a combined
fit to lattice data for both form factors using the ensembles listed in table[3.3| (excluding ensembles
VII and IX, see explanation in Section at various momentum transfers 0 < —t < 0.6 GeVZ2.
Actually, the plot in figure shows the result of an extrapolation to the forward limit, since
B;‘,Ed can only be measured at t # 0 due to its prefactor in the form factor decomposition .
Our first observation is that the HBChPT-reduced fit ansatz (plotted in green) leads to a slightly
smaller (larger) forward limit value of Ag,gd (Bg’ad) at the physical point than the tradeoff fit
ansatz (plotted in purple). However, both results agree within the error. This agreement is
expected, since the triangle diagram containing two pion propagators (cf. figure which
is known to be problematic in the heavy baryon expansion (cf. ref. [86]) does not contribute to
the isovector form factors. To have a real benchmark for the difference between the manifestly
covariant and the heavy baryon ChPT formulas one has to consider isoscalar (generalized) form
factors. The histogram plots on the right-hand side of the figures show a Gaussian distribution,
which demonstrates that the plotted one-sigma error bands are meaningful despite the fact that
they include the systematic error due to the variation of the fit ranges (compare ref. [122]).

The generalized form factor A;‘Bd at vanishing momentum transfer (given in ﬁgure corre-
sponds to the difference between the momentum fractions carried by up and down quarks, ()"~
The experimental bounds on this observable are relatively strict, since it can be obtained in the
forward limit, where generalized parton distributions reduce to conventional parton distribution
functions that are measurable in (inclusive) deep inelastic scattering processes. Therefore it
is an important benchmark quantity for the reliability of all lattice QCD computations in the

baryon sector that exceed the ordinary determination of the mass spectrum. Qualitatively both
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Figure 3.3: Result obtained from a combined fit to the data (excluding ensembles VII and
IX) for the forward limit of the generalized form factor Bg,ad, using both the HBChPT-reduced
(green) and the tradeoff (purple) fit ansatz. The plot does not contain any lattice data points,
since Béﬁad can only be measured at t # 0 and has to be extrapolated to the forward limit.
The histogram plot shows that the given one-sigma errors are reasonable. The plots have been
created in collaboration with R. H. Rodl.

the lattice QCD and the experimental value agree on the fact that, within a proton, up quarks
carry a larger fraction of the momentum than down quarks (and vice versa for the neutron).
Numerically, however, there is a long-standing discrepancy between lattice simulations and the
experiment (see, e.g., the comparison in ref. [128]), which is also true for our result. The dis-
agreement is caused by the large numerical value measured at nearly physical pion mass and
can obviously not be cured by any kind of chiral extrapolation. It is also unlikely that excited
state contaminations are responsible, since great care has been bestowed on their removal using
advanced smearing techniques and excited state fits to the correlation functions. In ref. [I34] we
have calculated the finite volume effects due to pions traveling around the box in the forward
limitEl This work was based on the one-loop formulas presented in section (see also ref. [97])
and its results have been used in ref. [33] to demonstrate that finite volume effects do not ex-
plain the discrepancy found for (x)“~%. Actually, one finds that finite volume effects abate with
decreasing pion masses as long as m, L is kept fixed, which is a consequence of the fact that the
leading finite volume effects occur at one-loop order and are therefore suppressed with a factor
x mf,e‘mﬂLEl The remaining candidate for an explanation of the observed discrepancy are dis-
cretization effects. Having data points at three different lattice spacings (cf. table should
enable us to take the continuum limit. However, it was already mentioned in ref. [I28] that
the rather narrow range of available lattice spacings 0.06 fm < a < 0.08 fm (combined with the
fact that data at nearly physical quark masses is only available at one lattice spacing) does not
allow for a conclusive continuum extrapolation. In summary, one can state that discretization
effects are the most likely explanation for the observed disagreement between lattice QCD and
experiment, and providing data that allows for a reliable continuum extrapolation has to be a

prime goal of future simulation programs.

2This project was mainly carried out by L. Greil.
3Note that this argument does not hold for matrix elements of operators that can couple to single pions as,
e.g., pseudoscalar or axialvector currents without derivatives.
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Figure 3.4: Result for the isovector total angular momentum J*~¢ = (A;Od( 0) + B;)ad(O)) /2

as a function of m2 using both the HBChPT-reduced (green) and the tradeoff (purple) fit ansatz.
The histogram plot shows that the given one-sigma errors are reasonable. The plots have been
created in collaboration with R. H. Rodl.

In figure [3.4] we show the difference between the total angular momentum carried by up and
by down quarks, J*~?¢. The obtained numerical value has to be treated with caution, since
the error does not include discretization effects which might be ~ 20%, as we know from the
discussion above. Qualitatively, however, the result clearly shows that up quarks carry a larger
share of the proton spin than down quarks (and vice versa for the neutron). We can conclude (in
the nucleon sector) that the quark flavor which contributes the larger number of valence quarks
also carries a larger part of both the momentum and the spin of the respective nucleon. One can
draw a more detailed picture if one takes into account the quark helicity dependent generalized
form factor flgygd. According to eqs. and it allows us to differentiate between quarks
with helicities parallel and antiparallel to the polarization direction of a longitudinally polarized

nucleon. At high energies one has

ul— L u u
(@)= = §(A2 04(0) A2 040 ) (3.61a)
Ury— 1 u u
(@)t = §(A2 04(0) Az o0 ) (3.61b)
uT— 1 u u— Tu—
JUT = 2 (A50(0) + B3 g (0) + A357(0)) (3.61c)
wear 1, — -
JH = 2 (A50(0) + B3 g (0) = A357(0)) (3.61d)

where, obviously, the special case of vanishing flg’gd(O) would correspond to a helicity indepen-
dent behavior. However, already a short look at the lattice data plotted in figure reveals
that the latter is not the case. Instead, as a very rough first approximation one can read off
;112‘76‘1(0) ~ A’Qﬂgd(O), which means that in large part the flavor asymmetry of the momentum

u=d) originates from quarks with positive helicity, while up and

distribution (measured with (x)
down quarks with negative helicity carry (approximately) the same amount of momentum. Also
in case of the total angular momentum this value of @2‘5‘1(0) corresponds to a larger flavor

asymmetry for quarks of positive helicity.
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Figure 3.5: Renormalized lattice data as a function of the momentum transfer for the isovector
generalized form factors Ay % and B;"Bd published in ref. [122]. The color coding for the data

points is specified in table We cannot show the corresponding data for AS)Bd, BYo% and

C4=? (which was used to obtain the BChPT fit results shown in figures and since
it has not been published yet.

3.7 Summary

In this chapter we have extended the results of ref. [34] to full one-loop accuracy and have
provided chiral extrapolation formulas for the first moments of chiral-even nucleon GPDs. Due
to the overlap in LECs some of the form factors should be fitted to lattice data simultaneously.
If one uses the heavy baryon reduced fit formulas, those are the two pairs (AIQ”O,BQO) and
(12172’,0, B;’,O) in the isotriplet sector. In the isosinglet sector the situation is more entangled and
calls for simultaneous fits of (A3, B3 o, C5, A5, A3%) and (1‘15,0’350)~ If the reader is more
ambitious and wants to apply the untruncated formulas given in appendix he has to treat
all form factors from the isosinglet/isotriplet sector simultaneously. Since reliable lattice data
on the isoscalar generalized form factors is not available we have focused on the isovector case in
our analysis (see sect. . In the ideal case one also has data for the matrix elements of the
gluonic and the isoscalar operators: in a first step one would fit the two sectors separately and
check whether the sum rules given in eq. are fulfilled to a satisfactory degree. Afterwards
one can invoke the sum rules to restrict the LECs in order to find the most precise result.

It is reasonable to expect the range of applicability of covariant BChPT to extend up to values
of the pion mass around M, max ~ 300 MeV - 400 MeV (see, e.g., refs. [135], [136]). Therefore we
had to exclude ensemble IX (cf. table , which has a pion mass close ot 500 MeV from the
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analysis. One can a priori not say for sure in which range of ¢ our formulas are applicable. A
careful estimate based on the argument that the chiral counting scheme ranks t as a quantity
of second order leads to [tmax| ~ m2 .. ~ 0.1 GeV? - 0.2 GeV2. At least for the isovector
generalized form factors, which we have analyzed in section [3.6.3 this estimate seems to be
overcautious, since the lattice data exhibits a quite linear behavior in the momentum transfer
that can be described by our formulas up to |t| = 0.6 GeV? in the spacelike region.

We have found that the results for the isovector generalized form factors the HBChPT-reduced
and the tradeoff fit ansatz, which are explained in section [3.5 are compatible. This is hardly
surprising, since the triangle diagram (see figure [3.1(f))) which, as explained in ref. [86], is not
described correctly in HBChPT, does not contribute to these form factors. We therefore have a
plausible explanation why HBChPT formulas yield compatible results in these cases. However,
at the same time, it disqualifies our finding as a benchmark for the isoscalar observables, where
the situation can be totally different since the respective diagram occurs.

Our numerical result for (x)*~% at the physical point is slightly larger than the value extracted
from experiments and does not agree with it within errors. We have discussed the origin of this
discrepancy in some detail with the conclusion that discretization effects are the most likely
explanation for the found deviation. Until this issue is resolved one has to assume discretization
effects ~ 20% also in the other observables like J*~¢. Qualitatively the results show that up
quarks carry a larger fraction of both the momentum and the spin of the proton than down
quarks. In both cases the flavor asymmetry is much larger for the quarks with positive helicity.

One can think of numerous extensions of this work. For instance one could investigate
(possibly relevant) decuplet contributions and isospin breaking. Another interesting and related
subject to study are chiral-odd GPDs (also known as helicity-flip or transversity GPDs), which
shed light on the correlation between quark (total) angular momentum and transverse quark
spin (see, e.g., refs. [104], 137, 138]). Furthermore, one could extend our calculation of finite
volume effects (see ref. [134]) to nonforward quantities. Another challenging topic would be the
(simultaneous) calculation of all z-moments by the use of nonlocal operators. In ref. [I12] it has
been shown that such an approach is only applicable in a covariant framework and that particular
care has to be taken of the regularization procedure. In particular in the face of upcoming CLS
lattice data of three-point functions with 241 dynamical quark flavors it would be very appealing
to perform such a calculation within three-flavor BChPT, extending the work done in ref. [79].
The latter would provide (similar to our analysis of baryon distribution amplitudes presented in
chapter {4)) a valuable insight into the behavior of (transition) GPDs in the limit of exact flavor

symmetry and its breaking.
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CHAPTER

Baryon distribution amplitudes

In this chapter we will study baryon distribution amplitudes which are relevant for the descrip-
tion of exclusive processes at high momentum transfer and can be construed as light-cone wave
functions integrated over transverse quark momenta. They are nonperturbative functions encod-
ing the distribution of the longitudinal momentum on the constituent partons within a specific
Fock state. In this respect DAs are complementary to ordinary parton distribution functions,
which are relevant in inclusive reactions (like deep inelastic scattering) and yield the probability
to find a parton (carrying some momentum fraction) within the hadron as a whole, without dis-
criminating between single Fock states. The one-loop BChPT calculation and the lattice analysis

presented in this chapter have been published in ref. [I39] and ref. [75], respectively.

4.1 Overview

Due to the unstable nature of the weakly decaying hyperons scattering experiments with hyperons
in the initial state are both challenging and scarce. An example is the WA89 experiment at
CERN, where inclusive Z~ production was studied [140] using a high-intensity £~ beam [141]
on copper and carbon targets. More naturally, hyperons occur in the final state, for instance
in baryon-antibaryon pair production via electron-positron annihilation ete™ — BB, in deeply
virtual exclusive meson electroproduction v*p — KtTA, Kt3° K°Y* and in decays of heavy
quarkonia to baryon-antibaryon pairs like J/¥, T — BB. The standard way to parametrize
the nonperturbative information contained in such exclusive processes are (transition) GPDs or
ordinary form factors. At (very) high momentum transfer the contributions from Fock states
containing more than the minimal number of partons are power-suppressed and the process
can be approximated by a convolution of the involved distribution amplitudes with the process-
dependent hard scattering kernel (see, e.g., ref. [9]). At intermediate momentum transfer soft
contributions that are not factorizable into DAs play an important role, which means that the

expansion in Fock states mentioned above is not feasible. In this kinematic regime the connection
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of DAs to the experiment can be established by using light-cone sum rules, which allow an
approximate determination of (generalized) form factors from DAs including soft contributions,
see, e.g, ref. [25]. The requirement of large momentum transfer, the instability of the final
state hadrons and the fact that distribution amplitudes only occur in convolutions, make high
luminosity and high granularity detectors necessary to extract information on the hyperon DAs
from experiment.

Another type of process where hyperon DAs are involved are the exclusive rare decays of
b-baryons, like =y, Ay, 3y and €2, into octet baryons (plus «y, IT1™, ...). Due to the large mass
difference one can hope that higher order Fock states are sufficiently suppressed to allow for a
description by three-quark DAs. Since the bottom baryons are produced with increasing rates
at LHC and at B-factories worldwide, we have to expect that ever more precise experimental
results will be available in future, even for rare decays containing flavor-changing neutral currents,
which are sensitive to new physics. Notwithstanding the fact that b-baryons are produced at
much lower rates than b-mesons, they are not less interesting since they allow for an examination
of the helicity structure of the b — s transition and thus complement the measurements in the
meson sector [142]. As shown in refs. [143] [144] there are possible scenarios where deviations
from the standard model are not seen in the branching ratio of A, — AlITI~ but only in the
A baryon polarization (see also refs. [145], [146] and references therein). In particular the decay
Ay — ApTu~ has received a lot of attention lately, since it has been measured by both the
CDF [147] and the LHCD [I48] collaboration. It is therefore mandatory to establish a theoretical
basis for the description of such decays, and the knowledge of hyperon DAs is one important
ingredient. Even the higher twist components can yield relevant contributions [149]. Note that
constraining the shape of wave functions by calculating the moments of the DAs with lattice
QCD plays an even more important role for hyperons than for nucleons, since experimental
bounds are less strict than in the nucleon sector.

A first parametrization of the leading twist contributions in hyperon wave functions was
already presented in ref. [I50]. A complete parametrization (including all contributions from
higher twist) of baryon-to-vacuum matrix elements was first performed for the case of the nucleon
in ref. [76], where it turned out that higher twist contributions can yield substantial effects in the
baryon sector, since the corresponding normalization constants A and A}’ are large compared
to the leading twist wave function normalization constant f~. The same procedure has later
on been reused in refs. [I51] [152] to give similar parametrizations for matrix elements of the
hyperons in the baryon octet, namely %+, 0 ==, 2% and A. Our work unifies these different
approaches and we find relations between the distribution amplitudes for different baryons even
if SU(3) s symmetry is broken. The obtained relations are exact including terms up to first order
in the quark masses. In this sense we call our results model-independent. However, one should
keep in mind that higher order contributions which lie beyond the accuracy of our analysis are
model-dependent indeed, since they are affected by the neglection of higher order terms during
operator construction and by the choice of the regularization scheme.

As shown in refs. [I51] 152] one has to introduce six additional DAs if one extends the for-

malism from the nucleon doublet to the complete baryon octet. Our results show that these
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additional DAs are (at leading one-loop accuracy in BChPT) determined by the eight indepen-
dent DAs already known from the nucleon sector. ILe., if one knows the eight standard DAs (and
their dependence on the mass splitting between light and strange quarks) for the A and for at
least two types of octet baryons with nonzero isospin, one can predict all the rest. Using the
parametrization given in refs. [I53HI55], where contributions of Wandzura—Wilczek type [1506]
are taken into account, and applying the approximation advocated in ref. [I53], where contri-
butions that can mix with four-particle operators are systematically neglected, we need only 43
parameters to describe the complete set of baryon octet DAs, including their dependence on the
splitting between light and strange quark mass. For details see section This amounts to
a significant reduction of the number of parameters compared to an ad hoc linear extrapolation
without the knowledge of SU(3); symmetry breaking, which would require 72 parameters for the
given setup. Therefore our results are useful for the extrapolation of lattice data. Note that the
parameters occurring in the approximation described above are determined by the zeroth, first
and second moments of the leading twist DAs and by the zeroth and first moments of twist-four
DAs, which are, apart from the first moments of the higher twist amplitudes, within reach of
state of the art lattice simulations (see ref. [37] for the nucleon case). However, in our first lattice
QCD analysis of the full baryon octet (see section [4.6| and ref. [75]) we have restricted ourselves
to the leading twist zeroth and first moments and to the higher twist normalization constants.

In hyperon decays the observed pattern of SU(3) flavor symmetry breaking is known to be
nontrivial. In particular the weak radiative decay X+ — py shows an unexpected large negative
asymmetry that remains poorly understood at the parton level (see, e.g., ref. [I57]). In this
context it is interesting that our numerical results (cf. section exhibit significant flavor
symmetry breaking for the octet baryon normalization constants (up to ~ 50%), and even larger
effects for the shape parameters describing the deviations from the asymptotic shape.

At this point we want to highlight a conclusion that can be drawn from our results, which is
of conceptual importance and also affects the nucleon sector: we find that the nonanalytic chiral
behavior of moments of DAs does not depend on the twist of the amplitude. Instead, the leading
chiral logarithms in the chiral-odd sector are determined by the type of amplitude to which the
corresponding moment contributes. The ones occurring in @fﬂ- (<I>§7i) amplitudes, which will
be defined in eq. , have the same chiral logarithms as fZ (AP). The odd moments of the
leading twist DA therefore behave like AP instead of f¥, which is quite contrary to intuition-
based expectation. The shape parameters occurring in ref. [I53] can all be assigned uniquely to
one of the two classes, which means that the distinction between moments described above is to
some extent already present in currently used parametrizations.

This chapter is organized as follows: in section we briefly review the matrix element
decomposition given in ref. [76] for convenient reference. The parametrization of the nonlocal
three-quark operators in terms of baryon and meson fields is performed in section A sketch
of the leading one-loop baryon chiral perturbation theory calculation is given in section [£.4]
where we also explain how we have matched our results to the standard DAs given in ref. [76]. In
section we present our main results. We provide a definition for DAs that do not mix under

chiral extrapolation and naturally embed the A baryon. The result section is to the most part
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self-contained such that the reader can skip the details of the derivation at will. In section [4.6]

we present an analysis of lattice QCD data. We summarize the chapter in section [£.7]

4.2 Matrix element decomposition

We start our analysis with a brief review of the decomposition of baryon-to-vacuum matrix
elements of light-cone three-quark operators. The complete decomposition (including higher-
twist contributions) has originally been performed for the nucleon in ref. [76], but it works in a

similar way for hyperons (see, e.g., refs. [I51], [152]). The light-cone three-quark operator reads

ga(a1n)qs(azn)gs(asn) (4.1)

where n is a lightlike four-vector. The antisymmetrization in color indices (which makes the
operator a color singlet) and the Wilson lines connecting the quark fields (providing gauge
invariance) are not written out explicitly. a, b, ¢ are flavor and «, 3, v Dirac indices. Already the
number of open Dirac indices adumbrates that the general matrix element decomposition contains
a large amount of independent structures. The explicit Lorentz-covariant parametrization taking
into account parity and spin of the nucleon (given in ref. [76]) uses 24 different functions SZ,,
PE,, VB, ABs and T5 for each baryon:
(0lgg (arn)qg(azn)gs (asn)| B(p, s)) =
1
=1 [SmeCaﬁ (15)y5 + S5 mBECap (175).5

+ PleB (75C)a5 Lys + P2BmQB (’750)a5 (772)75

+ VP (BC) 5 (15)y5 + VEmp (PO) 5 (5) 5

+Vmp (1uC) 5 (175).,5 + Vi (O) 45 (15).5

+ V5Bm23 ('Vuc)aﬁ (iauynz/%))»y& + VGBm% (VLC)QB (7‘75)75

B B

+ AT (P150) 5 Lrs + AT ms (p15C) 5 Oh).,5 (4.2)

+ AFmp (1,750) 05 ()45 + APmME (1750) 4 5 1as

+ Agsz (VuVSC)aﬁ (iUMVHV)75 + Agm% (%750)045 (VL)A,(;

+ 7-18 (pyio-HVC)aB (’YM’YE))’)/(; + 7-237713 (nupyio—l“’c)aﬁ (’75)75

+ EBmB (UHVC)(X,B (o’l“/fy{))'yé + EBmB (pyglﬂjc)(xﬂ (Uupnpfys)vts

+ EBmQB (nl’iaw,C)aB (7#75)75 + 7’63sz (”“p”ia;wc)aﬁ (%75)75

+ ﬁBmQB (Uuuc)ag (0#V7/i75)75 =+ ,TSBm?])B (nyauuc)(m (aupnp%'é)'y(s u? (pa 3) s
where mp is the baryon mass and u®(p, s) is the baryon spinor such that the Dirac equation
puB (p,s) = mpu®(p, s) holds. The 24 functions denoted by calligraphic letters depend on a;, as,
a3 and the scalar product n-p. This dependence is fixed to some extent by the constraint that

the three-quark operator is invariant if one simultaneously rescales a; — Aa; and n, — n, /A,

which we will call scaling property. It directly yields that the product of such a function with
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(n-p)#™, where #n is the number of the four-vectors n occurring in the corresponding Dirac
structure, can only depend on ai1m-p, asn-p and azn-p. Additionally the functions depend on
the choice of the flavor structure on the L.h.s. of eq. . It is convenient to use a specific choice
of flavors for each baryon that will be described below.

Being confronted with a large amount of structures one naturally tries to sort them according
to relevance. In hard exclusive processes contributions of lowest twist typically play the key role,
such that an ordering with respect to twist is most promising. There are two differing notions
of twist: collinear or dynamical twist versus geometric twist (see, e.g., ref. [50]). Collinear twist
counts the suppression with powers of k., which is the plus component of a specific light-cone
projection of the nucleon momentum k, = p, — num%/(2n~p), where k2 =0 and n-p = n-k.
Choosing the hadron to fly with large momentum in positive 3-direction on has p+ = py £ ps,
where p is large while p_ is small. For an appropriate choice of n (in this case n” o (1,0, 0, —1))E|
one has k; = p4 such that leading collinear twist yields the most important contribution at high
momentum. This direct connection to power counting is a major advantage of collinear twist,
that has to be paid for: already the definition of collinear twist explicitly depends on the external
hadron momentum p and it turns out that only the operators which project onto leading collinear
twist can be defined without the knowledge of the external momentum (they only depend on
n; for details see ref. [76]). Therefore (apart from the leading contribution) collinear twist is
not a property of the operator itself. This is different in the case of geometric twist, which is
defined directly for the operator as its mass dimension minus its (Lorentz-)spin. For geometric
twist one lacks the simple power counting interpretation. However, distribution amplitudes of a
certain collinear twist can be decomposed into parts of different geometric twist, where, applying
the Wandzura—Wilczek approximation [I56], it is often assumed that the contributions of leading
geometric twist dominate. The decomposition of nonlocal operators in parts of definite geometric
twist is a highly nontrivial task (see, e.g., ref. [I54]). In order to take into account the expansions
in both collinear and geometric twist in the best possible way we will proceed as follows: in a
first step we will introduce distributions of definite collinear twist by using the twist-projection
given in ref. [76]. The decomposition with respect to geometric twist will be taken into account
directly via the parametrization of the DAs in section

The projection onto parts of definite collinear twist is performed with great care in ref. [76].
The 24 functions used in eq. can be replaced by 24 twist-projected functions S&,, PJZ,,
VB, AB, and TJ; (their twist is specified in table as follows [70]:

scalar distributions: (4.3)
ST =57, 2n-pSy = 57— 87,
pseudoscalar distributions: (4.4)
,PF:Ple anP2B:P2B_P1Ba

IThe argumentation relies on the specific choice of n relative to p. For the opposite choice (nT o (1,0,0,1))
one even finds k1 = 0. Note, however, that both the matrix element decomposition and the (collinear) twist
projected DAs are independent of the choice — only their meaning in terms of power counting is affected.
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twist-3 twist-4 twist-H twist-6
scalar SE SB
pseudoscalar PP PE
vector VB VB, VP VE, VB VP
axialvector AB AB AB AB AB AB
tensor TE B, T8, T8 TE, T8, 18 B

Table 4.1: Classification of distribution amplitudes with respect to collinear twist. This table
is taken from ref. [76].

vector distributions: (4.5)
VP =VP, 2n-pVy = VP V= v

V8 = VP dn-pVP = 2VEL VEL VP 2V,

An-pVy = V= Vi, A(n-p)*Vg = Vi Vi Vi VP V- VP,
axialvector distributions: (4.6)
AB = AB/ o2n - pAY = —AP 4 AD— AP

2A8 = AP dn-pAP = 248 AP APy 24D

dn-pAP = AD— AB d(n-p)2AF = AP AB 1 AB+ AB— AB AP,

tensor distributions: (4.7)
TB=TF, on - pTP= TP+ TP— 2TP,

27,°= TP, - pT=TP— Ty— 2T,

2n - pTP= —TP+ TP+ 218, 2(n-p)*T= TP TP TP+ TP+ TP+ T2,
dn-pTP=TP-TE, 4(n-p)*TL= —TP+ TP+ TP TP+ 2184 212,

From the discussion under eq. it follows directly, that the functions which are projected
onto definite collinear twist depend (aside from the factorization scale) on aijn-p, asn-p and
asn-p only. Together with the behavior under infinitesimal translations along the light-cone
vector n this yields that the twist-projected functions can be written in terms of distribution
amplitudes. For F € {SE,, P2, V&, AP T} one has

F(an-p) = /[dm] e PRmia Py (4.8)
where the integration measure [dz] is defined as

/[dx] = /dxldxgdxgé(l =3 @), (4.9)

with all integrations running from 0 to 1. The x; can usually be interpreted as baryon momentum
fractions carried by the respective quark fields. The delta distribution within the integration
measure therefore represents momentum conservation. Note that the term distribution amplitude

can be used for both F'(a;n-p) and F(z;). However, when we call something a DA, we always
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mean the latter. The amplitudes have the following symmetry properties under exchange of the

first and the second variable

SP(z1,9,23) = —(=1)SP (w2, 1,23) ,  PP(21,22,23) = —=(=1)p PP (x2,21,23) ,
%B($17x2ax3) = +(7]‘)3‘/1‘]’3(332’"1713:E3) ’ AiB(I17I2ﬂz3) = 7(71)3‘4?(‘%27(5171’3) )
T,L-B(LC17£L'2,$3) = +(_1)BT‘7,‘B(:E27:E175E3) 5 (410)

where we use

+1, for B#A,
(-1)p = (4.11)
-1, for B=A,

in order to implement the different sign for the A originating from the antisymmetry of the
isospin-singlet state. To obtain these nice symmetry properties one has to choose the flavor
content in the operator in eq. (4.2]) according to

p = uud , n = ddu , ST = uus , Y0 = uds

YT =dds, 20 = ssu, = ssd A =uds (4.12)

[1]

where the order of the flavors is relevant.

4.3 Operator construction

In this section we will construct the light-cone three-quark operator given in eq. in terms
of baryon octet and meson octet fields. Note that there are many possible parametrizations due
to the freedom of choice one has by neglecting higher order effects. The task is therefore not
only to find a parametrization, but to find one that is most convenient for the loop calculation
to be performed and can be easily matched to the standard decomposition given in eq. .
For the parametrization of the nonlocal operator one needs functions, where the moments of the
functions play the role of low-energy constants. For the parametrization presented below these

functions can be easily matched to standard distribution amplitudes.

4.3.1 Symmetry properties

To perform the construction of an operator within the effective theory we have to know its
symmetry properties. To make use of chiral symmetry it is convenient to split the quark fields

into left- and right-handed parts

g4 (a1n)qj(aan) g (asn) = OFE o5, (a1, a2, a3) + OFF 5. (a1, a2, as)
+ OaRbLC,aB'y(ah az, a3) + Ol[lll}%,aﬁ'y (a‘la az, a3) (4 13)
+ O?—Ea[llryoéﬁ (a3; ai, a2) + Oﬂ%yag ((Zg, ai, (12)

b b
+ Och,ﬁ'ya(a’QJ as, al) + Och’ﬁrya(a27 ag, al) )
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where the operators Oxy for X, Y € {L, R} are given by

O (a1, a2, a3) = q% o (a1m)q% 5(azn)gs - (asn) (4.14)

where the left- /right-handed quark fields are qr,/r = 71,/ rq = %(]l F75)q, as defined on page
These operators can be characterized by their transformation properties under parity transforma-
tion (P), time reversal (7), charge conjugation (C), Hermitian conjugation and chiral rotations

(X)- For chiral symmetry transformations one obtains
O%’%am(al,amas) = XaanbbfchfO%?/ﬁwv(al,ag,ag) . (4.15)

Using the transformation properties of the quark fields that have been detailed in section [2:2.3]

one finds the following behavior under the discrete symmetry transformations:

PO??,aﬂw(al,az,as)PT = (775)3(70)%' (70) g (VO)WW’Og‘(bxg/’afg/y(alaa2aa3)’n_>_n , (4.16a)
abc aobc T
C,POX?Y,ozﬁ’y (a17 az, af’))IPTCJr = (77(1077(1;)300404'055/0’)’7' (OXbY,o/ﬂ"y/ (alv az, a3) |n—>—n) ’ (416b)

TO apy (a1, a2,a3)TT = (17)*(=1)y Caa Capr Cryy O 11y (a1, 02, a3) | . (4.16¢)

no——"no

It would also be possible to use charge conjugation alone, but the combined CP is more con-
venient, since it has the advantage that it leaves the quark chiralities unchanged. We will find
that the constraints obtained from CP and T are compatible as long as the inversion phases
for the baryon fields are chosen appropriately, cf. section Additionally we know that each

operator transforms under a translation in n-direction as

O’}(l’;am(al + da, ag + da, a3z + da) = exp{iéawP}O%’f/,aﬁ,y(al,ag,ag) exp{—idan- ]5} ,
(4.17)

where P is the momentum operator which acts as a generator of translations. Another symmetry
of the three-quark operators defined in eq. is the invariance under the exchange of the
quark in the first and the second position or even an invariance under exchange of all three
quarks in case of the operators containing right-handed or left-handed fields exclusively. On top
of this the operator fulfills the scaling property explained below eq. on page

4.3.2 Low-energy operators

Using the previously defined fields ur and uy, we can write down the operators, which contribute
to baryon-to-vacuum matrix elements of three-quark currents at leading one-loop level and have

correct transformation properties under chiral rotations, in the following compact form:
K
b i g,k L XXY 5k, XXY
OX¥,apy(a1,a2,a3) = /[df] SN FE (@, ma,w) Togoy” Bime X (2), (4.18)
i,j k=1

where the correct transformation behavior under translations in n-direction is ensured by z, =

n, y_ x;a; and the constraint that z; + z2 + 23 = 1 in the integration measure [dz], which has
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4.3. OPERATOR CONSTRUCTION

Table 4.2: List of I'y @ I';. n&, = 1 by choice (see comment in the text; for the definition
of 77113’ i nﬁ i nf{ , see appendix . We have multiplied structures 1 and 6 with a factor of 4
such that 771{{ ;= 7719, ; for all structures and, thus, 77113’ ing ﬂh{{ , = 1. In cases where four-vectors are
used in the place of Lorentz indices the notation means that the corresponding Lorentz index is
contracted with the index of the vector; e.g., 0?" = ot o,n,.

i @Iy nty=nf, onfa, s, AP di'
1 il @ -1 -1 -1 2 ~1
2 101 1 -1 1 1 0
3 9" @ 1 1 1 -1 2 -2
4 o @, 1 1 -1 2 -1
5 oM ® 0 1 1 1 1 0
6 i0c"®l -1 1 1 1 -1
7 o @ o, 1 1 1 1 ~1
8 o @, 1 1 -1 0 0
9 ol @ oun 1 1 1 3 —2

been defined in eq. (4.9). The Fs are functions of z1, x2, x3 only and k; is given in table
The T's are defined as

T XY 2 = (yx Ty Cag (V2T (i) ) s(n-0) 5 (4.19)

where 'y, I';, d7* and d? can be taken from table The occurring derivatives act on the Bs.
We have introduced adequate powers of i@ to have functions F of mass dimension 2, which is
compatible with the standard mass dimension of distribution amplitudes. Using i@ (which leads
to a factor mp in the final result) instead of the baryon mass in the chiral limit mg (which would
be the standard choice) has the advantage that it allows for a straightforward matching of our
parametrization to the general decomposition given in ref. [76] and to refs. [I51] [152] (see also
section . The power of (n-9) is chosen such that the scaling property is fulfilled. Note
that in the chiral-odd sector one can actually write down more structures, which have the form
Fgf{(a}gx or F:Zgg){. However, these structures are not independent. They can be rewritten in
terms of Fgg{jgy using Fierz transformations. In order to reduce the I's to the minimal set given
in table one has to use the identity o"”vs = %a—:‘“’p"am and the fact that it is sufficient to
construct structures of positive parity. The negative parity structures, which one can obtain by
multiplying all I'g with a 75, would only lead to a relative minus sign between operators Oxy
and Oxy which is automatically compensated by an extra minus sign in the parity constraint
given in eq. (4.24a) (see also explanation below eq. ) Additionally one has to use that
multiplying both structures I'yy and I'}; with a 5 does not lead to a new, independent structure
owing to the projection with v/ in eq. .
The Bs in eq. are defined as

Bg:Séi(YZ = (ux)aa (Uy )by (Uz)cchng/b,C/ , (4.20)

where we take into account all possible permutations
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BARYON DISTRIBUTION AMPLITUDES

Table 4.3: In this table we list only terms which contribute to the one-loop calculation of
baryon-to-vacuum matrix elements of the operator. x4 is defined as x4 — tr{x+} /3. Thisis a
convenient choice since this combination (in a leading one-loop calculation) vanishes along the
symmetric line, where m,, = mg = ms. The octet baryon field Bs has been defined in eq. .

j B, B} B} trace’ k;
1 Bs 1 1 1 3
2 Bs 1 1 tr {x4 }mg > 3
3 Bs X+mg 1 1 6
st ibc (B §)aar (BS)owr (BY) cer€arirer X trace’ (4.21a)
6ab(‘ (B;Z,)aa ( 1 5)bb’(B%)cc/€a’b’c’ X tracej s (421b)
5abc (B%)aa (B )bb' (B{ ’5)@/5@/1,/0/ x trace’ | (4.21c)
B§ ibc (BY)aar (B 5)op (BS)cer€arirer X trace’ (4.21d)
5abc (B{,é)aa’(B])bb’(B%)cc/(‘:a’b’c’ x trace’ (4.21e)
éabc (Bg) aa/(B )bb’ (B{ g)cc’ga’b’c’ X tracej . (421f)

For cases where BJ = Bg we only use Bg’abc, Bg ibc and Bg:ibc and thus k; = 3. The different
possible combinations of Bs can be taken from table [£.3] All baryon and meson fields which are
connected to each other (by a summation over a shared flavor index) have to be at the same
spacetime position, owing to the fact that the compensator field K is a local transformation.
However, chiral symmetry actually also allows for the possibility that the trace term in B is
situated at a different spacetime position as the rest of the operator. We consider this possibility
in appendix and show that such a parametrization only differs in higher order terms. Note
that no structures of the form [Bs, X+], {Bs, X+}, or tr {Bsx4} occur in table[4.3] since they can
be expressed in terms of the third structure, which means that we have only one second order
structure (j = 3) that is responsible for SU(3)s breaking. Also the operators which describe
the behavior along the SU(3); symmetric line (j = 1,2) are not linearly independent, but the
situation is more complicated in this case: since operators of the same class (i.e., same j but
different k) are related to each other (see eq. ) one has to take care that the symmetry
properties of the operator under quark exchange are respected. Therefore, we postpone this
discussion to section [£:3.41

There are no covariant derivatives acting on the baryon field within the Bs. In appendix [C.4]
we show that they can always be traded for derivatives acting on the whole structure plus higher
order contributions, which can be neglected. This fact will turn out to be very convenient for
calculating loop contributions, since the derivatives acting on the complete structure do not lead
to additional loop momenta in the integrals.

The effective operator given in eq. already transforms correctly under chiral rotations

and translations along the light-cone vector n. It also fulfills the scaling property. The remaining

70



4.3. OPERATOR CONSTRUCTION

symmetry properties given in section[4:3.1]will now be implemented by constraining the functions
F. We consider

PBLEY I Pt = 0l (30)so BE e 71y (4.22a)
CPBIEXY2pict = nfnf Csy (BYE Y s n) ' (4.22b)
TByn 2T =1 (Cr5)55 By e | o me (4.22¢)
and

PFZ?’YY(?ZPT = _7711‘3,2' (Y0)aa’ (0) 887 (70) v~/ PZ?EZ/Z(V s (0)as (4.23a)
CPTyhs PICT = = inflinfly CaaCap Conr (T iirl, ) Covs (4.23b)

ng(wyézﬂ = —nf it (=1)x(=1)y(=1)2CaaCps Cqyr Fgfgiiwnﬁm Cesis .
(4.23¢)

We have defined the structures given in table in such a way that 771137 , =+1and 771{{ mg ;= +1,
where the latter one can be achieved by multiplying appropriate structures with a factor of i.
By using the relations and one can easily apply P, CP and T transformations
to the effective operator defined in eq. . From the comparison of the result with the
symmetry constraints for the three-quark operator given in eq. one obtains the following

three constraints

—nf FE =l Fik obtained from P , (4.24a)
neng F = Sl (FE)" obtained from CP , (4.24D)
ng (f;(JYk)* = (7)5)3]:;;%}]@ ) obtained from 7T . (4.24¢)
For the alternative choice of I' structures with 771137 , = —1 the parity constraint would yield an

extra minus sign, which would automatically cancel the relative sign in the definition. For each
choice of parity inversion phases that follows the rule that the intrinsic parity of the ground state

of a composite particle (the octet baryons in our case) is given by the product of the intrinsic

parities of its constituents (ie., i = (nF)?) one obtains Fxy = —Fxy from eq. ([4.24a).
Therefore we only have to differentiate between chiral-even Frr = —Fr = Feven and chiral-

odd Frr = —FRrr = Foaq distribution amplitudes. The constraints obtained from eqs. (4.24Db))
and (4.24d)) are consistent with each other as long as the CPT phases fulfill the constraint
771?775 ni = ( 5775 77qT)3, which obviously agrees with the standard phase conventions, where all

the inversion phases are defined to be +1. The result is a so-called reality condition

—i .5,k —i .5,k *
e TS = (e T (4.25)
where
C, P\3 T
e2io — Wl )" (4.26)

ngnf ()P
which means that the Fs are real for the standard choice of inversion phases. However, as

known from quantum mechanics, two states are equivalent if they lie within the same ray in
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BARYON DISTRIBUTION AMPLITUDES

Hilbert space, i.e., if they only differ by a phase. Hence, the overall phase in eq. has
no physical significance. The inversion phases are part of the definition of the effective baryon
field. Two differing baryon field definitions which lead to a different phase in eq. can
therefore be interpreted as fields that create different (physically equivalent) representatives of
the same physical state. The main information contained in the reality condition is, therefore,
not the phase and how it is obtained from the inversion phases. The important information
is, that there are no relative phases between different distribution amplitudes. E.g., for the
wave function normalization constants fZ, AP and A\J eq. guarantees that the products
FEOBY fB(AP)* and AP (AD)* are real.

4.3.3 Symmetry under exchange of quark fields

In this section we use the symmetry of the original three-quark operators under exchange of
quark fields with the same handedness to reduce the number of amplitudes. Using the constraint

that the operators have to be equal under exchange of the first and the second quark yields

j=1,2: .7:;&]}"/1(131,%'2,3}3) = —nlgA’i]-}]{, (x2,21,23) , (4.27a)
f;@3($17x2,1‘3) = _nFCAﬁifééj}}S(‘r27$l7$3) 9 (427b)
j=3: .F;(i}l(ﬂfhl'g,l'g) = lg .F (xg,xl,xg) , (4.27¢)
.7-';;?;2(9617352,333) = lg ]—' 3, (xg,xl,:tg) , (4.27d)
]:;3}}3(.131,%‘2,373) Iq ]:;( > (1‘271‘1,1‘3) . (4.276)

In the chiral-odd sector one now uses these relations to eliminate ]-" (1f j=1,2) and Fy o3 4/ 56,

Additionally we can use that
(WwTavxC)yp(1xTB)as =0, X #Y and 'y € {1,75,00} . (4.28)

Using Fierz transformation this leads to

3,XXY 4,XXY 9,XXY
Faﬁ’y5 - Faﬁ'yé + 2Faﬂ75 5 (4293.)
5,XXY
Faﬁ'yé = O (429b)
6,XXY 4,XXY 7.XXY
Fa,3’75 Fa,(i'yé Faﬁfyé ) (4.29(?)
if X # Y. Therefore we have the freedom to choose
.Fg&{ik(xhxz,x?,) = fg&{ik(xl,mmxS) - ff&{ik(wl,aﬁg,xg) =0. (4.30)

In the chiral-even sector the projection with vz, g leads to similar constraints. The counterpart

of eq. (4.28) reads

(vxTavxC)rg(vxTB)as =0, i Ta € {vu, 715} - (4.31)
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With a Fierz transformation one obtains

LAY = TR g e TR (4:32)
Fi,ggx _ 7iri[§i{§X 7 (4.32b)
PZBXw?X —0. (4.32¢)
Therefore, we can choose
]:gvfen (x1,22,23) = ]:egven (z1, 22, 23) = ]:gvjef(xl’“’x?’) 0. (4.33)

The operators containing left- /right-handed quarks exclusively also have to be invariant under
an exchange of the first and the last quark. Performing a Fierz transformation and using the

identities given above we find

’L XXX i\ XXX z 7
a5 Z Tagas (4.34)
The matrix c¢ is given by
1 1 3 1
2 0 -3 -5 0 =3
o 3 0 0 6 -3
0 0 1 0 0 0
A o ) (4.35)
-3 0 -5 -3 0 -3
o 10 0 3l
0 0 0 0 0 1

By the use of this relation the symmetry property of the operator under exchange of the first

and the last quark translates to the following constraints on the amplitudes:

j=1,2: .F;éj)’(l(l'l,l'g,xg Z ¢ .FX’)J(3(£U3,£C27£L'1) , (4.36a)
i'=1
.. 6 .
f;éj)’?(l'l,l’g,xg) = - " f;(’]X’Q(xg,xg,xl) , (4.36b)
=
Fd(wy, w0, 03) = Z ct .7:;()]( (x3,x2,21) , (4.36¢)

=1
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6

j=3: fx?‘;(l(l‘l,itg,xg Z :Cg,atg,xl) , (4.36d)
| o

T (w1, 9, m3) = Z o (@s, e, 1) (4.36¢)
A 6

FX (@i, w0, w3) = Z Fio¥ (g, 22, 21) (4.36¢)
| o

]—'X34($1,x2,x3 Z CC3,SC2,$1) 5 (436g)
6

FYX (w1, 02, 23) = Z Vo (@, 0, 21) (4.36h)
6

FRX (w1, 2, 23) = Z (s, w2, 71) - (4.361)

Using these equations one finds for the operator with j = 3 that one can eliminate all amplitudes

apart from F2%! b using the following relations recursively:
XX 0¥

6
f;&i’f(ml@z,x:ﬁ) = U?A,i Z " -7:;(33('73(1'3a T1,72) (4.37a)
i'=1
- 6 .. -/
f;}i}?’(xl,xg,xg) = UFCA,i Z c ]'—;(’;?2’1(373,331,362) ) (4.37b)
i'=1
FOi @, w0, 3) = —nfa ]:;(B;’(l($2,3317$3) ; (4.37¢)
f;}i’;’(wl,iﬂz,%) ? ]: X (9027551,%3) ) (4.37d)
F35 (w1, 0, 3) = FC T3 (g, w1, 13) (4.37e)
For the operators with j = 1,2 we can eliminate
.F)iég?(lil,xg,fbg) = —UIQA ‘F;éj),(l (m27$17x3) ) (4388”)
T (w1, w9, m5) = Z W FE (3,12, 11) (4.38b)
i'=1

and additionally

FH (@1, w2, w3) = Fkt (w1, 20, 23) + Fi& (1, 22, 33) — 2F 3% (21, 73, 72)

+ FR% (21, w2, 3) (4.39)
f;g&l(m,m,m) = —4.7:}??,"(1 (z1,22,23) + 8.7:;])'51 (x1,23,22) + .F)ﬁ(’gél(xl,x% r3) (4.39b)
F& (w1, w0, 23) = —F% (1,3, 22) | (4.39¢)
FRX (@1, w2, w3) = —Fg%' (21,73, 2) - (4.39d)
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4.4. DETAILS ON THE CALCULATION

From the fact that the local operator at the origin, where a; = as = ag = 0, is independent of
the light-cone vector n one can deduce constraints for the zeroth moments of the distribution

amplitudes

/[dx]]-‘ IF (21, w9, 03) =0, fori=1,3,4,6,7,9 . (4.40)

4.3.4 Elimination of linearly dependent structures

To avoid overparametrization we will now annihilate linearly dependent structures of those given
in table [1.3] Considering all possible three-quark operators and all baryons from the octet, one
finds (for j = 1,2) that only two out of the three structures B 5 abc, Bg:ibc and Bg:gbc are linearly

independent, since one has

J,1 J»2 J»3
O_B5abc+Bﬁabc+B§abc' (441)
In the chiral-odd sector we can use this relation to replace Bgfibc = *Bgﬁbc — Bg’zbc, which is
equivalent to the replacement
]:Ogé (21,22, 13) —> f g1 (21, @0, 23) = ]-'O’(fé (21,22, 73) — .Fé’djég(lfl,.fﬁg,{ﬁ:;) , (4.42a)
3 2 — TJ, 6,753
‘FO({d ($1,$2,$3) — .F J:2 ((El, CUQ,.’Eg) = ‘FO(fd (1'1,1'2, SU3) — f;(fd (CEl,xQ,lEg) s (442b)
Fodid (1,02, 3) — Foid (w1, 00,23) =0 . (4.42¢)

Using egs. (4.27a)) and (4.27b)) one finds that the new functions have the same symmetry prop-

erties as the old ones. Therefore we can choose

Foia (@1 @2,23) =0, j=1,2, (4.43)

o

in accordance with symmetry properties and without loss of generality. In the chiral-even sector
the situation is different since the amplitudes are already constrained by the symmetry under
exchange of the first and the third quark. An elimination of one structure in favor of the two
others would therefore not lead to a simplification. Instead one just obtains a reparametrization
of the problem for which it would be hard to implement the symmetry properties under exchange
of the first and the last quark.

4.4 Details on the calculation

In this section we describe the leading one-loop calculation. In section we explain how we
have matched to the standard DAs defined in ref. [76].
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/ \
/ \
p p p p—q p
() (1) ()
N> N N
(a) (b)
Figure 4.1: Feynman diagrams needed for the calculation of the self-energy. The circles

indicate vertices from the meson-baryon Lagrangian (the number inside denotes the chiral order),
while the dashed and solid lines represent meson and baryon propagators, respectively.

4.4.1 Meson masses and the Z-factor

We work in the limit of exact isospin symmetry, where m, = mg = m;. Using the standard
leading order meson Lagrangian (2.36)) one finds for the meson masses the standard Gell-Mann—

Oakes—Renner relations

m2 = 2Bym; = mi2:17273 = 2By(mq — émy) , (4.44a)
mi = Bo(my +ms) =mi_y, ;= Bo(2mq + dmy) , (4.44b)
m; = %(ml +4my) = mi_g = 2By(m, + omy) (4.44c)
where
Mg = %(le +ms) , (4.45a)
omy =mg —my , (4.45b)

and By is the LEC proportional to the quark condensate in the chiral limit. As additional
ingredient we need the first order meson-baryon Lagrangian given in eq. . From the latter
one deduces the baryon-meson-baryon vertex for an incoming baryon B, an outgoing baryon B’
and an incoming meson (the k-th one in the Cartesian basis) with momentum ¢, which is relevant

in our calculation:
—1
ﬁg% tr {kG (D{\", kp} + FIN" kg])} . (4.46)

The self-energy to third chiral order is given by the sum of the irreducible diagrams shown in
figure (where external legs are to be amputated) multiplied with an ¢. The contribution of
diagram @ which is relevant for the calculation of the Z-factor is given by

i x[(0)|= 395, f(mx, mo,P) + 49,k f(mx, mo, P) + 9B.4f (Mg, mo, P) , (4.47)
where
f(m,mo,p) = ;Fix(p? — w21 (m, mo, ) + (p + mo) (Tt (mo, p) — m2Ty 1 (m, mo, ) -
(4.48)
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The loop functions Iy ; and I ,gll) are defined in appendix and the coefficients are given by

gz = (D+F)>*, gN,K:%D2—DF+§F2 , gz\;,n:%(D—SF)2 ,
g = g(D2 +6F?), gs,x =D? + F? | gsn = %DQ 7
=n=(D-F)?, gE,K:%DQ'f‘DF-FgFQ, E,W:%(D+3F)2,
Grr = %DQ , gAK = %(DQ +9F?) grm = %DQ : (4.49)
These constants fulfill the constraints that the sums
39, +49B, K + 9By = %(5132 +9F?) , (4.50a)
29n,m + 395, + 292 M + ga,m = %(5D2 +9F?) , (4.50b)

are independent of the baryon/meson species. This yields similar baryon masses and Z-factors
along the line of equal quark masses and is a consequence of SU(3); symmetry. For a detailed
study of baryon masses under symmetry breaking see ref. [I35]. The square root of the Z-factor
needed in our calculation is given by

1
VZg =1+ 5%" , (4.51)

where the prime indicates taking a derivative with respect to p and substituting p — mp. The
dotted equal sign = means equal up to terms which are of higher order than our level of accuracy

(which is second order in chiral power counting). The derivative of the self-energy

Y5 (Mg, 6my) = 39,7 f (Mx,mo, mp) + 495,k ' (MK, mo, mp) + gp.4f (My, Mo, mp)

(4.52)
= X" (mg) + AXE (Mg, omy) ,
can be split into a flavor-symmetric and a flavor symmetry breaking part
X (1mg) = X5(mg,0) = (398,x + 495,K + 9B.0) f (M5, M0, M B)
= S(5D7 + 9F) 1 (3, mo, m) (1.53)
= S(5D7 + 9F)f (3, mi,m)
AX’p(mg, 6my) = X'5(mg, 6my) — X'5(mg, 0)
= 39,7 f (Mx,mo, mp) +4gp K ' (M1, Mo, Mp)
¥ g maymo,mi) — 3 (5D + OF)f (mtymo. ) (4.53b)

= 398, f (Mx,my, my) + 4gp i f'(mx, my, my)

4
+ gB,nf/(mnamltvmlt) - §(5D2 + 9F2)fl(m:n7mlt7mlt) )

where mj, , = my, ,(mq) is the meson/baryon mass along the symmetric line (dm; = 0). For
explicit results see appendix
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q
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Figure 4.2: Feynman diagrams needed for the calculation of the baryon-to-vacuum matrix
elements. The squares depict the operator insertions given in egs. , the circle stands for
the vertex from the meson-baryon Lagrangian given in eq. and the dashed/solid lines
represent mesons/baryons. The numbers inside the vertices and operator insertions denote their
chiral order. Diagram @ has to be multiplied with v/Z. However, one knows that at higher
orders all of the diagrams will receive a v/Z contribution, which can be used as an argument in
favor of the factorized version of our results (see eq. (4.85)) in section [4.5)).

4.4.2 Baryon-to-vacuum matrix elements

In this section we describe the actual loop calculation for the baryon-to-vacuum matrix elements
of the three-quark operators. From a simple power counting argument one finds that at leading
one-loop level the only contributing graphs are the ones shown in figure One easily observes
that the second order operator insertions only occur without additional mesons. Therefore we
only have to compute the higher order vertices where a single baryon couples to the operator.
Contributions with additional mesons only occur for the leading order operator insertion (j = 1).
For the BChPT calculation mainly the structure Bg:f;fyz is relevant. Graph of figure
is an exception because the extra 75 from the baryon-meson-baryon vertex has to be canceled
with a 75 from the Dirac structure of the operator. The calculation gets simplified considerably
if one uses the fact that (by construction) the ngsl’;i{yz with k& # 1 can be obtained from the

case k = 1 by a permutation of indices:

i2.XYZ _ il YZX i3, XYZ _ il ZXY i AXYZ i 1YXZ

Bts,abc - B&bca ’ st,abc - B&cab ’ B(S}abc — T P§,bac ’
35,XYZ i l,XZY 3.6, XYZ _  pil,ZYX

B&,abc - B&,acb ’ Bé,abc - d,chba ’ (454)

which means that we actually only have to calculate the case k = 1. Using the definition
+1, for X =R,

(-)x = (4.55)
-1, for X=1,
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from section we can write down the relevant operator insertions in a quite economic way:

sabe(2) = (kp)" e e My (4.56a)
Be(p)
i ’ ’ ’ ’ ’ ’
sabe(2) = 57 | CDx(Worp) 6" 8 4 (~1)y (mp)"* (AF)6° (4.56b)
Be(p—q)o*(a) 0 Lt hvee] abe —in
+ (_1)Z("$B)aa 5 ()\ )cc:|€a c e—’bp 2]156 ;
sabe () =
Be(p—q1—q2)¢*(q1)¢' (g2)
_1 ’ ’ ’ ’ / / / /
= ]_6F2 [()\k/\lKB)aa 5bb §ee + (K/B)aa (()\k/\l)bb §ee + 5bb (/\k)\l)cc)
O ’ / !’ ’ ! !
+ 2(*1)X(*1)Y(/\k’13)aa ()\l)bb §ee +2(71)X(71)Z()\k53)aa 5bb (/\l)cc
21y (1)) ) (N | e <,
+ (k). (4.56¢)

The second order tree-level operator insertions read

Byl ()| = 4Bomg? tr{M} (xp)" e e (4.564)
Be(p)

Bg),,;éfYZ(Z) — 4Bom62(K:B)aa’/\;lbb’ga/b’ce—ip~2]166 , (4566)
Be(p)

where M = M — tr {M}/3 and M is the diagonal quark mass matrix, cf. section After
performing the loop calculation one finds that the results can be expressed as

(010%% 05, (a1, a2, a3) + OFF 5, (a1, a2,a3)|B(p, 5)) =

o ) ) 4.57a
= /[d$]e_z n p3l Trak Z FZ%VWegluéB (p, S)hi,;:sen (1,9, 23) , ( )
i
(0|OKE w5y (a1, a2,a3) + O 15, (a1, a2, a3)| B(p, s)) =
o . . (4.57b)
= /[dx]e i PRy TRak ZFZ%i%uf(p, s)h%(’lggd(axl, To,T3) ,
i
where uZ(p, s) is the baryon spinor,
i) i,RRR i, LLL
I‘;‘;‘fg‘ = I‘Zaﬁvé — F;B'yé , (4.58a)
i,odd i, LLR i,RRL
Fla%’yé = angya - Flagya J (4.58Db)
and
hi,abc _ j,k,abc 1i,5.k 4
B,even(xh L2, ‘T3) - CB,RRR]:even (1‘15 L2, LE3) ) ( 59&)
3k
h%‘fgfld(xl,:zzg, x3) = Zcéfz%b}%fé’(fék(xl,xg, x3) . (4.59Db)
3k
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The coefficients cgﬁ’(aﬁcz inherit the property that the ones with k # 1 can be obtained from the

case k = 1 by a permutation of indices:

73,2,abec  __ _j,1,bca 7,3,abc  ___j,1,cab j4,abc __j,1,bac

B.XYZ ~ ¢Byyzx > CB.xXyz = ¢B,zXY > CB.xyz = ~°Byxz>

73,5,abc 7,1,ach 3,6,abc 7,1,cba
CB.xyz = ~¢B,xzy > CBxyz = ~¢Bzyx - (4.60)

For those with £k = 1 we find

1,1,abc 1,1,abc 1,1,abc 1,1,abc
CB.xvyz = CBxvz| TCBxvz| TCBxvz|l - (4.61a)
(a) (c) (d)
| = Vnlenr (4.610)
_1 ’ / / ! / / ’ /
C}é}jgfzcz ): @ Z{(AkQHB)aa 5O s’ o (kp)3e ((/\kQ)bb 5ec 4 b ()\kQ)cc)
¢ k aa’ / CC’ aa' ! CC/
+2(=1)x (=1)y (Wrp)®™ (A 6% +2(=1)x (=1) z(\'rp)** 6" (AF)
+2(= 1)y (~1)2(r)™ () (W) |2V Iy o (i) (4.61c)
abc -1 aa’ ! cec! aa’ ! cec!
BV = T | (DX (V)88 (<) (1)

KB (_DZ(HB)W'(;bb/(Ak)Cc’} tr {WZ(D{N*, kp} + F\F kp))} (4.61d)

1)

X (Il,O(mk) + (m2B - m%)lm(mk, mo,mp) —mp(mp + mO)Il( 1 (g, m07m13)) .

)

In the contribution from graph @ commuting 75 from the vertex with the Dirac structure in
(=1)4" = —1 (compare table . In operators of type Oxgr the s

the operator yields U?B i

has no effect owing to vrys = vr. The relative sign in the vertex in operators of type O is
compensated by v1,75 = —7vr. Therefore the result only contains structures of the form given
in eq. (4.58). This is no coincidence but rather has to happen in order to obtain a result that
behaves correctly under parity transformation. For the second order tree-level contributions we
find

B = 4Bomg” tr {M} (kp)"* e, (4.61e)
By g = 4Bomy (k)" M e (4.61f)

Using eq. (4.13) the matrix element of the complete three-quark operator reads
(0195 (a1n)q5 (azn)gs (asn) | B(p, s)) = /[dl‘]e*i""’zkwk
XD ( T3 M even (@1, 2, 23) + TG SR qa (@1, 22, 23) (4.62)
+ T b ana (s, w1, w2) + Toashy aaq (2, 3, xl))uf(p, s) -
4.4.3 Projection onto standard DAs

In this section we relate our parametrization of the baryon-to-vacuum matrix element, which was
guided by the behavior under chiral rotations, to the general decomposition given in eq. (4.2)),
which is more convenient for daily use. To do so we have contracted both our result (eq. (4.62)))
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and eq. with Dirac structures of the form FQB ®F§, - 1t is sufficient to use structures where
Lorentz indices are either contracted between I'* and I'® or with the light-cone vector n or the
momentum p. Afterwards we have used the identity pu”(p) = mpu®(p) and have matched the
prefactors of the remaining Dirac structures (v5 and #7s5). Using the twist-projection described
in section we obtain the results for the distribution amplitudes SZ, PP, AB VB and TB.

We have collected these lengthy matching relations in appendix

4.5 Results

In the following we present the results of the one-loop calculation. In section we define
a convenient set of distribution amplitudes, that optimally mirrors the constraints obtained for
the limit of exact flavor symmetry. Furthermore, it allows us to present the flavor symmetry
breaking and the dependence on the mean quark mass in a very compact and lucid form in
sections and In section we will delineate how one can parametrize baryon octet
DAs in terms of shape parameters in order to make full use of SU(3)s constraints and to allow

for simple description of flavor symmetry breaking.

4.5.1 General strategy and choice of distribution amplitudes

We will split up every distribution amplitude in the following way:

DA (ing, mi) = DA(1g, 0) + (DA(iftg, dmq) — DA (g, 0)) (4.63a)
= DA*(m,) + ADA (g, 6m;) , '
DA*(1mq) = DA*(0) 4+ (DA*(mg) — DA*(0)) (4.63b)

= DA® + ADA*(m,)

where the main idea is to use the second formula to parametrize everything in terms of the DAs
at the symmetric point, which are measurable on the lattice as opposed to the amplitudes in
the chiral limit. Lattice simulations where the mean quark mass is fixed at its physical value
while dm; is varied are already available for hadron masses and some form factors [I58HIG0].
Corresponding simulations for the baryon octet DAs are presented in section (cf. also our
article [79]). This strategy has the additional advantage that one gets rid of the parameters that
describe the behavior under variation of the mean quark mass. For the presentation of the results
it turns out to be convenient to write down the second order tree-level and the loop contribution

separately. We define for all baryons
ADA = ADA"P  §m ADA™®® | (4.64)

using the dimensionless parameter

4Bgémy . 4(m3. —m?2)
_ - = I3<X2 , (4.65)
mb b

om
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where the average octet baryon mass X} is defined by
1
X, = §(2mN + 3my + 2m= + mA) . (4.66)

Then we use the fact that we can rewrite ADA in terms of m} and DA* using the corresponding
expansions in m,. For a specific set of DAs, which do not mix under chiral extrapolation (see
below), this allows us to rewrite the loop contribution as the DA along the symmetric line

multiplied with a loop function f such that the results have the form
DA (mg, 6my) = DA*(m,)(1 + f) + dm ADA™® . (4.67)

By virtue of SU(3); symmetry we find the following relations between DAs along the line of

symmetric quark masses m, = mq = Mmy:

2T (21,22, 23) = (—1) [Vl/ﬁ AT (@1, w3, 0) + [V — AT ] (w0, 3, 11) (4.68a)

2Ty % (w1, w9, w3) = [T4)h — 7/8 + 51 + Pij) (w3, 71,22) (4.68D)

+ (T35 — TH% + ST + P35 (23, w2, 31)

[T3/4 +T 7/8 +Sl/2 1/2](951’3327333) 4 55 — Az/o](x27333a331) + [Vg/4 A3/4](3337$17902) :

(4.68¢)

Note that we do not impose these relations. They are automatically fulfilled by our calculation
(loop contributions included). For the nucleon case these relations are known as isospin con-
straints, since they are fulfilled exactly also for dm; # 0 owing to isospin symmetry (again this
is also true for the loop contributions), which was already shown in ref. [76]. If we were only
interested in the SU(3); symmetric case (or in nucleons only), it would therefore be enough to

define the independent amplitudes as

3/ o(x1, T2, 23) = [Vl/G 1/6] (21,2, 23) , (4.69a)
O (w1, 22, 33) = [Vyj5 — Agys] (21, 22, 23) (4.69b)
\I/f/ (z1,29,23) = [ 3/4 3/4] (21,29, 23) , (4.69c¢)
“4/5(9”179527333) [T3/4 T7/8 + 51/2 + P1/2] (w1, 2,23) , (4.69d)

where the ®8 and UP describe the coupling to chiral-odd operators, while the =P describe the
chiral-even sector. The subscript indicates the twist. As it turns out the amplitudes ®Z, W5
and Z& are not yet the optimal choice for a description of the complete baryon octet, since they
mix under chiral extrapolation. Additionally one finds that it is very convenient to use differing
definitions for the A, which we choose in such a way that the DAs of the A coincide with the

DAs of the other octet baryons in the limit of equal quark masses. Therefore we define

+
c
(bf,g/G(I’la Z2, Ig) = 73 ( [‘/13;6 - AlB/6] (1'1, Z2, .Ig) + [‘/13;6 - AlB/6] (1'3, Z2, '1:1)) ) (4703’)
F 5 (21,29, 23) = (Vs — APjs] (w1, 22, 23) + (—1) 5 [V}, — AD] (22, 23,21)) , (4.70b)
55,4/5(351’ 9, 23) = 3(=1)pcj( [T3/4 7/8 + 51/2 + P1/2] (z1, 22, 23) (4.70c)

+ [T}, — Tijg + St + Pl (w1, 23,22))
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where

1, for B# A, 1, for B# A,
= # g = # (4.71)

%, for B=A, —v6, for B=A.

W+

Being interested in SU(3); violation one cannot use the constraints given in eq. and
therefore one needs six additional DAs. Our choices are (up to differing prefactors for the A
and exchange of variables) the left-hand sides in eq. since they coincide with the DAs in
eq. (4.70) in the SU(3); symmetric limit. We define

H?/G(xlvx%xfi) = Cg(_l)B T56($17x37x2) , (4.72&)
Hf/f)(xl’ T2, x?}) = Cg [TgB/4 + T’rB;S + 552 — P52] (J,'?” x, ,’1’,‘2) R (472b)
Tf/5(171,562,$3) =06cp TQB/5(I3,$275€1) ; (4.72¢)

where the II; describe the chiral-odd sector, while the Y; describe the chiral-even part. For each
octet baryon the standard DAs can be decomposed into the amplitudes defined in egs. (4.70))
and (4.72)) (see appendix|C.2]). We find that the DAs for different nucleons, ¥s and Zs are related

to each other exactly by isospin symmetry. Therefore we define

DAY = DA? = —DA" , (4.73a)
DA =DA” = —DA* = 2DA™ | (4.73b)
DAZ = DAZ = _DAE | (4.73¢)

and give all results only for DAY, DAY, DA% and DA®. The relative signs between the different
baryons depend on both the phase conventions shown in figure (on page and the choice
of flavors within the definition of the DAs specified in eq. . In the SU(3); symmetric limit
the DAs of all octet baryons can be related to each other:

* Nx _ 3% _ &2 _ A _ 771N* _ 112+ _ 175+
%, =0l = 07 = 0%, = o, = IV =TI = 115", (4.74a)
*  _ /Nx* Yk HEX Ax _ 1A%
o* =Nt = 0% = 0%, = oM, =1 (4.74b)
= =N*x _ =Yx _ =Ex _ =Ax _ A vNx _ ~vXx _ ~Ex
S =S TS T R T S Tl = Tl = Ti 5 (474C)
b3 _ —=Nx . ':Z* . ':E* . ':'A* Ax
B% = BN =% = B2 = BN = T (4.74d)

In addition to the relation between different baryons, these equations contain all information
included in the SU(3) constraints (4.68). Also the corresponding isospin constraints for the

nucleon case

Iy =of,, TN ==V (4.75)

have a very simple form.
To understand the physical meaning of these DAs it is instructive to work out their relation to
light-front wave functions. For simplicity, we restrict ourselves to the leading twist approximation

taking into account S-wave contributions only. In this case the helicities of the quarks sum up to
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the helicity of the baryon (cf. refs. [I00}[161]). Suppressing the transverse momentum dependence
one finds, schematicallyﬂ

[dz]

(B#A)") = /m”gm ® {Vi + A1) P (21, 2, 23) [ 111) + [V — A)P (w1, 22, 23) [111)

—2TF (21, 22, 23)|11) }

_ [dx] B

= /mm@ ® {—V30% (x1,23,22) (IMS, B) — V2|, B)) /3 (4.76)
—V3IE (21, 23, 22) (2MS, B) + V2|8, B)) /3
+(I)§73(I1,1‘3,.T2)|MA,B>} s

and

A = [ o luds) @ [V + A} o0 ) l11) + Vi — i (or, ) 141
—2T{ (w1, 22, 23) M) }

114) ® {—V30% 4 (1, 23, 22) [MS, A) (4.77)
114 (1, 23, 22) (2]MA, A) + V2|A, A)) /3
+(I)/,\73({E1, x37x2)(|MA7A> - \/§|A7A>)/3} ’

where |1]1) etc. show quark helicities and |fgh) stands for the flavor ordering as specified in
eq. (1.12). |MS, B) and [MA, B) are the usual mixed-symmetric and mixed-antisymmetric octet
flavor wave functions, respectively (see tables and [1.6). |A,A) and [S,B # A) are totally
antisymmetric and symmetric flavor wave functions (see tables and , which only occur in
the octet if SU(3) symmetry is broken. From this representation it becomes obvious that Vi,
AP and TP are convenient DAs if one sorts the quarks with respect to their flavor, while ®% 5,
®5 ;5 and II§ correspond to three distinct flavor structures in a helicity-ordered wave function.
Their meaning becomes even clearer if one analyzes the flavor symmetric point, where ®% 5 and
®* ; isolate the mixed-symmetric and mixed-antisymmetric flavor wave functions:

)

d
BTy = /&/?me'Tm © {~ V3L (w1, 5, 22)[MS, B) + & (21,73, 72)|MA, B)} .

(4.78)

4.5.2 Flavor symmetry breaking

The DAs introduced in section have been chosen such that one can make full use of SU(3)
flavor symmetry. In this section we will provide a detailed description of SU(3) breaking based
on our leading one-loop BChPT analysis in section which allows us to understand the octet
structure of the distribution amplitudes. For the time being we will keep the mean quark mass

fixed in order to isolate the SU(3) breaking effects. The nontrivial dependence on the mean

2The formulas have been worked out in collaboration with M. Gruber; cf. also ref. [75].
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Table 4.4: Totally antisymmetric (A) flavor wave functions.

B |A, B)
(|dus) — |uds) + |usd) — |dsu) + |sdu) — |sud))//6

=

Table 4.5: Mixed-symmetric (MS) flavor wave functions.

B |MS, B)
N (2luud) — |udu) — |duu))/v/6
) (2|dds) — |dsd) — |sdd))/\/6
E (2|ssu) — |sus) — |uss))/V/6
A (|dsu) — Jusd) + |sdu) — |sud))/2
Table 4.6: Mixed-antisymmetric (MA) flavor wave functions.
B IMA, B)
N (Judu) — |duu))/v2
P (|dsd) — |sdd))//2
=2 (|sus) —|uss))/V2
A (2|dus) — 2|uds) + |dsu) — |usd) + |sud) — |sdu))/v/12
Table 4.7: Totally symmetric (S) flavor wave functions.
B S, B)
N (Juud) + |udu) + |duu))/v/3
s (|dds) + |dsd) + |sdd))//3
E (|ssu) + |sus) + |uss))/V3

quark mass will be presented in section Based on our convenient choice of distribution
amplitudes (see eqs. (4.70) and (4.72))), the result can be presented in a very compact form:

of,; =%, (1 + A%, + Aggi) +0m ADE (4.79a)
B, =51, (1 + 3 A%, + Agé?) +om AZF (4.79D)
ny = 13,1(1 +5AY% + Agﬁ) +om ALY (4.79¢)
TP = EiB,i(l + 3A%E + AgaB) +0m AYE (4.79d)

where “tp” stands for “4” if B # A and for “—” if B = A. The second term in the equations
above originates from quark mass insertions, while the first term (or, to be more precise, AX’;
and AgB,) is generated by meson loops and contains chiral logarithms. Owing to our choice of
DAs the functions AgZ,, which are listed in appendix together with AY/;, do not depend
on the twist of the amplitude. Both Ag5, and AY/; vanish for equal quark masses (§m = 0)

such that ®} ; and =% ; are the amplitudes in the flavor symmetric limit. It is important
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that the nonanalytic terms do not depend on the quark momentum fractions. The remaining
quantities ®% ;, E% A@’iz, A:ﬁl, ATIZ and AYZ play the role of low-energy constants,
meaning that they are independent of 5mE| However, note that they still depend on x1,x2, x3
and their functional forms cannot be predicted by an effective low-energy theory. Our calculation
imposes, however, certain relations between the DAs which originate from higher order tree-level

contributions and parametrize the SU(3) breaking. It holds
ADA= = —ADAY — ADA* . (4.80)

Furthermore, the amplitudes AII? and ATP can be expressed in terms of A®F ; and AZE ;:

ALY = A, ATN = A2V, (4.81a)
1

Al = —§A<I>§,i — ‘;’M);‘Z : AYF = —iA:E i— ;A:Q . (4.81b)

AITN = —%A@ﬁ 3A<1>2 AT = —% =A - ‘; P (4.81c)

which means that the IT® and TZ are completely fixed by the other amplitudes. The divergences

of leading one-loop order contained in AX; and Ag5, can be canceled by the introduction of

counterterms
m*QcB
AT — ;4;;% L+ AR () (4.82a)
*2 B
= my Cz = —B,ren.
A‘zi,i — 2ZF2 ‘—‘:I: ’LL + A‘—‘i i (H’) ) (482b)

where L contains the divergence and the typical constants of the modified minimal subtraction
scheme (see eq. (A.28)). Fi is the meson decay constant in the SU(3), symmetric limit. The

coefficients 5, are given by

N, =—9(D?>+10DF — 3F%) — 23 F 24 , (4.83a)
cx. =18(D* —3F*) +10+ 12, (4.83b)
chy = —18(D* —3F?) - 26+ 12, (4.83c)
Y = —9(D* 4 10DF — 3F?) 49, (4.83d)
£ =—cA=18(D*-3F% —18. (4.83e)

Note that we give no values for c%i and cE, since the renormalization of the corresponding
amplitudes is already fixed via eq. . The renormalized amplitudes acquire a dependence
on the chiral renormalization scale p, which exactly cancels the scale dependence of the leading
chiral logarithms:

«2 B

0 Bren. -1 my cpy
AP = 2 2T p* . 4.84
“a (1) (4)2 24F? S ( 2)
0 B, —1 m}?cB
A: () = b == 4.84b

3The flavor symmetric amplitudes actually still depend on the mean quark mass (cf. section [4.5.3) and can
therefore only be called constant as long as the mean quark mass is kept fixed.
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The replacements given in eq. also have to cancel the divergences in the distribution
amplitudes for the = baryon and the HiB and TiB distribution amplitudes, which is the case and
can be seen as a nontrivial check of our calculation. The higher order divergences, which are
contained in our result as a consequence of using IR regularization [86], have to be set to zero by
hand. This introduces an unphysical scale dependence in higher order terms, which is usually
solved by fixing the scale at a typical hadronic value like 1 GeV. A variation of this scale within
reasonable bounds, say between 0.8 GeV and 1.2 GeV, can be used to estimate higher order
effects.

If we neglect higher order contributions, we can rewrite egs. in such a way that the

complete nonanalytic behavior is encoded in an overall prefactor:

‘I)ii ' \/Z(l + qu)i) ( L+ om A@i,i) : (4.85a)

28, = ? (1 + AgEB) (ij- +om AEii) 7 (4.85b)
ne = % (1 + Agﬁ) (@;BJ +om AH?) , (4.85¢)
15 = % (1 + AgEB> (E;Bﬂ. +6m AT?) : (4.85d)
where
% =1+ %Azg . (4.86)

From eq. it follows directly that at leading one-loop order the complete nonanalytic struc-
ture is contained in the normalization of the distribution amplitudes, while their shape only
exhibits the simple dependence on dm shown in eq. . Therefore leading finite volume ef-
fects do only affect the normalization. We want to emphasize that this is only true by virtue of
our specific choice of DAs. A similar behavior was found for the meson sector (see refs. [162, [163]).

The zeroth moments of the given DAs are not independent, due to eq. (£.40). In particular
all DAs which correspond to operators of certain symmetry classes are normalized by the same
wave function normalization constants independent of the twist of the corresponding amplitude.

The zeroth moments of the distribution amplitudes define the following normalization constants:

e /[dx]@+l X1, T2,T3) \/ 1+Ag¢+ f*+5m AfB) (4.87a)

A= /[dw]<1> a/5(T1, 22, T3) 1+qu, A* +om A)\B) (4.87Db)

Eﬁ

B — /[dx] =8, 5(@1, 2, 3) (1+292) (N +om A | (4.87c)

and

1?751\ /[dx] (21,22, 23) \/ 1 + Agn f* +om AfT) , (4.87d)
Ny = /[dx] 1521, 2, 23) \/; 1+ Agn )\* +om AAA) (4.87e)
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where f& = fV due to isospin symmetry. For N, ¥ and Z the chiral-even higher twist normal-

ization constant \g also normalizes T2:

)\2B¢A = /[dx]T4/5(x1,x2,x3) : (487f)
The remaining zeroth moments vanish by construction
0= /[da:]@]_g73/6(as1,x2,:r3) = /[d:c} 4/5(3:1,1'2,x3)
(4.87g)
— [ ldolt g (oa,22,02) = [lda] o (o,2,3)

In the equations above we have introduced convenient new definitions of f*, A}, A3, ¥, 2 and

M such that, in the limit of exact SU(3) flavor symmetry,

f* _ fN* — fE* _ fE* — fA* _ %)* _ %* , (488&)
M= AN = AT = AT = A = (4.88Db)
A=A = A5 = A5 = A0 (4.88¢)

If the reader favors a different definition he or she can easily read off the conversion factor from
eq. (4.70), noting that additional signs can arise from eq. if one uses different baryons for
the definition of the distribution amplitudes, and that one has to take into account additional
factors originating from differing definitions of S;, P;, V;, A; and T; (we use the definitions given
in section[4.2] which is equivalent to the definitions of ref. [76]). We have performed this matching
procedure for the constants defined in refs. |76, [150] (see appendix. In principle f5, f= and
)\% given above are additional independent normalization constants. However, knowing about
the structure of SU(3) breaking it is clear that they are (at leading one-loop accuracy) completely

fixed by fZ and AP, since
A=A - 2AF, AfF= AP 4 AR - AFY

1
2
3
ANG = fim? QA)\IZ : (4.89)

due to eq. (#.81). f*, AfE, A\ and ANP are given by

[ /[d:v]‘I)+ (1, 22,73) AfB = /[dx]Aq)f’i(xl,xg,x;g) , (4.90a)
)\T = /[d$]¢1,4/5<$1,$2;$3) s A)\B — /[dm]A‘I)EgA/s(xhx%x?)) , (4.90b)
A5 = / [dz]=% 4 5(21, 72, 73) | ANE = / [dz] AT | (@1, 22, 23) (4.90¢)

where, as a consequence of eq. (4.80)) (first line) and eq. (4.40) (second line) one has

AfE = —AfZ AN, ANT = AN — AN, AN = —ANT - ANY
AN = AN (4.91)
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As mentioned above, the zeroth moments of ®Z 36 and s /6 (Ef 15 and TQ\/S) vanish by
construction, since they are antisymmetric under exchange of z; and z3 (z2 and x3). One
possible approach would be to normalize these amplitudes by their first moments. However, our
main goal is to divide the DAs by normalization constants in such a way that the nonanalytic
prefactor is canceled. This can be achieved without the definition of additional constants, since

all prefactors present in eqs. (4.85) also occur in eqs. (4.87). Explicitly, one can consider the

ratios
DL, @y, +om AP, ®F, 0%+ dm AR, (4.922)
7B f*+om AfB AP N+ dm ANB 7 .
npet @+ om AP I} _ %, +0m AL (4.92b)
R T A N N g |
22, _ 2L, +0m AZE TE _ 21, +om ATP (4.92¢)
AT N om ANE AZ A am AN .

The idea behind the latter choice is to normalize all DAs with similar behavior under chiral
extrapolation (including the ones with vanishing zeroth moment) with the same normalization
constant containing the complete nonanalytic behavior. In this way one obtains a one-to-one
correspondence between a normalization constant and a certain chiral behavior. Note that,
following this argument, some of the moments of the leading twist DA ®% should be normalized
with AP instead of fZ. Otherwise the chiral logarithms do not cancel.

Combining egs. and with the explicit functional form of the nonanalytic prefactor
in eq. (4.85)) one can find specific linear combinations of DAs for which all terms linear in dm
cancel so that the SU(3) breaking is minimized (cf. also our work [75]). Similar combinations

exist for the baryon masses:

0+ O(6m?) = 2my — myx + 2mz — 3my | (4.93a)
8m} + O(6m?) = 2mpy + 3my + 2mz +my . (4.93b)

The first relation is the famous Gell-Mann—-Okubo (GMO) sum rule for baryon masses [164],
whose almost exact realization in nature is widely known. The second one cannot be checked
for the physical masses since it depends on mj, the baryon mass at the flavor symmetric point,
which is inherently inaccessible in experiment. The analogous expressions for the distribution

amplitudes in the chiral-odd sector read:

0+ 0(6m?) =@}, —II7 + &, — 17, (4.94a)
8-30% , +O(0m?) =230, +3-(®F, + 2I17) + 2 (OF , + 2017) + 1-3®% ;. (4.94b)
8:30% ,+0O(0m?) =2-30N, +3.30% , +2-30% , +1- (@, +2II}) . (4.94c)

For the chiral-even distribution amplitudes the relations have the same form:

04+00m?*) =27, - Y7 +E25, - 17, (4.95a)
8-321 , + O(6m?) :2-3Ef’i+3-(_+1+2T2)+2 (BT +2YF)+1-328,, (4.95b)
8-32% ,+0(6m?) =2-3=Y, +3.32% , +2.32% , + 1. (2%, +27}) . (4.95¢)
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Egs. (4.94a) and (4.95a]) are similar to the GMO sum rule with respect to the property that they
do not depend explicitly on the value in the flavor symmetric limit. This might explain why they

are fulfilled to high accuracy by the lattice data, see section 4.6

4.5.3 Dependence on the mean quark mass

The distribution amplitudes ®7 ; and % ; have a nontrivial dependence on the mean quark mass
mgq. This is not really interesting from a phenomenological point of view, since the number of
independent distribution amplitudes cannot be further reduced compared to eq. 7 even if
one expands everything around the chiral limit. However, the dependence is of importance for
the analysis of lattice data if one wants to include data points from simulations with unphysical

mean quark mass. The mass dependence reads

1.=9%; (1 + 35+ g},i) +mAPL (4.96a)
=%, =239, (1 +inry gg) +mAZY, (4.96b)
where
m = 1280 ff‘q . (4.97)
my,

9%+, g& and X are functions of the mean quark mass that can be taken from appendix The
divergences occurring at linear order in the mean quark mass can be canceled via the following

introduction of counterterms

mr2ek
AQY; — 2= 0% L+ ABYT () (4.98a)
*
*2 %
= My C= —o —%,ren.
A:‘iﬂ 2ZF2 ‘:i,’iL + A‘:jt,i (:u) ) (498b)

where L contains the divergence (see appendix |C.1)) and the coefficients are

4

Cox =3 (6(5D* +9F?) + 13 £ 6) , (4.99a)
4

z=3 (6(5D% +9F?) +9) . (4.99b)

This leads to the following scale dependence in the renormalized amplitudes:

0 *,ren. -1 mgzcgﬂ: o
Hau e ) = G o P (4100
o —1 mr2ex
A SForen. -~ b "Emo 4.100b
Mau +.,i (1) (47)2 24F2 +,i ( )

The divergences occurring together with higher orders of the quark masses have to be canceled
by hand as discussed in section
If one wants to take into account the mean quark mass dependence one needs the complete

leading one-loop BChPT result, that describes all possible values of light and strange quark
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masses, instead of the simplified extrapolation formulas given in section which describe

only the SU(3) symmetry breaking. The full result reads

OF = 0%, (14457 + JAT, + ghe + Aghl ) +m A®L , +0m AL, (4.101a)
=8, =25, (1+ 42" + JATG, + g2 + Ag) +m AZL, +0m AZE (4.101b)
NP =%, (14 45" + A%, + gis,, + Agh) +m AGY,  +6m AIIF, (4101c)
TP =22, (14 55" + JAT, + g2 + AgE) +m AZL,  +om ATF (4.101d)

where, as defined above, “tp” stands for “+” if B # A and for “—” if B = A. The Z-factor
contributions ¥'* and AX;, as well as the other loop contributions gy, and Ag5, can be found
in appendix Note that all loop contributions are zero for vanishing quark masses, such
that the chiral limit value of the chiral-odd and chiral-even DAs is given by ®% ; and =3 ;.
The DAs originating from the next-to-leading tree-level contributions in the BChPT calcula-
tion parametrize the dependence on the mean quark mass (A®%  ; and AZY ;) and the SU(3)
symmetry breaking (A®¥ ;, AIIP, AE¥ ; and ATP). The latter obey the constraints given in
eqs. and . The distribution amplitudes in the chiral limit and the ones describing
the quark mass dependence are low-energy constants, i.e., they do not depend on quark masses.
However, they are functions of the momentum fractions =, 2 and x3. The parametrization of
their functional form is (aside from the constraints in the flavor symmetric limit and the con-
straints on the symmetry breaking) orthogonal to the BChPT calculation and will be discussed
in section [4:5.41

Similar to the fixed mean quark mass case one can rewrite the result in a factorized form,
if one ignores terms that lie beyond leading one-loop accuracy. The resulting extrapolation
formulas, which are analogous to eq. , read

of, = \/@(1 + 9+ + Agg:l:) ( Litm AQL ;4 4dm Aq’g,i) ) (4.102a)
=X =V Zp (1 +9z+ AQJEB) (Eil +m ABL ; +6m AEii) ; (4.102b)
7 =+\/Zg (1 + 9oty + Agﬁ)( Gpi T ARL i +0m AHzB) , (4.102¢)
B = \/5(1 + g%+ Agg) (Eiw +im ABL, ; +om AT?) , (4.102d)
where
. Lo |1 s
VZp =14 55"+ SATG (4.103)

Starting from this point everything can be worked out analogously to the case of fixed mean

quark mass.

4.5.4 Parametrization of baryon octet distribution amplitudes

In this section we will work out explicit expressions for the distribution amplitudes defined in
egs. (4.70) and (4.72)) in terms of the shape parameters given in refs. [I563HI55], where contri-

butions of Wandzura—Wilczek type [156] are taken into account explicitly. This corresponds to
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the so-called conformal partial wave expansion, where the DAs are expanded in a set of orthog-
onal polynomials such that the coefficients (i.e., the shape parameters) have autonomous scale
dependence at one-loop accuracy in QCD. For brevity we apply the approximation advocated
in ref. [I53], where contributions that can mix with four-particle operators are systematically
neglected. Let us note in passing that our general result does not rely on the separation of
Wandzura—Wilczek and genuine higher twist terms at all, since the calculation within chiral
perturbation theory does not distinguish between these contributions. This allows us to gen-
eralize the results for the nucleon given in refs. [I53HI55] to the full baryon octetﬂ For the

parametrization we use the definitions of said references and we define additionally

Prk(x1, 2, 3) = Pk Prr(x3, T2, 21) , (4.104)

where p,r = £1, depending on n and k. This definition is possible since the polynomials P, have
definite parity under exchange of x; and x5 [I53]. We will call the polynomials with p,; = +1
(pnr. = —1) even (odd). The polynomials up to n = 2 are given by

Poo=1, Pao = 2o B(e1 — 25)? — 32l +73) + 203]

Pio = 21(z1 — z3) , Po = 623 (1 — 3x2 + x3) (21 — 23) ,

P11 = T(z1 — 222 + 73) Paz = %[x% + 9xg (w1 + 23) — 1220123 — 625 + 23], (4.105)
where we can read off pgg = p11 = P20 = p22 = +1 and p1p = p21 = —1. Distribution amplitudes

of fixed collinear twist can be split into a part with similar geometric twist, called genuine
(higher twist) contributions, and parts of lower geometric twist, which we have already refered

to as Wandzura—Wilczek contributions above. The decomposition readsEI

Bt 3
(I)i 3 — @ )
B WWd B =t —B _ —Bt=4
‘I)i =20y + ¢ ) Sr4aT =44
B,WW; B WW4 B,t=5 —B _ —BWW, , —=Bt=5
OB = P WWe L DI 4 gB=5 =B, =BV 2B (4.106)

Analogous expressions for the IT and T DAs will be given below in eq. (4.111]). Genuine twist-five
contributions (<I>B = 5, :i g 5) will be neglected in the following, since we apply the approxima-
tion of ref. [I53] as mentioned above. Also twist-six DAs are neglected; one could in principle

take into account Wandzura—Wilczek contributions to the twist-six DAs, but the correspond-

4A similar parametrization has been worked out recently in ref. [165], adopting our phase conventions, but
choosing different basic DAs.

5Note that, in contrast to our work [139], we do not normalize the Wandzura—Wilczek and the genuine higher
twist contributions with the corresponding normalization constants.
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ing expressions are not known yet. The genuine twist-three and twist-four contributions are
parametrized as (cf. refs. [I53HI55])

@iﬁ:?’ = 120z 2273 Z OB Pok(21, 72, 23) , (4.107a)
p:}&kiﬁl

pB=t = 24:511:2( (221 — 2 — 223)7E +. ) , (4.107b)

OP = — 24z, (n — 5wa)nE + ) : (4.107¢)

EBi=t 24m2x3( — 52)€B + ) , (4.107d)

554 T = 24x2s (—%(1’2 —x3)eB + .. ) , (4.107e)

where the summation over n starts from 0 and, generally, goes to infinity, but is truncated
at n = 2 in the approximation of ref. [I53]. The zeroth moments of the DAs are equivalent
to the normalization constants ¢f = f5, n& = AP and ¢ = AP, The Wandzura-Wilczek
contributions (see refs. [I53HI55]) are fixed by the same parameters as the corresponding genuine

BWW3 and (I>B WWs

twist contribution; e.g., are described by the same set of parameters as

@f’g %, The explicit functlonal form reads

(pB’WWS - - Z % (Tl + 2 — a)mlxgx;ﬂ? k(ml Xro 333) (4 108&)
= A~ (n+2)(n+3) O3 mRTh TR '
Prk=%1
24

chWWLZ A [( +2- a><n+1a>(n+2)2]

oz (4 2)(n+3) Oz, Oz (4.108b)

pr=EL 12223 Pk (21, T2, 73)
O = day (5(aF + 2wawy — 2B+ ) (4.108¢)
T = 45 (1 — @) (208 + 3(1 — 5z2)nfh + ... ) (4.108d)
27
Ef:ng4 = 4o (1 + x1)EL — —(4 —day + 2 —5aelE (4.108e¢)
27

2PV — 122 (g — x3)E8 + SE—a+ 522) (g — x3)E8 + ... . (4.108f)

)

Note that one should not take into account explicit quark mass corrections to eq. and
eq. below (compare, e.g., refs. [I66, [167] where such computations have been performed
for vector meson and pseudoscalar meson DAs), since they are (by definition) already included
in the genuine higher twist terms in egs. and . For leading geometric twist our
separation into “+” and “—” amplitudes corresponds to a separation of even (p,r = +1) and odd
(pnr = —1) polynomials. We cannot make such a general statement for the higher twist DAs,
since we have worked out only their explicit parametrization up to the first moments. However,
one could guess from our result that the separation into “+” and “—” amplitudes corresponds
to a separation of contributions with different symmetry properties also in the higher twist
contributions.

The dependence of the shape parameters on the quark mass splitting can be determined from
eq. . For the (trivial) extension to variable mean quark mass one would use eq.
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instead. In analogy to eq. (4.92) the nonanalytic prefactor drops out if one divides the moments
by an appropriate normalization constant:
Cr _ P T oM Apl, Cr _ P T oM Apl,

= Pk TS0k o= 1, Tk oo Pk TER SV L = 1, (4,109
FB T friomAafs P AP T N om AxB Pk (4.1092)

M _ iy o+ om Angy o _ Mo+ 0m Ay (4.109D)
fB f*+0m AfB AP N5+ dm ANB .
&y _ &o +om Agfy (4.109¢)

AB TN+ om AND

In particular for the parameters describing the genuine higher twist contributions the simplicity of
the result is a consequence of the twist independence of the chiral extrapolation formulas (4.85]).
The parameters describing SU(3) symmetry breaking are restricted by eq. (4.80)) such that

Ax%k = —Amﬁ[k - Aa:%k , forxe{p,@,nnE}. (4.110)

For a description of the complete baryon octet one also needs the II and T DAs defined
in eq. (4.72)), which are relevant for the hyperons. These are (at leading one-loop accuracy in
BChPT) completely fixed by the &1 and = DAs. Consequently, the following equations do not

contain any additional parameters:

e == (4.111a)
nf =W et TE = xhi=t (4.111b)
np =ulWWs L pBWWa o B=5 TE = xBWWa L Bt=5 (4.111c)
where
Yy =af,, TN =8%;, (4.112)

due to isospin symmetry. As above, the genuine twist-five contributions H5B’t=5 and Tf’t:5 will

be neglected in the following. The genuine twist-three and twist-four contributions are

Hf’t=3 = 120z1 2973 wakpnk(m,xz,ﬂﬁzz) ) (4.113a)
pnkﬂ;k(inl)B

y7h=t = 24561202(?(2951 — @y = 223)C; + - ) ; (4.113b)

A= = 2420 (¢ + 2(2 — 5oy + ) 7 (4.113¢)

TEAA=L _ 94 (Uoo Z(1 = 5ay)vB +. ) (4.113d)

Tht=t _ 24x2x3( ‘%5 (22 — z3)0d, + . ) 7 (4.113e)

94



4.5. RESULTS

where, as defined above, (—1)pxan = +1 and (—1)p = —1. The dependence of the shape
parameters on the quark mass splitting reads
Tk h +Om AnDy Mok _ P+ 0m Amay (4.114a)
7’?7&" [*+om AfE A Af+6m AN ’
0"t om A ¢l _ o + Im AG (4.114b)
BEN  frrom AfF AT N+ om AN '
vio _ & +0m Avgy (4.114c)

AP T N om ANE

where A ff 7A and AN} are defined in eq. (:89). The parameters describing SU(3); symmetry
breaking can be determined by eqs. (4.80) and (4.81)):

AN = AN, | ATZ, = —%Agofk — gmpﬁk , (4.115a)
Amyy, = gAWQk + %A%Elk — Appy, Ay, = _%A%’ﬁk - gA%Ezk ; (4.115Db)
ACY = Al AGH = —5 A — SAnf (4.115¢)
AT = gAmAl + %Anﬁ — Ay Adyy = —%Aon - gAmEo , (4.115d)
Aul — Al Avfy = —SAGH — SAL | (4.115¢)
AU1Eo = %Afi\o + %Afigo - Ag% ) Avi\o = _%AG\O o gAfiEO ) (4.115f)

The Wandzura—Wilczek contributions take the form
e = _n;nm (n +2— 8?3)1‘15521’373nk(1'1a T2,73) , (4.116a)

pnk=(—1)B
24077, o) )

n =S e (e (o an) e

Per=(o08 o oy Pap (1, T2, 3)
P#AWWe — 4g (5(2? 4 2w9ms — 22)CE + .. ) ; (4.116¢)
TS = g (1= ) (268 + 31— 5a2)Ch + . ) (4.116d)
TEANWY g0 (1 4 gy — %(4 g +2? —5adB 1 (4.116e)
YW = 121 (22 — w3)uhy + g(f) — a1 +527) (w2 — x3)vip + .. (4.116f)

Let us conclude this section with a short summary. First of all, we found that the behavior
under chiral extrapolation of a certain moment correlates to its parity in the sense of eq. .
Therefore it is advantageous to normalize the odd moments of the leading twist DA with AP in-
stead of f2. Quantitatively more important, however, is the significant reduction of parameters:
we find that (within the approximation used above) we only need 43 parameters to describe the

complete set of baryon octet three-quark DAs (including their dependence on the quark mass
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splitting). In contrast, an ad hoc linear extrapolation without the knowledge of SU(3); sym-
metry breaking would require 72 parameters for the given setup, since one cannot make use of
egs. (4.89)), (4.91)), (4.110]) and (4.115). In the latter case we have assumed that the constraints at

the flavor symmetric point are taken into account. Otherwise, the number of parameters would

be even larger.

4.6 Analysis of lattice QCD data

In this section we analyze lattice QCD data for the normalization constants and first moments
of the leading twist distribution amplitudes, corresponding to the small transverse distance limit
of the associated S-wave light-cone wave functions (compare egs. and ) The (higher
twist) coupling constants, which normalize the P-wave contribution, are evaluated as well. The
calculation is done using Ny = 2 4 1 flavors of dynamical (clover) fermions, which are an ideal
setup to study SU(3) flavor symmetry violation effects. The results presented here have been
published in our work [75]. It is the first ab initio calculation of distribution amplitudes for the
full baryon octet using lattice QCD. The main analysis of the lattice data has been performed
in collaboration with M. Gruber and F. Hutzler.

4.6.1 Correlation functions

On the lattice the direct calculation of operators with quarks at lightlike separations is impossible,
since one is bound to use a Euclidean spacetimeﬁ in order to have a real action exponent that
allows to calculate the path integral via importance sampling. Instead, one calculates moments
of DAs, e.g.,

i,lmn

Vhn = [lds) sl a VP o1 aa,0) (.117)

which are linked to the matrix elements of local operators. These can be extracted from two-
point correlation functions between a smeared baryon interpolator A2 and the local current one

is interested in at the sink:

(010-(t)p N (0,0)[0) = a® Y (0|0 (¢, x) N} (0,0)]0) , (4.118)

where a is the lattice spacing. The Fourier transform fixes the momentum to p. As source

currents we use

NN = (W' Crysd)u (4.119a)
N= = (dTCvys8)d (4.119b)
N= = (sTCysu)s , (4.119c¢)
N = 2o (0 Crad)s-+ (4 Crpa)d + (7)) (a9

6Within section all equations refer to Euclidean spacetime; we use the gamma matrix convention of [IT8].
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where color antisymmetrization is tacitly assumed. Since we work with degenerate light quark
masses we can make use of exact isospin symmetry and only calculate the result for the rep-
resentatives N = p, ¥ = £, Z = Z° and A. The results for the remaining members of the
multiplet are redundant owing to eq. . From the general decomposition (4.2)) one obtains
that the baryon-to-vacuum matrix element of the source currents is proportional to the baryon
spinor times a combination of normalization constants. However, for the smeared currents the

coupling is a priori unknown, which means that we have to model it by the introduction of a

coupling constant v/ Zg(p):
(OINVF(0,0)[B(p,5)) = v/ Zp(p)u7 (p;5) - (4.120)

This factor depends on various parameters, like the smearing (method and number of steps), the
type of baryon and the momentum. Using a symmetric smearing we assume that the smearing
factor does not depend on the spin. The (unphysical) phase of \/m is trivially fixed to
1 by our conventional choice that the leading twist coupling of the nucleon f should be real
and positive. The coupling to the smeared interpolators can be obtained from the correlation

function of two smeared currents:

(1) OWE (0 (0,000 = 35 22 e L2002 2, ), )
s (4.121)

E(p) + mp o B
E(p) ’

where we have neglected exponentially suppressed states of higher energy in the first step. v+ =

= fgéﬁ;e—E(P)ttr{(ﬂ _'_,YO)(p_'_mB)} _ ZB(p)

(1£70)/2 eliminates the leading negative/positive parity contribution to the correlation function.
At nonzero momentum one has to modify the projection operator in order to achieve a complete
annihilation of the leading positive/negative parity contribution (see refs. [37, [I68]). However,
being interested in the positive parity states the parity projection is not a really crucial point
for us, since eventual negative parity contaminations are anyway exponentially suppressed in the
correlation function due to their higher mass. For the calculation of the normalization constants

we define five different local operators

SP = (4"Cq")(54%)s PE = (¢°Cs¢")¢C (4.122a)
V= (¢"Crq") (154°)r AD = (" Cypy54°) 45 (4.122b)
T2 = (4"Ciopeq”) (450°)- (4.122¢)

where the flavors a,b,c on the r.h.s. are chosen as described below eq. (4.10) at the end of
section [£.2] and color antisymmetrization is tacitly assumed. For notational purposes we also
define

T = (0Ta), - (4.123)
and
VE= (V8 . AP=(y,AD) . TP =(TE). = (—io.TE). . (4.124)
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The interpolators —VZ and T, are known as Ioffe and Dosch currents. For the calculation of
the leading twist normalization constants fZ and fZ one has to use specific combinations of

V., B, AB and 7;]?7 to implement the twist projection. Additionally, these combinations have to
be chosen in such a way that they transform under irreducible representations of the spinorial
hypercubic group H(4) to avoid operator mixing under renormalization in the RI’/SMOM scheme,
see refs. [T69HITI]. The latter is a regularization independent renormalization scheme using a
symmetric (nonexceptional) momentum configuration. We call these specific combinations A, B

and C' and they are defined for O € {V, A, T} as

OB = —4,08 + 4,08 | (4.125a)
OF = —408 +3407 (11250)
OF = =1 OF = 1205 + 1307 +707 . (4.125¢)

OF will not be used since one finds that it only contributes to correlation functions at nonzero
momentum and is thus by far not measurable as accurately as OF and OF. For the correlation

functions at zero momentum one finds

B ) B A )
(V)77 OV 7 (D)o N (0,0)[0) = /Z5(0)2mp e ™5 x / 7 (4.126a)
0, B=A,

B 0, B#A,
(14)r OLAE .- (1) NE(0,0)/0) ~ /Z5 (0)2mp ™2 s (4.126D)
’ 3fA, B=A

2 ) )
_ —2fB  B#£A,

(1 )ore O T (B0 NE(0,0)[0) % v/Zi(0)2mp e ot x { T+ P7 (4.1260)
0, B=A,

where f& = f¥ due to isospin symmetry. We have used that the normalization constants are

related to the zeroth moments via

B#A
fB#A = ‘PoBo = Vll,gooo ) fA = ‘Pgo = _\/gAf,ooo ) T# = 7T630 = Tfooo ) (4.127)

and that the remaining zeroth moments of the leading twist DAs V;®, AP and T2 vanish ac-

cording to eq. (4.10):
Viooo = A1 Goo = Tooo =0 - (4.128)

For the calculation of higher moments of the leading twist distribution amplitudes one has
to analyze matrix elements of (specific combinations of) the operators Vp s AET and 7;% with
additional derivatives acting on the quark fields. This introduces some complications: one has to
make sure that the operators are chosen from multiplets that do not mix with lower-dimensional
operators (see refs. [I69HITI]). Additionally all correlation functions involving these specific
operators vanish at zero momentum, such that one has to use a nontrivial momentum config-
uration. As discussed above, this complicates parity projection (see [37]) and, generally, leads

to less precise results. A detailed discussion of all peculiarities lies beyond the scope of this
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work and can be found in our article [75]. The shape parameters defined in section can
be expressed as linear combinations of SZ s D lmm Vf;mn, Aflmn and Tﬁmn via eqgs. (4.70)

and - For the shape parameters that correspond to the first moments of the leading twist
distribution amplitude of the N, ¥ and Z baryons one finds

et =LV — Ao — 20V — AdlBo + Vi — Adly) (4.129a)
@ﬁ)?é/\ %([Vl - Al}ﬁ)o - [Vl - Al]oBm) ) (4-129b)
77?1#[\ = %(Tfmo + T1E,;010 - 2T1]?oo1) ) (4.129¢)

where ) = I due to isospin symmetry. For the A baryon the result reads

<911\1 = L([Vl —A ]100 2[Vi — Al]{)\w +[V1 - Al]&n) ) (4.130a)
9010 = —\[ 100 [Vl - A1]6\01> ) (4.130b)
7T10 = \/; T1,100 - T1,01o) . (4.130c)

In addition one has to define combinations of moments corresponding to the sum of contributions

with the derivative acting on each of the three quarks:

w(ﬁ)#(?) = [Vl - Al]ﬁ)o + [V A ]010 + [ Al]ool 5 (4.131&)
”(])307?/1\) = T100 + Tio10 + Tioo1 » (4.131Db)
ety = V/2(Vi = Al + Vi = Ao + Vi = Aulin) (4.131¢)

where W(J)\(IJ, 1y = gpé%’ 1) due to isospin symmetry. In the continuum these moments are equivalent

to the normalization constants

B#A
QOOBO.,(l) = 80(?0 ’ 7T00¢(1) — 71—5) 5 (4132)

by virtue of the condition 1 + x2 +x3 = 1 in the integration measure (4.9). On the lattice these
relations are violated by discretization effects and one has to take into account mixing of 90(1)30 1)

and 72 with the other first moments under renormalization. A detailed description of this

00 (1)
issue is given in ref. [75].

The 21 higher-twist DAs altogether involve only up to three new normalization constants (just
two for N, ¥ and Z), cf. section They are, e.g., relevant for baryon decays in generic GUT
models [I72] and as input parameters for QCD sum rule calculations (cf., e.g., refs. [I73HI79]).

For their determination we use the matrix elements

(1) (0O ()0 NE(0,0)[0) ~ B y/Z5(0)2mp e 5" (4.133)
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Table 4.8: List of the ensembles used in this chapter, labeled by their CLS identifier. The
pion and kaon masses have been obtained from two-point functions. g = 3.4 corresponds to the
lattice spacing a = 0.0857 fm. The lattice spacing was determined from the Wilson flow method

as described in ref. [I80], where also an in-depth description of the lattices can be found.

id 8  Ns N K1 K m, [MeV] mg [MeV] m,L conf.
H101 3.40 32 96 0.13675962 0.13675962 420 420 5.8 2000
H102 3.40 32 96 0.136865 0.136549339 355 440 4.9 1997
H105 3.40 32 96 0.136970 0.136340790 280 465 3.9 2833
C101 3.40 48 96 0.137030 0.136222041 222 474 4.6 1552

of the operators O € {S , PV, A, T}. These operators are local and do not contain derivatives

acting on the quark fields. The coefficients ¢3 are

0, B#A, 0, B#A,

¢§ =1 _a_gmn 7 B=14 s 7 (4.134a)
Ay —2Ap B=A A5 +2A 1 B=A

4\/6 ) - 9 4\/6 1) - )

—AB . B#A, 0, B#A,

- ! # A=9 s # (4.134b)
0, B=A, L, B=A,
AB . B#A,

B={7 7 (4.134c)
0, B=A.

4.6.2 Details on the data

In this analysis we use lattice data of the coordinated lattice simulations (CLS) effort. They are
obtained from simulations with Ny = 2 4 1 dynamical quark flavors described by a nonpertur-
batively first order improved Wilson action. The gauge action is tree-level Symanzik improved.
A peculiarity is the use of open boundary conditions in time direction, which yields nontrivial
boundary effects and thus requires that all measurements are carried out at sufficient distance
to the boundary [I76] I77]. The advantage of the open boundary conditions is the possibility
to carry out simulations at smaller lattice spacing without facing the problem of topological
freezing, which leads to large autocorrelation times at lattice spacings a < 0.05 fm [I78]. In
the future this will allow us to explore the continuum limit with higher precision. The latter is
important, since the continuum extrapolation has been identified as a major source of systematic
uncertainty in ref. [37]. More simulation details can be found in our work [75] and in ref. [179],
where the latter also contains a first analysis of the baryon spectrum for these data points.

A list of the CLS ensembles used in this work is given in table One should note that all
of them have rather large spatial volumes (L > 2.7 fm, with m,L 2> 4) and high statistics. As
schematically represented in figure these ensembles are tuned such that the average quark
mass reproduces (approximately) the physical value. They therefore provide a perfect setup to
study flavor symmetry breaking. At the flavor symmetric point hadrons form SU(3) multiplets
and their properties are related by symmetry. The real world is then approached in such a way

that u and d quark masses decrease and simultaneously the s quark mass increases so that their

100



4.6. ANALYSIS OF LATTICE QCD DATA

[GeV]
=
0.35 1.25 %
C101
0.30 1.20
H105 %
0.25 1.15
2 0.20 H102 1.10
HIRE 1.05
H101
0.10 1.00 (| @my
.m_\;
0.05 0.95 || @m=
O m,
0.00 - : ;
0.00 005 010 015 0.20 0.00 0.05 0.10 0.15 0.20

m2  2Bomy
Xi X; om

Figure 4.3: (left) Plot showing the meson masses of the lattice ensembles used in this study. All

quantities are made dimensionless using the average octet baryon mass X, defined in eq. (4.66]).

Along the flavor symmetric line (blue) all pseudoscalar mesons have equal mass (m?% = m2),

which is equivalent to equal quark masses (m; = mg). The (green) line of physical normalized
average quadratic meson mass ((2m% + m?2)/X? = phys.) corresponds to an approximately
physical mean quark mass (2m;+ms = phys.). The red line is defined by (2m? —m?2)/X? = phys.
and indicates an approximately physical strange quark mass (ms ~ phys.). The red dot marks
the physical point.

Figure 4.4: (right) The figure shows a combined fit to the octet baryon masses using leading
one-loop baryon chiral perturbation theory. (For a detailed study of baryon mass ratios at full
one-loop order see [135].) The horizontal axis corresponds to the green line in figure which
is parametrized using the dimensionless quantity dm defined in eq. . The leftmost data
point (dm = 0), where all baryon masses are identical, stems from the ensemble H101 at the
symmetric point. The red dotted line marks the physical point at dm = 0.228.

average is kept constant. This leads to the typical fanlike splitting illustrated in figure for the
octet masses. This figure shows a combined fit using leading one-loop chiral perturbation theory,
where (in addition to the effective couplings D and F') only three free parameters occur due to
SU(3) constraints. In section we will perform similar extrapolations for the couplings and
the first moments.

The bare lattice results have to be renormalized. In phenomenological calculations the pre-
ferred renormalization scheme is MS, which is inherently bound to dimensional regularization.
Lattice calculations are, however, automatically regularized by the finite lattice spacing. To
obtain final results in the MS scheme we proceed as follows: first, we (nonperturbatively) renor-
malize our results in a regularization independent scheme with a symmetric momentum config-
uration (the RI’/SMOM scheme). In a second step, we convert our results to the MS scheme
using one-loop continuum perturbation theory. The procedure is sketched in ref. [75]. A detailed

description will be presented in ref. [I8]1].

101



BARYON DISTRIBUTION AMPLITUDES

4.6.3 Flavor symmetry breaking and chiral extrapolation

For the chiral extrapolation we use the three-flavor baryon chiral perturbation theory expressions
presented in section (published in ref. [139]). All data points that are used have approximately
physical average quark mass. Therefore, we use the simplified version of the extrapolation
formulas , where the mean quark mass is kept fixed and all quantities are expanded around
the flavor symmetric point. This scenario corresponds to the green line of figure

We start with the analysis of the combinations of distribution amplitudes with minimal SU(3)
breaking given in egs. and . The explicit formulas for the normalization constants

read:

0+0(m?) = f>— f7+ - fF, (4.135a)
3f*+(’)(6m2) =2.3fN 13 (fFF2fF)+2-(fF+2f5) +1-3f0, (4.135b)
O©m?) =2-3\N +3-3\7 +2. 32T +1-(\ +2)\) | (4.135¢)

8\ + 0(5m2) =22 +3\T 4205 + A5 (4.135d)

which follow from eqs. (4.94a)), (4.94b), (4.94c) and (4.95b)), respectively. From egs. (4.94)

and (4.95)) one can derive similar relations for the higher moments of the DAs. To visualize the

size of the higher order SU(3) breaking terms it is convenient to form dimensionless expressions

that vanish in the flavor symmetric limit (6m — 0):

f2_|_f5
Of=1—-2—"_ | 4.136a
' fF+ 1z (11362)
1 = =
(52f:1—8‘3f*(2-3fN+3-(f2+2f%)+2-(f“+2ff)+1-3f"), (4.136b)
1 -
O =1- o (2-3AY +3-3A7 +2-3AT +1- (A} +2)})) (4.136¢)
TOAL
1 =
Mo =1- (2)00 4+ 37 + 205 + A%) . (4.1364)
2

In figure[£.5] we show linear and quadratic fits to the data. Even though for all these combinations
the expected dm dependence is quadratic, we find that a linear dependence cannot be excluded.
The largest deviation at the physical point is found for d2f (up to =~ 15%). Most remarkably,
the deviation from the GMO-like relation for the normalization of the leading twist DAs, d; f, is
very small (|61 f| & 1% at the physical point). For comparison, the violation of the GMO sum
rule using the experimental values of baryon masses is

2mN + 2ms=
0 =1- —~05™% . 4.137
avo =1~ 2 LEBNZ o 579, (1137)

The formulas we use for the chiral extrapolation (see eqgs. (4.85) already incorporate all
relations between different distribution amplitudes at the flavor symmetric point (cf. eq. )
Note that these relations will be fulfilled to all orders in BChPT. We find for the ensemble H101
which simulates the flavor symmetric case (see table , that the corresponding relations for

the normalization constants and higher moments are fulfilled down to machine precision for each
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Figure 4.5: Results for the quantities defined in eq. (4.136]) are shown, along with linear and
quadratic fits. Note that the curves for 0\; and 0o lie almost on top of each other.

configuration. In addition to that the SU(3) breaking is (at leading one-loop accuracy in BChPT)
constrained by the relations and . To check how good the constraints on the flavor
breaking are satisfied by our lattice ensembles we perform two combined fits to the lattice data:
a constrained fit, where the constraints are enforced, and an unconstrained one, where we ignore
them. Note that both versions take into account the constraints at the flavor symmetric point.
In figures 4.6 we show the constrained (left) and the unconstrained (right) combined
fits to the lattice data for the normalization constants and the first moments of the leading twist
DAs. We use F, = 112 MeV (cf. ref. [I35]), D = 0.72 and F' = 0.54 as input values. The latter lie
within the range of typical estimates used in the literature, see, e.g., refs. [I82HI87]. For most of
the measured quantities we find that the SU(3) breaking constraints are fulfilled reasonably well.
This manifests itself in comparable values of x? per degree of freedom for both the unconstrained
fit, where the symmetry constraints are ignored, and the constrained fit, where the symmetry
relations are enforced. Especially for AP and A}, as well as for the first moments of ®Z and IT*
(oF and 7f}), which have the same chiral behavior as AP and A}, one finds an extraordinarily
good agreement with the lattice data (cf. figures and . Also for the first moments

and ﬂ'leéA, which appear in @f and IIB#2 and are predicted to have the same chiral logarithms

as the couplings fZ and ff 75A7 the constraints are fulfilled within errors (cf. figure . In
contrast, for the leading twist normalization constants fZ and ff ;éA, as well as for @10% (1) and

77(])307?/1&) (which have to coincide with fZ and ff #A in the continuum), these relations seem to be

broken rather badly (cf. figures and . Also for AZ the agreement is not really flawless (cf.
figure [4.8]).

We can summarize that leading one-loop BChPT can qualitatively describe our data, even
though in some cases the observed SU(3) breaking cannot be reproduced by the constrained fit.
This might indicate that for these quantities higher order BChPT effects are particularly large.
However, the observed discrepancies could also be caused by systematic errors in the lattice
data, for which finite volume and discretization effects are prominent candidates. In particular
lattice spacing effects have already been identified as a major source of systematic uncertainty

in the two-flavor calculation of ref. [37], where it was also argued that for the leading twist

103



BARYON DISTRIBUTION AMPLITUDES

[GeV? x 10-3] [GeV? x 10-3]

5.5 5.5

5.0 5.0

4.5

4.5

4.0 4.0

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
om om

Figure 4.6: Constrained fit (left, 4 parameters) and unconstrained fit (right, 7 parameters) for the leading
twist normalization constants f~, =, f¥, f=, f5 and f*.
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Figure 4.7: Constrained fit (left, 4 parameters) and unconstrained fit (right, 6 parameters) for the

chiral-odd higher twist normalization constants AY, A¥, AT, A} and A4
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Figure 4.8: Constrained fit (left, 3 parameters) and unconstrained fit (right, 5 parameters) for the
chiral-even higher twist normalization constants A}, A3, A5 and \}.
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Figure 4.9: Constrained fit (left, 4 parameters) and unconstrained fit (right, 7 parameters) for cpé\g (1)’
©30.(1)* To0.(1)* Po0.(1) Too,(1y and ©fy ;) of the leading twist DAs & and I17#A. These moments should
be equivalent to the leading twist normalization constants f? and ff 7A i1 the continuum (cf. ﬁgure.
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Figure 4.10: Constrained fit (left, 4 parameters) and unconstrained fit (right, 7 parameters) for the first
moments ¢, T, T, ¢T, 15 and ¢ of the leading twist DAs ®F and IIB7#A.
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Figure 4.11: Constrained fit (left, 4 parameters) and unconstrained fit (right, 6 parameters) for the first
moments ¢, o1, ©T,, ¢ and 7l of the leading twist DAs ®2 and 4.
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normalization constants discretization effects are expected to be larger than for the higher twist
couplings.

A heuristic parametrization of the leading discretization effects can be constructed by intro-
ducing a multiplicative factor into the extrapolation formulas. The leading corrections are linear
in the lattice spacing, since the operators we use are not O(a) improved. At fixed mean quark

mass this would yield, for instance, for the leading twist couplings:

12 = g8 (6m)(1 + aC + admDB) (f* + smAfP) | (4.138a)
BAA — 9t (6m) (1 + aC + admDP) (f* + smAfF) . (4.138b)

The constant C' has to be equal for all baryons in the octet while the DfT) can be different and
are not necessarily subject to the same constraints as A f(B%). One can easily convince oneself
that, at nonzero lattice spacing, terms O(adm) can override the effect of the constraints on SU(3)
flavor symmetry breaking given in egs. and .

In the present context we cannot study discretization effects, since we only analyze data at
a single lattice spacing. Therefore, for the time being, the difference between chiral extrapola-
tions using constrained and unconstrained fits has to be interpreted as evidence for systematic

uncertainties.

4.6.4 Numerical results

The results of the chiral extrapolations as shown in figures are summarized in table
(constrained fit) and table (unconstrained fit). For all quantities the error refers to a
combined statistical and extrapolation error. We neither give an estimate of the uncertainty due
to the renormalization procedure (see ref. [75]) nor do we provide an estimate for the systematic
uncertainty of the chiral extrapolation due to higher order effects (which could be obtained by a
variation of the chiral renormalization scale and by a variation of input parameters), since both
effects are small compared to the systematic uncertainty due to discretization effects. These
errors will become relevant for future studies, if they contain ensembles with multiple lattice
spacings allowing for a controlled continuum extrapolation. Note, however, that our results for
the momentum sums ga(%,(l) and 7ré30’(1) defined in eq. are within 5% of the corresponding
couplings, cf. eq. , indicating that discretization errors in the derivatives are under control.
We do not expect significant finite volume effects [36, [37) [I88], since all our ensembles have
values of m,L 2 4 and at the same time L > 2.7 fm, cf. table As discussed above, for
some quantities the difference between constrained and unconstrained chiral extrapolations is
sizable and can be viewed as part of the systematic uncertainty. Since the overall quality of the
unconstrained fit is better (x? per degree of freedom is smaller than 1.5 for all unconstrained fits),
we present the corresponding numbers as our final results for this lattice spacing (see table.
All further tables and figures in this section are generated using these values.

In table we compare the central values of our Ny = 2 + 1 results (unconstrained fit,
see table with the Ny = 2 lattice study for the nucleon [37] and the Chernyak-Ogloblin—
Zhitnitsky (COZ) model [150]. In the lattice study [37] the continuum extrapolation has been
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Table 4.9: Couplings and shape parameters obtained by the constrained fit method. All values
are given in units of GeV? in the MS scheme at a scale u?> = 4 GeV2. The number in the
parentheses gives a combined statistical and chiral extrapolation error.

B N Y = A
fBx103 3.61(3) 5.26(4) 5.48(4) 4.85(3)
fE x10? 3.61(3) 5.10(3) 5.54(4) —
©P x10? 0.06(1) 0.13(1) —0.01(1) 0.17(1)
B x 103 0.06(1) —0.09(1) 0.30(1) —
o8 x 103 0.074(10) —0.052(7) 0.15(1) 0.50(2)
7B x 103 — — — 0.035(11)
Poo.(1y X 10° 3.47(4) 5.05(5) 5.26(6) 4.67(5)
Tio.(1y X 10° 3.47(4) 4.88(4) 5.35(6) —
AP x 103 —48.4(4) —46.4(3) —47.6(3) —40(1)
AE % 103 — — — —52.5(4)
AP x 103 95(1 87(1) 95(1) 105(1)

Table 4.10: Couplings and shape parameters obtained from the unconstrained fits. All values
are given in units of GeV? in the MS scheme at a scale u?> = 4 GeV2. The number in the
parentheses gives a combined statistical and chiral extrapolation error. The numbers from this
table should be quoted as the final results at our lattice spacing.

B N ) = A
2 x10? 3.60(6) 5.07(5) 5.38(5) 4.38(6)
B <103 3.60(6) 4.88(5) 5.47(5) —
o8 x 103 0.08(2) 0.17(1) 0.01(1) 0.18(1)
7B x 103 0.08(2) —0.10(1) 0.30(1) —
oB x10° 0.06(2) —-0.07(1) 0.14(1) 0.48(2)
7B x 103 — — — 0.01(2)
Con.(1) X 10° 3.53(9) 4.91(7) 5.19(6) 4.25(8)
.1y X 10° 3.53(9) 4.70(6) 5.31(6) —
AP x 103 —49(1) —45.4(4) —47.6(4) —39(1)
AE %103 — — — —51(1)
AP x 103 98(1) 86(1) 96(1) 101(1)

carried out for the normalization constants and resulted in a decrease of f~ by ~ 30% and
a somewhat smaller decrease for /\{\7]2 for lattice spacings a =~ 0.06 — 0.08 fm. Since we use a
similar lattice action, we have to expect discretization effects of the same magnitude. This is
compatible with the fact that our Ny = 2 + 1 results for the nucleon normalization constants
(at a ~ 0.0857 fm) are approximately 30% larger for f~ and about 20% larger in the case of
MY and A\ compared to the final results of ref. [37]. Nevertheless, this shows that a thorough
continuum extrapolation will be of utmost importance and is a primary goal for future studies.

For the first order shape parameters of the leading twist DA of the nucleon, ¢ = 7Y and 1),

our results agree within errors with the values obtained from two-flavor lattice QCD [37] and with
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Table 4.11: Comparison of the central values of our Ny = 2 4 1 results (unconstrained fit,
see table with the Ny = 2 lattice study for the nucleon [37] and the Chernyak-Ogloblin-
Zhitnitsky (COZ) model [150]. All values are given in units of GeVZ. All quantities have been
converted to the conventions established in this work and rescaled to u? = 4 GeV?, cf. ref. [75].
Note that fI in ref. [I50] is proportional to the first moment 74} in our nomenclature.

B work  method  fBx10® fEx10® ¢F x10®° 7f x10® of x10® «f x10°

ours Ny=24+1  3.60 3.60 0.08 0.08 0.06 —
N [B7 Nf=2 2.84 2.84 0.085 0.085 0.082 —
[150] COZ 4.55 4.55 0.885 0.885 0.748 —
g ows Ny=2+1 507 4.88 0.17 —0.10 —0.069 —
[150] COZ 4.65 4.46 1.11 0.511 0.523 —
_ ours N;y=2+1 538 5.47 0.01 0.30 0.14 —
=[50 COZ 4.83 4.92 0.685 1.10 0.883 —
A ows Np=2+1 438 — 0.18 — 0.48 0.01
[150] COZ 4.69 — 1.05 — 1.39 1.32

results extracted from light-cone sum rules for the nucleon electromagnetic form factors [153]E|
In particular we confirm the approximate equality ¢, ~ . As reported in ref. [37], modern
lattice simulations and light-cone sum rule calculations yield estimates of the first moments of
the nucleon DA that are one order of magnitude smaller than values obtained from traditional
SVZ sum rules, cf. refs. [150} [I89]. Comparing our measurements to the values used in the COZ
model [150] (see table one finds that this observation is not only true for nucleons but also
for hyperons.

Interestingly, the SU(3) breaking in the shape parameters of the octet baryons turns out to
be very large, e.g., 7 = 3pY and b, > 7o), and some parameters even change their sign.
The effect is much stronger than in QCD sum rule calculations [I50], even though the absolute
values are much smaller. This large flavor symmetry breaking is somewhat surprising and is
in stark contrast to the situation for the normalization constants where the differences between
octet baryons are at most 50%. As a consequence, SU(3) breaking in hard exclusive reactions
that are sensitive to the deviations of the DAs from their asymptotic form can be enhanced.

The SU(3) breaking in the shape of the leading twist DAs can be represented in many ways.

Consider, e.g., normalized combinations of symmetric and antisymmetric DAs

oL + @B e + o8 o4 + 1t
o8- 22122 e - 2o wh = (4.139)
1B 17 A
all of which are equal both in the asymptotic limit, ¢* = ¢P? = wBF?2 = 120z,2923, and
in the limit of exact flavor symmetry, ¢* = ¢B* = wP*. Due to isospin symmetry @w? = ¢V,

Hence, there are seven independent functions that can be used to visualize the deviations from

the DA ¢* in the SU(3) flavor symmetry limit. These seven functions, ¢ — ¢*, etc., are shown

7Our Lpf:fk correspond to fNSDrIYk in refs. [37 153]. In contrast to the normalization constants, the shape
parameters have not been extrapolated to the continuum in ref. [37].
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Figure 4.12: Barycentric plots (z1 + 22 + 23 = 1) visualizing the SU(3) breaking in the
shape functions (4.139). The top right figure displays the momentum distribution for the flavor
symmetric case, while the others show the deviations from it at the physical point.
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Figure 4.13: Barycentric plots (21 + 22 + 23 = 1) showing the deviations of the DAs [V — A]P
and TP from the asymptotic shape ¢ = 120z129x3. T vanishes in the asymptotic limit. In
this representation the coordinates x; directly correspond to quarks of definite flavor and helicity.
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in figure together with ¢* itself, which is almost (but not exactly) symmetric in 1, 2, x3
due to small (but nonvanishing) values of ¢7; and ¢j, (cf. figures and [4.11]).

In phenomenological applications it is more convenient to consider the standard representa-
tion of DAs in terms of [V — A]® and TE. In this way also the physical interpretation is more
straightforward as every momentum fraction can be attributed to a quark of definite helicity and
flavor. [V — A]B and T® do not coincide, however, at the flavor symmetric point, so that for
these DAs it is more natural to show the deviations from the asymptotic shape ¢*° rather than
from ¢*, see figure [£.13] The plots in the left and in the right column show normalized DAs
[V — A]P and T® after the subtraction of the asymptotic DA. Note that the amplitudes TP#* are
symmetric under the interchange of x; and xo by construction. The approximate symmetry of
[V — A]N under the exchange of x5 and z3 is, in contrast, nontrivial. It is due to the approximate
equality of the two nucleon shape parameters ) ~ ¢ mentioned above. In the nucleon Fock
state u'u'd" this is equivalent to a symmetric distribution of momentum between the second and
third quark. In agreement with earlier studies [37, (150}, [190], we observe that the “leading” '
quark, which has the same helicity as the nucleon, carries a larger momentum fraction. In the
u'u'd* nucleon state, which is described by T, the peak of the distribution is shifted towards
the two v quarks in a symmetric manner. T, however, is not an independent DA. Taking
into account the isospin relation , the spin-flavor structure of the nucleon light-cone wave
function can be presented, schematically, as [V — A]Nu' (u*d" — d*u"). In this picture our
result for [V — A]Y corresponds to a shift of the momentum distribution towards the u' quark,
which carries the nucleon helicity, and the symmetry under xs <+ x3 may be interpreted as an
indication for the remaining valence quarks forming a dynamical scalar “diquark” (scalar in this
context means that the diquark does not carry helicity), which is assumed in many models.

For the isospin-nonsinglet baryons one can identify two competing patterns: first, the strange
quarks carry, in general, a larger fraction of the momentum. Second, in the |1]1) state the first
quark has a larger momentum fraction than the second, while in the [t1)) state the first two
quarks behave identically. These rules do not apply to the A baryon due to its reversed symmetry
properties, see eq. : in the u'd*s" state the maximum of the distribution is shifted towards
the s quark. T is a special case, since it does not contain the leading asymptotic part due to
the antisymmetry under exchange of 1 and x5. Our result shows, that also the next-to-leading
asymptotic contribution determined by the shape parameter 7}, is very small. Hence, for the A
baryon, the Fock state u'd's* is expected to be highly suppressed. Taking this result into account
(i.e., neglecting T*), the spin-flavor structure of the lambda light-cone wave function reads,
schematically, [V — AJ* (u'd* — d'u")s’. The approximate symmetry of [V — A]* under exchange
of x1 and x5 indicates that the light quarks flavors form a dynamical scalar “diquark”. The
momentum distribution is shifted towards the helicity-carrying s' quark. The similarity to the

nucleon case is striking.
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Table 4.12: Normalized first moments of the DAs [V — A]® and TB#* in the MS scheme at a
scale 12 = 4 GeV?, obtained via eq. ([.141)).

B N by = A
(z1)B u' 0.358 d 0.331 st 0.361 o' 0.310
(w9)B ut 0.319 d* 0.310 st 0.333 d* 0.304
(x3)B d 0323 s 0.359 u' 0.306 s 0.386
(z1)5 u'0.340 d 0.326 s'0.352 —
(m2) 5 u'0.340 d 0.326 s'0.352 —
(w3) 8 d" 0.319 st 0.348 ut 0.296 —

To quantify this picture, one can consider normalized first moments of [V — A]® and T8
defined as

1 BA 1
@) = —p— [l v - a7, @)= o et @)
©00,(1) T00,(1)
which are usually referred to as momentum fractions in the literature. Note that this name is
imprecise since the averaging is done with the DA and not a wave function squared, and, in
particular, for 7%, which has no asymptotic part, the interpretation as momentum fractions

breaks down completely. The (z;) can be calculated in terms of the shape parameters as follows:

1 1 . R 1 2 1 1. ~
(@)PPh = S+ 2BH + 08, (@) =2 S8, (e =2+ 280 - 31, (4.141a)
3 3 3 3 3 3
1 1 1 1 1 2
B#A ~ B#A ~ B#A ~
<51€1>T7é = 3 + §7T1E1e ) <51€2>T7é = 3 + §7T1E1e ) <x3>T¢ = 3 5771? ) (4.141b)
1 1 . 1. 1 2 1 1. 1
(z)™ = 3 + §<P1A1 - g@f}w (2)™ = 3 §<P1A1 ) (3)™ = 3 + §<P1A1 + g@ﬁ)»
(4.141c)
where
B B
pE = Enk REAN - J (4.142)
00,(1) T00,(1)

The results are summarized in table They support the qualitative picture suggested by the
discussion of figure [£.13]

Finally, we consider the higher twist matrix elements that are related to the normalization
of the P-wave light-cone wave functions and also appear as low-energy constants in effective
theories for generic GUT models [I72]. We obtain, for the nucleon, A ~ —2AY, which is well
known, see, e.g., refs. [118, [191],[192]. The same relation also holds for the ¥ and = hyperons (for
the ¥ it is not fulfilled as accurately as for the others), but not for the A baryon. Instead, we
find A5 ~ —2)\%. Actually, all these relations hold, since matrix elements of operators containing
q*C1q® are approximately zero for arbitrary quark flavors a and b. As pointed out in ref. [191]
these matrix elements vanish exactly in the nonrelativistic quark model limit and it is noteworthy
that we find only very small corrections to it at the hadronic scale u = 2 GeV, in particular for

the nucleons, the = and the A baryons.
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4.7 Summary

In this chapter we have presented the first analysis of baryon octet light-cone DAs in the frame-
work of three-flavor BChPT (see also our work [I39]). At next-to-leading order accuracy in the
chiral counting scheme, we obtain the leading quark mass dependence and (automatically) the
leading SU(3) s breaking effects. Describing the baryon octet simultaneously we are able to unify
and systemize the efforts made in refs. [76], T50H152] [193].

An important insight to be gained from our results is of qualitative nature: in the chiral-odd
sector the chiral behavior (i.e., the contained chiral logarithms) of a specific moment does not
depend on its twist, but on whether it contributes to the (bf,i or 8 . amplitudes (see eq. @70)).
Those contributing to the “+” (“—”) amplitudes have the same chiral logarithms as fZ (AP).
Therefore the odd moments of the leading twist DA behave like AP instead of (as one might have
expected) fB. This result is consistent with an earlier two-flavor calculation, where it was found
that the odd first and second moments of the leading twist DA have the same chiral logarithms
as A\ (see appendix of ref. [37]).

In section we provide a set of DAs that parametrize the complete baryon octet (includ-
ing the A baryon) in a minimal way and do not mix under chiral extrapolation. Egs. (4.85))
and are our main results. They describe the quark mass dependence of the baryon
octet DAs (including all higher twist amplitudes) in a very compact manner. The results are of
particular importance for the interpretation and extrapolation of lattice QCD data performed
in section due to the significant decrease in number of parameters. For the same reason
our results are relevant for QCD sum rule analyses and for model building. In particular the
relations , that have to be fulfilled exactly in the flavor symmetric limit, provide helpful
consistency checks for both lattice QCD and sum rule calculations.

In sectionwe have presented the first Ny = 24-1 lattice QCD analysis of the normalization
constants and (leading twist) first moments of the octet baryon distribution amplitudes with pion
masses down to 222 MeV (published in [75]). The results are extrapolated to the physical point
using three-flavor BChPT formulas given eq. . Numerical values are given in table
Note, however, that our analysis lacks a continuum extrapolation which can have a large impact
on the DAs (cf. ref. [37]). Nevertheless our analysis yields first qualitative insights on the octet
DAs that will be discussed in the following paragraphs.

We find significant SU(3) flavor breaking effects for the leading twist normalization constants

L 1.41(4) , Ir _ 1.36(4) , = 1.50(4) , IT 1.52(4) , I 1.22(4) , (4.143)

fN N mw fN N
and somewhat smaller symmetry breaking for the higher twist couplings
/\E /\E /\A )\A
A—;, =0.93(2) , Tflv =0.98(2) , Tfl\’ =0.81(2) , A—f, =1.05(3) , (4.144)
1 1 1 1

where the number in parentheses gives a combined statistical and chiral extrapolation error. It

is likely that these ratios are less sensitive to discretization effects than the couplings themselves.
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To first order in the SU(3) symmetry breaking parameter we have derived the following
relation between the DAs of the ¥ and E hyperons (see eq. (4.94))):

(I)E7i($1, x2,$3) - HiE(Z‘l,J?Q,J??,) = HZ-E(J?l,l‘Q,l‘?,) - @E,i(xl,xQ,xg) y (4145)

which has the same theory status as the renowned Gell-Mann—Okubo relation for the masses. It
is satisfied with similarly high accuracy ~ 1% in our data for the leading twist DAs.

We find that deviations from the asymptotic DAs (quantified by the values of shape pa-
rameters) are small for all baryons in the octet. This result is in agreement with the findings
of ref. [37] for the nucleon, but it differs from old QCD sum rule calculations [I50], which fa-
vor larger deviations. The SU(3) breaking in the shape parameters is, however, very large, see
table [£.10] For the isospin-nonsinglet baryons one can identify two competing patterns: first,
the strange quarks carry, in general, a larger fraction of the momentum. Second, in the f'g*h’
state (using our flavor conventions ) the first quark is favored over the second, while in the
f'g"h* state the first two quarks behave identically. These rules do not apply to the A baryon
due to its reversed symmetry properties, see eq. . The interplay of these two patterns leads
to the rather elaborate structure shown in figure [4.13] For the proton, the neutron and the A,
our results for the leading twist DAs at the scale ; = 2 GeV are consistent with quark-diquark
models that approximate the baryon by a leading quark (up for the proton, down for the neutron
and strange for the A), which carries the helicity and a disproportionately large fraction of the

momentum, and a scalar diquark formed from one up and one down quark.
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Conclusion and outlook

In the following we will highlight selected main results of this work. For more details the reader
may consult the individual summary sections in the respective chapters.

In chapter [3|we have extended the calculation performed in ref. [34] for first moments of chiral-
even nucleon GPDs to full one-loop order in two-flavor BChPT. The resulting extrapolation
formulas are summarized in section In contrast to its predecessor, the increased accuracy
allows for a correct reproduction of the leading chiral logarithms (known from older heavy baryon
ChPT calculations) also for the B-type form factors. The preliminary analysis of Ny = 2 lattice
data, described in section [3.6] shows that the tradeoff fit ansatz is in agreement with the heavy
baryon version, at least for isovector generalized form factors. However, this is hardly surprising,
since the problematic triangle diagram (cf. ref. [86]) does not contribute to these quantities.
Accordingly, our results do not allow to draw a similar conclusion for isoscalar GFFs, since
these may exhibit a nontrivial chiral behavior due to the admixture of the pion GPD via the
said Feynman diagram. Therefore, lattice QCD data on the isoscalar form factors would be
highly interesting. Unfortunately, the simulation of three-point functions with isoscalar operator
insertions is computationally very challenging due to the contribution of disconnected diagrams.
For the usual benchmark quantity (z)*~¢
overshoots the values extracted from global PDF fits to QCD world data by roughly 20%, in

agreement with ref. [I28]. As discussed in some detail this discrepancy occurs most likely due to

our preliminary analysis leads to a numeric result that

discretization effects, and, until this issue is resolved, one has to expect similarly large deviations
also for the nonforward observables.

In chapter 4] we have presented the first analysis of three-quark light-cone DAs (including all
higher twist amplitudes) within three-flavor BChPT at leading one-loop accuracy. The results
on flavor symmetry and its breaking allow a systematic study of the baryon octet as a whole,
unifying efforts made in refs. [76, I50HI52, 193], compare section The understanding of
the underlying symmetry formed the backbone of the analysis of Ny = 2 4+ 1 CLS lattice data
described in section[d.6] which provides a first qualitative insight on baryon octet DAs from lattice
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QCD. Quantitative results can be obtained in the near future, after the inclusion of upcoming
data at smaller lattice spacings, which will enable us to take the continuum limit. In particular,
we find that eq. 7 which relates ¥ and = DAs and is the theoretical analogue for DAs of
the famous Gell-Mann—-Okubo mass formula, is fulfilled to high accuracy. In accordance with
earlier results for the nucleon (cf. ref. [37]), we find only very modest deviations of the DAs from
their asymptotic shape. Nevertheless, we observe that flavor symmetry breaking is pronounced
in case of the normalization constants, and even larger for the shape parameters. This leads to
the rather elaborate shape of the DAs depicted in the barycentric plots in figure [I.13]on page [T10}]
Interestingly, our results for proton, neutron and A leading twist DAs at the scale u = 2 GeV are
consistent with simple quark-diquark models. The latter describe the baryon as a compound of
a leading quark (up, down and strange, for proton, neutron and A, respectively), which carries
the helicity and a disproportionally large fraction of the momentum, and a scalar diquark formed
from one up and one down quark of opposite helicity.

Besides the beautiful results it yields, the method used to construct the effective operators in
chapter {4 is also interesting from a technical perspective: the nonlocal operator is parametrized
as a product of a distribution amplitude with a hadronic operator integrated over all momentum
configurations, where the hadronic operator at a specific momentum configuration only contains
hadrons at a single spacetime position (cf. eq. ) This novel proceeding yields the best
possible disentanglement of the light-cone dynamics of the internal partons (parametrized in the
DAs) from the chiral dynamics of the hadrons. As an outlook, we therefore will only advertise
the one most promising of the numerous possible extensions of this work: the treatment of GPDs
based on the very same method for operator construction and with the same generality (open
Dirac and flavor indices) as the one we have performed for baryon DAs. Such a project is certainly
worth the effort, since it would not only yield results for all moments simultaneously (including
ordinary form factors), but would also provide information about transversity GPDs. Due to
the above stated locality of the hadronic operators, the calculation would (by construction)
not suffer from the problems concerning regularization reported in ref. [I12] (in said reference
the problem has been overcome by the choice of a specific suitable regularization procedure,
that cures the deficiencies of the usual operator construction). In particular a calculation within
three-flavor BChPT can provide valuable information on flavor symmetry and its breaking, which
would simplify a consistent treatment of the numerous (transition) GPDs of the baryon octet
considerably. Thus, the results of such a calculation would be a mighty tool, especially in the
hands of the lattice analyst who has the pleasure to extract the wealth of information contained

in the upcoming CLS data on three-point functions.
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APPENDIX

General definitions

A.1 Pauli matrices

The Pauli matrices, denoted by o* (i = 1,2, 3), are defined as

L R e TR
1 0 1 0 0 -1

They differ from the generators of the SU(2) Lie algebra 7¢ by a factor of 2 (¢ = 27%) and obey

the commutation relation
[0, 07] = 2ic*g" | (A.2)
where

+1, if (4,4, k) is a cyclic permutation of (1,2,3) ,

b =3 1, if (i,7,k) is an anticyclic permutation of (1,2,3) , (A.3)

0, else .

Together with the two-dimensional unity matrix the Pauli matrices yield a basis for the complex

2 x 2 matrices. One easily finds that they have the following basic properties:

ol = ol , tr{o’'} =0, (A.4a)
deto’ = —1, olod = 691 +igkgh (A.4b)

Using these properties one can derive eq. (A.2)) and the following useful relations:

ol =1 , tr{o'c?} =267, (A.5a)
{0’07} =251, tr {o'olo"} = 2ic* . (A.5Db)
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A.2 Gell-Mann matrices

The Gell-Mann matrices ' (i = 1,...,8) are a set of traceless Hermitian 3 x 3 matrices, which

fulfill the commutation relation
NN = 2ifUk\F (A.6)

where the f* are the structure constants of the SU(3) group. These are totally antisymmetric

and the nonzero elements are given by

1
123 _ 4 147 _ 4246 _ 257 _ 345 _
ISR JUT = O T
S 1 s V3
156 367 458 678
— [ J—— = = — . A-7
e R R (A7)
The Gell-Mann matrices differ only by a factor of 2 from the usual generators t* = ’\%, and are
defined as
0 1 0 0 —i 0 0 0
M=[10 0of, X=[i 0o of, AP = -1 0],
0 0 0 0 0 O 0 0 O
0 01 0 0 —i
M=o 0 of, AN=10 0 ,
100 i 0
0 0 0 0 0 O ) 1 0 O
M=o o0 1], MN=[o o -], M=—1]01 o0 (A.8)
. V3
010 0 i O 0 0 -2
They fulfill the following useful relations
tr {ANT ) = 267 (NN = gawn + 2d7k Nk
tr { NN AR} = 2(d7F + i fi7F) | (A.9)
where d** is totally symmetric. Its nonzero components are
1 1
AVS = 228 — 338 — _ 888 — A48 _ 558 _ 668 _ JT78 _ _ 7
V3 2v/3
U146 _ J157 _ j256 _ j344 _ ;355 _ 1 d2AT — 366 _ 37T _ 1 (A.10)
27 2 '

A.3 Dirac algebra

The Dirac matrices are a set of four 4 x 4 matrices that obey the anticommutation relation

{9} =29"1 (A.11)
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where g = diag(1,—1,—1,—1) is the Minkowski metric. They can be chosen such that the

following hermiticity condition is fulfilled:
(7T =090 . (A.12)
It is useful to define a fifth matrix v5 = 7° as

. i
Vs =" =Y = ey YV (A.13)

where the Levi-Civita symbol in four dimensions is defined as

+1, if (u,v,p,0) is a cyclic permutation of (0,1,2,3) ,

eP? = & —1, if (u,v,p,0) is an anticyclic permutation of (0,1,2,3) , (A.14)
0, else .
Since the indices have to be raised/lowered by the use of the Minkowski metric gp103 = —£%1%% =

—1. The choice, whether the Levi-Civita tensor with upper or lower indices has the value +1
or —1 is pure convention and corresponds to a minus sign in eq. (A.13)). The 4° matrix has the

following properties:
(") =1, () =7°, {+#,4°} =0. (A.15)
Furthermore we define
o = k] (A.16)
which is antisymmetric by construction. The following identity turns out to be useful:
Yot = %5“”"00[,0 . (A.17)

Since the four Dirac matrices are not defined uniquely by eq. and eq. one can
choose from various explicit representations. Two common choices are the Dirac and the Weyl
representation, which both have their advantages: in the Dirac representation the upper and
lower half of the bispinor correspond to negative and positive parity, while in the Weyl repre-
sentation they correspond to parts of left and right chirality. Since the latter transform under
SL(2, C), which is associated with restricted Lorentz transformations, the Weyl representation is
sometimes said to be more fundamental than other representations. In the Weyl representation

the contravariant v matrices and ~5 take the form

0 1 - 0 of -1 0
0 _ ’ i 4 , 5= . A18

In order to separate components of different chirality one introduces the left- and right-handed
projectors /g as
1— ,}/5 1+ ,YS

YL = ) YR = 2 ) (Alg)

123



GENERAL DEFINITIONS

Table A.1: The constants nf, n<, nff and nd characterizing the symmetry properties of the
elements of the Clifford algebra.

r woonf af P
1 1 -1 1 1
Y5 -1 -1 -1 1
Tu 1 1 1 -1
Tu5 -1 -1 1 —1
O 1 1 1 1
which have the following properties:
2
(ve/r)” =L/R S YR+ =1, (A.20a)
YLYrR = VYRYL =0, YR =YL =15 - (A.20Db)
The charge conjugation matrix C' is defined such that
(v)" = -C7lyrC . (A.21)

In the Weyl representation one can choose it as a specific combination of gamma matrices, which

induces some additional, convenient properties:

C =iy, (A.22a)
C=-CT=-Cl=-0"". (A.22b)

The set of 16 matrices
{]1,75,7“,7“75,0“”} with pu<v, (A.23)

is called Clifford algebra and forms a basis of the space of complex 4 x 4 matrices. For the

operator construction it is convenient to define for the elements of the Clifford algebra

nEvoly , for T € {1,7°},

I'= (=) unE vy , for T' € {y#, v}, (A.24a)
(_1)u(_1)u77113’70r’}’0 , forI'=oM" |

" =q»fore, (A.24D)

It = 771{{701“’70 ) (A.24c¢)

I'= H%VSF’YS ) (A.24d)

where (—1), is 1 for 4 = 0 and —1 for p = 1,2,3. The different s are collected in table

Since complex conjugation can be written as the transposed of the Hermitian conjugate one has

I = i nf 7 CTCro - (A.25)
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A.4 Standard integrals

A.4.1 Definition of standard two-point integrals

The standard d-dimensional integrals that occur when one applies infrared regularization [86]

d
Ly = 1/ d - 1 - (A.26)
i Jir (2m) (m2 — 2 —ie)* (M2 — (p— q)2 — i)

where p is an external momentum, m is a meson mass, M a baryon mass and IR indicates that

are defined as

the integration over the Feynman parameter connecting the meson and baryon propagators is
extended to infinity, cf. section Loop integrals containing only heavy particles (baryons)
are set to zero, while those containing only light ones (pseudoscalar mesons) are kept as they

are. One obtains

1 m?
— 9,2
1170 =2m (L + 32? In IU,Z) + O(d - 4) 5 (A27a)
Ip, =0, (A.27b)
2 _ M2 2 1 2
jllz_m P L+ I 1
’ p? 32m2 w2
1 2 ( 2 M2 + 2)2 (m2 M2 +p2) (A27C)
m m* — p - -
— =\ — d—4
52\ 2 e arccos T + O( ),

where L contains the pole term and the typical constants for the minimal subtraction scheme

L &‘;;2 (1 + % (14 Indr — yE)) : (A.28)

with € = 4 — d. Due to the uniqueness of the decomposition into regular and infrared singular

part [86] one can utilize the identities derived for standard dimensional regularization (k,l > 1):

1 0 1 0

Dt = 2 G T = Sl (A.252)
1 0 1 0

Ik,l+1 = *jmlk,l - *maiMIkJ . (A29b)

A.4.2 Reduction of three-point integrals

In the following we express the two specific three-point integrals, which are needed for the
full one-loop calculation presented in chapter [3| in terms of standard integrals (p = %(p' +p),
A = p' — p). For the integral with two baryon propagators we find

1/ diq f(q) _
i Jir M) (m2 = ¢? —ie)* (M2 = (p — q)* — ie) (M? — (p — q)? — i)

oL /(@)
! i -/IR 2m)% (m2 — 2 —ie)* (M2 — (5 — q)? — i€)?

(A.30)

Nl e

:/ du To(m?, 51,5 = M%), if flq) =1,

Nl
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where M? = M?+(u?—1)A? = p?+u2A? and j = p+uA. For nontrivial f(g) one has to proceed
with a tensor decomposition (see section [A.4.3]). For the integral with two pion propagators we
find

1/ diq f(q) _
i Jir (2m) (m2 — g2 — i€) (m? — (g + A)2 —i€e) (M2 — (p — q)2 — ie)'

_ [P L[ dh fla—(u+3)A)
B /_ d i /IR 2m) (M2 — ¢2 —ie)® (M2 — (§ — q)? — ie)l (A.31)

:/ du I (m® M?,p* = M?), if f(g) =1,

Nl

=

[

where m? = m? + (u? — %)Az. The remaining integration over the Feynman parameter u is

carried out numerically.

A.4.3 Tensor decomposition

If the loop momentum occurs in the numerator of the integrand one has to perform a tensor

decomposition in order to express the integral in terms of standard integrals. We define

1 ddq g - -
= - . A.32
BT /m (2m)d (m? — g2 —ie)"(M? — (p — q) — ie)! (4.32)

Lorentz decomposition yields

1
II?,Z = pMII(c,l) ) (A.33a)
1Y = p*g i) + prpt I (A.33D)
I8P = p* (9" pP + g"Pph + g ) I + pp P L) (A.33¢)

177 = pH(g" g + 9" 9" + 9" ") 1Y)
+ PP 9P + PP T + T g + U g + Y g + P g (A33d)
v 8
+ ptp p”p"féyl) .

Since we use infrared regularization all integrals that do not involve at least one meson propaga-

tor are zero, i.e., Iy; = Iéil) = 0. For the integrals which only contain propagators of pseudoscalar
mesons the decomposition is actually simpler, since they do not depend on the external momen-

tum p. Therefore

1 3 4 5 7 8
Tio =T =TIio =T = Tig = 5 =0, (A.31a)
1
I;fg = W(—Ik,m +m?lio) (A.34b)
6 1 2 2
115,3 = m(—fz(cjl,o + mzlli,g) . (A.34c)

such that the decomposition is independent of p in this case. With the definitions

Te) = ~12 +m’L (A.35)
Ulgll) Ilgl,gfl - 1121)1,1 + (m? — M? +P2)IIS,; 5 (A.36)
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we find the following result for the case containing both meson and baryon propagators:

1
fzi,lz) _ ?Ué?; , (A.37a)
@2 _ 1 o 1. q
) = T <Tk’l 2Uk7l) : (A.37Db)
3 —1 0 d 1
Ii,l) = (d _ 1)p2 (Tli l) QUIS,I)) ’ (A'37C)
4 1 NN S )
Ik,l = W (Tk,l - 5 (Uk,l + Uk,l )) 9 (A?)?d)
I(5) _ _71 3T(1) _ w (U(Q) 4 U(g)) (A.37e)
B (d—1)p2 7Tk 2 B TRES)
6 _ 1 @ 1@
= e (B - 2Uw) : (A.37f)
2 d+2_ (4
TRELIN oy

(A.37h)

127






APPENDIX

Supplements: GPDs

B.1 Low-energy constants and fit parameters
The divergences occurring in the loop calculation for 4 —d = € — 0 have to be absorbed in LECs:
g =13 () + 7L 195 =157 () + 2,1 (B.1)

where L contains the pole term plus the typical constants for the modified minimal subtraction

scheme (see eq. (A.28). The renormalized constants pick up a scale dependence:

9 ) iy 9 s, i
1) () = — L g = i B.2
gl (1) e Ml (1) {an)? (B.2)

For the nonzero v, ; and 7} ; we find

1+ 3¢
22 = "5 Aot (B.3a)
1+ 297
24 = "5pm Ao (B.3b)
1+ 293, 124
- 24 B.
3,1 252 1,1 12mo F2 0,2 > (B.3c)
1 + 2g2 g2
V3= "H5p Al g — Tmg F2 log s (B.3d)
s _ 394
V2,4 = 2FA2 525 (B.3e)
2
s g 39% 15
V3,1 = 4mAF2 Zo 2+ QFAQZI 15 (B.3f)
s 3gA s SgA s 39124 s
3= o FZ0:1 + 2p2'h 2= 4m0F#l ) (B.3g)
9
754 _ 9ga 5. (th)

? 2F;}m0




SUPPLEMENTS: GPDS

The combined fit parameters used in the heavy baryon reduced results for the isoscalar form
factors (3.43)) are related to the LECs defined in section [3.3| by

A3 =85, (B.4a)
Ay = 3215, (B.4b)
s,(m3) 79341° 395051 galic  12gamoli 5 12galf 15
A2 0 = — — - 2 - 2 9 (B'4C)
' 8Fimor  AF2mom EF2mom F2r F2r
A27ét) = =83 3 (B.4d)
By = 16mol3 5 (B.4e)
s,(m 29 I s,(r
By (1) = — T+ 64moly S (1) — 6415 1 (B.4f)
Bs,(t)( ) — *1677101 s,(r) ( )+ 5gAl8 (B4g)
0 12Fi7r?
05 = —4mql3, (B.4h)
Ay =813, (B.4i)
A8 (m2) o 3gAlO,2 3218 (r) (B 4 )
2,0 ( ) - 2F2 2 + 2,4 (/"L) ) .]
5 7950 gali 4
Asi(m3) _ A'02 ) B.4k
2,0 4F§m077 Fgmoﬂ' ’ ( )
A3 =835, (B.A])
By$” = 16mol3, (B.4m)
s (m 394 mols s (r s
BZ:(() ?) () = —% + 64mol3:§ )(,u) — 6417 jc1 (B.4n)
By = —16mol3, (B.4o)
7,5,(0 81°
Ay g( ) = =2 (B.4p)
and those occurring in the isovector form factors (3.45) by
Ag:[()O) = 4[0 1, (B5a)
v,(m2 g lO 1 r
A5G () = ~orzer 16153 (1) , (B.5b)
v,(m3) _ 794001 galoo  gallie+lir)  29amo(liis +1i6)
2,0 8F2mom  3F2mom 6F2mom F2r
(B.5¢)
~ 2ga(lins + 1)
F2r ’
Ay = —dls (B.5d)

130



B.2. FULL RESULTS BY DIAGRAM

B;]:(()O) = 8m0l172 5 (B5e)

v,(m 2m l T
By ™ (n) = —gAFQ% + 32mol) (1) — 3211 001 (B.5¢)
By = —8moly 4 , (B.5g)
v = —amgly ;| (B.5h)
Apg) =4l (B.51)

2
Tv,(m2 g l072 T .
A" () = — 2575 + 161573 (n) | (B.5)
Jom3) _ _galoa 1g3loe | gahio | 29aliar gallia+lis) (B.5K)
2,0 3F2mom  24F2mom  3F27 3F2m 6F2mom '

Ayl = —dly5 (B.51)
B;’:{(}O) = 8mol171 y (B5m)

HU,(m 2m l T
B () = _% +32mol§ ] (1) — 320161 (B.5n)
B;j”ét) = 7877101372 . (B50)

B.2 Full results by diagram

In this appendix we present the outcome of the full one-loop calculation for the generalized form

factors as explained in section [3.5.1 The results are given by diagram in terms of standard

integrals (see appendix [A.4), with the exception of diagrams @ and @ (see figure that
only are compatible with the form factor decomposition if they are treated together:

N|=

s/v _ ys/v s/v s/v s/v s/v
X0 =Xy + Xy + Xy + /du (X(c) +X(f)). (B.6)

1

2

For the massive three-point integrals the remaining integration over the Feynman parameter u
has to be carried out numerically. In the following the arguments of the standard integrals are

not written down explicitly:

L= hLo(ms),

Ino = Ipo(m3)

1} = 1 (m2, m3, m3,) | (B.7)
I = Iy (m2, %, %)

') = 1§ (2, m}y, k)
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The mass parameters Thfr and ﬁﬁ\, depend on the remaining integration parameter u and are
defined as

my =miy + (u* — $)A% = p* + u*A? (B.8a)

n2 =m2 + (u® — LA? . (B.8b)

In the results presented below we have appended the Z-factor to the leading and next-to-leading

tree-level contributions only. Yet, as long as one is not truncating the results, one could equitably

argue that the Z-factor has to be appended as an overall prefactor to all diagrams. Note, however,

that the results obtained from these two approaches would only differ by terms of higher order.

B.2.1 Isoscalar GFFs for the vector current

Ao
A3 0 () = 8l Z + 3215 ;m?2 — 81551 |
2
s 1 3 ~ 2 4
A2,0 = 65, F2 [Il o — 4my (I( ) 1( 1)) A(d — 2)mim¥, (11(2) - Ifz))
+4mN 2m3 —m3 (13 Ifsz))]
3 5
+ 2418 2F2 mNt(I( ) - 117)
s ga 2 1 3
2,0,(de) — 8F2 [ NI11 +1 15mN(2I( )+m (461 — 1{1)4'[1(1)))
+ zl 13(m2 0o +m3m2 (1) —218)) + m3 1)
+amd (1) — 1)) + 2m3 57 (21%) — 1))
s 2 4
+ 211,18m§v (2(d - 1)15,1) - dIl(l)):| ;
s sg ~ 4 5
A3y gy = —481 F’Z‘lmN {2 215 +m§\,[2(71)} .
B3,

5,07(6) = 48[0 1F2 my ( 1,2 1,2)
— 1205y P [Tuo — dm (I = 1) + 4(d — ymdand (113 - 113)
+ dmi (2m3y — m?v)(fl(,z - Iiz)} ,
s ga s 2 4 1 3
B3 o a0) = ~ 485 m3 205 am (21 = 1) + 85 1m? (410 — a1 + 1)
+ 203 s (17 = 21%)]

2
B3 o) = 480" T4mi I3
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2.(a) = 413, 1mN :

C(e) = —48l;, 15 mJ\IUQI(5 + 2417 2F2 mn NI1(42) 5

gaA s 4 5
5 (de) = 12F2m?\/ {211,137”?\1]{,1) + 10 15my I +2l1 18mN11(,1)} )

s s 9 1 3 5
C3 () = 240 Zhm3 | (u? = 1) (2o — 2m% 18Y) + 2 (215 — 1Y) -

B.2.2 1Isoscalar GFFs for the axial current

Aso
A5 0.(a) = 816,22 + 3215 ym2 — 815 5t
2
1 3 2 4
Azo(c)—ﬁlong {110_4mN(I£1)_I( )) 4(d —2)m ?v(l() Ifz))
+amdand (1) - 119) |
gA
A3 0,(de) = 48ﬁ { - I§ 1) + 213, 11mNI1( 3
—&—lfg(m Ilo—|—mNI(2) —|—4m ( 1(21) 1{41))
3 1 5 3
+ mim2 (1Y) —21{) - 2mp* (117 — 211%))] -
B3o

B3 0.1y = 2mn [811 7 + 3215 m?2 — 813 Qt} :

2
ns s 9a 3 5
2,0,(c) = —19255,21?3”??\[“2 (Ifz) - 211(,2))

Tm [Tuo = am3 (1) = 1) — dam%md, (183 - 1Y)
—amBm3 (1) — 1)) + 8mNmNI(4)} ,
e[~ gmA ] 5 ml (1 —211)|
B.2.3 Isovector GFFs for the vector current
Azo
A8 () = Ho1Z + 161y am? — dla 3t

v 4
20,0) = " F2 —lo1l1,0
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2
v 4
Ao = —loa 24 > [Il o —Am3 (1Y) = 1) — a(d — 2ym3 N(I{Q) 1)

R =R (15 — 1) | — 4ha it (1) - 1)
S0 a0 =173 92 [0 (1o = 2m3 1)+ m3ea ) = 2006 + i pymir )
+ (g = 2hg)ym (—21) = 21) 4 211 4 11%))
— 2y 5 (2mym2 Lo+ Am3I() + 2m3 (417 — 81 + 21(%) + 31{7)
—mim?2 (41) — a1 —41®) + 211 + 1))
+om3p? (A1) — arf’) —a1®) + 21(7) + 1))
+ 2013 + hga) (M2 Lo +m3m2 (1) — 21Y)) +m3 1)
+amd (1) - 1Y) + 2m3 57 (21%) - 1Y)
+2(11 15 + l1.16)m%y (21{,23 +mz (4I1,1 - 41{,11) + 11(31)))

+4(1y18 + 1110)my (2(d - 1)1521) - dI{fll))} .
B3o
BS,O,((L) =2mpy [4[1)2Z + 161373771721. - 41374t] ,
. 8
Bso.w) = _ﬁll,QmNII,O ,
2
g 3 5
B3 0.(c) = 8loa ngmézlv(fzfz) - 11(2))

2
+20 QﬁmN (110 = 4m3, (1) = 1)) + 4 = i, (15 - 113)
3 5
+ a3 (2m — 3 (1) - 13)]

BS,O,(de) = 4?;; mn [(ll 1 — 2[1 3)mN (2[{31) + 1(5)) (ll 15 + l1 16)mNm (4[1 1 — 4ffll) + 1(3))
T ohs(mEh + 4m3 I E) 1 omd (412 — 8184 + 31(7)
—mim2 (ALY — ) + 1)) + 2m3p? (41 — 4 + 1Y)

— 4(11’13 + l1’14)mN (2]1()21) — Il(jll)) + 4(11,18 + l1’19)mN (2]1()31) — Is)l))} .

C3
5(a) = —2l21mn
C5 ¢y = 8lo, 12 g mNuQI(S) 4ly, 2F2 m:zgv 7 NI£2) )
C3 (de) = FT%"”W [ = 20 mA I+ (= 20 ) mA ) + 20 smb (m2 1) — 2m3 1) — 2% 1))

+ 4113+ 11,14)771‘?\11( +2(I1.15 + l1.16)mym2 I£ 1 +4(is+ 10 19)mNI( )} .

134



B.2. FULL RESULTS BY DIAGRAM

B.2.4 1Isovector GFFs for the axial current
A3,
12112)707(@ = 41072Z + 161274777,721_ - 4127515 5
- 4
A270,(b) = —ﬁlo,ﬂm )
2
Av ga 3 2 4
S0 = —lo2 s [11 o — 4m% (1) — 1%)) 4 4(d — 2)m3m3, (1) — 1(3)
T 3 5
+ 4m3m N(I( ) 11(2))} ,
1 o) = 424 [zo L(Io — 2m3 I + m3 1Y) — tomdy (2(d — DI + 218 — arfy) — 117))
— 2(11 4+ 1 5)mN11( 1) + 4(l1 11+ 12)mNI( )
+ 2([1 9+ 11 10)(771 I 01 mNI{Qg +4m 4 (1(2) — 1(4))
+m3m? (1) = 21()) — 2m3p? (1) — 211%))
+ 20 gomiy (~2(d = DI = 218) + ar) + 1)) .

3570,(11) =2mpy [411)1Z + 1613)1777/3 — 413,2tj| R

Bg,o,(b) =-——haymnhp,

F2

_ 2
By = 32102 mj*vqﬁ(f( —21(%)

2
+ 20, 1F2

5

[11 o —4m3 (11 — 1))
— dmgm, (1 + 1) - @+ 21 - 1Y) |
BY o e = 894 F [z1 om (2183) — 1)) — 4(l10 + 11,1O)m§V1§?1>
L 2+ ha)m2 (1) — 21) 4 20y (1) — IO ]
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APPENDIX

Supplements: BDAs

C.1 Loop contributions

The functions g3y, and Ag5, are given by

6F2g%5, = —19H;(m},) + 2(5D + 6F) Ha(my,) ,
6F7g5_ = —THy(m},) — 10D Hy(m},)

n

6F7g% = —9Hi(m},) — 18F Hy(my,) , (C.1)

24F?Agg, = =57 AHi(my) — 18 AHi(my) — AHy(my)

+30(D + F) AHa(my) + 12(D + F) AHy(mg) + (—2D + 6F) AHy(my,) ,
24F2Ag3, = —12 AH;(my) — 60 AH; (my) — 4 AH; (m,;)

+ 24D AHy(my) + 24(D + 2F) AHy(mg) — 8D AHg(m,,) |
24F2Ag5. = —9 AHy(m,) — 66 AHy(mg) — AHy(my)

+18(—D + F) AHy(mr) + (60D + 36F) AHy(mg) — 2(D + 3F) AHy(my,) ,
24F2Ag4, = —36 AH; (my) — 36 AH; (my) — 4 AH; (m,;)

+ 24D AHy(my) + 8(D + 6F) AHy(my) + 8D AHy(m,) ,
24F2Agy_ = —9AH;(m,) — 18 AH, (mg) — AH;(m,)

—18(D + F) AHy(my) + (=20D + 12F) AHy(mk ) + (—2D + 6F) AHy(my,) ,

24F2Agy_ = —12 AHy(m,) — 12 AHy (mg) — 4 AH; (my)

— 8D AHy(my) — 24D AHy(mg) — 8D AHa(my,) ,
24F2Ag5_ = —9AH;(m,) — 18 AH; (mg) — AHy(my)

+18(=D + F) AHa(my,) — 4(5D + 3F) AHy(mg) — 2(D + 3F) AHs(m,,) ,
24F2Agh = —36 AH,(m,) + 12 AH; (mg) — 4 AH; (m,)
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Agly = Aggy
24F2Agh = —24 AH; (my) — 36 AH, (mg) — 16 AH; (my)

+ 48F AHg(my) + 24D AHs(my ) + 16D AHy(m,)) |
24F2Agf = —9 AHq(my) — 42 AHy (my) — 25 AHy(m,)

+18(D — F) AHy(my) + 12(D + 3F) AHy(mg) + 10(D + 3F) AHy(m,,) ,
24F2Agh = —12 AH, (mg) — 16 AH; (m,;) — 24D AHy(mg) — 16D AHy(m,) |
24F2AgY = —9 AH, (m,) — 18 AH (mg) — 9 AH, (my)

—18(D + F) AHa(my) + 12(D — 3F) AHg(mg) + 6(D — 3F) AHy(m,) ,
24F2AgE = —24 AH,(my) — 12 AH  (my ) — 48F AHy(my,) — 24F AHy(my)
24F2AgE = —9AH; (m,) — 18 AH; (mg) — 9 AH; (my)

+18(D — F) AHy(my) — 12(D + 3F) AHa(mg) — 6(D + 3F) AHg(my,) ,
2UF2AgA = —36 AH, (mg) — 72F AHy(mg) . (C.2)

The Z-factor contributions are given by
»* = %(51)2 +9F?)Hs(m%,) ,
AX'5 =3¢p,- AHz(mz) + 495,k AHs(mi) + 9B,y AHz(my,) , (C.3)
where the coefficients gp s are defined in eq. . The auxiliary functions AH,, are defined as

AHg(m) = Hg(m) — Hg(m,) , (C4)

L contains the divergence and the finite constants typical for the modified minimal subtraction
scheme in d = 4 — € dimensions (see eq. (A.28). Note that we have shown that the divergences
of leading one-loop order can be canceled. For practical purposes one can therefore set L to
zero everywhere if one simultaneously replaces the corresponding DAs by the renormalized ones
(compare section . Within our level of accuracy it is legitimate to replace m; and F by their
values at the symmetric point, where m, = mghys.
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C.2 Handbook of distribution amplitudes

In this section we express the 24 standard DAs occurring in the general decomposition derived in
ref. [76] (SP, PP, VB, AB, TP) in terms of the DAs defined in section The equations given
below follow directly from the definition of the DAs in eqs. and together with the
symmetry properties of the standard DAs under exchange of the first and the second variable
given in eq. . For the twist-three and twist-six amplitudes one finds

1/ ®B B 1. (OB B
Vll% == (Jrj/G + 75/(; (x1,22,23) + ( 2)3 +f/6 + ’,3/6 (w2, 21,73) ,

Cp Cp Cp Cp
1(®eF o8 “1), [ P8 B
AlB/G = _2< +f/6 + ;3/6 ($17x27m3) + ( )B +f/6 + f/6 (m27$13w3) )
ch Cp 2 ch cp

HB (1’17 x3, IQ)
e (C.6)
‘B

where the DAs on the Lh.s. are functions of (z1, z2,x3). The twist-four and twist-five amplitudes
read

(-Dp (ERas By L (Bl Ely
) =Ff4/5 “="4y5 =y4/5  =_4/5
552: 24 < + + — )(x17$27x3)_M< + +_>(Z’2,IE1,$3)

Cp Cp Cp Cp
1 H43/5(I27‘T3axl) H43/5(l'1,173,«r2)
i e O S
4 cq cg
(- (Efas By 1 (ERys  ED4
pe, SV (Zvas  Zoasy oy L (Shas  Smas)
1/2 24 < CE = (w1, 22, 23) o1 CE‘ = (w2, 21, x3)
1 75 (22, 3, 21) ) 175 (21, 3, 22)
4 cg B cg ’
1[®? o8 1) (P8 B
VQL?S 3 +f/5 + f/S (w1, 2, 23) + ( 4)3 +f/5 + f/S (z2,21,23) ,
g cg cg cq
12} ®° —1)p (®F o8
AQB/J = _1 %/5 + 7;4/5 (.’171,152,1‘3) + ( 4)B +f/5 + f/s (332,1‘1,.’173) ;
cg Ch cg cg
-1 oB oB 1/ @8 o5
‘/254 = ( 4)3 +f/5 - f/s ($3,3717562) + Z +f/5 - f/5 (56375527%1) ,
Cp Cp Cp Cp
-1 oB oB 1/ @8 B
A§/4 = _( 4)3 +f/5 - f/5 (z3,71,72) + 1 +f/5 - 77_4/5 (73,72, 21) ,
Cp Cp Cp Cp
T55 _ Tf/5($3,x27l'1)
6cg ’
8 _ (“Us = s +EE4/5 (21, 9,3 )+i =L s +554/5 (22,21, 25)
3/4 24 CE CE, 1,42,L3 24 C; Cé 2, 41y43
1 HB (Z'Q,Sﬂg,.’tl) HB (xlaxSaxZ)
+ (4/5 > +(~1)p
4 cg cg
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(-5 (s Bl 1 (Eys  ERu
B _ DB [ =15 —4/5 1 =ras | T
7/8 2 ( CE + = (w1, 22, x3) Y cjg + = (2,21, x3)
1 (Y5 (g, w3, 1) 17, (21,23, 72)
‘B ‘B
C.3 Matching to other definitions in the literature
Since we use the same definitions as ref. [76] it is no surprise that
Y= fn(lT6]) AY = M ([T6]) Ay = Ao([76]) - (C.8)

We can also match some of our constants to the leading twist normalization constants given in
ref. [I50]. Note that for the ¥ and = a relative minus sign originates from the fact that ref. [150]
uses X7 and =~ for the definition, while our choice is ¥~ and Z° in order to have the same sign

as for the proton.

N = fy(Is0) , (C.9a)
7 =—fo(I50)) , fr=—f%(I50) (C.9b)
= = —f=([150]) , [T =—f2 ([150)) , (C.9¢)

f
7 =2 ) [ 1,2, = VB ) (C94)

Due to some misprints and inconsistencies within refs. [I51], 152 193] we are not able to give

reliable matching formulas for their definitions.

C.4 Details on the operator construction

Derivatives acting on the baryon field

In the first part of this section we will describe why we can trade covariant derivatives acting on
the baryon field for normal derivatives acting on the complete current. This choice is very conve-
nient since the external derivatives (in contrast to the covariant derivatives acting on the baryon
field) do not lead to additional loop momenta in the integrals. To show that this formulation

only differs in higher order contributions we use the identities

gabe — uaa/ubbrucc/salb/c/ , (C.10a)
£ = (UM gor (U gy (1) e’ (C.10b)

and
((a,uu)aa’ubb’ucc’ + Uga’ (a,uu)bb’ucc’ + Ugq Upp (8pu)cc/)5a/b/6/ ) (C]-OC)

0=
0= ((aﬁtuT)aa’ (U‘T)bb’ (U‘T)cc’ + (UT)aa’(auuT)bb/ (UT)cc’ + (UT)aa’(UT)bb’ (ELUT)CC/)E“WC/ y (ClOd)
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which follow from det(u) = 1. From these one obtains

(D;LB)aa’sa/bc - ((auB)aa’(Sbb’(scc’ + (F#B)aa’ébb’&:c/ - (Bru)aa’ébb’écc’)ea/b/d
= ((auB)aa’ébb’écc’ + (FMB)aa’(;bb’(scc’ + (B)aa' (Fp,)bb’écc’ (Cll)
+ (B)aa’5bb’(Fu)cc’)ga,b,c, .

Additionally we need

Opux = ux(uxOuux) = ux (F# - (—1)X%uu) =uxly, , (C.12a)

8MXM = DMXM — [FI“X]V[] = _[F;MXM] 5 for X]\/[ S {’U,V,Xi} . (ClQb)

Putting everything together we find for a general structure with arbitrary mesonic building blocks
X17 X27 X3 c {ul/7 Xj:}

(ux X1D,,B) aar (uy X2 )ppy (7 X3) eV =
= ((ux X1, B)aar (uy Xo)o (uz Xs)eer + (ux X1 B)aar (wy Xz )uw (47 X3)cer
+ (ux X1 B)aar (ty XL ) (uz Xs)eer + (tx X1 B)aar (ty Xo)op (uz XsTp)eer )£
= 0, ((ux X1B) aa (uy X2)owr (uZXB)CC,)Ea/b’c/ _ (©13)

In the last step we have used
UXAXHF‘u = UX8/LX1 + uXF/l.Xl = uXOHXl + (aHUX)Xl = 8#(uXX1) R (014)

and the same for uy X5 and uz Xs.

Locality of the low-energy operator

In the following we will argue that structures involving baryon and meson fields at different
positions can be dropped. We can choose the structure containing the baryon to be situated at
x, while we call the second position y such that we can write schematically B(z,y) = f(x)g(y),
where g only contains mesonic building blocks. Every derivative acting on g therefore has to be

counted as first order in the chiral power counting. It follows trivially that
f@)g(y) = f(2)(g9(x) + (x —y) - dg(x) +...) = f(x)g(z) . (C.15)

Properties of the I' structures

For the construction of the low-energy effective operator in section we define in eq. (4.19))

an object which depends on 4 Dirac indices
s = (T Cap(rzl (1) )5 (n- )T (C.16)

where the derivatives act on hadron fields. I'yy and I'}; are both elements of the Clifford algebra,

where all open Lorentz indices are either contracted between I'yy and I'%; or with a derivative 6"
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or with the light-cone vector n*. For the explicit expressions which finally enter the construction
refer to table Analogous to eq. (A.24)) we define

BT =1L %% % @ %8| nsy —n » (C.17a)
——-0
Iy ® T = nf; 770 ® %0 , (C.17b)
oy =g, CTiC ® CT,C (C.17¢)
such that
4T =nfmf; %CT4C ® %CTEC (C.18)
and

WOy = (D 0l 30T 70 © T B7%0
do——0o (C.19)

=nf; Y104 v5% ® Y0508 Y5%0

where #cont. is the number of Lorentz indices within I'Yy and I'; that are contracted with a

derivative or a light-cone vector. Using these relations one finds for the complete object

(T53357)" = =l (Ca0)ae (Cr0) 58/ (C0) oy Tt (Cro)srs - (C.20)
Under parity transformation the spacelike components of the derivatives change their sign, which
leads to
XY Zpt _ i XYZ
N S
=1t ; (1x70%707y Cas (Y290 B0 (110#70) % ) s (n - 0) % (C.21)

n——n

i, XY Z
= _7711“3,1‘ (70) v’ ('YO)ﬂB/ (’70)77’ F;/[y,y/a/ (70)s75 )

n——n

where we have used eq. (C.17a) in the step from the first to the second line. Charge conjugation
has no effect on the I' structure such that one obtains the same result for CP as for P. But if

we take a look at eq. (4.16bf) it becomes clear that we have to relate it to its complex conjugate.
Using eq. (C.20) one finds

CPT 5" PICT = PTL PY = —nf il inf!y CoarCap Cory (FZ By '6’) Cors (€22)

n——n

Under time reversal the time component of the derivative gets a minus sign. Additionally the
complete structure becomes subject to complex conjugation since time reversal is described by
an antiunitary operator. By the use of egs. ) and (| one finds

WXYZt _ (piXYZ
Tl T' = (Famg ) ‘80H o (C.23)

i, XY Z
_7719:1‘7711“3,1'771{{1‘ (-Dx (_1)Y(_1)ZCO¢0/Cﬁﬂ’cvv’rzoéfﬁ'y/y (Cvs)s'6

nog—r—no
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C.5 Matching relations

In this section we provide the result of the matching described in section which is needed
in intermediate steps of our calculation (in practical applications one can always use the readily
evaluated expressions shown in appendix [C.2)). For the twist projected amplitudes introduced in
ref. [76] one finds

SP (.731, x2; $3) = (Qhé?ebvcen + 2h%fﬁ)§d) (331, L2, 333) ’

B 1,abc 2,abc 1,abc 2,abc
SQ (xl’ T2, xg) ( 4hB,cvcn + 2hB,cvcn - 4hB,odd + 2hB,odd) (xl’ Z2, 1’3) ’
PlB(xh T2, 3) (2h?3ilebvcen - 2h%?£§d) (,Tl, L2, .’L’g) ’
P (w1,23,03) = (~4heven + 20 ven + Ahi5i05a = 2hpta) (1,22, 23) |
VP (21,30, w3) = —4hed, (w2, w3, 1) — 4h% o0 (3,71, 72)
Vi (w1, 22, 03) = (Zh%ifgd + thfﬁd - Qh%?ggd)(x% 3,71)

+ (—Qh%’fggd + 2hgfg§d - Qh%’cggd)(g;?” T1,T3) ,
VP (@r,a,s) = (20300, + 2MG00, — 20508 ) (2, 2, 21)
+ (Qhéfggd + thfggd - thBcgdd)(x?n T1,2) ,
Vi (21,22, 25) = <4h}é?§gd - thfﬁd + 4h£§ifgd + 2h’;f}ggd - 2h?§b§gd)(fc2v 3, 21)
+ (_4h}écg§d + Zh%’,cgé’d + 4hé;écg§d + Qh;é,cggd h%fdd) (T3, 71,22) ,
‘/53(1‘1, ZTo, $3) = ( hl bea odd + 2h2 bea odd + 4h4 b dd + 2h7B?§gd — 2h%?§(dld)(‘r2’ I3, Il)
+ (4h}§fggd - Qh?é,cggd + 4h§?§§d + thfggd - 2h%i?fi)d) (73, 21,72) ,
Ve (21,22, 23) = <8hélg?§gd + 8hg?§gd - 4h%i§gd - 16h%{)§gd) (z2,23,71)
+ (8hi5iada + 8h5iaq — 4hoqe — 1605 50,) (3. 1, 22) |
13(5131, ZTo, 333) = 74}1831)53(1(1'2, I3, 501) -+ 4h836(;l§d(1173, xq, $2) s
5(‘%17 T2, x3) = <2hi§?§gd + Qth)ggd - 2h%ifgd)(x27 L3, xl)
+ (2P0 — 2h g e + 2R ega) (T3, 1, 2)
AP (wr,wy,y) = (205005, — 208, 4 M) (2,5, 0)
+ (Qhé’fggd + thfggd h%’cgdd)(x?ﬂ T1,72) ,
A7 (w1, 9, 25) = <_4h}3’?§§d + 2h%?§gd - 4hg?§gd - thifgd + Qh%bggd)(x% 3, 21)
+ (_4h}é,cg§d + Zh?é,cggd + 4h4§?§§d + QhZB’fggd QhEJ;ngd)(”:37 T1,22) ,
AZ (21,32, 33) = (~4hpih + 2N egq + 40 maa T 2hGiaq — 2he4a) (@2, T3, 71)
+ (_4h}3’,cg£d + Qh?icg(l;d - 4h4§?§§d - 2hg?§§d + 2h%i§1§d)(9€37 T1,T2) ,
AG (21,2, 25) = <8h£§?§gd + ShBifgd - 4h%?§gd - 16h%f§gd)(x2,x3, 1)

4,cab 7,cab 8,cab 9,cab
+ (_ShB,odd —8hg oda T 4B oaa t 16hB,odd)(x37 T1,22)

A
A
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SUPPLEMENTS: BDAS

TlB (l‘l, o, 3;‘3) = 4h%?:§d(l‘1, o, .Tg) 5
TQB(I’l,IQ, .Z‘g) = 716h%flel:/cen(l‘171‘2,l'3) 5
TBB (‘Tl? L2, (Eg) = (_8h5§?elilcen + 2h’%flebvcen - 2h;?ob((:1:d + 2h%:1ob§d) (‘Th L2, ifg) )
TP (21,22, 23) = (= 45 lven — Preven — 8hEeven — 2HBleven
- 4h‘gfﬁ’(§d - 2hgflob§d + 2h%flob§d) (xl’ L2, .133) ’
T8 (w1, w2, w3) = (—8h e, — 16k e, ) (71,72, 73)

( )= (

T (21, 2,3) = (~8h5ha — 8hpla + 405 lsa + 16hE56,) (21, 22,23) |
( )= (
( )= (

B _ 5,abc 6,abc 7,abc 8,abc
T7 L1,T2,23) = 8hB,even - 2hB,even - 2h‘B,odd + 2hB,odd)(‘T17 T2, $3) ’
B _ 3,abc 4,abc 5,abc 6,abc
T (21,22, 73) = 4h’B,even + 4h’B,even + 8h’B,even + 2hB,even (024)

4,abc 7,abc 8,abc
—4hg oqa = 2hg oqa T QhB,odd)(xh T2,T3) .

The functions on the r.h.s. are given in eq. . For the flavor indices a, b, ¢ on the r.h.s. one
has to insert the flavors of the operators for which the Lh.s. is defined. Our choice is p = uud,
n=ddu, 31t = uus, £9 = uds, ¥~ = dds, Z° = ssu, =~ = ssd, A = uds, where the order of the
flavors is relevant for the symmetry properties of the DAs (cf. eq. (4.12)).
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